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Foreword 
 
 

The Coordinating Committee for Geoscience Programme in East and Southeast Asia 
(CCOP) is an intergovernmental organization that contributes the publication of the 
technical proceedings of the CCOP Thematic Session annually. At the 43rd Annual 
Session held in Daejoen, Korea, the CCOP Thematic Session is jointly organized by 
CCOP, KIGAM and the Gas Hydrate R&D Organization and focused on New Energy 
Resources in the CCOP Region with Two Themes Gas Hydrate and Coalbed Methane. 
   
The sixth in the thematic session series is the new energy resources in the CCOP region 
with two sub-themes: Gas hydrate and Coalbed methane. The Session brought 
international experts on energy resources to exchange their experience and ideas on the 
selected theme within the region and others areas. 
   
Thanks and congratulations attribute to the Organizing Committee and the editors for 
arranging what will undoubtedly be an exciting and informative publication in yet 
another of the Thematic Sessions which are now becoming a traditional strength of the 
CCOP Annual Meeting. Last but not least, we would also like to take this opportunity 
to express our appreciation to the authors for their contribution in the session and to the 
delegates for their active participation and discussions. 
 

 
 Hee-Young Chun, Ph.D 
 Director 
 CCOP Technical Secretariat 
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OPENING REMARKS 
 

by 
 

Chen Shik Pei 
Director, CCOP Technical Secretariat 

 
 
Dr. Eikichi Tsukuda, Chairman, CCOP Steering Committee, and  
 Director-General, Geological Survey of Japan, AIST, 
Professor Dr. David Prior, Chairperson of the CCOP Advisory Group, 
Dr. Tai-Sup Lee, President of KIGAM, 
Dr. Keun-Pil Park, Director of Gas Hydrate R&D Organization, Korea, 
Mr. Chairman of the Organizing Committee,  
 
Distinguished delegates and experts, ladies and gentlemen, 
 
I would like to thank the Chairman and Members of the Thematic Session organizing 
committee for inviting me to say a few words to mark the opening of this year’s Thematic 
Session, “New Energy Resources in the CCOP Region – Gas Hydrates and Coalbed 
Methane”, organized in conjunction with the CCOP 43rd Annual Session. 
 
The Thematic Session, to be included as part of the CCOP Annual Session program, is the 
result of advice given by the CCOP Advisory Group during the Annual Session of 2000.  Such 
a thematic session to be held during each Annual Session will provide the opportunity for 
constituents of CCOP to address scientific and strategic issues of common interest to CCOP.  
The Session also serves as a forum for exchange of experience and ideas on the selected 
theme among the Member Countries, Cooperating Countries and Organizations, and other 
participating bodies and persons.  This is the sixth in the thematic session series and wide 
ranging topics have been selected and discussed.  The themes for previous sessions were:  
 
Challenges of the geoscience organizations and the impact on their current status and 
organizational structure, Phnom Penh, Cambodia, 2001. 
  
Policy and Geoscientific Issues for the Sustainable Development of Geo-resources: Energy, 
Minerals and Groundwater, Yogyakarta, Indonesia, 2002. 
 
Raising awareness on the importance of geoscience and the promotion of the use of 
geoscience information and services, Kuala Lumpur, Malaysia, 2003. 
 
Geo-environment of deltas and groundwater management in East and Southeast Asia, 
Tsukuba, Japan, 2004. 
 
Sustainable Development of Geo-resources and Geo-environment, Beijing, China, 2005.     
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We would like to congratulate the Organizing Committee for their very hard work and the 
excellent arrangements that have been made for the success of this thematic session.  Looking 
at the program, we note that the Organizers have successfully solicited an impressive number 
of papers from distinguished scientists and experts, covering a comprehensive range of topics 
on the theme.   
 
We are all in the midst of the challenge to find alternative energy sources from petroleum; gas 
hydrates and coal bed methane remain some of the promising options.  We are indeed proud 
to say that researches in our Member Countries in the CCOP region as well as colleagues in 
the Cooperating Countries and Organizations are in the forefront of this research.  Much of 
this research is in the realm of ‘new territory’ and our researchers’ efforts are in fact ‘showing 
the way’ for new knowledge in some of the specialized areas. Most importantly, the 
presentations in this thematic session will be an important contribution of CCOP to the global 
knowledge and challenge of finding and developing the new energy sources, gas hydrates and 
coal bed methane. 
 
On behalf of CCOP, we would also like to congratulate Korea for the establishment of the Gas 
Hydrate R&D Organization.  We are sure that with the high caliber of the Korean scientists 
and researchers, it will be one of the premier gas hydrate research institutions in the region as 
well as internationally.  CCOP looks forward to the opportunity to cooperate closely with your 
institute.   
 
We wish this thematic session great success and thank everybody for their support and 
participation. 
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WELCOME ADDRESS 
 

by 
 

Tai-Sup Lee 
President, Korea Institute of Geoscience and Mineral Resources (KIGAM) 

 
 
Honorable Director of CCOP, Mr. Chen Shik Pei,  
Dr. Eikichi Tsukuda, Chairman, CCOP Steering Committee, and  
 Director-General, Geological Survey of Japan, AIST, 
Professor Dr. David Prior, Chairperson of the CCOP Advisory Group, 
Dr. Keun-Pil Park, Director of Gas Hydrate R&D Organization, Korea,  
Mr. Chairman of the Organizing Committee,  
Distinguished guests, and especially invited speakers, experts and delegates  
 from the CCOP Member and Cooperating Countries,  
Ladies and gentlemen,  
 
 
I warmly welcome all the guests, both nationwide and from overseas. It is my great pleasure 
to present a welcoming address for this thematic session.  
 
Many world leaders have been aware of the great importance of the energy resources. For 
instance, president Bush of the United States, recently mentioned, "As we grow our economy, 
we must improve our energy supply. We will also improve the environment. There are 
practical ways to work together to use technology to make sure we can maintain our lifestyles, 
improve lifestyles for future generations and be good stewards, of the environment."  
 
I believe that today's theme, 'New energy resources in the CCOP region with two sub-themes: 
Gas hydrate and Coalbed methane' matches very well to the world's interests in new types of 
fossil fuel.   
 
Today's 2nd International Symposium on Gas Hydrate Technology constituting the CCOP 
thematic session is jointly organized by CCOP, KIGAM and the Gas Hydrate R&D 
Organization. We all believe that this symposium should prove extremely fruitful.  
 
Ladies and gentlemen,  
 
Gas hydrates have recently drawn great attention as a new clean energy resource possibly 
substituting for conventional oil and gas due to its presumed huge amount of volume reaching 
10 trillion tons of gas, and its environmentally friendly characteristics.  
 
From the view point of energy resources, the Gas Hydrate R&D Organization in Korea 
supported by the Ministry of Commerce, Industry, and Energy (MOCIE) was established last 
year and a three stage, 10 year, project from 2005 to 2014 has been initiated.  
 
Last year, we already accomplished a 2-dimensional seismic survey, and this year we are 
conducting a 3-D survey. Next year we are planning for the drilling for gas hydrate.  
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Within the CCOP region, many of our the Member Countries once were, or still are, major 
coal producers and so coal has provided a major source of energy for the region. However, as 
economically viable reserves of coal have dwindled and mining has become more difficult 
and less environmentally acceptable we have had to look to alternative ways of exploiting our 
known coal reserves as an energy source. The exploitation of naturally occurring coalbed 
methane is providing one such solution.  
 
In this international symposium, more than 20 domestic and overseas experts will be invited 
to provide a series of special lectures and presentations related to gas hydrate and coalbed 
methane. I hope that these presentations and any ensuing discussions will stimulate ideas for 
further research and collaboration, and will be beneficial to all of you.  
 
I would like to cordially invite you to actively participate in this international symposium. I 
am sure that all of you will find progressive and up-to-date technology information during 
two days of the symposium. I wish you all have fruitful and constructive discussions.  
 
Thank you very much.  
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WELCOME ADDRESS 
 

by 
 

Keun-Pil Park 
Director, Gas Hydrate R&D Organization, Korea 

 
 
Mr. Chen Shik Pei, Honorable Director of CCOP,  
Dr .Tai-Sup Lee, President of KIGAM,  
Dr. Eikichi Tsukuda, Chairman, CCOP Steering Committee, and  
Director General, Geological Survey of Japan, AIST,  
Professor Dr. David Prior, Chairperson of the CCOP Advisory Group, 
Mr. Chairman of the Organizing Committee,  
Distinguished delegates and invited speakers, ladies and gentlemen, 
 
I am pleased and honored to welcome all of you to the jointly organized Korea – Gas Hydrate 
Research and Development Organization's 2nd International Symposium on Gas Hydrate 
Technology and the 6th CCOP Thematic Session on Gas Hydrate and Coal Bed Methane in 
conjunction with the 43rd Annual Meeting. 
 
Recently, Gas Hydrate and Coal Bed Methane are increasing their importance as new types of 
energy resources alternating the conventional resources like oil and gas.  
 
Particularly, the estimated volume of the gas in the gas hydrate is known to be more than 
twice the volume of the conventional fossil fuel resources of the world.  
 
However still considerable uncertainty and disagreements prevail concerning the world's gas 
hydrate resources and many countries have launched national projects to further examine the 
resources potential of gas hydrates as well as climate warming, seafloor stability and 
geohazards, safety and production technology. Many scientist and experts of gas hydrate all 
over the world are trying to solve these matters through international collaborative research.  
 
Korea in the meantime began gas hydrate research in 1996 in order to achieve a basic 
understanding of the natural gas hydrate occurrence in region and also joined the world gas 
hydrate research community through the participation in international research activities. The 
national program of gas hydrate development was initiated by launching GHDO last year.  
 
Honorable attendees, ladies and gentlemen,  
 
As a central body to coordinate a national gas hydrate program, Korea Gas Hydrate R&D 
Organization (K-GHDO) is delighted to jointly organize the 2nd International Gas Hydrate 
Symposium with the 6th Thematic Session of the CCOP for promotion and collaboration on 
gas hydrate research in the region.  
 
I believe this symposium and thematic session will provide a better understanding of gas 
hydrate and an opportunity to exchange valuable experiences in various research sectors and 
productive discussions among all the participants.  
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I would like to offer my congratulations and thanks to the organizing committee of the 
symposium and thematic session for their successful performance. We can anticipate more 
such discussions in the future, increasing our knowledge not only quantitatively but also 
qualitatively.  
 
Thank you. 
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CONGRATULATORY ADDRESS 
 

by 
 

David Prior 
Chairperson of the CCOP Advisory Group 

 
 
Mr. Chen Shick Pei, Director of CCOP Technical Secretariat,  
Dr. Eikichi Tsukuda, Chairman, CCOP Steering Committee, and  
 Director-General, Geological Survey of Japan, AIST,  
Dr. Tai-Sup Lee, President, KIGAM and Permanent Representative of Korea to CCOP, 
Dr. Keun-Pil Park, Director of Gas Hydrate R&D Organization, Korea, 
Distinguished delegates, 
 
It is a great pleasure to offer congratulations to the organizers of this special Thematic Session 
that deals with such important issues relating to new potential energy resources in the CCOP 
region. 
 
As you will see from the program we will have the distinct benefit of hearing from some of 
the leading experts in Gas Hydrates and Coalbed Methane both from the CCOP Member 
Countries of Korea, Japan, China and Thailand as well as from the Cooperating Countries of 
Germany, Canada and the USA. 
 
They will provide us with state-of-the-art information about origins, and characteristics of gas 
hydrates and coalbed methane, as well as the results of recent exploration activities in the 
CCOP region. 
 
It will be apparent that these topics have gained special importance in recent years as world 
energy prices have increased so dramatically and as developing economies require increasing 
energy supplies. The search for alternative energy sources and environmental concerns has 
spurred exciting new scientific research in these areas. But it is also clear that while much has 
been learned there remain many geological questions and technical issues that need to be 
addressed before large scale production is economically feasible. 
 
As a marine geologist I am personally intrigued by the recent progress in our understanding of 
gas hydrates. It is now clear, some twenty years after their initial discovery, that gas hydrates 
can be found in a wide variety of marine settings – and on land – where pressure / temperature 
relationships are suitable for their formation and stability. Enormous volumes of gas in 
hydrate form have been found in deep water continental margins, in shallow water polar 
areas- and indeed beneath permafrost on land in such areas as the Mackenzie delta. 
 
Acoustic surveys in deep water areas, for example off western Canada, have revealed 
distinctive bottom simulating reflectors that in many cases - but not all - are the tell-tale 
signatures of gas hydrates within sedimentary sequences. Alternatively in other deep water 
areas such as the Gulf of Mexico, gas migration along faults have led to lenses of hydrates 
forming hydrate hills on the sea floor, sometimes associated with exotic biological 
communities living on and deriving energy from hydrates. 
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These phenomena are now the subjects of considerable scientific research using high 
resolution acoustic surveys, sediment and hydrate sampling, and analysis – for example by the 
Ocean Drilling Program. Much is being learned about the geochemical and sedimentological 
characteristics that promote hydrate formation and stability. Conversely gas hydrate instability 
is believed to be associated with other distinctive sea floor features such as large blowouts or 
large-scale submarine mass sediment movement. 
 
Yet another instability effect appears to be related to global warming where increased 
temperatures are melting permafrost and causing gas hydrates on land to become unstable – in 
turn contributing greenhouse gases to the atmosphere. 
 
Gas hydrates are thus intriguing natural phenomena that have both important resource and 
environmental implications. In this special CCOP Thematic Session we will no doubt learn 
more about them as we listen to presentations by some of the world’s experts, and particularly 
hear about the potential importance of gas hydrates as economic resources in the CCOP 
region. Our thanks and congratulations again to the Organizers for arranging what will 
undoubtedly be an exciting and informative meeting – in yet another of the Thematic Sessions 
which are now becoming a traditional strength of the CCOP Annual Meeting. 
 



PPAARRTT  II  
 

 

 GGAASS  HHYYDDRRAATTEE::    EEXXPPLLOORRAATTIIOONN,,  RREESSEEAARRCCHH  

AANNDD    DDEEVVEELLOOPPMMEENNTT
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Modeling of Gas Hydrate Formation in Marine Sediments 
 

Klaus Wallmann 

IFM-GEOMAR, Wischhofstrasse 1-3, 24148 Kiel, Germany 
 
 

ABSTRACT:  A transport-reaction model is presented and applied to simulate the 
formation of gas hydrates in marine sediments. The modeling confirms that 
microbial methane production within the hydrate stability zone is usually too slow 
to produce significant amounts of hydrate. Economically valuable methane hydrate 
deposits with high concentrations of hydrate are, however, formed by upward 
methane migration.  
 
Keywords: marine gas hydrates, methane, fluid flow, numerical modeling, pore 
water, sediments 

 
 
INTRODUCTION 
 
Gas hydrates are widespread in marine sediments accumulating at the slope and rise of 
continental margins. They occur as finely disseminated solids but also as massive layers often 
associated with sandy sediment horizons. Only the massive layers are of economic 
importance since they could be exploited at reasonable costs (Makogon et al., 2005). The 
accumulation of hydrates in discrete and massive layers clearly shows that methane is 
transported to these layers either as free gas or in dissolved form via fluid flow. Methane may 
either be formed within the hydrate stability zone (HSZ) by microbial decay of organic matter 
at low temperatures or may be produced in deeper sedimentary strata at elevated temperatures. 
Recent modeling studies clearly showed that microbial methane production within the HSZ 
proceeds very slowly so that the resulting methane concentrations are too small to produce 
massive hydrate deposits (Wallmann et al., 2006). Strong chloride enrichments in pore fluids 
from Hydrate Ridge (Haeckel et al., 2004; Torres et al., 2004) and independent constraints on 
fluid flow rates at Blake Ridge (Wallmann et al., 2006) clearly show that massive hydrate 
layers found at these sites have been formed by the ascent of gas bubbles originated from 
deeper sediment layers located below the HSZ. In this paper we present the modeling 
approach used for the simulation of hydrate formation in marine sediments and additional 
modeling results confirming that methane ascent is the most important pathway for the 
formation of economically important hydrate deposits.  
 
