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Abstract: The Gulf of Mexico Hydrates Research Consortium selected the Mississippi Canyon Lease
Block 118 (MC118) as a multi-sensor, multi-discipline seafloor observatory for gas hydrate research
with geochemical, geophysical, and biological methods. Woolsey Mound is a one-kilometer diameter
hydrate complex where gas hydrates outcrop at the sea floor. The hydrate mound is connected to an
underlying salt diapir through a network of shallow crestal faults. This research aims to identify the
base of the hydrate stability zone without regionally extensive bottom simulating reflectors (BSRs).
This study analyzes two collocated 3D seismic datasets collected four years apart. To identify the base
of the hydrate stability zone in the absence of BSRs, shallow discontinuous bright spots were targeted.
These bright spots may mark the base of the hydrate stability field in the study area. These bright
spots are hypothesized to produce an amplitude versus offset (AVO) response due to the trapping
of free gas beneath the gas hydrate. AVO analyses were conducted on pre-stacked 3D volume and
decreasing amplitude values with an increasing offset, i.e., Class 4 AVO anomalies were observed. A
comparison of a time-lapse analysis and the AVO analysis was conducted to investigate the changes
in the strength of the AVO curve over time. The changes in the strength are correlated with the

decrease in hydrate concentrations over time.
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1. Introduction

Gas hydrates consist of gas molecules, primarily methane, contained within a lattice-
like structure formed by water molecules [1]. These deposits are globally distributed in
shallow regions of the outer continental borders or beneath ice sheets, i.e., permafrost.
These places exhibit low temperatures, relatively high pressures, and methane concentra-
tions that exceed the solubility threshold [2—4]. Gas hydrates are widely acknowledged as
a promising unconventional energy source for future generations, and for their potential
role as geohazards [5,6]. One of the primary geohazards associated with gas hydrates
is driving submarine landslides [7]. The destabilization of gas hydrates can cause a con-
siderable increase in pore pressure by expanding in volume. This expansion leads to
a drop in effective stress inside the sediment, ultimately resulting in slope failure [8,9].
Another gas hydrate-related geohazard could occur during production through hydrate-
bearing zones, as hydrates could cause wellbore instability during drilling and casing
collapse during production [10]. In permafrost regions, which occupy 25% of the northern
hemisphere, hydrate dissociation could induce ground settlement and severe damage to
infrastructures [10,11]. Moreover, the release of methane gas from destabilized hydrates
can exacerbate climate change, as methane is a potent greenhouse gas [12]. Identifying
gas hydrates and understanding their distribution and stability is crucial to mitigating
these geohazards. Geophysical surveys, including techniques such as 2D /3D streamer
seismic, cross-well seismic, multi-component ocean bottom nodes or cable surveys, vertical
seismic profiling, well logging, and controlled source electromagnetic techniques, have
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played a crucial role in identifying and describing gas hydrate reservoirs [3,13]. These
methods allow scientists to assess the spatial extent, concentration, and stability of hydrate
reservoirs, providing critical information for hazard assessment and risk management.

On a seismic section, an anomalous reflector known as the bottom simulating reflector,
also abbreviated as BSR, has been used to infer the presence of gas hydrates [14-16]. The
bottom simulating reflector (BSR) is a physical contact between sediments that are rich
in gas hydrates and strata that are saturated with free gas below. The BSR is frequently
connected with the base of the gas hydrate stability zone (BGHSZ), and it can be charac-
terized by imitating the shape of the seabed topography, having opposite polarity with
respect to the seafloor reflection event, and having crosscutting dipping sedimentary strata.
The sediments located above the BSR display high sonic velocity and amplitude blank-
ing, whereas the sediments located beneath the BSR display high reflection strength and
frequency shadow [17,18].

