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Introduction. 
The presence of a gas hydrate petroleum system and seismic attributes derived from 3D seismic data are 
used for the identification and characterization of gas hydrate deposits in the deepwater eastern Gulf of 
Mexico.   In the central deepwater Gulf of Mexico (GoM), logging while drilling (LWD) data provided insight 
to the amplitude response of gas hydrate saturation in sands, which could be used to characterize complex 
gas hydrate deposits in other sandy deposits.  In this study, a large 3D seismic data set from equivalent and 
distal Plio-Pleistocene sandy channel deposits in the deepwater eastern Gulf of Mexico is screened for direct 
hydrocarbon indicators for gas hydrate saturated sands.  
 
Insights from GC955 in the Gulf of Mexico. 
Important gas hydrate exploration concepts were hypothesized, tested, and confirmed at GC955 in the Gulf 
of Mexico. A gas hydrate petroleum system requires gas migration into sediment with the appropriate 
pressure and temperature conditions, and for potential economic deposits, the gas must migrate into 
reservoirs into which gas hydrate can accumulate.   
Furthermore it was suggested that: 

• A BSR did not need to be present. 
• A “leading peak” amplitude anomaly in a deepwater clastic sand could be a direct hydrocarbon 

indicator (DHI) for gas hydrate.  
• Determining the presence or quantity of gas below gas hydrate would not be straightforward. 

 
Rock physics models of for sand reservoirs with high saturation gas hydrate coupled over medium to low 
saturation gas, high saturation gas hydrate coupled over high saturation gas, and only high saturation gas 
hydrate with no gas beneath suggested that, for all cases, for exploration seismic frequencies, the gas 
hydrate would show as a “leading peak” and that it would be difficult to determine whether large amount of 
gas, a low to moderate amount of gas, or if no gas at all underlay the high saturation gas hydrate deposit 
(Figure 1). 
 

  
 
Figure 1. Synthetic gathers showing response of various concentrations of gas hydrate  
(green) over gas (red) as might be found at the base of gas hydrate stability (modified  
from Nur and Dvorkin, 2008). 

 



These rock physics concepts, primarily, that in young clastic deepwater deposits a high saturation gas 
hydrate sand would show as a strong leading peak (in North American Polarity convention, an increase in 
impedance, positive, to the right) supported prospective gas hydrate deposits that were identified by LWD 
and later confirmed with core samples.  
  
At GC955, extensional faults extending from a shallow salt body into the gas hydrate stability zone were 
interpreted to be conduits for fluids, including gas, to move through the shallow sediments.  A small mud 
volcano and near seafloor faults suggested fluid flow from faults to the seabed.  The gas hydrate petroleum 
system was first interpreted by the apparent dimming of gas bright spots along these faults that penetrated 
interpreted sandy channel sediments (Hutchinson et al., 2009). 
 
The Chevron-DOE Gas Hydrate JIP Leg II field campaign confirmed the gas hydrate deposits by logging 
while drilling (LWD). The GC 955-H well targeted an anomalous seismic peak over strong trough in the 
interpreted sand facies. Seismic inversion analysis indicated high potential for gas hydrate of at least 50% 
saturation in an area at least 450 m by 850 m in size. (Hutchinson et al., 2009).   The LWD drilling at the H 
location indicated approximately 30 m of up to 80% high saturation gas hydrate corresponding with the 
seismic target (McConnell et al, 2009).   In 2017, a close twin to the H location (approximately 15 meters 
SW of the LWD hole) cored high saturation gas hydrate sands corresponding to the target (Flemings, 2017).  
 
The results from gas hydrate exploration drilling at GC955 and elsewhere around the globe suggested that 
there is a linear relation between seismic amplitude and gas hydrate saturation, in contrast to gassy 
sediments where high amplitude is associated with gas presence but not saturation (Boswell et al., 2015).  
 
 
 

 
Figure 2. Seismic section showing the GC955 H gas hydrate target (with inset), left, and X-ray of gas hydrate 
bearing sands corresponding to a portion of the GC955 H seismic target, right Modified from McConnell et al. 
2009 left, and Flemings 2017, right. 

 
 
Available Data. 
The data consist of a 3D prestack time migration cube, a prestack depth migration cube, and an interval 
velocity cube.  No angle gathers were provided.  The data were shot with 4200 m3 airgun at a source depth 
of 7.5 m  using 10 streamers of 9,000m length at a depth of 9 m, and a group interval of 12.5 m with 
separation of 120m between streamers.  Processing included preprocessing statics correction and noise 
removal. A velocity model was built for a Kirchhoff TTI anisotropic depth migration with post processing 
before final output. 
 