 
MODELING APPROACH 
 
A numerical transport-reaction model was developed and applied to simulate the degradation 
of particulate organic carbon (POC), the microbial methane production and the precipitation 
of methane hydrates in anoxic marine sediments. The model calculates the concentration - 
depth profiles of 2 solid species (particulate organic carbon, gas hydrate) and 3 dissolved 
species (sulfate, methane, dissolved inorganic carbon). Major processes considered in the 
model are POC degradation via sulfate reduction, methanogenesis and the anaerobic oxidation 
of methane (AOM). 
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Partial differential equations for solids and solutes were set-up following the classical 
approach used in early diagenesis modeling (Berner, 1980; Boudreau, 1997): 

Solutes:  RΦ
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where x is depth, t is time, Φ is porosity, C is the concentration of dissolved species in pore 
water, v is the advective transport of solutes, G is the concentration of solids in dry sediments, 
w gives the burial velocity of solids, and R defines the reactions occurring in the simulated 
sediment column. The model considers the decrease in porosity with sediment depth, 
advective transport of solutes via burial, compaction and fluid flow, burial of solids modified 
by steady-state compaction, molecular diffusion of dissolved species and various microbial 
and chemical reactions.  
 
Porosity is assumed to decay exponentially with depth (x) due to steady-state compaction 
(Berner, 1980):  

( ) x-p
f0f eΦΦΦΦ ⋅⋅−+=  

The initial porosity at zero depth (Φ0 = 0.74), the porosity at infinite depth (Φf = 0.45), and the 
attenuation coefficient (p= 0.0025 m-1) were adjusted to fit ODP observations in diatomaceous 
clayey silt sediments as summarized in (Einsele, 2000).  
 
Molecular diffusion coefficients (DM) are calculated as a function of sediment temperature 
and salinity (35) using equations given in (Boudreau, 1997). Dissolved inorganic carbon 
(DIC) is transported using the diffusion coefficient of HCO3- because bicarbonate is the major 
DIC species at the near-neutral pH conditions prevailing in anoxic sediments. 
 
Advective transport of dissolved species (v) is calculated considering steady state compaction 
and upward fluid flow using the approach described in (Luff and Wallmann, 2003):  

Φ
ΦvwΦ

v 00ff ⋅−⋅
=  

where wf is sedimentation rate and v0 is the interstitial fluid flow velocity at zero depth 
induced by upward fluid flow. 
 
A novel rate law is applied to describe the effect of metabolite concentrations on the anaerobic 
degradation of particulate organic carbon (POC) in anoxic marine sediments (Wallmann et al., 
2006): 
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where RPOC is the POC degradation rate, C (DIC) is the concentration of dissolved inorganic 
carbon (CO3 + HCO3 + CO2) in the considered depth interval, C (CH4) is the ambient 
methane concentration in pore waters, kx is an age-dependent kinetic constant, POC is the 
POC concentration and KC is a Monod constant describing the inhibition of POC degradation 
by DIC and CH4. The age effects on POC degradation are considered using the approach 
introduced by (Middelburg, 1989). Ages were calculated from sediment depth and burial rate 
assuming an initial age of 1000 years. The rate law predicts that the microbial degradation of 
organic matter is inhibited by metabolites accumulating in adjacent pore fluids since the 
Gibb’s free energy available for the microbial metabolism is reduced in the presence of high 
concentrations of reaction products. 
 
Dissolved methane is produced via microbial organic matter degradation after sulfate has 
been depleted by microbial sulfate reduction (Wallmann et. al., 2006). Gas hydrate is 
precipitated from the pore solution when the concentration of dissolved methane calculated in 
the model surpasses the solubility of gas hydrates (CSAT).  

⎟⎟
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)C(CHkR
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We use a kinetic approach to simulate hydrate precipitation and dissolution (Hensen and 
Wallmann, 2005; Torres et al., 2004) and a modified Pitzer-approach for the calculation of 
hydrate solubility (Tishchenko et al., 2005). The kinetic constant for hydrate precipitation is 
set to a large value (kGH = 2 x 10-2 wt-% yr-1) to prevent over-saturation with respect to gas 
hydrate. Hydrates are allowed to dissolve in under-saturated pore solutions applying a 
corresponding kinetic constant of kGHD = 2 x 10-2 wt-% yr-1:  
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Hydrate concentrations (G(GH)) are initially calculated in wt-% and are subsequently 
converted into percent of pore volume filled by hydrate considering the density of dry 
sediments (dS = 2.5 g cm-3) and gas hydrates (dGH = 0.916 g cm-3).  
 
Boundary conditions for dissolved species applied at the base of the model column have a 
strong effect on the amount of hydrate formed in the model sediments. We apply constant 
gradient conditions for SO4, DIC, and CH4: 
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where the concentration gradient in the last interval of the model column (n) is assumed to 
have the same value as the gradient in the overlying depth interval (n-1). With this approach, 
methane and DIC continuously produced in deeper sediment sections situated below the base 
of the model column (410 m) are allowed to enter the model domain via molecular diffusion.  
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RESULTS AND DISCUSSION 
 
In the following, we present model results for sediments deposited in a typical continental 
slope setting at a water depth of 1000 m, a bottom water temperature of 2°C and a geothermal 
gradient of 30°/km (Figure 1). Under these conditions, the hydrate stability zone extends over 
the upper 410 m of the sediment column (Tishchenko et al., 2005). In the upper sediment 
column sedimentary organic matter is degraded via microbial sulfate reduction until dissolved 
sulfate is completely consumed. Microbial degradation of organic matter proceeds in the 
underlying sediment section and produces dissolved CH4 and CO2. Methane is partly lost by 
diffusion into the overlying sulfate-bearing pore water where it is consumed via AOM (Luff 
and Wallmann, 2003; Wallmann et al., 2006). The remaining methane accumulates in the 
pore fluids until the dissolved methane concentration reaches saturation so that methane 
hydrates precipitate from solution (Figure 1). Hydrate concentrations increase with sediment 
depth within the HSZ. However, even at the base of the HSZ, less than 1% of the pore space 
is occupied by hydrate. It would not be economically feasible to exploit sedimentary hydrate 
deposits with such low concentrations (Makogon et al., 2005).  

                         

Figure 1. Model results for organic matter degradation and hydrate formation in slope 
sediments (wf = 50 cm/kyr, v0 = 0 cm/yr, POC0 = 2.0 wt-%). Top row: Temperature (T), 
pressure (P) and porosity. Second row: Concentrations of dissolved sulphate (SO4, note that 
only the upper 15 m of the sediment column are plotted since sulphate is depleted in deeper 
sediment layers), concentrations of dissolved inorganic carbon (DIC), dissolved methane 
(black line) and solubility of pure type-I methane hydrate (blue line). Third row: Rate of 
methane formation (RM, note the logarithmic scale), concentrations of particulate organic 
carbon (POC) and gas hydrates (GH, given in % of pore volume filled by hydrate). 
 
Hydrate concentrations in sediments increase with sedimentation rate and POC contents 
(Wallmann et al., 2006). Figure 2 shows that hydrates are only formed at POC concentrations 
greater than 1 wt-%. The depth-integrated inventory increases almost linearly with the POC 
concentration in surface sediments. High methane inventories can only be found in rapidly 
accumulating sediments being extremely rich in organic matter.  
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Figure 2. Depth-integrated inventory of methane hydrate as a function of sedimentary POC 
concentrations in the uppermost sediment layer. The depth integration is done over the entire 
HSZ (0 – 410 m sediment depth) and the inventory is given in kg methane carbon bound in 
hydrates per depositional area. Simulations were done using the boundary conditions and 
parameter values specified in Figure 1.  
 
Additional model runs were performed to investigate the effect of upward fluid flow on the 
hydrate inventory. These simulations confirm that the inventory is greatly expanded by 
upward fluid flow (see also (Buffett and Archer, 2004). With our model and parameter values, 
the hydrate inventory in sediments with a surface POC concentration of 1.5 wt-% increases 
from 44 kg C m-2 without fluid flow (v0 = 0) to 240 kg C m-2 at v0 = 0.1 cm yr-1.  
 
 
CONCLUSIONS 
 
The new kinetic rate law for organic matter degradation in anoxic marine sediments 
(Wallmann et al., 2006) applied in this contribution shows that in-situ production of methane 
within the HSZ usually results in low concentrations of gas hydrates that are only of very little 
economic significance. In sediments which are not affected by methane inflow from below, 
significant hydrate concentrations are only obtained at very high sedimentation rates (>50 cm 
kyr-1) and POC concentrations (>2 wt-%). Hydrate inventories are, however, greatly enhanced 
by upward fluid and gas flow. Economically important hydrate deposits will thus usually be 
found in areas of active fluid and gas flow.  
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Gas Hydrate Exploration in Korea 
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EXTENDED ABSTRACT:  Gas hydrates draw a great attention for the last 20 years as a 
new clean energy resource substituting conventional oil and gas. Many countries including 
USA, Japan, Canada, Germany, and India have launched extensive research programs to 
study the characterization of gas hydrates and eventually to produce them from the ocean.  
 
Results of preliminary survey by Korea Institute of Geoscience and Mineral Resources 
(KIGAM) during the period of  2000~2004 showed that gas hydrates can be present in deep 
sea area over 1,000 m water depth in the East Sea. From this optimistic conclusion, 
government initiated � 10 Year Gas Hydrates Development Program�  starting this year by 
establishing "Gas Hydrates R&D Organization. � 10 Year Gas Hydrates Development 
Program�  consists of three stages with the final goal of commercial test production of gas 
hydrates in 2015 with joint cooperation of Korea Gas Corporation (KOGAS), Korea National 
Oil Corporation (KNOC) and KIGAM. The goal of the first stage is to identify the potential 
area of gas hydrates in the prospect area I of the East Sea and retrieving the sample of the 
natural gas hydrates by deep sea drilling as well as the development of production techniques. 
For this purpose, studies of following 4 topics were performed with close interaction and 
international collaborations; geological and geochemical studies, geophysical study, drilling 
study, and production study.  
 
Six piston cores had been acquired for geological and geochemical studies from the East Sea.  
To analyze these sediments, we used X-ray diffraction analysis. The sediments consist of 
quartz, feldspar, mica, amorphous opal-A, clay minerals, calcite, and pyrite. The most 
dominant minerals are opal-A originated from siliceous diatoms. The opal-A increases to the 
upper part of the piston cores, specially from the marginal side of the basin. Calcite minerals 
decrease to the upper part of the piston cores. Cores from the deep basin area show 
increasing of opal-A and decreasing of calcite minerals. On the other hand variations of 
amount of opal minerals coincide with total organic carbon contents. This trend suggests that 
the organic sediments in Ulleung Basin derived from siliceous algae.       
 
The organic matters are dominantly originated from marine algae identified by isotope data. 
The contents of TOC are mostly higher than 0.5% which indicates sufficient TOC for gas 
hydrates formation. The contents of Tmax in the core sediments are lower than 435oC which 
indicates thermal immature stage for the organic matters.   
 
High resolution seismic survey is a major tool to study the echo-characters of the seabed as 
well as the subsurface geology. A data set of echo-sounding and high-resolution sub-bottom 
profiles, acquired by the National Oceanographic Research Institute of Korea and Chungnam 
National University in 1994-1996, was analyzed in order to understand the occurrence and 
distribution of free gas within shallow sediments as well as the gas-related features on the 
seabed in the southwestern part of the Ulleung Basin. High-resolution sub-bottom profiles 
were collected using a Chirp sonar system (Datasonics CAP-6000 W) with a frequency band 
of 2~7 kHz, which provides higher resolution images than those of the 3.5 kHz system. The 
echo-sounding images were collected using a Precision Depth Recorder (Simrad EA 500) 
with a 38 kHz frequency, which provide better images about the gas seepages and gas-related 
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features of the seabed than those of the Chirp sonar system. Interpretation of high-resolution 
Chirp sub-bottom profiles and echo-sounding images has allowed identification and mapping 
of shallow gas in the southwestern part of the Ulleung Basin.  
 
The presence of gas within the sedimentary sequence is identified as a variety of acoustic 
anomalies such as acoustic turbidity, enhanced reflectors, and columnar structures of 
acoustic blanking. Acoustic turbidity (AT) is the most frequently observed in the sub-bottom 
profiles and can be explained by accumulation of gas within the sediments which scatters 
acoustic energy. The top of acoustic turbidity is usually characterized by a strong sub-bottom 
reflector (enhanced reflector) which occurs at sub-bottom depths of a few meters to several 
tens of meters. The enhanced reflector marks a strong impedance contrast between gas-
charged sediments below and less gassy sediments above. The columnar structure of acoustic 
blanking indicates the upward migration of gas or fluid.  
   
The echo-sounding images show the presence of distinct "gas seepages" above the sea floor, 
which is characterized by highly reflective, hyperbolic signals in the water column. The 
highest concentration of seepages can be found in combination with elongated depressions 
(pockmarks) and/or dome-like structures. These gas-related structures (pockmarks and 
domes) are widespread on the continental slope of the Ulleung Basin, but careful mapping 
and integration of data sets clearly indicate that gas seepages are not randomly distributed, 
but are concentrated in specific locations in association with particular morphologic and 
subsurface features. All newly detected seepages are located on the continental slope in water 
depths of about 1,200 to 2,000 m. The depth limit for the majority of these detected seepages 
coincides more or less with the rugged topography of debris-flow deposits, suggesting that the 
disruption of sediment layering by mass transport down the slope has provided a favorable 
condition for the upward migration of gas and has led to gas seepage and the development of 
gas-related structures.   
 
At present there is no marine heat flow probe in Korea. We concentrated on the instrument 
development and collection of information for building a heat flow probe.  This task was done 
by communicating with scientists mostly from outside Korea and by collaborating with them.  
 
One issue we had to decide at the very early stage was what type of heat flow probe we were 
going to develop. In recent year, many institutes or groups employ Lister type or violin-bow 
type probe.  This type requires, like others including Bullard and Ewing types, electronic and 
battery power units.  Lister type has certain advantages but it required some development 
time and it was important that we conduct field observation as early as possible.  For such 
reasons, we took another approach and decided to use new offline self-contained heat sensor, 
which can be attached to the penetrator without wiring.  This new type of sensor has built-in 
rechargeable power supply and memory for data recording.  This year we purchased 10 such 
units and tested them for reliability.  Unfortunately, very little is known about the heat flow of 
Ulleung Basin. In early 1970s, Watanabe et al. (1977) conducted first ever heat flow 
measurement around Korea including the Ulleung Basin. Their measurement shows a large 
variation within Ulleung Basin (50 - more than 100 mW/m2), which we suspect may in large 
part be due to measurement error of those days superimposed on the true background heat 
flow.   
 
Heat flow measurement has another important application, which is to understand the deep 
geological structure and evolution of the Ulleung Basin. The temperature structure of many 
sedimentary basins is intimately related with the extensional process that forms them.  During 
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lithospheric extension, thinning of the lithosphere causes the asthenospheric mantle to upwell 
which in turn causes the temperature to rise.  This is the point where the heat flux is the 
highest along the basin seafloor.  With time as lithosphere cools, the temperature and heat flux 
both gradual drops. This process has been explained and modeled by McKenzie (1978).  By 
examining the heat flux, we can constrain the timing of extension and the amount of extension 
(often expressed in terms of stretching factor) that Ulleung Basin accommodated. During this 
year, we constructed simple models that can be used later when the actual heat flow 
measurement become available.  
   
