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ABSTRACT

A post-stack inversion of 2D seismic data was conducted to estimate the spatial distribution of acoustic impedance as-
sociated with gas and hydrates in the Ulleung Basin, East Sea, Korea constrained by logs from three boreholes drilled on
its continental margin. A model-based inversion was applied to a Plio-Quaternary succession composed of alternations of
unconsolidated mass-flow deposits/turbidites. A comparison of seismic reflections and synthetic data computed from imped-
ance logs is shown for two zones. An upper (steep) slope zone contains a moderately continuous, possibly bottom-simulating
reflector feature along the corresponding section. This feature may be associated with a lithology boundary near a drill site in
addition to, or instead of, a stability boundary of gas hydrates (i.e., gas below and hydrates above). The lower (gentle) slope
zone has locally cross-cutting reflection patterns that are more likely to be attributed to gas- and hydrate-related physical phe-
nomena than to spatiotemporal changes in lithology. This seismic inversion is informative and useful, making a contribution
to enhance the interpretability of the seismic profiles for a potential hydrate recovery.
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1. INTRODUCTION

Gas hydrates are crystalline solids containing gas mol-
ecules, usually methane, entrapped within a rigid cage of
water molecules. Methane hydrates are stable under condi-
tions of low temperature and high pressure (Hyndman and
Davis 1992), requiring the ice-like mixtures to be usually
confined to the upper few hundred meters (< 300 m) of the
sediment column along the continental margins. The depth
extent of their occurrence is defined by the gas-hydrate sta-
bility zone (GHSZ) and is constrained by the interaction of
the geothermal gradient, water column-related parameters
(e.g., bottom-water temperature, pressure), gas composi-
tion, chlorinity, and the physical and chemical properties
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of the gas-hydrate bearing sediments (Dickens and Quinby-
Hunt 1997).

The maximum depth of the GHSZ is a phase boundary
between the lower limit of gas-hydrate stability and the pos-
sible upper limit of free gas; thus, the corresponding seismic
reflection has reverse polarity to that of the seafloor. This
may be clearly observed in seismic profiles (if there is a
sufficiently strong acoustic impedance contrast), where it
parallels the seafloor and typically cuts across stratigraphic
boundaries. It is referred to as a bottom simulating reflec-
tion (BSR) (Shipley et al. 1979).

Gas chimneys with their associated seismic acoustic
attenuated zones are gas and/or gas hydrate-related indica-
tors in the reflection data. High-amplitude reflections and/
or acoustic turbidity tend to disappear gradually or become
weaker near the base of the GHSZ (Horozal et al. 2009;
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Netzeband et al. 2010). The related seismic anomalies com-
monly occur beneath concave or convex seafloor expres-
sions on seismic profiles (Ginsburg 1998); these zones are
considered to be vertical conduits for fluids, probably mi-
grating from below the GHSZ (Hyndman et al. 2001; Wood
et al. 2002).

Since the early 2000s, seismic indicators of gas and gas-
hydrates have been observed in 2D/3D seismic reflection
data acquired in numerous places in the Ulleung basin. These
indicators include BSRs, acoustic anomalies (e.g., reflections
with enhanced low-frequency below the BSR), and gas chim-
neys. As a result of extensive exploration activities, methane
hydrates were successfully recovered from two of the five
wells that were drilled in the deep-sea basin in 2007.

Since the 1970s, post-stack acoustic seismic inversion
has been a widely used technique in the petroleum industry
for subsurface geological inferences (e.g., lithology, poros-
ity) based on seismic analysis tied to well logs (i.e., resistiv-
ity, sonic and density). The method increasingly confirms
the usefulness of inverted seismic data and is informative
for seismic interpretation (Buiting and Bacon 1999). Post-
stack inversion produces only P-impedance output as it uses
normal incidence reflections and requires only near-offset
stack data (rather than full aperture stacked data) to obtain
physically and geologically reliable results. The method is

more commonly applied to conventional oil and gas reser-
voirs, but there are a few papers (e.g., Lu and McMechan
2002; Inamori and Hato 2004; Bellefleur et al. 2006) that
document applications of seismic acoustic inversion to the
characterization of gas-hydrate bearing deep-sea sediments.

