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VO inversion of BSRs in marine gas hydrate studies
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ABSTRACT

We examine the usefulness of amplitude versus offset �AVO�

analysis of bottom-simulating reflections �BSRs� for estimating
associated marine gas hydrate and free-gas concentrations. A
nonlinear Bayesian inversion is applied to estimate marginal
probability distributions �MPDs� of physical parameters at a
BSR interface, which are related to overlying gas hydrate and un-
derlying free-gas concentrations via rock physics modeling. The
problem is constrained further by prior information and re-pa-
rameterization of inversion results. Inversion of BSR AVO data
from offshore Vancouver Island, Canada, shows that gas hydrate
and free-gas concentrations are, respectively, 0%–23% and
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%–2% of the pore volume, at a 90% credibility level. This result
ndicates that the data do not provide sufficient information to in-
ependently resolve gas hydrate and free-gas concentrations to
seful accuracy. The study is directed primarily at AVO for gas-
ydrate-related BSRs, but may have important applicability in
esting the degree of constraint of formation characteristics in
ther AVO studies. The inversion method is applied also to syn-
hetic AVO data generated from Ostrander’s gas-sand model. In
his case, MPDs sufficiently constrain the relationship between
- and S-wave velocities in the sandstone unit to determine if it is
as-charged. The variable degree of model constraint obtained in
his AVO study highlights the need to include rigorous quantita-
ive uncertainty analysis in all AVO studies.
INTRODUCTION

Gas hydrate is a solid substance consisting of a water lattice in
hich hydrocarbon molecules �most often methane� are embedded.
arine gas hydrate occurs in the top few hundred meters of sedi-
ents on the continental slope, and can substantially increase the

ediment seismic velocity. Their presence is usually inferred from a
rominent bottom-simulating reflection �BSR� on low-frequency
eismic sections, that marks the base of the gas hydrate stability field
e.g., Hyndman and Spence, 1992; Yuan et al., 1996; Andreassen et
l., 1997�. BSRs are observed in reflection seismic data from conti-
ental margins worldwide, especially in subduction accretionary
risms �Kvenvolden et al., 1993�. They occur as negative polarity re-
ections, indicating a decrease in acoustic impedance, which is con-
istent with a transition in sediment pore-space saturation from gas
ydrate above to free-gas below the boundary.

In the well-studied gas hydrate area in the northern Cascadia ac-
retionary prism, offshore Vancouver Island, Canada, a widespread

Manuscript received by the Editor May 10, 2006; revised manuscript recei
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2McGill University, Department of Earth and Planetary Sciences, Montrea
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SR is observed throughout the mid portion of the continental slope,
nd has been shown to be caused by gas hydrate and free gas by
cean Drilling Program �ODP� Leg 146 �Westbrook et al., 1993�

nd Integrated Ocean Drilling Program �IODP� Expedition 311
Collett et al., 2005�. Although BSRs in Northern Cascadia can be
elated confidently to gas hydrate occurrence, there has been little
uccess in relating BSR amplitude and character �and other informa-
ion from regional seismic surveys� to quantitative estimates of gas
ydrate and free-gas concentrations.

The successful use of seismic amplitude versus offset �AVO�
tudies as hydrocarbon indicators in the oil and gas industry has
rompted the scientific community to use AVO as a tool in gas hy-
rate-related BSR studies �Hyndman and Spence, 1992; Andreassen
t al., 1997; Ecker et al., 1998; Yuan et al., 1999�. AVO data can be
athered from multichannel streamer data, and provide information
bout the sediment density and its compressional- �P-� wave and
hear- �S-� wave velocity. The occurrence of gas hydrate in sediment
ore space should increase both P- and S-wave velocities above the
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SR �e.g., Dvorkin and Nur, 1993; Helgerud, 2001�. Below the
SR, the occurrence of free gas should significantly reduce P-wave
elocities �Gregory, 1976�, although not greatly influencing S-wave
elocities �relative to a no-gas reference�. Changes in both P- and
-wave velocities should therefore occur across the BSR, making
as hydrate studies a potential candidate for AVO analysis.

The common approach in gas hydrate AVO studies has been to es-
imate gas hydrate and free-gas concentrations immediately above
nd below the BSR by matching the measured AVO response of the
SR to synthetic AVO curves for different gas hydrate/free-gas con-
entration scenarios and rock physics models �Andreassen et al.,
997; Ecker et al., 1998; Yuan et al., 1999�. However, forward mod-
ling schemes do not rigorously consider the uncertainties of the
VO problem related to the nonunique nature of the solution and the
ncertainty in the AVO data. The large uncertainties caused by non-
niqueness of AVO solutions were recognized by Yuan et al. �1999�,
ho studied the AVO response of BSRs in Northern Cascadia

hrough forward modeling. They found that scenarios with high gas
ydrate concentration above the BSR and low free-gas concentra-
ion below could not be distinguished from scenarios with low gas
ydrate concentration above the BSR and high free-gas concentra-
ion below. This finding highlights the need to include quantitative
ncertainty analysis in AVO studies. To achieve this, an amplitude-
reserving data processing scheme must be implemented, data un-
ertainties �such as measurement of reflection coefficients and inci-
ence angles� need to be estimated quantitatively, and the inversion
pproach must explore fully the solution space of the problem �i.e.,
he ensemble of all possible solutions�.

This study determines to what extent AVO data from BSRs can be
sed to estimate associated gas hydrate and free-gas concentrations.
o this end, a nonlinear Bayesian inversion is applied to BSR AVO
ata to obtain estimates and uncertainties of formation physical pa-
ameters �P- and S-wave velocities and densities�, which are then
sed to estimate gas hydrate and free-gas concentrations. The Baye-
ian approach treats model parameters as random variables, giving
heir estimates in terms of probability distributions �Sen and Stoffa,
996; Riedel et al., 2003�, thus quantifying model uncertainties.
as-hydrate and free-gas concentration estimates apply to the sedi-
ents immediately above and below the BSR. The vertical resolu-

ion of the estimates depends on the seismic wavelength, which is
50 m at BSR depths for the data used in this study.

Incident P

S

P

Reflected

Transmitted

P

S

ϕ

θ
θ

ψ

ξ

Vp  , Vs  , ρ
1 1

1

Vp  , Vs  , ρ
2 2

2

igure 1. Schematic ray diagram of the partitioning of an incident P-
ave into reflected and transmitted P- and converted S-waves at a
alf-space/half-space interface.
This paper examines a set of synthetic test cases that emulates
ultichannel seismic �MCS� data with a strong BSR to assess the

otential for successful AVO inversion of BSR data. Prior knowl-
dge of physical parameters, including theoretical or empirical rela-
ionships, is used to further constrain the problem. The inversion is
pplied to BSR AVO data from offshore Vancouver Island to pro-
ide quantitative estimates of the range of gas hydrate and free-gas
oncentrations immediately above and below the BSR. Finally, as a
eference test, the inversion is applied to synthetic data from the
ow-classic Ostrander �1984� gas-sand model, and the results are
ompared to those of the BSR study.