Geologic Setting in the Eastern Deepwater GoM 
The Eastern Gulf of Mexico, here, refers to the area bounded on the west by approximately longitude 88.25 
projecting south from where the modern distal Mississippi River discharge, on the north by the North 
American continental shelfs off Mississippi, Alabama, and Florida, to the east by the carbonate reef 
comprising the Florida escarpment, and the Yucatan shelf and the Straits of Florida to the south and 
southeast, respectively. 
 



In contrast to the Western and Central regions, where the subsurface geology is strongly influenced by thick 
sediment loading onto Jurassic salt, the Eastern region is less characterized by salt tectonics and instead 
by simpler thick, up to 15 km, of Cenozoic sedimentation over Cretaceous sediments that were deposited 
over the rifted Jurassic section.  
 
These thick clastic sediments were deposited in abyssal fans both mud and sand rich from the Eastern and 
Central Mississippi River Deltas.  The MCAVLU (named for the Mississippi Canyon, Atwater Valley, and 
Lund protractions areas) is a sand rich Miocene submarine fan that deposited in the Eastern GoM.  Late 
Pliocene slope bypass deposits were followed by thick sand rich Pleistocene Mississippi fan and Eastern 
Mississippi fan deposits.  The modern deepwater Mississippi fan comprises the modern seafloor over the 
Eastern GoM.  As a result, the Eastern GoM has an unusually thick section of sandy channel and potential 
sandy reservoirs. 

 
Figure 3. Location map showing the study area, Jubilee gas field, and GC 955 in the Gulf of Mexico 

There has been no deepwater oil and gas exploration in the eastern GoM because of a long-standing oil 
and gas drilling moratorium.   The nearest commercial oil and gas discovery to the study area is the Shell 
Jubilee Gas Field about 120 km to the west northwest where gas is being produced from upper Miocene 
high-density turbidites with a mass transport deposit top-seal. Sediments within the gas hydrate stability 
zone in the study area are similar in depositional style but are younger (Pleistocene). The nearest scientific 
drilling to the study area is at site 616 from ODP leg 96 where thick sandy facies were cored (Shipboard 
scientific party, 1986).   Thick sequences of turbiditic frontal fan splays of the Mississippi channel and fan 
system are within the gas hydrate stability zone in the study area.  The data show many meandering 
channels and channel lobes separated by mass transport complexes and inter-lobe clays.  The thick 
Miocene to Pliocene channel fill in the deep eastern GoM basin has produced flat-lying sediments that have 
largely buried the deeper structures.   
 
Whereas the central GoM has pervasive hydrocarbon migration structures caused by salt buoyancy 
displacing and piercing the sediments (elements that are present at the GC955 gas hydrate deposits), similar 
vertical fluid migrations structures are far fewer in the eastern GoM.  A basin-ward arcuate north-south 
trending deep-seated fault trend is, however, in the western part of the 3D study area.  These faults extend 
from basement through the Cretaceous and penetrate into the thick Neogene fan deposits providing a 
conduit for fluid and gas migration into sandy reservoirs at the base of the gas hydrate stability field.  Locally 
focused high amplitude anomalies, both peak-dominant and trough-dominant, are coincident with these 
localized vertical migration conduits. The velocity cube used for the time and depth migrations indicates a 
vertical low velocity field associated with the interpreted conduits for vertical fluid and gas migration.   
 



Gas Hydrate Petroleum System in the Eastern GoM. 
The study contains the elements required for emplacing gas hydrates in sand- a migration path for gas and 
ample sands within the gas hydrate stability zone.  The water depth is 3120 m at the study location and over 
the principal gas hydrate target.  The base of gas hydrate stability at this water depth is controlled by the 
local geothermal gradient but could, in general, range from approximately 500 m to 1000 m below seafloor 
for methane for sediments in the GoM.  Sandy sediments are interpreted within the gas hydrate stability 
zone.   Time slices through the data reveal highly channelized Mississippi Fan sediments (Figure 4).  
Channels show a range of sinuosity.  The smaller channels are approximately 0.5 km wide and 50m thick.  
The larger channels shown on Figure 4 are 1 to 1.5 km wide and are approximately 90m thick. Layers in the 
abyssal fan sediments are thinner than can be resolved with 50 Hz seismic and thus comprise composite 
thin-bed reflections.   
 