This paper presents an application of model-based post-
stack seismic inversion to estimate acoustic impedance and
its variations associated with the Plio-Quaternary gas and
hydrate-bearing lithology in the Ulleung Basin. The acous-
tic impedance is inverted from near-offset (multi-channel)
seismic reflection data collected in 2005 with constraints
from logging-while-drilling (LWD) results and cored sam-
ples from a drilling program launched by KIGAM (Korea
Institute of Geoscience and Mineral Resources) in 2007.
The approach in the present study is to demonstrate that in-
version of seismic data from the gas- and hydrate-bearing
deep-water sediments is a useful tool for seismic interpre-
tation, especially when integrated with and constrained by
borehole data.

2. GEOLOGICAL SETTING

The Ulleung Basin is part of a Tertiary back-arc system
that is bordered to the north by the Japan basin and to the
east by the Yamato basin forming the East Sea (Fig. 1). The
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Fig. 1. Bathymetry of the Ulleung Basin and location map with drilling sites selected for hydrate recovery.



A 2D Post-Stack Seismic Inversion of Gas Hydrate Sediments in Korea 297

deep back-arc basins were developed commencing from the
early Oligocene (Tamaki et al. 1992) through the late Mio-
cene (Tamaki and Honza 1985) between the Precambrian-
Paleozoic craton of the Korean Peninsula to the west and the
Cenozoic Japanese Island arc to the east.

The Tertiary basin appears to be sourced either from
its southern uplifted continental margin during the evolution
of the East Sea (Yoon et al. 2003) or from large-scale slope
failures likely triggered by earthquakes (Lee et al. 1996).
The resulting turbidites and mass-flows transported sedi-
ments into the deepwater setting. As a result, the deep-sea
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basin is filled with stacked mass-flow deposits associated,
and/or alternating with, possibly organic-rich turbidites/
hemipelagic sediments (THS), which appear to be related to
the occurrence of gas chimneys near the center of the basin
(Figs. 2 and 3).

The basin also appears to provide favorable conditions
for gas and gas hydrates which are recognized as BSRs on
the multi-channel seismic data. The BSR in the seismic data
(Fig. 2) has four salient characteristics: (1) It is parallel to
the seafloor reflection; (2) It has polarity opposite to the
seafloor reflection; (3) It generally cuts across the lithologic
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Fig. 2. Un-interpreted (a) and interpreted (b) seismic profiles across the lower continental slope containing BSRs in the shallower region and gas
chimneys in the deeper region. UBGHO04, 09 and 10 are borehole sites (see Fig. 1 for location). Dashed solid and thin lines are the interpreted geom-
etry of mass-flow deposits corresponding to seismic facies 1 (SF1), and thin lines bound turbidite/hemipelagic sediments (THS) corresponding to
seismic facies 2 (SF2), respectively (see Fig. 3 for details). The vertical solid lines indicate the vertical extent of the three boreholes. The red, open
circles represent the bottom of the GHSZ computed from the in-situ measurements at the borehole sites (see Table 2 for parameters) and the dashed
yellow line is the base of the GHSZ predicted by interpretation of the seismic data.



298 Lee et al.

NORTH

UBGHO09
A 4

2.8

SEISMIC CHIMNEY

—2.8

m S
@ o)
& 7
L w
= =
5 5
s g
< <
o o
= (=
> >
< <
z z
% Ty g

- -

4"‘( > L o

’ '

o

P','; ’C.::

=

[ ”‘ .’1

UBGH10
\ 4
SEISMIC CHIMNEY

S S
@ o)
2, 2
L L
= =
5 5
g g
< <<
o o
~ (=
> >
< <
= z
= =

Fig. 3. Seismic profiles associated with UBGHO9 (a) and 10 (b) showing the detailed SF1 and SF2 which are bounded by dashed lines (see Fig. 2

for location).

boundaries, indicating that it is a physical rather than a
sedimentological boundary; and, (4) its position is consis-
tent with that predicted by thermodynamic correlation, as
determined below. Their existence is confirmed by methane
hydrate recovery from about 150 mbsf (meters below the
sea floor) at a water depth between 1800 and 2100 m (Park
et al. 2008). Sometimes the seismic profiles show possible
double BSRs, with a faint second BSR occurring below the
main ones in the mass-flow deposits (e.g., Figs. 2 and 3).
The lower BSR may be a remnant BSR produced by a cli-
mate-driven shift of the stability zone for gas and hydrates
(Popescu et al. 2006), or a shift caused by a change in water
depth produced by a rapid increase in sediment thickness
accumulated by a new mass-flow deposit, or the presence

of two or more hydrates associated with gases of differing
chemistry and therefore different stability depths (Andreas-
sen et al. 2000).