BSRs were first attributed to gas hydrate, occurring broadly and conspicuously along
the Blake Ridge, offshore eastern North America [19,20]. Shipley et al. (1979) [21] extended
this interpretation to similar features noted on continental shelves worldwide. Subsequently,
BSRs of appropriate polarity and sub-seafloor depth have been considered to be reliable
indicators of the position of the BGHSZ and of the occurrence of gas hydrate [14]. The
majority of BSRs correspond with the BGHSZ, but there are some instances in which this is
not the case. There are circumstances that can arise in which the top of free gas occurs below
the BGHSZ, and the base of the gas hydrate occurs well within the gas hydrate stability
zone (GHSZ) [22]. The development of BSRs requires a temperature pressure condition
that does not change drastically laterally [21]. In the Gulf of Mexico, these changes occur
due to complicated salt tectonics and resulting near-surface faulting [23]. As a result,
the development of extensive BSRs is inhibited, thus jeopardizing the identification of
the BGHSZ.

Woolsey Mound, a 1 km diameter hydrate mound, sits atop a Louann salt body, which
is connected hydraulically to the mound via a series of faults and fault-related fractures [24].
The thermal conditions and the salinity of the surrounding area are primarily controlled by
the salt tectonics. In Woolsey Mound, salt inhibits the development of an extensive BSR.
The only seismic indicators of gas hydrate stability zones are high amplitude bright spots,
which are associated with free gas accumulation in seismic data [24,25]. The absence of a
BSR and lack of well-log data pose extreme challenges in the identification of the BGHSZ
in the study area.

The tool employed in this study to identify the BGHSZ in the absence of a BSR is
amplitude variation with offset (AVO). The difference in lithology and/or fluid content can
cause variation in seismic reflection amplitude with changing source-receiver offset [26].
In recent years, this phenomenon, also known as amplitude variation with offset, has
attracted much attention. Valuable clues to the fluid content can be revealed using this
technique, as well as the porosity, density, and velocity of a formation. There are four
different categories of AVO responses. These are as follows: Class I occurs when the strong
positive zero offset reflection coefficient (Rc) decreases with offset; Class II occurs when
either the small positive zero offset Rc decreases with offset or small negative zero offset
Rc increases with offset; Class III occurs when the large negative zero offset Rc increases
with offset; and Class IV occurs when the negative zero offset Rc decreases in magnitude
with offset. This research aims to address the following objectives: using the AVO method,
we aim to identify the base of the hydrate stability field by focusing on the shallow, high
amplitude negative polarity BSRs at Woolsey Mound. This objective will be achieved by
analyzing two 3D pre-stack datasets collected in 2010 and 2014. The second objective of
this research is to characterize the dynamic nature of the hydrate system by analyzing the
strength of the AVO curve collected over the interval of 4 years (2010 and 2014). The results
of this study provide valuable information for identifying gas hydrates that lack BSRs and
understanding their stability in the northern Gulf of Mexico.
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2. Study Area

Woolsey Mound, a hydrate mound, is located in the southern portion of Mississippi
Canyon Block 118 (MC118). It is located approximately 150 km south of Pascagoula,
Mississippi, and 100 km east of the Mississippi Canyon in ~890 m of water (Figure 1a). The
image also shows a hydrate stability phase diagram. Active seafloor venting, outcropping
hydrate, and a thriving chemosynthetic community populate the seafloor in the study area.
Free gas venting at the seafloor was analyzed by Sassen et al. (2006) [27]. The analysis
found that the area contains C1-C5 hydrocarbons as well as CO,, The hydrate is structure
II and relatively deficient in methane (70.0%) with significant ethane (7.5%) and propane
(15.9%). Woolsey Mound is characterized by three main crater complexes, each 5-60 m in
diameter: SE, SW, and NW crater complex [24]. Woolsey Mound sits atop an allochthonous
Louann salt body. The mound evolved in close connection with the crestal fault system
developed above and around the salt body [28] (Figure 1a).
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Figure 1. Woolsey Mound is located in Mississippi Canyon Lease Block 118 on the northeastern Gulf
of Mexico continental slope. (a) The study area is displayed on a variance plot extracted from the
seafloor. The mound is subdivided into three crater complexes. Each complex is associated with a
master fault (colored lines) that connects the underlying salt body to the seafloor. (b) Gas hydrate
stability zone phase diagram in permafrost and (c) ocean.