THEORY

oeppritz equations

AVO theory is based on the Zoeppritz �1919� equations, express-
ng the reflection and transmission coefficients of a plane wave inci-
ent on a planar interface between two homogeneous media as a
unction of the angle of incidence and the elastic properties of the
edia �Figure 1�. Of interest in MCS studies are P-to-P reflections,

escribed in terms of the reflection coefficient R:

R = ��b
cos �

Vp1
− c

cos �

Vp2
�F

− �a + d
cos �

Vp1

cos �

Vs2
�Hp2��D , �1�

ith

a = �2�1 − 2Vs2
2p2� − �1�1 − 2Vs1

2p2� , b = �2�1 − 2Vs2
2p2� + 2�1Vs1

2p2,

c = �1�1 − 2Vs1
2p2� + 2�2Vs2

2p2, d = 2��2Vs2
2 − �1Vs1

2� ,

E = b
cos �

Vp1
+ c

cos �

Vp2
, F = b

cos �

Vs1
+ c

cos �

Vs2
,

G = a − d
cos �

Vp1

cos �

Vs2
, H = a − d

cos �

Vp2

cos �

Vs1
,

D = EF + GHp2,

here Vp, Vs, and � are, respectively, P-wave velocity, S-wave ve-
ocity, and bulk density �with subscripts 1 and 2 indicating the upper
nd lower media�. The incidence angle is �, � and � are the P-wave
nd converted S-wave transmission angles, and � is the S-wave re-
ection angle related by Snell’s law:

p =
sin �

Vp1
=

sin �

Vp2
=

sin �

Vs1
=

sin �

Vs2
, �2�

here p is the ray parameter.

ayesian inversion

Bayesian methods can be applied to geophysical inverse prob-
ems to provide quantitative uncertainty estimates and can include
onstraints from prior information �Tarantola, 1987; Sen and Stoffa,
996�. The method used in this study follows the approach of Riedel
t al. �2003�, who inverted seafloor AVO data for seabed properties.

Consider a vector of N-observed AVO data Robs �i.e., P-wave re-
ection coefficients at the N angles of incidence�, related to a model

= 	Vp1,Vs1,�1,Vp2,Vs2,�2
T of physical parameters by a function
obs = R�m� + n, where R represents the Zoeppritz equations. For
aussian-distributed errors n with data covariance matrix CD, the

ikelihood function is
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L�Robs�m� =
1

�2��N/2�CD�1/2

	exp�−
1

2
	R�m� − Robs
T

	CD
−1	R�m� − Robs

 . �3�

n Bayesian inversion, the data and model vectors are considered
andom variables that obey Bayes’ rule, which can be written as

P�m�Robs� 
 L�Robs�m�P�m� , �4�

here P�m�Robs� represents the posterior probability distribution
PPD� and P�m� is the prior distribution representing any available
nformation about the model parameters that is known independent-
y of the data �Tarantola, 1987�. For likelihood L�Robs�m��exp
−E�m�
, where the error function E�m� is the argument of the ex-
onential function in equation 3, the normalized PPD may be written
s

P�m�Robs� =
exp	− ��m�


� exp	− ��m��
dm�

, �5�

here ��m� = E�m� − ln P�m�, and the domain of integration
pans the model space.

From a Bayesian viewpoint, P�m�Robs� is the general solution of
he inverse problem; however, interpretation of the PPD for multidi-

ensional problems requires the computation of integral properties
moments� of the distribution. In particular, the marginal probability
istribution �MPD� of parameter mi provides a 1D uncertainty distri-
ution by integrating over all other parameters:

P�mi�Robs� = � 
�mi� − mi�P�m��Robs�dm�, �6�

here 
 is the Dirac delta function. Two-dimensional �joint� MPDs
llustrate interrelationships between parameters and are defined sim-
larly to equation 6. MPDs can be used also to calculate highest prob-
bility density credibility intervals: the smallest interval in the mod-
l space containing a given percentage of the total probability. To
olve the integral of equation 6 for nonlinear problems, a Metropolis
ibbs’ sampling approach is used �Dosso, 2002; Riedel et al., 2003�.
Bayesian inversion requires an estimate of the data covariance
atrix CD, including both measurement and theory errors. Here, CD

s assumed to be of the form

CD = �̂2I + C0, �7�

here �̂ is the standard deviation of the uncorrelated component of
he data errors, and C0 represents correlated errors arising from the
ata processing �discussed later, in “Data and processing”�. The
aximum-likelihood estimate for �̂ is given by

�̂2 =
1

N − M
�R�m̂� − Robs�2, �8�

here M is the number of model parameters, and m̂ is the maximum-
ikelihood model estimate, determined here using a hybrid optimiza-
ion algorithm �Dosso et al., 2001�.
SYNTHETIC STUDIES

odel design

To assess the reliability of AVO analysis in marine gas hydrate
tudies, synthetic test cases typical of AVO data for BSRs are con-
idered. The model consists of a planar interface between two half-
paces, with model parameters Vp1, Vs1, �1, Vp2, Vs2, and �2 �Figure
�. The interface represents the base of the gas hydrate stability field,
ith model parameters representative of realistic gas hydrate/free-
as concentration scenarios. P- and S-wave velocities for both media
re based on the gas hydrate in-frame rock physics model of Helger-
d �2001� for gas hydrate and free-gas concentrations in the upper
nd lower media, respectively. The rock physics model is an effec-
ive medium theory that considers the gas hydrate to be a component
f the load-bearing sediment matrix without grain cementation. The
odel predicts that gas hydrate increases both P- and S-wave veloci-

y, but less than a gas hydrate cementation model �e.g., Dvorkin and
ur, 1993�. The gas hydrate in-frame model is supported by down-
ole VSP data from ODP Leg 164 hole 995 at the Blake-Bahama
idge gas hydrate site �Helgerud, 2001�. A key feature of the rock
hysics model is that, although Vs in the upper medium is sensitive
o gas hydrate occurrence, it is nearly unaffected in the lower medi-
m by the presence of free gas in the pore space because the replace-
ent of brine with gas does not affect the sediment shear modulus

