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ABSTRACT 
 The gas hydrates research Consortium (HRC), established and administered at the University if 
Mississippi’s Center for Marine Research and Environmental Technology (CMRET) has been active 
on many fronts in FY 03.  Extension of the original contract through March 2004, has allowed 
completion of many projects that were incomplete at the end of the original project period due, 
primarily, to severe weather and difficulties in rescheduling test cruises.  The primary objective of 
the Consortium, to design and emplace a remote sea floor station for the monitoring of gas hydrates 
in the Gulf of Mexico by the year 2005 remains intact.  However, the possibility of levering HRC 
research off of the Joint Industries Program (JIP) became a possibility that has demanded 
reevaluation of some of the fundamental assumptions of the station format.  These provisions are 
discussed in Appendix A. 
  
 Landmark achievements of FY03 include: 

• Continuation of Consortium development with new researchers and additional areas of 
research contribution being incorporated into the project.  During this period, NOAA’s 
National Undersea Research Program’s (NURP) National Institute for Undersea Science 
and Technology (NIUST) became a Consortium funding partner, joining DOE and 
Minerals Management Service (MMS),  

• Very successful annual and semiannual meetings in Oxford Mississippi in February and 
September, 2003, 

• Collection of piston cores from MC798 in support of the effort to evaluate the site for 
possible monitoring station installation, 

• Completion of the site evaluation effort including reports of all localities in the northern 
Gulf of Mexico where hydrates have been documented or are strongly suspected to exist 
on the sea floor or in the shallow subsurface, 

• Collection and preliminary evaluation of vent gases and core samples of hydrate from 
sites in Green Canyon and Mississippi Canyon, northern Gulf of Mexico, 

• Monitoring of gas activity on the sea floor, acoustically and thermally, 
• Design, construction, and successful deployment of an in situ pore-water sampling 

device, 
• Improvements to the original Raman spectrometer (methane sensor), 
• Laboratory demonstration of the impact of bacterially-produced surfactants’ rates of 

hydrate formation, 
• Construction and sea floor emplacement and testing - with both watergun and ship noise 

sources - of the prototypal vertical line array (VLA), 
• Initiation of studies of spatial controls on hydrates, 
• Compilation and analyses of seismic data, including mapping of surface anomalies, 
• Additional field verification (bottom samples recovered), in support of the site selection 

effort, 
• Collection and preliminary analyses of gas hydrates from new sites that exhibit variant 

structures, 
• Initial shear wave tests carried out in shallow water, 
• Isolation of microbes for potential medicinal products development, 
• Preliminary modeling of occurrences of gas hydrates. 
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INTRODUCTION 
Established in1999, the objective of the Gulf of Mexico gas hydrate monitoring station 

project is to emplace a remote, multi-sensor monitoring station at a selected location within the 
hydrate stability zone of the northern Gulf of Mexico.  Plans for the station have produced 
subsets of research related to the establishment, emplacement and maintenance of the facility.  
These include physical, chemical, and biological components of the hydrocarbon system, 
location of the station, both geographically and within the water column, and means of 
accessing, assessing, and archiving the acquired data.   Eventually this data base will be made 
available to groups investigating gas hydrate for energy resource potential and environmental 
impact. 

 
Responsibility for oversight of each activity of the project is vested in a member of the 

project’s Scientific Supervisory Board. The FY2002 board members were: 
 Managing Director: Bob Woolsey, Center for Marine Resources and Environmental 

Technology, University of Mississippi, Oxford, MS. 
 Geologic Setting: Harry Roberts, Coastal Studies Institute, Louisiana State University, 

Baton Rouge, LA. 
 Vertical Line Arrays: Ross Chapman, School of Earth and Ocean Sciences, University of 

Victoria, British Columbia, Canada 
 Water Currents: Vernon Asper, School of Marine Sciences, University of Southern 

Mississippi, Stennis Space Center, MS. 
 Gas Bubble Studies: Ralph Goodman, School of Marine Sciences, University of 

Southern Mississippi, Stennis Space Center, MS. 
 Geoelectric Systems: Rob Evans, Woods Hole Oceanographic Institution, Woods Hole, 

MA. 
 Geochemistry: Roger Sassen, Geochemical and Environmental Research Group, Texas 

A&M University, College Station, TX. 
 Water Chemistry: Jean Whelan, Woods Hole Oceanographic Institute, Woods Hole, MA. 
 Pore Water Chemistry: Jeff Chanton, Department of Oceanography, Florida State 

University, Tallahassee, FL. 
 Laboratory Studies: Rudy Rogers, Chemical Engineering Department, Mississippi State 

University, Starkville, MS. 
 Heat Flow Studies: Bernie Bernard, TDI-Brooks International Inc., College Station, TX. 
 Pharmaceuticals: Marc Slattery, Pharmacognosy Department, University of Mississippi, 

Oxford, MS. 
 Comparative Studies: Camelia Diaconescu, Department of Geological 

Sciences,University of South Carolina, Columbia, SC. 
 Data Recovery: Paul Higley, Specialty Devices Inc. (SDI), Plano, TX. 
 Site Surveys: Tom McGee, CMRET, University of Mississippi, Oxford, MS. 
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EXECUTIVE SUMMARY 
 During FY 2003 all tasks described in the original contracts were either completed or 
funds were redirected to carry out research related to the eventual completion and installation of 
the monitoring station.  Due to complications of funding and scheduling of research activities, 
the project work period was extended, mid-year, to March 31, 2003.  Therefore, most 
component research activities had not been completed by the close fiscal year 2002.  However, 
a number of significant achievements had been made and others were in progress at the close 
of the FY02 reporting period. 
 A large quantity of hydrocarbon fluids floats on the surface of the Gulf of Mexico.  At 
certain locations, oil slicks are extensive enough to be seen from space. The origins of these 
slicks are natural seeps on the sea floor. Much of the oil rides up on gas bubbles, some of which 
may originate from the dissociation of natural gas hydrates. This is the basis of concern that 
drives a significant portion of the hydrate research being done in the Gulf.  The Consortium 
continues to include studies of the properties of bubbles as priority investigation.  While the 
study of the acoustical properties of bubbles, funded in FY01, is not a component of this report, 
the funding and the studies will resume in FY03.  In addition, the Consortium is pursuing other 
possible bubble investigations, including the mechanical properties of bubbles, at great depth.   
 Hydrates have been observed and investigated directly by Consortium participants.  
Temperature probes were inserted directly into outcropping mounds on the sea floor of the Gulf 
of Mexico (GOM) as well as into nearby mud.  Temperatures obtained from the hydrate 
mounds, the mud, and the water column directly above these sites will serve to advance current 
knowledge and thinking regarding thermal conductivity of hydrate deposits and their 
surroundings. 
 A device for sampling pore water in the upper meter of sea-floor sediment and 
returning the samples to the surface under in situ pressure was designed and built. This device 
was deployed, successfully, from the Johnson Sea Link. Initial results reveal the highest 
concentrations of dissolved hydrocarbons yet reported. 
 Design modifications to improve the resolution of the Raman spectrometer, built with 
DOE FY01 funding, were made.  The device is intended to be mounted on a submersible 
vehicle so that it can be deployed to analyze hydrocarbons near sea-floor seeps. Outstanding 
obstacles include the need for this instrument to make measurements extremely rapidly so that 
variations can be detected over very small distances.  
 Laboratory studies of hydrate formation continue at Mississippi State University. This 
work has already demonstrated the significant impact of bacterially produced surfactants on the 
rate of hydrate formation.  New studies address hydrate formation in relation to composition and 
configuration of host particles. 
 The prototype vertical line array (VLA) was completed, deployed and tested during 
FY02.  Test tracks were run using both an 80 in3 water gun and ship noise as acoustic sources.  
The VLA was deployed in 830 meters of water at a site where previous heat-flow measurements 
indicated that the base of the hydrate stability zone (BHSZ) is located about 400 meters below 
the sea floor.  A deep-towed hydrophone was also deployed to provide surface-source/deep-
receiver (SS/DR) profiles simultaneously with the VLA recordings.  The data sets will be 
processed, analyzed for possible hydrate-related features, and compared. 
 The University of Mississippi and the University of Wales (Bangor) carried out shear 
wave studies using a hydrophone and a 3-component accelerometer mounted in a probe that 
was pushed into sediments of the shallow water in Mississippi Sound.  Difficulties encountered 
in this test form the basis for work aimed at continuing to improve the sensitivity of this 
instrument. 
 A variety of samples was recovered from a number of environments known to contain 
gas hydrates.  Testing of these samples is ongoing with plans to use the produced data to 
determine a sampling protocol for the summer 2003. 



 3

 Spatial analyses of hydrate-bearing deposits has begun and occurrences of hydrates in 
the Gulf of Mexico are being compared to those in other marine deposits in an effort to 
characterize these deposits. 
 Two problems that have not yet been addressed adequately by the consortium are: 
 1) supplying electrical power to sensors on the sea floor and 
 2) telemetering the resulting data to an onshore facility. 
 
 The possibility of using an existing oil production platform to solve both has been 
discussed but has not seemed very appealing because it would seriously limit the choice of 
monitoring station sites. Alternative solutions have been identified, tentatively, during the past 
few months: 

1) Total power requirements would be rather modest if power generation could be done on 
the sea floor because the loss associated with transmission from surface to sea floor would 
be avoided. Sea-floor generation may be feasible using a type of microbial battery that has 
been under development for some years by Naval Research Laboratory (NRL). 
2) The NOAA National Data Buoy Center at Stennis Space Center has expressed an 
interest in providing a buoy to bring the data to the surface. An interest has also been 
expressed in engineering the transmission of data over the NOAA satellite system to the 
Stennis facility. 

 
EXPERIMENTAL: CONTAINED IN PROGRESS-REPORTS FROM THE SUBCONTRACTORS 
THAT FOLLOW “RESULTS AND DISCUSSION” 
 
RESULTS AND DISCUSSION: CONTAINED IN THE FOLLOWING PROGRESS-REPORTS 
FROM THE SUBCONTRACTORS 
 
CONCLUSIONS 
 The work of the HRC is now supported, approximately equally, by three federal 
agencies: MMS, DOE, and NIUST (NOAA-NURP).  Sensor development has advanced to, in 
most cases, the sea-trials phase.  Data acquisition and transfer needs are just beginning to be 
addressed and will have to be incorporated into the next round of proposals and funding 
requests.  Affiliation with the JIP has necessitated changes in the plan for the Monitoring 
Station/Sea Floor Observatory (MS/SFO) deployment scheduling as well as many of the details 
of configuration. 
 
REFERENCES: LISTED IN THE INDIVIDUAL REPORTS OF THE SUBCONTRACTS 
 
LIST OF ACRONYMS AND ABBREVIATIONS 
 
 BHSZ – Base of the Hydrate Stability Zone 
 BLA – borehole vertical line array 
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 GC – gas chromatography 
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 GHASTLI – Gas Hydrate and Sediment Test Laboratory Instrument 
 GOM – Gulf of Mexico 
 HRC – Hydrates Research Consortium 
 HSZ – Hydrate Stability Zone 
 IDP – integrated data power unit 
 IRMS – isotope ratio mass spectrometer 
 JIP – Joint Industries Project 
 JSL – Johnson Sea Link 
 MC – Mississippi Canyon 
 METS – methane sensor available commercially 
 MMS – Minerals Management Service 
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 NIUST – National Institute for Undersea Science and Technology 
 NOAA – National Oceanographic and Atmospheric Administration 
 NRL – Naval Research Laboratory 
 NURP – National Undersea Research Program 
 PCB – pressure compensated battery 
 PI – Principal Investigator 
 PVC – polyvinyl chloride 
 ROV – Remotely Operated Vehicle 
 RV = R/V – Research Vessel 
 SDS – sodium dodecyl sulfate 
 SFO – Sea floor observatory 
 SRR – sulfate reduction rates 
 SS/DR – surface source/deep receiver 
 SSD – station service device 
 TOC – total sedimentary organic carbon 
 UM/UMiss – University of Mississippi 
 UNC – University of North Carolina 
 USGS – United States Geological Survey 
 UVic – University of Victoria (British Columbia) 
 VLA – Vertical Line Array 
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ABSTRACT 
 Program development in FY03 included all proposal organization and reporting to the 
Department of Energy.  The Annual Meeting of the Consortium, hosted by the Center for Marine 
Resources and Environmental Technology (CMRET), was held in Oxford, Mississippi, February 
17-18, 2003 to define future needs.  A semiannual meeting, also held in Oxford, was attended 
by some 30 participants, September 10-11, 2003, and served as a midyear evaluation point for 
the group.  Since the FY02 contract had been extended to 30 September, 2003, then again to 
31 March, 2004, progress reports were given by Consortium participants funded under both 
FY02 and FY03 DOE grants. 
 
Program Development highlights include: 

 A shallow (500-1000m water depth) and a deeper (>1000m water depth) water site are 
being further characterized, 

 
 The funding granted by DOE to support investigation of the use of an established, 

industrial platform in the Gulf of Mexico was successfully redirected to fund a cruise to 
recover cores from the Mississippi Canyon, Northern Gulf of Mexico.  Ten 2-8m cores 
were recovered from the Mississippi Canyon in January of 2004.  The cores have been 
sampled and are currently being evaluated for various properties including age and their 
ability to “grow” hydrate in the laboratory.  

 
 Establishment of the ChevronTexaco Joint Industries Project (JIP) has influenced many 

aspects of the Hydrates Monitoring Station research, including site selection.  Scientists 
from the Consortium are playing active roles in the selection of the site that the JIP is 
scheduled to drill in the Gulf of Mexico in 2004. 

 

TABLE OF CONTENTS 

 TITLE PAGE 
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 TABLE OF CONTENTS 
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 EXECUTIVE SUMMARY 
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GRAPHICAL MATERIALS 
 Figure 1-1. Diagram of the component parts of the monitoring station/sea floor 
observatory. 
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INTRODUCTION 
Established in1999, the objective of the Gulf of Mexico gas hydrate monitoring station 

project is to emplace a remote, multi-sensor monitoring station at a selected location within the 
hydrate stability zone of the northern Gulf of Mexico.  Plans for the station have produced 
subsets of research related to the establishment, emplacement and maintenance of the facility.  
These include physical, chemical, and biological components of the hydrocarbon system, 
location of the station, both geographically and within the water column, and means of 
accessing, assessing, and archiving the acquired data.   Eventually this data base will be made 
available to groups investigating gas hydrate for energy resource potential and environmental 
impact. 

The CMRET, as the administrator of the Consortium, organizes an annual and a 
semiannual meeting each year, usually held in Oxford, Mississippi.  The principal goals of these 
meetings are to maintain communications between investigators and to keep the project on task 
and on schedule.  Attendees include researchers from academia as well as from industry and 
government and representatives from the Consortium funding agencies, MMS, DOE and, now, 
the National Oceanic and Atmospheric Administration’s National Undersea Research Program’s 
National Institute for Undersea Science and Technology (NOAA-NURP-NIUST).  In addition, a 
compact disk including the agenda, attendees and contact information, presentations and 
related information from the meeting is produced and distributed to attendees and other 
interested parties. 

The final project of this funding cycle involved the replacement of Conoco’s platform-
based work with the acquisition of cores from the sea floor in an area from which no core data 
were available.  These cores, subsampled in June, 2004, will be used to establish dates of 
deposition for shallow units in Mississippi Canyon and to attempt to characterize the sediments 
in terms of potential for hosting hydrates. 

  
 
EXECUTIVE SUMMARY 
 Program development in FY03 included all proposal organization and reporting to the 
Department of Energy.  The Annual Meeting of the Consortium, hosted by the Center for Marine 
Resources and Environmental Technology (CMRET), was held in Oxford, Mississippi, February 
17-18, 2003.  This meeting was attended by over 40 active Consortium participants who 
collaborated on evaluation of the project to date and in defining future needs.  Many of the 
needs were incorporated into summer research plans.  A semiannual meeting, also held in 
Oxford, was attended by some 30 participants, September 10-11, 2003, and served as a 
midyear evaluation point for the group.  Compact disks (CDs) including each meeting’s agenda, 
presentations, attendees and contact information were produced and distributed to those who 
attended the meeting.  The CDs  have also been made available to any Consortium member 
who has requested them.  Since the FY02 contract had been extended to 30 September, 2003, 
then again to 31 March, 2004, progress reports were given by Consortium participants funded 
under both FY02 and FY03 DOE grants.  The following sections comprise highlights of the 
progress reported at these two meetings. 
 

 Site selection has progressed to the point that a shallow (500-1000m water depth) and a 
deeper (>1000m water depth) water site are being further characterized.  Hydrates are 
now known to occur either at the surface or within the shallow subsurface at both sites.   

 
 The funding granted by DOE to support investigation of the use of an established, 

industrial platform in the Gulf of Mexico was successfully redirected to fund a cruise to 
recover cores from the Mississippi Canyon, Northern Gulf of Mexico.  This is an area of 
known hydrate occurrence (Neurauter and Bryant, 1989) and one from which the 
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CMRET has acquired much seismic data and had already contracted TDI Brooks, 
International to acquire heat flow data.  No core data were available from this area so 
when the Conoco contract was negated with the August 30, 2002 merger transaction 
between Conoco Inc. and Phillips Petroleum, the CMRET applied to DOE to allow the 
redirection of funds.  The result is that ten 2-8m cores were recovered from the 
Mississippi Canyon in January of 2004.  The cores have been sampled and are currently 
being evaluated for various properties including age (University of Southern Mississippi) 
and their ability to “grow” hydrate in the laboratory (Mississippi State University).  Other 
researchers will perform additional investigations pending the results of these first 
studies. 

 
 Establishment of the ChevronTexaco Joint Industries Project (JIP) has influenced many 

aspects of the Hydrates Monitoring Station research, including site selection.  Scientists 
from the Consortium are playing active roles in the selection of the site that the JIP 
scheduled to drill in the Gulf of Mexico in 2004.  Details of the major changes that 
cooperation with the JIP has necessitated follow: 

 

 

EXPERIMENTAL 
RECOVERY OF CORE MATERIAL FROM MISSISSIPPI CANYON 798 
 Carol Lutken, CMRET geologist and Charlotte Brunner, University of Southern 
Mississippi paleontologist and faculty member at Stennis Space Center campus, participated in 
the January cruise aboard TDI Brooks, International RV J.W. Powell (for vessel specifications, 
go to http://www.tdi-bi.com/vessels/powell.htm) in the northern Gulf of Mexico.  The purposes of 
the cruise were several but the Consortium contracted with TDI for 3 days’ coring time, waiving 
transit time as a favor, in support of the research efforts of the Consortium. 
 Core sites were selected following runs across features observed on 1998 Huntec 
boomer data and confirmed with onboard chirp sonar.  Ten cores were recovered for the 
following reasons: 

 The location was proximal to an area of reported hydrate outcrop, 
 The location was distant from areas of reported hydrate outcrop and appeared, on the 

chirp records to represent continuous deposition and minimal deformation, 
 The location was shown on chirp records to be an acoustic wipe-out zone, 
 The location appeared, on chirp records, to have had younger units missing and so 

recovered samples might represent stratigraphically older units, 
 The location was coincident with that of a vertical array deployment in 2002 or 2003. 

 All cores were recovered using 3-inch diameter core-liners in the piston coring 
apparatus deployed from the Powell’s starboard a-frame.  Recovery ranged from 1.97m to 
7.13m.  Following recovery, all cores were cut into 120cm sections, capped, labeled and stored 
upright until they were off-loaded at Venice, La.  Following their trip to Oxford, they were 
returned to Stennis where they were logged using the Naval Research Laboratory’s logger.  
They were stored in an enclosed, temperature-controlled facility.  In June, the core sections 
were split and one half archived.  The other half was photographed, sampled, wrapped, and 
stored for possible future sampling.  The samples were transported to Mississippi State 
University and to the University of Southern Mississippi, Stennis Space Center via automobile 
where they will be analyzed with regard to hydrate-producing/hosting potential and age 
analyses. 
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CHANGES IN THE SFO DESIGN AND DEPLOYMENT SCHEDULE 
ARRAY DESIGN AND DEVELOPMENT 
 A most important development is the opportunity to deploy an array of sensors in a 
borehole that will be drilled by the Department of Energy/Joint Industry Project (DOE/JIP) 
Consortium. The borehole vertical line array (BLA) will consist of hydrophones, three-
component accelerometers and temperature sensors that would remain in the hole after the drill 
stem is recovered, letting the hole collapse and making the installation permanent and thus 
providing a sub-seafloor component to the station.  

The BLA has been funded, separately, by the DOE/JIP and it would not represent a cost 
increase to the station.  The Consortium is, however, investigating the possibility of adding 
horizontal arrays to the station configuration.  This would provide three-dimensional coverage of 
the water column, seafloor and sub-seafloor at the monitoring station site.  It may be that some 
of the vertical arrays can be converted to horizontal arrays if this route is pursued.  

DATA RECOVERY 
 External factors have also impacted the way monitoring station data will be recovered.  
For some time it has been hoped that a commercial service would be available in 2004 which 
would allow the station data-collecting unit to stream data onto an optic-fiber link for near-to-real 
time transmission to shore.  It was learned in the autumn of 2003, however, that the service 
would not become available until 2006 or later. 

The use of a remotely operated vehicle (ROV) to download data directly from the 
station’s data loggers was found to be prohibitively expensive due to the depth of water and the 
weight of the battery packs that would need to be exchanged.  Therefore, until the optic fiber link 
becomes available, an integrated data power (IDP) module will stream data onto an optic-fiber 
data recovery system (DRS) which will be connected via optic fiber to an access connector. 
Whenever downloading is required, a system of buoys will bring the DRS access connector to 
the surface so that the data can be downloaded onto a computer in a boat.  The system has 
been used successfully before and involves far less expense than repeated use of a deep-water 
ROV.  The system has been dubbed the “Big M” and is illustrated in Fig.1-1. 

 
ELECTRICAL POWER FOR THE MS/SFO 
 The Gulf of Mexico Hydrates Research Consortium funds the development of microbial 
batteries but it will be some time before this emerging technology can provide sufficient 
electrical power to the monitoring station.  In the meantime, the IDP module will supply 
electricity to the station by exchanging the pressure compensated battery (PCB) component 
about once a year. This will involve unplugging the depleted PCB from the IDP and plugging in 
a fresh one. The emplacement and exchange of PCBs will be accomplished by a station service 
device (SSD).  The SSD is a ROV-like system, especially designed for the task, that utilizes the 
power and weight of the payload PCB to supplement the maneuvering of the surface vessel to 
dock and enable the PCB exchange.  The design somewhat restricts the radius of operation, but 
eliminates the costly power umbilical required by conventional deep ocean ROV’s.  

A docking station will be incorporated into the IDP module to facilitate changing the 
PCB’s. The SSD will carry the recharged PCB unit to the sea floor and return with the depleted 
unit.  In addition, the SSD will be capable of conducting other tasks such as taking pressure 
retained short cores and in situ pore-fluid samples.  Perhaps most significantly, the SSD will be 
the means by which all station systems are connected to the IDP for data recovery and 
electrical power. 
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Figure 1-1. Diagram of the component parts of the monitoring station/sea floor 
observatory 

 

RESULTS AND DISCUSSION 
 The Mississippi Canyon sample-analyses are underway.  Preliminary indications are 
that the sediments recovered produce hydrates under laboratory conditions and that there are 
pre-Holocene sediments in our samples.  More detail will appear in future reports. 
 Results of the JIP decisions are, as yet, unknown.  Drilling location discussions are still 
underway. 

CONCLUSIONS 
 Two meetings were held at which Consortium members presented results of their 
research and made significant progress toward surmounting some of the major obstacles 
remaining to MS/SFO installation on the sea floor.  Small group sessions enabled new and 
continuing cooperations to be established or advance. 
 The first samples to which consortium members have had access have been 
recovered from the sea floor in Mississippi Canyon 798.  Evaluation of these samples has 
commenced and will be included in FY03 reporting. 
 MS/SFO scheduling and physical modifications discussed herein are not intended to 
change the basic concepts, overall plans and mission for the monitoring station.  Instead, they 
are expected to enhance the accomplishment of that mission.  The MS/SFO will gain a 
significant degree of autonomy, provide time on the learning curve to deal with the large data 
sets generated by the station, provide an ROV-like SSD capable of conducting a wide range of 
support activities, and, probably most important, keep on task towards station deployment in 
2005 and operation by 2006. 
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ABSTRACT 
 
The total volume of the gas hydrate resource in the Gulf of Mexico slope is estimated to 
be equivalent to ~1.0-1.4 x 10 m3 of gas at STP including methane and other hydrate-forming 
hydrocarbons. The estimate of the Gulf slope hydrate resource is based solely 
on gas hydrate proven to occur in the mud matrix. There is no evidence as yet that gas 
hydrate fills pore-space in sands of the Gulf slope. Research on gas hydrate as an 
alternate energy source or drilling hazard in the Gulf slope should focus on mud as the 
dominant “reservoir” for gas hydrate. Bottom Simulating Reflectors (BSR) may be a 
secondary issue in the total energy resource estimate. 
 
The discovery of gas hydrate at the sea floor greatly increases the probability of deep gas 
hydrate accumulations in the same area. As part of the present study, samples of intact 
massive gas hydrate were successfully collected from three (3) main sites along with the 
vent gas from which the gas hydrate crystallized and associated sediment to include 
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authigenic carbonate rock strongly depleted in 13C. The sites from which intact gas 
hydrate and vent gas were successfully recovered are Green Canyon (GC) Block 234, GC 
232, and Mississippi Canyon (MC) Block 118. The combination of 38 kHz imagery 
showing large gas plumes in the water column with conventional shallow seismic 
amplitudes may improve the probability of discovering new gas hydrate sites. 
 
The molecular properties of vent gas provide strong evidence that gas hydrate is not 
decomposing at a significant rate in the Gulf of Mexico. Some minor decomposition of 
extremely shallow gas hydrate is likely to occur but deeply buried gas hydrate appears 
stable over long spans of time. Exposed or shallow gas hydrate may be affected by sea 
water temperature changes, but overall gas hydrate is apparently accumulating in the Gulf 
of Mexico slope at present. Thus monitoring of gas hydrate by seismic arrays should 
focus on the upper few meters of study sites. 
 
Three “control” sites with strong geophysical anomalies were also sampled to determine 
why no gas hydrate occurs. The apparent lack of gas hydrate at the VK 826 and MC 885 
sites may be partially attributed to low hydrocarbon gas flux but the carbonate-rich sites 
are also too shallow and warm for structure I or II gas hydrate to be stable. In addition, 
brines are likely to retard gas hydrate crystallization. The MC 709 is a major geophysical 
anomaly and may or may not contain any gas hydrate although there are areas with 
intermediate hydrocarbon flux within the Gas Hydrate Stability Zone. The main reason 
for the lack of abundant gas hydrate at MC 709 may be brine poisoning. More than 160 
major gas seeps identified in the deep Gulf of Mexico slope appear to lack gas hydrate. 
Additional research on factors that prevent gas hydrate crystallization is justified. 
 

INTRODUCTION 
 

In multidisciplinary study of natural gas hydrate, one of the fundamental aspects is to 
document the basic molecular and isotopic properties of vent gas at the sea floor that 
gives rise to gas hydrate, the gas hydrate itself, and the sediments intimately associated 
with gas hydrate. All other research studies depend upon this type of basic information 
on gas hydrate for their context. This task was undertaken with collaboration from Dr. 
Harry Roberts of Louisiana State University, who apportioned dive time in the Johnson 
Sea-Link (JSL) research submersible during the mid-summer of 2002. 
 
Samples of intact gas hydrate were successfully collected from three (3) main sites along 
with the vent gas from which the gas hydrate crystallized and associated sediment. The 
sites from which intact gas hydrate and vent gas were successfully recovered are Green 
Canyon (GC) Block 234, GC 232, and Mississippi Canyon (MC) Block 118 (Fig. 1). 
Specialized sampling equipment was used to include a high-pressure vessel designed to 
recover gas hydrate from the sea floor and to return it to the surface intact at temperature 
and pressure conditions approximately ambient to the deep sea floor. 
 
The GC 234 site has been visited before and new data can be set in the context of 
previously published research to assess any detectable change in the gas hydrate system 
at this site. In contrast, gas hydrate was recovered for the first time from GC 232 and 
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from MC 118. GC 232 is similar to the GC 234 site; the MC 118 site is the most 
eastward gas hydrate site ever discovered in the Gulf of Mexico. Preliminary molecular 
and isotopic analyses were performed to characterize the samples as examples of gas 
hydrate sites. The gas hydrate from these sites can be compared to gas hydrate from 
other sites in the Gulf of Mexico. 
 

 
 
Figure 1. Map showing locations of main study sites of the Gulf slope with gas hydrate 
(GC 234, GC 232, and MC 118) within a region of has hydrate occurrences, seeps with 
chemosynthetic communities, and subsurface accumulations of oil and gas. Other study 
sites used as control sites without gas hydrate are also shown (MC 709, MC 885, VK 
826). Hydrate map modified from Sassen et al. (2001a) and sites of chemosynthetic 
communities from MacDonald et al. (1996). 
 
It is important to emphasized that piston cores taken at many gas-rich sites (>160) within 
the Gas Hydrate Stability zone (GHSZ) of the Gulf of Mexico have not recovered gas 
hydrate (Sassen et al., 2002). Such sites are obvious geophysical anomalies and contain 
abundant free methane and other gases that form hydrate under proper conditions. The 
ratio of known gassy sites without gas hydrate to sites with gas hydrate is ~2:1. 
Geophysics has limitations at present in direct sensing of gas hydrate that are not widely 
recognized. Why no hydrate occurs within the GHSZ where abundant free gas is 
available is an important question that demands a scientific explanation. 
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A series of “control” sites lacking gas hydrate were characterized and sampled by the JSL 
dives in 2002 in order to assess the characteristics of sites that do not show any evidence 
of gas hydrate near the surface of the sea floor. The JSL sites without gas hydrate include 
MC 709, MC 885, and Viosca Knoll (VK) 826 (Fig. 1). 
 
The ultimate rationale for the studies is to help determine characteristics of known sites 
for gas hydrate suitable for further study to include vertical seismic arrays intended to 
show changes related to instability. The question presupposes that gas hydrate can be 
directly detected by geophysics and that instability of gas hydrate is sufficient to be 
detectable. Another ultimate goal is to high-grade sites for deep rotary coring that will 
provide maximum information on gas hydrate as a drilling hazard and in terms of 
economic geology. The results of the present study are surprising. 
 

EXECUTIVE SUMMARY 
 

The total volume of the gas hydrate resource in the Gulf slope is estimated to be 
equivalent to ~1.0-1.4 x 1013 m3 of gas at STP including methane and other hydrate-forming 
hydrocarbons. The estimate of the Gulf slope hydrate resource is based solely 
on gas hydrate proven to occur in the mud matrix. It should be emphasized that nearly all 
known occurrences of gas hydrate in the Gulf of Mexico occur as vein-fillings and thick 
pavements of nearly pure gas hydrate in hemipelagic mud. Rarely, gas hydrate fills 
vuggy porosity in authigenic carbonate rock. There is no evidence, as yet, that gas 
hydrate fills pore-space in sands of the Gulf of Mexico slope. Thus, research on gas 
hydrate as an alternate energy source or drilling hazard in the Gulf slope should focus on 
mud and carbonate rock as the dominant “reservoir” for gas hydrate in the Gulf of 
Mexico. The study of Bottom Simulating Reflectors (BSR) may be a secondary issue 
when estimating the total hydrate energy resource of the Gulf of Mexico because they are 
so rare and are of limited size in the Gulf of Mexico slope. 
 
As part of the present study, samples of intact massive gas hydrate were successfully 
collected from three (3) main sites along with the vent gas from which the gas hydrate 
crystallized and associated sediment to include authigenic carbonate rock strongly 
depleted in 13C. The sites from which intact gas hydrate and vent gas were successfully 
recovered are Green Canyon (GC) Block 234, GC 232, and Mississippi Canyon (MC) 
Block 118 (Fig. 1). The study sites appear representative of most other gas hydrate sites 
discovered elsewhere in the Gulf slope. It is now possible to synthesize available data to 
address important issues relating to gas hydrate as a potential energy source, and to 
suggest the best ways to study gas hydrate in the unique geologic setting of the Gulf of 
Mexico slope. 
 
It has been suggested that decomposition of gas hydrate is an important process in nature 
at this point in geologic time, but there is no geochemical evidence to support the concept 
in the Gulf of Mexico. If gas is observed venting from over buried gas hydrate, it is 
sometimes assumed that the vent gas is from decomposition of gas hydrate. It should be 
emphasized that the composition of vent gas from all sites thus far studied in the Gulf of 
Mexico slope is consistent with gas hydrate stability over recent geologic time. If gas 
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hydrate decomposition was geologically significant, then vent gas would show 
enrichment of hydrate-forming hydrocarbon gases such as ethane and propane. This 
molecular distribution is not observed, providing strong evidence that gas hydrate is not 
decomposing at a significant rate in the Gulf of Mexico. Instead, gas hydrate is 
apparently accumulating in the Gulf at present. 
 
Some decomposition of extremely shallow gas hydrate is likely to occur but deeply 
buried gas hydrate appears stable in the Gulf of Mexico over long spans of time. 
Exposed or shallow gas may be affected by sea water temperature changes. The irregular 
surface of the sea floor at gas hydrate sites is partly the result of cyclical gas hydrate 
crystallization and decomposition in only a thin-layer nearest the sea floor. Thus, seismic 
evidence of gas hydrate instability is most likely to be observed in the top ~2 meters of 
sediment nearest the sea floor whereas deeper sediment should not show evidence of 
change on any short time scale. 
 
Only a fraction of shallow amplitudes are likely to be related to gas hydrate because 
several factors appear to retard gas hydrate crystallization in complex natural settings. 
Brine poisoning may prevent gas from crystallizing as gas hydrate and may help explain 
>160 known gas seeps in the Gulf that lack any evidence of gas hydrate. Localized 
heating or insufficient gas flux may also contribute to the observed lack of gas hydrate. 
 