To identify the potential area of gas hydrates in prospect area I, "2005 Gas Hydrates 2-D 
Data Acquisition" survey was conducted in connection with this project, under the contract 
with KNOC. Field acquisition project includes the design of pre-plot survey line, 2-D seismic, 
gravity and multi-beam survey. Total length of survey lines was 6,600 L-km, composed of 64 
survey lines. 
 
The gas hydrates survey was conducted in Block VI-1 and northern area using Tamhae II and 
the seismic survey equipment consisted of source, streamer, and navigation system and 
recording system. The length of streamer cable was 3 km and the volume of seismic air gun 
source was about 1,000 in3. Gravity and multi-beam survey was performed with seismic 
survey together. Gravity data was acquired using LaCoste-Romberg S-118 marine gravimeter 
and multi-beam data was acquired using Simrad EM950/EM12S multi-beam echo sounder.  
 
Seismic data processing is the process of identifying the physical properties and producing the 
seismic section to investigate subsurface structure after signal processing. Basic data 
processing procedure includes such as the data input, matching of seismic data and geometry, 
static and delay time correction, signal enhancement, velocity analysis and stack.  
 
We carried out the refraction seismic survey and derived velocity information of the gas 
hydrates bearing sediments to increase the reliability of the gas hydrates reserve estimation. 
We introduced ocean bottom seismometer (OBS) and performed the test survey. Field test 
survey was carried out using 2 OBS with 10 km interval at the area of about 70 km east of 
Pohang. The volume of seismic source was 1,035 in3 and shooting interval was 50 meters (~ 
20 sec). Considering the estimated target depth of gas hydrates, one EW line with the length 
of 50 km and two NS lines with the lengths of 30 and 20 km were surveyed and 200 data 
samples per 1 second were recorded. 
 
BSR, the characteristic phenomenon appearing in gas hydrates bearing sediments, could be 
identified on the seismic sections in southern part in the survey area. This phenomenon has 
been used as the evidence that gas hydrates exists typically above BSR. Because BSR may not 
be the sufficient condition for the existence of gas hydrates, we studied additional analysis of 
BSR properties to increase the reliability of BSR. Typical AVO analysis was carried out to 
understand the amplitude variation of BSR with offset. We examined the consistence of BSR 
and AVO anomaly by displaying the AVO anomaly zone with the seismic section together and 
could confirm that AVO anomaly was consistent with BSR.  
 
As the basic research of geophysical exploration to secure the infra technology for the 
development of gas hydrates, we carried out the numerical and physical modeling studies and 
examined the geophysical characteristics for the various subsurface velocity models. In 
numerical modeling, producing the synthetic data similar to the field data by numerical 
calculation, staggered grid was introduced to typical finite difference method in order to 
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secure the stability of the solution additionally.  
 
To solve the discrete elastic wave equation, the combination of partial derivatives of velocity 
and stress, explicit method was used to compute the horizontal and vertical velocity vectors 
and the distribution of Lame's constant. A horizontal five layered velocity model with seawater, 
ice, free gas, gas hydrates and basement was assumed. Various waves such as direct wave, 
primary reflection wave, secondary reflection wave, and multiple reflection waves were 
observed on synthetic seismogram. Especially phase reversal phenomenon appeared on the 
third reflection wave, which was identified in the layered model with gas hydrates.  
 
Vertical Seismic Profiling (VSP) survey can provide the higher resolution image than surface 
seismic survey for the subsurface with high variation of velocity and steep dip so that VSP 
survey can be useful for the exploration of petroleum, natural gas and gas hydrates and 
reserve assessment. In this research, pre-stack phase screen migration algorithm was 
developed to obtain high resolution subsurface image from VSP data. To verify the algorithm, 
phase screen migration algorithm was applied to the velocity model assuming the subsurface 
structure including gas hydrates bearing zone. Velocity model is the horizontal layered 
structure assuming seawater, sediment, gas hydrates, free gas and sediment. 50 sources were 
located in the borehole, which was located at the center of the model, and 201 receivers with 
10 meters interval were located 10 meters below the sea surface. By applying the migration 
algorithm, reflection waves were separated well using high frequency source and free gas 
boundary was identified clearly. 
 
There are two distinct types of gas hydrates deposits, and they constitute two different 
research and exploration issues. The first, and most obvious types of hydrates formation, is 
concentrated hydrates. It constitutes a primary economic target. Most attention at present is 
focused on concentrations of hydrates in the lower part of the HSZ (Hydrate Stability Zone) 
that may offer the greatest energy resource potential. The second type of hydrates occurrence 
is dispersed in low concentrations. Little is known about dispersed hydrates. Dispersed 
hydrates may occur throughout the HSZ, but it is the most important when it occurs near or at 
the seafloor in the upper part of the HSZ. Hydrate in such location is very important to 
seafloor stability and safety, as well as to global carbon flux.  
 
Drilling strategy for gas hydrates formation is determined by the target depth below sea flow. 
According to the range of target depth, each drilling strategy employs different drilling 
systems. In order to make the most cost-effective drilling strategy for gas hydrates R&D in the 
Ulleung Basin, East Sea, we examined the expected results, strength and weakness of each 
step of gas hydrates drilling strategy. 
 
The first step of drilling strategy targets the gas hydrates near the sea floor, less than 10 m 
depth. In this step, short gravity and piston corer have made a success. The second step aims 
for the gas hydrates within the upper part of the HSZ, less than 100 m depth below sea floor. 
Remotely operated robotic drill or relatively small drill ship would be suitable enough for this 
step of drilling. The final step targets drilling through the BSR, of which depth often exceeds 
200 m below sea floor. This step inevitably needs high-cost submersible drilling platforms or 
heavy drill ships like JOIDES Resolution.  
 
Gas hydrates drilling in the Ulleung Basin has been confined to the first step by this time. The 
first step drilling has not made a success yet in finding gas hydrates. However, considering 
abundant evidences suggesting presence of shallow-seated gas hydrates, such as pock marks 
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and high concentration of shallow gas, it is necessary to continue the first step drilling, 
focusing on the specific area with high gas hydrates presence potential. Conclusions on the 
gas hydrates presence and its economic potential in the Ulleung Basin will be made only after 
execution of the final step drilling below 200 m depth where presence of BSR is suggested in 
seismic profiles. Considering the cost for the accomplishment of the final step, however, it is 
more reasonable to carry out the second step in advance to get drilling experiences and 
relevant information which would be a great help for a successful final deep drilling. 
Employment of PROD of Benthic Geotech Ltd. appears to be the only way to carry out the 
second step drilling at this time.  
 
Heat flow measurement has another important application, which is to understand the deep 
geological structure and evolution of the Ulleung Basin.  The temperature structure of many 
sedimentary PROD, the Portable Remotely Operated Drill is a fully self contained, remotely 
operated sea floor drilling system. Once PROD has landed on the seabed, the drill is isolated 
from the influence of ship movement. In the same hole, PROD can switch between diamond 
bit rotary drilling, piston sediment sampling and in situ testing according to the seabed 
geology or the clients' requirements. Its maximum sampling penetration depth reaches 120 m, 
maximum operation depth 2,000 m. Occurrences of gas hydrates in marine sediments are 
controlled by sedimentary environments and setting, accumulation processes, and 
characteristics of host sediments. Gas hydrates are often found in shallower depth than that 
predicted by its stability. This can be attributed to one of the following hypotheses: (1) 
favorable pressure, temperature condition or chemical compositions of pore water for gas 
hydrates formation which have been confined to a specific area, (2) high concentration of 
methane confined to a specific area, (3) result of relict gas hydrates, (4) allochthonous origin 
that is, being transported from other region. 
 
Typical example of gas hydrates formation in passive continental margin is the Blake Ridge. 
In this region, gas hydrates exist within sediment pores of stable strata, with moving gas by 
diffusion. In contrast, the Hydrate Ridge stands for the hydrate accumulation in active 
margins where numerous folds and faults enable the advection of gas-enriched pore waters. 
Research areas for the economic and safe production of gas hydrate reservoirs can be divided 
into 5 fields; natural gas hydrate distribution and its simulation in laboratory, basic and 
special petrophysical properties of gas hydrate reservoirs, stability of gas hydrate reservoirs, 
comparison of productivity among suggested production methods and newly developed 
methods, and numerical simulation to predict fluid flow in gas hydrate reservoir.  
 
We have performed preliminary studies on following subjects to develop feasible  production 
technology of gas hydrate reservoirs; petrophysical properties of artificial gas hydrate 
bearing sediments, construction of experimental apparatus to simulate gas hydrate 
production from the suggested production methods, analysis of existing numerical simulator. 
In this study, we set up the distribution type of gas hydrate as 'Pore-filling type' in artificial 
sediments.  Using 4 different sediment samples whose mean particle size varies from 106 to 
774µm, we have measured porosity, permeability, electrical resistance, and P-wave velocity 
depending on the gas hydrate saturation of the sample. The values of porosity and 
permeability decrease with increasing gas hydrate saturation.  We found that permeability has 
a linear relationship with gas hydrate saturation in semi-log plot.  Further experiments are 
underway to derive empirical equation for the relationship between gas hydrate saturation 
and permeability.  
 
The value of electrical resistance with increasing gas hydrate saturation showed two different 
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trends depending on the following fluid system in the sediment samples; 'gas hydrate-free gas-
brine' system and 'gas hydrate-brine' system. In the former case, there is no distinct relation 
between gas hydrate saturation and electrical resistance. This may be due to 'Ion-exclusion 
phenomena' causing the reduction of electrical resistance of the sediment samples. In case of 
'gas hydrate-brine' system, we observed electrical resistance increases with increasing gas 
hydrate saturation. The derivation of empirical correlation between gas hydrate saturation 
and electrical resistance is possible, if we have enough data.  
 
For the measurement of wave velocity in gas hydrate bearing sediments, the experimental 
apparatus has been constructed and test runs were carried out. Among special petrophysical 
properties of sediments, we estimated relative permeability in gas hydrate bearing sediment 
samples using CT scanner and inversion simulation techniques. This technique to derive the 
relative permeability function in gas hydrate-bearing sediments is the first attempt to date.  
 
The hydrate distribution revealed by X-ray CT images was not uniform even with relatively 
uniform water saturation and porosity distribution. As basic steps for study on the stability of 
gas hydrate bearing sediments, we built experimental apparatus which can simulate stress 
conditions of the sediment sample and measure its axial deformation up to 1µm.  
 
In order to study conventional production methods, experimental apparatus has been built to 
accommodate porous media simulating geological formation and tested for their validity from 
the measurement of related properties. Two dimensional high pressure cells have been built 
for the experiments of heat stimulation method that can monitor and control pressure and 
temperature at various locations. From the results of the comparison of literature values of 
hydrate equilibrium condition with measured ones, we can assure the validity of the 
experimental system. As a preliminary study of hot brine injection method, the patterns of two 
phase flow in porous media have been analyzed from the relative permeability measurements 
using one dimensional high pressure cell. The unsteady state method has been adapted to 
measure relative permeability in gas hydrate bearing sediments.  
   
Replacement of gas hydrate by carbon dioxide has been studied as a new emerging 
production method. To understand replacement mechanism of CH4 by CO2, gas hydrate was 
contacted with liquefied CO2 and N2 (80%) + CO2 (20%) mixed gas, respectively. Total 
amount of produced CH4 was 64% in gas hydrate in case of contacting liquefied CO2. In case 
of contacting N2+CO2 mixed gas, CH4 is produced 62% in large cage and 23% in small cage 
of gas hydrate, respectively. This means that the replacement of N2+CO2 mixed gas shows 
better production efficiency than pure CO2 replacement. 
 
We have investigated the characteristics of available numerical models for the gas hydrate 
simulation. Among them, the most popular model, TOUGH-Fx/Hydrate, was used to apply 
depressurization method in virtual system. Although it can not predict or simulate all the 
complex phenomena regarding gas hydrate formation and dissociation, the results were 
satisfactory. Numerical model can be used to build a production plan and manage gas 
hydrate reservoir by applying to the more complicated system and comparison with 
laboratory data. 
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SUMMARY 
 
A study on Miocene through Holocene sediments throughout the continental slope of the 
South China Sea was carried out for evaluating possible sediment regions and layers which 
are suitable for hosting gas hydrates. Several main results of this study are presented: 
 
The components for the major lithological units are clay minerals, quartz, feldspar, siliceous 
and calcareous microfossils (foraminifers, nannofossils, diatoms and radiolarians ect.). 
Authigenic minerals, such as calcite or pyrite, are present in varied amounts throughout these 
cores. The minor lithology intervals are about 4~100 cm in thickness, containing abundant 
silty sand, sand and biogenic particles. 
  
The sediments from most cores are dominated by clayey silt, interbedded with turbidite layers 
of sandy silt, silty sand and sand layers. Turbidite thicknesses vary from 4 to 100 cm. 
Abundant turbidites were observed in Cores HD77, HD133 and GC10. These turbidite 
sediments were deposited during the last glaciation and at the low sea level, according to data 
of ASM 14C measurements. 
 
Sedimentary evidence in correlation with methane cold seeps was obtained. Authigenic 
carbonate concretions and chimneys were observed. Results of X-ray analyses suggested that 
these carbonate concretions and chimneys are primarily composed of aragonite, high-Mg 
calcite, with lesser dolomite, and siderite. The δ13C values of these carbonate samples range 
from -56.878‰ to -32.829‰ PDB, suggesting a microbial methane-associated carbon 
reservoir. 
 
Sediment areas at the continental slope or the thick sediments near the depositional center, 
where the depositional rate is very high; such as turbidites and the front of various kinds of 
delta and fans (alluvial fans, low stand fans and fan deltas) are considered to be the favorable 
facies for the accumulation of gas hydrate. 
 
Among the Miocene through Holocene sedimentary sequences, the highest sedimentation 
rates occurred primarily during the Holocene, and secondly during the Pleistocene. This result 
suggests that Pleistocene and Holocene sediments might be the best host for gas hydrates 
rather than sediments formed during other periods in the South China Sea.  Four areas 
(Dongsha area, Xisha Trench, Zhongjiannan area and Nansha area) with high sedimentation 
rates were recognized. 
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Organic carbon in sediments is of importance for biogenically originating gas. Sediments 
from the Dongsha area, Xisha Trench and Zhongjiannan areas are rich in organic carbon and 
contain several kinds of authigenic minerals related to disassociation of gas hydrates in 
sediments. 
  
The sediment records imply that the Dongsha area, Xisha Trench and Zhongjiannan area are 
of possible importance for the exploration of gas hydrates. 

 

 

 

 

 

 

 

 

 



New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  25 

Gas Hydrate Research on the North Slope  
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ABSTRACT:  The north slope of South China Sea is a characteristic Cenozoic 
passive continental margin and is rich in oil and gas bearing basins. As a result, the 
geological and tectonic settings, the temperature and pressure regimes, and the 
methane-generating potential from the thick organic-rich sediments are all 
favorable for gas hydrate formation. Since 2001, the Guangzhou Marine 
Geological Survey (GMGS) has continuously carried out geological, geophysical 
and geochemical investigations for gas hydrate in the northern South China Sea. In 
this paper, the progress of gas hydrate research in the north slope of the South 
China Sea in the past five years is reviewed. 
  
The evidence for gas hydrate’s existence is currently considerable. Seismic data 
shows a well-developed BSR in profiles perpendicular to the SE-facing slope of the 
NE South China Sea. A certain degree of reprocessing and/or closer examination 
reveals the acoustic anomaly patterns. Studies of velocity structure of hydrated 
sediments are useful for better understanding the distribution of gas hydrates.  
 
The unambiguous images of bacterial mats, gas hydrate-derived carbonates and 
vent-clams have been obtained from a self-contained deep-towed photographic 
system. A lot of carbonate and clam samples were recovered by TV-guided grab. 
  