3. SUBSURFACE DATABASE

The database used in the present study includes seis-
mic data, well logs and cored samples. A total of 6600 km
of 2D high-resolution, multi-channel seismic reflection data
were acquired on a grid of 4 km x 4 km line spacings run-
ning north-south and east-west. The collected seismic data
were re-sampled at 2 ms and zero-phased before stacking
and time-migration. The present study uses one of the seis-
mic profiles (Fig. 2a) recorded in the north-south direction
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across three wells (UBGHO04, 09 and 10) (Fig. 1); for these
data, the source and receiver increments are 25 and 12.5 m,
respectively The minimum and maximum offsets are 160
and 3147.5 m, respectively.

Prior to the Kirchhoff pre-stack time migration, the
input section was filtered with a zero-phase time-variant
filter. The filter pass bands were set with low-(3 Hz) and
high-cut frequencies (110 to 40 Hz for 2000 to 6000 ms, re-
spectively) to optimize the removal of high frequency noise
by having the filter following the noise spectrum as a func-
tion of time. After the normal move-out (NMO) correction,
the traces in the shot gathers were separated into ranges of
incident angles. The near-angle stack (0 - 15 degrees) was
extracted for the present study.

Three locations of predicted gas-hydrate occurrences
were drilled and cored to a depth of about 220 mbsf. The
hole UBGHO04, which is located about 820 m off the seismic
line, was drilled into the upper slope BSR (Fig. 2b). Holes

UBGHO09 and UBGH10, which are located very close to
the seismic line, penetrate the low-angle seafloor and target
seismic chimney features (Fig. 3). The UBGHO04 location
was selected on the basis of a 3D seismic volume acquired
for a detailed site survey after the BSR was identified on the
seismic profile. The corresponding three holes were logged
with logging-while-drilling (LWD) tools measuring natural
gamma, relative resistivity, relative density, relative neu-
tron porosity, and sonic velocity (Figs. 4, 5 and 6). The gas
compositions of the pore space of the cored samples were
analyzed to measure the amount of chlorinity and gas com-
positions in the seawater (Fig. 6).

The core recovery for all boreholes is greater than
40%. Because the cored samples are unconsolidated sedi-
ments, it is difficult to determine a detailed distribution of
grain size. The sedimentary samples of the UBGH04 well
consist of silt (80%), clay (10%) and sand (10%) which
increase abruptly over two intervals: 60 - 65 mbsf (80%)
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Fig. 4. Downhole logs and corresponding seismic data from the UBGHO04 well. The seafloor is at 1841.4 m. Mean grain size is modified from
KIGAM (2008). The red and blue dashed lines indicate a predicted BSR (See Table 1) and a possible top of hydrate, respectively.
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and 170 - 180 mbsf (40%) (Fig. 4). The UBGHO09 and 10
wells show a similar variation in grain size to that in the
UBGHO04 well but these are different in variation of sand
increasing from 20% at the top to 90% at about 125 mbsf
(Fig. 5) and from 20% to 60% for the entire section (Fig. 6),
respectively.

Fugro-McClelland (2008) reported that the geophysi-
cal data and gas analysis on the non-pressurized cores show
the possibility of gas hydrates at the sites (Fig. 7). The pre-
dicted gas hydrate concentration in UBGHO04 is about 44%,
in relatively coarse grained (silty-sandy) samples at about
185 mbsf; no hydrates were observed in the core samples.