Gassmann, 1951�. At higher gas concentrations, the fluid density
hange can significantly affect the S-wave velocity; however, this is
ot a concern here, with free-gas concentrations on the order of 1%
f the pore space. Also, the base of the gas hydrate stability field does
ot coincide with a lithologic boundary �Westbrook et al., 1993�, so
he physical parameter values derived from the rock physics model
n the upper and lower media are calculated for sediments of identi-
al lithology. The densities chosen for the model are consistent with
ownhole well-log measurements from ODP Leg 146 �Westbrook et
l., 1993�, Leg 204 �Tréhu et al., 2003�, and IODP Expedition 311
Collett et al., 2005�, and reflect the increase of density with depth
aused by porosity loss ��50% porosity at BSR depths� related to
ediment compaction �e.g., Hamilton, 1976�. Table 1 summarizes
he physical parameters adopted for the true model for a scenario
ith 15% gas hydrate concentration �defined here as the volume

raction of the pore space occupied by gas hydrate� above the BSR
nd 1% free-gas concentration below. These choices of gas hydrate
nd free-gas concentrations give values for Vp1 and Vp2 in agree-
ent with velocities from NMO analysis in Northern Cascadia

Yuan et al., 1996�.
Synthetic AVO data are generated from the true model parameters

sing the Zoeppritz equations �equation 1�, with data noise level and
ngular range that emulate typical AVO data. Two synthetic AVO
ata sets for the true model are generated �Figure 2� that have angu-
ar ranges of 0°–80° and include random independent Gaussian-dis-
ributed errors of 0.01 and 0.05 standard deviation. These data repre-
ent the case Vp1 �Vp2, giving negative reflection coefficients and

able 1. Physical parameters adopted for the 15% gas
ydrate/1% free-gas model.

Vp �m/s� Vs �m/s� � �kg/m3�

pper medium 1768 421 1800

ower medium 1481 350 1850
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o critical angle. The synthetic AVO data are inverted, using the
ayesian approach, to determine uncertainties in physical parame-

ers and in gas hydrate and free-gas concentrations. Table 2 summa-
izes all the synthetic cases considered in this section.

actors for successful AVO inversion

To determine the most important factors affecting the uncertainty
n AVO, this study begins with a scenario that provides well-con-
trained results. The synthetic AVO curve for this scenario �referred
o as case 1a� represents a best-case for data quality, in terms of an-
ular range and data-noise level. From the synthetic AVO curve, pa-
ameter estimates and uncertainties are computed using the Baye-
ian inversion approach, for the case of known upper medium pa-
ameters and wide uniform bounds for the lower medium �parameter
ounds are summarized in Table 3�. The resulting MPDs are shown
n Figure 3 �case 1a�, represented by histograms normalized so that
he integral over the parameter bounds is unity. In this case, Vp2, Vs2,

able 2. Summary of all models in the synthetic studies sectio

Model 1:
Factors for a successful

AVO inversion
Inversio

c

ase a Reference model No prior i
ase b Increased data-noise level Density c
ase c Decreased angular range Vp–Vs rela
ase d Unknown upper parameters P-wave ve

–0.6

–0.4

–0.2

0

–0.6

–0.4

–0.2

0

R
R

a)

b)

0         15         30         45         60        75         90

(º)θ
igure 2. Synthetic AVO data with varying amounts of random
aussian noise. In �a�, � = 0.01; and �b�, � = 0.05. One-standard-
eviation error bars are shown and the solid line is the error-free
VO curve. These AVO data are generated from the true model

ummarized in Table 1.
nd �2 are well constrained by the inversion. This is analogous to the
uccessful AVO inversion for physical parameters of seabed sedi-
ents achieved by Riedel et al. �2003�, where the upper medium is

he water column, with well-known physical properties.
Data of this quality and angular range are seldom available from
CS surveys, and the physical parameters of the upper medium are

sually poorly known. To determine the effect of each of these fac-
ors independently, three additional synthetic cases are tested. In
ase 1b, the standard deviation of the errors on the synthetic data is
ncreased from 0.01 to 0.05 �Figure 2b�; in case 1c, the range of inci-
ence angles is reduced from 0°–80° to 0°–40°; and in case 1d,
hysical parameters for both media are considered unknown. Cases
a–d are summarized in Table 3, and inversion results are shown as
PDs in Figure 3. These distributions indicate that the factors af-

ecting the uncertainty in inversion results are, in order of impor-
ance, �1� the number of unknown parameters, �2� the range of inci-
ence angles, and �3� the data noise level.

nversion with additional constraints

rior information and reparameterization

This section considers a second set of synthetic test cases using
he data from Figure 2a to investigate the improvement in parameter
esolution that can be achieved using prior information in the form of
arrow parameter bounds or specified parameter interrelationships.
eparameterizations of the results are also applied, recognizing that

he goal of this analysis is not to determine individual model parame-
ers, but rather to determine gas hydrate and free-gas concentrations.
nversion results are reparameterized in terms of �1� the fractional
hange in P-wave velocity �Vp/Vp, �2� the fractional change in
-wave velocity �Vs/Vs, and �3� the squared S- to P-wave velocity
atio �Vs/Vp�2, where � represents the difference between the lower
nd upper media, and Vp, Vs, or � without a subscript indicates the
ean value of the two media. For the purposes of this paper, these

ew parameters are referred to as parameter combinations, and
Vp/Vp and �Vs/Vs are referred to as P- and S-wave reflectivity.
his parameterization is useful for AVO analysis because it high-

ights relationships between the original parameters that are typical-
y well resolved by reflection seismic data �i.e., seismic reflections
rovide more information about the change in physical parameters
cross the interface than about the parameters themselves�.

In case 2a, the parameters of both media are unknown: The inver-
ion is computed using uniform bounds on all parameters, wider
han those expected for unconsolidated sediments. In case 2b, tighter
rior bounds are applied to the density of both media. Uniform prior
ounds for �1 and �2 at the BSR are set to be 1800 ± 100 and

1850 ± 100 kg/m3, respectively �the occurrence
of gas hydrate or free gas in relatively low con-
centration has little effect on bulk density�. The
requirement �1 ��2 is also imposed, forcing an
increase in density with depth, related to porosity
loss and sediment compaction �e.g., Hamilton,
1976�. In case 2c, a further constraint is imposed
in which Vs1 is related to Vp1 through a linear re-
lationship, based on the gas hydrate in-frame rock
physics model given by Helgerud �2001�, with
deviations from this trend of no more than
±200 m/s allowed for Vs1:

2:
additional

ints

ation
nts
nstraints
constraints
n.