The discovery of gas hydrate at the sea floor greatly increases the probability of deep gas 
hydrate accumulations in the same area. There are limits to the application of 
conventional seismic techniques because they do not directly indicate gas hydrate in 
shallow sediment of the Gulf of Mexico. It is more reasonable to suggest that seismic 
techniques can identify gassy seeps as sea floor amplitudes. The combination of 38 kHz 
imagery showing large gas plumes in the water column with conventional shallow 
seismic amplitudes may improve the probability of discovering new gas hydrate sites. 
 
Additional research to explain why gas hydrate fails to crystallize at many gas seeps in 
the Gulf of Mexico slope is justified. Although the VK 826 and MC 885 sites display 
obvious geophysical anomalies, no gas hydrate is present. The apparent lack of gas 
hydrate at the VK 826 and MC 885 sites may be partially attributed to insufficient 
hydrocarbon gas flux but the carbonate-rich sites are too shallow and warm for structure I 
or II gas hydrate to be stable. In addition, brines are present at both sites that are likely to 
retard gas hydrate crystallization. The MC 709 is a major geophysical anomaly and may 
or may not contain any gas hydrate although there are areas with intermediate 
hydrocarbon flux within the GHSZ. The main reason for the lack of abundant gas 
hydrate at MC 709 may be brine poisoning. 
 

GEOLOGIC SETTING AND DEEP FLUID SOURCES 
 

The main structural features of the northern Gulf of Mexico are salt basins including the 
large Gulf of Mexico Salt Basin that extends from the coastal salt-dome province to the 
lower continental slope, and a series of smaller interior salt basins that extend onshore 
from south Texas to Alabama. The basins formed during Late Triassic rifting and were 
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floored by salt (Louanne/Werner formations) during Middle Jurassic marine incursions 
(Salvador, 1987). Structural style is profoundly influenced by the effects of salt 
movement driven by rapid deposition of siliciclastic sediment. The Gulf of Mexico 
continental shelf is now characterized by numerous salt domes, whereas the continental 
slope is affected by large sheet-like salt thrusts that extend from the shelf edge across the 
continental slope to the Sigsbee Escarpment, near the upper limit of the abyssal plain 
(Worrall and Snelson, 1989). 
 
The geology of the Gulf of Mexico slope is conducive to seepage and venting from 
deeply buried petroleum systems to the sea floor because hydrocarbon generation is 
geologically recent within the deep sediment section beneath the salt thrust and on the 
upper abyssal plain (Sassen et al., 2001a,b,c,d). The framework of deep hydrocarbon 
migration involves vertical migration through salt withdrawal basins that pierce the large 
salt thrusts (Fig. 2). Rapid sedimentation in Pleistocene depocenters (Galloway et al., 
2000) activates migration conduits from depth to the sea floor within the salt basins. 
Fracture zones associated with moving salt sheets, as well as active faults, provide 
efficient migration conduits for fluid flow to the sea floor including gas, oil, and brines. 
In some brine seeps, which may be associated with limited chemosynthetic communities, 
mineral assemblages include strontium-rich barite and radium (Fu and Aharon, 1998). 
 

 
 
Figure 2. A conceptualized north-south cross-section of central Gulf slope from the shelf 
to the abyssal plain is shown. Numerous geologically young basins formed by salt 
withdrawal pierce the slope salt thrust. The drainage areas of recently mature Mesozoic 
source rocks are deeply buried beneath the allochthonous salt. Fluids migrate upward 
through holes in the salt thrust (arrows). Within basins, salt and related faults provide 
conduits for vertical migration of fluids to reservoirs and to the seafloor. Hydrocarbon 
vents and seeps are focused by the structure near the rims of salt withdrawal basins. 
Modified from Milkov and Sassen (2001). 
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The sea floor shows markedly irregular bathymetry from structural deformation, faulting, 
fracturing, and slumping (Roberts and Carney, 1997). Massive hydrocarbon seepage 
manifests itself at the Gulf sea floor as gas hydrate, oil-stained sediments, authigenic 
carbonate rock with carbon depleted in 13C, and hydrocarbon-driven chemosynthetic 
communities (e.g. Aharon et al., 1997; Roberts and Aharon, 1994; MacDonald et al., 
1989; Roberts and Carney, 1997; Sassen et al., 1999a). 
 
Seeps and vents are not uniformly distributed across the Gulf slope. Because fluid flow 
from great depth is structurally focused, gas hydrate and chemosynthetic communities are 
concentrated along the rims of salt-withdrawal basins, over salt ridges, and near the 
faulted and folded margin of the Sigsbee Escarpment at the downdip limit of the Gulf of 
Mexico Salt Basin (Fig. 2). Seep-related features are infrequently observed within salt 
withdrawal basins themselves because such sediments are less deformed and usually lack 
major migration conduits to shallow sediments or the sea floor (Fig. 2). 
 

REVIEW OF GAS HYDRATE IN THE GULF OF MEXICO SLOPE 
 

The total volume of gas hydrate in the Gulf slope is estimated to be equivalent to ~1.0-1.4 
x 1013 m3 of gas at STP including methane and other hydrate-forming hydrocarbons 
(Milkov and Sassen, 2001). The estimate of the Gulf slope hydrate resource is based 
solely on gas hydrate proven to occur in the mud matrix (e.g. Sassen et al., 1999a). All 
known occurrences of gas hydrate in the Gulf of Mexico occur as vein-fillings and thick 
pavements of nearly pure gas hydrate in hemipelagic mud. Occasionally, gas hydrate 
occur filling vuggy porosity in authigenic carbonate rock. There is no evidence that gas 
hydrate occurs as pore-space fillings in sands of the Gulf of Mexico slope. Thus, 
research in the Gulf slope should focus on mud and carbonate rock as “reservoirs” for gas 
hydrate in sediment. 
 
This volume of gas in geologically shallow sediment dwarfs the volume of conventional 
reserves of oil and gas in deep subsurface reservoirs of the Gulf slope (Milkov and 
Sassen, 2002). It should be emphasized that the entire estimate of the Gulf of Mexico gas 
hydrate resource is based on vein-fillings and pavements of nearly pure gas hydrate in 
mud. None of this estimate includes gas hydrate in the pore throats of sand and none is 
related to Bottom Simulating Reflectors (BSRs). There is as yet no evidence of any gas 
hydrate in a BSR or in sand facies of the Gulf of Mexico. 
 
Thermogenic (oil-related) gas and crude oil from the subsurface hydrocarbon system 
vents at the sea floor of the Gulf of Mexico continental slope, entering the water column 
as oil-coated bubbles that rise to the sea surface (Sassen et al., 2001a, b). Much of the 
thermogenic gas, strongly enriched in 13C relative to bacterial methane, bypasses 
sediment and vents to the water column and the atmosphere. Because research 
submersible platforms allow direct sampling of gas vents within 0.5 m of sea floor 
orifices (see Fig. 3), the molecular and isotopic properties of the hydrocarbon vent gas are 
well constrained. Some fraction of the vent gas crystallizes near the sea floor as structure 
II gas hydrate. Vent gas is the starting material from which other major carbon pools at 
chemosynthetic communities (Fig. 4) are derived, mainly by complex microbial 
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processes that lead ultimately to geologically significant sequestration of carbon as 
authigenic carbonate rock depleted in 13C (Fig. 5). 
 

 
 
Figure 3. Features of a typical gas hydrate mound (~ 2 m across) with gas vents and 
nearby chemosynthetic community of tubeworms (Sassen et al.,1999b). 
 
Gas hydrate is an ice-like crystalline mineral in which hydrocarbon gases and nonhydrocarbon 
gases are held within rigid cages of water molecules (Fig. 6). Structure I 
gas hydrate has a body-centered cubic lattice, structure II gas hydrate has a diamond 
lattice, and structure H gas hydrate has a hexagonal lattice (Sloan, 1998). Structure I gas 
hydrate, which occurs in many basins, is usually predominately bacterial methane 
(Kvenvolden, 1993; 1995). The 13C and D of bacterial methane from seafloor gas 
vents and structure I gas hydrate from the Gulf slope is thus far consistent with a source 
from methanogenesis via CO2 reduction in geologically shallow sediment (Sassen et al., 
1999a, b). Both structure II and structure H gas hydrate are believed to co-exist in the 
Gulf at water depths as shallow as ~540 m (Sassen and MacDonald, 1997). Structure II 
gas hydrate generally includes C1-C4 hydrocarbons (methane through isobutane) whereas 
structure H gas hydrate generally includes C1-C5 hydrocarbons (methane through 
isopentane) as significant components (Sloan, 1998). 
 
The total number of documented gas hydrate sites on the deep Gulf of Mexico sea floor is 
~65 but this is a minimum number. Known shallow or outcropping gas hydrate sites 
extend along the Gulf slope offshore Texas and Louisiana over a distance >500 km, and 
the maximum width of the belt is >100 km. Solid gas hydrate has been recovered from 
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Figure 4. Photographs of tube worms and seep mussels from chemosynthetic 
communities are shown. 
 
shallow sediments (< 6 m) by piston coring and by research submersibles from > 50 
localities on the Gulf slope (Fig. 1). The distribution of mapped gas hydrate sites 
corresponds to a late Pleistocene depocenter (Galloway et al., 2000). The minimum 
observed water depth of occurrence of gas hydrate in the Gulf of Mexico is ~ 440 m and 
the maximum depth is > 2,400 m (Sassen et al., 1999a). The thickness of the gas hydrate 
stability zone (GHSZ) increases with water depth. Calculations of stability, based on free 
gas with 90.4% methane, suggest that the thickness of the GHSZ in sediment may be as 
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much as ~ 450 m at 540 m water depth, and > 1 km at 1930 m water depth in the Gulf 
(Milkov and Sassen, 2000). 
 

 
 
Figure 5. Summary diagram of the microbially-mediated carbon and sulfur cycles 
associated with hydrate-related chemosynthetic communities. These basic 
biogeochemical processes are generalized to occur at many other hydrocarbon vent, seep, 
gas hydrate, and chemosynthetic community sites globally. 
 
In contrast to simple bacterial methane hydrate, thermogenic gas hydrate (methane 
through pentanes) preserves more complex information on source and stability because 
numerous hydrocarbon molecules of varying chemical properties are held within crystal 
lattices. The vent gas and gas hydrate are intimately associated with complex 
chemosynthetic communities whose initiation and stability depend upon hydrocarbon-driven 
microbial processes in sediment, which include microbial hydrocarbon oxidation, 
reduction of CO2 via methanogenesis, sulfate reduction, and sulfide oxidation (Sassen et 
al., 1993, 1994, 1999b). The molecular and isotopic properties of vent gas, intact gas 
hydrate, and free hydrocarbons in sediment trace the effects of microbial hydrocarbon 
oxidation and CO2 reduction in anaerobic sediment rich in H2S (Fig. 5). 
 
The gas hydrate environment encourages microbial activity. New perspectives on 
anaerobic methane oxidation result from studies in which methane represents the entire 
hydrocarbon pool (Valentine and Reeburgh, 2000). However, methane may be less 
abundant relative to total C2-C5 hydrocarbons in sediment of some Gulf slope 
chemosynthetic communities associated with structure II gas hydrate (Sassen et al., 
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1999b). Fatty acid biomarkers strongly depleted in 13C (Zhang et al., 2002) and RNA 
characterization (Lanoil et al., 2001) suggest the presence of methanogens (Archaea) in 
sediment associated with gas hydrate and chemosynthetic communities, where 
independent geochemical evidence of methane oxidation is compelling. However, there 
is also geochemical evidence that the C2-C5 hydrocarbons may be altered by microbial 
oxidation (Sassen et al., 1999b) in the same anaerobic setting. 
 

 
 
Figure 6. Photograph of structure II gas hydrate on a freshly exposed fault surface at GC 
234. Massive vein-fillings of gas hydrate are separated by deformed hemipelagic mud, 
and the base of the exposure is under cut by flow of free gas. Note scale bar. Photograph 
by C.F. Fisher. 

EXPERIMENTAL 
 

Vent gas was collected using a research submersible by allowing the gas to displace 
ambient seawater in gas-tight sampling vessels within 0.5 to 1 m of the sea floor. Upon 
recovery to the sea surface, large aliquots of the gas sample (~240 ml) were transferred 
from the sampling vessel to pre-evacuated aluminum vacuum containers using a 60 ml 
gas-tight syringe, and held at –20° C until analysis. Sediment samples were collected 
using 30-cm push cores on the sea floor. Sediment was immediately canned and frozen 
for later gas analysis. Analytical procedures for C1-C5 gas chromatography, and 
measurement of isotopic properties of hydrocarbon vent gases, and C15+ chromatography 
of oil from sediment are described by Sassen et al. (2004). An aliquot of sediment was 
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frozen at collection, and later extracted in the laboratory with hexane (Soxhlet apparatus, 
24 hours) to yield solvent-soluble components, mainly a mixture of crude oil with minor 
recent microbial lipids. The technique of Kennicutt et al. (1992) was used for C15+ 
chromatography of sediment extracts. Biomarker analyses were also performed by gas 
chromatography mass spectrometry (GCMS) using the techniques described by Sassen et 
al. (2001d). Authigenic carbonate, other authigenic minerals, and associated microbes 
were collected using the robot arm of the JSL research submersible. The d13C of 
carbonate was determined by Dr. Ethan Grossman of the Department of Geology and 
Geophysics, Texas A&M University. Precision of C1-C5 gas chromatography is ± 5%. 
The 13C values are reported as parts per thousand (‰) relative to the PeeDee Belemnite 
standard (precision = ± 0.2‰), and the D values are reported as ‰ relative to the 
standard mean ocean water (SMOW) standard (precision = ± 5‰). 
 

RESULTS AND DISCUSSION 
 

DESCRIPTIONS OF JSL SITES WITH GAS HYDRATE 
 

Green Canyon 234 
 

1. GC 234 hydrate site is a useful case history with abundant gas hydrate: The GC 
234 site has been well-documented by previous studies and serves as a useful 
example of a typical gas hydrate accumulation in the Gulf of Mexico slope. The 
location is (27° 44.8' N and 91° 13.3' W). Research on the GC 234 site is 
extensive and shows great similarity to the better studied Bush Hill site (GC 185) 
which is nearby (27° 45.7' N and 91° 30.5' W). Refer to Sassen et al. (2004) for an 
updated comparison of the GC 234 and Bush Hill gas hydrate sites. Water depth 
of both sites is ~540 meters and temperatures vary in the approximate 6-11° C 
range. Salinity of sediment pore water shows variation but overall is similar to that 
of sea water except in immediate proximity to gas hydrate surfaces. 

2. Method of discovery: The first identification of the site was based on recovery of 
intact gas variant structure II gas hydrate by a piston core directed at a sea floor 
geophysical anomaly. No bottom simulating reflector (BSR) is detected although 
this is a major gas hydrate site. The finding by piston core led to further study by 
research submersibles. A gas hydrate outcrop literally covered with “ice worms” 
was described in 1997 by Fisher et al. (2000). 

3. Gas Hydrate fabric: Gas hydrate outcrops on the sea floor where it forms as a 
consequence of active venting of oil-related gas from the deep subsurface. Veins 
and pavements of pure gas hydrate are up to tens of centimeters in thickness are 
most obvious (Fig. 6). Gas hydrate also occurs as nodules in sediment. Maximum 
depth in sediment known from piston cores of gas hydrate is >4 meters. 

4. Gas Hydrate stability: In conformity with stability models (Milkov and Sassen, 
2000; Milkov et al., 2000), water depth and temperatures suggest thermogenic gas 
hydrate (structure II and H hydrate) is stable while biogenic methane (structure I) 
is not. No structure I gas hydrate has been found at the GC 234 site. 

5. Effects of water temperature fluctuations. The upper 0-2 meters of the gas hydrate 
is relatively unstable because of changes in sea water temperature (Fig 6; Milkov 
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et al., 2000). Deeper gas hydrate is believed to be stable geologically. Research 
suggests that from the geologic perspective, GC 234 is not at equilibrium. Instead, 
venting drives gas hydrate accumulation. The volume of gas hydrate is increasing 
slowly at this point in geologic time as at the Bush Hill site (Sassen et al., 2001a). 
There is no geochemical evidence of significant gas hydrate decomposition below 
the shallow zone of instability (~0 to 2 meters). 

6. Geologic occurrence: The gas hydrate occurs as veins and as laterally extensive 
pavements of nearly pure gas hydrate that apparently extend as a circular feature 
~100 meters in diameter as determined from sea floor navigation and by 38 kHz 
imagery of the sea floor. The host sediment is ~100% hemipelagic clay with no 
detectably sand. Some hydrate occupies vuggy porosity in authigenic carbonate 
rock. No discrete sand is present. Salinity of sediment pore water varies but 
approximates that of normal sea water. The site is old, perhaps thousands of years 
in age. 

7. Gas venting: The hydrate forms when thermogenic (oil-related C1-C5 

hydrocarbons) gas vents from the deep surface petroleum system and the 
hydrocarbon gases react with water to crystallize as a mineral. The area shows a 
near-surface geophysical anomaly and is remotely sensed by 38 kHz imagery (Fig. 
7) which is consistent with an intermediate level of fluid flux including deep 
formation water, gas, and oil (see Roberts and Carney, 1997). 

 

 
Figure 7. The 38 kHz image shows rapid gas venting to the water column from the 
GC 234 site. 
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8. Hydrocarbon Geochemistry: Thermogenic hydrocarbons vent from the deepsubsurface 
petroleum system to the sea floor. The C1-C5 hydrocarbons plus 
biodegraded crude oil vent from the deep subsurface through gas hydrate mounds 
~0.5 to 1 meter across. Sediment is oil-stained. A review of data on gas hydrate, 
vent gas, and sediment samples is provided by Sassen et al. (2004). 

9. Ecology: The GC 234 site has a lush chemosynthetic community dominated by 
white and orange bacterial mats (Beggiatoa), tube worms and mussels plus 
numerous other species similar to Bush Hill. 

10. JSL samples: During JSL dives 4406 and 4407 in 2002, new samples of vent gas 
and intact gas hydrate were recovered intact from the sea floor. Push-core samples 
of gassy mud were collected at depths (<30 cm) in sediment. Authigenic 
carbonate rock samples were also collected. 

 
Green Canyon 232 

 
1. GC 232 hydrate site is a useful case history with abundant gas hydrate: The 

existence of GC 232 has been known for some time from piston cores 
(unpublished data) but no samples of vent gas or gas hydrate had been collected or 
subjected to molecular and isotopic analyses prior to the 2002 JSL dives. In many 
respects, GC 232 is a “twin” of the nearby GC 234 and Bush Hills sites, only being 
smaller in size. The location is (~27° 44.5' N and 91° 19.1' W). Water depth is ~ 
570 meters. A variant structure II gas hydrate with a component of structure H 
hydrate (a crystal intergrowth) occurs at GC 232. 

2. Method of discovery: The first identification of the site was based on recovery of 
intact gas variant structure II gas hydrate by a piston core directed at a sea floor 
geophysical anomaly (unpublished data). No BSR is detected although this is a 
major gas hydrate site. The finding of gas hydrate by piston core led to further 
study by research submersibles. 

3. Gas Hydrate fabric: Gas hydrate outcrops on the sea floor where it forms as a 
consequence of active venting of oil-related gas from the deep subsurface. Veins 
and pavements of pure gas hydrate are up to tens of centimeters in thickness are 
most obvious because they are exposed at the sea floor. Gas hydrate also occurs as 
isolated nodules in sediment and filling porosity in authigenic carbonate rock. 
Maximum depth of gas hydrate in sediment is unknown because no deeppenetration 
coring has been done at the site. 

4. Gas Hydrate stability: Water depth and temperatures suggest thermogenic gas 
hydrate (structure II and H hydrate) is stable. Gas hydrate composed of pure 
biogenic methane (structure I) is not. Structure II/H gas hydrate has been 
recovered intact but no structure I gas hydrate has been found at the GC 232 site. 
The site is relatively old, perhaps thousands or tens of thousands of years in age. 

5. Effects of water temperature changes: The upper 1-2 meters of the gas hydrate is 
relatively unstable because of changes in sea water temperature (see Milkov et al., 
2000). This is readily apparent between dives because the morphology of gas 
hydrate outcrops changes in response to changes in water temperature. Deeper gas 
hydrate is believed to be stable geologically. The volume of gas hydrate is thought 
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to be increasing slowly at this point in geologic time as at the Bush Hill site 
(Sassen et al., 2001a). 

6. Geologic occurrence: The gas hydrate occurs as mounds, veins and as laterally 
extensive pavements of nearly pure gas hydrate that apparently extend as a circular 
feature ~50 to 75 meters in diameter as estimated from sea floor navigation and by 
38 kHz imagery of the sea floor. The host sediment is ~100% hemipelagic clay 
with no detectable sand. Salinity is normal. Sediment contains abundant H2S and 
is sometimes visibly oil-stained. 

7. Gas venting: The hydrate forms when thermogenic (oil-related C1-C5 

hydrocarbons) gas vents from the deep surface petroleum system and the 
hydrocarbon gases react with water to crystallize as a mineral. The area shows a 
near-surface geophysical anomaly and is remotely sensed by 38 kHz imagery 
which shows a reproducible bubble plume in the water column (Fig. 8). Fluid 
including deep formation water, gas, and oil are introduced to shallow sediment 
and the water column. Flux of fluid is intermediate according to the classification 
of Roberts and Carney (1997). 

 

 
 
Figure 8. The 38 kHz imagery shows gas venting to the water column from the sea floor 
at GC 232. 
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8. Ecology: The GC 232 site has a lush chemosynthetic community dominated by 
white and orange bacterial mats (Beggiatoa), tube worms and mussels plus 
numerous other species similar to both GC 234 and to Bush Hill. Ice worms were 
noted at the site in direct association with gas hydrate. 

9. JSL samples: During JSL dives in 2002 (4401, 4402/4403, 4404, 4405 and later 
dives on other JSL cruises that year), new samples of vent gas and intact gas 
hydrate were recovered intact from the sea floor. Push-core samples of gassy mud 
were collected at depths (<30 cm) in sediment. Authigenic carbonate rock samples 
were also collected. 

 
Mississippi Canyon 118 

 
1. The MC 118 site contains significant gas hydrate: The MC 118 site has received 

little scientific study previously. Because the site is in an area distant from other 
known gas hydrate discoveries, the hydrocarbons from the MC 188 site may be 
from a different source rock and petroleum system that gave rise to gas hydrate in 
Green Canyon. MC 118 is the easternmost discovery of gas hydrate in the Gulf of 
Mexico slope. The location of the MC 118 site is ~28° 51.4' N and 88° 29.5' W. 
Maximum water depth at the site during JSL dives is ~890 meters. No samples of 
vent gas or gas hydrate had been collected or subjected to molecular and isotopic 
analyses prior to the 2002 JSL dives. 

2. Method of discovery: The first identification of the site was on the basis of a sea 
floor geophysical anomaly in the form of bright amplitudes near the sea floor 
(unpublished data). There are no reported BSR’s near the known hydrate site at 
MC 118. The geophysical finding led to further study by research submersible 
and in 2003 by the U.S. Navy nuclear research submarine NR-1 in a grant to 
Roger Sassen. 

3. Gas Hydrate fabric: Gas hydrate outcrops on the sea floor where it forms as a 
consequence of slow venting of oil-related gas from the deep subsurface. Veins 
of pure gas hydrate outcrop in mud. Gas hydrate also occurs as small nodules in 
sediment. Maximum depth of gas hydrate in sediment is unknown. 

4. Gas Hydrate stability: The upper 1-2 meters of the gas hydrate is relatively 
unstable because of changes in sea water temperature, but hypothesized deeper 
gas hydrate is believed to be stable over a relatively short span of geologic time, 
perhaps thousands of years. 

5. Geologic occurrence: The gas hydrate occurs as mounds, veins of nearly pure gas 
hydrate that forms a circular sea floor feature only ~ 25 meters in diameter as 
estimated from sea floor navigation and by a later dive to the site by the U.S. 
Navy NR1 nuclear research submarine (unpublished data). The host sediment is 
~100% hemipelagic clay with no detectably sand. Authigenic carbonate rock is 
present. H2S is present in sediment. Salinity is normal. 

6. Gas venting: The hydrate forms when thermogenic gas rapidly vents from the 
deep surface petroleum system and the hydrocarbon gases react with water to 
crystallize structure II gas hydrate. Fluid flux, including deep formation water, 
gas, and oil is low to intermediate. Sediment is visibly oil-stained. 
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7. Ecology: The MC 118 site has a complex chemosynthetic community dominated 
by bacterial mats (Beggiatoa), tube worms and mussels plus other species similar 
to both GC 234 and to Bush Hill. 

8. JSL samples: During JSL dives in 2002, new samples of vent gas and intact gas 
hydrate were recovered from the sea floor. Push-core samples of gassy mud were 
collected in sediment (<30 cm). 
 

DESCRIPTIONS OF JSL SITES WITHOUT GAS HYDRATE 
 

Mississippi Canyon 709 
 

1. The MC 709 site, although well studied, is not proven to contain gas hydrate: The 
site is characterized by intermediate flux gas and oil seepage and by complex 
chemosynthetic communities. The MC 709 area consists of a sea floor high over 
shallow salt that is draped with hemipelagic mud. The location is ~28° 13.9' N 
and 89° 42.5' W. Maximum water depth at the site during JSL dives is ~658 
meters. Sea floor temperature is recorded at 6.8° C on JSL dive 4412. Sea water 
salinity is normal but many brine seeps and brine pools are present in sediment at 
the site. 

2. Method of discovery: The MC 709 site was first characterized as a gas and oil 
seep site by piston core and has been studied by research submersible for over a 
decade (see Roberts and Carney, 1997). 

3. Gas hydrate stability: Free gas is present at the MC 709 site but no gas hydrate 
has been proven to occur there. Given water depth and temperature, all three 
types of gas hydrate are potentially stable in sediment at MC 709. Application of 
38 kHz imagery to detect significant gas bubble trains in the water column has 
been unsuccessful. The apparent lack of gas hydrate at the MC 709 site may 
relate to brine poisoning that retards the crystallization of gas hydrate. Gas may 
occur in high concentrations and oil-staining occurs in sediment. 

4. Geologic occurrence: The host sediment is largely hemipelagic clay with no sand. 
Authigenic carbonate rock is present in abundance. Salinity appears to vary 
widely across the site as a consequence of active dissolution of the underlying 
salt. However, areas with high flux seepage are associated with extensive brine 
pools and flows of dense brine that erode gullies down slope. 

5. Gas venting: Fluid flux from the deep subsurface is intermediate according to the 
classification of Roberts and Carney (1997). Small but active vents of gas are 
observed at several sites and the concentration of oil in sediments is sometimes 
high. 

6. Ecology: The MC 709 site is characterized by white bacteria mats (Beggiatoa) 
and both chemosynthetic tubes worms and mussels. In brine seep areas, mussels 
may predominate and tube worms are absent. Gorgonians and coral are also 
present on carbonate outcrops along the periphery of the site. The site has a 
complex chemosynthetic community with some bacterial mats (Beggiatoa), tube 
worms and mussels, but the area is dissimilar to the classic chemosynthetic 
communities at GC 234, GC 232, and GC 185. 
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7. JSL samples: During JSL dives late in 2002 (4412, 4413) samples of sediment 
were recovered intact from the sea floor using push-cores (<30 cm). Authigenic 
carbonate rock samples were also collected. 

 
Mississippi Canyon 885 

 
1. The MC 885 site contains no known gas hydrate: The MC 885 is a large diameter 

site composed of hemipelagic mud, H2S, and abundant authigenic carbonate rock. 
The location is ~28° 04.1' N and 89° 43.3' W). Maximum water depth at the site 
during JSL dives is ~708 meters. Sea floor temperature is recorded at 6.8° C on 
JSL dive 4409. 

2. Method of discovery: The first identification of the site was on the basis of a sea 
floor geophysical anomaly (unpublished data). The geophysical finding led to 
further study by research submersible because of its unique biology. 

3. Gas Hydrate stability: Free gas is present at the MC 885 site but no gas hydrate 
has been proven to occur there. Given water depth and temperature, all three 
types of gas hydrate are potentially stable. Application of 38 kHz imagery to 
detect significant gas bubble trains in the water column has been unsuccessful. 
The apparent lack of gas hydrate at the MC 885 site may relate to insufficient 
hydrocarbon gas flux (Fig. 9) or to brine poisoning. Small volumes of gas and 
relatively low concentrations of oil occur in sediment. 

 

 
 
Figure 9. The 38 kHz imagery of MC 885 with no gas vents resolved. 
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4. Geologic occurrence: The host sediment is largely hemipelagic clay with no sand. 
Authigenic carbonate rock is present in unusually high abundance as is shell hash 
of chemosynthetic bivalves. Salinity may vary widely. 

5. Gas venting: Fluid flux from the deep subsurface is slow according to the 
classification of Roberts and Carney (1997). Because the area is not mineralized 
by carbonate depleted in 13C, it may represent a relict seep site active in the near 
geologic past, perhaps during the Pleistocene. 

6. Ecology: The MC 885 is highly mineralized and gorgonians and coral are quite 
common. The site has a complex chemosynthetic community with some bacterial 
mats (Beggiatoa), tube worms and mussels, but the area is dissimilar to the classic 
chemosynthetic communities associated with gas hydrate. 

7. JSL samples: During JSL dives in 2002 (4408, 4409) samples of sediment were 
recovered intact from the sea floor using push-cores (<30 cm). Authigenic 
carbonate rock samples were also collected. 

 
Viosca Knoll 826 

 
1. The VK 826 site contains no gas hydrate: The VK 826 is a large diameter 

mineralized sea floor mound over shallow salt where hemipelagic mud partially 
covers abundant authigenic carbonate rock at ~29° 09.6' N and 88° 01.3' W. The 
authigenic carbonate rock covers a dome-shaped feature on the sea floor related to 
the crest of an underlying salt mass. Water depth of JSL dives is between ~ 448 
meters at the crest of the dome and ~560 meters on the flank of the dome. A 
water temperature of 9.6° C was recorded during JSL dive 4410. 

2. Method of discovery: The first identification of the site was on the basis of a sea 
floor bathymetric high and as a geophysical anomaly near a sub-commercial oil 
discovery (unpublished data) followed by dredging of chemosynthetic fauna. The 
early findings led to further study by research submersible because of its unique 
biology. 

3. Gas Hydrate stability: Free gas is present at the VK 826 site but no gas hydrate 
has been proven to occur there. Application of 38 kHz imagery to detect 
significant gas bubble trains in the water column has been unsuccessful. The 
apparent lack of gas hydrate is found at the site may be partially attributed to 
insufficient hydrocarbon gas flux but much of the site is too shallow and warm for 
structure II gas hydrate to be stable. Small volumes of free gas and low 
concentrations of oil occur in sediment. 

4. Geologic occurrence: Geologic structure is determined by an underlying salt 
body and long-term seepage of hydrocarbons that resulting in a “cap rock” of 
authigenic carbonate rock depleted in 13C. Authigenic carbonate rock is present 
in unusually high abundance. Shell hash from chemosynthetic bivalves is 
commonly noted. Salinity appears normal. The site is similar to the GC 140 area 
(see Roberts and Carney, 1997) where massive carbonate is found as a relic of 
much more active seepage in the geologic past. 

5. Gas venting: Fluid flux from the deep subsurface is slow according to the 
classification of Roberts and Carney (1997). Because the area is highly 
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mineralized by carbonate depleted in 13C, the area may represent a relict seep site 
active in the near geologic past. Dead bivalves and much shell hash are noted, 
perhaps indicating episodic and localized hydrocarbon venting in the recent past. 

6. Ecology: Gorgonians and deep-water corals (including black coral) are common 
along with various bivalves and other organisms. The VK 826 site displays some 
bacterial mats (Beggiatoa), tube worms and mussels but the tube worms appear 
poorly developed. Overall, the site is dissimilar to the classic hydrate-related 
chemosynthetic communities at GC 234, GC 232, and GC 185. 

7. JSL samples: During JSL dives in 2002 (4410, 4411), samples of mud sediment 
were recovered intact from the sea floor using push-cores (<30 cm). Authigenic 
carbonate rock samples were also collected. 

 
GEOCHEMISTRY OF VENT GAS, GAS HYDRATE, AND SEDIMENT GAS 

 
Molecular Properties 

 
A vent is defined as a point orifice of fluid flow where water, gas, and oil enter the water 
column from the sea floor at a detectable rate which sometimes may be so rapid as to 
affect sea floor geology and create large mud volcanoes. It is necessary to analyze the 
molecular and isotopic compositions of vent gas because it is the starting material from 
which gas hydrate crystallizes. Much gas bypasses the sediment. Gas that is held in 
sediment is rapidly altered by microbial activity to allow development of the unique 
chemosynthetic communities of the Gulf of Mexico slope (e.g. Sassen et al., 2001b; 
Sassen et al., 2004)). 
 
From the sphere of the JSL research submersible, vent gas appears as bubble trains of 
hydrocarbon gas that issue from the sea floor to the water column. Some vents have 
relatively low slow flux rates and are only detectable by careful visual observation of the 
sea floor for evidence of small bubble trains issuing from the sea floor to the water 
column. Other vents have flow rates that are orders of magnitude higher and are quite 
obvious during observation from the JSL. Some intermediate to high-flux vents may be 
documented by 38 kHz imagery of the sea floor and water column. 
 
The molecular properties of the vent gas associated with gas hydrate (see Data Appendix) 
are basically similar at GC 232, GC 234, and MC 118. In all cases, the vent gas is>90% 
methane (C1). Ethane (C2) is next most abundant, followed by propane (C3), the butanes 
(i-C4 and n-C4), and the pentanes (i-C5 and n-C5 and some neo-pentane). The relative 
abundance of the vent gas molecules simply decreases with increasing carbon number as 
is commonly noted in subsurface reservoirs of thermogenic gas of oil fields (e.g. Sassen 
et al., 2001b). 
 