However, the two other cores (UBGHO09 and 10) con-
tain solid gas hydrates (Kang et al. 2009) (Table 1) with
a dominant methane composition. The gas-hydrate bearing
sediments in UBGHO9 are silty and/or sandy layers between
63 and 151 mbsf, within which intervals contain an average
pore volume fraction of hydrates of 30%, reaching a maxi-

mum of 64%. Hole UBGH10 shows a fluctuating chlorin-
ity down to 100 mbsf, indicative of possible recent hydrate
formation. The predicted hydrate saturation in the sediments
of UBGHIO is substantially lower than that of UBGHO9,
dropping down to about 1.4% of sediment volume above
the predicted BSR. The marked top of hydrate in UBGH10
indicated by a blue dashed line in Fig. 6 is anomalously
shallow because of the distortion of the GHSZ by the gas
chimney that the hole penetrates.

4. SEISMIC SIGNATURES

The seismic data contain two distinct facies: seismic
facies 1 (SF1) and 2 (SF2) (Fig. 3). SF1 is characterized by
discontinuous, chaotic low-amplitude reflections, whereas
SF2 is characterized by relatively well-defined conformable
reflections. The disturbed seismic facies forming an elon-
gate unit is interpreted as mass-flow deposits that are verti-
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Fig. 5. Downhole logs and corresponding seismic data from the UBGHO09 well. The seafloor is at 2099.1 m. Mean grain size is modified from
KIGAM (2008). The red and blue dashed lines indicate a predicted BSR (See Table 1) and a possible top of hydrate, respectively.



A 2D Post-Stack Seismic Inversion of Gas Hydrate Sediments in Korea

301

cally and/or laterally associated with continuous reflection
patterns (SF2) which is interpreted as THS (e.g., Horozal et
al. 2009). The basal surface of the SF1 includes a combina-
tion of linear scour marks and a side-wall scarp; and, its
top forms a relatively rugose surface that is either filled and
draped by concordant strata (SF2) or becomes the base of
the overlying new SFl1s.

The Plio-Quarternary section appears to be dominated
by SF1 that exists in the form of a vertically and laterally
stacked geometry over much of the slope area with different
sizes and shapes. The various geomorphologies of the dis-
turbed seismic reflectors indicate that the high-energy deep-
water process related to a transformation of a mass flow to
a Newtonian turbidity current (Shanmugam 2006) occurred
numerous times in various directions during the Tertiary pe-
riod and that it removed whole or partial pre-existing turbid-
ites or old mass-flow deposits (which may be or may not be
seen here). A relatively heavy sediment load accompanying

the mass-flow deposits may cause syn-depositional thrusts
as indicated by locally differently folded internal reflections
of SF2 (Fig. 2b).

At UBGHO04, the two distinct seismic textures on the
profile correspond to increase in resistivity, density and P-
wave velocity in the LWD data (Fig. 4) and are consistent
with general physical characteristics of high-energy induced
deep-water deposition (e.g., Shipp et al. 2004). However,
the local vertically disturbed seismic features around both
UBGHO09 and 10 appear to be relevant to the existence of
gas and hydrates as described below.

5. CALCULATION OF GHSZ THICKNESS

A possible depth to the bottom of a GHSZ in the ma-
rine environment may be predicted by a computation on
the basis of the in-situ seafloor temperature and geothermal
equations developed by Miles (1995) for the gas hydrate
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Fig. 6. Downhole logs and corresponding seismic data from the UBGH10. The seafloor is at 2077 m. Mean grain size is modified from KIGAM
(2008). The red and blue dashed lines indicate a predicted BSR (See Table 1) and a possible top of hydrate, respectively.
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Table 1. A list of hydrates observed in the cores from the UBGHO09 and 10 wells. The hydrates are within the predicted zones as in Fig. 2.
Sample Depth of Sample Depth of
11 11
No. Sample (mbsf) Well Name Occurrence No. Sample (mbsf) Well Name Occurrence
1 15.00 UBGH10 Veins in mud 9 77.22 UBGHI10 Nodules and veins in mud
2 18.15 UBGH10 Nodules and veins in mud 10 110.00 UBGHI10 Nodules and veins in mud
3 22.60 UBGHI10 Nodules and veins in mud 11 140.00 UBGHI10 Nodules and veins in mud
4 22.87 UBGH10 Nodules in mud 12 140.65 UBGHI10 Nodules and veins in mud
5 35.50 UBGHI10 Nodules and veins in mud 13 141.00 UBGHI10 Veins in mud
6 41.16 UBGH10 Nodules in cemented sand 14 70.55 UBGHO09 Nodules and veins in mud
7 61.86 UBGHI10 Nodules and veins in mud 15 120.00 UBGHO09 Nodules in cemented sand
8 76.00 UBGHI10 Nodules and veins in mud
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phase equilibrium diagrams. On the basis of the phase equi-
librium relation, Rao (1999) provides a detailed descrip-
tion of GHSZ thickness calculation. During the drilling
campaign, the seabed temperature and geothermal gradient
were measured at all the well locations in the Ulleung Basin
including the UBGHs (Table 2). This alternative prediction
is useful in a seismically chaotic zone where the base of
the GHSZ may be incoherent because of internal variations,
erosional textures, changes in gas content, salinity, and/or
heat flow. Such anomalies are consistent with the presence
of gas chimneys; both UBGH09 and UBGHI10 go through
gas chimneys (Figs. 2b and 3). The thermally predicted lo-
cations of the BSR (the red dots) match well with the bases
identified BSR from the seismic data (the yellow dashed
line) in both wells (Figs. 2b and 3).