Model
n with
onstra

nform
onstrai
tion co
locity
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Vs1 = �0.4004Vp1 − 292� ± 200. �9�

his relationship is similar to the mudrock relation of Castagna et al.
1985�, within the range of expected values. Case 2d also includes
onstraints on P-wave velocities from a hypothetical normal moveo-
t �NMO� velocity analysis. Uncertainties in NMO velocities are es-
imated by Yuan et al. �1994� to be ±5% for carefully determined in-
erval velocities, corresponding approximately to ±100 m/s at BSR
epths. Conservative uncertainty estimates of ±150 and ±200 m/s
or Vp1 and Vp2 are used as uniform prior bounds with respect to true
odel values. The wider bounds for Vp2 reflect the greater uncer-

ainty in NMO velocities in the free-gas zone beneath the BSR.
PDs and joint MPDs for the inverted physical parameters and pa-

ameter combinations of cases 2a–d are displayed in Figures 4-6,
nd Table 4 provides a summary of all cases.

nversion Results

The MPDs for case 2a show that individual model parameters
annot be resolved if wide parameter bounds are used without addi-
ional prior information �Figure 4a�. However, joint MPDs �Figure
a� show strong positive correlations between both Vp1 and Vp2, and
s1 and Vs2 �correlation coefficients of 0.995 and 0.986�. The corre-

ation between P-wave velocities is a result of the data accurately re-
olving the P-wave impedance contrast. P-wave velocities �and den-
ities� across the boundary must vary in a specific way to fit the AVO
ata. A similar argument holds for the correlation between Vs1 and
s2. These two interparameter correlations �Vp1 − Vp2 and Vs1 −
s2� are tightly constrained in terms of the parameter combinations

Figure 6a�, and MPDs indicate that the P-wave reflectivity is well
onstrained, but the S-wave reflectivity is underestimated.

In case 2b, with prior density constraints, MPDs and joint MPDs
f all parameters are nearly identical to those of case 2a �Figures
-6�, with the exception of density MPDs. This indicates that the ad-
itional density constraints do not provide significant information
bout the other parameters.

To improve S-wave reflectivity resolution,
ase 2c includes a constraint that relates S-wave
elocity to P-wave velocity in the upper media
equation 9�. MPDs of individual model parame-
ers �Figure 4c� are still too wide to resolve indi-
idual parameter values, whereas joint MPDs
Figure 5c� show strong positive correlations be-
ween Vp1 and Vp2, and Vs1 and Vs2 �correlation
oefficients of 0.997 and 0.977�. The observed
orrelation between Vp1 and Vs1 �correlation co-
fficient of 0.877� is a result of the prior relation-
hip imposed on these parameters, which in turn
orces a weaker correlation between Vp2 and Vs2.

PDs of the parameter combinations show well-
onstrained distributions for P- and S-wave re-
ectivity �Figure 6c� because of strong correla-

ions between the physical parameters. The S-
ave reflectivity is less well resolved than the
-wave reflectivity, but it is no longer skewed to-
ard zero. MPDs of the parameter combinations

lso show that �Vs/Vp�2 remains poorly resolved.
his demonstrates that the data provide more in-

ormation about P-wave velocity contrasts than
-wave velocity contrasts, and almost no infor-

Table 3. Tru
model, prior
specific mod

Parameter

True value

Case 1a

Lower bound

Upper bound

Case 1b

Lower bound

Upper bound

Case 1c

Lower bound

Upper bound

Case 1d

Lower bound

Upper bound
ation about the relation between S- and P-wave velocities. The in-
ersion was tested also using narrower bounds on equation 9, but re-
ults were not improved significantly.

In case 2d, prior information is added to Vp1 and Vp2 by limiting
-wave velocity bounds, based on estimated uncertainties obtained
ypothetically from NMO velocity analysis. By including this addi-
ional prior information in the inversion, the MPDs for Vp1 and Vp2

re constrained better than in previous cases. However, Figure 4d
hows that the MPDs are essentially unconstrained by the data be-
ause these distributions are approximately flat within these prior
ounds. This suggests that, for determining P-wave velocities, AVO
s not as informative as NMO velocity analysis. For MPDs of the pa-
ameter combinations, the effect of the additional P-wave velocity
onstraints on the resolution of the interparameter relationships is
egligible �Figure 6d�.

The results clearly show the inability of the data to provide infor-
ation about the Vp–Vs relationship in each medium �Figure 5a-d�.
his greatly limits the ability of AVO to independently constrain gas
ydrate and free-gas concentrations. In all cases, the best-resolved
arameter �P-wave reflectivity� depends on Vp1 and Vp2, so its value
oes not depend uniquely on gas hydrate or free-gas concentration.
owever, the parameter interrelationships observed in Figure 5 jus-

ify the choice of P-wave reflectivity, S-wave reflectivity, and
Vs/Vp�2 as an appropriate reparameterization because they high-
ight the strongest correlations observed between individual
arameters.

Of the four cases tested, case 2d exhibits the most tightly con-
trained distributions �Figure 6d� because it includes the most prior
nformation. Of the individual MPDs of case 2d, S- and P-wave re-
ectivity are the best-constrained parameters and, therefore, should
rovide the most information on gas hydrate and free-gas concentra-
ions. A joint MPD of these parameters is shown in Figure 7 as a con-
our plot, with individual contours indicating different credibility
evels. The MPD is overlain with a grid indicating S- and P-wave re-
ectivity values for various gas hydrate and free-gas concentrations.
he grid values are calculated from the gas hydrate in-frame rock

el physical parameters for a 15% gas hydrate/1% free-gas
s, angular range, and data quality used for cases 1a–d. The

n of each case from case 1a is shown in bold.

�
Vs1

�m/s�
�1

�kg/m3�
Vp2

�m/s�
Vs2

�m/s�
�2

�kg/m3�
Angular
range �°�

�
data err.