A number of geochemical anomalies may be related to the formation and 
dissociation of gas hydrates, including the headspace gas in sediments, carbon 
isotopes of methane, downward and spatial profiles of Cl-, SO4

2- and major cations 
(e.g., Ca, Mg, Ba, Sr, B, and NH4) contents, and 18O, D, 11B, and 87Sr/86Sr ratios of 
the pore waters.  
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ABSTRACT: During 2006, a gas hydrate research cruise was conducted in the 
East Sea (Sea of Japan). The main purpose of this cruise was to examine the 
geological and geochemical characteristics of gas hydrate related sediment and 
water samples in the Ulleung Basin. These studies resulted some of the most object-
oriented data ever collected concerning f seabed evidence of gas hydrate in the 
Ulleung Basin. Sediment and water samples, with sensing data from a 3-D seismic 
survey area, were examined using multivariate techniques to analyze for the gas 
hydrate criteria of geochemical anomaly, seabed image, sedimentary structure, 
paleontologic environment and mineralogic characteristics in the prospective zone 
of the study area. Seafloor photo data, acoustic data, water samples, and sediment 
samples were acquired and analyzed for isotopes, organic compounds, TOC, and 
elements from both the water and sediment samples. Using the seafloor 
photographic images and acoustic data, the shallow seabed characteristics were 
interpreted. These results can be used as a tool to evaluate the gas hydrate from the 
gas seepage area of the south-eastern part of the East Sea.   

 
 
CRUISE DESIGN AND ACTIVITIES 
  
Gas hydrate samples have been recovered from the surface of the sea-floor of back-arc basins 
(Kvenvolden, K.A. and Lorenson, T.D, 2001) distributed, however, only in a small area. 
Therefore in this investigation a new strategy was adopted to find gas hydrate samples on the 
sea floor of one such basin (Figure 1). This strategy applied some new equipment for object-
oriented research. Methane data in sea water were collected with the METS methane sensor. 
The methane sensor operates from 0 m to 2,000 m water depths with a sensitivity of 50 nano 
mol/liter - 10 micro mol/liter. Sea floor images were captured by Ocean Imaging Systems, 
with 6,000 m depth rating. The SBE 19 plus SEACAT Profiler conductivity, temperature, and 
pressure recorder was used for measuring sea water characteristics. 
   
The first cruise of the year 2006 project was conducted during 3 days from 12th to 16th July 
for testing the new equipment. Ten scientists participated.  
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Figure 1. Flow-chart showing the object-oriented plan to find gas hydrate using  
various equipment, focusing on the surface of the sea floor proxies. 

 
 

 
 

Figure 2. Geochemical log of the sediments, GH06-02B. 
 
 
 
RESULTS AND DISCUSSION 
 
To distinguish the sedimentological and geochemical indicators for the presence of gas 
hydrate, methane and oxygen sensing data, push cores, deep seafloor images and water 
samples were taken from 3 sites in the SW Ulleung Basin. The sediments, pore waters, 
seafloor waters, and sensing data were analyzed and interpreted. Rock-Eval pyrolysis showed 
that the contents of TOC and Tmax in the core sediments are mostly higher than 1.6% and 
lower than 409� (Figure 2), respectively, which indicates sufficient TOC for gas hydrate 
formation and thermal immature stage for the organic matter. 
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The sedimentation rate of the 2005 cores showed a variation from 60 m/106 year to 280 m/106 

year (Figure 3). As the sedimentation rate should be higher than 30 m/106 year to form gas 
hydrate (Sloan, 1998), these sedimentation rates are sufficient for the formation of gas hydrate. 
Geographical variations of methane sensing data showed normal concentration whereas 
GH06-02B data were higher the other sites (Figure 4).   

 
 
 
The Ulleung Basin is characteristically a Tertiary back-arc basin with highest sedimentation 
rate among the East Sea (Japan Sea) basins. The Ulleung Basin shows good indicators of gas 
hydrate potential. These indicators include high sedimentation rate, enough organic matters, 
high HC values, degassing cracks, tube worms, and gas seepage structures. 
 
This raises the question as to why gas hydrate samples have not been discovered in the 
Ulleung Basin, even though 44 piston cores have been acquired. This may partly be due to the 
sporadic distribution of gas hydrate and positioning problems for geographically precise 
sampling under the sea. 
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Figure 3. Sedimentation rate of the 
Ulleung Basin, ODP, and DSDP cores. 

Figure 4. Vertical variation of methane 
concentration by METS methane sensor. 
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SUMMARY 
 
A total of five long (> tens of meters) sediment cores were retrieved from Prospect Region I, 
East Sea, as part of gas hydrate research and development activities by the Korea Institute of 
Geoscience and Mineral Resources (KIGAM) in 2005. Methane–gas sensing was carried out 
simultaneously with drilling. With no distinct occurrence of gas hydrates to the greatest drill 
depth (ca 40 m), there is, however, a clear trend of exponentially increasing methane gas 
concentration with increasing depth from surface (from 103 nmol/l to more than 105 nmol/l). 
Laboratory core analyses show that the drilled substratum is dominated by muddy facies with 
minor intercalations of sandy facies increasing downwards. Porosity of the muddy sediments 
ranges from almost 100% at the top to as low as 50% at the bottom, decreasing downwards 
with decreasing water content. Based on radiocarbon dates, sedimentation rates are measured 
as 10-1 mm/year. The sediments appear almost impermeable, being 0.187 md under given 
overburden pressure of 116 psi. Based on pore water analyses, the sulfate–methane interface 
develops at 5 to 17 m below the seafloor. No significant changes of Br- and Cl- concentrations 
and δD and δ18O values in pore water were found throughout the subsurface depths, 
suggesting that the lack of gas hydrate is not due to dissociation during drilling and sample 
recovery but is rather due to the initial poor conditions for its development and preservation. 
Along with a downward increase in the ratio of ethane to methane in void gases, δ13C value 
also becomes heavier to the same direction, implying the possible contribution of thermogenic 
gases from deeper substratum. All these analytical results suggest that much better conditions 
for gas hydrate development and preservation may be encountered in the deeper substratum.
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ABSTRACT:  This presentation firstly provides a short summary of the Geological 
Survey of Canada Natural Gas Hydrate Program, and then describes the marine 
hydrate studies that have been carried out off the Canadian west coast. Several 
comparisons with hydrate occurrences in the East Sea off Korea are also given.   
 
There have been extensive geophysical and geological field studies off the west 
coast of Canada as well as two programs of ocean drilling (ODP/IODP) that 
provide constraints on the occurrence, distribution, and concentration of gas 
hydrate and underlying free gas.  Most geophysical information comes from a 
variety of different seismic systems, including mapping the characteristic BSR, 
determining the depth distribution of hydrate and underlying free gas, and the 
geological controls of hydrate formation.  BSRs occur beneath about half of the 
mid-continental slope off Vancouver Island.  Special seismic studies include BSR 
reflection coefficients, frequency dependence, and amplitude-versus-offset (AVO), 
as well as full waveform inversions, and 3-D high-resolution structure mapping.  
Electrical resistivity and measurements of seafloor compliance provide important 
additional information on hydrate concentration.  Detailed heat flow surveys have 
determined the thermal regime that controls the depth to which gas hydrate is 
stable, the fluid chemistry of piston cores have helped define the upwelling methane 
regime, and seafloor surveys have mapped and photographed exposed hydrate.  
Gas plumes above the seafloor also have been mapped. 
 
 ODP Leg 146 and IODP Expedition 311 drilled a series of holes across the margin, 
a reference hole in the adjacent deep sea Cascadia basin, and into a seismic 
blanking upwelling zone on the mid-continental slope.  Downhole geophysical logs 
and core analyses have constrained the concentrations of hydrate and free gas at 
the drill sites, and provided calibration of the regional geophysical data.  The 
hydrate distribution and concentrations are highly variable, including, (1) Regional 
hydrate located at and at variable levels above the BSR, up to 50 m thick; it is 
usually associated with a BSR.  The hydrate is inferred to be generated, especially 
in sandier sediments, from methane carried by upward fluid transport from 
biogenic generation deeper in the sediment section.  The hydrate from both 
geophysical and borehole data is locally estimated to be up to 20% of the pore 
space (10% of total volume), with a gas layer underlying the BSR that is tens of 
metres thick with concentration less than ~1%.  (2) Localized cold vents or 
chimneys.  There is nearly massive hydrate in the upper ~50 m in at least one of 
these structures that has been sampled by IODP drilling, and by piston coring.  At 
another site extensive seafloor hydrate has been photographed and sampled by the 
Canadian deep sea remotely operated vehicle, ROPOS. 
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ABSTRACT: The Q-factor that quantifies the attenuation, the intrinsic property of 
the material, is a very important factor required in extracting useful attributes from 
seismic data. The spectral ratio method has been widely used in computing the 
frequency-independent Q’s from the zero-offset VSP data because of its ease and 
fastness. The algorithms of the spectral ratio and the modified spectral ratio method 
have been developed, which provides the frequency-dependent Q’s, and applied to 
synthetic zero-offset VSP data sets and the zero-offset VSP data acquired at Mallik 
3L-38 gas hydrate research well. The Q-factors calculated from the synthetic data 
by the spectral ratio method approach more closely the true values for the medium 
with low Q-factor than the medium with high Q-factor. The changes in the Q-factors 
extracted from the Mallik zero-offset data by the spectral ratio method agree well 
with the boundaries of the layers, including the gas hydrate zone, depicted in the 
reflection image. The results of applying the modified spectral ratio method show 
very unstable Q-factors for some layers in the synthetic data and the Mallik data. 
Further analysis and research are required to obtain more precise Q-factors by the 
modified spectral ratio method. 
 
Keywords:  Q-factor, spectral ratio method, modified spectral ratio method, gas 
hydrate zone, zero-offset VSP. 

 
 
INTRODUCTION 
 
Besides the attenuation by geometric spreading, an additional amount of intrinsic attenuation 
occurs in amplitude of the seismic energy propagating outward, due to dissipation 
mechanisms whereby elastic wave energy converts to heat. It has been found by experiment 
that these losses often are nearly proportional to frequency. Generally, the absorption property 
of the medium is characterized as the Q-factor of the medium, and the medium with a lower 
Q-factor yields more absorption.  
 
Attenuation has a considerable effect on the amplitude and wavelet shape of recorded seismic 
data. Thus AVO analysis becomes much more complicated where attenuation effects are 
superimposed on the AVO signature. Moreover, Q is a very important required factor in 
extracting attributes such as lithological information, porosity, permeability, viscosity, and the 
degree of the saturation, because Q is more sensitive to some of these parameters than the 
velocity (Jeng et al., 1999).   
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Several methods for computing the Q factor, such as amplitude decay, analytical signal, 
wavelet modeling, rise time method, and spectral ratio have been investigated in the literature 
by Tonn (1991). In spite of the broad variety of methods available for computation of Q, the 
spectral ratio method has been widely used, especially, in obtaining Q’s from VSP data (De et 
al., 1994; Pramanik et al., 2000; Reid et al., 2001) because it is easier and faster to apply. To 
overcome the instability of the frequency-independent Q computed by the spectral ratio 
method, Jeng et al. (1999) introduced the modified spectral method which yields frequency-
dependent Q.  
 
In this study, we developed the algorithms of the spectral ratio method and the modified 
spectral ratio method. The developed algorithms were applied to synthetic zero-offset VSP 
data sets and the zero-offset VSP data acquired at Mallik 3L-38 gas hydrate production 
research well, and the results are analyzed. 
 
METHODS FOR COMPUTATION OF Q FACTOR 
 
Spectral Ratio Method  
 
In the spectral ratio method, the amplitude spectrum ( )fzA ,  of the trace from geophone level 
z  is assumed to decay exponentially from a reference amplitude spectrum ( )fzA ,00  at a 
shallow level 0z . This exponential decay can be written as 

    ( ) ( ) ( )0,, 00
zzefzAfzA −−= α    (1) 

Where α  is the absorption coefficient and α  is related to Q and velocity V by ( )QVfπα = . 
Equation (1) can be written as 
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Where T and 0T  are the P-wave (or S-wave) arrival times at geophone levels z  and 0z , 
respectively, and Slope is ( ) ( )[ ] ffzAfzA ,,ln 00 . From equation (2), Q can be written as 

    ( ) SlopeTTQ 0−−= π .    (3) 

We compute the Slope from a least-squares linear fit to the data points in a cross plot of 
( ) ( )[ ]fzAfzA ,,ln 00  versus f. 

 
The spectral ratio method assumes (De et al., 1994): 

1)  The source waveform is constant between upper and lower levels. 
2)  The geophone coupling is the same between upper and lower levels. 
3)  There is no interface from reflected waves. 
4)  There is no variation in stratigraphic filtering between upper and lower levels. 
5) Q is independent of frequency in the VSP bandwidth, which means 
  ( ) ( )[ ] fSlopefzAfzA ⋅=,,ln 00  is an equation for a straight line with a constant slope. 
6)  Noise is negligible. 
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Modified spectral ratio method 
 
To obtain an estimate of frequency dependent Q, the natural logarithm of the amplitude 
ratio, ( ) ( )[ ]fzAfzA ,,ln 00 , from equation (2) is plotted against the arrival-time difference 
( )0TT −  of two receivers for each frequency. The slope of the regression line is Qfπ . 
 
SYNTHETIC DATA EXAMPLE 
 
The algorithms of the spectral method and the modified spectral method, which are developed 
in this study, were applied to synthetic data sets with a velocity model including five 
horizontal layers (Figure 1). A source was located at 20 m from the well head to simulate 
‘zero-offset VSP’ geometry. Receivers were located from 1,530 to 1,850 m in the borehole. 
Only direct arrivals were created to calculate the Q-factors and three synthetic data sets were 
generated with different receiver intervals of 2, 5, and 10 m, respectively. Synthetic 
seismograms were created by ray theory and the effects of frequency-dependent Q were 
applied by using Strick’s model (1970). A Klauder wavelet with a frequency bandwidth of 8 
to 180 Hz was used as a source wavelet. Figure 2 shows the amplitude spectrums of the direct 
arrivals in traces when the receiver interval was 10 m. As shown from the figure, the 
amplitude decreases with increasing the depth of the receiver and the attenuation occurs more 
significantly in higher frequencies. 
 
Q factors extracted from direct arrivals in the synthetic data by using the spectral ratio method 
are shown in Figure 3. The frequency range of 30 to 160 Hz is used in the calculation, and Q 
factors for the second, the third, the fourth, and the fifth layers are obtained. Only positive 
values out of the computed Q’s are represented in the Figure 3 because negative value for Q 
factor cannot exist. All results show similar patterns regardless of the receiver interval. Note 
that the Q’s computed by the spectral ratio method approach to the true Q only for the fourth 
layer which has a low Q factor (Q=50). In the layers with large Q values, the differences of 
the amplitude spectrums of traces are very small and it makes the computation of Q-factor 
very unstable. However, the computed Q-factors except for those from the fifth layer 
(Q=1000) show the similar variation pattern to that of true Q-factors. Very low Q factors 
computed for the fifth layer might be due to lack of the data used in the calculation. 
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Figure 1. A subsurface model used in creating synthetic zero-offset VSP data. 
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Figure 2. The amplitude spectrums of the direct arrivals of the synthetic data generated  
with the velocity model in Figure 1. (Receiver interval is 10 m). 

 
 
Figure 4 shows frequency-dependent Q-factors computed by the modified spectral ratio 
method. For all layers, the computed Q-factors appear a little bit larger than true Q-factors and 
fluctuate along frequency. The fluctuation is severer in the layer with larger Q factor. Even for 
the fifth layer, we could not extract Q-factors form the data with 10 m-receiver interval 
because only two samples were available in computing Q-value by the regression technique. 
Even the calculation of Q-factor from the data with 2-m receiver interval was very unstable 
for the fifth layer. To analyze the reason of the fluctuation and the discrepancy between the 
extracted Q value and the true value, the further research is needed.  
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Figure 3. Q factors extracted from direct arrivals in the synthetic data  
by using the spectral ratio method. 
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Figure 4. Q factors computed by the modified spectral ratio method for (a) the second layer 
(Q=500), (b) the third layer (Q=150), (c) the fourth layer (Q=50), and (d) the fifth layer 
(Q=1000). 
 