6. MODEL-BASED SEISMIC INVERSION

6.1 Overview

A model-driven process (Russell and Hampson 1991)
is used to invert post-stack migrated seismic data. The main
steps in the procedure include calibration by tying well logs
to the seismic data, estimation of the wavelet, generation
of a low-resolution background model, and inversion. The
model parameterization is in two parts; blocked layers su-
perimposed on a smoothed background (as impedance is a
layer property, not an interface property). This deterministic
inversion is straightforward and compares favorably with
other deterministic methods (including trace integration,
and sparse-spike inversion) (Veeken and Da Silva 2004).
Sparse-spike inversion is limited to models with a relatively
few thick layers, and trace integration assumes constant
density. The specific software used in this paper is the com-
mercial implementation called STRATA by CGGVeritas
(2011).

The inversion is model-based and iterative. It is mod-
el-based in the sense that solutions are constrained to the
neighborhood of a 1-D layered low-resolution background
impedance model, which is derived via seismic velocity
analysis, or (as in the example below), from smoothed well
logs. It is iterative in the sense that the solution gradually
improves the fit between synthetic traces [produced by con-
volution of the reflectivity impulse response (r) of the lay-

ered model with a wavelet (W)], and the observed seismic
data (S).

The solution attempts to simultaneously solve for the
best-fit reflectivity, and to minimize the differences be-
tween the observed S and predicted (W * r) seismic traces.
Thus, the objective function to be minimized has two terms,
corresponding to these two goals.

O=S-W*r (1

where * means convolution.

The system of linearized Eq. (1) is solved for r (and
sometimes also simultaneously for W), by any iterative al-
gorithm; the constrained conjugate gradient method (e.g.,
Golub and Ye 1999) is used in the examples below. The
impedance (Z;) of layer i is derived recursively from the im-
pulse response r; using

i(1+r,
ZI-=ZIH< /> 2

where the impedance of the uppermost layer Z, needs to be
input to start the recursion. Thus, Eq. (1) solves for the im-
pulse response of the model (r) given the estimated source
wavelet (W) and the synthetic seismic data (W * r). The
model data would be different from the real data (S), be-
cause of incorrect reflectivity and noise involved. This may
be resolved by minimizing the difference between the ob-
served and synthetic data using L,-norm optimization (Men-
ke 1984) to obtain the best-fit layer impedances from the r
sequence by Eq. (2).

The inversion algorithm used in this study constrains
the impedance values to lie between upper and lower limits,
which can prevent data outliers or acquisition errors from
destroying the solution. Interpretation of results of model-
based inversion will always be non-unique because there is
an uncertainty in the relations between acoustic impedances
and variations in mineral composition, pore fluids, and pore
geometry. Lateral variations do occur in the estimated im-
pedance model via interpolation and extrapolation between
the constraining well logs.

Table 2. Input parameters for a computation of estimated depths of hydrate stability zone (HSZ) at the three wells.