421 1800 1481 350 1850 - -

- - - - - 0–80 0.01

- - 10 10 1000 - -

- - 3000 2000 2500 - -

- - - - - 0–80 0.05

- - 10 10 1000 - -

- - 3000 2000 2500 - -

- - - - - 0–40 0.01

- - 10 10 1000 - -

- - 3000 2000 2500 - -

- - - - - 0–80 0.01

10 1000 10 10 1000 - -

2000 2500 3000 2000 2500 - -
e mod
bound

ificatio

Vp1
�m/s

1768

-

-

-

-

-

-

-
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-
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hysics model �Helgerud, 2001� by forward modeling. Parameters
p1, Vs1, Vp2, and Vs2 are calculated for different gas hydrate and

ree-gas concentrations, and are then used to compute P- and S-re-
ectivity. The grid translates inversion results, given in terms of
hysical parameters, into gas hydrate and free-gas concentrations
ia rock physics modeling. The intersection of the grid with a given
redibility level contour of the MPD provides a quantitative range of
as hydrate/free-gas concentration scenarios that are consistent with
he synthetic AVO data and the prior information for case 2d. For

a)

b)

c)

d)

0           1000        2000    3000 0                   1000            2000 0           150
Vp   (m/s) Vs   (m/s)

2 2

igure 3. MPDs for parameters of the lower medium from synthetic
zed so that the area of each distribution is unity. Dashed lines indicat
alues. �a� Case 1a, the reference model; �b� case 1b, with � = 0.05;
ular range of 0°–40°; and �d� case 1d, with parameters of the upper m

)

)

)

)

0          1000        2000     3000 0                  1000            2000 0          150

Vp1

Vp2

Vp1

Vp2

Vp1

Vp2

Vp1

Vp2

Vs1

Vs2

Vs1

Vs2

Vs1

Vs2

Vs1

Vs2

Vp (m/s) Vs (m/s)

igure 4. MPDs for parameters of the upper and lower media from s
ormalized so that the area of each distribution is unity. Dashed lines
ameter values and dotted lines indicate the prior bounds used in the
a, with no additional prior information; �b� case 2b, with prior const
ase 2c, with prior constraints on density and the Vp1 − Vs1 relation;
rior constraints on density, the Vp1 − Vs1 relation, and P-wave veloc
xample, both a 0% gas hydrate/3% free-gas scenario and a 25% gas
ydrate/0% free-gas scenario satisfy the AVO data to a 90% credi-
ility level. The poor S-wave reflectivity resolution does not allow
igh gas hydrate/low free-gas concentration scenarios to be dis-
inguished from low gas hydrate/high free-gas concentration
cenarios.

Inversion of synthetic AVO data for a true model with 25% gas
ydrate and 2% free gas was also tested, and similar poorly con-
trained results were obtained.

INVERSION OF NORTHERN
CASCADIA DATA

Data and processing

This section considers AVO data from an MCS
line in Northern Cascadia, offshore Vancouver
Island. The seismic data are discussed by Spence
et al. �1991a, b�. The location chosen for the AVO
inversion is on the midcontinental slope, where a
prominent BSR is present. Because the MCS line
�line 89-08� is in the dip direction, a location with
relatively flat topography and apparent horizontal
subsurface structure is chosen to avoid complica-
tions resulting from dipping reflectors. The loca-
tion is close to ODP site 889/890 �Leg 146� and
IODP site U1327 �Expedition 311�, where the
base of the gas hydrate stability zone occurs at
225 m depth �Westbrook et al., 1993; Collett et
al., 2005�, and reliable P-wave velocity and den-
sity information are available from well logs.

The MCS survey was collected by Digicon
Geophysical Corporation in 1989, using a DSS-
240 recording system. The air-gun source was a
tuned array with a total volume of 125 L
�7820 inch3�. Shots were recorded by a 3600-m
streamer with 144 hydrophones, with minimum
and maximum offsets of 183 and 3783 m from
the source, for a group interval of 25 m. The shot-
point interval was 50 m, giving CDPs with 36-
fold multiplicity. The record length was 14 s at a
4-ms sampling interval. A stacked section of the
area of interest and super CDP gather of data used
in the inversion are shown in Figure 8.

The MCS survey provided amplitude data as a
function of source-receiver offset. For quantita-
tive AVO analysis, BSR reflection coefficients as
a function of BSR incidence angles are required.
True BSR incidence angles were obtained from
source-receiver offsets by ray tracing through
a 1D velocity model derived from semblance
velocity analysis. At the maximum offset of
3783 m, in 1300 m water depth, the incidence an-
gle at the seafloor was 49° and increased to 67° at
the BSR �225 m below the seafloor� because of
increasing velocity with depth. The calculation
of angle-dependent reflection coefficients re-
quired a true-amplitude data processing scheme
�e.g., Duren, 1991�. The processing is divided

N
or

m
al

iz
ed

 p
ro

ba
bi

lit
y

000     2500
m3)

a–d, normal-
ue parameter
e 1c, with an-
unknown.

N
or

m
al

iz
ed

 p
ro

ba
bi

lit
y

000     2500

ρ1

ρ2

ρ1

ρ2

ρ1

ρ2

ρ1

ρ2

)

c cases 2a–d,
te the true pa-
ion. �a� Case
n density; �c�
case 2d, with
0        2
ρ  (kg/

2

cases 1
e the tr
�c� cas
edium
0        2
ρ (kg/m3

yntheti
indica
invers

raints o
and �d�
ity.



i
c
a
m
t
i
t

p
g
�

v
t
a

F
t
c

AVO for gas hydrate BSRs C37

D
ow

nl
oa

de
d 

05
/1

2/
13

 to
 1

28
.1

03
.1

49
.5

2.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/

nto time- and offset-dependent corrections. The time-dependent
orrections to be considered are for geometric spreading and attenu-
tion. Simplified geometric spreading corrections were obtained by
ultiplying arrival amplitudes by their arrival traveltimes. Because

he BSR is at such a shallow depth below the seafloor, this correction
s a good approximation for the BSR as well as the seafloor reflec-
ion. Because of the shallow depth of the BSR and the short travel
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igure 5. Joint MPDs of selected parameters from synthetic cases 2a
he true parameter values. �a� Case 2a, with no additional prior inform
onstraints on density and the Vp −Vs relation; and �d� case 2d, with
1 1
ath through sediment, corrections for attenuation are unnecessary,
iven attenuation estimates in marine gas hydrate-bearing sediments
Wood et al., 2000�.

For offset dependent corrections, previous work on this MCS sur-
ey �Hyndman and Spence, 1992; Yuan et al., 1999� used correc-
ions for source and receiver directivity based on hydrophone array
ttenuation as a function of incidence angle �Sheriff and Geldart,
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982�, and source waveform as a function of outgoing angle provid-
d by Digicon Geophysical Corporation. Because of the difficulty in
uantifying the uncertainty in these corrections �especially the
ource waveform function�, the approach taken here is to account for
ll offset-dependent corrections by calibration of the measured sea-
oor AVO to the seafloor AVO expected for a realistic model of the
eafloor, based on ODP drilling results �Westbrook et al., 1993; Col-
ett et al., 2005� and seismic NMO analyses �see Andreassen et al.,
995, who used the same method�. This is an empirical approach to
erive an offset-dependent correction that combines all of the uncer-
ainties resulting from source/receiver directivity and variable sea-
oor characteristics via trace normalization. However, rather than
tilizing a single value for each of the seafloor physical parameters,
he method is extended by using a range of values to quantify the un-
ertainty of the offset-dependent correction.