 
Figure 4.  Similarity attribute time slice through the channel fan sediments  
containing the interpreted gas hydrate deposit.  Channel dimensions range  
from 0.5 km to 1.5 km in width. 

 
No bottom-simulating-reflector (BSR) is seen in the data, nor is there a BSR proxy such as an unambiguous 
depth to top-most free gas present (Figure 5a).  A leading peak anomaly in channel deposits is underlain by 
interpreted gas where fluids have migrated along a (reactivated?) fault associated with the deep rifted 
structures in the basin. The seismic anomaly is suggestive of a gas hydrate filled sand (Figures 5a and 5b). 
 
The topmost gassy sediments can be used to estimate geothermal gradients. In the study area, however, a 
geothermal measurement of 41 mW/m2 or 36° C/km was taken approximately 40 km south of the gas 
hydrate target shown on Figures 5a and 5b.  Gas hydrate stability calculations (CSMHYD software; Sloan, 
1990) indicate that where the water depth is 3120 m, a geothermal gradient of 36° C/km produces a base 
of gas hydrate stability at 3630 m.  Water temperature at the seafloor is assumed at 4° C.  The gas hydrate 
target depth is 3630 m in the prestack depth migration volume and matches the phase boundary calculation.  
 
Geophysical Indicators of Gas Hydrate.  
Synthetic seismic wedge models at GC955 show that with 50Hz seismic data, a 40% saturation of a Plio- 
Pleistocene GoM sand in the hydrate stability zone with no subjacent gas can produce a phase change 
(negative to positive) with a strong correlation between amplitude and hydrate saturation.  The synthetic 
seismic response is more complicated if the gas hydrate filled sediments overlie gassy sediments and 
hydrate (or gas) saturation in thin beds enhances the amplitude response (Zhang et al., 2012).    
 
 
 
 



 
Figure 5a.  Seismic section showing fluid migration pathways, and  
interpreted gas hydrate deposit in Lower Mississippi Fan deposits. 

 
 

        
Figure 5b.  Inset from Figure 5a showing high amplitude “leading peak”  
amplitude anomaly at interpreted gas hydrate deposit within Lower  
Mississippi Fan channel deposits.  The “leading peak” DHI is the high  
amplitude showing as cyan over yellow in the center of the figure. 

 
In the study area, with spectral decomposition, the gas hydrate (and gas deposits) are not seen at low 
frequencies. The gas hydrate (and gas) deposits begin to illuminate at 34Hz and are best illuminated at the 
higher frequencies 43Hz, 55Hz, and 70Hz with amplitude increasing in the target deposits in the higher 
frequency bands (Figure 6). 
 



  

 
Figure 6.  Time slice through interpreted gas hydrate deposits in  
70Hz band spectrally decomposed data. 

 
Gas hydrate deposits can be best distinguished from gassy sediments and non-hydrate bearing sediments 
by their high velocity.   The high velocity of gas hydrate saturated sediments causes the diagnostic peak 
over trough response in a clastic deepwater sand in exploration seismic data when saturation exceeds 40% 
saturation.   Velocities measured in high saturation gas hydrate sands are up to twice as fast as the as the 
non-hydrate bearing sands (Guerin and Goldberg, 2002; Lee, 2007; McConnell et al., 2009; among others). 
However, unlike the velocity profiles produced by Ojha and Sain, 2009, and others, where the gas hydrate 
stability zone can be characterized with high velocities, high velocities associated with a single loop reflector 
may not show in velocity profiles if gas hydrate deposits are not concentrated more widely within the gas 
hydrate stability zone. In the study area, no high velocity ledges are associated with the gas hydrate deposit.  
However, a low velocity column of 300m is apparent beneath the gas hydrate anomaly.  This low velocity 
column is consistent with gas migration to the base of the gas hydrate stability zone. 
 
Other seismic attributes besides seismic amplitude may prove to be useful (Taner and Sheriff, 1977) to 
indicate gas hydrate saturation.  Shown in figures 6, 7, and 8 are three attributes: the 70 Hz amplitude- a 
wavelet attribute from spectral decomposition, the 2nd derivative of the envelope- a physical instantaneous 
attribute, and instantaneous Q, also a physical instantaneous attribute.   The spectral decomposition 
attributes (Figure 6) should help determine deposit thickness and saturation.  High spectral amplitude at 
high frequencies may correspond to multiple gas hydrate interfaces.  Energy attributes such as envelope 
attributes are related to acoustic impedance, here shown was 2nd derivative of the envelope which 
corresponds to the all reflecting interfaces within the bandwidth and shows the sharpness of the envelope 
peak. This attribute can help determine edges and gas hydrate saturation distribution by imaging multiple 
hard interfaces found in gas hydrate deposits (Figure7).  The instantaneous Q attribute is associated with 
attenuation. Attenuation is difficult to discern in post-stack data and the relative attenuation of gassy 
sediments and gas hydrate saturated sediments is not understood yet.  Both gassy sediments and gas 
hydrate are expected to attenuate the propagating seismic energy (Guerin and Goldberg, 2002; Lee, 2007).  
The large area of low instantaneous Q can be related to attenuation in this setting (Figure 8). 
 