Well Name Longitude Latitude Bathymetry Seafloor Geothermal Base of HSZ HSZ Depth
(Decimal) (Decimal) (m) Temp. (°C) Gradient Temp. (°C) (mbsf)
UBGH04 36.3 13091 18414 0212 0.1102 17.46 156.5
UBGHO09 36.7 130.89 2099.1 0.231 0.1104 18.40 164.6
UBGHI10 36.6 130.89 2077.0 0216 0.1117 18.32 162.1
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6.2 Wavelet Estimation

A source wavelet is estimated from the seismic data
at each of the three holes by aligning and averaging all the
reflections across groups of ten stacked traces surrounding
each of the three boreholes (Fig. 8). The wavelets have a
length of 200 ms and a taper of 25 ms, are zero phase, and
have positive amplitude for a positive impedance contrast.
The amplitude spectra of the symmetrical wavelets are com-
puted using the autocorrelation of the input seismic traces in
the frequency domain, prior to an inverse Fourier Transform
to produce the wavelet which is summed with others com-
puted from the rest of the selected traces.

The wavelet extracted for each hole is evaluated by
convolving it with the impedance log of the other two holes
to generate a synthetic seismic trace to tie with the recorded
data traces at those holes. The wavelet predicted from the
UBGHO04 seismic data is modified by zeroing the samples
below and above 50 ms to remove unwanted side-lobes
which are attributed to a relatively uneven distribution of
frequency components (Fig. 8b). Consequently, the modi-
fied wavelet (Fig. 8c) fits better across all three holes (as
determined by the corresponding L, residual) and was cho-
sen for input to the post-stack inversion. Only near-offset
traces are included in the stack so that the amplitudes are
fairly constant, generating a good approximation to a zero
offset section.

1.0

6.3 Background Impedance Model

Multiplication of the relative density and sonic logs from
each of the three wells produces acoustic impedance logs
which correlate with a fundamental rock property (Fig. 9).
The converted acoustic impedance logs are filtered (via a
15 Hz high-cut filter) to generate an initial background
model for the inversion (Fig. 10a). The smoothed well logs
are interpolated between and beyond the holes guided by
control horizons picked from the seismic profile in a 350 -
400 ms window that starts at the sea floor and extends
slightly deeper than the bottom of the wells (Fig. 10a).

The impedance variations of all boreholes are con-
strained to lie between the lower (1483 m s x g cc') and
upper (3389 m s x g cc!) values (Fig. 9). Ten initial models
were recursively iterated with processing sampling rate of
2 ms to predict the optimized acoustic logs and thus syn-
thetic seismic data. The correlation coefficient and the per-
cent difference between predicted data and the real seismic
traces average 0.99, and 0.14, respectively (Fig. 9). The
well-matched logs are also interpolated throughout the in-
put seismic profile guided by control horizons (Russell and
Hampson 1991) whereby a 2D inversion is constructed.

The result is a 2D section containing the estimated low-
resolution acoustic impedance (Fig. 10a). As a consequence
of lateral sedimentological facies variations along the south-
ern slope of the basin, the original UBGH04 impedance log
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Fig. 8. The zero-phased wavelet (a) and the corresponding frequency spectrum (b) derived at the UBGHO4 site. The modified wavelet (c) and the
corresponding frequency spectrum (d) applied at the other sites (UBGHO09 and 10) prior to the seismic inversion.
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(and also its smoothed version) shows notable impedance
variations. The anomalous impedance behavior at UBGH09
and 10 is caused by the inferred occurrence of gas chimneys
in the sediments (Figs. 3,5 and 6).

The predefined low-resolution background impedance
section (Fig. 10a) extends the seismic bandwidth by being
added to the high-frequency impedance variations that are
output by the impedance inversion in the next section. Vi-
sual comparison of the real seismic data and that predicted
by the impedance logs and the estimated source wavelet at
the holes (Fig. 9) shows a good correlation. This gives con-
fidence that the impedances produced by the inversion for
the inter-hole regions will be of similar high quality, and
geologically realistic.

7. INVERSION RESULTS

7.1 Description

Impedance gives more salient information on rock
properties than amplitudes, and it is represented in the
form of a layered model. The P-impedance inversion uses
a zero-offset section, or a near-angle stack, as input. The
near-angle stack has relative amplitudes similar to those at
zero-offset, but the summed seismic data have the advan-

tage of improved S/N ratio compared to zero offset alone.
Amplitudes near the zero offset usually change slowly, are
not affected by P-to-S conversion, and can be considered to
be reliable.