A Monte Carlo simulation is carried out, where a large sample of
xpected seafloor AVO curves is generated from the Zoeppritz equa-
ions �equation 1�, by randomly choosing seabed parameters from

able 4. True model physical parameters for a 15% gas hydr
odel and prior bounds for cases 2a-d. The constraint added

ubsequent case is shown in bold.

arameter Vp1 �m/s� Vs1 �m/s� �1 �kg/m3� Vp2 �m/s� Vs2

rue value 1768 421 1800 1481

ase 2a - - - -

ounds 1000–3000 10–2000 1000–2500 10–3000 10

ase 2b - - - -

ounds 1000–3000 10–2000 1800 ± 100 10–3000 10

ther �1 ��2

ase 2c - - - -

ounds 1000–3000 10–2000 1800 ± 100 10–3000 10

ther Vs1[m/s] = (0.4004Vp1 − 291.9) ± 200;�1 ��2

ase2d - - - -

ounds 1768 ± 150 10–2000 1800 ± 100 1481 ± 200 10

ther Vs1	m/s
 = �0.4004Vp1 − 291.9� ± 200; �1 ��2

a)

b)

c)

d)

–0.2             –0.1                   0 –1       –0.5             0           0.5 0               
P-reflectivity S-reflectivity (V

igure 6. MPDs of parameter combinations from synthetic cases 2
hat the area of each distribution is unity. Dashed lines indicate the tru
a� Case 2a, with no additional prior information; �b� case 2b, with
ensity; �c� case 2c, with prior constraints on density and the Vp1−V
ase 2d, with prior constraints on density, the Vp1−Vs1 relation, and P
aussian probability distributions representing the best estimates of
he expected value and standard deviation for Vpsf, Vssf, and �sf of
570 ± 20 m/s, 170 ± 40 m/s, and 1760 ± 50 kg/m3, respectively.
ixed values of 1460 m/s and 1020 kg/m3 are used for seawater ve-

ocity and density. Each seafloor AVO curve Rsf of the Monte Carlo
ample is used to compute a BSR AVO curve Rbsr, which accounts
or offset-dependent corrections, given expected seafloor AVO for
hat particular trial of the Monte Carlo simulation:

Rbsr =
Absr

Asf
Rsf�1 − Rsf

2 �−1. �10�

sf and Absr are seafloor and BSR amplitudes after time-dependent
orrections, chosen as the peak signal level for a given reflection,
easured prior to NMO, and averaged at each angle �offset� over

our adjacent CDPs to improve the S/N. After time-dependent cor-
ections, the ratio Absr/Asf remains fixed at a given angle, so the off-

set-dependent corrections are achieved in equa-
tion 10 by scaling the amplitude ratio in a given
trace by a factor of Rsf�1 − Rsf

2 �−1, where Rsf de-
pends on the realization of the Monte Carlo simu-
lation. The factor �1 − Rsf

2 �−1 accounts for trans-
mission loss at the seafloor �Yuan et al., 1999�.

The BSR AVO data used in the inversion �Fig-
ure 9a� are calculated, at each trace, as the sample
mean of Rbsr over the Monte Carlo simulation, for
that trace. The Rbsr data are used then to compute a
covariance matrix representing the uncertainty in
directivity corrections:

C0 = ��r − �r���r − �r��T� , �11�

where r is a vector of the BSR AVO data Rbsr for a
given realization of the Monte Carlo simulation.

The complete data covariance matrix CD,
which considers both measurement errors and un-
certainties in the directivity correction, is ob-
tained via equation 7, and is shown in Figure 9b.
The independent, identically distributed compo-
nent of the error �̂2 �related to random noise� is
calculated from equation 8, with m̂ obtained by
minimizing the negative log likelihood function
over m via adaptive simplex simulated annealing
�Dosso et al., 2001�. The covariance matrix
CD is then used in the Gibbs’ sampling procedure
of the Bayesian inversion.

Inversion results

To invert the processed AVO data, all the prior
information used in case 2d is applied because it
was the best-constrained synthetic case. Con-
straints on the density and the Vp1−Vs1 relation-
ship are used, and uniform prior bounds for Vp1

and Vp2 are chosen based on NMO velocities for
the upper and lower medium, estimated at
1795 ± 150 m/s and 1494 ± 200 m/s, respec-
tively. Inversion results �Figure 10� are slightly
less well constrained than for synthetic case 2d,

free-gas
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hich is explained by the narrower angular range in the measured
ata. Inversion results obtained without accounting for uncertainty
n the seafloor AVO gave a slightly more negative P-wave reflectivi-
y estimate �an average difference of −0.03�, and had little effect on
-wave reflectivity results. Although the true answer, of course, is
nknown, the use of a full data covariance matrix represents a more
ealistic treatment of data uncertainties.

As in case 2d, the only parameters that are not well constrained
rom prior information are Vs1 and Vs2, but individual parameter

PDs �Figure 10a� show that the data do not usefully constrain
hem. Even though the MPD of Vs1 peaks at 385 m/s �10% gas hy-
rate concentration based on the rock physics model�, the 90% cred-
bility interval for Vs1 calculated from the MPD is 300–520 m/s
0%–30% gas hydrate concentration�. The limited S-wave velocity
nformation is also apparent in the joint MPD of S- versus P-wave re-
ectivity �Figure 10b�, where the S-wave reflectivity is particularly
oorly constrained. The intersection of the joint MPD of S- versus P-
ave reflectivity with the grid of gas hydrate and free-gas concentra-

ions provides a quantitative estimate of the range of scenarios that
atisfy the AVO data. The contour plot indicates that at a 90% credi-
ility level, gas hydrate and free-gas concentrations immediately
bove and below the BSR are only constrained to be 0%–23% and
%–2%, respectively. The measured negative reflection coefficients
equire that there be either some amount of gas hydrate or free gas.