The molecular properties of samples collected during the 2002 JSL cruise reflects the 
narrow choice of sites on the upper Gulf slope within the shallow diving limits of the JSL 
research submersible (< 1000 meters) in an area where numerous oil fields have been 
discovered (Figure 1). The gas found venting to the water column in association with gas 
hydrate is oil-related and directly correlates with, for example, the subsurface reservoir 
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gas of Jolliet Field in Green Canyon (Sassen et al., 2001b). If the vent gas has not leaked 
directly from reservoirs, it has migrated directly from subsurface conduits of the 
subsurface petroleum system. Data on one vent gas sample from MC 118 appear 
unreliable because of contamination with gas hydrate fragments during collection at the 
sea floor. 
 

Molecular Fractionation during Gas Hydrate Crystallization from Vent Gas 
 

The molecular properties of vent gas and the dominantly structure II gas hydrate that 
crystallizes from the vent gas differ greatly because of molecular fractionation (Sloan, 
1998). For example, structure II gas hydrate preferentially encloses ethane, propane, and 
butanes from vent gas within its crystal structure (Fig. 10). On this basis, the relative 
abundance of methane in gas hydrate decreases in structure II gas hydrate relative to the 
vent gas from which it crystallized. In the gas hydrates collected from GC 234, GC 232, 
and MC 118 methane is the single most abundant molecule, followed by either propane 
or ethane, and then by isobutane which are the normal hydrocarbon constituents of 
structure II gas hydrate. However, none of the gas hydrate collected during the 2002 JSL 
cruise displays the ideal composition of pure “structure II” hydrate. The most obvious 
anomaly is that propane does not always show greater relative abundance than ethane. In 
addition, all the gas hydrate contains n-butane and some pentanes, molecules that are too 
large for inclusion in the cages of structure II gas hydrate. The anomalous compositions 
of Gulf of Mexico slope gas hydrate have been recently explained. X-ray diffraction 
shows that the typical Gulf of Mexico hydrate is a physical mixture of different crystal 
structures, explaining the observed molecular compositions of gas hydrate. 
 

Isotopes Fingerprint Vent Gas to Associated Gas Hydrate 
 
Methane gas from the Gulf of Mexico slope shows a wide range of isotopic properties 
from pure thermogenic methane to pure biogenic methane. The “heaviest” methane thus 
far measured in the Gulf slope has a δ13C of -30.1‰ indicating a deep thermogenic 
origin, whereas the “lightest methane thus far analyzed has a δ13C of -116.5‰ (Sassen et 
al, 2002). The mean δ13C of methane in the Gulf slope (n = 160) is -74.0‰. One key 
observation is that the C2-C5 hydrocarbon gases and oil are commonly associated with 
methane, even when the methane is strongly depleted in 13C. The best explanation is that 
methane has different thermogenic and biogenic sources, mixing occurs during migration 
from depth, and microbial activity impacts isotopic properties either by methane 
oxidation or via methanogenesis (Sassen et al., 2003). 
 
The δ13C of methane from vent gas and gas hydrate from individual sites are essentially 
the same, generally showing differences of 1‰ or less. This is because there is no 
isotopic fractionation during gas hydrate crystallization (see Sassen et al, 2004 and 
references therein). For example, the δ13C of methane of vent gas from GC 234 varies 
between -48.5‰ to -48.4‰ whereas that of closely associated gas hydrate is -48.0‰ 
(Fig. 10). At GC 232, the δ13C of methane of vent gas from varies between -42.8‰ to - 
43.0‰. Methane of closely associated gas hydrate has δ13C of -42.7‰. Similarly, at MC 
118 the δ13C of methane of vent gas is -45.7‰ whereas that of closely associated gas 
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Figure 10. Summary diagrams of molecular and isotopic data from GC 234. Data from 
Sassen et al. 2004. 
 
hydrate is -45.8‰. The similarity of the hydrogen isotopic properties (δD) of methane at 
each site establishes a correlation between vent gas and associated gas hydrate. Lastly, 
the δ13C of vent gas and hydrate of ethane and propane are so similar as to show a 
conclusive correlation. The isotopic data provides powerful evidence that at each study 
site, gas hydrate crystallizes from the adjacent vent gas. Moreover, once held in the 
crystal structure of gas hydrate, hydrocarbon gases appear protected from microbial 
oxidation, preserving important geochemical data (Sassen et al., 2001e). 
 
All of the hydrocarbon gases from GC 234, GC 232, and MC 118 are of thermogenic 
sources, and were formed at great depth and high temperatures from thermally mature 
source rocks for oil. None of the vent gases encountered on the 2002 JSL cruise contain 
significant biogenic methane. This is not representative of the Gulf as a whole. There 
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are many seeps and vents of fossil biogenic methane, as well as mixtures of biogenic and 
thermogenic gas in vents in the deep subsurface (see Sassen et al., 2003). 
 

Bacterial oxidation of free hydrocarbon gas in hydrate-associated sediments 
 

Free hydrocarbon gas in sediment is rapidly destroyed by bacterial oxidation that is 
coupled with reduction of sulfate to yield the H2S common at many gas hydrate sites. To 
monitor the fate of hydrocarbons in sediment, canned sediment samples from GC 234, 
GC 232, and from MC 118 were subjected to analysis of C1-C5 hydrocarbons by gas 
chromatography (see Data Appendix). Concentrations of C1-C5 hydrocarbons show a 
wide range but are often relatively high at all study sites with gas hydrate. Indeed, 
concentrations of gas are often so high as to indicate that small nodules of gas hydrate 
were frequently sampled along with the sediment. For example Core 1 (0-10 cm depth) 
from dive 4404 to GC 233 shows a headspace gas composition of 992,393 ppm. In the 
Gulf slope, any value >10 ppm is considered to be anomalous. 
 
Isotopic data suggest methane is the most rapidly oxidized free hydrocarbon gas in 
hydrate-associated sediment. Much of the free vent methane in sediment samples has 
been bacterially oxidized and replaced by biogenic methane via methanogenesis. For 
example, the δ13C of methane of vent gas from GC 232 varies between -42.8‰ to - 
43.0‰. In contrast, the δ13C of free methane gas from hydrate-associated sediment of 
GC 232 collected during dives 4401 and 4403/4404 varies between -57.5‰ to -85.9‰ in 
sediment samples. Isotopically-light CO2 is present is the same samples, as light as - 
44.3‰. The best explanation for the relatively light methane in sediment at GC 232 is 
bacterial reduction of CO2 (methanogenesis) to form biogenic methane that mixes with 
residual thermogenic vent methane. Thus, the biogeochemistry of methane at gas hydrate 
sites appears extremely complex with multiple sources and bacterial processes that affect 
isotopic properties of the methane. 
Samples of free gas show selective preservation of ethane whereas propane, butanes and 
some pentanes are greatly decreased in abundance, which is indicative of rapid bacterial 
oxidation of free hydrocarbon gases in sediment (Sassen et al., 2004). 
 

BIODEGRADATION OF CRUDE OIL 
 

Gas chromatography is an objective method to estimate the concentration of crude oil 
hydrocarbons in hydrate-associated sediment and to characterize the degree of crude oil 
alteration by biodegradation. The C15+ gas chromatography of sediment samples from 
the gas hydrate sites of GC 234, GC 232, and MC 118 are similar in terms of gross 
characteristics and all show anomalous concentrations of crude oil (see Data Appendix). 
The thermogenic gas hydrate sites are thus unambiguously associated with crude oil 
which probably also plays a role as a carbon source for chemosynthetic communities and 
provides some variable fraction of the carbonate-carbon for authigenic carbonate rock. 
 
All samples of hydrate-associated sediment show highly anomalous concentrations of 
crude oil, which vents with gas from the deep subsurface to the study sites. The mean 
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concentration of crude oil (UCM) in random sediment samples from across the Gulf 
slope is < 10 ppm (Sassen et al., 1999a). However, most sediment samples from the gas 
hydrate sites of GC 234, GC 232, and MC 118 smelled of crude oil, and in many cases 
free oil was visible filling fractures in sediment as the samples were preserved at sea. 
One section from a push-core collected on GC 234 (JSL dive 4407) was characterized by 
visible oil-staining and total UCM concentration is 57,885 ppm. To better communicate 
this concentration, nearly 6% of the dry sediment is oil by weight. Similarly, a core from 
GC 232 (JSL dive 4401) was visibly oily and the concentration of UCM is 25,729 ppm, 
about 2.5% of the core by weight. The MC 118 site is similar with much oil staining. 
One push core from MC 118 (JSL dive 4415) contained 23,048 ppm of UCM, about 
2.3% of total sediment weight. 
 
The saturated hydrocarbons of crude oil from hydrate-associated sediment from GC 234, 
GC 232, and MC 118 are all highly biodegraded, which is generally characteristic of gas 
hydrate sites with chemosynthetic communities across the Gulf of Mexico slope. The 
original n-alkanes and isoprenoids present in unaltered crude oil from the sub-surface 
have been destroyed, leaving an elevated chromatographic baseline called the Unresolved 
Complex Mixture (UCM). An example of highly biodegraded oil is shown in Figure 11. 
 

 
 
Figure 11. Typical C15+ gas chromatogram of crude oil from GC 234 showing advanced 
alteration from microbial oxidation. 
 

ISOTOPIC PROPERTIES OF AUTHIGENIC CARBONATE ROCK 
 

Microbial oxidation of crude oil is associated with bacterial sulfate reduction in hydrate-
associated sediment from GC 234, GC 232, and MC 118. The most important products 
of these linked bacterial processes are CO2 from hydrocarbon oxidation and H2S from 
bacterial sulfate reduction. The effect of bacterial sulfate reduction is to shift alkalinity in 
sediment pore water, favoring precipitation of authigenic carbonate rock (e.g. Roberts 
and Aharon, 1994; Roberts and Carney, 1997; Aharon and Fu, 2000). Authigenic 
carbonate rock precipitates rapidly, forming massive pavements, slabs, crusts, nodules 
and cements. The process occurs within mud, not in the water column, but the carbonate 
rock often encloses the skeletal material from the numerous species of bivalves such as 
mussels and clams that are abundant in hydrate-associated chemosynthetic communities. 
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Visual examination of authigenic carbonate rock from hydrate-associated sediment often 
shows disarticulated bivalves and shell hash which complicates interpretation of δ13C 
results (see Data Appendix). This is because the carbon from hydrocarbon oxidation in 
authigenic carbonate rock is strongly depleted in 13C whereas the carbon skeletal material 
from bivalves and other calcareous organisms is characterized by δ13C approximating that 
of normal marine carbonate. Most samples from the present study are a physical mixture 
of authigenic carbonate and calcareous skeletal material from chemosynthetic 
communities. 
 
Ten (10) separate samples of authigenic carbonate rock from GC 234 were subjected to 
multiple determinations of δ13C and the results averaged (see Data Appendix). The range 
of δ13C from GC 234 is from -18.44‰ to -27.26‰. Six (7) samples from GC 232 
showed a range of δ13C from -15.12‰ to -20.15‰. The range of δ13C values is similar to 
that measured using three (3) samples collected during JSL dive 4429 at the similar GC 
185 gas hydrate site where authigenic carbonate rock is also abundant. The range of 
carbonate δ13C at GC 185 is -22.38‰ to -22.73‰. 
 
In contrast, the δ13C values of three (3) samples of authigenic carbonate rock from the 
GC 233 Brine Pool site from JSL dives later in 2002 is from -35.02‰ to -32.65‰, values 
that are only marginally lighter than at the gas hydrate sites where thermogenic methane 
and crude oil dominate as carbon sources to authigenic carbonate rock. At GC 233, 
biogenic methane (δ13C = ~ -60‰) vents to the water column and is the main source of 
hydrocarbon-carbon at the site. Thus, there is only a tenuous relationship between 
hydrocarbon types and δ13C of carbonate carbon of authigenic carbonate rock other than 
to note that they are strongly depleted in 13C relative to normal marine carbonate-carbon. 
There are multiple sources including methane, other hydrocarbon gases, oil, and skeletal 
material from bivalves and other organisms. 
 

SITES LACKING GAS HYDRATE 
 

The 2002 JSL cruise allowed characterization and collection of samples from a number 
of sites on the Gulf of Mexico slope at which no gas hydrate has been found. It appears 
that a combination of factors may prevent the crystallization of gas hydrate. Contrary to 
a superficial interpretation of thermodynamics and the phase rule, free gas is abundant 
within the GHSZ of the Gulf. This is most obvious when a push-core is acquired or a 
rock is turned over using the mechanical arm of the JSL research submarine. Mechanical 
disturbance of the sediment frequently allows release of copious gas bubbles to the water 
column where it may immediately form “hydrate snow” that slowly floats upwards in the 
water column. The question to be asked is why does free gas exist within the GHSZ even 
though excess water is present? 
 
Although the VK 826 and MC 885 sites display obvious geophysical anomalies, no gas 
hydrate is present. The apparent lack of gas hydrate at the VK 826 and MC 885 sites 
may be partially attributed to insufficient hydrocarbon gas flux but the carbonate-rich 
sites are too shallow and warm for structure I or II gas hydrate to be stable. In addition, 
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brines are present at both sites that are likely to retard gas hydrate crystallization. The 
MC 709 is a major geophysical anomaly and may or may not contain any gas hydrate 
although there are areas with intermediate hydrocarbon flux within the GHSZ. The main 
reason for the lack of abundant gas hydrate at MC 709 may be brine poisoning. 
Additional research to explain why gas hydrate fails to crystallize in abundance at sites 
such MC 709 is justified. As noted earlier, >160 gas seeps in the Gulf of Mexico appear 
to lack gas hydrate (Sassen et al., 2002) so the question is worth answering. 
 

CONCLUSIONS: IMPLICATIONS TO GAS HYDRATE STABILITY AND 
MONITORING 

 
It has been uncritically generalized that decomposition of gas hydrate is an important 
process in nature at this point in geologic time. However, there is no geochemical 
evidence to support that contention in the Gulf of Mexico. If gas is observed venting 
from over buried gas hydrate, it is sometimes simply assumed that the vent gas is from 
decomposition of gas hydrate. However, there are few if any proven examples of 
geologically significant vent gas derived from gas hydrate decomposition. None are 
proven in the Gulf of Mexico slope. 
 
Vent gas is better interpreted as the starting material that gives rise to large accumulations 
of gas hydrate that are at present slowly increasing in size (Sassen et al., 2001b, c). Free 
gas is constantly migrating from depth and venting to the water column at all studied gas 
hydrate sites. The end-member gas is either thermogenic C1 to C5 hydrocarbons with oil 
(Sassen et al., 2001b) or is fossil biogenic methane (Sassen et al., 2003). Thermogenic 
gas hydrate (structure II) contains C1-C5 hydrocarbon gases and generally occurs at water 
depths >500 meters under typical conditions in the Gulf. Under typical conditions in the 
Gulf slope, methane hydrate (structure I) occurs widely at water depths >650 meters. 
 
It should be emphasized that the composition of vent gas from all sites thus far studied in 
the Gulf of Mexico slope is consistent with gas hydrate stability and slow accumulation 
in sediments over recent geologic time (Sassen et al., 2001e). If gas decomposition of 
gas hydrate is important, then vent gas would show a molecular distribution enriched in 
structure II gas hydrate-forming hydrocarbon gases. Vent gas from decomposition of 
structure II hydrate would show enrichment in ethane, propane, and isobutane. This 
molecular distribution is not observed, providing strong evidence that gas hydrate is not 
decomposing at a significant rate at typical gas hydrate sites thus far studied in the Gulf 
of Mexico slope. Instead, there is evidence at GC 185 that vent gas is preferentially 
“stripped” of hydrate-forming molecules (ethane, propane, isobutane) during migration to 
gas hydrate sites (Sassen et al., 2001b). Thus, the molecular properties of vent gas are 
consistent with a great subsurface thickness of gas hydrate beneath the sea floor sites. 
 
The geochemistry of vent gas supports models of the sub-surface depth and morphology 
of individual gas hydrate accumulations in the Gulf (Milkov and Sassen, 2003). The 
single largest gas hydrate accumulation in the Gulf of Mexico slope may be beneath the 
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shallow structure II gas hydrate so widespread in Atwater Valley 425 at ~1,930 meters 
water depth. The thickness of the gas hydrate vein-fillings in mud at the AT 425 site is 
suggested to be >1 kilometer. It is suggested that future study of gas hydrate as a 
potential alternative source of energy concentrate on the sites predicted to have the 
largest subsurface volumes of hydrocarbon gas that is concentrated as gas hydrate. 
Some decomposition of exposed or extremely shallow gas hydrate occurs but deeply 
buried gas hydrate is thought to be stable in the Gulf of Mexico slope over long spans of 
time. The models of gas hydrate stability in the Gulf of Mexico by Milkov et al. (2000) 
are widely accepted. There is an effect on hydrate stability predicted from changes in sea 
water temperature. It should be emphasized that the sediment has insulating properties, 
and changes of temperature in the water column are rapidly attenuated with depth in 
sediment (Milkov et al, 2000). 
 
Models suggest that gas hydrate is unstable only when exposed at the sea floor or at 
depths in sediment of less ~2 meters in sediment (Fig. 12). Field observations are 
consistent with the model that exposed or shallow gas hydrate is affected by changes in 
the temperature of sea water. The irregular surface of the sea floor at gas hydrate sites is 
partly the result of sediment deformation caused by cyclical gas hydrate crystallization 
and decomposition in only a thin layer nearest the sea floor. Thus, seismic evidence of 
gas hydrate instability is most likely to be observed in the top few meters nearest the sea 
floor whereas deeper sediment show little or no evidence of change on any short time 
scale. Moreover, speculations linking gas hydrate decomposition to significant geologic 
changes such as massive slope failures must be critically examined in the light of 
geochemical data. 
 
The 2002 JSL study sites with vent gas and outcropping gas hydrate are all similar. The 
GC 234, GC 232, and MC 118 sites are representative of all other discoveries of gas 
hydrate thus far made at the sea floor of the Gulf of Mexico slope. Subsurface migration 
over shallow salt and along faults focuses gas migration to specific sites at the sea floor 
that are connected to great depth in the sediment section. The known sea floor gas 
hydrate sites are each characterized by excess hydrocarbon gas that vents from the sea 
floor and enters the water column. Oil may coat the interiors of gas bubbles contributing 
to the natural oil slicks observed on the sea surface in association with many gas hydrate 
sites (Sassen et al., 2001b). The flux of vent gas at hydrate sites is extremely anomalous 
and can be detected by 38 kHz imagery of the sea floor and water column. A 
combination of shallow seismic data and 38 kHz imagery may prove to be the most 
effective tool for gas hydrate exploration in the Gulf of Mexico slope. 
 
Lastly, many seep and vent sites with abundant hydrocarbon gases lack gas hydrate in the 
Gulf of Mexico slope even though they are in the Gas Hydrate Stability Zone. Seismic 
amplitudes merely indicate seeps or artifacts that resemble seeps. Although VK 826 and 
MC 885 display obvious geophysical anomalies, no gas hydrate is present. The apparent 
lack of gas hydrate at the VK 826 and MC 885 sites may be partially attributed to 
insufficient hydrocarbon gas flux but the carbonate-rich sites are too shallow and warm 
for structure I or II gas hydrate to be stable. In addition, brines are present at both sites 
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that are likely to retard gas hydrate crystallization. The MC 709 is a major geophysical 
anomaly and may or may not contain any gas hydrate although there are areas with 
intermediate hydrocarbon flux within the GHSZ. The main reason for the lack of 
abundant gas hydrate at MC 709 appears to be brine poisoning. 
 

 
 
Figure 12. Gas hydrate stability curve showing that, at 450 m water depth, a warm eddy 
current may only cause thin-skin decomposition of gas hydrate. Exposed or shallow gas 
hydrate may be affected, but deeper gas hydrate (> 2 m in sediment) is thought to be 
largely insulated from transient temperature excursions. Diagram from Milkov et al. 
(2000). 
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ACRONYMS AND ABBREVIATIONS 
 
C1 = methane 
C2 = ethane 
C3 = propane 
C4 = butanes 
C5 = pentanes 
CO2 = carbon dioxide 
H2S = hydrogen sulfide 
PDB = PeeDee Belemnite standard used in carbon isotope measurements 
JSL = Johnson Sea Link research submersible 
GHSZ = Gas Hydrate Stability Zone 
AT = Atwater Valley protraction area of Gulf of Mexico 
GC = Green Canyon = 
VK = Viosca Knoll 
MC = Mississippi Canyon 
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Figure 1. Map showing locations of main study sites of the Gulf slope with gas hydrate 
(GC 234, GC 232, and MC 118) within a region of has hydrate occurrences, seeps with 
chemosynthetic communities, and subsurface accumulations of oil and gas. Other study 
sites used as control sites without gas hydrate are also shown (MC 709, MC 885, VK 
826). Hydrate map modified from Sassen et al. (2001a) and sites of chemosynthetic 
communities from MacDonald et al. (1996). 
 
Figure 2. A conceptualized north-south cross-section of central Gulf slope from the shelf 
to the abyssal plain is shown. Numerous geologically young basins formed by salt 
withdrawal pierce the slope salt thrust. The drainage areas of recently mature Mesozoic 
source rocks are deeply buried beneath the allochthonous salt. Fluids migrate upward 
through holes in the salt thrust (arrows). Within basins, salt and related faults provide 
conduits for vertical migration of fluids to reservoirs and to the seafloor. Hydrocarbon 
vents and seeps are focused by the structure near the rims of salt withdrawal basins. 
Modified from Milkov and Sassen (2001). 
 
 
Figure 3. Features of a typical gas hydrate mound (~ 2 m across) with gas vents and 
nearby chemosynthetic community of tubeworms (Sassen et al.,1999b). 
 
Figure 4. Photographs of tube worms and seep mussels from chemosynthetic 
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communities are shown. 
 
Figure 5. Summary diagram of the microbially-mediated carbon and sulfur cycles 
associated with hydrate-related chemosynthetic communities. These basic 
biogeochemical processes are generalized to occur at many other hydrocarbon vent, seep, 
gas hydrate, and chemosynthetic community sites globally. 
 
Figure 6. Photograph of structure II gas hydrate on a freshly exposed fault surface at GC 
234. Massive vein-fillings of gas hydrate are separated by deformed hemipelagic mud, 
and the base of the exposure is under cut by flow of free gas. Note scale bar. Photograph 
by C.F. Fisher. 
 
Figure 7. The 38 kHz image shows rapid gas venting to the water column from the GC 
234 site. 
 
Figure 8. The 38 kHz imagery shows gas venting to the water column from the sea floor 
at GC 232. 
 
Figure 9. The 38 kHz imagery of MC 885 with no gas vents resolved. 
 
Figure 10. Summary diagrams of molecular and isotopic data from GC 234. Data from 
Sassen et al. 2004. 
 
Figure 11. Typical C15+ gas chromatogram of crude oil from GC 234 showing advanced 
alteration from microbial oxidation. 
 
Figure 12. Gas hydrate stability curve showing that, at 450 m water depth, a warm eddy 
current may only cause thin-skin decomposition of gas hydrate. Exposed or shallow gas 
hydrate may be affected, but deeper gas hydrate (> 2 m in sediment) is thought to be 
largely insulated from transient temperature excursions. Diagram from Milkov et al. 
(2000). 
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ABSTRACT 
Natural gas hydrates occur on the sea floor of the Gulf of Mexico in outcropping mounds 

that also contain other minerals, such as carbonates, that have been precipitated by microbial 
activity. Temperature probes were inserted in one such mound and in the mud nearby by 
researchers from Texas A&M University and TDI-Brooks International, Inc.  Each probe 
contained two recording thermistors, one at the top to measure water temperature and one at 
the bottom to measure temperature in the sea-floor hydrate or mud. Measurements and time-
lapse photos were taken over about 11 months. Preliminary results of the experiment: 

 show no dramatic changes in the size or shape of the mound or in the amount of 
gas being vented. 

 Include mean temperatures of 7.87oC in the water and 7.81oC in both hydrate 
and mud. 

 Temperatures in hydrate and mud lag behind water temperatures. 
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INTRODUCTION 
Natural gas hydrates occur on the sea floor of the Gulf of Mexico in outcropping mounds that 
also contain other minerals, such as carbonates, that have been precipitated by microbial 
activity. Temperature probes inserted into such mounds have been used to collect data that can 
help define the extent of the hydrate stability zone (HSZ).  This study was designed to explore 
locations and shifts in the HSZ at several sites of documented hydrate occurrence in the 
northern Gulf of Mexico. Measurements and time-lapse photos were taken over about 11 
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months.  Further analysis is expected to advance efforts to model and understand the thermal 
response (i.e. thermal conductivity) of exposed hydrate deposits. 

Gas activity also has been observed, acoustically, by depth sounders mounted on 
surface vessels and by current meters located on the sea floor. Warm-water eddies detach from 
the principal current in the Gulf of Mexico, the Loop Current, and drift westward along the 
Louisiana-Texas continental slope causing increases in bottom-water temperature that have 
been observed to coincide with increases in gas activity.  

 
 

EXECUTIVE SUMMARY 
Natural gas hydrates occur on the sea floor of the Gulf of Mexico in outcropping mounds 

that also contain other minerals, such as carbonates, that have been precipitated by microbial 
activity. Temperature probes were inserted in one such mound (fig.4-1) and in the mud nearby 
by researchers from Texas A&M University and TDI-Brooks International, Inc.  Each probe 
contained two recording thermistors, one at the top to measure water temperature and one at 
the bottom to measure temperature in the sea-floor hydrate or mud. Measurements and time-
lapse photos were taken over about 11 months. The temperature measurements are presented 
graphically in fig.4-2. Preliminary results of the experiment are: 

1) Photos show no dramatic changes in the size or shape of the mound or in the amount 
of gas being vented. 
2) Mean temperatures were 7.87oC in the water and 7.81oC in both hydrate and mud. 
3) Temperatures in hydrate and mud lag behind water temperatures. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-1. Temperature probe in a hydrate mound. 
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Figure 4-2. Temperature measurements from hydrate mound 
 
 
 Further analysis is expected to advance efforts to model and understand the thermal 
response (i.e. thermal conductivity) of exposed hydrate deposits. 

Gas activity also has been observed acoustically by depth sounders mounted on surface 
vessels (fig.4-3) and by current meters located on the sea floor (fig.4-4). Warm-water eddies 
detach from the principal current in the Gulf of Mexico, the Loop Current, and drift westward 
along the Louisiana-Texas continental slope. These cause increases in bottom-water 
temperature that have been observed to coincide with increases in gas activity (fig.4-5).  
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Figure 4-3. Fathometer image of gas seep 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 4-4. Device for measuring gas from seeps 
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Figure 4-5. Temperature and gas activity During passage of Loop Eddy 
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EXPERIMENTAL 
OVERVIEW OF TEMPERATURE LOGGER DEPLOYMENTS/RECOVERIES AT “BUSH 
HILL” ON 6-14 JUNE CRUISE 
 
 Sixteen (16) Antares temperature loggers (thermistors) were previously deployed in 
July 2001 at “Bush Hill” and at GC-233/234 using the Johnson SEA-LINK during dives funded to 
Dr. Ian MacDonald.    Eight (8) temperature loggers were placed in four (4) short PVC probes 
(each of which could hold two thermistors) which were placed in hydrate or sediment.  Two (2) 
of these hydrate probes were placed on “Bush Hill” and two (2) were placed in GC-233 hydrate 
areas.  The remaining eight (8) were placed in two longer probes and inserted into a brine pool, 
but only four of these will be recoverable due to a mishap during deployment.   
 This report describes the recovery of the two (2) sets of probes from “Bush Hill” and the 
deployment of two new probes during this 6-14 June cruise.   Additional probes were recovered 
and re-deployed on a subsequent SEA-LINK cruise on 1-22 July 2002. 
 Thermistor Probes 1 and 2 were recovered from Bush Hill (GC-185) during Dive 
#4416, and temperature data from Antares data loggers #33, 34, 41 and 42 was removed and 
downloaded.  15,693 data points were collected over the period of deployment from 7/16/01 to 
6/8/02, with a sampling frequency of 30 minutes.  Probe 1 had been placed in hydrate, with 
thermistor #33 buried 7-cm into a hydrate drill hole and thermistor #34 exposed to the water 
(Fig. 4-6).  Probe 2 was positioned so that thermistor #42 was buried in 49 cm of sediment and 
thermistor #41 was exposed to the water (Fig. 4-7). 
 

 
   Fig. 4-6.  Graph of temperature data from Thermistor Probe 1. 
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Fig. 4-7.  Graph of temperature data from Thermistor Probe 2. 

The thermistors were recovered in good condition, except for one which had some corrosion on 
the case.  The batteries were still holding charge, but as they had been running for nearly a full 
year it was decided that replacing them would be prudent.   
 Five (5) new data loggers were provided for redeployment during the 6-14 June SEA-
LINK cruise.  The thermistors were #88, 89, 91, 102 and 103.  During an inspection of the 
thermistors and a check of the setup, #103 stopped working.  It was able to record data and be 
recognized by the download cradle, but after the date/time was reset it suddenly deactivated 
and was unresponsive after that.  The other loggers worked perfectly.  They were calibrated 
during Dive #4416 by activating them to sample once a second and placing them in a bucket 
attached to the submersible. 
 Probes 7 and 8 (of the same design as Probes 1 and 2) were deployed during Dive 
#4419 on 6/9/02.  Probe 7 contained thermistors #88 (bottom) and 89 (top), and Probe 8 
contained thermistors #91 (bottom) and 102 (top).  The loggers were started at 06:00 on 6/9/02, 
sampling every 70 seconds for 1,242 hours (the maximum allowed by the internal memory), 
lasting until 8/1/02 at 00:00.  The Johnson SEA-LINK submersible placed the probes in two new 
holes in the same hydrate mound that Probe 1 had been deployed in previously.  Probe 7 was 
inserted 8 cm into the drill hole, but Probe 8 was only able to penetrate about 6 cm into the 
second hole.  Probe 8 was later removed from that hole during Dive #4421 on 6/11/02 and 
redeployed 16 cm deep in sediment adjacent to an active methane and oil bubble stream.  These 
probes will be recovered during the July 2002 SEA-LINK cruise and will provide a short-term, 
high-frequency sample to accompany the long-term, low frequency data obtained from the 2001 
thermistor deployment. 
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FIELD REPORT JOHNSON SEALINK CRUISE 2001 
During the JSL 2001 LEXEN cruise we deployed a total of 16 ANTARES High 

Resolution Temperature Data Loggers, or thermistors, on the sea floor in the Gulf of Mexico. 
These are titanium-cased cylindrical temperature sensors, 185 mm long, 120 g in weight, with 
an internal 3 V DC battery. The main body of the thermistor is 15 mm in diameter, and the 
sensor is at the tip of a 20 mm long x 1 mm diameter projection, which extends out of the 
center of one end. They are pressure rated up to 9000 psi and have a measuring range of -
20°C to 50°C (-4 F to 122 F), with +/- 0.1°C accuracy. The internal memory can hold up to 
65000 data points, and the sampling interval is programmable using an ANTARES type 1855 
Datalogger Programming Station and ANTARES WinTemp software. The programming 
station connects to a PC through a RS232 port, using a null modem cable, and holds the 
thermistor in a springloaded clamp. Galvanic coupling between the thermistor and the station 
allows both programming and data readout. 

All 16 thermistors that were brought on the cruise (numbered 33 through 48) were 
calibrated by sending them down on Dive #4306 in bucket #3 on the submarine. They were 
activated at 07:00 on 7/4/01, collecting temperature data every 10 seconds for 5 hours. Data 
was collected on the return of the 
submarine and placed in an Excel spreadsheet. The data was interpreted using preset 
calibration files from ANTARES, and analyzed using S-Plus 2000 software. The calibration 
files for thermistors 45 and 48 were corrupted, so new ones were made using an old 
calibration file for thermistor 31 as a template. Each thermistor's temperature data was plotted 
against temperature data from another thermistor using a linear least squares fit, using 
thermistors that would be deployed together in a probe. A linear regression was then 
performed to calculate the standard error. The linear coefficients ranged from 0.9923 to 1.021 
and the standard error varied from 0.0005 to 0.0017. The mean linear coefficient was 1.003, 
and the mean standard deviation was 0.001. (See attached data) 

Each individual thermistor was placed inside a probe constructed of a hollow tube of 
Schedule 40 PVC. There were six probes constructed, in two configurations: four 
hydrate/sediment probes which were shorter, containing only two thermistors (Figure 4-8), and 
two longer brine pool probes which held four thermistors each (Figure 4-9). The short probes 
were about 55 cm long, with a 45 cm shaft and a T-pipe threaded onto the end. One 
thermistor was in the bottom of the tube, held in by a beveled plug on the bottom and a 1/4" 
nylon bolt threaded through the pipe above the other end of the thermistor. The tip of the 
temperature sensor fit into a hole in the plug and projected about 1 mm beyond the surface of 
the cap. The thermistor on top was also held up by a bolt, and extended through the T-pipe, 
with a spacer of plastic tubing between the edge of the thermistor and the small hole in the 
top, through which the sensor tip protruded about 1 mm. A plastic float covered with a strip of 
reflective tape was attached to the T-pipe end of the probe with a short length of 
polypropylene line. 

All of the thermistor deployments during the JSL 2001 LEXEN cruise are summarized 
in Table 1. The short probes were labeled one through four, and deployed on the sea floor. 
These probes were designed to be pushed into the sediment by the robotic arm of the 
submarine, or inserted into the drill holes left in the hydrate surface after collecting hydrate 
samples. This will allow temperature readings to be collected from the interior of the hydrate 
or sediment, and simultaneous readings to be taken from the ambient seawater. Probes #3 
(containing thermistors 46 and 47) and #4 (containing thermistors 35 and 36) 
were activated at 05:00 on 7/6/01, sampling every 30 minutes for 32,500 hours (the maximum 
number of data points). They were deployed at the GC 234 site on 7/6/01 during Dive #4310. 
Probe #3 was wedged about 10 cm into a hydrate drill hole, while Probe #4 was thrust about 
49 cm into the sediment, up to the bottom of the T-pipe (see Figure 4-10). 
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Figure 4-8. Short thermistor probe. From left: Assembled PVC probe, 
two thermistors showing relative position in probe, and meter scale. 

Probes #1 (containing thermistors 33 and 34) and #2 (containing thermistors 41 and 
42) were activated on 7/16/01 at 13:40, sampling every 30 minutes for 32,500 hours. Dive 
#4325 planted them on the seafloor at Bush Hill, but both thermistors were in hydrate drill 
holes. Dive #4327 repositioned Thermistor #2 so that it was pushed fully into the sediment 
next to the hydrate mound. 