Each crater complex is associated with a master fault: the NW complex is associated
with the blue and red fault, the SW complex is associated with the magenta fault, and the
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SE complex is associated with the yellow fault [24]. These faults and fractures provide
vertical migration pathways for warm hydrocarbon fluids from deeper oil reservoirs to
the sea floor [28]. Macelloni et al. (2013) [29] have developed a conceptual model of the
Woolsey Mound area to show the vertical migration of hydrocarbon fluid from a deep
oil reservoir to the shallow subsurface via faults and fractures and accumulation in two
shallow gas horizons BS-1 and BS-2. Simonetti et al. (2013) [25] developed a conceptual
hydrate accumulation model based on the Jumbo Piston Core analyses and SSDR and
seismic data interpretation. They concluded that hydrate formed primarily as veins and
nodules in fractures in the vicinity of fault zones.

Simonetti (2013) [30] imaged the changes in the Woolsey Mound by analyzing the
area close to the deeper stratigraphic horizon (BS-1). Astekin (2020) [31] studied the
AVO response of the Woolsey Mound area by analyzing two seismic datasets collected in
2000 and 2003. She found that the BGHSZ produces a Class IV AVO anomaly with variation
in the strength of the AVO curve over time. Astekin (2020) [31] hypothesized that these
variations are due to changes in hydrate concentrations over time.

3. Materials and Methods
3.1. Data

In 2010, a 3D seismic dataset was acquired by TGS, which covers an area of 92 sq. km
and has a northwest-southeast (315-degree azimuth) orientation. Another dataset used in
this study was collected in 2014 with orientation and areal coverage similar to that of the
2010 dataset. These two datasets have a bin size of 30 x 25 m and a sampling rate of 4 ms.
Both the 2010 and 2014 datasets were imaged 10.5 sec below the sea floor. TGS provided the
depth-migrated, NMO-corrected (Normal Move Out) pre-stack 3D seismic data collected
in 2010 and 2014, which will be used in the AVO study (Figures 2 and 3). A 4D time-lapse
processing will be conducted using the two-stacked data, where the 2010 data will be the
‘base’, and the 2014 data will be the ‘monitor” of the study.
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Figure 2. Pre-stack depth-migrated NMO-corrected 3D seismic data collected in 2010.
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Figure 3. Pre-stack depth-migrated NMO-corrected 3D seismic data collected in 2014.

3.2. Methods

In this study, AVO is used to identify the base of the gas hydrate stability zone
in the northern Gulf of Mexico, Woolsey Mound, which lacks a BSR. If successful, this
method can be used in other areas of the Gulf of Mexico where BSRs are not regionally
extensive [23]. This would aid in understanding the spatial extent of the gas hydrates
and minimizing associated seafloor hazards. Two collocated pre-stack 3D seismic datasets
from TGS acquired over a time interval of 4 years (2010 and 2014) were processed in this
study. First, the CMP gathers 2010 and 2014 data were transformed into the angle domain
(0° to 35°) from the offset domain using the velocity table created from the velocity model
(Figures 4 and 5). The angle transformation is carried out for a depth of 3000 m in both
datasets. Then, the two-term Aki-Richards approximation [32] was used for the gradient
analysis in this study. This approximation is very effective within the lower angle of
incidence. The AVO analyses targeted the shallow bright spots that were hypothesized to
represent the BGHSZ [24].

To test the correlation between the strength of the AVO curve and hydrate concentra-
tion, the 2014 dataset (monitor) was 4D processed to match with the 2010 dataset (baseline).
The cross-equalization [33] technique was used to perform the time-lapse seismic pro-
cessing. The method minimizes the differences between different surveys by removing
differences in geometry, sample rate, frequency, time, phase, etc. A control window (re-
ferred to as a “static window” in this study) is chosen in a location away from the hydrate
mound where pore fluid changes are less likely to occur [30]. The hydrate mound is referred
to as a “dynamic window” where significant pore fluid fluctuations are expected to occur
over time [30]. Time-lapse seismic monitoring using cross-equalization has been published
in a range of key studies [34-38]. A detailed description of the processing workflow used
in this study can be found in [30,33].
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Figure 4. Angle-transformed 2010 dataset.
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Figure 5. Angle-transformed 2014 dataset.