To understand why AVO does not provide adequate constraints
n gas hydrate and free-gas concentrations, the relationships be-
ween P- and S-wave reflectivity, and gas hydrate and free-gas con-
entrations must be examined in more detail. Figure 10b shows that
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igure 7. Joint MPDs of S- versus P-wave reflectivity for synthetic
ase 2d, with prior constraints on density, the Vp1−Vs1 relation, and
-wave velocity. The distribution is shown as a contour plot with the
0% credibility contour shaded in. From outermost to innermost, the
ontours represent 99%, 90%, 75%, and 50% credibility intervals.
ontours are overlain with a grid showing where models with vary-

ng gas hydrate/free-gas concentration scenarios lie in S- versus
-wave reflectivity space. True model parameter values are indicat-
d by the white cross. Grid nodes falling within the shaded contour
epresent gas hydrate/free-gas concentration scenarios that could
ave produced these AVO data at a 90% credibility level.
he P-wave reflectivity is well constrained by the inversion �between
0.09 and −0.05, at a 90% credibility level�. However, even if it
ere perfectly constrained, P-wave reflectivity would not provide a
nique solution for gas hydrate or free-gas concentration. For exam-
le, for P-reflectivity of −0.10, the gas hydrate concentration can
ange from 0%–25%, and free gas, from 0%–3%. This is because the
-reflectivity is a measure of change in P-wave velocity across the
SR, which can be caused by either gas hydrate above, or free gas
elow, or �most likely� some combination of the two �note that the
% free-gas case can be excluded if VSP, sonic log, or NMO veloci-
ies show clear P-wave velocity reduction relative to the no-gas ref-
rence velocity below the BSR�. Furthermore, the constraints on
-reflectivity obtained from the AVO inversion could have simply
een determined from the near-offset reflection coefficients, without
he use of AVO.

Because the S-wave velocity in the lower medium does not
hange significantly with varying free-gas concentration, the S-
ave reflectivity is insensitive to free-gas occurrence. The grid in
igure 10b shows that, if the free-gas concentration is varied while
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olding gas hydrate concentration fixed, S-wave reflectivity remains
onstant. A unique dependence of S-wave reflectivity on gas hydrate
oncentration is therefore implied by the rock physics model �at
xed porosity and mineralogy�. The grid in Figure 10b shows that an

ncrease in gas hydrate concentration of 5% will cause a decrease in
-wave reflectivity of �0.03, illustrating that good S-wave reflec-

ivity resolution would provide valuable constraints on gas hydrate
oncentration. However, Figure 10b clearly shows that the AVO
ata do not provide nearly enough S-wave reflectivity resolution to
onstrain gas hydrate concentration. Because the data do not useful-
y constrain S-wave velocity or S-wave reflectivity, the analysis
hows that the AVO method in gas hydrate studies provides no addi-
ional information to the analysis of near-offset reflection coeffi-
ients or NMO velocity analysis in determining gas hydrate and
ree-gas concentrations.
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igure 9. �a� BSR AVO data from MCS line 89-08, CDPs 3123-
326, near IODP site U1327. Reflection coefficients are derived
rom true-amplitude processed data, and angles are BSR incidence
ngles obtained from ray tracing. One-standard-deviation error bars
re the square root of the corresponding diagonal element of the data
ovariance matrix. The solid line is the predicted AVO for maxi-
um-likelihood model parameter estimates. �b� Data covariance
atrix including both correlated and random error components.
ows and columns of matrix correspond to the AVO data points

hown in �a�. The colorbar scale is the covariance of reflection
oefficients.
a

OSTRANDER GAS-SAND MODEL

The poor constraint provided by AVO in gas hydrate BSR studies
rompts the question of the usefulness of this tool for other geophys-
cal problems, such detecting oil and gas. To address this question,
he Bayesian AVO inversion is applied to reflections from the top of
he sand layer in the now-classic Ostrander �1984� gas-sand model �a
ow velocity gas-charged sandstone layer between high-velocity
hale layers�. Physical parameters for each layer given by Ostrander
1984� are summarized in Table 5. A major difference between Os-
rander’s gas-sand model and the gas hydrate models is that the gas-
and model represents consolidated sediments, with greater values
or Vp, Vs, and �. As in the gas hydrate case, gas in the sand unit re-
uces Vp. However, the upper unit in Ostrander’s model has reduced
s for typical shale beds. Probabilistic AVO inversion is commonly
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igure 10. Parameter MPDs of inverted AVO data. �a� MPDs of in-
ividual parameters with dotted lines indicating the prior bounds
sed in the inversion. �b� Joint MPD of S- versus P-wave reflectivity
hown as a contour plot with the 90% credibility contour shaded in.
rom outermost to innermost, the contours represent 99%, 90%,
5%, and 50% credibility intervals. Contours are overlain with a grid
howing where models with varying gas hydrate/free-gas concentra-
ion scenarios lie in S- versus P-wave reflectivity space. Grid nodes
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oncentration scenarios that could have produced these AVO data at

90% credibility level.
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sed in oil and gas type problems �Drufuca and
azzotti, 1995; Avseth et al., 2001; Buland and
mre, 2003; Mazotti and Zamboni, 2003; Hamp-

on et al., 2004� to provide quantitative estimates
f lithology, porosity, and/or pore-space satura-
ion. This part of the study applies the gas hydrate
VO procedure to gas-sands to determine how
ell AVO can detect the presence of gas in the

and unit.
Synthetic AVO data generated from Ostrand-

r’s model using the Zoeppritz equations are
hown in Figure 11. The angular range is 0°–80°,
nd Gaussian-distributed random errors with 0.01 standard devia-
ion are included. The synthetic AVO data are inverted using the
ame Bayesian approach. As prior information, the densities of both
edia are constrained by well-log data, and Vp1 and Vs1 �in the

hale� are related by the Castagna et al. �1985� mudrock relation.
his equation is reordered to accept a reasonable range of Vs1 values

or a given Vp1:

Vs1 = �0.862Vp1 − 1172� ± 400. �12�

rue model parameters and prior constraints are summarized in
able 5.
Inversion results are shown as joint MPDs of model parameters in

igure 12. Of interest is the observed correlation between Vp2 and
s2 �Figure 12d�, because the relationship between these parameters

s affected by the presence of gas. Castagna et al. �1985� showed that
ater-saturated sandstones and shales plot along the mudrock line in
p−Vs space. Smith and Gidlow �1987� and Fatti et al. �1994� fur-

her showed that gas-charged sandstones are displaced from the
udrock line, with reduced Vp for a given Vs. Physically, this occurs

ecause the presence of gas in the sand reduces P-wave velocities,
ut has little or no effect on S-wave velocities �Gregory, 1976�. This
ffect is clearly observed in the joint MPD of Vs2 versus Vp2 �Figure
2d�, as the distribution is separated from the mudrock line, qualita-
ively indicating that the sand is gas-charged. For quantitative esti-

ates and uncertainties of porosity, an appropriate rock physics
odel is needed �e.g., Gassmann, 1951�.
The successful application of the AVO inversion scheme to Os-

rander’s gas-sand model and its failure for gas hydrate BSRs dem-
nstrates that the usefulness of AVO depends on the physical prop-
rties of the material in question. AVO inversion for the gas-sand
odel resolves a relationship between Vp2 and Vs2, which allows

as-saturated sandstones to be distinguished from wet sandstones.