The probes intended for the brine pool were constructed of three individual PVC pipes, 
joined by slightly larger diameter pipe, which was glued with PVC cement and bolted together. 
Fully assembled, the probes were about 1.385 meters long. The first long probe constructed, 
Probe #5, had thermistor #45 at the bottom extending through the beveled plug and braced by 
a nylon bolt. Thermistor #44 was in the middle section, which was open to the water through a 
T-connector, which joined that section of PVC pipe to the bottom segment. The top section, 
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which had the beveled plug facing upwards, contained thermistor #43. A plastic spring-loaded 
handle was clamped to the top section, and a length of rope attached to a yellow plastic float 
ball on one end and a 25 lb. weight attached to the other end, was fed through it. Thermistor 
#48 was attached to the float. The weight was screwed to a wooden plate in order to prevent it 
from sinking into the mud bottom of the brine pool. When the submarine's arm closed on the 
handle, it could let out more slack on the line and move the probe up and down in relation to 
the weight. This way Probe #5 could be deployed in the brine pool at a certain depth and 
measure the temperature below the brine surface, at the brine/seawater interface, at the 
ambient water level, and at the level of the float. The thermistors were all activated at 01:20 
on 7/9/01 and set to record a sample every 30 minutes for 32,500 hours. Probe #5 was 
deployed during Dive #4319 on 7/14/01. Unfortunately, the slope of the brine pool edge was 
steeper than anticipated: when released, the probe slid below the brine entirely, and 
is too deeply submerged in the pool to be retrieved. 

Probe #6 was constructed to replace #5, and it had a similar design. Thermistor #40 
was at the bottom, and thermistor #38 was in the middle segment, extending into a T-
connector. However, the top section is constructed like the smaller probes, with the beveled 
plug facing downwards and a T-pipe on top. Thermistor #37 extended through the plug into 
another T-connector, and thermistor #39 extended through the T on top, with a plastic tubing 
spacer keeping only 1 mm of the sensor tip protruding beyond the probe surface. Another 
spring-loaded handle was attached to the top section. In order to prevent this probe from 
meeting a fate similar to that of #5, two 25 lb. weights were attached to the bottom plate to 
better anchor it, and a longer rope was strung between the float and the weights. The 
thermistors were activated at 14:40 on 7/14/01, sampling every 30 minutes for 32,500 hours. 
This probe was deployed successfully during Dive #4321, but it is in a shallow area of the 
brine pool and thus not recording the full range of temperatures anticipated. Only thermistor 
#40 is submerged in the brine. 

 

Figure 4-9. Long probe prior to deployment on Sea Link. 
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Figure 4-10a. Thermistor probe deployment at GC 234. Probe #3 is in the foreground, in a 
hydrate drill hole, Probe #4 is being pushed into the sediment by the robotic arm. Figure 4-10b 
shows the final position of Probe #4. An agar plug is shown in the left foreground. 

 



 240



 241



 242



 243



 244



 245



 246



 247



 248



 249



 250



 251



 252



 253



 254



 255



 256



 257



 258



 259



 260



 261



 262



 263

 



 264



 265

Task 5: Gas Hydrate Formation and Decomposition in Ocean Sediments 
Laboratory Experiments with Hydrated Sediments 

 
 
 
 
 
 

Final Report 
March 2003 

 
 
 
 
 
 

Principal Investigator:  R. E. Rogers 
 
 
 
 
 
 

DOE Award DE-FC26-00NT40920 
 
 
 
 
 
 
 

Mississippi State University 
Box 9595 

Swalm School of Chemical Engineering 
Mississippi State, MS 39762 



 266

 
 
 

ABSTRACT 
 

Gas hydrate induction times and formation rates in seawater-saturated sand/clay packs 
are catalyzed in the laboratory by a few ppm of biosurfactants.  To determine if biosurfactants 
are indigenous to sediments near Gulf of Mexico gas-hydrates, such sediment samples were 
analyzed for catalytic effects on hydrate formation.  This work addressed some relationships of 
biosurfactants, sand, and clays with gas hydrate formation rates, induction times, and form 
(dispersed, nodular, stratified, massive), relating these factors to gas hydrate occurrence in 
GOM sediments. 
 Included are two electron microscope views of the tube walls of a tube worm and of a 
biopolymer on the surface of sand. 
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EXECUTIVE SUMMARY 
 
 Evaluation was continued of biosurfactant effects on gas hydrate formation. 
 Although the biopolymer Emulsan does not form micelles, it promotes gas hydrate 
formation on bentonite surfaces.  Emulsan does not promote hydrate formation on sand 
surfaces.  Apparently, the large Emulsan polymer uncoils to spread over the bentonite surface, 
orienting hydrophilic and hydrophobic groups to associate hydrocarbon gases in nucleation 
centers on the polymer.  A photomicrograph suggests that the orientation is not favorable if 
Emulsan spreads over a sand surface. 
 GOM sediment samples from hydrate mounds showed a correlation of hydrate 
formation rate with particle size of the media.  Additional extensive tests are needed to 
determine if biosurfactants adsorb on GOM sediment surfaces in sufficient quantities to catalyze 
gas hydrate formation.   
 GOM sediments, tube worms, and commercially-available biosurfactants were 
analyzed during the report period to determine effects on seafloor gas hydrates. 
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I.  INTRODUCTION 
 

While searching for a surfactant to retard gas hydrate formation, Bishnoi first reported a 
catalytic effect of some surfactants on gas hydrate formation (1).  Zhong and Rogers (2) first 
reported not only the catalytic effect of some anionic surfactants on hydrate formation but the 
additional facilitation of self-packing hydrates on metal surfaces as they form and complete 
reaction of interstitial water.  These properties have been incorporated into a conceptual design 
of a large gas-storage facility (3), and DOE is currently sponsoring a scale-up of the design for 
industrial gas storage. 
 Vysniauskas and Bishnoi developed Equation 1 with data taken from a chilled, 
hydrocarbon-gas and water, stirred system.  The vigorous stirring continually renewed the gas-
water interfacial boundary to prevent hydrate barrier films from developing (4). 
 

)1(....................)/exp()/exp( γPbTaRTaEsAar ∆−∆−=  
 
 Significantly, Equation (1) was found to also apply to a non-stirred, anionic-surfactant 
water solution in which the hydrates migrate and adsorb on the surface of a metal at the water-
gas interface (2).  The migration of forming hydrate crystals clears the water surface of any 
hydrate film and gives about the same rate of formation as when vigorously stirred.  Whether by 
mechanical stirring or by crystal migration, the reacting surface is kept clear of a barrier film; 
mass transfer is not a rate-limiting factor in either case. 
 The results of the synthetic surfactants on the gas storage process suggested a study 
of the effect of biosurfactants on hydrate formation in sea floors.  There, water-borne microbes, 
in order to feed on the organic matter in ocean-floor sediments, would be expected to produce 
biosurfactants to make that insoluble matter accessible.  Consequently, those biosurfactants 
could catalyze gas hydrate formation.  Results of our investigation address the possibility.   
 
Statement of Theory and Definitions.  In the gas storage process, the surfactant's catalytic effect 
on gas hydrate formation is caused by the formation of surfactant micelles.  The sodium dodecyl 
sulfate (SDS) anionic surfactant used in the gas storage process forms a micelle.  The 12-
carbon alkyl groups form a spherical micelle that solubilizes hydrocarbon gases (5).  Water 
associates around the periphery of the micelle in close proximity to the solubilized gas.  Thus, 
micelles act as nucleation sites for hydrate crystals.  The threshold concentration of surfactant 
to form micelles occurs at the critical micellar concentration (CMC), and this CMC is traditionally 
measured by surface tension at ambient conditions.  Because CMC is difficult to determine by 
surface tension at hydrate-forming conditions, hydrate induction time has been developed as a 
precise means of that measurement (2).  For a rhamnolipid surface-active agent in distilled 
water, the CMC was found to decrease by a factor of about 11.2 from ambient conditions to 
hydrate conditions. 

The hydrocarbon-gas-laden micelles are evenly distributed throughout the water.  
Therefore, crystallization can commence in the water subsurface.  The buoyancy of the 
developing hydrate crystal moves it through the bulk of the free water to the liquid-gas interface, 
and the affinity of the surfactant to the cold metal surface facilitates movement of surfactant and 
attached hydrate crystal to adsorb on the metal surface (2).   
 This interesting laboratory phenomenon with synthetic surfactants could be important 
in the formation of gas hydrates in ocean sediments, where microbial action is reported to be 
prolific in the vicinity of gas hydrates in the Gulf of Mexico. 

Biosurfactants fall into five classifications: (1) hydroxylated and crosslinked fatty acids, 
(2) polysaccharide-lipid complexes or polymers, (3) glycolipids, (4) lipoproteins-lipopeptides, 
and (5) phospholipids (6; 7).  They are named according to their hydrophilic groups: 



 270

carboxylates, saccharides, glycoproteins, peptides and phosphates (7).  The common 
hydrophobic group is the long-chain fatty acid.  Samples that are available commercially from 
each of the five classifications were used in the experimentation.   

Consequently, laboratory tests were made under the subject DOE grant and reported in 
the previous year's Final Report.  A summary of these results is as follows. 

 
Biosurfactant Effects on Induction Times.  Surfactin, a lipoprotein-lipopeptide classification, in 
the presence of bentonite reduced the induction time drastically, shortening the time for hydrate 
initiation by 71% from the control in which no biosurfactant was present.  Rhamnolipid, a 
glycolipid, also reduced induction time substantially, decreasing it about 58% from the bentonite 
control; the fatty acid exhibited a similar influence.  Phospholipids and polysaccharide-lipid 
complexes (Emulsan and Snomax) reduced the induction times 20% to 44% from the bentonite 
control 

With kaolin present instead of bentonite, some different reactions occur.  Rhamnolipid 
has the greatest positive effect, reducing the time by about 66% over the kaolin control.   With 
fatty acid in the presence of kaolin, no hydrates formed.  These results indicate that 
biosurfactant can determine the residence time required for hydrates to form from a gas 
migrating through the hydrate zone of the ocean floor, and that the induction time is affected by 
the biosurfactant and specific sand, bentonite, or kaolin surface present.   
 
Biosurfactant Effects on Formation Rates.  Although in the absence of a biosurfactant, kaolin 
reduces hydrate formation rates compared to when bentonite is present, kaolin further reduces 
hydrate formation rate in the presence of Surfactin, phospholipids, Snomax, and Emulsan.  An 
exceptional effect was observed in the case of rhamnolipid.  A 16-fold increase of rate occurred 
when rhamnolipid solution was saturating the pack that included kaolin.  With bentonite in the 
pack, the Surfactin biosurfactant increased hydrate formation rate about 4-fold, but kaolin-
Surfactin interaction suppressed the rate increase.   

Our tests also indicate that only small amounts of biosurfactant may be necessary to 
affect gas hydrate formation in the sea floor.  The CMC of rhamnolipid in seawater at hydrate 
conditions was determined to be only 13 ppm for the 25% active rhamnolipid sample used in the 
tests. 
 
Experimental Method.  To meet the objectives of the experimental work, it was necessary to 
compare hydrate formation rates of samples containing the various biosurfactants and to 
observe visually any specificity the biosurfactants exhibited toward solid surfaces as evidenced 
by gas hydrate formation appearances. 
 The experimental apparatus was designed to allow determining induction times and 
gas-occlusion rates, parameters that define gas hydrate formation rates.  Also, the apparatus 
was designed to allow visual observation of hydrate formation. 
 Stainless steel test cells were provided with pressure transducer, RTD temperature 
sensors, and visual access.  One means of visual access was a two-inch thick, four-inch 
diameter quartz viewing port in the top of a test cell.  The second visual access came from two 
sapphire-sealed viewing ports that allowed borescope image capture and fiber-optic light entry.  
Samples were placed in the test cells, test cells were placed in a cold environment, and 
temperature-time-pressure recorded with an Omega data-acquisition system.  
 An induction time for the system was defined as the time to cool the sample from the 
equilibrium temperature to hydrate initiation.  Hydrate initiation was indicated by pressure drop 
at constant temperature.  The equilibrium pressure-temperature curve for the given gas 
composition was calculated using the CSMHYD program (24).  Because beginning pressure-
temperature combination before cooldown and rate of cooldown were maintained constant, 
relative values of induction times for all runs could be made. 
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In order to calculate the rate of hydrate formation, the Peng-Robinson equation of state was 
used to determine moles of gas occluded into hydrates from a known constant cell volume and 
recorded pressure/temperature.  Temperature-pressure-time data were collected every 20 
seconds. 

Gulf of Mexico seawater was used in all experimental runs.  A natural gas of 90.0% 
methane, 6.0% ethane, and 4.0% propane was used for all runs.  Combinations of sand, 
bentonite or kaolin were used for the porous media.   
 

II.  RESULTS AND DISCUSSION 
 
Electron Microscope Photographs.  Emulsan was found to catalyze gas hydrate formation in 
porous media, especially in the presence of bentonite.  To help understand the mechanism, 
consider some of the properties of Emulsan, bentonite, and sand that might account for different 
reactions. 

Emulsan is a bioemulsifier originating from the Acinetobacter calcoaceticus oil-degrading 
bacterium, and falls within the biosurfactant general classification of polysaccharide-lipid 
complexes.  The biopolymer's molecular weight is approximately 980,000.  As a polyanionic 
heteropolysaccharide bioemulsifier, it is effective in removing and emulsifying oil films (16; 17; 
18; 19).  Despite not significantly lowering surface tension, it is a powerful oil-in-water emulsion 
stabilizer- the large molecule covers the surface of the suspended oil drop to prevent 
coalescence.  Emulsan does not form micelles, however, its separate hydrophobic-hydrophilic 
moieties could serve to unite the water and the host hydrocarbon to promote hydrate formation.   
 Sand has a negatively charged surface, whereas the bentonite has positive sodium 
ions situated at the edge of the clay platelet (a platelet consists of three layers ordered as silicon 
tetrahedra, aluminum octahedra and silicon tetrahedra), and in the accessible area between 
bentonite platelets positive sodium ions connect the negatively-charged platelets.  One might 
expect, therefore, that the anionic biosurfactants would attach to the positive sites of bentonite 
but be repulsed, to some extent, from the sand surfaces.  This anticipated result is verified with 
gas hydrate experiments where hydrates are usually catalyzed on the bentonite surfaces in the 
presence of biosurfactants. 
 Although Emulsan does not form micelles, its large molecules help bring the 
hydrocarbon gases and water to a common hydrate nucleation site.  Ordinarily, this long-
stranded biopolymer might resemble a tangled thread, yet it has been characterized as 
unfolding to orient hydrophobic groups on an oil-drop surface while positioning its hydrophilic 
groups into the surrounding water.  Probably, the molecule unfolds and spreads on the 
bentonite surface in a similar manner to facilitate hydrate formation. 
 In Figure 1 is a photograph from an electron microscope showing the surface of a sand 
particle after being exposed to an Emulsan-water solution.  Seen on the sand surface are some 
crystals of salt and a fibrous web of a partial coating that is probably Emulsan.  It is possible that 
unfolding and spreading of the Emulsan polymers occur on the sand as well as the bentonite, 
but the orientation of hydrophobic-hydrophilic groups on the sand is such to not promote hydrate 
formation. 
 In Figure 2 is a photograph from an electron microscope showing the surface of a tube 
worm taken from near a gas hydrate mound in the Gulf of Mexico.  Note the fibrous nature of 
the walls of the tube where one column is broken to reveal a panel-like mass.  Hydrates would 
not form on the tube worm mass in the laboratory. 
 
Evaluation of Gulf of Mexico Sediments Near Gas Hydrates.   In the only reported analysis of 
sediments around or in gas hydrate mounds in the Gulf of Mexico to identify bacteria, the parent 
microbes that produce Surfactin and rhamnolipid were found by Lanoil, et al, (15).  It is 
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significant that the biosurfactants of these two bacteria gave the most pronounced effects on 
gas hydrate formation in the laboratory tests reported here. 
 Four samples of sediments from gas hydrate fields in the northern Gulf of Mexico were 
analyzed for any associated catalysis effects on gas hydrates.  In each case the dried 
sediments were mixed with sand to restructure a porous media sample containing 10% of the 
sediments.  The mixture was reconstituted with seawater from the Gulf of Mexico, and hydrate 
formation rates calculated from laboratory data.   

The results were compared to two control tests where one test included only sand and 
the second control included the sand saturated with 1000 ppm rhamnolipid in seawater.  The 
relative formation rates are presented in Figure 3.  Two of the samples indicated no effect on 
gas hydrate formation (Samples 4234A and 4236), whereas two samples (4234B and 2904) 
indicated an increased formation rate.  The control with rhamnolipid biosurfactant surpassed all 
samples with a high formation rate of hydrates.  The sediment samples were analyzed for 
particle size distributions and percentages of sand, silt, and clays.  In Figure 4 is shown the 
percentage in each sediment of particles with sizes >1 mm.  A correlation is suggested by 
comparing Figures 4 and 3; higher hydrate formation rates occurred with those sediments 
composed of larger particles.   

 
 
 

 
III.  CONCLUSIONS 

 
Biosurfactants must fall into one of five classifications.  By testing commercially available 

samples from each of the five classifications, some notable effects on gas hydrate formation in 
seawater-biosurfactant saturated sand/clay packs resulted.  Hydrate induction times and 
formation rates were generally enhanced by the biosurfactants, and in many cases (especially 
rhamnolipid and Surfactin) the enhancements were very large.  The fatty acid retarded 
(bentonite) or prevented (kaolin) hydrate formation, the only classification that did so.  The 
biosurfactant effect may occur even at low concentrations; for example, the CMC of rhamnolipid 
was reduced to 13 ppm at hydrate-forming conditions.   

Investigations on GOM sediment samples show a correlation of hydrate formation rate 
with sediment particle size; higher rates are associated with larger particle sizes. 

Analysis of tube worms from around GOM hydrate mounds showed hydrates would not 
form on the tube surfaces.  Photomicrographs of the tube walls showed a very fibrous structure. 

Emulsan biopolymer is indicated to spread over bentonite surfaces in such a way as to 
help concentrate hydrocarbon gases for hydrate nucleation. 
 
 
NOMENCLATURE 
 
∆T = degree of supercooling below equilibrium 
T = absolute temperature of system 
P = pressure of system 
γ = overall order of reaction with respect to pressure 
a,b = constants 
A = lumped pre-exponential constant 
as = surface area of gas-water interface  
∆Ea  = activation energy for hydrate formation 
R = universal gas constant           
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Figure 1.  Photomicrograph Emulsan on Sand 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Photomicrograph Tube Worm's Tube Wall 
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Figure 3. Relative Formation Rates with GOM Sediments.
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Figure 4. Particle Size Distribution of Sediment Samples.
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 Abstract 
 Result to date are described in building and deploying an in situ methane sensor to 
explore for and characterize ocean bottom methane seeps associated with gas hydrates and 
subsurface petroleum accumulations. A Raman detector has been built and tested and, to date,  
found not to possess the required sensitivity for this task except in areas of large scale gas 
venting.  Initial tests on the commercially available METs sensor have not been promising to 
date, although sea trials in March off Victoria B. C. will be used  to field test the most recent 
version of the instrument. Because of these limitations. Work was begun to build an underwater 
mass spectrometer for this purpose. The advantages of this instrument, the present state of 
technology, and a possible design are described. Sources of initial funding obtained for this 
work are described along with proposals still pending. Work has begun on building the  MS 
instrument. 
 New analytical procedures for characterizing biodegraded seep oils from both the Gulf 
of Mexico surface seep and hydrate oils and Santa Barbara Coal Oil Point seep oils are 
described. The most promising technique in two dimensional gas chromatography (2DGC) 
which rapidly gives quantitative data on individual oil components. This is a very large 
breakthrough since these oils were previously not very useful for quantitative analyses. These 
results may allow better coupling of surface seep geochemical data with subsurface reservoir 
data so that seep geochemistry could become a much better exploration tool than has 
previously been possible. 
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Introduction 
Natural oil and gas seep zones associated with seafloor gas hydrate zones in the Gulf of 

Mexico show very large variations in a number of chemical species associated with venting over 
very small distances. This natural variability will present major problems for appropriate siting of 
a monitoring station to follow gas venting as it relates to resource evaluation and hydrate 
formation and destruction over time. The major accomplishments of our research group in 
addressing this problem has been two-fold this year: 

1) development of a suitable methods for in situ measurements of  methane and other 
light hydrocarbon concentrations issuing from active vents and 

2) development of methods for relating biodegraded oils found in hydrates and seeps to 
both their parent oils and to the degree that they have been affected by various alteration 
processes, including biodegradation, water washing, and gas washing.   

  
The  longer term  goal of the project is to integrate  these measurements with geophysical data 
to determine the amounts and compositions of subsurface  hydrates and hydrocarbon in 
reservoirs for use both as an exploration tool and as means of quantitating the amounts of  gas 
either trapped or flowing through the complex sedimentary hydrate-gas flow network (Fig 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
Figure 1: Summary of all gas seep related processes observed in Green Canyon area in the 
northern Gulf of Mexico (location shown in Fig 1). The processes shown include thermogenic oil 
and deeper gas generation (to the left) and biogenic methane generation (to the right). Gas from 
either source migrates upward either rapidly through faults and fractures or more slowly by 
diffusion through sediments into overlying oil and gas reservoirs.  Most of the gas bypasses the 
reservoirs and continues its upward migration to the sediment water interface where it can form 
gas (methane) hydrate deposits (shown in white) or can be vented into the overlying water 
column. If methane concentrations do not reach saturation, the gas in the dissolved phase is 
largely biodegraded to carbon dioxide in the water column.  When methane reaches saturation 
in sea water, gas bubbles form and migrate upward. Oil can coat the bubbles and be delivered 
into a sea surface oil slick (see Leifer et al., this volume).  If bubbles survive to within 100m of 
the surface, methane can be vented to the atmosphere. Chemosynthetic communities of 
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animals, shown with pink dots, tend to congregate on surfaces of gas hydrates and within 
bacterial mats near surface sediment  gas seeps. 
 
 
 
 
 

The geochemical data to be collected  in the initial field study proposed here and from 
the longer term monitoring station  measurements will provide  basic  information needed to 
assess the resource potential of  seafloor gas hydrates in the Gulf of Mexico. These data 
address three basic questions: 1) rate of formation and long term stability of the hydrates; 2) 
their rate of destruction via  interaction with the surrounding biological communities which are 
probably dependent on hydrocarbons as a food source; and 3) rates of hydrate formation and 
destruction from gas seeping upward from depth and venting into the overlying water column. 
The specific long term measurements  to be carried out, if they prove  useful in this initial field 
work,  include changes in salinity, temperature, methane, fluorescence (related to amount of oil 
and microorganisms), and possibly pH, turbidity, and sulfate.  All of these parameters relate 
directly or indirectly to either gas hydrate stability or to the biogeochemistry of gas hydrates and 
seeping gas. In addition, discrete water samples must be collected periodically to monitor 
changes in gas compositions and isotopes.  

This initial data and the longer term continuous measurements from the monitoring 
station will answer several basic questions regarding seafloor gas hydrates in the Gulf of Mexico 
which are important in assessing their long-term resource potential: 

 
What  are the effects of long term venting of gases and fluids from depth on seafloor 

hydrate formation and destruction? Are these gas hydrates a relatively fixed and reliable 
resource, which can be produced? Or do  they represent only a localized and ephemeral 
phenomenon dependent on the degree of localized gas flux and  the related degrees of  
microbial  cycling of sulfur and carbon? 

 
How much of gas from  the hydrates or from the gases venting through them might actually 

be available as a future potential resource? 
 
 How does the very dynamic  biogeochemistry  and presence of sulfur within and around 

the hydrate zone affect  the resource potential of methane from hydrates? How localized 
is gas venting from or through  hydrates and how is it affected by the biological 
processes?  How does gas venting interact with microbial processes of methane 
production versus utilization, sulfate reduction versus sulfur oxidation? What other 
microbial processes are operating and how do they affect methane resource potential 
from the surface gas hydrates? 

 
Seafloor hydrates recovered during the Aug 2000 cruise had a strong disagreeable odor 

caused by sulfur compounds. What is the chemical form of the sulfur and does it affect 
the economic viability of seafloor hydrates as a potential fuel source? 

  
If the upward flow of gas is on-going and hydrates are continuously being formed and 

destroyed, then seafloor hydrates might be a self-renewing energy source and any 
disruption caused by their seafloor mining might be minimal. 

  
Can gas hydrates be mined from the seafloor with minimal disruption of the 

biogeochemistry of animals and organisms dependent on them?  
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Executive summary 
Natural oil and gas seep zones associated with seafloor gas hydrate zones in the Gulf of 

Mexico show very large variations in  a number of chemical species associated with venting  
over very small distances. This natural variability  will present major problems  for  appropriate 
siting of a monitoring station to follow gas venting as it relates to resource evaluation and 
hydrate formation and destruction over time. The major accomplishments of our research group 
in addressing this problem has been two-fold this year: 

1) development of a suitable methods for in situ measurements of  methane and other 
light hydrocarbon concentrations issuing from active vents and 

2) development of methods for relating biodegraded oils found in hydrates and seeps to 
both their parent oils and to the degree that they have been affected by various alteration 
processes, including biodegradation, water washing, and gas washing.   

  
The  longer term  goal of the project is to integrate  these measurements with geophysical data 
to determine the amounts and compositions of subsurface  hydrates and hydrocarbon in 
reservoirs for use both as an exploration tool and as means of quantitating the amounts of  gas 
either trapped or flowing through the complex sedimentary hydrate-gas flow network 
 
 The geochemical data to be collected  in the initial field study proposed here and from 
the longer term monitoring station  measurements will provide  basic  information needed to 
assess the resource potential of  seafloor gas hydrates in the Gulf of Mexico. These data 
address three basic questions: 1) rate of formation and long term stability of the hydrates; 2) 
their rate of destruction via  interaction with the surrounding biological communities which are 
probably dependent on hydrocarbons as a food source; and 3) rates of hydrate formation and 
destruction from gas seeping upward from depth and venting into the overlying water column. 
 

Progress in development o reliable  in situ methane sensor: 
 

 Raman Sensor and testing of METs sensor Funding was obtained from NOAA  to build  
a combined METs-Raman methane sensor  which would have the wide dynamic range for in 
situ  methane measurements needed to characterize natural ocean floor methane vent features. 
We proposed to build a dual detection  methane sensing system utilizing a Raman spectrometer 
for monitoring higher methane concentrations near the venting plume (micromolar to millimolar 
methane concentrations) and a CAPSUMs METS sensor for the lower methane concentrations 
further away from the plume. The original concept was that the  Raman spectrometer would  be 
used to protect the METS sensor from over saturation by triggering a shut off of the METS 
detector window whenever high methane concentrations are encountered.  
  To date, intial tests of the METs sensor have not been promising, although new field 
trials are planned for Feb 2004 using a newly designed instrument.  
 Mass Spectral methane detector  It came to our attention this year that  an underwater 
mass spectromether might be the ideal instrument for our purposes.  Funding and personnel 
have been obtained to start building and testing such an instrument. Details of the project and 
initial design of the instrument are described in the results and discussion section and in 
Appendix 2.  
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Experimental - See experimental sections in Appendices I, II, and III 

Results and discussion 
  

Progress in development of in situ continuous methane sensor 
Progress on Raman Sensor and testing of METs sensor 

 The main  purpose of our research this year is to develop an oceanic in situ methane 
measurement device which can be used both for exploration and characterization of gas 
hydrate deposits.  At the present  time, no system exists which can continuously monitor 
methane over the very wide dynamic range encountered around ocean floor methane vent 
features. Existing technologies have, so far, proven to be ill suited to sense and monitor 
methane dissolved in waters around these vent features.  

In this work, with the bulk of the money coming from NOAA we proposed to build a dual 
detection  methane sensing system utilizing a Raman spectrometer for monitoring higher 
methane concentrations near the venting plume (micromolar to millimolar methane 
concentrations) and a CAPSUMs METS sensor for the lower methane concentrations further 
away from the plume. The original concept was that the  Raman spectrometer would  be used to 
protect the METS sensor from over saturation by triggering a shut off of the METS detector 
window whenever high methane concentrations are encountered. 

The research to date is described in Appendix 1 which is a annual report submitted to 
NOAA, who is funding this part of our research, on progress up to September of 2003. The 
technical data needed to address the scientific problem above are:  How methane  much and 
where is methane associated with gas hydrates venting from bottom seeps into the water 
column?  How fast is the venting? What are the temporal and spatial variabilities of methane 
venting from ocean floor? Data in hand prior to this project show changes in methane 
concentration of several orders of magnitude (uM to nM, Table 1) over small distances (a few 
meters) in the vicinity of gas hydrates and their associated gas seeps. These initial discrete 
methane measures showed the need for  continuous in-situ profiling of methane by a technique 
having very large dynamic range and a relatively rapid response time (a few seconds).  These 
constraints ruled out most common methane measurement techniques and required an 
instrument having a high sensitivity, wide dynamic range, and a rapid response time to handle 
large spatial and temporal variations expected during long or short time-series monitoring of 
seeps.   
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Table 1: Typical methane concentrations in various water bodies and  typical sensitivities 
of various methane measuring techniques (2ppm=3nM).   

 
Gulf of Mexico: Methane concentration 
Surface waters 100ppm=150nM=0.15uM 
mid-depth waters 180-700 ppm = 0.27-1.05 uM 
Bottom waters- near seep average: 4-10uM 
       - mid water directly over seep  0.1 to 0.7 uM 
pore waters at seep 0.5 to 40 uM 
pore waters away from seep  <0.5 uM 
methane saturation values, 600m 60mM=60,000uM 
  
Open Ocean Methane Concentration 
Bubbles venting from gas plume >60mM = >60,000 uM 
A few meters from plume 40 uM 
In plume as it spreads out into ocean 10 to 100  nM = 0.01 to O.1 uM 
Oceanic background levels  1-3 nM or less = 0.001 to 0.003 uM 
  
Sensitivities, methane measuring devices  
Current Raman spectrometer 1mM = 1000 uM 
projected -modified Ramen spectrometer 
(minimum modification) 

25 to 100 uM 

Further instrument modification - projected  
estimate of maximum sensitivity 

0.25-1uM  

Gas Chromatograph (GC) - FID detector, 
surface detection with gas stripping on deck 
of ship 

all oceanic levels including 
background 

Commercially available METs methane 
sensor 

5-10 nM = 0.005 to 0.01 uM  

.  
 

     
Our proposed solution was to combine a Raman sensor which has a wide dynamic range 

and rapid response time, but low sensitivity (10s of uM)  with a METS sensor, a commercially 
available detector utilizing membrane absorption and chemical reaction of methane. Previous 
researchers have found this instrument to have a low dynamic range and sluggish response 
time (minutes) but high sensitivity (nM). Raman spectroscopy meets all technical requirements 
except for sensitivity (existing Welldog instrument: about 100 uM; estimated that this can be 
increased to 100nM or better with more sophisticated spectrometer)   

The commercially available (METS) sensor has smaller dynamic range, but theoretically 
higher sensitivity.  Based on previous work with an instrument borrowed from Bob Lamontagne 
and co-workers at the Naval Research Laboratory, the METS sensor detects low methane 
concentrations (nM to uM) but oversaturates and becomes inoperable at higher methane 
concentrations. This process is reversible by bringing the METs back on deck and flushing the 
membrane with nitrogen.   Thus, the METs insrument appeared to have a number of limitations 
for our work. In addition, no reliable laboratory or field calibrations of the instrument were 
available at the time our work started.  

The first task in this project has been  to evaluate and test both the Raman and METs 
sensors in our laboratories  to determine for ourselves  their suitablity for this project. Our 
progress to date shows that: 
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1)  The Raman detector looks very promising and  may be much more sensitive that we 
originally anticipated and 

2) The METs sensor doesn't look very promising in work so far. However, the 
manufacturer of the instrument will be working with us in ship-board testing of a new version of 
the sensor in February of this year.  This will give us a definitive test of the technology as well as 
a comparison between laboratory and in situ methane measurements.  The older METs 
instruments used so far have not performed very well in these tests.  

 
 Progress on Raman Spectometer  Initial tests with the existing Welldog instrument 

indicated that an upgraded Raman may be much more sensitive than we originally predicted 
and may ultimately produce  usable methane signals for concentrations as low as 10s to 100s of 
nM, or almost open ocean background methane levels. The results shown in Figs 1-5 of 
Appendix 1 were all carried out on the existing Welldog instrument which is much less sensitive 
than our upgraded spectrometer will be.  Work has started on the upgraded Raman 
spectrometer, but has been delayed because the initial instrument had to be returned to the 
manufacturer because it did not meet the contracted specifications. We are aiming for a  new 
upgraded (more sensitive) instrument to be ready for its first (shallow water) oceanic  tests in 
Saanich Inlet, B.C. in Feb of 2004 (water depth: 300 m). On that cruise, we plan to compare in 
situ methane measurements from the Raman and from the METs sensor with laboratory 
measurements on discrete water samples from the same zone. An ancillary benefit of using the 
Raman spectrometer in this project is its potential ability to detect and measure  other seep-
related organic compounds  along with methane possibly  including: dimethylsulfide, higher 
alkanes and aromatic hydrocarbons, alcohols, carboxylic acids, amines, carbon dioxide, etc.  
Some examples from laboratory analyses to date  are shown in Appendix 1. 
 