After minimizing all the instrumental differences, a new 3D seismic volume was
created by subtracting the amplitudes of the 2014 post-4D data from the baseline 2010 data.
The resulting dataset, hereafter referred to as the “difference volume”, shows the differences
in seismic amplitude anomalies between the 2010 and 2014 data. As the instrumental
(acquisition and processing) differences were minimized during the 4D processing sequence,
these residual amplitudes are likely to reflect temporal variations in the pore—fluid content
in the subsurface. The color code used here represents positive differences in orange. Since
the residual volumes are created by subtracting the 4D processed volumes from the base
2010 data, orange areas identify zones of decreased amplitude over time.

4. Results and Discussions
4.1. AVO Class Identification

The AVO analyses were conducted at the shallow bright spot location in Woolsey
Mound. The bright spot was analyzed in different craters at two locations in the study
area. Two additional locations where AVO analyses were conducted can be found in
supplementary materials (Figures S1-57).

The first targeted area lies close to the blue and magenta faults. Figure 6 shows the
map view of the area in both the 2010 and 2014 datasets. It should read-The bright spot at
inline 11830 in both 2010 and 2014 is the area of interest (Figure 7).



GeoHazards 2024, 5

277

" 3 \ Variance
P S 1.0
‘, ~Woolsey Mound
R \\{\
¥
.
Jem 0.0

Figure 6. Map view of the area targeted for AVO analysis. The colored lines represent the mas-
ter faults.

(a)

Depth (m)

-1000 Amplitude
+

Depth (m)

I
o
a
o

1 1
- N
o (=3
o o

Figure 7. The targeted bright spot. (a) bright spot at inline 11830 from 2010 data and (b) bright spot at
inline 11830 from 2014 data. These shallow negative polarity amplitude anomalies are hypothesized
to represent the boundary separating the hydrate-bearing sediments above from free gas-bearing
sediments below.

Figures 8 and 9 show the results of the AVO analyses and their associated gradient
curves. The AVO curve in both figures displays a decreasing amplitude with an increasing
offset, which is defined as a Class 4 AVO response [31,39]. The gradient vs. intercept
crossplots show the location of the picked event in the second quadrant. This is interpreted
as free gas below a high velocity layer, interpreted as gas hydrate at Woolsey Mound.

The second area of interest is located in the SE complex close to the yellow fault
(Figure 6). Figure 10 displays inline 11834, which shows a distinct bright spot at a depth
of 1047 m. The results of the AVO gradient analyses and corresponding crossplots are
depicted in Figures 11 and 12. In both figures, the gradient curve demonstrated a decreas-
ing amplitude with increasing offset, indicating a Class 4 anomaly. The gradient versus
intercept crossplots also revealed that the event of interest is located in the second quadrant.
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Figure 8. The AVO gradient curve and associated crossplot of 2010 data. The targeted event, which
occurs at 1045 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset.
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Figure 9. The AVO gradient curve and associated crossplot of 2014 data. The targeted event, which
occurs at 1048 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset.
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to represent the boundary separating the hydrate-bearing sediments above from free gas-bearing

sediments below.
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Figure 12. The AVO gradient curve and associated crossplot of 2014 data. The targeted event, which
occurs at 1050 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset.

4.2. Relationship between Hydrate Concentration and AVO Curve

The second part of the study focused on the shape/strength of the AVO curve. Astekin
(2020) [31] first proposed the correlation between the strength of the AVO curve and the
change in hydrate concentration, which would provide valuable information on the stability
of the hydrate-bearing system to minimize associated seafloor hazards. She hypothesized
that a more robust AVO response over time indicates hydrate formation, whereas a weaker
response suggests dissociation over time. To test this hypothesis, a time slice from the
difference volume was generated where a decrease in amplitude suggests dissociation
and an increase suggests hydrate formation (Figure 13). In the study area, there are very
few locations where the residual amplitude changes over time and is associated with a
distinct bright spot. The AVO responses of this area are analyzed in this section to test the
correlation between the strength of the AVO curve and the hydrate concentration.