The wavelet and background impedance model cali-
brated at the boreholes are input to inversion of the near-an-
gle stacked data. The resulting post-stack seismic inversion
shows geologically consistent impedance along the deposi-
tional dip section through the three drill sites (Fig. 10b). The
acoustic impedance values from the borehole logs are well
matched with those in the inverted seismic data as expected
from the correlation between the extracted source wavelet
at all the three holes; the high impedance zone agrees well
with the high velocity part of the logs (Fig. 9).

There are large lateral and vertical variations in the
inverted acoustic impedance along the seismic profile
(Fig. 10b). The relatively high seismic impedance progres-
sively decreases downward forming a laterally continuous
geometry with varying thickness of sediments (Fig. 10b).
The up-dip slope part of the section is characterized by two
high-impedance (i.e., high density and velocity) zones: the
upper one (UIZ1 in Fig. 11a) is thicker (up to 80 ms) and
a higher continuity than the lower zone (UIZ2 in Fig. 11a).
The impedance contrast at the BSR becomes weak and
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Fig. 9. Quality-control plot for the seismic inversion at the borehole sites UBGH04 (a), UBGHO09 (b), and UBGH10 (c) showing a reasonably good
agreement between the inverted (red line) and computed acoustic (blue line) impedance within a constraint window. For comparison, the log data
are converted from depth to time. The black curves indicate the low-frequency impedance estimates extracted from the observed impedance logs
(as in Fig. 10a). The red and black seismic traces are the synthetic and real seismic data, respectively. The error computation window is the time
extent over which the impedance misfit was minimized during the inversion. The finer-scale details in the logs are below the resolution obtainable

by the seismic data.
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Fig. 10. (a) This low frequency background impedance model is generated from the downhole logs for the seismic inversion. This initial model is
used to estimate the depths of the upper (seafloor) and lower (inversion limit) boundaries and thus to constrain the inversion. (b) Inverted seismic
section with lateral variation in acoustic impedance. The steep slope shows a relatively massive (~80 ms) high-impedance zone (UIZ) under which
a poorly-to-moderately continuous thin layer in the seismic impedance corresponds to the BSR; the double BSR is not defined as clearly as in Fig.
2. The gentle (lower) slope is dominated by alternating high and low impedance layers (LIZ) unless otherwise disturbed by relatively high P-wave
impedance associated with either with mass-flow deposits or gas chimneys (Figs. 2 and 3).

less continuous, toward the toe of the slope but the gas hy-
drate stability boundary is presumed to be at about 164 (at
UBGHO09) to 162 (at UBGH10) mbsf as a possible bottom
of the GHSZ (Table 2). In contrast, the average acoustic
impedance values in the down-dip zone (LIZ in Fig. 11a)
are lower than those of UIZ1 and UIZ2 in the up-dip slope
area. The variation in the correlation between density and
velocity at the wells (Figs. 5 and 6) is interpreted to be the
result of the high degree of lithologic heterogeneity in the
down-dip environment.

7.2 Interpretation

The heterogeneous high-impedance zone (LIZ in
Fig. 10b) near and at UBGHO09 and 10 is interpreted as
a lobe of high-density, sand-rich mass-flow deposition
disturbing the existing conformable layers of the THSs
(Fig. 3); however, it may also be related to high-flux gas
migrating through openings (Haacke et al. 2009) which we
have here as evidenced by the gas chimneys (Liu and Flem-
ings 2007). Co-existence of hydrate and gas is not unusual
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in non-equilibrium conditions associated with vertical fluid
transport (Zhang and McMechan 2006; Dev and McMechan
2010). Thus, the alternating higher (blue) and lower (red-
yellow) impedance in the left half of Fig. 11b between 2.97
and 3.09 s, may be caused by conformably stacked turbid-
ites characterized by graded bedding as inferred from SF2
(e.g.,Ryu et al. 2009).