Initiation of development on  oceanic in situ mass spec sensor 
The in situ Raman Spectrometer technology above looks very promising for higher 

methane concentrations around seeps in active seep areas of the Gulf of Mexico, but may not 
ever have the sensitivity needed to detect the lower concentrations of methane from deeper 
water seeps both in the open ocean and in the deep water Gulf of Mexico (range: 100- a few 
nM). Conversations between Dr Michael Whiticar,  myself and  Dr. Rich Camilli, who recently 
received his Ph.D. in Civil Engineering from MIT, made us aware that underwater mass 
spectrometry might be the best possibility to solve this problem. Recent  conversations with 
scientists at both the University of South Florida (Bob Byrne) and at MIT (Rich Camilli) indicate 
that the underwater mass spectrometer part of such an instrument is already technologically 
possible. Both groups have carried out successful intial tests of  various types of spectrometers 
and obtained in situ measurements of pollutant organics in shallow waters (aromatic 
compounds). Some very preliminary work was also carried out on fixed and hydrocarbon gas 
analysis in coastal waters to maximum depths of about 100ft.  Discussions to date indicate that 
the main technological problem to going deeper is  designing a suitable inlet system. Rich 
Camilli who built the MIT underwater spectrometer as part of his doctoral thesis is currently 
applying for a Postdoctoral Scholar award at Woods Hole. (His chances seem very good - he 
wrote most of the text for the successful Green Technology Award and the pending NOAA 
proposals described below). In the meantime, he has been appointed as a Guest Investigator at 
WHOI working in the laboratories of Jean Whelan in the Marine Chemistry and Geochemistry 
Department and Dr Hanu Singh, a WHOI scientist in the Applied Ocean Physics and  
Engineering Department. Jean Whelan and Rich Camilli have just received a Green Technology 
Award from the Woods Hole Oceanographic Institution to build the initial stages of the 
instrument. Rich Camilli, Jean Whelan, and Mike Whiticar have also applied for funding from the 
NOAA Ocean Exploration program for this project. A description of  the instrument proposed 
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and progress so far can be found in Appendix II. We are aiming to carry out initial shallow water 
sea trials of the instrument at the University of Victoria in the fall of 2004.  

 
Abstract We propose to build and test an in-situ mass spectrometer suitable for 

continuous monitoring of methane, gases, and low molecular weight organic compounds 
including pollutants  in the ocean and which can operate to at least several hundred meters 
water depth. This instrument is intended to be a prototype for a future instrument  capable of 
operation at all ocean depths. The scientific motivation for this project is development of a 
sensitive and versatile in situ monitoring instrument for  gases and  volatile organic compounds  
vented from oceanic "cold" seeps associated with methane hydrate deposits. The resulting data 
will be used along with geophysical data to distinguish between two different models of methane 
hydrate formation and maintenance - a "stable methane hydrate" model where the hydrate 
deposit has a relatively long lifetime versus a "steady state" model where methane is 
continuously streaming upward to form the bottom and is continuously being lost from the top of 
the hydrate deposit. The mass spectrometer will also serve as an exploration tool for exploration 
for new thermal and biogenic methane gas seeps in the oceean floor. These can be associated 
with  hydrothermal vent sites  and areas of discharge of land-based run-off as well as cold 
seeps. In situ mass spectrometry would compliment data from our in situ Raman spectrometer 
(currently being built with NOAA funding-University of Mississippi funding) in characterization of  
the fluid discharge from all three types of ocean floor vent sites. Alternatively the instrument can 
be used in shallower waters to unobtrusively monitor a variety of organic compounds in coastal 
waters impacted by urban runoff, shipping lanes, and point sources of  ground water discharge 
to the ocean. 

  
Description of proposed mass spectrometer (summarized from Appendix II).  We 

propose to develop and deploy a versatile and rugged submersible mass spectrometer, for 
operation aboard a variety of oceanographic platforms. This new analytical instrument  will be 
capable of real-time, continuous, in-situ, high-resolution measurements of dissolved gases, 
particularly methane, and volatile organic compounds in the ocean and will be able to operate to 
at least several hundred meters water depth. Funds from  this project will be used as seed 
money to develop a similar deep water instrument for operation to full ocean depths.  

In our laboratory, the instrument will be used to find and monitor methane seeps 
associated with ocean floor  gas hydrate deposits.  An abundance of recent evidence has 
shown that methane venting through small faults and fractures in the seafloor occurs in many 
locations worldwide and is important to the biology, chemistry, and geology of the ocean. Also, 
methane is a greenhouse gas. Even though the seafloor gas venting occurs primarily through 
localized fractures,  the volume of methane involved may be substantial enough to contribute to 
global warming.   However, no systematic exploration strategy currently exists for finding these 
generally very localized methane vents on the ocean floor. Furthermore, it is difficult to obtain 
reliable measurements of the gas concentrations or fluxes involved because venting tends to be 
very heterogenous and episodic.   Methane concentrations commonly vary over several orders 
of magnitude within a few meters of the vent; reliable data on amounts as well as molecular and 
isotopic compositions involved cannot be obtained on samples brought to the surface and 
allowed to degas. Therefore, it is currently almost impossible to measure quantitatively how the 
venting methane interacts with the complex biological communities, gas hydrates, and bubble 
streams flowing around and through the hydrates.  

The underwater mass spectrometer will be capable of monitoring oceanic in situ 
concentrations of both  the  high methane concentrations near venting plumes (micromolar to 
tens of millimolar methane concentration) to the lower methane concentrations (as little as 0.01 
to 0.02 uM)  typically found in moving away even a few meters away from the plume. The high 
sensitivity is important for finding new vents and monitoring the effects of methane in moving 
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away from the vent site. This work will compliment that currently in progress under a NOAA 
funded project to build an underwater Raman spectrometer.  Laboratory and pressure tank tests 
so far have shown the Raman instrument to be suitable for the higher but not the lower methane 
concentrations found at hydrate associated vents. Additional work on this NOAA  project has 
conclusively shown that the commercially available METS sensor possesses a number of 
technical problems making it unsuitable for this work.  

Mass  spectrometry is by far the most sensitive and versatile analytical technique 
available for identifying and quantifying a large variety of organic compounds likely to be found 
in the ocean in various settings. For some compounds, such as aromatic hydrocarbons typical 
of petroleum seeps and low molecular weight functionalized organics typical of various types of 
microorganisms (e.g. methane, acetic acid, carbon dioxide, hydrogen sulfide and alkyl sulfides 
from anaerobic bacteria in sediments), organic signatures are very diagnostic of the type of 
chemosynthetic organisms supported by these ocean floor seeps.  These ocean floor gas and 
liquid venting sites have been described in many areas around the world in a number of deep 
sea environments for which this mass spectrometer is intended, including 1) natural gas and oil 
seeps ("cold seeps"); 2) hydrothermal vent sites; and 3) areas of discharge of land-based run-
off.  

Despite the advantages of in-situ mass spectrometry, to date only two submersible mass 
spectrometer designs have been deployed which are limited to operational depths  of less that 
tens of meters. One of  these was designed and built by Rich Camilli who will be involved in this 
project (Fig 2, Appendix 2). Our instrument is intended to be compact and fully self-contained, 
permitting continuous in situ measurements aboard platforms including ship-borne rosettes, 
ROVs such as the Jason vehicle, and various AUVs. It will function as a low power, ruggedized 
system that can be deployed in harsh environments with a mass range from 1-300AMU, 
sensitivity of 10-100 ppb for most volatile chemicals, and a time response on the order of tens of 
seconds. 

 
 

Measurement of hydrocarbons in biodegraded oils: Gulf of Mexico and Santa Barbara, 
Coal Oil Point Seep oils 

Experimental 
Analysis of  Gulf of Mexico seep oils both from waters, sediments and from hydrate melt 

waters were carried out using the procedures described in Appendix 3. The waters did not 
contain sufficient hydrocarbon concentrations to warrant further analysis. Results here are for 
the Gulf of Mexico sediment and hydrate seep oils collected on the Aug 2000 cruise. For 
comparison to other seep oils where gas hydrates are not involved, three sediment samples and 
three water samples containing oil globules from seep sites the Santa Barbara Coal Oil Point 
seep were also analyzed as described in Appendix III.   

Univerally, hydrocarbons in seawater samples contained only trace amounts of oil and 
could not be analyzed except for one Gulf of Mexico sample where trace amounts of mono-
aromatic steroids could be seen. Because large water volumes would have to be extracted, 
further analysis of oils in waters was not undertaken.   

The sediment and hydrate extracts commonly produced some resolved GC peaks on top 
of a very large unresolved complex mixture of compounds  

Conclusions 
Both Areas  Initial results with 2D GC show that this may be the ideal method for 

characterizing biodegraded seep and reservoir oils. Extensive series of resolvable cyclic and 
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branched alkanes are present in both the Gulf of Mexico and Santa Barbara seep oils which 
remain hidden in the UCM or unresolved complex mixture of most GC methods. This compound 
class, rather than much higher molecular weight compounds, appear to comprise the bulk of the 
oil in both areas and were previous unanalyzable. The method also provides quanitative data on 
the amounts of individual compound present and so my allow us to gain a quantitative measure 
of the relative extent of various oil alteration processes in both areas, water washing versus gas 
washing versus biodegradation. 

 
Santa Barbara Based on loss of n-alkanes, modification of steranes, an emerging series 

of 25-norhopanes the Santa Barbara samples have been heavily biodegradation (rank 6) based 
on the biodegradation rank of Peters and Moldowan (1993).  The degree of biodegradation 
changed little over the sampled area within the sediment extract and the globules.  This may 
indicate rapid replenishment of hydrocarbon material and possibly a high degree of biodegration 
within the reservoired oils feeding the seep.   

Fluids in the Santa Barbara seep site are rich in hydrocarbons consistent with petroleum 
sourced from the Monterey formation.  This correlates with other seep oils found up and down 
the West coast.  The oils are severly biodegraded.  Biodegradation may have occurred 
subsurface in reservoirs or migration conduits cool enough o support biodegradation.  
Distinguishing biodegradation in  reservoirs versus that in the water column requires further 
investigation but identification of suites of sulfur containing compounds may hold the key 

 
Gulf of Mexico Initial results suggest that the seep oils and underlying reservoir oils are 

identical in terms of source and maturity, based biomarker and aromatic hydrocarbon analyses. 
If this observation holds up to further scrutiny, then we will be able to use these seep oils as a 
proxie for the underlying oils. In contrast, the n- and branched alkanes are almost completely 
degraded in the seep oils.  

The Gulf of Mexico oils appear to be  much less extensively biodegraded than the Santa 
Barbara oils.   
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List of acronyms and abbreviations 
C1-C3 light hydrocarbon methane, ethane, and propane having one to three carbon 
atoms 
13C  the isotope of carbon having an atomic weight of 13 mass units. Delta 13 C 
measurements are expressed as the enrichment of 13C versus 12C in comparison to a 
standard.  
DoE Department of Energy 
GC gas chromatography 
2D GC See figure 8 - The separated material in the initially resolved individual GC peaks 
is subjected to a 2nd rapid GC analysis.   
GC-IRMS  gas chromatography-isotope ration mass spectroscopy 
GC185  Green Canyon Block 185 in the Gulf of Mexico - location of seep site on August 

2000 cruise 
WHOI Woods Hole Oceanographic Institution 
CH4 methane 
m meters 
METs Brand name for commercially available methane sensor 
uM  micromolar = micromoles of methane per liter of water 
mM  millimolar = thousandths of a mole per liter of water 
ft feet 
ppm  parts per million 
MIT Massachusetts Institute of Technology 
Raman A technique utilizing the infrared absorption range to identify individual  organic 
compounds 
Coal Oil Point location of a persistent oil seep in shallow water in the Santa Barbara 
Channel 
MS mass spectrometer 

 

Appendices 

I) Progress report submitted to NOAA on development of methane sensor  
 

From: Jean Whelan, Woods Hole Oceanographic Institution 

Date: September 23, 2003 

Associates: John Pope, Well Dog Inc, Laramie, Wy 

 Mike Whiticar, University of Victoria, B.C., Canada 
 

Background and Introduction 
Gas hydrate deposits are thought to represent one of the largest carbon reservoirs on 

earth based on interpretations of seismic data (Kvenvolden, 1988, 1993). Understanding the 
biology and geochemistry as well as the geology of the seafloor surrounding gas hydrate 
deposits is crucial to understanding where and how these important deposits form as well as 
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how they might be exploited commercially. Biogeochemical processes strongly influence rates 
of both formation and destruction of hydrates (Grabowski  et al., 2003).   

Gas hydrate are commonly associated with seafloor methane gas venting. It is currently 
unclear how much of this methane comes from dissociation of the hydrate versus how much is 
flowing up from depth in a continuous steady state hydrate formation/destruction process.  

 The purpose of our research is to develop an oceanic in situ methane measurement 
device which can be used both for exploration and characterization of gas hydrate deposits.  At 
the present  time, no system exists which can continuously monitor methane over the very wide 
dynamic range encountered around ocean floor methane vent features. Existing technologies 
are ill suited to sense and monitor methane dissolved in waters around these vent features.  

In this work, we proposed to build a dual detection  methane sensing system utilizing a 
Raman spectrometer for monitoring higher methane concentrations near the venting plume 
(micromolar to millimolar methane concentrations) and a CAPSUMs METS sensor for the lower 
methane concentrations further away from the plume. The original concept was that the  Raman 
spectrometer would  be used to protect the METS sensor from over saturation by triggering a 
shut off of the METS detector window whenever high methane concentrations are encountered. 

Progress to date 
 The technical data needed to address the scientific problem above are:  How methane  

much and where is methane associated with gas hydrates venting from bottom seeps into the 
water column?  How fast is the venting? What are the temporal and spatial variabilities of 
methane venting from ocean floor? Data in hand prior to this project show changes in methane 
concentration of several orders of magnitude (uM to nM) over small distances (a few meters) in 
the vicinity of gas hydrates and their associated gas seeps. These initial discrete methane 
measures showed the need for  continuous in-situ profiling of methane by a technique having 
very large dynamic range and a relatively rapid response time (a few seconds).  These 
constraints ruled out most common methane measurement techniques and required an 
instrument having a high sensitivity, wide dynamic range, and a rapid response time to handle 
large spatial and temporal variations expected during long or short time-series monitoring of 
seeps.       

Our proposed solution was to combine a Raman sensor which has a wide dynamic range 
and rapid response time, but low sensitivity (10s of uM)  with a METS sensor, a commercially 
available detector utilizing membrane absorption and chemical reaction of methane. Previous 
researchers have found this instrument to have a low dynamic range and sluggish response 
time (minutes) but high sensitivity (nM). Raman spectroscopy meets all technical requirements 
except for sensitivity (existing Welldog instrument: about 100 uM; estimated that this can be 
increased to 100nM or better with more sophisticated spectrometer)   

The commercially available (METS) sensor has smaller dynamic range, but theoretically 
higher sensitivity.  Based on previous work with an instrument borrowed from Bob Lamontagne 
and co-workers at the Naval Research Laboratory, the METS sensor detects low methane 
concentrations (nM to uM) but oversaturates and becomes inoperaable at higher methane 
concentrations. This process is reversible by bringing the METs back on deck and flushing the 
membrane with nitrogen.   Thus, the METs insrument appeared to have a number of limitations 
for our work. In addition, no reliable laboratory or field calibrations of the instrument were 
available at the time our work started.  

The first task in this project has been  to evaluate and test both the Raman and METs 
sensors in our laboratories  to determine for ourselves  their suitablity for this project. Our 
progress to date shows that: 

1)  The Raman detector looks very promising and  may be much more sensitive that we 
originally anticipated and 

2) The METs sensor doesn't look very promising in work so far. 
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 Progress on Raman Spectometer  Initial tests with the existing Welldog instrument 

indicated that an upgraded Raman may be much more sensitive than we originally predicted 
and may ultimately produce  usable methane signals for concentrations as low as 10s to 100s of 
nM, or almost open ocean background methane levels. The results shown in Figs 1-5 were all 
carried out on the existing Welldog instrument which is much less sensitive than our upgraded 
spectrometer will be. Figures 1-3 shows laboratory data for methane dissolved in seawater.  
Figures 1 shows the methane signal  in water and how it responds to progressively lower 
methane concentrations. Figure 2 shows that the response of the instrument is very linear over 
a wide concentration range. Comparison of Figures 3 and  4 suggest that it may be possible to 
utilize the second derivative of the Raman methane signal to minimize the problem of overlap 
between the methane and the much stronger water peaks which is apparent in Fig 3.  

Work has started on the upgraded Raman spectrometer, but has been delayed because 
the initial instrument had to be returned to the manufacturer because it did not meet the 
contracted specifications. A new instrument has been ordered. It is expected  that the new 
upgraded (more sensitive) instrument will be ready for its first (shallow water) oceanic  tests in 
Saanich Inlet, B.C. in Nov (water depth: 300 m). On that cruise, we plan to compare in situ 
methane measurements from the Raman with laboratory measurements on discrete water 
samples from the same zone.  

An ancillary benefit of using the Raman spectrometer in this project is its potential ability 
to detect and measure  other seep-related organic compounds  along with methane possibly  
including: dimethylsulfide, higher alkanes and aromatic hydrocarbons, alcohols, carboxylic 
acids, amines, carbon dioxide, etc.  Some examples from laboratory analyses to date  are 
shown in Fig 5 

Progress on METs sensor  Initial tests  of the Naval Research laboratory METs sensor  at 
the University of Victoria by Mike Whiticar and co-workers have not been promising. The METs 
detects small concentrations of methane. However, there there is little correspondence between 
the METs readings and the actual concentrations. Also, the recovery of the sensor after 
introduction of methane is very slow - it took 80 minutes for methane to flush from the 
membrane in one test.   

However, the scientists associated with the French company which makes the instrument 
believes that these problems are caused by our use of an older instrument. Therefore, Michell 
Mason, president of the company builds and sells the METS,  is traveling to the University of 
Victory to work with Mike Whiticar on deploying the newer version of the instrument on gas 
seeps around Vancouver Isand  within the next few months.  Dr Mason's time and the 
instrument are donated for this test; we are allocating NOAA funds for reimbursement for his 
travel.  

Exploration of other possibilities - Mass Spectroscopy In the meantime, Jean Whelan and 
Mike Whiticar are also exploring the feasibility of using an underwater mass spectrometer as an 
in situ methane sensor. Recent  conversations with scientists at both the University of South 
Florida (Bob Byrne) and at MIT (Rich Camilli) indicate that the underwater mass spectrometer 
part of such an instrument is already technologically possible. Both groups have carried out 
successful intial tests of  various types of spectrometers and obtained in situ measurements of 
pollutant organics in shallow waters (aromatic compounds). Some very preliminary work was 
also carried out on fixed and hydrocarbon gas analysis in coastal waters to maximum depths of 
about 100ft.  

Discussions to date indicate that the main technological problem to going deeper is  
designing a suitable inlet system. Rich Camilli who built the MIT underwater spectrometer as 
part of his doctoral thesis is currently applying for a Postdoctoral Scholar award at Woods Hole. 
If he is successful, he will go to work building a new instrument suitable for deeper water work.  
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Jean Whelan and Mike Whiticar are currently seeking funding from the NOAA Ocean 
Exploration program to support the needed  instrument parts for this project.  

Future plans: 
 

A proposal has just been submitted to the DoE gas hydrate program through the 
University of Mississippi to install  in situ water column geochemical methane and CTD sensors 
on the seafloor northern Gulf of Mexico. Seafloor fluid and gas venting associated with surface 
and subsurface gas hydrates will be monitored  as part of the Gulf of Mexico Research 
Consortium to use the combined geophysical and geochemical data from  the monitoring station 
are to determine processes controlling hydrate growth and dissociation.  

The Woods Hole part of the project is to measure continuous in situ bottom water 
geochemical data (in situ methane and CTD measurements of salinity, temperature, pressure, 
fluorescence, and turbidity) to look for changes associated with the gas hydrate. Our overall 
approach utilizes the observation that most gas hydrates in the Gulf of Mexico and in many 
other areas world wide are also associated with significant upward gas flow though faults and 
fractures into overlying sediments, waters, and possibly the atmosphere (e.g., Brooks et al, 
1987,  Roberts and Carney, 1997, Whelan et al 1998; Kvenvolden and Lorenson, 2001, and 
Sassen et al, 2001, ).  

 Two different hypotheses currently exist for the origin of this seeping gas:  
1) the gas comes from a deeper source, either thermogenic or biogenic, and forms a 

hydrate deposit whenever high enough pressures and low enough temperatures are present for 
hydrate formation to occur. In this scenario, the hydrate is viewed as  a capacitor in a very 
dynamic methane flow system (Zatsepina, et al, 1997; Dickens,  et al, 1997;  Sassen et al, 
2001; and Cathles et al, 2002;  

2) methane to form hydrates is derived from upward diffusion of local in-situ sediment  
sources of  biogenic methane produced  by anaerobic methanogenic  bacteria so that hydrate 
amounts and lifetimes of the methane hydrate deposit can be estimated from in situ porewater 
profiles of methane and sulfate (as being done by I. MacDonald and M. Kastner in this research 
using procedures of Xu and Ruppel, 1999, Ruppel, 2000, and Valentine et al., 2001). 

 In  scenario 2, the hydrate and  associated seeping gas are primarily a function of the 
relative rates of hydrate replenishment via upward methane  diffusion  from the sediments below 
and  hydrate decomposition due to interactions with warmer water column temperatures above . 
Recent temperature data from the MacDonald/Kastner group on several Gulf of Mexico surface 
gas hydrate deposits is consistent with scenario 2, but does not explain the vigorous gas 
evolution through fractures in the hydrates which is commonly observed around these deposits. 
Furthermore, recent modeling of the GC185 hydrate deposit by Cathles and co-workers at 
Cornell, based on a thermogenic gas source from underlying sediments, indicates that only 10 
percent of the upward flowing gas is trapped in the hydrate while 90 percent is vented to the 
overlying water column and the atmosphere.    

These two scenarios of methane hydrate formation and maintenance  are very different; 
knowing which is correct significantly impacts the amount and concentration of methane 
ultimately recoverable from any particular hydrate deposit.  In the overall DoE UMiss research 
program, both scenarios are being investigated: scenario 2 by the MacDonald/Kastner   group 
and Scenario 1  by the Whelan/Chanton group.  Although more research is needed, our 
previous work strongly suggests much more heterogeneous and pervasive upward gas flow in 
the Gulf of Mexico than is  available from only the diffusive  methane flow (Whelan, 1997, 
Whelan et al, 1998; Sassen et al. 2001, Cathles,  et al., 2002 ; Roberts and Carney, 1997). The 
seafloor proposed geochemical monitoring combined with the geophysics  would provide the 
quantitative geochemical data  needed to distinguish the two scenarios and   could  be used 
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together with the geophysical data to  provide a general method for using surface data for 
detection and  characterization  underlying gas hydrate  deposits.  
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Figures 
Figure 1: Spectrum of methane dissolved in water on WellDog’s current Raman spectrometer 
 
Figure 2: Dissolved Methane Calibration in Seawater, Existing Welldog Raman spectrometer 
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Figure 3: Raman spectra - methane CH stretch used for quantitation and water bands. 

Figure 4:  Use of 2nd derivative of C-H stretch to increase Raman instrument sensitivity for 
measurement of methane dissolved in water 

 
Figure 5a: Examples of other chemicals which have been identified and measured with Raman 

in the laboratory with existing spectrometer 
 
Figure 5b: Raman signature for methanol 
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Figure 1: Spectrum of methane dissolved in water on WellDog’s current Raman spectrometer
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Figure 3: Raman spectra - methane CH stretch used for quantitation and water bands.
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Figure 5a: Examples of other chemicals which have been identified and measured with
Raman in the laboratory with existing spectrometer
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Figure 5b: Raman signature for methanol
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Appendix II: Proposal submitted to Woods Hole Oceanographic Institution for Green 
Technology Award (funded).  
 

 

A Deep Diving Mass Spectrometer for Ocean Exploration of Gas Seeps and Pollution 
Monitoring 
 

Abstract We propose to build and test an in-situ mass spectrometer suitable for 
continuous monitoring of methane, gases, and low molecular weight organic compounds 
including pollutants  in the ocean and which can operate to at least several hundred meters 
water depth. This instrument is intended to be a prototype for a future instrument  capable of 
operation at all ocean depths. The scientific motivation for this project is development of a 
sensitive and versatile in situ monitoring instrument for  gases and  volatile organic compounds  
vented from oceanic "cold" seeps associated with methane hydrate deposits. The resulting data 
will be used along with geophysical data to distinguish between two different models of methane 
hydrate formation and maintenance - a "stable methane hydrate" model where the hydrate 
deposit has a relatively long lifetime versus a "steady state" model where methane is 
continuously streaming upward to form the bottom and is continuously being lost from the top of 
the hydrate deposit. The mass spectrometer will also serve as an exploration tool for exploration 
for new thermal and biogenic methane gas seeps in the oceean floor. These can be associated 
with  hydrothermal vent sites  and areas of discharge of land-based run-off as well as cold 
seeps. In situ mass spectrometry would compliment data from our in situ Raman spectrometer 
(currently being built with NOAA funding-University of Mississippi funding) in characterization of  
the fluid discharge from all three types of ocean floor vent sites. Alternatively the instrument can 
be used in shallower waters to unobtrusively monitor a variety of organic compounds in coastal 
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waters impacted by urban runoff, shipping lanes, and point sources of  ground water discharge 
to the ocean. 

  
Description We propose to develop and deploy a versatile and rugged submersible 

mass spectrometer, for operation aboard a variety of oceanographic platforms. This new 
analytical instrument  will be capable of real-time, continuous, in-situ, high-resolution 
measurements of dissolved gases, particularly methane, and volatile organic compounds in the 
ocean and will be able to operate to at least several hundred meters water depth. Funds from  
this project will be used as seed money to develop a similar deep water instrument for operation 
to full ocean depths.  

In our laboratory, the instrument will be used to find and monitor methane seeps 
associated with ocean floor  gas hydrate deposits.  An abundance of recent evidence has 
shown that methane venting through small faults and fractures in the seafloor occurs in many 
locations worldwide and is important to the biology, chemistry, and geology of the ocean. Also, 
methane is a greenhouse gas. Even though the seafloor gas venting occurs primarily through 
localized fractures,  the volume of methane involved may be substantial enough to contribute to 
global warming.   However, no systematic exploration strategy currently exists for finding these 
generally very localized methane vents on the ocean floor. Furthermore, it is difficult to obtain 
reliable measurements of the gas concentrations or fluxes involved because venting tends to be 
very heterogenous and episodic.   Methane concentrations commonly vary over several orders 
of magnitude within a few meters of the vent; reliable data on amounts as well as molecular and 
isotopic compositions involved cannot be obtained on samples brought to the surface and 
allowed to degas (Fig 1). Therefore, it is currently almost impossible to measure quantitatively 
how the venting methane interacts with the complex biological communities, gas hydrates, and 
bubble streams flowing around and through the hydrates.  

The underwater mass spectrometer will be capable of monitoring oceanic in situ 
concentrations of both  the  high methane concentrations near venting plumes (micromolar to 
tens of millimolar methane concentration) to the lower methane concentrations (as little as 0.01 
to 0.02 uM)  typically found in moving away even a few meters away from the plume. The high 
sensitivity is important for finding new vents and monitoring the effects of methane in moving 
away from the vent site. This work will compliment that currently in progress under a NOAA 
funded project to build an underwater Raman spectrometer.  Laboratory and pressure tank tests 
so far have shown the Raman instrument to be suitable for the higher but not the lower methane 
concentrations found at hydrate associated vents. Additional work on this NOAA  project has 
conclusively shown that the commercially available METS sensor possesses a number of 
technical problems making it unsuitable for this work.  

Mass  spectrometry is by far the most sensitive and versatile analytical technique 
available for identifying and quantifying a large variety of organic compounds likely to be found 
in the ocean in various settings. For some compounds, such as aromatic hydrocarbons typical 
of petroleum seeps and low molecular weight functionalized organics typical of various types of 
microorganisms (e.g. methane, acetic acid, carbon dioxide, hydrogen sulfide and alkyl sulfides 
from anaerobic bacteria in sediments), organic signatures are very diagnostic of the type of 
chemosynthetic organisms supported by these ocean floor seeps.  These ocean floor gas and 
liquid venting sites have been described in many areas around the world in a number of deep 
sea environments for which this mass spectrometer is intended, including 1) natural gas and oil 
seeps ("cold seeps"); 2) hydrothermal vent sites; and 3) areas of discharge of land-based run-
off.  

Despite the advantages of in-situ mass spectrometry, to date only two submersible mass 
spectrometer designs have been deployed which are limited to operational depths  of less that 
tens of meters. One of  these was designed and built by Rich Camilli who will be involved in this 
project (Fig 2). Our instrument is intended to be compact and fully self-contained, permitting 
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continuous in situ measurements aboard platforms including ship-borne rosettes, ROVs such as 
the Jason vehicle, and various AUVs. It will function as a low power, ruggedized system that 
can be deployed in harsh environments with a mass range from 1-300AMU, sensitivity of 10-
100 ppb for most volatile chemicals, and a time response on the order of tens of seconds.  

The two most challenging aspects of long-term underwater mass spectrometry are: 
1)vacuum maintenance and 2) sample introduction. To overcome the limited duration and 
excessive power consumption of standard ultra-high vacuum pumping strategies, while at the 
same time avoiding the instability of ion pumps [9], we propose to use a miniaturized molecular 
drag pump  in parallel with an ion pump. Initial calculations indicate that this approach will yield 
a pumping velocity of approximately 40 l/s while requiring approximately 15 watts and will 
probably greatly extend service intervals between ion pump repair and replacement.  

The ultimate limiting factor for sending submersible mass spectrometers to full ocean 
depths is designing a viable inlet system with the required mechanical strength. The analyte 
introduction system must be exposed to the ambient hydrostatic pressure in order to allow 
dissolved substances into the analyzer while simultaneously excluding water in order to 
preserve the near-perfect vacuum within the analyzer region of the instrument. The instrument 
will be incorporated within a standard cylindrical metal pressure housing and initially a 
membrane inlet developed specifically for deep deployment. Calculations indicate that this inlet 
will permit operation to at least several hundred meters depth, thus enabling investigation of 
many previously inaccessible environments. We will also explore the possibility of incorporating 
a capillary inlet which would allow operation to much greater  depth.  

The computational architecture will utilize a low power, small form factor, PC-104 or µ-
controller based embedded computer allowing for real-time data processing. Electronic drift 
must be minimized for operation over extended timeframes. Furthermore, because the 
instrument must operate within a dynamic and oftentimes noisy environment, noise filtering 
techniques need to be incorporated to improve signal to noise ratio. Therefore, a suite of 
hardware and digital signal processing techniques will be implemented to improve signal quality, 
including: baseline identification to compensate for electronic artifacts such as detector signal 
DC offset and baseline drift, bandpass filtering, signal averaging and median filtering to 
minimize the effects of internal electronic interference, and microphonic vibrational noise. 

We intend for the design to be extremely durable, with service intervals on the scale of 
weeks to months. A modular design will allow for periodic maintenance and component 
upgrade. For example, the initial analyzer design is a quadrupole type, but can be replaced by 
more advanced analyzers (i.e. miniature ion trap) as technology progresses. Likewise, 
variations of the initial inlet system and the embedded computer system will be developed to 
optimize instrument performance and to make possible real-time autonomous data analysis and  
adaptive  sampling and mapping (5) based on real-time environmental conditions. Adaptive 
sampling would allow, for example, sample rate to increase whenever high methane 
concentration gradients were observed. This will require the creation of a type of expert system 
intelligence that allows the instrument to identify individual ion peaks and to vary its sampling 
interval in real-time, according to the rate of change of ion signatures; thus helping to avoid the 
aliasing sometimes associated with uniform temporal or spatial sampling.  

Plans for initial deployment: An initial series of deployments are planned for the 
instrument in areas of known shallow methane seeps (less than 100m), off the coast of British 
Colombia Canada. These cruises will be conducted in partnership with the Dr Michael Whiticar 
of University of Victoria in parallel with shipboard methane measurements using standard 
surface gas stripping and gas chromatograpic procedures. This water column methane data will 
also be used to calibrate and test the in situ Raman Spectrometer. As development continues, 
the instrument can be tested in the same way over a deeper water gas hydrate zone (up to 
3000m) in the same area and with the same group in cruises to the Cascadia Margin off Oregon 
and over gas hydrate and  seep zones in the Gulf of Mexico which we are currently studying  as 
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part of a collaborative DoE-UMiss funded project to set up one or more Gulf of Mexico gas 
hydrate monitoring stations.   

Plans for seeking future funding and and to leverage these funds.  The Green 
Technology award would be used primarily to pay for instrument parts and to allow Dr Rich 
Camilli to rapidly begin building the mass spectrometer. Rich, a recent MIT graduate of the Joint 
Program,   is ready to begin building this instrument as a postdoctoral investigator as soon as 
funding becomes available. His Ph.D. thesis involved building one of the two existing 
underwater mass spectrometers. He has already written much of the text for this proposal and 
for a  successful NOAA preproposal to the Ocean Exploration Program. Rich has already written 
much of the text for the full NOAA proposal which will be submitted later this month. All of this 
work has been carried out along with dealing with a very serious family medical problem in New 
York. If funded, the full proposal  to the NOAA Ocean Exploration program would provide salary 
support for Rich to come to Woods Hole as a Postdoctoral Investigator. He is also applying for a 
WHOI Postdoctoral Scholar award.  

Additional funds to extend this work to a system capable of operating at all ocean depths 
will be sought through the NSF Ocean Technology Program  which helped to fund a very 
successful  workshop entitled: "The Next Generation of in situ Biological and Chemical Sensors 
in the Ocean" at Woods Hole last summer.  Several working groups at that workshop indicated 
the urgent need for an in situ oceanic mass spectrometer. The Green Technology Award funds 
will also provide a match for the on-going Woods Hole funding from the DoE-Univ of Miss-
Woods Hole  grant to install the Gulf of Mexico gas hydrate monitoring station.  
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Appendix III) Report:  Hydrocarbon distributions from extant petroleum seep sites and 
associated gas hydrate deposits in sea water and ocean floor sediments from Santa 
Barbara and Gulf of Mexico, Jean K. Whelan and Lorraine B. Eglinton 
 

Experimental 
From the Gulf of Mexico, sediment and hydrate seep oils were analyzed together with 

two sea water samples from the Gulf of Mexico Dive (4208) over a gas hydate ice core , as 
shown in Figs 1-8..  A number of water samples were also collected which showed no 
discernable hydrocarbon signal and so are not discussed further. From the Santa Barbara Coal 
Oil point seep oils, three sediment samples and three water samples containing oil globules 
were analysed. 