SUMMARY AND DISCUSSION

This paper examines the applicability of AVO in determining gas
ydrate and free-gas concentrations above and below a BSR inter-
ace. The synthetic AVO analysis for gas hydrate BSRs indicates
hat it is not possible to resolve all physical parameters �Vp1, Vs1, �1,
p2, Vs2, and �2� at the BSR interface using MCS data. The study

uggests that the most important factors affecting the AVO uncer-
ainty are prior knowledge of the properties of the upper media and
he angular range of the data.

Useful constraints on gas hydrate and free-gas concentrations at
he BSR interface do not require all parameters be individually con-
trained; information about interparameter relationships can be di-
gnostic. The inversion shows that P-wave reflectivity is the best-re-
olved parameter, followed by S-wave reflectivity, with little infor-

Table 5. Tru
prior bounds

Parameter V

True value

Bounds

Other V
e model physical parameters for Ostrander’s gas-sand model and
for the inversion.

p1 �m/s� Vs1 �m/s� �1 �kg/m3� Vp2 �m/s� Vs2 �m/s� �2 �kg/m3�

3048 1244 2400 2438 1626 2140

10–5000 10–3000 2400 ± 100 10–5000 10–3000 2140 ± 100

s1�m/s� = �0.862Vp1 − 1172� ± 400
0             15              30             45              60             75             90 
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igure 11. Synthetic AVO data generated from reflections off the top
f the Ostrander gas-sand model. Random Gaussian noise with �
0.01 is added to the data. One-standard-deviation error bars are

hown and the solid line is the error-free AVO curve.
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igure 12. Joint MPDs of selected parameters from Ostrander’s gas-
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hows Vs2 versus Vs1, �c� shows Vs1 versus Vp1 �in the shale�, and �d�
hows Vs2 versus Vp2 �in the gas-sand�. In �c� and �d�, the dashed line
s the mudrock line, indicating the expected Vp-Vs trend for shales
nd water-saturated sandstones.
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ation about the Vp−Vs relationship. From a physical point of view,
arameters such as P- and S-wave reflectivity �which depend on
roperties of both media� are best resolved because of the nature of
he data: Measured seismic reflections occur because of changes in
hysical properties across an impedance boundary. The lack of in-
ormation content of the data with respect to the Vp−Vs relationship
n either medium greatly limits independent determination of gas
ydrate and free-gas concentrations.

Inversion of AVO data from offshore Vancouver Island is inter-
reted as a joint MPD of P- and S-wave reflectivity, overlain with a
rid of P- and S-wave reflectivity values for different gas hydrate/
ree-gas concentration scenarios, determined from a rock physics
odel. This approach provides a means to interpret parameter
PDs in terms of gas hydrate and free-gas concentration estimates.
t a 90% credibility level, gas hydrate and free-gas concentrations at

he study location are poorly constrained, i.e., 0%–23% and 0%–2%
mmediately above and below the BSR. Furthermore, synthetic cas-
s that used larger angular ranges and included smaller data errors
ave a similar degree of constraint, demonstrating that an improve-
ent in data quality or angular range does not improve the results

ignificantly.
The joint MPD of P- and S-wave reflectivity shows the range of

as hydrate/free-gas-concentration scenarios that satisfy both the
ata and the prior information included in the inversion. The distri-
ution is poorly constrained because of poor S-wave reflectivity res-
lution, which can be understood by examining the rock physics
odel. According to the gas hydrate in-frame model used, where gas

ydrate is a load-bearing component of the sediment matrix, Vs for a
edium with 15% gas hydrate concentration is 421 m/s, whereas Vs

or a medium with 1% free-gas is 350 m/s — a change of only
1 m/s. This degree of resolution cannot be expected from marine
CS data, where only P-waves are measured directly and Vs infor-
ation is obtained indirectly through Vp information and AVO be-

ause uncertainties in Vp are estimated to be at least ±100 m/s. As
or P-wave velocity and density information, the inversion does not
onstrain their values any more than the prior information, indicat-
ng that AVO is not a useful way to obtain information about these
arameters. The most reliable method to obtain P-wave velocity in-
ormation is NMO velocity analysis, whereas BSR P-wave reflectiv-
ty information is obtained most easily from near-vertical incidence
SR reflection coefficients.
The lack of success of AVO in this and other gas hydrate studies

an be attributed to the fact that the BSR represents only a relatively
mall contrast in physical properties, and that BSRs studied here oc-
ur in unconsolidated sediments of �50% porosity, with low S-
ave velocities. Fundamentally, AVO is an indirect method of ob-

aining S-wave information, which is not sensitive enough to be use-
ul in unconsolidated sediments. An alternative approach is the use
f ocean-bottom receivers that directly measure the shear wavefield
ia P-S mode-converted waves �Stewart et al., 2002; Andreassen et
l., 2003�.

AVO inversion of synthetic data generated from Ostrander’s gas-
and model shows that the success of AVO depends on the proper-
ies of the sediment sections. In this case, inversion results show a
trong relationship between S- and P-wave velocities in the sand-
tone unit, with values of these parameters diagnostically indicative
f gas-charged sandstones. The improvement in inversion resolu-
ion for the gas-sand case over the gas hydrate cases is attributed to
he fact that, in the gas-sand case, �1� the formations are consolidated
ediments with greater P- and S-wave velocities, allowing the rela-
ionship between Vp and Vs to be further constrained; �2� the con-
rast in physical properties at the boundary is greater because it is a
ithologic boundary �as opposed to a change in pore-space satura-
ion, as in the gas hydrate case�, leading to a more diagnostic AVO
urve and more resolvable P- and S-wave velocity contrasts; and �3�
ecause, in Ostrander’s model, where only properties of the sand-
tone unit are sought, the problem has fewer degrees of freedom than
he gas hydrate case, where both gas hydrate and free-gas concentra-
ions are unknown.

The variable degree of success obtained in this AVO study high-
ights the need to include rigorous quantitative uncertainties in all
VO studies. The appeal of the Bayesian approach to inverting
VO data is that the results are accompanied by realistic quantita-

ive error estimates, allowing the interpreter to accurately gauge the
eliability of results.
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