The first area of interest (see ‘A’ in Figure 13) is located in the NW complex close to
the blue fault. A time slice extracted above the bright spot shows a decrease in residual
amplitude, implying dissociation over time. The results of the AVO analyses conducted at
this bright spot from both 2010 and 2014 are displayed in Figures 14 and 15, respectively.
In both cases, there is a decrease in amplitude with increasing offset, which gives a Class
4 anomaly. However, the AVO curve of the 2014 dataset is significantly weaker compared to
the 2010 AVO curve. The decrease in the strength of the 2014 AVO curve could be correlated
with the dissociation of hydrate [31].
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Figure 13. A time slice extracted from the difference volume to show changes in amplitudes over
4 years. The orange areas in the mound are interpreted as zones of decreased amplitudes (hydrate
dissociation), and the blue areas are interpreted as zones of increased amplitudes (hydrate formation).
The colored lines represent the master faults connecting the mound to the underlying salt body. Static
window—an area away from the hydrate mound where pore fluid changes are less likely. Dynamic
window—an area surrounding the hydrate mound where pore fluid changes are expected over time.
A, B, and C depict the areas of interest for AVO analysis.
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occurs at 1045 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset.
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The second region of interest (see ‘B’ in Figure 13) is found in the NW complex adjacent
to the red fault, where a drop in the residual amplitudes has been seen. The AVO analyses
that were carried out at this bright spot in both 2010 and 2014 are presented in Figures 16
and 17, respectively. A Class 4 anomaly is indicated when there is a decrease in amplitude
with increasing offset, which occurs in both scenarios. When contrasted with the AVO
curve of the 2010 data, the AVO curve of the 2014 dataset is noticeably less steep. The
dissociation of hydrate may be associated with the weakening of the 2014 AVO curve.
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Figure 16. The AVO gradient curve and associated crossplot of 2010 data. The targeted event, which
occurs at 1040 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset.
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Figure 17. The AVO gradient curve and associated crossplot of 2014 data. The targeted event, which
occurs at 1047 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset.
Note a sharp decrease in the strength of the AVO curve compared to 2010 data.

A decrease in the residual amplitude has been observed in the third location of interest
(see ‘C’ in Figure 13), which is found in the SW complex next to the magenta fault. The
AVO analyses conducted at this bright spot in both 2010 and 2014 are reported in Figures 18
and 19, respectively. An indicator of a Class 4 anomaly is the presence of a decrease in
amplitude in conjunction with an increase in offset, which is the case in both instances.
Compared to the AVO curve derived from the data collected in 2010, the AVO curve derived
from the data collected in 2014 is again substantially less steep, which is hypothesized to
correlate with a decrease in hydrate concentration in the area over time [29].



GeoHazards 2024, 5 282

PTge.
R
R R LN I == . T
M
950 } 1 = ~ 3000)
w“f;mﬁm i A
TR 2 :
g BARRARS25a 2400}
S0 H p?rn o / .
) \' ] ‘ - [2100]
wo NI 7 2 :
TS = = :
50 ‘ ‘ ‘I ! } } 0060, i // gwi i is00
=T - : e
i i : ! B
TR : : |
Cretee a0 — = ol o
o] = o :
8 | == ol | :
1400 (] |{| + R e e e e s e s e e e ‘.“'ns 2 R e :] T
owmm e N SIS T T SR SN oM 2 s I

Figure 18. The AVO gradient curve and associated crossplot of 2010 data. The targeted event, which
occurs at 1047 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset.
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Figure 19. The AVO gradient curve and associated crossplot of 2014 data. The targeted event, which
occurs at 1030 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset.
Note a sharp decrease in the strength of the AVO curve compared to 2010 data.

5. Conclusions

Understanding how gas hydrates form, their distribution, and dissociation is of
paramount importance to discern their role in seafloor hazards and climate change. The
lack of a discernible BSR at the BGHSZ poses a challenge in identifying the spatial extent
of the gas hydrate in the northern Gulf of Mexico. The primary reason for the lack of a
clearly identifiable BSR at Woolsey Mound is believed to be the intricate dynamics of salt
formations, which result in fluctuations in temperature and pressure within the subsur-
face [24,40]. This, in turn, affects the location of the BGHSZ. The distinctive geological
circumstance poses a difficulty in determining the lower boundary of the gas hydrate zone.
In order to tackle this matter, the AVO analysis was employed as a seismic technique to
characterize this critical boundary effectively.