Initial screening of the Santa Barbara oil globules was performed on a approximately 10 
mg of oil that was separated from the aqueous sample.  Total soluble hydrocarbons were 
extracted by dissolution in 3 sequential 10 mL aliquots of dichloromethane.  Extracts were 
reduced by rotary evaporation and further reduced in a stream of nitrogen.  The concentrate 
was transferred with DCM to 150 �l glass inserts and followed by gentle evaporated in a stream 
of nitrogen to near dryness.  The fractions were diluted with 100 �l DCM and the insert was 
placed into 1.5 ml autosampler vial capped and submitted for analysis. 

Santa Barbara and Gulf of Mexico seawater samples were extracted using conventional 
liquid/liquid extraction techniques on 2 L using 3 X 200 mL Dichloromethane.  Samples were 
concentrated by rotary evaporation.  Removal of residual water was performed by passing the 
samples over sodium sulfate. Final concentration was conducted in a stream of nitrogen. 

Quantitative analysis of the Santa Barbara sediment samples was performed on a 10 g 
aliquot of homogenized wet sample, spiked with a recovery standard (d50 n-tetracosane and d12 
2,6-dimethylnaphthalene), was soxhlet extracted for 48 hours in tandem with a spiked blank. 
Solvent soluble hydrocarbons were fractioned from the wet sediment using 150 mL of an 
azeotrophic mixture of dichloromethane/methanol (93:7 ‰).  The total extracts were reduced by 
rotary evaporation.  The extracts were transferred to 4 mL vials.  Total extracts were run through 
a sodium sulfate funnel for removal of residual water and an activated copper column for 
removal of elemental sulfur.  Micro column chromatography, using 90% activated silica gel, was 
used to fractionate the extracts in to saturated and aromatic hydrocarbon pools.  The fractions 
were concentrated using rotary evaporation.  The concentrate was transferred with DCM to 150 
�l glass inserts and followed by gentle evaporated in a stream of nitrogen to near dryness.  The 
fractions were diluted with 100 �l DCM and the insert was placed into 1.5 ml autosampler vial 
and submitted for analysis. 
 

Biological marker distributions were obtained using gas chromatography coupled with 
mass specific detection using the saturated hydrocarbon fraction.  A Hewlett Packard (HP) 6890 
gas chromatograph fitted with a Restek® DB-5 MS 60 m glass capillary column and connected 
directly to a HP 5693 mass specific detector was used.  After cool on-column injection the gas 
chromatograph was programmed from 50ºC to 325ºC at a rate of 4ºC/min and held at 325ºC for 
20 mins.  The mass spectrometer was operated at 70 eV in selected ion monitoring mode.  A 
total of 30 ions characteristics of n-alkane, sterane, terpane, aromatic steroid, aromatic 
hydrocarbons.  Full mass spectra (50 – 550 amu) were recorded on the saturated fraction to 
identify less common biological markers.  Compounds were identified by their key 
fragmentograms based on relative retention times and comparison with published data (e.g. 
Mackenzie 1980, 1981). 
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Results summary 

Seawater 
Hydrocarbons in seawater samples were below sensitivity levels except for one Gulf of 

Mexico sample where trace amounts of mono-aromatic steroids could be seen.  Future 
extraction directly onto a solid phase extraction cartridge of several liters of water might improve 
resolution. 

Sediment extract yields 
Santa Barbara Hydrocarbon yields from Soxhlet extracted sediment at the Santa 

Barbara seep site is 363 mgHC/gdrySed.  This decreases to 53 mgHC/gdrySed within a short  
distance (10 m) away from the seep (not shown).  This indicates that hydrocarbons may be 
washed away from the seep site by ocean currents and gas bubbles and/or the seep site is 
constrained to a somewhat tight fissure. Similar procedure were used for the Gulf of Mexico 
sediments affected by oil seepage 
 

 

Aliphatic (C15 +) hydrocarbons and isoprenoids 
Santa Barbara The Total ion current (Fig. 11) shows an unresolved complex envelope of 

hydrocarbons with some partially resolved lighter weight hydrocarbons but no resolvable C15 + 
n-alkanes.  There are relatively minor amounts of resolved peaks from the TIC from the sample 
analyzed in scan mode.  Even when a diagnostic fragment ion (m/z 57) for n-alkanes is 
extracted the samples are devoid of straight chain saturated hydrocarbons.  The isoprenoids 
pristane and phytane are also absent.  The lack of n-alkanes and the isoprenoids indicates 
biodegradation has progressed to at least moderate to heavy based on the biodegradation 
ranking of Peters and Moldowan (1993).  The total ion current from the same seep site sample 
analyzed in SIM mode is dominated by tri- and monoaromatics steroids and hopanes and 
dibenzothiophenic compounds (Fig. 16).  

Gulf of Mexico sites GC 184 & 234 
Similar results were obtained for Gulf of Mexico surface seep oils (Figs 1-3) except that 

more resolvable GC peaks appear to be present suggesting a lower degree of biodegradation. 
 

Hopanes 
Santa Barbara Hopane distributions are similar for the three Santa Barbara samples but 

show a decrease in abundance with distance from the seep vent.  A typical m/z 191 
fragmentogram for hopanes is shown in Figure 12.  The dominant peak in this fragmentogram is 
the C29 �� hopane. In unaltered oils the C30 �� hopane is usually prominent.  Another unusual 
feature is the elevated abundances of C28 and C29 and other tricyclic hydrocarbons together with 
high abundances of gammacerane and the presence of oleanane.  There is also increased 
amounts of 28,30 bisnorhopane.  25,28,30-trisnorhopane is also observed. This biomarker has 
been observed in highly anoxic, mostly marine sediments globally (e.g., Grantham et al., 1980; 
Mello et al., 1988; Requejo et al., 1994).  Literature searches indicate that elevated C28 and C29 
tricyclic terpanes is a feature of Californian oils ranging from Coal Oil Point seeps to Santa Cruz 
seeps and the Guaymas basin (this study, Kvenvolden et al.; Simoniet et al.,) indicating a 
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common source. Although still open to interpretation, gammacerane in high concentration is 
often associated with hypersaline depositional conditions (ten Haven et al., 1988; 1989).    

The presence of gammacerane, oleanane, elevated 28, 30 bisnorhopane, abundance of 
sulfur derived hydrocarbons and elevated tricyclic terpanes indicate a source consitstent with 
those of the Miocene Monterey formation based on published fragmentograms (Peters and 
Moldowan, 1993).  A high abundance of 28,30 bisnorhopane is thought to be due to bacterial 
mats present in the Monterey formation.  The fossilized Thioploca bacterial mats may represent 
a possible source according to Katz and Elrod (1983). 

Trace abundances of 2�(CH3)-hopanes and 3�(CH3)-hopanes have been tentatively 
identified from the m/z 205 from the seep site.  Although methylhopanes can derive from a 
variety of prokaryokes Summons et al., (1996) and Collister et al., 1992 suggest the presence of 
cyanobacteria and or methylotrophic bacteria to account for homologous series of 2� and 
3�methylhopanes respectively.   

Gulf of Mexico The GCMS mass scans for the hopane biomarkers in the GC234  
sediment seep samples are shown in Fig 5. The pattern is almost idential to that found 
previously for the subsurface GC184 oils, suggesting that biodegradation has affected this 
fraction only slightly, if at all.  

 

Steranes and aromatic steroids 
Santa Barbara Steranes in the Santa Barbara Seep sediment samples have been 

affected by biodegradation and do not exhibit a distribution normal to reservoired unaltered 
petroleum.  The high abundance of Mono- and triaromatic steroids indicate conversion of 
steranes due to thermal maturity and resistance to biodegradation processes (Fig 13). 
Monoaromatic steroids were also found in trace abundances in a water sample from the Gulf of 
Mexico. 

Gulf of Mexico  The normal and aromatic sterane mass scans for the GC 234 seep and 
hydrate oils are shown in Figs 4 and 6 respectively and are very similar to those of the 
underlying reservoir oils, consistent with a low degree of biodegradation of this fraction.   
 

Aromatic hydrocarbons 
 Gulf of Mexico All of the aromatic hydrocarbon data is available for Gulf of Mexico seep 
and hydrate melt water oils. For comparison, extensive set of similar data have been measured 
for all of the underlying Green Canyon oils as part of a previous project.  
 Santa Barbara In spite of the high degree of biodegradation, the methyl phenanthrenes  
are well resolved and should provide a reliable  maturation markers for these biodegraded oils. 
A summary of the various classes of compounds analyzed to date is given below. 
   

Methylphenanthrene 

Calculated vitrinite reflectance based on methylphenahtrene index 1 (Radke 19 )  
indicates a fluid maturity of around Rc 1.00 %. Thus, these seep oils are  
 

Naphthalenes 

The extracts are devoid of resolvable naphthalenes indicating removal by biodegradtaion. 
 



 304

Dibenzothiophene and methyldibenzothiophenes 

m/z 184 and 198 diagnostic of dibenzothiophenes and methyl dibenzothiophenes are 
noisy.  And contain abundant as yet unknown peaks.  Based on the m/z 184 sulfur containing 
compounds are consumed at a faster rate since they are present in only trace abundance 10 m 
away from the seep site.   
 
 
Biodegradation 
 

Based on loss of n-alkanes, modification of steranes, an emerging series of 25-
norhopanes the Santa Barbara samples have been heavily biodegradation (rank 6) based on 
the biodegradation rank of Peters and Moldowan (1993).  The degree of biodegradation 
changed little over the sampled area within the sediment extract and the globules.  This may 
indicate rapid replenishment of hydrocarbon material.   
 
 

Conclusions to date 
Fluids in the Santa Barbara seep site are rich in hydrocarbons consistent with petroleum 

sourced from the Monterey formation.  This correlates with other seep oils found up and down 
the West coast.  The oils are severly biodegraded.  Biodegradation may have occurred 
subsurface in reservoirs or migration conduits cool enough o support biodegradation.  
Distinguishing biodegradation in  reservoirs versus that in the water column requires further 
investigation but identification of suites of sulfur containing compounds may hold the key. 
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Figure 1: Biodegraded oil recovered from surface seep oil, Green Canyon 234, Gulf of Mexico 
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Figure 2: Same as Figure 1, hexane soluble fraction 
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Figure 3: Same as Figure 1, GCMS scan for alkanes only (mass 57) 
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Figure 4: Biomarkers, steranes, from GCMS - GC234 seep oil, hexane extract 
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Figure 5: GCMS data, GC234 seep oil, mass scan showing hopanes in biodegraded seep oil 
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Figure 6: Same as Figure 4, aromatic steranes 
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Figure 7: Same as Figure 4, Sulfur containing aromatic compounds 
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Figure 8: 2D GC method for resolving compounds under hump in a biodegraded oil (from C. 
Reddy) 
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Figure 9:  Example of 2D GC technique as applied to oil contaminated sediment and to diesel oil 

(from Chris Reddy, WHOI) 
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Figure 10: 2D GC, 184 seep oil  
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Figure 11:  Santa Barbara, Coal Oil Point seep - biodegraded oil, mass scan of biomarker 

hopanes 
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Figure 12: Biomarkers, hopanes, in Santa Barbara Shane tar mound oils 
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Figure 13: Santa Barbara,  Shane Seep tar mounds, aromatic steranes in biodegraded oil 
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Figure 14:  Santa Barbara, Shane Seep Tar mound, methyl phenanthrenes 
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Figure 15: Santa Barbara, Tar mound, total resolvable one dimensional GC peaks in 

biodegraded oil 
 

10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

20000

40000

60000

80000

100000

120000

140000

160000

180000

200000

220000

240000

Time-->

A
bu

nd
an

ce

TIC: LBESEP7.D

Shane Seep Tar mound TIC
(SIM mode)

 
 
 



 313

Figure 16: 2D GC - Santa Barbara, Shane seep tar mound 
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Abstract/ Executive Summary 
 

On the global scale, hydrates need to be included in models of how the biosphere 
functions.  A large portion of the earth’s reduced carbon is held within the hydrate reservoir and 
this reservoir may be more dynamic than is currently thought.  Understanding the biology and 
geochemistry of the seafloor surrounding gas hydrate deposits is crucial to understanding where 
and how hydrates form.  Biological processes and geochemistry strongly influence rates of both 
formation and destruction of hydrates (Figure 1).  Biology and geochemistry play a role in 
determining the type of hydrate formed and, thus, the specific pressure and temperature 
conditions where hydrate formation can occur in the subsurface.  We need biological and 
geochemical information to constrain rates of formation and destruction of hydrates (Grabowski 
et al., 2003) 
 

Accurate geochemistry.  For this endeavor, in situ concentrations of gases and ions in 
pore water need to be measured, since samples recovered and brought to the ocean surface 
without pressurization yield inaccurate results (see below).  When measured properly, gas and 
ion concentrations in pore water can be used to help understand the formation, decomposition 
and stability of hydrates. 
  

We have developed new tools and techniques for application at the long-term gas 
hydrate monitoring station.  We have constructed an in situ pressurized pore water sampler and 
built and deployed the first osmosampler in the Gulf of Mexico.  Modifications to our in situ 
porewater probe sampler have allowed the collection and determination of accurate dissolved 
gas concentration and �13C from the seafloor.  Comparisons with pressurized and un-
pressurized sampling demonstrates the necessity of such a system to collect accurate and 
meaningful data.  Further studies undertaken in summer of 2003 indicate over an order of 
magnitude greater dissolved gas concentrations with the in situ pressurized sampler relative to 
traditionally taken samples.  The osmosampler will allow long-term data sets to be collected at a 
single site, and with our design, samples can be recovered at in situ pressures.   
 

We have completed chemical analyses of samples collected on two cruises in the Gulf of 
Mexico in the summer of 2000 and 2002.  Samples from a third cruise from the summer of 2003 
are currently being analyzed.  These data will be used by Laura Lapham as a portion of her 
dissertation project.  Highlights are described within. 
 

Variability of rates of microbial process is extreme on small spatial scales.  Sulfate 
reduction rates, methane concentrations, total organic carbon, and sulfate depletion all show 
evidence for extremely high rates of microbial respiration at gas hydrates sites but this 
respiration is patchy on small scales.   
 

Microbial respiration is not driven only by methane oxidation.  There is strong isotopic 
evidence that oxidation of higher hydrocarbons plays a major role in driving elevated rates of 
microbial processing in the Gulf of Mexico. 
 

Radiocarbon evidence indicates that hydrocarbon sources are driven by deep reservoirs 
and there is little evidence for extensive methane production associated with recycling of 
organic matter fixed on the sea floor via chemosynthetic processes. 
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traditional cores taken from Cascadia Margin. 
 
Figure 7.  Averaged dissolved methane del13C values from the Probe over 50-cm interval. 
 
Figure 8.  Example of spatial variability in dissolved gas concentrations. 
 
Figure 9.  Example of spatial variability in dissolved sulfate concentrations. 

 
Figure 10.  Example of spatial variability in sulfate reduction rates. 

 
Figure 11.  Total organic carbon concentrations. 

 
Figure 12.  δ13C isotopic composition of solid phase organic carbon. 

 
Figure 13.  Keeling plot analysis of dissolved CO2 data. 
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Introduction: 
Gas hydrate deposits are important because: a) they represent an enormous potential 

energy source, b) they present engineering problems for deep water operations, and c) they 
have been implicated as agents of global climate change, possibly releasing large volumes of 
methane, a highly efficient green house gas, into the atmosphere thus serving as a positive 
feedback for warming (Kvenvolden, 1988, Kennet et al., 2003).  However, the identification of 
gas hydrates and estimation of their total volume using remotely sensed seismic data is not 
straight forward.  Little data on seabed methane fluxes from dissociation of gas hydrates exist. 
Furthermore, we do not know the processes that drive gas hydrate dissociation or the effects of 
methane release to the water column.  Gas hydrate dissociation is an important issue for 
seafloor stability considerations.  We need to develop reliable techniques to relate the quantity 
of gas hydrate deposits to seismic data and to measure the waxing and waning of gas hydrate 
reservoirs and the rates of and controls on these processes.  The Gulf of Mexico is an ideal gas 
hydrate study site because these unusual frozen gas/water deposits occur exposed at the 
seafloor at relatively shallow water depths (Brooks et al., 1984; MacDonald et al., 1994; Sassen 
et al., 1997, 1999a). Therefore, localized areas of gas hydrate can be identified, gas emission 
monitored, and water column and pore water chemistry responses to external variables 
measured.   
 
 In this project we have undertaken studies and conducted chemical analysis that will 
aid in the identification of the sources of the reduced compounds fueling hydrate deposits (e.g. 
Sassen et al., 1999a,b) and investigated the processes controlling hydrate formation and 
decomposition so that their current state of stability can be assessed.  We have measured rates 
of sulfur cycling to evaluate the role of hydrates in supporting local benthic and water column 
communities and developed an approach to evaluate the relative contributions of different 
substrates driving microbial respiration. 
 

A central focus of our research is "How are spatial and temporal variations in hydrate 
formation, decomposition and composition related to variations in the mechanisms and rates of 
carbon and sulfur cycling processes in surrounding sediments?” 
 
Scope of work:  The project has three parts:  

1. To assess spatial and temporal variations in hydrate stability, we have visited 8 hydrate-
containing sites in the Gulf of Mexico (Table 1).  We have completed chemical analyses 
of samples collected on a 12-day cruise in the summer of 2000 in collaboration with Dr. 
R. Coffin and Dr. K. Grabowski of the Naval Research Lab.  Samples have also been 
analyzed from participation on the consortium cruise in 2002.  And finally, significant 
progress has been made on the completion of sample analysis from the summer 2003 
cruise.  These analyses are complete and will be used by Laura Lapham as a portion of 
her dissertation project. 

 
2. Mechanisms and rates of carbon and sulfur cycling processes are assessed by the 

aforementioned chemical analysis and the development of new tools and techniques for 
application at the long-term gas hydrate monitoring station.  We have developed an in 
situ pressurized pore water sampler and deployed the first osmosampler in the Gulf of 
Mexico.  As will be shown below, the quality of data retrieved from our pressurized 
sampler is much better than what we have seen before.  Recent studies undertaken in 
summer of 2003 indicate over an order of magnitude greater dissolved gas 
concentrations with the in situ pressurized sampler relative to traditionally collected 
samples.  
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3. In the summer of 2003, we also visited a site similar to the Gulf of Mexico thermogenic 
gas hydrate sites off Vancouver Island in the Pacific Ocean to further test the device 
developed in #2.  The in situ pore water probe was used to assess the rate of hydrate 
dissolution (Flux 9 in Figure 1) and this technique will be used on future dives to the Gulf 
of Mexico sites.   

 

How does our work fit in with consortium? 
The focus of the consortium is to establish a long term monitoring station, and to follow a 

gas hydrate deposit over a long time frame using acoustical and geophysical methods.  
Geochemistry serves as the ground truth for the geophysics.  The central issues which our 
proposal focuses upon are: 
 

1.  Patchiness in seepage and hydrate quantity. 
2.  Exchange of hydrocarbons, monitoring of hydrate decomposition and formation with 
an eye toward seafloor stability issues. 
3.  Identification of the sources of reduced compounds fueling the deposits.  

 
 Why is patchiness important? The question is related to the hydrate inventory, its 
formation and its decomposition.  We want to know how a km2 of seafloor dominated by 
hydrates works.  Our approach is to deploy tools to quantify hydrate growth and decomposition, 
the processes that affect the hydrocarbons, and pore water parameters that are affected by 
them.  The monitoring station will sense remotely a limited footprint or spatial area.   Our work 
will determine the variability within that footprint.  Our consortium needs to know how the 
temporal changes we observe at the station are related to spatial variability. 
 

Site descriptions: 
Samples have been collected during three cruises aboard R/V Seward Johnson II in the 

summers of 2000, 2002, and 2003 at a reference site and eight hydrate sites.   
 The reference site (27°44.9’N, 91°16.63’W, 535 m depth) was sampled by collecting a 
box core over the side of the ship.  From the box core, two 5cm x 30cm lexan push cores were 
taken and immediately stored at in situ temperatures of 7°C for later analysis.  Sediments were 
light brown in color and there were no visible disturbances in the cores due to gas expansion or 
dissociating hydrates.  Hydrates are not known to exist in this area. 
 The hydrate sites were sampled from the submersible Johnson Sea Link.  Four of the 
sites are found in the Green Canyon (GC) Lease Block 185, 234, 233, and 232 and have been 
described elsewhere (Brooks et al., 1984, Brooks et al., 1985 MacDonald et al., 1994, Roberts 
et al., 1999; Sassen et al., 1999; Sassen et al., 1998; Sassen et al., 2001; Sassen et al., 1999).  
Briefly, GC 185 (27°46.9’N, 91°30.4’W, 550-580m depth) and GC 234 (27°44.7’N, 91°13.3’W, 
525-560m depth) have exposed hydrates at the sediment water interface, chemosynthetic 
communities (tube worms, methanotrophic mussels, and clams), seeping gas of low molecular 
weight hydrocarbons (such as methane, ethane, and propane), and oil associated with the 
surrounding sediments.  GC 233 (27°43.4’N, 91°16.8’W, 640m depth) is a brine pool 
surrounded by a mussel beach.  Mississippi Canyon (MC) is east of the GC sites 
(28°51.1409’N, 89°29.5361’W, 2915m water depth). 
 Mississippi Canyon (MC) 709 and 118 (28°51.1409’N, 89°29.5361’W, ~970-m water 
depth) were visited in 2002.  MC 118 is the easternmost hydrate site of all discoveries in the 
Gulf of Mexico thus far (Sassen, personal communication).  MC 118 has chemosynthetic 
communities but I am unsure if shallow surfacing hydrates exist.  Geochemically, the oil and the 
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gas do not look much different than at a well-studied site, MC 852/853 that is thought to contain 
more gas hydrate accumulations than any other site in the central Gulf of Mexico ((Sassen et 
al., 1999)).   
 Viosca Knoll 826 (29°09.7528’N, 88°01.9246’W, ~570-m water depth) and Garden 
Banks 425 (27°33.2113’N, 92°32.4463’W, ~625-m water depth) were also visited but 
information about these sites is still being gathered.  An active mud volcano at GC 205 was 
visited in 2003 that had been discovered by the Navy submersible NR-1 a few years prior.  
Information on this site is also being gathered.    
 

Methods: 

Sampling methods 
At the hydrate sites, sediment and pore water samples were collected from the 

submersible platform by two different methods.  The first method collected only pore waters by 
using an in situ pore water extraction device, known as the Probe (Figures 2 and 3).  Ideally, for 
every deployment of the probe, there was a sediment core to compliment.  During the 2000 
cruise, the probe was not pressure tight so concentrations are a minimum.  However, the probe 
was modified to hold in situ pressures for the 2002 and 2003 cruises (Figure 4).  Briefly, the 
submersible’s manipulator arm placed the probe tip into the desired sediment and triggered a 
hydraulic spring that provided the suction to extract pore water through 10 filtered ports along a 
50-cm shaft for 30 minutes.  For the 2000 cruise, samples were collected in PVC chambers that 
were open to the outside pressure thereby allowing expansion of the gas during ascent.  These 
chambers collected about 7mL of water.  To obtain in situ concentrations, the probe was 
modified with stainless steel chambers and heavy-duty gas tight valves to hold pressures up to 
a maximum of 4000psi.  This modification led to significantly improved results.  The sample 
volume stayed the same as the original design.  Once the probe was shipboard, pore waters 
were collected into gas tight syringes and immediately analyzed for gas concentrations using a 
gas chromatograph.  Remaining pore water was preserved by injecting it into evacuated serum 
vials and frozen upside down for determination of carbon isotopic ratios at the mass 
spectrometry labs at UNC and FSU.  

The second sampling method collected sediment and pore water with traditional Lexan 
30cm push cores.  Once onboard ship, cores were sectioned into 2-3 cm sections and pore 
waters expressed by pressure filtration.  Sub-cores of each section were taken to measure 
sulfate reduction rates (described below).  Pore waters were stored cold in 2mL o-ring sealed 
plastic microcentrifuge tubes.  Sediment patties were frozen in plastic bags for determination of 
total organic carbon concentrations and δ13C.   

 

Analytical methods 
 Sulfate was measured by diluting 100uL of sample to 10mL with eluent and injecting 
1mL into a Dionex Ion Chromatograph.  Sample concentrations were determined after running 
several standards.  Dissolved gas samples were analyzed for concentrations of methane, 
ethane, and propane aboard ship using a Shimadzu Mini-II gas chromatograph equipped with a 
poropaq Q column.   Dissolved gas samples were also analyzed for carbon isotopic signatures 
using a gas chromatograph-isotope ratio mass spectrometer (GC-IRMS) with a Hewlett-Packard 
5890 GC equipped with a Poroplot Q column set at 30°C and a Finnigan Mat IRMS.  Low 
concentration gases were analyzed by pre-concentrating gas aliquots of ~10-30mL in-line with a 
liquid nitrogen/ethanol slush at approximately -130°C and a column baked at 30°C and then 
introduced into the GC-IRMS system.  Microliter volumes of high concentration gases were 
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directly injected onto the column to be introduced to the mass spectrometer.  Total organic 
carbon concentrations and isotopes were measured on freeze-dried and ground sediment 
patties.  Approximately 30mg of sample was introduced by flash combustion into a Carlo Erba 
Elemental Analyzer and resultant carbon dioxide swept into the same IRMS system as 
described above.  Results are presented in the standard d notation, in ‰. 
 
δ13C‰   =   [(Rsam/Rstd) – 1]  *  1000  where R = 13C/12C and Rsam is the sample and Rstd is 
PDB standard.   
 

Sulfate reduction rate measurements 
Briefly, triplicate sub-cores were taken from each section, carefully excluding oxygen 

with silicone-filled stoppers.  They were then injected with approximately 40 KBq 35S-sulfate 
contained in a 10 µL volume and incubated at 7°C for 24 hours onboard ship.  After incubation, 
sub-cores were extruded into empty 120mL glass serum vials and preserved as a slurry in 5mL 
of 1.6M zinc sulfate and 1mL of 0.1M sodium sulfide carrier solution.  These chemicals 
stabilized sulfide in the form of insoluble zinc sulfide and stopped biological activity.  Samples 
were then stoppered with blue butyl rubber stoppers and frozen for later determination of 
biologically produced 35S-sulfide.   

Determination of biologically produced 35S-sulfide was measured by a modification of an 
active distillation/chromium reduction technique, also described in Albert et al. (1995).  In short, 
samples were flushed with oxygen-free nitrogen and then acidified through the septa with 10mL 
of 2M HCl containing 0.5 M Cr2+, prepared previously by reduction of an anoxic solution of CrCl3 
solution in a bed of zinc-mercury amalgam bubbled with nitrogen.  Upon acidification and 
heating (4 minutes at 100°C), labeled and unlabeled hydrogen sulfide was released from the 
slurry, carried through a glass-wool aerosol trap, and finally precipitated out in a solution of 6mL 
of 0.5 M zinc acetate in 0.5% iso-butanol.  Trap contents were transferred to scintillation vials 
and an equal volume of Scintiverse II (Fisher Scientific) for counting on a Beckman LS 6800 
scintillation spectrometer was added.  Counts were corrected for quench from the counting 
efficiency of an external standard.  Sulfate reduction rates were than calculated using the 
following equation, 

 

 
Where, H2

35S is the amount produced during the incubation time, SO4
2- is the concentration of 

pore water sulfate measured in the cores, 1.04 is the fractionation factor taken into account 
when bacteria preferentially take up the lighter sulfur isotope rather than the heavier isotope, φ 
is the porosity of the sediments, 35SO4

2- is the amount of labeled sulfate added to the 
incubations and incubation time is in days. 
 
Results and Discussion: 

 
We have successfully developed an in-situ pore water probe to allow collection and 

recovery of dissolved gas samples without de-pressurization.  This improvement led to the 
observation of significantly greater concentrations and smoother concentration profiles (Figure 
5).   

Experiments were conducted in 2003 between traditional coring techniques and the 
Probe to compare dissolved methane concentrations and isotopes (Figure 6).  As expected, 
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methane concentrations are an order of magnitude lower in the cores than in the Probe.  
However, there are also slight variations between the methane carbon isotopic composition 
from the core and Probe pore waters.  These variations are being further investigated with the 
same comparison samples taken from the Gulf of Mexico this past summer 2003. 

With the use of the Probe, we were able to look at a spatial survey of methane 
concentrations and isotopes in the shallow subsurface from eight different locations in the Gulf 
of Mexico.  In the upper 50-cm of the subsurface, methane concentrations increased downcore 
(Figure 5) and varied widely between sites.  For example, we observed great variability at 
nearby locations at GC-234.  Methane concentrations varied by almost two orders of magnitude 
(Figure 8) between two separate deployments of the Probe taken only several meters from each 
other.  Methane carbon isotopes did not show much variability within a profile (see error bars on 
Figure 7) but showed some variation over several sites.  Most methane showed a thermogenic 
signature (-48.36±5.27) while the brine pool at GC 233 was biogenic (-64.61±0.10) (Figure 7).  
Variability was also seen in sulfate concentrations and sulfate reduction rates between sites.  
Sulfate showed greater depletion at site 4217 and almost no depletion, only a few meters away, 
at site 4218 (Figure 9).  Sulfate reduction rates varied by two orders of magnitude, similar to 
methane concentrations (Figure 10).  

One might suspect from perusal of this data that methane concentrations were driving 
the elevated rates of sulfate reduction at site 4217 relative to site 4218.  However, TOC (total 
sedimentary organic carbon) was also significantly greater at site 4217 than 4218 (Figure 11).  
Stable isotope data, indicated that the organic carbon was not methane derived (Figure 12) as it 
was more like conventional organic matter (low – 20’s ‰ rather than methane –48‰).  We 
hypothesize that microbial degradation of petroleum could also be driving the high rates of 
microbial respiration observed.  To evaluate this hypothesis we have examined the δ13C of 
dissolved porewater CO2 and calculated the excess CO2 over background seawater which is 
produced by microbial respiration.  This approach, called a Keeling plot, plots the reciprocal of 
the CO2 concentration versus the δ13C of dissolved porewater CO2 and allows us to calculate 
the isotopic signature of the CO2 produced by microbial respiration as the y-intercept of the line 
(Figure 13).  The δ13C of CO2 produced from microbial respiration is identical to the isotopic 
composition of the substrates supporting microbial respiration (Lapham et al., 1999; Proctor et 
al., 2001).   
 From our Keeling plot approach (Figure 13), we calculate that the δ13C of organic 
carbon driving microbial respiration is –36.1‰, a value intermediate between methane and 
petroleum hydrocarbons.  If we assume that the petroleum compounds are –29‰, and the 
methane we have measured to be –49‰ with a fractionation effect of 1.012, we can calculate 
that the microbial respiration at this site was 24% supported by methane oxidation while 76% is 
supported by oil oxidation (Table 2).  Analysis of cements (calcified CO2) collected at a variety of 
gas hydrate sites are consistent with the hypothesis that methane oxidation alone is not driving 
microbial respiration at gas hydrate sites (Table 3) as only 1 site (4408) showed unequivocal 
evidence for methane oxidation.   

In collaboration with Dr. Sassen, of Texas A&M University, we recently measured the 
14C content of vent gases of both biogenic and thermogenic origin (Table 4; Sassen et al., 
2003).  The thermogenic gas is the first in the table below as indicated by its δ13C value of –
46.7‰.  The two biogenic gases have δ13C values of –62‰.  We tested the hypothesis that the 
biogenic gases would have some contribution from modern carbon associated with 
decomposition of recently fixed carbon on the seafloor.  Our hypothesis was not consistent with 
the data.  All of the hydrocarbons are of ancient origin.   
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Conclusions: 
Preliminary Conclusions from our first years of funding are: 
 
1.  Modifications to our in situ porewater probe sampler have allowed the collection and 
determination of accurate dissolved gas concentration and �13C from the seafloor.  
Comparisons with pressurized and un-pressurized sampling demonstrates the necessity of such 
a system to collect accurate and meaningful data.  When measured properly, gas and ion 
concentrations in pore water can be used to help understand the formation, decomposition and 
stability of hydrates. 
 
2.  Variability of rates of microbial process is extreme on small spatial scales.  Sulfate reduction 
rates, methane concentrations, total organic carbon, and sulfate depletion all show evidence for 
extremely high rates of microbial respiration at gas hydrates sites but this respiration is patchy 
on small scales.   
 
3.  Microbial respiration is not driven only by methane oxidation.  There is strong isotopic 
evidence that oxidation of higher hydrocarbons plays a major role in driving elevated rates of 
microbial processing. 
 
4.  Radiocarbon evidence indicates that hydrocarbon sources are driven by deep reservoirs and 
there is little evidence for extensive methane production associated with recycling of organic 
matter fixed on the sea floor via chemosynthetic processes. 
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Figure 1 depicts a conceptual model of methane flux, production and consumption that can 
affect gas hydrate deposits.  The deposits considered derive contributions of methane from both 
biogenic and thermogenic sources.  A biogenic hydrate model might simply omit the 
thermogenic components of this model.  Black arrows represent methane flux from a source; 
open arrows represent microbial methane consumption.  Flux 1 is from biogenic methane 
production, 2 is from thermogenic methane production, 4 represents the flux from a deep 
reservoir or distributed sources to the surface where it can form hydrates, bubbles or dissolved 
methane.  Flux 7 represents methane flux from either hydrate, pore water, or gas bubbles into 
the water column where it can enhance secondary production.  Fluxes 3, 5, 6 and 8 represent 
anaerobic and aerobic methane oxidation.  Equilibrium and exchange with dissolved methane is 
also depicted, flux 9.  Any bubbles that make it to the top 100-m of the water column can be 
injected directly into the atmosphere. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

9
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Figure 2.  The pore water probe can be utilized to sample a variety of discrete environments.  In 
the picture above, a porewater profile below a tube worm bush is being obtained. 
 