 
FILED DATA EXAMPLE – MALLIK 5L-38 WELL 
 
We applied the spectral ratio method and the modified spectral ratio method to the zero-offset 
VSP data published by Mallik 2002 Gas Hydrate Production Research Well Program 
(Dallimore and Collett, 2005). The VSP survey was conducted at the Mallik 3L-38 
observation well using a vibroseis source (8 – 180 Hz) and a three-component, five-level tool 
with sensor separation of 15 m. The source was located at 22 m from the well collar and the 
receivers were positioned from 560 to 1145 m in depth for the zero-offset data. 
 
To make the data for the calculation of Q-factors, we muted all wave fields except for the 
direct arrivals. The compensation for spherical spreading and the interference of reflected 
waves were not applied. Figure 5 shows the amplitude spectrums of the direct arrivals 
extracted from the real data. As shown from the figure, the amplitude decreases as the depth 
of the receiver increases. However, the decrease in the amplitude spectrum of the first receiver 
to that of the second receiver is too large. This large attenuation in the amplitude spectrum 
might come from the transmission coefficient from the permafrost to the sediment rather than 
from the absorption related to the Q-factor. Thus the first trace was excluded in computing Q 
factors. Based on the amplitude spectrum shown in Figure 5, the frequency range of 20 to 80 
Hz is used in the calculation. 
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Figure 5. The amplitude spectrums of the direct arrivals of the Mallik 3L-38 zero-offset. 
 
 
The P-wave reflectivity for the zero-offset VSP recording is taken from Figure 10 (a) in the 
paper by Milkereit et al. (2005) and shown in Figure 6. According to their interpretation, the 
reflections marked ‘A’ and ‘C’ are corresponding to the top and the bottom of the gas hydrate 
zone, respectively. A distinct reflection (marked ‘B’) located within the gas hydrate zone came 
from a coal seam. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Compressional-wave reflectivity from 
zero-offset VSP recording. Abbreviations: A, 
reflection from the top of gas hydrate zone; B, 
reflection from within gas hydrate zone (Coal seam); 
C, reflection from base of gas hydrate zone. (taken 
from Milkereit et al., 2005). 
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Q-values computed from the zero-offset Mallik data by the spectral ratio method are shown in 
Figure 7. The depths of reflections marked ‘A’, ‘B’, and ‘C’ in Figure 6 is indicated. As shown 
in Figure 7, the gas hydrate zone has low Q-factor and the variation in Q-factors matches very 
well with the boundaries of the gas hydrate zone. Moreover, at the depth of reflection ‘B’, the 
Q-factor becomes large compared to those of surrounding formations. 
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Figure 7. Q factors extracted from the zero-offset VSP data at Mallik 3L-38 well  
by using the spectral ratio method. 

 
Frequency-dependent Q-factors were computed by the modified spectral ratio method for the 
Mallik zero-offset data although the results are not shown here. The Q-factors for all layers 
showed lower values compared to those obtained by the spectral ratio method. Further 
preprocessing and analysis are needed to get more precise Q-factors by the modified spectral 
ratio method. 
 
 
CONCLUSIONS 
 
The algorithm of the spectral ratio method and the modified spectral method were developed 
and applied to synthetic data sets and the zero-offset data at Mallik 3L-38 gas hydrate 
production research well. The frequency-independent Q-factors from the synthetic data 
obtained by using the spectral ratio method provide the information on the pattern of the 
change in Q-factors along the depth. While the computed Q-factors approach the true values 
for the layers of low Q-factors, they deviate from the true values for the layers of high Q-
factors. In the layers with large Q values, the differences of the frequency spectrums of traces 
are very small and it makes the computation of Q-factors very unstable. The variation of the 
Q-factors extracted from the zero-offset VSP data at Mallik 3L-38 well by the spectral ratio 
method agrees well with the boundaries of the layers, including the gas hydrate zone, 
described in the reflection image. The results of applying the modified spectral ratio method, 
which provides frequency-dependent Q-factors, show very unstable Q-factors for some layers 
in the synthetic data and the Mallik data. Further analysis and research are required to obtain 
more precise Q-factors by the modified spectral ratio method. 
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ABSTRACT: We measured the P wave velocity of 4 unconsolidated sediment 
samples which have different grain size distribution. To quantify the effect of gas 
hydrate saturation on P-wave velocity, artificial gas hydrate saturation was 
changed in the same sediment sample. We observed the increase of P wave velocity 
with increasing gas hydrate saturation and could not find noticeable effect of grain 
size on P wave velocity in the samples used in this study.  
 
Keywords:  gas hydrate, P wave velocity, grain size 

 
 
INTRODUCTION 
 
Natural gas hydrate is in the spotlight as a new clean energy source, though a lot of 
technological progress should be made to produce gas hydrate safely and economically. The 
most popular method, to identify gas hydrate reserves, is related with characterizes the BSR in 
seismic survey. The estimation of gas hydrate contents in the survey area has been inferred 
from the information of BSR and calculated interval velocity. As mentioned in Priest et al. 
(2005), seismic interpretation without detail information of physical properties of gas hydrate 
bearing sediments can be problematic to assessing the distribution and concentration of gas 
hydrate. Information of wave velocity for methane gas hydrate itself and sediments bearing 
gas hydrate can be found elsewhere such as Helgerud et al. (2002) and Priest et al. (2005), 
respectively. However, still there have been a few data available in public for supporting 
seismic interpretation. 
 
As the first step to aid in the seismic interpretation, we have performed series of P-wave 
velocity measurements. The effect of grain size and hydrate saturation on P-wave velocity 
was investigated. We manufactured experimental apparatus for this purpose, which can 
accommodate sediments in high pressure condition. The saturation of gas hydrate has been 
controlled by input gas pressure in batch system. In this article, we present interim result of 
the on-going P-wave velocity measurement. 
 
 
EXPERIMENTAL METHODS 
 
We used 4 artificial sands which have different grain size distribution depending on their 
types. Sediment samples were prepared by flushing with de-ionized water and heating at 
120�. After that, their size distributions have been measured using laser diffraction particle 
analyzer. Figure 1 shows the brief results of 4 artificial sand samples. MV, CS, and SD listed 
in Figure 1 means the average size in the volume base, coefficient of skewness, and standard 
deviation, respectively. Their porosities are around 40% and their detail petrophysical 
information can be found at Lee et al. (2005). 
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Figure 1. Particle size distribution of the sediment samples. 

 
 
To form gas hydrate, methane gas used in the current study had a stated purity of 99.99 mol% 
and de-ionized water was used as a host. The sediment sample with water has been packed in 
the high pressure cell using vibrator. Though the presence of free gas in gas hydrate 
formations may be rarely observed in natural condition (Winters et al. 2005), all the 
experiments have been conducted under the existence of free CH4 gas as preliminary tests.  
  
Experimental Apparatus 
 
Schematic diagrams of the experimental apparatus are shown in Figure 2. The whole systems 
were constructed to measure the internal pressures, temperatures, P wave velocity, axial 
deformation, and axial load in the high pressure sand column. The internal dimension of the 
high pressure cells for test is ID5.4cm·L7.5cm and its length can vary from 2.5 to 7.5 cm. To 
simulate the stress condition in natural environment, upper endpiece of the cell can be 
movable depending on the applied pressure by syringe pump. We used custom made labview 
program to maintaining the constant overburden pressure, which can control axial load 
depending on pore pressure. We placed displacement gauge at the upper piston to measure 
and monitor the length of the sample while may occur during the formation of gas hydrate. 
The resolution of displacement gauge is 1μm. Both upper and lower endpieces incorporate 
acoustic transducer and flow ports. To maximize pulse transmission, filter has been installed 
only at flow ports. The operating temperature was measured by K-type thermocouple probe 
installed at cooling jacket. De-ionized water was injected at the bottom edge using a 
reciprocating pump. At the top edge, methane gas was injected using a mass flow controller. 
Internal pressure of the sand column was controlled using a back pressure regulator. Observed 
internal pressure, temperature, axial load, and sample length were stored at the PC with a 
fixed interval. Refrigerating circulator was used for the temperature control of the systems.  
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Figure 2. The schematic diagrams of the apparatus. 
 
 
Experimental procedures 
 
Pore volume of the sand column was calculated using added water volume in sand packing 
procedure. Initial overburden pressure of the sample is applied after placing sand column into 
the system, and we inject water at constant flow rate to confirm 100% water saturation in the 
sample. Then methane is injected into the sand column to establish the initial water saturation, 
and measured final water saturation in the sample. The pressure of system was initially 
supplied from a gas cylinder and reached desired pressure by a mass flow controller. 
Temperature kept constant at 11�. For the formation of gas hydrate, the system was closed 
and its temperature was decreased around 1�. When gas hydrates were formed and the 
system pressure was reached a steady state, wave speed (Vp) is calculated using information 
of sample length and travel time. Travel time is corrected by subtracting the travel time of 
‘head-to-head’ configuration, which is measured travel time when two end pieces were 
directly contacted. The initial saturation of gas hydrate was estimated similarly by the 
equation appeared on Sakamoto et al. (2004). After the measurement of wave velocity at 
initial gas hydrate saturation, methane gas was injected slowly to increase gas hydrate 
saturation and Vp measurement was repeated. We assumed that there is no movement of 
remaining water during the period of gas injection. Detailed procedure is summarized in 
Figure 3. 
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EXPERIMENTAL RESULTS 
 
P wave velocity of the samples without gas hydrate 

As well known, information of stress condition is indispensable to the characterizing a 
property of unconsolidated sediment sample. Also, it may be greatly affected by packing 
procedure in preparation of artificial sediment samples. To investigate the effect of stress 
condition and quality of packing procedure, we have measured Vp of the same sample whose 
water saturation is 100%. Black circle represents the case for poorly packed sample and 
hollow circle for well packed one in Figure 4. We can see that Vp increases with increase of 
axial loading as expected. In case of poorly packed samples, Vp of water saturated sample 
showed wide variety and increase of its value as loading and unloading cycles repeated. 
However, there was little difference of Vp at the same axial condition regardless of the cycles 
in case of well packed samples. When uni-axial loading is greater than 200 psig, its effect on 
Vp decrease drastically after repetition of loading and unloading cycle in these samples. 
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Figure 4. The effect of packing procedure 
on Vp at 100% water saturation. 

Figure 3. Experimental 
procedures for the wave 
velocity measurements. 
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Figure 5 shows the results of measured Vp for the two cases where axial loading is 300 psig. 
One is that with 100% water saturation, and the other is that with initial water saturation for 
the hydrate formation. Although the size of the increase samples are different, measured Vp at 
100% and initial water saturation showed similar value around 1900m/sec and 750 m/sec 
within ±4%, respectively. This indicates that the effect of grain size on Vp of the samples 
without gas hydrate may be negligible within the range of mean particle size used in this 
study. 
   

 
 
 
 
 
 
 
 
 
 
 

 
P wave velocity of the samples with gas hydrate 

From now on, the whole measurements of Vp have been carried out under 300 psig of uniaxial 
loading applied. Calculated hydrate saturation may have error on it because we assumed no 
volumetric change of gas during hydrate formation. The relationship between hydrate 
saturation with Vp appears in Figure 6. Hydrate saturation (Sh) in x-axis means the 
normalized volume to total pore volume of the samples. In this figure, the initial water 
saturation when Vp was measured may be different case by case. As expected, increasing 
trend of Vp with increase of hydrate saturation is manifest. 
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Figure 5. Results of Vp measurements 
of 4 samples without gas hydrate. 

Figure 6. Measured Vp of 4 different 
sediment samples. 



 48 New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  

Figure 7 shows two cases of the comparison of Vp between two different sediment samples at 
similar initial water saturation. In this figure, Sg means the saturation of gas in pore volume. 
As a note, remaining volume except Sg and Sh from total pore volume is occupied with water. 
In both cases, Vp shows similar increasing tendency with increase of Sh, irrespective of 
sediment samples. This implies that there is no apparent effect of sediment size on Vp in spite 
of existence of gas hydrate in the samples used in this study. 
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Figure 7.  Vp of two different sediment samples with Sh change. 

 
 
We measured Vp of the same sediment sample (Hama#7) with different initial water 
saturation to investigate the effect of initial water saturation on Vp. In case of Sg=0.27, Vp 
shows higher value slightly than that with Sg=0.38 (Figure 8). This might be pertinent 
considering sediment sample of Sg=0.27 have greater amount of water than that of Sg=0.38. 
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Figure 8. The effect of initial water saturation on Vp. 
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CONCLUSION 
 
The effect of gas hydrate saturation was investigated on P wave velocity of 4 different 
sediment samples. Because not all the experiments have been finished yet, we can conclude as 
follows though it seems to be premature.  
 

1) The values of P wave velocity increase with increasing gas hydrate saturation, as 
expected. To use this data for seismic interpretation, it is necessary to calculate 
equivalent water saturated velocities using an appropriate fluid substitution model.  

2) The effect of grain size on P wave velocity is not clear in the sediment samples used in 
this study. It may result from limited range of grain size and the nature of artificial 
hydrate distribution in this study, such as cementing type. 

3) Initial water saturation has a minor effect on P wave velocity compared with hydrate 
saturation. 

 
We are performing further experiments to clarify the effect of grain size and uni-axial load on 
Vp of sediment samples bearing gas hydrate. Also, we are tried to calculate hydrate saturation 
considering volume change of gas during hydrate formation and equivalent water saturated 
velocities. 
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Gwang H. Lee 
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ABSTRACT: The bottom-simulating reflector (BSR), caused by the large acoustic 
impedance contrast at the boundary between the gas hydrate-bearing sediments in 
the gas hydrate stability zone and the gas-bearing sediments below, is the principal 
evidence of gas hydrate.  Other seismic indicators of gas hydrate and sub-hydrate 
free gas include: elevated interval velocities and amplitude reduction above the 
BSR, enhanced reflection and frequency reduction below the BSR, and amplitude 
variation with offset along the BSR.  However, these indicators and the BSR do not 
provide quantitative information for gas hydrate.  Moreover, the BSR can be 
associated with recording artifacts, multiples, and the opal-A/opal-CT phase 
boundary.  Gas or fluid escape features such as mud volcanoes, pock marks, seismic 
chimneys (vertical vents), and plumes in the water column can serve as supporting 
evidence of gas hydrate where the presence of gas hydrate is expected.  Recent 
studies suggest that vertical vents rather than the BSR can be the preferred seismic 
evidence for identifying the prime locations for near-surface gas hydrate.  However, 
the overall concentration of gas hydrate or gas within the vent appears to be very 
small.   
 
Keywords: gas hydrate, BSR, amplitude reduction, enhanced reflection, mud 
volcanoes, seismic chimney. 
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from Natural Hydrate Accumulations in Geologic Media 
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ABSTRACT: We discuss the range of activities at Lawrence Berkeley National 
Laboratory in support of gas production from natural hydrates. Investigations of 
production from the various classes of hydrate deposits by numerical simulation 
indicate their significant promise as potential energy sources. Laboratory studies 
are coordinated with the numerical studies and are designed to address knowledge 
gaps that are important to the prediction of gas production. Our involvement in 
field tests is also briefly discussed. 
 
Keywords: hydrates, gas production, simulation, laboratory studies, field studies. 