This study involved the thorough analysis of two distinct sets of pre-stacked seismic
recordings that were collected over a period of four years. The study’s main aim was
to analyze and describe the interface separating the solid hydrates from the underlying
free gas in Woolsey Mound. The interface in question is commonly characterized by a
bright patch of shallow depth and negative amplitude, which has been discerned by the
application of AVO analysis. The presence of this conspicuous anomaly in the seismic data
serves as a clear indication of the lower boundary of the hydrate stability zone.

The analysis of AVO in the study demonstrated a consistent pattern observed in all
the zones of interest characterized by bright spots. The regions mentioned above gave rise
to a phenomenon referred to as a Class 4 anomaly, which is distinguished by a decline in
amplitude as the offset increases. In geology, a Class 4 anomaly is characterized by the
presence of a low-velocity layer, which signifies the existence of free gas beneath a high-
velocity layer. In the given scenario, the high-velocity layer corresponds to gas hydrates,
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hence providing additional support for the application of AVO analysis in the detection of
the BGHSZ [28,31,39].

A critical facet of this study involves investigating the correlation between the magni-
tude of the AVO curve and the change in concentration of hydrates. A time-lapse study
was conducted to examine this phenomenon by comparing the two datasets gathered in
2010 and 2014. The findings from the time-lapse study revealed a progressive decline in
residual amplitude as time elapsed, indicating the occurrence of hydrate dissociation. The
analysis of three distinct areas of interest revealed a notable decline in the magnitude of the
AVO curve in the 2014 dataset when compared to the 2010 dataset. This phenomenon has
been linked to a gradual reduction in the concentration of hydrates throughout the inter-
vening period. The discovery mentioned above significantly contributes to understanding
the ever-changing characteristics of gas hydrates within this particular geographical area.

It is essential to acknowledge that the lack of shallow well-log data within the study
area imposed constraints on the extent of the investigation. The inclusion of other data, such
as P-wave velocity, S-wave velocity, density, and lithological information, will significantly
augment the comprehension of the hydrate-bearing system and facilitate a more thorough
examination of the AVO outcomes. This study’s findings suggest an opportunity for future
research to expand upon the current knowledge by including a more comprehensive array
of geological and geophysical data. This would contribute to a broader understanding
of the dynamics of gas hydrates in this region and their role in driving landslides and
climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/geohazards5010014/s1, Figure S1: Map view of two additional
areas (CC’ and DD') targeted for the base of the hydrate stability zone identification using AVO
analysis. The colored lines represent the master faults; Figure S2: The targeted bright spot. (a) bright
spot at Inline 20389 from 2010 data and (b) bright spot at inline 20389 from 2014 data. These shallow
negative polarity amplitude anomalies are hypothesized to represent the boundary separating the
hydrate-bearing sediments above from free gas-bearing sediments below; Figure S3: The AVO
gradient curve and associated crossplot of 2010 data at CC’. The targeted event, which occurs at
1045 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset; Figure S4:
The AVO gradient curve and associated crossplot of 2014 data at CC’. The targeted event, which
occurs at 1046 m and is in the second quadrant, exhibits decreasing amplitude with increasing offset;
Figure S5: The targeted bright spot. (a) bright spot at Inline 11820 from 2010 data and (b) bright spot at
inline 11820 from 2014 data. These shallow negative polarity amplitude anomalies are hypothesized
to represent the boundary separating the hydrate-bearing sediments above from free gas-bearing
sediments below; Figure S6: The AVO gradient curve and associated crossplot of 2010 data at DD'.
The targeted event, which occurs at 1045 m and is in the second quadrant, exhibits decreasing
amplitude with increasing offset; Figure S7: The AVO gradient curve and associated crossplot of
2014 data at DD’. The targeted event, which occurs at 1050 m and is in the second quadrant, exhibits
decreasing amplitude with increasing offset.
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