 
 

 
Figure 3.  Here the probe is deployed by the arm of the Sea Link to collect a discrete sample 
immediately at the base of a gas hydrate deposit. 
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Figure 4.  The porewater probe following its 
redesign to allow collection and retrieval of in situ 
samples at ambient pressure.  The probe is resting 
on a table with the sampling proboscis extending 
through the deck of the table. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 5.  Comparison of in situ pore water gas probe gas analysis on un-pressurized (left) and 
pressurized (right) pore water sampler.  The profile on the left does not exhibit gas 
concentrations above equilibrium values with 1 atmosphere pressure (dashed line) whereas the 
right profile does. These results indicate the loss of dissolved gases as the instrument ascended 
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to the surface.  The saw-tooth nature of the profile also may indicate degassing during assent.  
The right profile reaches concentrations of 15 mM CH4 and is smooth, exhibiting a convex 
upward shape consistent with methane oxidation.  Modeling exercises will enable us to calculate 
a rate of methane consumption from this data that would not be possible otherwise.  To our 
knowledge, this profile is the first ever pressurized in situ profile collected from the deep sea.    
 
 

 
Figure 6.  Comparison of methane concentration and isotopic ratio from Probe and traditional 
cores taken from Cascadia Margin. 
 
 

 
 
Figure 7.  Averaged dissolved methane del13C values from the Probe over 50-cm interval.  
Error bars signify 1 standard deviation.   
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Figure 8.  We observed almost two orders of magnitude variability hydrocarbon concentrations 
in sediments surrounding the gas hydrate deposits.  These two sites also showed great variability 
in sulfate reduction rates (see Figures 9 and 10).   
 

 

Figure 9.  Sulfate depletion is greatest in core 4217,consistent with the higher hydrocarbons 
measured there and the greater sulfate reduction rates. 
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Figure 10.  Sulfate reduction rates varied by over two orders of magnitude between the sites.  
Also shown in the figure are sulfate reduction rates at a reference or background site away from 
a gas hydrate deposit.   

Figure 11.  The % organic carbon at the sites discussed above.  Similar to methane 
concentrations and respiration rates, organic carbon concentration was much greater at site 
4217. 
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Figure 12.  The δ13C of TOC at the two sites was not different, nor was it clearly derived from 
methane oxidation.  TOC δ13C was more similar to petroleum values. 
 

Figure 13.  Keeling plot analysis to determine the δ13C of excess CO2 in porewater driven by 
respiration.  The intercept of the line fit to the data is the δ13C of CO2 in excess over background 
seawater.  This excess CO2 was supplied by microbial respiration, and reflects the isotopic 
composition of the substrate utilized by the bacteria (Lapham et al., 1999).  This value was used 
in Table 1, above to determine the relative contributions of the hydrocarbons driving microbial 
respiration at the gas hydrate sites. 
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Tables: 
 
      
Site # dives Exposed Chemosynthetic # cores # Probe 
   hydrate communities   deployments
            
GC 185 10 Y Y 14 3 
Bush Hill           
GC 233  2 N Y 2 2 
Brine Pool           
GC 234 8 Y ? 10 3 
            
GC 232 4 Y Y 7 2 
            
GC 425 1 ? Y 1 1 
            
GC 205 1 N N 2 1 
mud volcano           
Viosca Knoll 2 ? ? 3 0 

826           
Miss Canyon 3 ? Y 3 1 

118           
Table 1.  Sites visited from three cruises to the Gulf of Mexico.   
 
 

 
 
Table 2.  Calculation of the relative importance of substrates driving microbial respiration from 
an isotopic balance. 
 

Petroleum or methane oxidation?

• Signature of added DIC = -36.1‰
• Methane source = -47 (α = 1.012) -59‰
• Oil source = -29‰
• Mass Balance:  

-59(f) + -29(1-f) = -36.1

~24% methane oxidation
~76% petroleum oxidation
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Table 3.  δ13C‰ of carbonate cements recovered from gas hydrate sites.  With the exception of 
the sample highlighted in yellow, none of these samples show unequivocal evidence for methane 
oxidation.  The samples highlighted in pink are 13C enriched relative to marine organic matter. 
 
 
 
 

Sample δ13C‰ AGE yrs F modern Fm error ∆14C 
4228-3 -46.7 >52000 (1100) 0.001061 0.0001 -998.9 
4232-2 -62.8 48100 (610) 0.00253 0.0002 -997.5 
4229 1R   -62.9 45700 (410) 0.003384 0.0002 -996.6 
Table 4.  Radiocarbon values of methane (modified from Sassen et al., 2003).  F modern stands 
for fraction modern carbon.   
 

Sample ID δ 13C
Bucket 3, 709, Miss. Canyon, 4413 -23.8
4405, 5/30/02, Rock -20.5
4401, 5/29/02, Carbonate -22.0
4413, Core 6 Rocks from 6-9 cm 6/3/02 -26.8
4403, #6, 27 cm carbonate, 5/29/02 -18.0
GC 232, 4403, core #4, carbonate at 21 cm -14.6
4401, Core #2, 5/29/02, carbonate -18.0
4405, 5/30/02 -22.0
4408, 6/1/02 Offshore 65-1 -49.7
4413, 118 Miss. Canyon 6/3/02 -28.6
Gc 234, 4407, 5/31/02 smaller of 2 rocks -20.4
4413, Miss Canyon, Block 3/6/02, 709, Bucket 9 -28.2

Cement CaCO3 δ13C ‰
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Abstract 
 
Extremophile microbes, specifically those from methane hydrate seeps in the Northern Gulf of 
Mexico, represent a potentially important and novel resource for marine biotechnology.  
Microbes are known to produce up to one third of all antibiotics on the market today, and deep-
sea organisms also produce unusual enzymes that operate under extreme pressures and 
temperatures.  The purpose of this project was to isolate strains of microorganisms from the 
methane hydrate seep sites, to culture these strains in our labs at the University of Mississippi, 
and to test broth extracts for unusual biomedical activity.   
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Introduction 
 
 Recent studies have demonstrated the significance of the marine environment as 
another resource for the discovery of novel bioactive metabolites (Paul 1992; Attaway & 
Zaborsky 1993). The oceans encompass approximately 75% of the planet’s surface and over 
90% of its crust volume, thus conditions represent the extremes of temperature, pressure, and 
salinity encountered by organisms.  To survive, marine organisms have adapted unique 
metabolic processes, and often metabolites, which are not observed in terrestrial systems 
(Pietra 199*).  Many important biomedical metabolite discoveries have been reported and at 
least two compounds, Bryostatin 1 and Didemnin B, have advanced to clinical trials as 
anticancer agents (Flam 1994).  Like their terrestrial counterparts, marine microbes (bacteria 
and fungi) offer the potential of a rich resource of novel chemotherapeutic agents.  Nonetheless, 
relatively few studies have focused on marine microbes; this may be due in part to the 
complexities involved in the isolation and cultivation of this resource (Fenical 1993; Liberra & 
Lindequist 1995), or to misidentified metabolite source organisms (Stierle et al. 1988; Faulkner 
et al. 1994). 
 
 The bacteriocidal properties of seawater were recognized by ZoBell and coworkers 
approximately 50 yrs ago; they subsequently showed that the diverse bacterial communities 
produced antimicrobial agents.  Nonetheless the first marine 
bacterial metabolite was only recently isolated from a species of 
Alteromonas found on blades of the seagrass Thalassia sp. in 
Puerto Rico (Burkholder et al. 1966).  The highly brominated pyrole 
(1), pentabromopseudiline, exhibited impressive in vitro antibiotic 
activity (MIC’s of 0.0063 to 0.2 ug/ml) against Gram-positive 
bacteria including Mycobacterium tuberculosis but was not active in 
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vivo; antitumor properties of this compound have been reported more recently (Laatsch & 
Pudleiner 1989). 
  
 Historically, terrestrial soil samples have yielded many of the antibiotic producing 
microorganisms (Robbers et al. 1996).  Microbes derived from marine sediment samples, which 

tend to be nutrient-rich, produce a diversity of 
bioactive compounds as well.  For instance, 
Streptomyces griseus from a coastal sediment 
sample in Japan produced an unusual group of 
boron-containing antimicrobials: aplasmomycin A 
(2), B (3), and C (4) (Hotta et al. 1980).  These 
compounds were active against Gram-positive 
bacteria (MIC’s of 0.8 to 3.0 �g/ml), but were 
particularly effective in vivo against Plasmodium 
berghei, the causal agent of malaria in mice.  
More recently this strain has been crossed with 
the species S. tenjimariensis, which produces a 

class of compounds that have strong activity against aminoglycoside-resistant microbes, to 
produce a strain that yields novel indolizine antibiotics (Yamashita et al. 1985).   
  
 Marine fungi also offer a potential source of bioactive 
compounds including alkaloids, polyketides, and terpenes.  For 
example, an undescribed species of Phoma was isolated from 
the carapace of the crab Chionoecetes opilio which yielded the 
phomactines A-D; these act as inhibitors of PAF receptor 
binding (Sugano et al. 1994).  The D analog (5) exhibited the 
lowest IC50 (= 0.12uM) of all conformers.  In addition, it was 
discovered that these compounds don’t effect the ADP-, 
arachidonic acid-, or collagen-induced platelet aggregation indicating phomactines represent a 
new class of potent and specific PAF antagonists. 
  
 Recent evidence has confirmed the importance of microbial biofilms as settlement cues 
for invertebrate larvae representing diverse taxonomic affinities (Johnson & Sutton 1994, 
Keough & Raimondi 1995, Wieczorek et al. 1995).  Included among the species which respond 
to biofilms are several examples of commercially cultured or harvested marine invertebrates 
(Cameron & Hinegardner 1974, Weiner et al 1985, Pearce & Scheibling 1991, Rodriguez et al 
1995, Anderson 1996).  Marine biofilms possess physical and chemical characteristics that can 
influence larval settlement.  The presence of bacteria can significantly change the nature of a 
substrate through alteration of wettability; this can positively or negatively impact various larval 
settlers (Holmstrom & Kjelleberg 1994).  Likewise, bacterial surface domain characteristics can 
influence cell-cell and cell-surface interactions.  The production of exopolysaccharides might 
promote settlement: 1) by passive entrapment of the larvae, 2) by direct attraction of larvae, and 
3) by amplification of inductive metabolites sequestered within the slime layer (Bonar et al. 
1986, Szewzyk et al. 1991).  Bacteria-derived inductive chemical cues have proven 
exceptionally difficult to identify although evidence for their existence appears unequivocal.  
Unknown chemical “factors” have been isolated from Alteromonas espejiana, Vibrio sp., and 
Shewanella colwelliana (previously Alteromonas colwelliana and LST) which induce settlement 
in a hydrozoan, a scyphozoan, and 2 species of oysters respectively (Neumann 1979, Weiner et 
al. 1989, Leitz & Wagne 1993).  While various neurotransmitters and inorganic compounds can 
be used by aquaculturists to induce laboratory settlement and metamorphosis of commercially-
important marine invertebrates, the compounds are often very costly and use can lead to 
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significant developmental aberrations and post-settlement mortality (Hadfield 1984, Pawlik 
1990, Slattery 1992).  Thus the search for natural inducers of larval settlement is still warranted 
and requisite for cost-effective hatchery reared resources. 
  
 Marine microbes have been notoriously difficult to culture despite evidence for vast 
numbers and species diversity in seawater (Sieburth 1979).  Direct enumeration of seawater 
samples using fluorochrome stains indicate that as much as 99% of the bacteria in any given 
sample are incapable of forming colonies on traditional media formulations (Daley & Hobbie 
1975; Kirchman et al. 1982).  These media typically incorporate complex carbon and nitrogen 
sources at concentrations that are an order of magnitude higher than found in the oligotrophic 
conditions of the open ocean (sensu Valiela 1984).  Moreover, the observations that marine 
bacterial growth can be inhibited by peptone and some amino acids (Buck 1974; Button et al. 
1993), and that many marine bacterial species exhibit physiological adaptations to growth in low 
nutrient conditions (Roszak & Colwell 1987; Ostling et al. 1993), indicate that the successful 
culture of marine microbes will need to be based on specific low nutrient formulations.  Recent 
high recoveries of viable marine bacteria have utilized pre-dilution of microbes and low nutrient 
formulations (Schut et al. 1993; Jensen et al. 1996).   
 
 

Executive Summary 
 
Extremophile microbes, specifically those from methane hydrate seeps in the Northern Gulf of 
Mexico, represent a potentially important and novel resource for marine biotechnology.  
Microbes are known to produce up to one third of all antibiotics on the market today, and deep 
sea organisms also produce unusual enzymes that operate under extreme pressures and 
temperatures.  The purpose of this project was to isolate strains of microorganisms from the 
methane hydrate seep sites, to culture these strains in our labs at the University of Mississippi, 
and to test broth extracts for unusual biomedical activity.  Our group conducted a broad survey 
of the microorganisms from the 2002 GOM cruise, and isolated at least 237 strain.  During the 
2003 GOM cruise, we specifically assessed actinomycetes using selective media and isolated 
at least 41 strains.  Those isolates have been maintained in our culture facility for 3-15 mos (= 
1-5 cell line transfers) on specific media developed for this purpose.  Approximately 26% of the 
isolates were cryophilic and 12% had unusual hydrocarbon nutrient requirements suggesting 
they might contain novel enzymes with biotechnological roles (antifreezes and oil spill 
remediation, respectively).  EtOAc broth extracts yielded a biomedical “hit rate”, in at least one 
of our antimicrobial screens, of 6% compared to an average of 5% for most of our shallow-water 
microbial isolate extracts.  Preliminary chemical fingerprinting LC/MS data indicate that unusual 
halogenated compounds may be relatively common amongst these bioactive extracts.  
Bacteriaphage experiments and further isolation/structure elucidation of the bioactive 
constituents are ongoing and will form the general outline of a PhD dissertation (T. Hodges; 
University of Alabama, expected completion 2007).  
 
 

Experimental 
 
 To maximize species diversity, marine microbes will be collected from multiple cores 
taken at the GOM methane hydrate seep sites.  Sites will be chosen based on eco-physiological 
variability which can have tremendous influence on phenotypic (=chemical compounds) 
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variation (Harvell et al. 1993; Slattery & Paul in press).  For instance, we will collect in the 
shallow intertidal communities, deeper soft-bottom habitat characteristic of the Gulf Coast and 
the relatively rare hard-bottom structures, as well as in and outside of run-off plumes (varying in 
size from the Mississippi River to seasonal streams).  Likewise seasonal collections will 
increase the chances of isolating temporally discrete microbial blooms.  It is often difficult to 
isolate enough microbial cells from seawater samples so these collections will focus only on the 
benthic microbial fauna.  I have had much success in swabbing substrate and/or sediment in 
situ using clinical culturettes® (Slattery et al. 1995).  These can be stored for up to 3-5 days (ie. 
the approximate time of a collection trip) prior to isolation in the laboratory onto marine agar 
plates.  Isolated strains are then cultured in batch marine broth (alternatively, I have utilized 
Mueller-Hinton and Sabaroud Dextrose successfully for certain microbe species) on a shaker 
table at approximate ambient conditions.  Subsamples of the monocultures are stored frozen (-
80º C), lyophilized, and under oil for subsequent identification or re-isolation of bioactive 
species.   
 Marine microbes exhibit much variability in doubling times, however it is my experience 
that a batch culture (approximately 50 ml broth in a 125 ml flask) usually produces detectable 
quantities of bioactive compounds within 5-8 days.  The broth will be extracted in a separatory 
funnel using 1:1 methylene chloride/methanol and the resulting lipophilic and hydrophilic 
fractions will be dried under reduced pressure (Okazaki & Okami 1972).  A bioassay guided 
scheme (see below) will guide subsequent fractionation via column- and high performance liquid 
chromatography (Still et al. 1978).  As the sample becomes progressively purer, NMR can be 
used to assist in dereplication.  Those samples that show the greatest activity and/or potential 
for development can be re-isolated from fermentation plants (ie., liter+ batch cultures) using the 
archived microbes and taxonomic identities ascertained with BioLog methodologies.  In addition, 
compound selectivity can be enhanced through the production of novel microbial 
biotransformation analogs (Clark & Hufford 1991).  
  Chemo-attractant/repulsive compounds from the batch microbe cultures will be 
assessed using standard microalgae and invertebrate larval assays (Rittschof et al. 1984; 
Rittschof et al. 1988; Slattery 1992; Slattery et al. 1995).  It is my experience that Navicula sp., 
Balanus amphitrite, and Bugula neritina  represent significant and common fouling organisms on 
the Gulf Coast; Crassostrea virginica represents the most common wild mollusc species along 
the Southeast Gulf Coast and a potential species for aquaculture.  The experimental techniques 
have been previously described; briefly, cultures of either microalgae, barnacles, bryozoans, or 
oysters are maintained in the laboratory and subsampled at a stage prior to spawning and/or 
settlement.  Diatoms or larvae are introduced to a container with either control nutrients 
(Guillard's f/2 for diatoms: Guillard 1983) &/or seawater, or microbe isolated compounds 
resuspended at natural concentrations in nutrients &/or seawater to assess chemically-mediated 
settlement cues.  These data will have implications either to aquaculture (enhancement) or 
fouling prevention (inhibition).  Moreover, the compounds will be tested in a standard battery of 
pharmaceutical assays (tumor, protozoal, microbial, opportunistic infection, malarial) established 
at the National Center for the Development of Natural Products; these assays will determine the 
practicality of drug development from marine microbial sources.  
 

Results and Discussion 
 
Between August and December of 2002, single strains of bacteria and fungi were isolated from 
the mixed cultures obtained from gas hydrate sites in the Gulf of Mexico. At least 237 strains of 
microorganisms, including a number of Streptomyces and fungi, were isolated from the 2002 
gas hydrate cruise.  The isolated microorganisms were stored on media slants at 4ºC.  Now that 
these microorganisms have been isolated, work has been initiated on small scale broth cultures 
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and solvent extraction of some of theses microbes.  The extracts of these microorganisms will 
be submitted for biomedical evaluation.  We have a number of cellular based biomedical assays 
at our disposal for the screening of these extracts; these include antibacterial, anticancer, 
antimalarial, and antifungal bioassays. 
 
 2002 2003 
Number of Isolates 237 41 
Number of Cryphiles 58 13 
Number of Hydrocarbon 
Metabolizers 

27 6 

Number Biomedical Hits 3 13 
   
 On the August 2003 Gulf of Mexico cruise, our efforts were focused on marine 
sediment in the vicinity of gas hydrate mounds.  We were particularly focusing on isolation of 
actinomycete species and organisms capable of degrading hydrocarbon mixtures found in crude 
oil.  A variety of cultivation medias were employed for this purpose.  Although some colonies 
have appeared, minimal work has begun on isolation of individual strains.  These organisms are 
being grown near environmental temperatures, and many reproduce slowly under these 
conditions.  Another experiment conducted on the most recent cruise was the collection of 
sediment for isolation of bacteriophage capable of infecting bacteria collected at similar sites.  
We are using bacteria collected from the 2002 cruise as indicator strains for bacteriophage 
infection.  bacteriophage have been shown to have important roles in bacterial ecosystems, and 
are relatively unexplored from these environments.   
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Concl
usion 

 
Our group has isolated several hundred extremophile microbe strains, and has developed 
culture methods to maintain these strains in the laboratory.  Many of these strains appear to be 
cryophilic (i.e., they cannot adapt to laboratory bench temperatures and only survive at 4°C), 
and several appear to have unique hydrocarbon requirements probably representative of their 
adaptation to the methane hydrate seep environment.  While the degree of novel biomedical 
activity was modest, it did overlap with activity levels reported previously by our group from 
shallow coastal (Florida) and coral reef (Bahamas, Belize, Jamaica, Ponape, Guam, Saipan, 
Hawaii, and Egypt) ecosystems.  Moreover, preliminary LC/MS chemical fingerprinting data 
indicate that the bioactivity may be due to unique natural products with unusual halogenation 
patterns.  Ongoing research by our group will examine the biotechnological potential for 
enzymes responsible for hydrocarbon utilization, and the importance of bacteriophages to deep 
sea microbial communities.  
 
 

 
Representative LC/MS fingerprint of marine microbe EtOAc broth extract.  Data 
indicate that several metabolites are produced, and MS peak picks indicate that 
several of these compounds contain unusual halogenation and probably novel 
structures. 
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Abstract:  
 
Funds from this award were used for the partial support of two Staff Research Associates, 
supplies, flux meters and travel to the University of Mississippi, Oxford for planning meetings.   
 
Microbiological analyses were performed on a sediment core obtained near the monitoring 
station.  DNA was extracted from this material and used to isolate and characterize 16S rRNA 
bacterial gene sequences, from which inferences were obtained regarding the diversity of 
microorganisms present .  The results indicated a remarkable similarity to Bacteria present in 
other anoxic hydrocarbon seep/hydrate environments examined in other parts of the world.    
The great majority of the Bacteria belonged to the epsilon- Proteobacteria cold seep group.   
 
Geochemical  analyses were performed on pore fluids from sediment push cores at Bush Hill 
(BH) and on water column samples at and near the main Bush Hill plume. Pore fluid samples 
from the cores and CTD water samples were analyzed for the depth distributions of dissolved 
methane, Cl, Ca, Mg, alkalinity, sulfide, and sulfate concentrations, and for dissolved inorganic 
carbon (DIC) and methane δ13C values. The spatial and depth distribution of pore fluid solute 
concentrations provide information on the subsurface hydrology, and on solute fluxes across the 
sediment-water interface. The pore fluid chemistry indicates regional sulfate reduction and 
anaerobic methane oxidation (AMO), particularly intense in and near seeps, the intensity is 
manifested by the spatial distribution of benthis chemosynthetic communities, and in situ 
methane hydrate formation  and authigenic carbonate formation near the sediment-water 
interface at and in the vicinity of the main BH plume. In the water column, a significant 
enrichment in 13C-CH4 along isopycnals away from the plume, from the methane source, is 
observed, indicative of extensive aerobic methanotrophy in the water column. The δ3C-CH4 
value range from -41 to -49‰ at Bush Hill.  
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List of Graphical Materials: 
 
Table 1:  Similarity of selected Bush Hill 16S RNA sequences with those present at the National 
Center for Biotechnology Information.   
 
Figure 1:  Pore fluid  δ13C-DIC (‰ ) versus Alkalinity (mM) at Bush Hill and GC234. 
 
Figure 2: Water column methane concentrations at and near the methane hydrate mound 
plume, at Bush Hill.
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Introduction:  
 
Microoorganisms are likely to play important roles in the formation, stability and decomposition 
of gas hydrates and hydrocarbons present in sediment pore fluids.  A number of methodologies 
have been used to characterize the microbial diversity associated with cold seep or gas hydrate 
environments.  These include 16s rRNA gene sequencing (3, 4, 6, 9, 13, 19, 21), lipid stable 
isotope analyses (9, 23), fluorescent in situ hybridization (4, 20, 23-25), secondary ion mass 
spectrometry (24, 25), and more recently proteomics (12).  An excellent recent review of this 
topic can be found in a book chapter by Widdel et. al (30). 
 
The results of these studies suggests that anaerobic methane oxidation (AMO) in these settings 
is frequently accomplished through the activities of methanogen-like archaea belonging to the 
ANME-1 or ANME-2 groups, in syntrophic association with sulfate-reducing bacteria, typically 
members of the Desulfosarcinales order.  These associations may not always be necessary for 
AMO as in many cases ANME-1 and ANME-2 archaea are present in monospecific cell 
aggregates (25).  Studies of this biochemical process have been greatly hampered by the lack 
of cultures of microbes capable of AMO, but laboratory incubation experiments have been 
performed which support a linkage between AMO and sulfate reduction (8, 22).   
 
At this time relatively few studies have been performed on the microbial diversity associated 
with the hydrates and hydrocarbon seeps present in the Gulf of Mexico.  The Gulf of Mexico 
hydrate and seep environments are distinct from other regions studied to date by the presence 
of both thermogenic and biogenic methane, as well as a variety of aliphatic and aromatic 
hydrocarbons (see for example, (28).  Lanoil et. al (13) have reported on bacterial and archaeal 
diversity associated with thermogenic and biogenic gas hydrates taken from the Gulf of Mexico.  
Their results indicated moderately high bacterial diversity, but low archaeal diversity, with most 
of the Archaea being closely related to members of the Methanosarcinales.  More recently Mills 
et. al (21) have published on the microbial diversity present on hydrates and associated 
sediments obtained  from two gas hydrate sedimentary systems in the Gulf of Mexico.  As with 
the Lanoil study they also found low archaeal diversity.  However, the bacterial diversity in their 
samples was lower than that of Lanoil.  62% of their clones were most closely related to the 
epsilon-Proteobacteria (ε-Proteobacteria), and delta-Proteobacteira (δ-Proteobacteria) were 
also highly abundant.   
 
In this project we have used culture-independent rRNA sequence analyses to assess the 
bacterial diversity in a sediment sample in the vicinity of the monitoring station.  Our results 
indicate a large fraction of ε-Proteobacteria belonging to a group of clones that has come to be 
known as the cold seep group (10). We suggest that there is a need for further investigations of 
the activities of these microbes in anoxic hydrocarbon-bearing sediments.   
 
Seafloor or shallow-buried gas-hydrates, within 10-30 mbsf, have been recovered at Hydrate 
Ridge and offshore Vancouver, Cascadia, (e.g. Kastner et al., 1998; Suess et al., 1999; Spence 
et al., 2000; ODP Leg 204 reports). Near seafloor hydrates have also been recovered in the Eel 
River Basin, northern California (brooks et al. 1991), Okhotsk Sea and Black and Caspian Seas 
(Kvenvolden et al., 1993). The seafloor occurrence is especially prominent and the Gulf of 
Mexico, at Bush Hill (e.g. Macdonald et al., 1994).The occurrence of methane hydrate near or at 
the seafloor indicates active upward advection of methane-rich fluids or of methane gas. The 
seafloor and shallow buried gas hydrates are the most vulnerable hydrates to global warming. 
The environmental impact of release of large quantities of methane into the ocean and 
atmosphere could have important societal and microbiological consequences.  
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The Bush Hill hydrate mound site has been studied extensively for some time (e.g. MacDonald 
et al., 1994;  Sassen et al., 1998; Aharon and Fu, 2000; and references therein). However, in 
situ temperature monitoring, continuous flux measurements, and the impact of the methane 
advection into the water column have not been documented as yet. 
 
In this project we focused on documenting the present system that maintains the BH hydrate 
mound. The main questions we tried to address were: what is the subsurface hydrology, what 
are the methane and solute fluxes at the hydrate mound, in the vicinity, and at a “background” 
site; how much of the methane escapes across the seafloor into bottom water; how much of the 
methane gets oxidized in the water column, thus how much escapes into the atmosphere. 
Accordingly, we recovered push cores as close to the mound as possible and in the vicinity and 
regionally, we analyzed the pore fluids for methane, major and minor component 
concentrations, and for methane and DIC C-isotope ratios; we analyzed the water column 
samples for methane concentrations and  δ13C values, and deployed flux meters, MOSQUITOs 
(Multiple Orifice sampler and Quantitative Injection Tracer Observer), at critical sites for long-
term continuous monitoring seafloor temperature and sampling fluids and gases. The 
processing of the flux data are still in progress. 
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Experimental:   
 
Sediment Collection:  
Sediments were recovered with push cores near and in the vicinity of the Bush Hill hydrate 
mound, as well as regionally, to document “background” properties. At each sediment sampling 
site a separate push core was recovered for pore fluid chemistry, and a third core for dissolved 
methane concentration analysis. For microbiology, sediment was obtained from push core #8, 
obtained during Johnson Sea Link submersible  Dive # 4556 (2003), from a water depth of 1772 
feet located at N 27deg 46.953', W 91deg 30.4724'. It was in the footprint of our MOSQUITO #1 
Osmotic Sampler which was deployed in a mussel field just west of the main Bush Hill hydrate 
mound. The sediment used for molecular biology was from 5-10 cm below the surface.  
Authigenic carbonates were as well recovered, but as yet not analyzed. 
 
DNA isolation, PCR amplification, and cloning: 
Total nucleic acids were extracted from 1 g of sediment using the Ultraclean Soil DNA Isolation 
Kit (MO BIO Laboratories, Inc.). Modifications to the standard protocol included bead-beating 
the sediment for 25 seconds at 4.5m/s (Mo Bio Laboratories), following the extraction with a 
chloroform: isoamyl alcohol (24:1) clean-up, and precipitating the DNA with 3M sodium 
oxaloacetate and 2 volumes of 95% ethanol (personal communication, Brian Lanoil). Bacterial 
16s rDNA was amplified using primers Eub27F and Eub1492R (7). The PCR conditions used 
were 40 seconds of denaturation at 94oC, 40 seconds of annealing at 48 oC, and 2 minutes of 
elongation at 72 oC for 25 cycles in an Applied Biosystems GeneAmp PCR System 2700 
thermal cycler. Amplification products were cloned into vector pCR2.1 according to the TOPO 
TA cloning kit instructions (Invitrogen, Carlsbad, Calif).  
 
RFLP analysis and sequencing clone libraries:  
The 16s rDNA inserts were amplified using M13 primers.  The polymerase chain reaction 
conditions used were 40 seconds of denaturation at 94 oC, 40 seconds annealing at 52 oC, and 
2 minutes of elongation at 72 oC for 30 cycles. The product was digested with Hae III restriction 
endonuclease (New England Biolabs, Beverly, Mass.) at 37 oC for 2 hours. Banding patterns 
were grouped according to similarity, and representative members of each pattern group were 
fully, bidirectionally sequenced using M13 primers by San Diego State University Core Facility.    
 
Pore fluid and water column Analyses: 
Pore fluids were recovered by centrifuging subsections of the push cores at in situ temperature 
and under anaerobic conditions. The samples were immediately analyzed for alkalinity and 
sulfide and sulfate concentrations, and different aliquots were individually pretreated, depending 
on the component, and appropriately stored for shore-based analyses.  For most solutes the 
pore fluids were analyzed by ICP-OES or ICP-MS. Chloride concentrations were determined by 
titration with AgNO3, and Sulfate concentrations were also determined by IC. The pore fluid 
samples for methane and other hydrocarbon analyses, as well as and the water column 
samples were stored in serum bottles poisoned with mercuric chloride. Concentrations of 
hydrocarbons were measured by gas chromatography and the δ13C-CH4 -and-DIC were 
determined by mass spectrometry. The flux meter data in progress are being analyzed for dye 
concentrations; the degree of the dye dilution is determined by the fluid flow rate. 
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Results/Discussion:  
 
The bacterial diversity present in the Bush Hill sediment sample is presented in Table 1.  
Restriction fragment length polymorphism analysis indicated 6 dominant clone types.  However, 
sequence analysis of representatives of these clones revealed that 4/6 were derived from 
closely related members of the ε-Proteobacteria cold seep group (10).  The remaining clones 
reflected affiliation with the genus Holophaga and the order Desulfosarcinales.    All of the 
sequences were obtained from Bacteria closely related to microbes obtained in other cold-seep 
marine sediments. 
 

The predominance of the ε-Proteobacteria in our sample is quite striking.  Related 
Bacteria are probably best appreciated as members of microbial mats or ectosymbionts of 
invertebrates in hydrothermal vent environments.  For example, similar microbes have been 
detected in the mucous secretions of the hydrothermal vent polychaete Paralvinella palmiformis 
(1). Culture-dependent and independent methods have resulted in the identification of similar ε-
Proteobacteria from white tubes of the polychaete Alvinella pompejana collected on East Pacific 
Rise at 13ºN (2) Cambon-Bonavita et. al; unpublished results). They have also been found in a 
microbial mat from an active hydrothermal vent system in Hawaii (Moyer, Dobbs and Karl; 
unpublished results). 

 

Table 1:  Similarity of selected Bush Hill 16S RNA sequences with those present at the National 
Center for Biotechnology Information.   
Sequence Type Closest match or clone name % identity Phylogenetic 

affiliation 
BH8 Uncultured hydrocarbon seep clone 

(AF154101)  
97% ε-Proteobacteria 

BH10 Nankai Trough cold seep clone 
(AB013263.1)  

96% ε-Proteobacteria 

BH13 Nankai Trough cold seep clone 
(AB013263.1)  

96% ε-Proteobacteria 

BH23 Cariaco Basin anoxic zone (AF224803.1)  96% ε-Proteobacteria 
BH15 Nankai Trough cold seep clone 

(AB013269.1)  
97% 

Holophaga 
BH25 Santa Barbara Basin cold seep clone 

(AF354158)  
94% δ-Proteobacteria 

(Desulfosarcinales) 
 
Many cultured vent �-Proteobacteria, such as Sulfurimonas autotrophica,  grow 
chemolithoautotrophically with elemental sulfur, sulfide and thiosulfate as sole electron donors 
and oxygen as electron acceptor, while others are able to grow oxidizing hydrogen and using 
sulfur, thiosulfate or nitrate as an electron acceptor (2, 11, Takai et al.; unpublished results).  
The latter physiological mode could be operating within anoxic cold-seep sediments, such as 
those from which our Bush Hill sample was obtained.    
 
The εProteobacteria cold-seep group has been observed in many clone libraries obtained from 
seep or probable seep environments.  These include the anoxic zone of the Cariaco Basin 
where Euryarchaeota sequences implicated in anaerobic methane oxidation (AMO) have also 
been noted (18).  The Cariaco Basin is known to be rich in methane (29). Other sites include the 
Nankai Trough at a depth of 3.8 km where AMO communities have been found and a model for 
AMO presented (14, 15), various depths and locations within the Japan Trench (10, 15), and 
methane-rich borehole fluid obtained from Ocean Drilling Project borehole 892b off the coast of 
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Oregon (3). Many of our clones also display high similarity to sequences derived from a 
hydrocarbon seep environment not yet described (O'Neill et. al; unpublished results, see 
accession number AF154101 for example). In the case of one Japan Trench cold seep study it 
was discovered that shallow sediments of 2-4 cm contained mostly �-Proteobacteria whereas 
deeper sediments of 8-10 and 14-16 cm contained increasing proportions of �-Proteobacteria 
(10).  
 
The δ-Proteobacteria clones are all closely related to the putative AMO syntrophic group, such 
as those previously described by the DeLong research group in Eel River Basin seep sediments 
and in the Santa Barbara Basin (23).  They are also similar to clones obtained from anoxic 
sediments from marine salinity meromictic lakes and a coastal meromictic marine basin, 
Vestfold Hilds, in eastern Antarctica (5).  These microbes have been hypothesized to function 
as sulfate-reducing partners with anaerobic methane-oxidizing Archaea (see for example (30).   
 