 
 
INTRODUCTION 
 
Background  
 
Gas hydrates are solid crystalline compounds in which gas molecules are lodged within the 
lattices of ice crystals. Natural gas hydrate deposits involve mainly CH4, and occur in two 
distinctly different geologic settings: in the permafrost and in deep ocean sediments. Current 
estimates of CH4 in hydrates vary widely, ranging between 1015 to 1018 m3 (Sloan, 1998). The 
most conservative estimate surpasses by a factor of two the energy content of all conventional 
fossil fuel reserves. Thus, hydrates are attracting attention as a potential energy resource. Gas 
from hydrates can be produced by inducing dissociation by any combination of the following 
three main methods: (1) depressurization, (2) thermal stimulation, and (3) the use of hydration 
inhibitors (e.g., salts and alcohols). 
 
Classification of Hydrate Deposits  
 
Natural hydrate accumulations are divided into four classes (Moridis and Collett, 2003; 
Moridis and Sloan, 2006). Class 1 accumulations are composed of two layers: an underlying 
two-phase fluid zone with free (mobile) gas, and an overlying hydrate-bearing layer (HBL) 
involving water and hydrate (Class 1W) or gas and hydrate (Class 1G). In Class 1 deposits, 
the bottom of the hydrate stability zone coincides with the bottom of the hydrate interval. 
Class 2 deposits comprise two zones: the HBL overlying a mobile water zone. Class 3 
accumulations are composed of a single zone, the HBL, and are characterized by the absence 
of an underlying zone of mobile fluids. In Classes 2 and 3, the entire hydrate interval may be 
at or within the hydrate stability zone.  Finally, Class 4 deposits involve dispersed, low-
saturation accumulations in marine geologic media that are not bounded by confining strata 
and can extend over large areas. 
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Purpose  
 
The purpose of this paper is to summarize the studies conducted at the Lawrence Berkeley 
National Laboratory (LBNL), Berkeley, USA, in support of gas production from natural gas 
hydrates in geological media.  These studies include numerical analyses of the gas production 
potential of the various classes of hydrate deposits, and laboratory investigations to determine 
important parameters and relationships describing the kinetic, hydraulic and thermal behavior 
of hydrate-bearing sediments. Finally, the LBNL studies in support of field tests of gas 
production from hydrates are briefly discussed. 
 
NUMERICAL STUDIES 
 
The Numerical Simulator  
 
The numerical studies were conducted using the TOUGH-Fx/HYDRATE simulator (Moridis 
et al., 2005a), which can simulate the non-isothermal hydration reaction, phase behavior and 
flow of fluids and heat in natural CH4-hydrate deposits. It includes both equilibrium and a 
kinetic model of hydrate dissociation, and accounts for heat and up to four mass components 
(i.e., water, CH4, hydrate, and water-soluble inhibitors such as salts or alcohols) which are 
partitioned among four possible phases: gas, aqueous, ice, and hydrate. A total of 13 states 
(phase combinations) can be described, involving any combination of hydrate dissociation 
mechanisms. 
  
Case 1: Gas Production from Class 1W Deposits  
 
Class 1 appears to be a promising target for gas production because the thermodynamic 
proximity to the hydration equilibrium requires only small changes in P and T to induce 
dissociation (Moridis and Collett, 2003; Moridis et al., 2005b).  Additionally, the existence of 
a free gas zone can guarantees gas production even when the hydrate contribution is small.  
The Class 1W deposit in Case 1 involves a 15m-thick HBL, in which the hydrate saturation 
SH = 0.7 and the aqueous saturation SA = 0.3. The HBL is underlain by a 15m-thick zone of 
mobile gas and water. The reservoir radius is Rmax = 567.5 m and its intrinsic permeability k = 
10-12 m2 (=1 Darcy). At the bottom of the HBL, the initial P = 1.067x107 Pa and T = 286.65 K, 
and the P and T distributions in the profile follow the hydrostatic and geothermal gradients, 
respectively. Gas is produced by depressurization through a heated well at the center of the 
reservoir at a rate of Q = 0.82 ST m3/s.  
 
To describe gas production from Class 1 hydrates, we employ the concepts of Rate 
Replenishment Ratio (RRR, defined as the fraction of the gas production rate QP that is 
replenished by CH4 from hydrate dissociation) and Volume Replenishment Ratio (VRR, i.e., 
the fraction of the cumulative produced CH4 volume VP that has been replenished by CH4 
from hydrates), as proposed by Moridis et al. (2005b). The evolutions of the volumetric rate 
of CH4 release from the hydrate (QR) and of the corresponding QP are shown in Figure 1a. We 
identify four stages (Figure 1b). Stage I correspond to dissociation from two zones: the initial 
horizontal hydrate interface and a cylindrical interface around the well. A second horizontal 
hydrate interface evolves at the top of the hydrate interval. Additionally, a hydrate channeling 
system begins to evolve.  This is composed of narrow conductive channels alternating with 
impermeable high-SH bands that advance into the body of the hydrate in a ‘wormhole-like” 
manner aligned with the general direction of flow. This is a consequence of the hydrate 
lensing process caused by capillary pressure (Moridis et al., 2005b), and provides access to 
the hydrate interior.  
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In Stage II, dissociation is at its maximum and occurs along the two horizontal interfaces 
(upper and lower) and the cylindrical interface, while the hydrate channels are fully developed. 
The end of Stage II is marked by a precipitous drop in RRR caused by the “sealing” of the 
entire bottom (horizontal) boundary by an impermeable hydrate lens of a very high SH, in 
which SA and SG fall below their irreducible levels. In Phase III, only the cylindrical and the 
upper horizontal interfaces are active dissociation fronts. 
 

 

 

 
Figure 1.  (a) Evolution of QR (A) and QP (B), (b) the corresponding RRR (C) during 
production from the Class 1W deposit; (c) evolution of VR (A), VP (B) and the corresponding 
VRR (C) (Moridis et al., 2005b).  
 

(c) 
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The dissociation zone created by the hydrate channels is also active, but hydrate lensing 
(Moridis et al., 2005b) leads to increasing SH, thus reducing the aperture of the “wormholes”. 
Compared to Stages I and II, RRR is lower in Stage III and has a downward trend because (a) 
the total area of dissociation is reduced after the occlusion of the bottom interface, (b) the 
remaining dissociating regions are more distant from the well, and (c) the cross-sectional area 
of the hydrate channels decreases. The onset of Stage IV is marked by another precipitous 
drop in the RRR value to levels below 0.1. This indicates a dramatic reduction in dissociation 
activity and is caused by occlusion of the upper interface, or through closure of the hydrate 
channels (Moridis et al., 2005b). In Figure 1a and 1b we observe that QR attains high levels 
early, and it increases with time in Stage I and II. At the end of Phase II (t = 6.2 years), QR = 
0.533 ST m3/s and replenishes about 65% of QP. Even with the decline in QR in Stage III, 
RRR averages about 40%. Comparison of the cumulative volume of CH4 released from 
dissociation (VR) to VP leads to the VRR shown in Figure 1c, which confirms the hydrate 
potential as a promising gas source. At the end of the 10-year production period, VRR = 0.42, 
i.e., 42% of the total gas produced volume (1.08x108 ST m3) has been replenished from 
dissociation. The corresponding water production is limited (Moridis et al., 2005b). These 
results indicate the technical feasibility of depressurization to readily produce large amounts 
of gas at high rates using conventional technology.  
 
Figure 2 shows the distribution of SH over time. Figure 2b reveals the expansion of the 
cylindrical interface radially from the wellbore during Stage I. The upper interface becomes 
evident after t = 4 years, i.e., at the beginning of Stage II (Figure 2c). The emergence of the 
banded SH distribution of the hydrate channels is also obvious, which becomes more 
pronounced with time as they advance into the hydrate body. The hydrate channels are evident 
at t = 4 years. These “wormhole-like” structures appear to permeate a large portion of the 
main hydrate body during Stage III (t = 6 years, Figure 2e) and an even larger one in Stage IV 
(Figure 2f, t = 10 years).  
 
Case 2: Gas Production from Class 1G Deposits 
 
The system configuration, geometry, and properties in this case are similar to those in the 
Class 1W case, from which it differs in that in the HBL, SH = 0.7 and SG = 0.3. The (a) 
volumetric rate of depressurization-induced CH4 release from the hydrate, (b) the production 
rate at the well, and (c) the corresponding RRR appear in Figure 3a (Moridis et al., 2005b). 
This figure shows that dissociation from hydrates in Class 1G deposits is a continuous process 
that does not have the stages identified in Class 1W deposits (Figure 1).  The hydrate 
contribution to production increases monotonically with time, and RRR = 0.75 at the end of 
the 30-year production period. Comparison of VR and VP leads to the VRR in Figure 2b, which 
rises rapidly early, increases continuously with time, and shows that 54% of the produced 
volume at the end of the 30-year production period has been replenished from hydrate 
dissociation. By that time, 4.13x108 ST m3 have been released from dissociation.  These 
results further confirm the technical feasibility of depressurization to produce large amounts 
of gas from hydrates at high rates using conventional technology. The attractiveness of Class 
1G deposits is further enhanced by low water production (Moridis et al., 2005b).  
 
Case 3: Gas Production from a Class 2 Deposit 
 
The geometry of the Class 2 deposit discussed here is as in Case 1, from which it differs in 
that the zone underneath the HBL is water-saturated. Fluids are produced through a single 
well at the center of the reservoir at a constant rate of Q = 9.48 kg/s (5000 BPD). The 
producing interval extends from the top of the HBL to 7 m below its base. 
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Figure 2. Evolution of the hydrate saturation distribution during depressurization-induced gas 
production from a Class 1W hydrate deposit (Moridis et al., 2005b). 
 

            

 
Figure 3. (a) Evolution of QR (A), QP (B), and the corresponding RRR (C) from a Class 1G 
hydrate deposit; (b) evolution of VR (A), VP (B) and the corresponding VRR (C).  
 
Figure 4a shows the evolution of (a) the rate QR of CH4 release from hydrate dissociation into 
the reservoir, and (b) the rate QP of CH4 production at the well. In Class 2 hydrate deposits, 
QR > QP because of the need for gas to accumulate until SG exceeds the irreducible SirG before 
flowing to the well. Because of the very low compressibility of water, the depressurization 
effect is immediate, and leads to the release of large volumes of CH4. Figure 4a shows two 
stages, separated by a 30-day period of warm water injection to eliminate the secondary 

(b) (a) 
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hydrate that forms near the wellbore. Gas production is zero and gas release from the hydrate 
is minimal during this period, which is followed by a decrease in the well Q upon the 
resumption of production (to avoid cavitation). QR increases monotonically during each of the 
two stages. Although it takes some time before a substantial CH4 production is observed at the 
well, QP continues to increase and to converge toward QR during the study period. At t = 5 
years, QP reaches the very attractive level of 4.4 ST m3/s (i.e., about 4.4x106 ST ft3/day), at 
which time VP = 1.3x108 ST m3 (4.62x109 ST ft3, Figure 4b). This very large volume of 
produced gas indicates the attractiveness of Class 2 deposits as potential energy sources.  
 
The SG distribution at t = 5 years in Figures 5a shows the presence of two sizeable gas banks 
above and below the hydrate body. The corresponding SH distribution in Figure 5b shows the 
formation of secondary hydrate near the wellbore.  The two free gas zones (Figure 5a) extend 
along the entire reservoir radius, and are typical of hydrate deposit dissociation. Figures 5a 
and 5b show that gas from the two zones moves downward under the protruding secondary 
hydrate structure to reach the well and allow production.  
 
Effect of Boundaries on Production from a Class 2 Deposit 
 
The effect of boundaries on gas production from Class 2 deposits can be significant. Moridis 
and Kowalsky (2006) showed that the presence of a permeable overburden and a deep water 
zone can reduce gas production from Class 2 hydrate deposits to very low levels that are 
orders of magnitude lower than those indicated in Figure 4 and are further encumbered by 
large water production. This disappointing performance is caused by the reduced effectiveness 
of depressurization in the presence of permeable boundaries and deep-water zones, and 
indicates that simple depressurization is not a promising production method from this kind of 
Class 2 deposits. The same authors also determined that five-spot production methods 
involving hot water injection do not seem to lead to substantial gas production, a situation 
they attributed to the adverse effect of water injection on the magnitude of depressurization 
(induced by the production wells). 
 
 

     
 

Figure 4. (a) Evolution of QR and QP, and (b) VR and VP during production  
from a Class 2 hydrate deposit. 
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Figure 5.  Distributions of (a) SH and (b) SG near the well bore during production 
from a Class 2 hydrate deposit. 

 
 
Case 5: Gas Production from a Class 3 Deposit  
 
Case 5 involves a 25 m-thick hydrate deposit of k = 3x10-13 m2 that is bounded by an 
impermeable shale overburden and overburden. Two production methods are explored. The 
first is based on thermal stimulation, and is appropriate when SH is too high (> 0.65) to allow 
sufficient flow and depressurization. The second method is based on depressurization, and is 
applicable to Class 3 deposits with sufficient residual permeability (typically involving SH < 
0.5). The simulation results indicate that QP from thermal stimulation (induced by the 
circulation of warm water at the well at Tw = 50 oC) is generally very low (< 50 ST m3/day, 
see Figure 6a), and orders of magnitude below the level of commercial viability. Despite a 
lower SH, QP from the depressurization of Class 3 deposits (induced by a well Q = 15 kg/s) is 
much higher than that for thermal stimulation (6x103 to 1.6x104 ST m3/day, see Figure 6b), 
but remains significantly below generally accepted standards of commercially viability.  
 
Gas Production from a Class 4 Deposit  
 
Moridis and Sloan (2006) investigated the subject of gas production from Class 4 hydrate 
deposits, involving disperse, low-SH accumulations in oceanic sediments. Despite covering 
the spectrum of expected variations in system properties, initial conditions, and operational 
parameters, their results indicated very low gas production volumes that are further 
encumbered with large water production. Moridis and Sloan (2006) were unable to identify 
conditions leading to economically viable gas production, and reached the conclusion that 
Class 4 deposits are not promising targets for gas production.  
 
LABORATORY STUDIES 
 
The numerical studies discussed in Section 2 indicated the importance of several properties 
and processes that play important roles in our understanding and the accuracy of predicting of 
gas production from natural hydrate deposits. The processes in question are heat and mass 
transfer, and the properties of interest include the following: kinetic parameters of hydrate 

(a) (b) 
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dissociation, composite thermal conductivity, composite specific heat, relative permeability kr, 
and capillary pressure Pc of hydrate-bearing media. Information on these subjects is scant. 
The laboratory studies at LBNL are designed to address these knowledge gaps, and are 
closely coordinated with the numerical studies.  
 
An important feature of the LBNL laboratory studies is the extensive use of x-ray computed 
tomography (CT) scanning, in addition to the conventional monitoring of P, T, and gas rates, 
volumes and composition. The need for CT scanning stems from the significant heterogeneity 
(spatial and temporal) of the hydrate distribution in the porous media during dissociation. 
Visualization prevents the misinterpretation of localized phenomena as a volume-averaged 
process. The complexity of the coupled processes involved in hydrate dissociation (thermal, 
thermodynamic, and hydraulic) precludes the use of simple measurements as the means to 
determine the parameters and relationships of interest, and instead necessitates the use of 
inverse modeling (history matching). 
  

       

Figure 6.  Evolution of QR and QP during gas production from Class 3 hydrate deposits: 
(a) thermal stimulation, and (b) depressurization. 