A thin, but discernable impedance contrast across the
interpreted BSR suggests that a small amount of free gas
charge may be consistently present below the GHSZ. A por-
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tion of the BSR is closely coincident with the THS scoured
by the mass-transport deposits which include the site of the
UBGHO04. The dense (hard) mass-flow deposits underlain
by the unconsolidated (soft) THS can also give a negative
impedance contrast resulting in an opposite polarity at the
presumed base of hydrate, compared to the seafloor (e.g.,
Fig. 9a). The possible BSR at UBGHO04 is more likely to
coincide with a vertical lithology change rather than to be
an impedance contrast between hydrate and gas, or to be a
combination of both. Because a lithology alternation also
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Fig. 11. Expanded view of the acoustic impedance in the up-dip slope (a) and down-dip (b) areas outlined in Fig. 10b. The black dots in the wells are
at the depth of the BSR predicted from thermal calculations (Table 2). The color scale used for the impedance is the same as that in Fig. 10b.
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changes the ability for hydrate to form, the bottom of the
mass-transport deposits can also be coincident with the BSR
in the area around the borehole. Both of these interpreta-
tions are consistent with the clearly visible BSR to either
side of UBGHO04 (Figs. 2 and 11a). Right at the BSR is a
thin low impedance zone which is interpreted as a possible
gas charge because its character is the same as the BSR in
the less ambiguous parts of the section.

A possible second BSR (labeled in Fig. 2) may be as-
sociated with the presence of different gas compositions
(methane, ethane, propane) that have different stability
zones (Andreassen et al. 2000; Lu and McMechan 2004).

Because the neutron porosity log is available (but not
shown here) it is possible to combine this with the density
log to get an independent estimate of hydrate saturation/
concentration (see Zhang and McMechan 2005). Water
saturation (and hence hydrate or gas saturation) can also be
estimated with the deviations in resistivity from the non-
hydrate baseline [see, for example, Eq. (4) and Fig. 7 in Lu
and McMechan 2002]. All the logs in Figs. 4,5, and 6 show
deviations (from the non-hydrated background values), in
the regions that are interpreted to contain hydrates. These
anomalies are consistent with the hydrate volume percent
estimates from chloride concentration in Fig. 7, for wells
UBGHO09 and UBGH10.

The P-wave velocity at UBGHO4 in the expected hy-
drate zone shows a positive correlation with the correspond-
ing density log in the predicted gas hydrate stability zone
(above the BSR); the density increase is interpreted to be
associated with the strength and density of the debris which
are caused by mass-transport flows eroding the underlying
turbidites/hemipelagic sediments as indicated in the mean
grain size variation. Although the impedance increase could
also be the result of the presence of hydrate occurring within
the mass-transport deposits, no clear evidence was found to
confirm the existence of hydrates in the drilling data except
at the very bottom of chlorinity and hydrate saturation logs
(Fig. 7) which may also be due to data contamination while
treating the core. The well log deviations for UBGHO04 are
not consistent with the chloride data; the letter is, however,
consistent without seeing any hydrates in UBGHO04. Thus,
the log deviations in UBGHO04 are probably caused by ver-
tical changes in lithology rather than the presence of hy-
drates.

8. SUMMARY

A near-offset stacked 2D seismic reflection section
is inverted to estimate the acoustic impedance of gas-and
hydrate-bearing deep-water sediments in the Ulleung Basin,
East Sea, Korea. Results are constrained by three LWD data
suites. The inverted seismic model is derived from the near-
angle stacked migrated seismic data along N-S oriented
Plio-Quaternary succession containing two different facies

(unconsolidated mass-flow deposits and turbidites).

A comparison of seismic reflection and computed im-
pedance was made for two different zones: the up-dip and
down-dip. The upper (steep) slope zone suggests that the
BSR-like feature that was a drilling target may be caused
by a local lithology boundary near the drill site of UBGH04
rather than by a phase boundary (i.e., gas below and hydrates
above), but both are possible. The lower (gentle) slope zone
shows that locally disturbed continuous reflections are more
likely to be gas hydrate-related physical phenomena than to
spatiotemporal changes in lithology.

This seismic impedance inversion enables a quantita-
tive prediction of lithological variations which are, in turn,
integrated with seismic stratigraphy and the LWD data. The
integration of these differing data provides a quite informa-
tive and useful tool making a contribution to enhance inter-
pretability of seismic profiles for gas detection and potential
hydrate recovery.
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