The last additional bacterial group observed in our sample belonged to the little-known 
Holophaga/AcidobacteriumGeothrix phylum and the genus Holophaga.  This genus has been 
detected in diverse 16S rRNA gene libraries retrieved from diverse soil, sediment and aquatic 
environments (17).  Little is know about the physiological properties of Holophaga except that its 
one cultured member, H. foetida, is an obligate anaerobe, isolated from a black anoxic 
freshwater mud sample, and it degrades aromatic compounds to acetate (16).  Holophaga 
clones have previously been detected in cold-seep sediments of the Nankai Trough (14), 
sediment samples collected at Hornsund off the coast of Spitsbergen, in the Arctic Ocean (26), 
Eastern Antarctica anoxic sediments (5), and in anaerobic marine sediments enriched with 
organic carbon (27).  Curiously, Holophaga is related to Geopsychrobacter multivorans which is 
being evaluated for electricity production by as a marine sediment fuel cell (Holmes et. al; 
unpublished results, see accession number AY579996.1).   
 
The pore fluid data indicate that although sulfate reduction and anaerobic methane oxidation is 
regionally pervasive, methane (plus other hydrocarbons) upward advection is mostly focused at 
BH; the intensity and frequency of focused sites increases at and adjacent to the hydrate 
mound. This is manifested in the very high alkalinity concentrations, > 40 mM at and near the 
mound, and the low  δ13C-DIC values, shown in Figure 1, a cross plot of δ 13C-DIC (‰ ) versus 
alkalinity (mM). Most interesting is the observation that unlike at north and south Hydrate Ridge, 
for example, where δ 13C-DIC values range from -25 to -49‰, the most negative δ 13C-DIC value 
at BH (Fig. 1) is ~ -22‰. This indicates that at BH crude oil serves as the primary electron-donor 
and metabolic substrate for anaerobic sulfate reduction. Calcium, Mg, and Sr concentration 
profiles indicate in situ carbonate precipitation, some of the sulfide precipitates as Fe sulfides, 
and Cl concentrations indicate in situ methane hydrate formation at and adjacent to the main BH 
mound and methane seep. The high chlorinities in the pore fluids are localized in specific 
horizons of active hydrate formation, are not pervasive throughout the concentration-depth 
profiles, thus, do not suggest that brines are controlling the stability of the BH hydrate mound. 
 
Water column methane concentration (Fig. 2) and isotope data show that at the main plume 
methane concentrations are high, and even in the uppermost 5 meters of the water column 
seawater is considerably supersaturated (150-200 times) with respect to methane, hence, 
methane escapes into the atmosphere.The methane flux at this and other plume sites in the 
Gulf of Mexico is as yet unknown. Away from the plume methane concentrations decrease 
rapidly (Fig. 2) and the δ 13C-CH4 values indicate aerobic methanotrophy is widespread, 
following the reaction: 
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CH4 + 2O2  →  CO2 + H2O   
 
In addition to depleting dissolved oxygen concentrations, this reaction effects the δ 13C-DIC 
values of the bottom waters at and near the BH mound and main plume, where methane 
concentrations are high, therefore also the C isotope values of benthic carbonates. 
 
Conclusions:  

All of the microbial phylotypes discovered through this study are related to clones present in 
other hydrocarbon seep environments.  Their presence suggests that active hydrocarbon (in 
particular methane) consumption is taking place at the study site. Considering the prevalence of 
�-Proteobacteria cold seep group clones, AMO syntrophic SRB group �-Proteobacteria and 
Holophaga species in many seep environments, including that of Bush Hill, future studies 
should be directed at their culturing and physiological characterization.  Genomic and functional 
genomic studies of the bacterial components of seep environments is also likely to reveal new 
insights into microbial influences on hydrocarbon gases and hydrates.    
 
The intense anaerobic sulfate reduction and AMO in the subsurface strongly influence the pore 
fluid chemical environment, thus the microbiology. Methane and other hydrocarbon fluxes at BH 
are highly focused. At and near seeps pore fluid chemistry indicates that in addition to the 
coupled reactions of anaerobic sulfate reduction and AMO, methane hydrate, authigenic 
carbonates, and Fe-sulfides precipitate in situ. The pore fluids DIC � 13C values indicate that at 
BH crude oil serves as the primary electron-donor and metabolic substrate for anaerobic sulfate 
reduction. Much methane escapes across the sediment-water interface; analysis of the fluxes of 
methane and other solutes across the seafloor is in progress. In the water column aerobic 
methanotrophy is suggested by the dissolved methane C isotope values. Where methane fluxes 
are high this reaction utilizes dissolved oxygen, thus its concentration, and also the � 13C-DIC 
values. At and adjacent the main BH methane plume, methane escapes into the atmosphere.  
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AMO:    Anaerobic methane oxidation 
δ:   delta 
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rRNA:   ribosomal RNA 
SRB:   sulfate-reducing bacteria 
DIC:   Dissolved inorganic carbon 
MOSQUITO:  Multiple Orifice Sampler and Quantitative Injection Tracer Observer 
GOM:   Gulf of Mexico 
BH:   Bush Hill 
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ABSTRACT 
     Global observations of gas hydrates provide a basis for characterizing and modeling the 
spatial continuity of gas hydrate environments. Indicator variography and logistic regression 
were applied to gas hydrate samples reported in published data sets.  Each data set included 
sites where gas hydrates were observed or where drilling occurred without gas hydrate contact. 
The spatial distribution of the deposits within two study areas were characterized by preparing 
multiple experimental indicator variograms with values assigned as one for hydrate presence 
and zero for hydrate absence.  The spatial distribution of gas hydrate deposits on a global scale 
was modeled using logistic regression.  A best-fit model was determined based on the 
significance of multiple model variables. 
     An isotropic variogram with an active lag of 180 km and a uniform interval of 5 km produced 
the clearest structure for the Gulf of Mexico study area. The isotropic variogram was fit with an 
spherical model with a correlation length of 65 km, a sill value of 0.0396, and a relative nugget 
of 58.1%. The maximum direction of spatial continuity trends approximately 43° with the 
minimum axis at approximately 133°. Sampled sites are correlated at a distance of 35 km in the 
direction of maximum continuity and 25 km in the direction of minimum continuity. The sill value 
for an anisotropic spherical model was 0.0396 with a relative nugget effect of 63.1%. 
     An isotropic variogram with an active lag of 180 km and a uniform interval of 5 km produced 
the clearest structure for the Nigerian continental margin study area. The isotropic variogram 
was fit with a spherical model with a range of 110 km, a sill value of 0.035, and a relative nugget 
effect of 3.0%. No significant spatial anisotropy was evident in the Nigerian continental margin 
for the data set as a whole. 
     The nugget effect observed in the variogram models of both study areas is likely attributable 
to our definition of a find and may also be a consequence of the sampling procedures used to 
establish each data set. The maximum direction of spatial continuity derived from the Gulf of 
Mexico data set corresponds with the alignment of gas hydrate samples. The alignment 
suggests an underlying structural control on hydrate formation. Additional analysis, and perhaps 
additional sampling, is required for investigations of anisotropy in the Gulf of Guinea case. 
Indicator variograms suggest a spatial relationship does exist between gas hydrate locations as 
a function of both distance and direction. The stability of the spatial structure suggests a 
sufficient stationarity of hydrate forming processes that can be used for spatial prediction with 
stochastic models. 
     A best-fit logistic regression model for determining the conditional probability of gas hydrate 
occurrence includes two independent variables, water depth and temperature.  The model 
accurately classifies the presence of gas hydrate at approximately 80% of the known gas 
hydrate locations.  An improved dataset including all recently discovered gas hydrates as well 
as more observations where gas hydrates have not been found would serve to further verify the 
value of a logistic regression model. 
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Figure 1: Isotropic experimental variogram and best-fit model for the Gulf of Mexico

Figure 2: Anisotropic experimental variogram and best-fit model for the Gulf of Mexico

Figure 3: Isotropic experimental variogram and best-fit model for the Gulf of Guinea

Figure 4: Isotropic conditional probability map of gas hydrate occurrences: Gulf of Mexico

Figure 5: Residual plots for logistic models

Figure 6: Predictive ability of the selected logistic regression model

Table 1: Isotropic model results for the Gulf of Mexico and the Gulf of Guinea

Table 2: Anisotropic model results for the Gulf of Mexico

Table 3: Logistic regression model statistics

Table 4: Classification table based on the logistic regression model
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INTRODUCTION 
     Environments conducive to natural gas hydrate formation occur worldwide in both polar and 
marine environments.  Globally, gas hydrates have been discovered in nineteen regions, 
including the continental slopes of the Gulf of Mexico and offshore Nigeria (Kvenvolden, 1993).  
Research into the occurrence, distribution, and detection of gas hydrate deposits has escalated 
in the past decade because (1) gas hydrates represent a potential energy source, (2) gas 
hydrate formation and destabilization alters the geotechnical properties of surrounding 
sediments potentially causing mass movements and offshore drilling difficulty, and (3) the 
dissociation of gas hydrate may be a significant factor in global climate change. 
     The objectives of our study focused on (1) summarizing the controls on hydrate formation in 
marine sediments, (2) describing how the spatial continuity of gas hydrate deposits change as a 
function of distance and direction, and (3) determine the best-fit model to describe the relation 
between gas hydrate occurrences and properties of the surrounding environment.  The purpose 
of this modeling was to characterize the spatial continuity of gas hydrate depositional 
environments.  This characterization should prove valuable in the study of the distribution of gas 
hydrate deposits and may be valuable in assisting in improving the ability to predict the location 
of future finds of these deposits. 
     The analysis begins with isotropic variograms to define the distance parameters that produce 
the clearest structure.  Anisotropic variograms are investigated to determine the directional 
dependence or pattern in the spatial continuity of the area.  Models based on the sample 
variograms were used in indicator kriging to estimate the conditional probability of finding gas 
hydrate locations within the study areas. 
     A logistic regression analysis was used to determine a best-fit model that describes gas 
hydrate occurrences based on environmental properties associated with known gas hydrate 
deposits.  The logistic model takes account of our binary dependent variable and can be used to 
calculate the conditional probability of observing gas hydrate at unsampled locations.  
       
 
CONTROLS ON GAS HYDRATE FORMATION 
     Natural gas hydrates form a class of chemical compounds known as clathrates (Kaplan, 
1974).  Gas hydrates consist of a rigid structure of a low-molecular weight gas (typically 
methane) surrounded by water molecules.  The water molecules form rings joined by hydrogen 
bonds which host gas molecules, producing a stabilized crystalline structure. 
 
Stability Regime 
     Gas hydrate formation depends on a specific pressure-temperature regime.  Hydrate 
deposits form where pressures are relatively high and bottom-temperatures approach 0°C.  
Adequate temperatures for hydrate deposition generally range from -8 to 12°C (Malone, 1994).  
The geothermal gradient of a region controls the maximum lower limit of temperatures 
facilitating hydrate formation.  Fluctuations in bottom-water temperatures occur due to seasonal 
changes, propagation of warm water across slopes, and heat flow into sediments and the sea 
floor from the subsurface. Pressures conducive to hydrate formation range from approximately 
3-60 MPa.  The presence of higher molecular weight hydrocarbons serves to stabilize gas 
hydrates at higher temperatures and/or lower pressures (Brooks et al., 1986).   
 
Gas Hydrate Stability Zone (GHSZ) 
     Variables used to predict the hydrate stability zone include bottom-water temperature, 
geothermal gradient, water depth, and gas availability and composition (Brooks et al., 1986). 
The sea floor forms the upper limit of the GHSZ in outer continental margin sediments 
(Kvenvolden and McMenamin., 1980).  The intersection of the geothermal gradient and the 
projected hydrate phase boundary form the base of the GHSZ.  Local controls influence the 
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actual location of the base of the GHSZ for a given area.  In areas where the geothermal 
gradient is relatively constant, the thickness of the GHSZ increases with increasing water depth 
(Kvenvolden and McMenamin, 1980). The zone of actual gas hydrate accumulation often differs 
from the theoretical gas hydrate stability zone.  The presence of gas hydrate above a regional 
phase boundary suggests additional factors other than pressure, temperature, and gas 
composition influence gas hydrate accumulation (Booth et al., 1996).   
 
Water Depth and Sediment Depth 
     Marine bathymetry and sediment thickness also influence gas hydrate deposition.  Studies in 
the Gulf of Mexico report gas hydrate observations in water depths ranging from 300-2400 
meters, typically encountered at less than 1000 meters (Malone, 1994). Brooks et al., (1999) 
report gas hydrate occurrences offshore Nigeria in water depths ranging from 560-770 meters.  
Bottom-water temperature, water salinity, gas availability, and gas composition control the 
minimum water depth associated with gas hydrate stability (Brooks et al., 1986).  Equilibrium 
conditions for gas hydrate occur in shallow sediments less than 6 meters below the sea floor.  
Seasonal changes in temperature may only affect gas hydrate stability in the upper 1-2 meters 
of sediment (Milkov and Sassen, 2000).  Deeper deposits of gas hydrate form approximately 
100-1000 meters below the sea floor.  However, deposits in the Orca Basin occur at depths as 
low as 20-40 meters below the sea floor.  Shallow marine sediments of continental slopes and 
abyssal plains typically exhibit a pressure-temperature envelope conducive to gas hydrate 
formation (Malone, 1994). 
 
Depositional Environment 
    Environments associated with natural gas hydrate deposition typically exhibit high 
sedimentation rates and a continuous supply of methane (Cox, 1983).  High rates of sediment 
supply and accretion promote gas hydrate formation in primarily two ways.  First, proper 
mixtures of sediments containing organic matter can be quickly buried to the pressure-
temperature regime required for gas hydrate formation.  Second, a high sediment flux supports 
methane recycling (Cox, 1983).   
     The methane supply of an environment controls the preservation of natural gas hydrates.  
Methane gas concentrations must exceed the amount necessary to saturate pore waters in 
order for gas hydrate to form (Tucholke et al., 1977). Studies identify two sources of methane 
including microbial and thermogenic origins.  Microbial, or biogenic, hydrocarbon gases form 
through degradation of organic matter in the absence of oxygen and sulfates (Booth et al., 1996     
Thermogenic methane forms through catalytic reactions at temperatures exceeding 50°C 
(Kvenvolden and McMenamin, 1980).   
 
Structural Controls 
     Geologic features commonly associated with gas hydrate deposits include mass movements, 
salt deformation, and active normal and growth faults.  Mass movements may occur due to gas 
hydrate decomposition (Malone, 1994). Decomposition occurs based on several factors 
including fluctuations in seawater temperature, changes in sea level, and variable rates of 
methane gas concentration.  Hydrate decomposition poses safety hazards in drilling and 
pipeline construction. 
     Piston cores and marine seismic records establish a strong association between shallow 
salt, active faulting, and gas hydrate deposits (Sassen et al., 1999).  Gas hydrates coincide with 
diapiric crests and deep faults on flanks of diapirs. Faults resulting from the upward movement 
of diapirs produce lateral extension and fracturing.  These mechanisms provide conduits for gas 
migration from deeper horizons into the pressure-temperature envelope of gas hydrate 
formation.  Tectonics associated with salt diapirs and natural gas hydrate layers may also 
produce structural traps for hydrocarbons (Brooks et al., 1986). Sassen et al. (1994) report gas 
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hydrate observations along rims of salt-withdrawal basins and over salt ridges.  Salt related 
fracture zones and faults provide pathways for heat flow and warm fluids from the subsurface to 
the sea floor, altering bottom-water temperatures, and modifying the hydrate stability zone 
(Booth et al., 1996).  The relation between active geologic features and gas hydrate deposits 
suggests conditions other than regional temperatures and pressures dictate the vertical 
distribution of hydrate accumulation zones. 
 
Properties of Host Sediments and Gas Hydrate Deposits 
     Gas hydrate formation affects diagenetic processes of sediments by producing unique 
migration pathways, products, and sedimentation rates that allow seeps and oil and gas traps to 
form.  Gas hydrate deposition prevents normal sedimentation and obstructs diffusion and 
dissolution of ions in interstitial waters.  Initial hydrate formation may occur along fractures, 
faults, and/or within cavities of coarse-grained sediment (Brooks et al. 1986).  Previous 
discoveries show an irregular distribution of gas hydrates in ocean sediments (Brooks et al., 
1986).  However, limitations on reliable data on the in situ nature of gas hydrates exist due to 
poor core recovery techniques. 
     The textures of host sediments present a potential influence on the nature of hydrate 
occurrences.  Booth et al. (1996) describe two general types of gas hydrate occurrences.  The 
first type includes laminae, layers, plates, and mats suggesting crystallization parallel to bedding 
planes and faults.  The second type includes nodules and massive deposits that form large 
particles capable of deforming bedding planes.  Grain sizes observed with hydrate deposits 
range from coarse to very fine-grained sediments.  Examples include medium to coarse-grained 
volcanic ash, sandy layers, carbonate rubble, silty mudstones, calcareous clay oozes, and high 
porosity silty sediments (Brooks et al., 1986).  Booth et al. (1998) report the following 
associations between hydrate habit and host sediments: (1) layers or laminae of hydrate 
deposits are commonly observed in fine sediments, (2) granules and nodules are observed in 
fine sediments and coarse grain-size sediments, and (3)  Hydrates formed within the matrix of 
sediments as cementation agents are strongly associated with coarser sediments. Biogenic 
hydrates primarily form crystal and small nodules, whereas thermogenic hydrates form nodules 
to thick layers to massive mounds (Brooks et al., 1986).  Booth et al. (1998) report the porosity 
of gas hydrate host sediments ranges from 40-75 % with an average of 55%.  Thicker 
accumulations of pure gas hydrate typically occur in higher porosity sediments.  Sassen et al. 
(2001) report outcrops of gas hydrate mounds on the sea floor in the Gulf of Mexico.  Research 
submersible observations establish a strong association between gas hydrate mounds and 
active vent sites.  Gas hydrates rarely develop uniformly in nature or in a solid mass. 
     Observations on the Louisiana slope in the northern Gulf of Mexico exhibit gas hydrates in 
many forms including small to medium sized nodules (0.5-50 mm), interspersed layers (1-10 
mm), and as solid masses (>150 mm) (Brooks et al., 1986).  Other observations of hydrate 
samples contain carbonate concretions approximately 1 cm in diameter and fine-grained 
sediments stained with biodegraded crude oil (Cox, 1983).  Oil-stained cores typically infer a 
thermogenic methane origin.  However, some biogenic hydrates also contain oil stains (Brooks 
et al., 1986).  Gas hydrates sampled from offshore Nigeria include large nodules (1-1.5 cm) and 
thin interspersed layers (Brooks et al., 1999).   
 
ANALYSIS OF SPATIAL CONTINUITY USING INDICATOR VARIOGRAPHY 
 
Methods 
    The spatial distribution of gas hydrate deposits within the two study regions was 
characterized by preparing indicator variograms.  The data sets were compiled from multiple 
sources and include (1) sites where gas hydrates were either sampled directly or observed and 
(2) sites drilled without contact with gas hydrates. The data considered for each study area 
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included gas hydrate sampled locations reported by Sassen et al. (2001) and Milkov et al. 
(2000) for the Gulf of Mexico and Brooks et al. (1994) for the Gulf of Guinea.  Sampling 
locations where hydrate was not observed were provided by TDI-Brooks International, Inc. as 
part of the 1997-2000 Gulf Program for surface geochemical exploration (SGE) and the 1996-
2000 Nigeria Consortium Program. The Gulf SGE Program provided over 1000 core locations 
spanning the western and central sections of the Gulf of Mexico.  The Nigerian Consortium 
Program provided close to 500 core locations.    
     The first study area includes a section of the continental margin of the Gulf of Mexico, 
located offshore southeast United States.  The area is approximately 400 by 1000 km.  The 
second study area includes a section of the continental margin of the Gulf of Guinea, located 
offshore Nigeria, West Africa.  The area is approximately 350 by 550 km.   
     Sampled locations were assigned values based on an indicator function (Isaaks and 
Srivastava, 1989): 

 
 

 
     An indicator value of one was assigned to locations where gas hydrates were present and a 
value of zero where gas hydrates were absent.  GS+ software (Robertson, 2000) was used to 
generate both isotropic and anisotropic sample variograms based on the indicator values.  
Multiple isotropic variograms were examined to establish the appropriate distance parameters in 
each study area.  The lag spacing and distance over which the variance was calculated was 
adjusted to produce a variogram with clear structure.  The lag spacing (δ) and lag distance (L) 
satisfied the following conditions: 
    δ > minimum distance between points 
    L = Kδ 
where Kδ ≈ ¼ maximum distance between points and L is less the than maximum distance 
between points.  The nugget, sill and range of the isotropic variogram model were adjusted to 
determine the best-fit model. Variograms with an active lag and a uniform interval ranging from 
100-500 km and 2-20 km, respectively, were used in the comparison process.  The isotropic 
analysis provided a description of the spatial continuity as a function of distance.  Model 
parameters including a regression coefficients (R2) and residual sums of squares (RSS) 
calculated by GS+ provided a measure of the model fit to the variogram data. 
     A contour map of the variogram surface identified the orientation of the anisotropy axes used 
in modeling the directional trends in the data.  The principal axis defined the direction of least 
variation across the variogram surface, or direction of maximum continuity.  Multiple directional 
variograms based on the principle axis were generated using different offset angles.  The 
structure, fit, and number of pairs for each point of the directional variograms were compared to 
obtain a suitable offset tolerance. The nugget, sill and correlation length of the anisotropic 
variogram model were adjusted to determine the best-fit model.   
     The isotropic variogram model was used to indicator krige unsampled locations on a uniform 
grid of the Gulf of Mexico study area.  Indicator kriging provides a useful non-parametric 
estimation technique and assumes the distribution is constant across the study area.  Indicator 
kriging calculates the probability of sampling gas hydrate as conditioned by the value, location, 
and separation distance between neighboring sampled sites and the site to be predicted.  The 
equations used for indicator kriging include (Isaaks and Srivastava, 1989): 
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where wi corresponds to the weight assigned to each known point and Cij defines the covariance 
function between neighboring pairs.  The predicted value, or local average of an indicator, was 
calculated using (Isaaks and Srivastava, 1989): 
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The predicted indicator value represents the probability of sampling gas hydrate based on a 
conditional expected value: 

 
 
 
Results and Discussion 
     The isotropic variogram with an active lag of 180 km and a uniform interval of 5 km produced 
the clearest structure for the Gulf of Mexico study area (Figure 1).  The isotropic variogram was 
fit with a spherical model with a correlation length of 65 km, a sill value of 0.0396, and a relative 
nugget of 58.1% (Table 1).  The maximum direction of spatial continuity trends approximately 
43° with the minimum axis at approximately 133°.  Directional variograms along the maximum 
and minimum anisotropic axes with an offset tolerance of 10° were fit with a spherical model 
(Figure 2).  Sampled sites are correlated at a distance of 35 km in the direction of maximum 
continuity and 25 km in the direction of minimum continuity. The sill value for the anisotropic 
spherical model was 0.0396 with a relative nugget effect of 63.1% (Table 2).  
  The isotropic variogram with an active lag of 180 km and a uniform interval of 5 km produced 
the clearest structure for the Gulf of Guinea study area (Figure 3). The isotropic variogram was 
fit with a spherical model with a range of 110 km, a sill value of 0.035, and a relative nugget 
effect of 2.9% (Table 1). No significant spatial anisotropy was evident in the Nigerian continental 
margin for the data set as a whole. 
     A contour map of the conditional probability provides a summary of the spatial continuity of 
gas hydrate deposits derived from the indicator kriging process. Figure 4 is a conditional 
probability map for the Gulf of Mexico and represents the likelihood of sampling gas hydrates 
within the area.  To include geometric constraints associated with the shore line, soft data points 
were assigned a value of zero at locations with water depths too shallow to allow hydrate 
formation.  Core locations with their corresponding indicator values are shown for reference.   
          Isotropic variograms for both study areas show a strong variance structure.  The 
increased variance observed above the sample variance and the slightly erratic nature of the 
points beyond the correlation length suggest a regional trend is present in both data sets.  Gas 
hydrate forming processes appear similar in both environments when comparing spatial 
structure.  The correlation length is shorter in the Gulf of Mexico than in the Gulf of Guinea, 
suggesting gas hydrate deposits are correlated over a shorter distance in the Gulf of Mexico. 
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Figure 1 

Isotropic experimental variogram and best-fit model for the Gulf of Mexico 
 

                      Table 1                                                    Table 2 
Anisotropic 

Variogram Results 

Site 
Gulf of 
Mexico 

Model           spherical 
Max 
Continuity 
Direction 

43° 

Min 
Continuity 
Direction 

133° 

Lag 
Distance       
(km) 

180 

Lag Class 
Interval 
(km) 

5 

Major Axis 
Correlation 
Length 
(km) 

35 

Minor Axis 
Correlation 
Length 
(km) 

25 

Nugget 0.025 

Sill 0.0396 

Isotropic Model Results 

  Site Gulf of 
Mexico 

Gulf of 
Guinea 

Model           spherical spherical 

Lag 
Distance       
(km) 

180 180 

Lag Class 
Interval 
(km) 

5 5 

Correlation 
Length 
(km) 

65 110 

Nugget 0.023 0.001 

Sill 0.0396 0.034 

R2 0.637 0.747 

RSS 0.001938 0.002200 
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R2 0.314 

RSS 0.0262 
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Figure 2 

Anisotropic experimental variograms and best-fit models for a) maximum direction of 
continuity and b) minimum direction of continuity 
 

a)

b)
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Figure 3 

Isotropic experimental variogram and best-fit model for the Gulf of Guinea 
 
               The anisotropic variograms also show a degree of structure, but require a more 
rigorous analysis to determine the true patterns related to gas hydrate deposits, especially in the 
Gulf of Guinea study area.  The maximum direction of spatial continuity identified in the Gulf of 
Mexico corresponds with the alignment of gas hydrate locations, suggesting an underlying 
structure control on gas hydrate formation.  Gas hydrates have been reported to form localized 
deposits along faults and edges of salt diapers in the Gulf of Mexico.  
 

 
Figure 4 

Isotropic conditional probability map of gas hydrate occurrences: Gulf of Mexico 
 
 

Conclusion 
     Indicator variograms suggests a strong spatial continuity exists between gas hydrate 
locations as a function of both distance and direction from neighboring sampled locations. The 
nugget effect observed in the variograms is likely a result of bias sampling procedures.  The 
nugget effect produces weights in the kriging process that are more equally distributed, inducing 
a source of error in the analysis.  Additional analysis, and perhaps additional sampling, is 
required for investigations of anisotropy in the Gulf of Guinea case.  Anisotropic variograms can 
be used to more accurately assign weights to sampled sites, increasing the weight for sites in 
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the direction of maximum continuity.  The stability of the spatial variance structure suggests a 
sufficient stationarity of hydrate forming processes that can be used for spatial prediction with 
stochastic models. 
     Basic knowledge of the nature of gas hydrate deposits contributes to an overall 
understanding of worldwide gas hydrate environments.  Analysis of gas hydrate geology 
provides information for safe and efficient exploration and exploitation of economic resources 
and provides data for models of climatic change. 
 
LOGISTIC REGRESSION ANALYSIS OF GAS HYDRATE OCCURRENCES 
 
Methods 
     Logistic regression analysis was used to estimate the parameters of a regression model 
using a binary dependent variable.  The dataset includes a subset of offshore gas hydrate 
samples compiled from published observations and measurements recorded from 1982-1994 
(Booth and Rowe, 1996). The properties recorded for each observation include: 

 Geographic location 
 Water depth 
 Subbottom depth 
 Temperature at hydrate sample 

     The water depths, recorded directly from the referenced literature, are reported for each 
sample site. The subbottom depth refers to the vertical distance from the seafloor to the position 
of the gas hydrate sample or the top of the sampled gas hydrate zone. The temperature is 
reported at the depth of each gas hydrate sample, commonly based on downhole temperature 
data.  Hydrates occurring at the seafloor report the bottom water temperature. The gas hydrate 
offshore database (Booth and Rowe, 1996) provided a total of 31 observations from 12 distinct 
regions. 
     Additional observations were compiled from log data obtained through the Ocean Drilling 
Program. These observations also include water depth, subbottom depth, and temperature 
measurements (downhole data) but denote locations where gas hydrates were not drilled.  ODP 
records provided 100 observations selected at random.  The analysis included a total of 131 
observations. 
     Sampled locations were assigned values based on an indicator function (Isaaks and 
Srivastava, 1989): 
 
 
 
 
An indicator value of one was assigned to locations where gas hydrates were present and a 
value of zero where gas hydrates were absent.  The Excel program XLSTAT-Pro 6.1.9 
(Addinsoft Software, 2003) was used to conduct the logistic regression analysis for multiple 
combinations of the three identified parameters. 
     Logistic regression is a non-linear transformation of the linear regression model. It is 
commonly used for (1) estimating the outcome of a categorical variable or (2) when the 
assumptions of classical linear regression do not apply to a dataset. The logistic regression 
model provides the conditional probability that an event (gas hydrate occurrence) will occur 
based on the following function: 
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distribution is an S-shaped distribution function that constrains the estimated probabilities 
between 0 and 1. The dependent variable of a logistic regression model is interpreted as the 
natural logarithm of the odds that the dependent binary variable is equal to 1 rather than 0. The 
parameters of logistic regression are interpreted as the expected change in the “log of the odds” 
of the binary dependent variable.  The antilogarithms of the coefficient values provide an 
expected change in the “odds” of the binary dependent variable associated with a one unit 
change in the independent variable (Hosmer and Lemeshow, 1989).  The error associated with 
the logistic regression model follows a binomial distribution.  
     Model statistics used to determine the significance of each estimator and model include the 
chi-square statistic, log likelihood, Pearson’s chi-square, log ratio chi-square, and a modified 
determination coefficient, R2. The chi-square statistics are similar to the F statistic used in 
ordinary regression analysis; the higher the statistic the more significant the estimator or model.  
Probabilities for the chi-square statistic provide the probability of being wrong when saying that 
the explanatory variables bring significant information to (1) explain the observed values or (2) 
compared to the independent model. The log likelihood value is the log of the likelihood function 
that is used to maximize the probability estimates.  High log likelihood values indicate a more 
significant estimator or model.  The McFadden Pseudo R2 is the proportion of the variance in 
the dependent variable which is explained by the variance in the independent variables.  
 
Results 
     Three models were tested in the logistic regression analysis to determine the most significant 
predictor variables for modeling the occurrence of gas hydrates.  Table 3 describes each model 
and lists the resulting statistics used to choose the best-fit model. 
 

Table 3 
Logistic regression model statistics 

Model Parameters 
P >       
Chi-

square 
Log 

Likelihood
Pearson's 
Chi-square

P >       
Chi-

square 

L.R.      
Chi-

square 

P >       
L.R. Chi-
square 

Pseudo 
R2 

Water Depth 
(m) 0.003 
Subbottom 
Depth (m) 0.246 

A 

Temp (C) 0.091 

-60.718 278.427 < 0.0001 21.925 < 0.0001 0.152936

Water Depth 
(m) 0.000 B 
Temp (C) 0.029 

-
61.524355 270.709189 < 0.0001 20.31174 < 0.0001 0.141683

Temp (C) 0.008 
C Log Pressure 

(MPa) < 0.0001 

-
58.941668 286.917002 < 0.0001 25.47712 < 0.0001 0.177714

 
     Model A describes a full model that includes all three parameters thought to influence gas 
hydrate deposition.  The significance of each independent variable is evaluated by the P > Chi-
square value.  The probability associated with subbottom depth is significantly higher compared 
to the water depth and temperature parameters.  This suggests subbottom depth is not a 
statistically significant independent variables for predicting gas hydrate occurrences. 
     Model B excludes the subbottom depth variable to examine the effect of the variable in the 
model. The test statistics and probabilities for Model B are similar to the results of Model A, 
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showing only slight differences in the fit of the models. The subbottom depth variable used in 
Model A does not appear to increase the significance of the model and can be eliminated from 
the analysis. 
     Model C uses temperature and the log of pressure (derived from water depth).  These 
parameters are commonly used to determine the phase boundary of gas hydrates.  Model C 
tests whether these independent variables might also be useful in a regression analysis for 
determining gas hydrate presence. The significance of each independent variable suggests 
these parameters could accurately model hydrate occurrence, but the test statistics and 
probabilities show Model C to be less significant than Model A or Model B.   
     Figure 5 shows the standardized residuals for each model.  The residuals are similar for 
each model, with an increase in error for observation numbers 27-31.  Figure 6 considers the 
predictive ability of Model B.  The conditional probabilities calculated from the model are 
compared to known observations with 100% corresponding to the presence of gas hydrate and 
0% corresponding to the absence of gas hydrate.  The overall accuracy of the model when 
applied to the dataset with which the model was developed was 89.3% (calculated as 117 
correct predictions for the 131 observations within the dataset) (Table 4). The accuracy of the 
model was assessed by establishing an arbitrary 40% conditional probability threshold. 
 
Conclusions 
     Model B is the recommended model to use for estimating the conditional probability of 
encountering gas hydrates given water depth and temperature.  Model B produces the lowest P-
values, a higher log likelihood value, the lowest Pearson’s chi-square value, and comparable 
L.R. chi-square and Pseudo R2 values.  Model B produced the following probability equation for 
estimating the global occurrence of gas hydrate deposits:  
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with water depth measured in meters and temperature measured in °C.  An improved dataset 
including all recently discovered gas hydrates as well as more observations where gas hydrates 
have not been found would serve to further justify the use of a logistic regression model. 
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Figure 5:  Residual plot for each logistic model considered 
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Figure 6: Predictive ability of the selected logistic regression model 

 
 
 
 

Table 4:  Classification table based on the logistic regression model 

  Hydrate Occurrence
Accuracy of 

Model 
Prediction 

  YES NO 

YES 23 6 

M
od

el
 

Pr
ed

ic
tio

n 

NO 8 94 

  
89.3 % 
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