 
 
Figure 7 shows some of the equipment involved in the process of determining the kinetic 
parameters of hydrate dissociation and the thermal properties of hydrate bearing sediments 
(i.e., composite thermal conductivity and specific heat), including the pressure vessel, P and T 
monitoring equipment, and the x-ray CT scanner (Kneafsey et al., 2005; Gupta et al., 2006). 
The attached curves show the agreement between measurements and predictions based on the 
optimized parameters obtained from inverse modeling (Moridis et al., 2005c). Figure 8 shows 
the longitudinal x-ray scan of the high-P vessel used for kr studies (currently in progress), a 
cross-sectional scan of a waterflooding experiment, in addition to the corresponding 
attenuation curves that are used for the extraction of the kr parameters.  Finally, Figure 9 
shows the Advanced Light Source facility at LBNL, in which the availability of the most 
powerful x-rays in the world makes possible the use of synchrotron-based CT 
microtomography to investigate fundamental processes of the hydration reaction in porous 
media (e.g., the site of hydrate formation in the pores and the derivation of kr and Pc 
relationships from pore-level structural data).  
 

(a) (b) 
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ANALYSES IN SUPPORT OF FIELD STUDIES 
 
LBNL staff were involved in the design of the first field test of gas production from hydrates, 
conducted at the Mallik site, Mackenzie Delta, Northwest Territories, Canada, in 2002 
(Moridis et al., 2004). Analysis of the field data and long-term predictions of gas production 
from the Mallik site can be found in Moridis et al. (2005d). 
 

                   
Figure 7. Apparatus for concurrent hydrate thermal, kinetic and x-ray CT scanning studies; 

measurements and parameters obtained by history matching of the lab data. 
 

                
Figure 8. Apparatus for concurrent relative permeability and x-ray CT scanning studies; 
attenuation curves (related to density), and cross-sectional scan of the evolving sample 
density during water flooding (data used to extract the relative permeability curves). 
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Figure 9. The Advanced Light Source at LBNL, and use of the Beamline 8.3.2 to derive by 
means of x-ray microtomography relative permeability and capillary pressure relationships of 
hydrate-bearing media based on pore structure data. 
 
 
SUMMARY 
 
We discuss the range of activities at Lawrence Berkeley National Laboratory in support of gas 
production from natural hydrates. Numerical simulation of depressurization-induced gas 
production indicates that Class 1 and 2 hydrate deposits hold significant promise as potential 
energy sources because they can yield large gas volumes at high rates using conventional 
production technology. In Class 3 deposits, neither pure depressurization (when SH is 
sufficiently low to permit significant flow) nor thermal stimulation (when SH >70%, thus 
severely reducing permeability) results in commercially viable gas production. Class 4 
deposits are not promising production targets. We developed a laboratory program (closely 
coordinated with the simulation studies) to obtain parameters and relationships describing the 
thermal, thermodynamic, hydraulic and kinetic properties of hydrate-bearing media that are 
important in predicting gas production. An important feature of the laboratory studies is the 
use of x-ray CT scanning and microtomography to describe the strong spatial and temporal 
heterogeneity of hydrates in porous media. Finally, we discuss briefly the LBNL studies in 
support of field tests of gas production from hydrates. 
 
 
ACKNOWLEDGMENT 
 
This work was supported by the Assistant Secretary for Fossil Energy, Office of Natural Gas 
and Petroleum Technology, through the National Energy Technology Laboratory, under the 
U.S. Department of Energy, Contract No. DE-AC03-76SF00098. The authors are indebted to 
John Apps and Dan Hawkes for their thorough review and their insightful comments. 
 
 



New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  63 

REFERENCES 
 
Sloan, E.D., 1998, Clathrate Hydrates of Natural Gases, Marcel Dekker, Inc., New York, NY.  
Gupta, A., T. Kneafsey, G.J. Moridis, Y. Seol, M.B. Kowalsky, and E.D. Jr. Sloan, 2006 

Methane hydrate thermal conductivity in a large heterogeneous porous sample, J. Phys. 
Chem. B, 10.1021/jp0619639 (LBNL-59088). 

Kneafsey, T., L. Tomutsa, G.J. Moridis, Y. Seol, B. Freifeld, C.E. Taylor and A. Gupta, 
Methane hydrate formation and dissociation in a core-scale partially saturated sand sample, 
In Press, J. Petr. Sci. Eng., (LBNL-59087, 2005). 

Moridis, G.J. and T.S. Collett, 2003, Strategies for gas production from hydrate accumulations 
under various geologic conditions, LBNL-52568, Lawrence Berkeley National Laboratory, 
Berkeley, CA.  

Moridis, G.J., T.S. Collett, S.R. Dallimore, T. Satoh, S. Hancock and B. Weatherhill, 2004, 
Numerical studies of gas production scenarios from several CH4-hydrate accumulations at 
the Mallik site, Mackenzie Delta, Canada”, J. Petr. Sci. Eng., Vol. 43, 219-238. 

Moridis, G.J., M.B. Kowalsky and K. Pruess, 2005a, TOUGH-Fx/HYDRATE v1.0 User’s 
Manual: A code for the simulation of system behavior in hydrate-bearing geologic media, 
LBNL-58950, Lawrence Berkeley National Laboratory, Berkeley, CA (2005).  

Moridis, G.J., M.B. Kowalsky and K. Pruess, 2005b, Depressurization-induced gas production 
from Class 1 hydrate deposits, SPE 97266, 2005 SPE Annual Technical Conference and 
Exhibition, Dallas, Texas, U.S.A., 9–12 October 2005.  

Moridis, G.J., Y. Seol and T. Kneafsey, 2005c, Studies of reaction kinetics of methane hydrate 
dissociation in porous media, Paper 1004, Proc. 5th International Conf. on Gas Hydr., 21-
30 (LBNL-57298).  

Moridis, G.J., T.S. Collett, S.R. Dallimore, T. Inoue and T. Mroz, 2005d, Analysis and 
interpretation of the thermal test of gas hydrate dissociation in the JAPEX/JNOC/GSC 
Mallik 5L-38 gas hydrate production research well, Geological Survey of Canada, Bulletin 
585, S.R. Dallimore and T. Collett, Eds., (LBNL-57296). 

Moridis, G.J. and M. Kowalsky, 2006, Gas production from unconfined Class 2 hydrate 
accumulations in the oceanic subsurface, Chapter 7, in Economic Geology of Natural Gas 
Hydrates, M. Max, A.H. Johnson, W.P. Dillon and T. Collett, Eds., Kluwer 
Academic/Plenum Publishers, 249-266 (LBNL-57299).  

Moridis, G.J. and E.D. Sloan, 2006, Gas production potential of disperse low-saturation 
hydrate accumulations in oceanic sediments, LBNL-52568, Lawrence Berkeley National 
Laboratory, Berkeley, CA. 



New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  65 

Experimental Studies and Development Concept for  
Offshore Natural Gas Hydrate 

 
Qingping Li1), Hengyi Zeng1), Weiliang Dong, Ziping Feng2),  

Liangguang Tang2), Xiaosen Li2) 
 

1) CNOOC Research Center, Beijing, China 
2) Guangzhou Institute of Energy Conversion, The Chinese Academy of Sciences 

 
 

ABSTRACT� Based on the brief review of progress in natural gas hydrate 
exploration� this paper presents a concept of a development method for offshore 
natural gas hydrate considering current deepwater engineering practice. A set of 
one dimensional experimental facility have been constructed to simulate the natural 
gas hydrate development process. Experimental studies of the depressurization and 
heat injection method used for producing natural gases from hydrates have been 
carried out. The hydrate dissociation kinetics, gas and water production rates, 
which are meaningful for the pilot scale and real industry scale production of 
natural hydrate, have been analyzed. 
  
Keywords: natural gas hydrate, deepwater engineering; depressurization 
production; heat injection  

 
 
INTRODUCTION 
 
Natural gas hydrate, known as “burning ice”, is one kind of unconventional energy source 
with high energy density, wide distribution and vast reserves. In general� the resource is 
stored in permafrost regions and deepwater areas with water depth deeper than 300m. It is 
estimated that the total resource of hydrate is equal to 1.8-2.1*1016 m3 methane gases, which 
is double the total other currently known carbon energy resources (oil, coal, natural gas). 
Globally, there are 84 offshore areas with hydrate that have been detected directly or 
indirectly, and among them more than 20 sites have successfully yielded natural gas hydrate 
cores. The trial productions of gases from the hydrate reservoirs in the permafrost areas have 
also been carried out. 
 
The extensive Chinese offshore area and its economical zones indicate great potential as a 
source of natural gas hydrates. For example, important evidence has been observed in several 
specific settings in the east and south sea. How to exploit and utilize the natural gas hydrate, 
one of the most promising and potential clean new energy resources, is the focus of not only 
China but also many other countries.  
 
PROGRESSES ON NATURAL GAS HYDRATE PRODUCTION 
 
As earlier as 1810, Sir Humphrey Davy of the British Royal Society first produced chlorine 
hydrate in the laboratory. However, it was not until 1971 that the former Soviet Union 
successfully exploited for the first time a natural hydrate reservoir in its permafrost area. 
Since then more and more interest has been being focused on gas hydrate research. 
 
The basic hydrate production methods  
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According to the basic hydrate thermodynamic principle, three possible gas hydrate 
production methods have been suggested� such as the heat stimulation� depressurization and 
chemical injection methods. The basic principle for Natural gas hydrate production is to 
dissociate hydrate into free gases, than collect the free gases and transport them to seabed 
facilities. The continuous production of the natural gas hydrate reservoir can be realized by 
changing the hydrate phase equilibrium conditions. 
 
1) Thermal stimulation 

This method is to increase the temperature of the hydrate reservoir, either by injecting steam, 
hot water, hot brine or in-situ heating by such as fireflood., beyond the temperature at which 
hydrate can form at a specified pressure�  The main disadvantage of this method is the great 
heat loss, resulting in low efficiency. 
 
2) Depressurization 

This method is to decrease the deposit pressure below the pressure of hydrate formation at a 
specified temperature. The main feature for this method is that no expensive stimulation is 
needed, therefore it could be one of the effective methods for future large-scale hydrate 
production. 
 

  

Figure1. Principle of thermal 
stimulation. 

Figure 2. Principle of depressurization. 

 
3) Chemical injection 

Some chemicals, such as methanol or glycol, can shift the pressure-temperature equilibrium 
boundary of hydrate. However, this method is expensive and involves heavy environmental 
pollution. 
 
The above-mentioned methods have mainly remained in the laboratory stage. Some of them 
have been tested in the Canada Mallik-2L projects� Experimental results suggested that 
combinations of the above methods can be used as a cost effective hydrate production strategy. 
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Natural gas hydrate exploitation and conceptual production 
 
The natural gas hydrate reservoir of the Messoyakha gas field, found in 1968 by the Soviet 
Union, is shown in Figure 3. Large-scale production had been developed in 1970, mainly by 
the depressurization and chemical injection methods. However pressure curve deviated from 
the expected one after 3 years production and after 17 years production, the process was 
stopped because no benefit from the production resulted. 
 
The whole gas-natural gas hydrate production period could be divided in to five stages, given 
in Figure 4. The first stage was 1970-1973, during this period� the produced gases were 
mainly came form the underground free gas. The second stage was 1973-1975, and during this 
period the produced gases came from both the underground free gas and the upside hydrate 
dissociation. The third stage was 1975-1977 during which the produced gases originated 
mainly come from the hydrate dissociation. The fourth stage was 1977-1982 when production 
stopped because not enough gas was being produced. The fifth stage was during 1982-1986, a 
phase of re-production, because after 5 years of slow dissociation, the accumulation of free 
gases was large enough to support economic production once again. During the whole 
production period, 36% of the gases were derived from the natural gas hydrate dissociation. 
 

 
 

Figure 3. The messoyakha reservoir. Figure 4. The production curve of messoyakha. 

 
 
 
In January, 2004, six countries, including Japan, Canada and America successfully produced 
gases through the Mallik-2L 38 well from a natural gas hydrate reservoir located in northern 
Canada. The main production strategy combined both the heat injection and depressurization 
methods. This was the first time to prove that these two methods could be used to develop a 
natural gas hydrate reservoir. 
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THE STRATEGY FOR OFFSHORE NATURAL GAS HYDRATE PRODUCTION 
 
Production challenges 
 
Most of offshore hydrates are located in the sediments under sea level at water depths ranging 
from 300 m to 3,000 m. Some of these are located in unconsolidated silt.  Exploration and 
production are both difficult processes. The main challenges will have to be met in order to 
exploit the natural gas hydrate are as follows: 
 

1) Natural gas hydrate exploration and production technology: The natural gas hydrate 
production process is closely related to the land and seabed stability and may affect 
the global environment. Appraisal well drilling, completion, well control and dynamic 
monitoring of production are all great challenges which need to be met and overcome. 

2) Environment protection issue: As methane is an important greenhouse gas, it will be 
imperative to protect the environment from pollution during the hydrate exploration 
and production process. 

3) Engineering safety: Hydrate dissociation will affect the stability of structures both up 
and down the mud line, which is the one of biggest challenges that the deepwater 
engineers must overcome. 

 
The conceptual development method for offshore natural gas hydrates   
 
Considering the storage features of the hydrate reservoir, shallow or very shallow kind of 
resource, as that of shallow gases, the overall strategy for hydrate production suggested here 
is to drill shallow horizontal wells and use combined hydrate production methods, including 
the depressurization, thermal stimulation, chemical injection and other new kinds of methods 
(see Figure 5). 
 
The basic principle is as follows: 
 

1) First stage: develop the free gases under the hydrate layer at first, then with the 
progress of the production, the pressure of free gases decrease with the hydrate layer 
pressure decrease , the natural gas hydrate begin to dissociate with the decreasing of 
the reservoir pressure, the whole development process is slow natural de 
depressurization; 

2) Second stage: accelerate the hydrate dissociation to obtain effective development. This 
time the heat stimulation and chemical injection methods are to be used, heat flux or 
chemical substance is injected into the hydrate reservoir through the well to stimulate 
the hydrate dissociation; 

3) Drill the shallow horizontal well to enhance the gas recovery. 
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Figure 5.  Conceptual develop method pf natural gas hydrate. 
 
 
Outline the engineering practice for hydrate production  
 
Offshore hydrates are broadly distributed in deep water so it is viable to utilize offshore 
engineering, especially deepwater engineering, to fulfill the hydrate production in a cost-
effective way.  The outline is as follows: 
 

1) To set the heat power unit, chemical injection unit and main control station to provide 
support for hydrate production and realize the real-time control and monitor the 
underwater natural gas hydrate production, which also ensures the safety of the 
production, as described in Figure 6. 

2) To inject heat and chemicals safely through the upside supply system and downhole 
injection system into the hydrate reservoir according to the requirement of dissociation 
rate. 

3) Both platforms completed well and subsea completed well can be utilized, meaning 
either dry tree or wet tree is free. 

4) Utilize deepwater engineering technology and experience, such as deepwater floating 
platforms (TLP, SPAR , FPS, FPSO) and subsea production technology; 

5) The key is to establish series processing of the drilling technology, well completion, 
and real time control and monitoring technology of production safety, such as low 
temperature mud, well control of a natural gas hydrate well, hazard prevention and 
environmental protection. The conceptual development plan for the deepwater natural 
gas hydrate is given in Figure 6.  

6) The free gas derived from the dissociated natural gas hydrate is transported to the 
subsea installed production system through the wells. Then the produced gas from 
different wells is collected together in subsea manifolds and sent directly to the host 
surface facility or the onshore processing factory through long subsea pipelines, either 
directly or boosted by subsea installed wet compressors.  

 

Free gas layer 

Natural gas 
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Figure 6. Engineering image of offshore natural gas hydrate development. 