Further work to help identify gas hydrate deposits will take advantage of the linear relationship of seismic 
amplitude and gas hydrate saturation in sand.  Attributes from frequency cubes derived from spectral 
decomposition, energy, and attenuation attributes when combined with seismic inversion, AVO, and other 
amplitude attributes should aid in determining gas hydrate presence and saturation in deepwater sands.  
 



 
Figure 7. Time slice through the second derivative of the envelope at the  
interpreted gas hydrate deposit. High values can define extents and edges  
of gas hydrate deposits.  

 

  
Figure 8. Time slice through the instantaneous Q attribute at the interpreted  
gas hydrate deposit. Low values are associated with energy attenuation. 

Acknowledgements and Disclaimer 
This effort has been funded through US Dept. of Energy, Fossil Energy DE-FE0010160.  This report was 
prepared as an account of work sponsored by an agency of the United States Government. Neither the 
United States Government nor any agency thereof, nor any of their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of 
any information, apparatus, product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
 
Thanks to the data owners who have allowed use of these data for this project. 
 
References: 
Boswell, R., C. Shipp, T. Reichel, T. Saeki, M. Frye, W. Shedd, T. Collett, and D. McConnell, 2015, 
Prospecting for marine gas hydrate resources, Interpretation, v. 4, i. 1, p 25-37. 



Flemings, P., 2017, GOM2:  Prospecting, drilling and sampling coarse-grained hydrate reservoirs in the 
deepwater Gulf of Mexico, 9th International Conference on Gas Hydrates, Denver, June 25-30, 2017. 
 
Guerin, G., and D. Goldberg, 2002, Sonic waveform attenuation in gas hydrate-bearing sediments 
from the Mallik 2L-38 research well, Mackenzie Delta, Canada, Journal of Geophysical Research, vol. 107, 
no. B5, 2088. 
 
Hutchinson, D., R. Boswell, T. Collett, J. Dai, B. Dugan, M, Frye, E. Jones, D. McConnell, K. Rose, C. 
Ruppel, W. Shedd, D. Shelander, and W. Wood, 2009,  Proceedings of the drilling and scientific results of 
the Gulf of Mexico gas hydrate joint industry project leg II: Green Canyon 955 site selection. 
 
Lee, M. W., 2007, Velocities and attenuations of gas hydrate-bearing sediments, Scientific Investigations 
Report 2007–5264, US Geological Survey. 
 
McConnell, D., R. Boswell, T. Collett, M. Frye, W. Shedd, G. Guerin, A. Cook, S. Mrozewski, R. Dufrene, 
and P. Godfriaux, 2009,  Proceedings of the drilling  and scientific results of the Gulf of Mexico gas hydrate 
joint industry project leg II: Green Canyon 955 site summary.  
 
Nur, A. and J. Dvorkin, 2008. Seismic-scale rock physics of methane hydrate – Final report, prepared by 
Stanford University for the National Energy Technology Laboratory. 
 
Ojha, M., and K. Sain, 2008, Seismic attributes for identifying gas-hydrates and free-gas zones: 
application to the Makran accretionary prism, Episodes, January 2008, School of Earth and Environmental 
Sciences, Seoul National University.  
 
Shipboard scientific party,1986, Initial Scientific Results, ODP Leg 96, Site 616. 
 
Taner, M.T. and R. E. Sheriff, 1977, Application of amplitude, frequency, and other attributes to 
stratigraphic and hydrocarbon determination, AAPG Memoir, Vol. 26, 301. 
 
Zhang, Z., D. McConnell, and D. Han,  2012. Rock physics based seismic trace analysis of unconsolidated 
sediments containing gas hydrate and free gas in Green Canyon 955, Gulf of Mexico. J. Marine and 
Petroleum Geology 34 (1), p.119-133. 
 
 
 
 
 
 
 
 