 
 
ONE-DIMENSIONAL EXPERIMENTAL FACILITY FOR HYDRATE PRODUCTION 
SIMULATION 
 
Experimental apparatus and media 
 
The one dimensional experimental facility was constructed in order to simulate the different 
kind of development methods for natural gas hydrates as shown in Figure 7. The pressure 
vessel as the main unit of the setup is immersed in an air bath with the temperature varying 
from -20 to 80 °C. The cell is made of stainless steel and has an internal diameter of 38 mm 
and a length of 500 mm; it can be operated up to 25 MPa. Four resistance thermometers and 
two pressure transducers with three differential pressure transducers were placed in four ports 
evenly along the vessel, as plotted in Figure 8, to measure the temperature and pressure 
profile along the vessel. To simulate the hot water or chemical inhibitor injection production 
model, a middle container with an electrical resister has been used, which can prevent damage 
to the pump due to high temperatures or corrosive chemicals. The data acquisition unit 
records all the information varying with time, which includes pressure or pressure difference, 
temperature, gas/water injection rate, and gas/water production rate. 
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Figure 7.  One-dimensional development simulation system. 
 
 
Experimental studies of gas hydrate dissociation by depressurization 
 
After hydrate formation, the production simulation test begins. The hydrate dissociation 
experiments by depressurization have been carried out by setting the stable pressure of back-
pressure regulator. During the experiment runs, the inlet and outlet pressure are kept the same. 
When the system pressure decreases from 8Mpa to 3MPa, the gas production rate and 
accumulated gas produced are given in Figures 8 and 9 respectively. 
 
It can be revealed from Fig. 8 that the gas production rate can be divided into four stages: 
 

1) First stage: The gas production rate increases sharply with decreasing pressure. The 
main reason is that there exists free gas in the vessel after hydrate formation. When the 
pressure in the vessel begins to decrease, the free gases expands and flows out of the 
vessel; 

2) Second stage: After gases production rate peaks, the production rate begins to decrease. 
This suggests that with the further decrease of the pressure, the effects of free gases on 
the gas production rate become negligible. The hydrates begin to dissociate; 

3) Third stage: The gas production rate keeps a constant level. This is because the natural 
gas hydrate dissociation is a nearly stable process; 

4) Last stage: The gas production rate decreases to zero. 
 
From the accumulated gas production curve given in Figure 9, it can be found that the 
cumulative gas produced for hydrate production is similar to a conventional gas reservoir, i.e. 
in the first stage; the gas is produced quickly, and becomes stable at a later stage. 
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Figure 8. Gas production rate by 
depressurization. 

Figure 9. Accumulated gas by 
depressurization. 

 
Figures 10 and 11 plot the water production rate and cumulative water produced with time. 
 
It can be revealed that: 

1) The start time for water produced lags behind than that of the gas. This is due to the 
fact that less free water exists in the experimental vessel after hydrate formation. 

2) After certain time, there is a water rate peak before a rapid decrease. 

3) The water produced keeps at a stable level until no water flows out. At this stage, the 
water produced is mainly due to hydrate dissociation. 
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Figure 10.  Water production rate by 
depressurization. 

Figure 11. Accumulated water by 
depressurization. 

 
Figure 12 plots the temperature profile during the depressurization experiment. It can be 
revealed that the environmental temperature keeps constant, however the temperature profiles 
for other measuring points show similar trend, i.e., the temperature decreases first before 
increasing. This suggests that hydrate dissociation is an endothermic process. 
 
It can be concluded that depressurization is a good way for hydrate production in the current 
experimental conditions. 
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Figure 12.  Temperature profile during the depressurization experiment. 

 
Heat injection experiments 
 
Hot water at a temperature of 190oC was injected at a rate of 11ml/min. Figures. 13 and 14 
plot the gas production rate and cumulative gas produced with time. From these it can be 
observed that the gas production can be divided into three stages: 

1) The initial stage. The gas production rate increases sharply with the injection of hot 
water. This suggested that at this stage the free gas is the main controller; 

2) The gas production rate keeps at a stable level. This suggested stable gas hydrate 
dissociation due to hot water injection; 

3) The gas production rate gradually decreased. 
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Figure 13. Gas production rate by heat. Figure 14.  Accumulated gas by heat. 
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Figures 15 and 16 plot the water production rate and cumulative water produced with time. 
 
It can be seen that: 

1) The start time for water produced lags behind than that for the gas. This is because less 
free water exists in the experimental vessel after hydrate formation; 

2) The water production rate oscillates around the water injection rate; 
3) The cumulative water produced is lower than the cumulative water injected. The 

difference is due to the water from hydrate dissociation. 
 

 
Figures 17 and 18 give the thermal efficiency and energy ratio for hot water injection. It can 
be found that with the increasing hot water injection rate, the thermal efficiency and energy 
ratio increase and a peak can be observed at an injection rate of 8ml/min. This is because with 
the increasing hot water injection rate, the heat front moves faster, which reduces the thermal 
loss. However, further increasing the hot water injection rate is un-favorable for the flood of 
free gas and dissociated gas, resulting in more bounded gas in the reservoir. 
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From the above discussion, the heat injection involves the following features: 
1) The gas production rate keeps constant, and is mainly controlled by temperature. 
2) The water production rate is larger, which is unfavorable for gas production. 
3) The heat loss is great, resulting in low energy ratio for gas production. 
4) Compared with the depressurization method, the heat injection method is much more 

complicated. 
 
The follow measures should be taken to optimize the efficiency of hot water injection: 

1) Optimize the hot water injection temperature and injection rate. 
2) Consider some more effective heat injection methods, such as hot water slug injection. 
3) Combine the heat injection and depressurization methods. 
4) Reduce the heat loss by adapting more effective heat injection technology. 

 
 
CONCLUSIONS 
 
This paper suggests a new strategy for offshore hydrate production, and reports on one- 
dimensional experimental studies on hydrate production by depressurization and heat 
injection methods. The general conclusions are as follows: 
 

1) Offshore gas hydrate production should combine multi methods, at the same time to 
utilize the current deep-water engineering technology and experience; 

2) Depressurization is a viable method for hydrate dissociation, and the gas production 
rate is controlled by the depressurization rate. The hydrate dissociation specific surface 
is bigger, resulting in a high gas production rate; 

3) Heat injection is a complicated process, and the gas production rate is mainly 
controlled by the temperature. The main weakness of this method is its low efficiency; 

4) An efficient hydrate production strategy should be a combined method, including heat 
injection, depressurization and other kinds of methods, which will be a cost effective 
way to develop natural gas hydrate. 
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ABSTRACT: Conventional methods of gas hydrate production include reservoir 
depressurization, thermal stimulation, and inhibitor injection. A leading 
unconventional approach for gas hydrate production involves the exchange of CO2 
for CH4. This unconventional concept has several distinct benefits over the 
conventional methods: 1) the heat of formation of CO2 hydrate is greater than the 
heat of dissociation of CH4 hydrate, providing a low-grade heat source to support 
additional methane hydrate dissociation, 2) exchanging CO2 with CH4 will 
maintain the mechanical stability of the geologic formation, and 3) the process is 
environmentally friendly, providing a sequestration mechanism for the injected CO2. 
 
 An operational mode of the STOMP simulator has been developed at the Pacific 
Northwest National Laboratory that solves the coupled flow and transport 
equations for the mixed CH4-CO2 hydrate system under nonisothermal conditions, 
with the option for considering NaCl as an inhibitor in the pore water. The 
simulator solves the coupled nonlinear governing equations for conservation of 
water, CH4, CO2, and NaCl mass and thermal energy on structured orthogonal grid 
systems. Recognized mobile phases in the order of decreasing wettability include: 
aqueous, liquid CO2, and gas. Immobile phases include: hydrate, ice, and 
precipitated salt; where the hydrate and ice phases are presumed to be occluded by 
the aqueous phase. Gas hydrate equilibrium temperature is calculated as a function 
of gas vapor pressure and mole fraction of hydrate formers from tabular data 
generated using a fugacity-based equilibrium model. Corrections for inhibitors as a 
function of aqueous concentration are calculated from a generalized empirical 
formulation. 
 
Hydrate-aqueous and ice-aqueous interfacial radii are computed as a function of 
the system temperature and hydrate or ice equilibrium temperature, respectively. 
Interfacial radii are converted to interfacial pressures via interfacial tensions, 
which are then used to compute saturations via scaled capillary pressure-saturation 
functions. This approach, combined with the assumption that the aqueous phase 
never disappears, yields four phase conditions and two primary variable sets. The 
simulator is demonstrated on a variety of hydrate production scenarios, including 
liquid-CO2 microemulsion injection and CO2 exchange. 
 
Keywords:  numerical simulation, STOMP, methane hydrate, CO2 exchange, 
depressurization, thermal stimulation, inhibitor. 
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INTRODUCTION 
 
Clathrate hydrates are solid crystalline compounds that form when water (host molecule) 
under low temperatures and high pressures is exposed to small molecules (guest molecule), 
such as methane (CH4), ethane (C2H6), hydrogen sulfide (H2S), and carbon dioxide (CO2) 
(Englezos, 1993; and Sloan 1998). Geologic deposits of gas hydrates mainly have methane 
guests and occur in settings where the necessary low temperatures and high pressures exist for 
gas hydrate formation and stability; on-shore beneath the permafrost, and off-shore in deep 
ocean sediments. Kvenvolden (1993) estimates the amount of methane in geologic deposits at 
1015 m3, which equals a carbon mass that exceeds all conventional fossil energy reserves by a 
factor of two. 
 
Almost without exception, gas hydrates crystallize into three types of structures depending on 
the guest molecules; sI, sII, or sH. The sI and sII structures were identified via Xray 
diffraction by von Stackelberg and Müller (1954), and 33 years later Ripmeester et al. (1987) 
proposed the sH hydrate structure. The sI and sII structures have both small and large cavities 
for the guest molecules and the sH structure has small, medium, and large cavities. Naturally 
occurring gas hydrates generally have guest molecules that are hydrophobic, such as CH4. 
Gas hydrates of H2S and CO2, however, are water soluble acid gases, as classified by Jeffery 
(1984). Although chemically quite different, CH4 and CO2 form sI structures as simple 
hydrates, occupying both the small and large cavities of the sI structure. 
 
Conventional production methods for methane hydrates in geologic formations involve 
dissociating the gas hydrate by altering the system conditions to a point outside the stability 
region, producing CH4 gas and water. Gas hydrate production via thermal stimulation 
involves adding heat to the geologic formation, which initially raises the formation 
temperature outside the stability region, causing the gas hydrate to dissociate. Once the 
dissociation process is underway, added heat is used to overcome the endothermic heat of 
dissociation. Production via depressurization typically involves reducing the system pressure, 
causing dissociation of the gas hydrate. However, the endothermic heat of dissociation 
decreases the reservoir temperature, which may reduce gas production rates or halt production 
if water ice forms and reduces formation permeability. The third conventional production 
approach involves injecting an inhibitor into the reservoir, which effectively shifts the gas 
hydrate equilibrium curve, causing dissociation. As with depressurization, the endothermic 
heat of dissociation decreases the reservoir temperature, lowering or halting gas production. 
 
An unconventional method that has been discussed for gas hydrate production involves the 
injection of CO2. The idea of swapping CO2 for CH4 in gas hydrates was first advanced by 
Ohgaki et al. (1996) and then for ethane hydrate by Nakano et al. (1998). Their concept 
involves injecting CO2 gas, which is then allowed to equilibrate with methane hydrate along 
the three-phase equilibrium boundary (Smith et al., 2001). Because of the difference in 
chemical affinity for CO2 versus methane in the sI hydrate structure, the mole fraction of 
methane would be reduced to approximately 0.48 in the hydrate and rise to a value of 0.7 in 
the gas phase at equilibrium. McGrail et al. (2004) have proposed a more advanced concept 
involving injection of a microemulsion of liquid CO2 and water into the gas hydrate formation. 
This approach is intended to provide additional sensible heat in the emulsion and heat of 
formation of the CO2 hydrate as a low grade heat source for further dissociation of methane 
hydrate away from the injectate plume, which has been reported to enhance production rates 
by as much as a factor of 30. The additional benefits of this approach include 1) gas hydrate 
remains in the pore space during production thus maintaining mechanical stability of the 
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hydrate-bearing formation, and 2) the exchange is environmentally friendly, sequestering CO2 
while producing clean burning natural gas. The challenge for the exchange concept is to 
devise cost effective production approaches that work on a reservoir scale. 
 
To investigate CH4 hydrate production schemes, including advanced concepts involving CO2 
exchange, a new operational mode of the STOMP simulator (White and Oostrom, 2006; 
White and Oostrom, 2000) was developed, which is commonly referred to as STOMP-HYD. 
This operational mode of the simulator solves the governing conservation equations for heat, 
H2O mass, CH4 mass, CO2 mass, and NaCl (inhibitor mass) that describe the flow and 
transport of the conserved quantities through multifluid filled geologic media. The flow and 
transport equations are solved fully coupled, considering three mobile phases: 1) aqueous, 2) 
gas, and 3) liquid CO2; three immobile phases: 1) hydrate, 2) ice, and 3) precipitated salt, and 
the geologic media. Other numerical simulators with capabilities for modeling gas hydrate 
production include: TOUGHFx/ HYDRATE, MH-21 HYDRES, and CMG STARS. 
 
The TOUGH-Fx/HYDRATE numerical simulator (Moridis et al., 2005), developed by the 
Lawrence Berkeley National Laboratory, accounts for the flow and transport of heat, H2O 
mass, CH4 mass and water-soluble inhibitors, such as salts or alcohols, partitioned over four 
possible phases: aqueous (mobile), gas (mobile), hydrate (immobile) and ice (immobile). The 
simulator uses primary variable switching to handle phase transitions, and can model hydrate 
dissociation methods of depressurization, thermal stimulation, salting-out effects, and 
inhibitor-induced effects. The MH-21 HYDRES numerical simulator (Kurihara et al. 2004), 
developed by the Research Consortium for Methane Hydrate Resources in Japan (MH21 
Research Consortium), has capabilities for three-dimensional, four-phase and four component 
problems. The objective for the simulator development has been to predict CH4 hydrate 
dissociation and production behavior for core-scale experiments and field scale 
implementations. The conservation equations are for heat, H2O mass, CH4 mass, salt mass, 
and dissolved alcohol mass which are transported over four phases: aqueous (mobile), gas 
(mobile), hydrate (immobile), and ice (immobile). The salt and dissolved alcohol is treated as 
co-inhibitors. In addition to these research simulators, the commercial simulator STARS, 
developed by the Computer Modeling Group Ltd., has been adapted to simulate hydrate 
dissociation and formation processes. A STAR is an advanced process simulator for modeling 
the flow of three-phase, multi-component fluids. In the gas hydrate production adaptation, the 
hydrate phase is considered to be an immobile nonaqueous phase liquid. 
 
Conventional hydrate production technologies can be modeled using any of the described 
numerical simulators. However, the CO2 exchange production technology requires solving the 
CO2 mass balance, which currently is only a feature of the STOMP-HYD simulator. 
 
This paper describes the governing conservation and associated constitutive equations for the 
STOMP-HYD simulator, along with their solution scheme. Example applications of the 
numerical solution of the CO2 exchange production approach are described in the symposium 
presentation for this paper. 
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MATHEMATICAL MODEL 
 
The mathematical model for the STOMP-HYD simulator comprises governing conservation 
equations and associated constitutive equations that describe the flow and transport of heat 
and components through multiphase geologic media. In general the solved flow and transport 
equations are identical across the community of numerical simulators for methane hydrate 
production. STOMP-HYD, however, differs from hydrate production simulators in its use of 
capillary pressure functions to calculate phase saturations. This section describes the 
governing conservation equations and the calculation approach for the mobile and immobile 
phases. 
 
Governing Equations 
The STOMP-HYD simulator solves five conservation equations, which can be expressed in 
two forms: 1) conservation of heat and 2) conservation of component mass (i.e., H2O, CH4, 
CO2, and NaCl). The conservation of heat equation, expressed in differential form, states that 
the time rate of change of internal energy equals the net transport of heat into the system, 
according to Eqn. (2.1): 

 
 
Where, the phase flux is computed via Darcy’s law, according to Eqn. (2.2), and component 
diffusion is computed from molar gradients, considering molecular diffusion and hydraulic 
dispersion, according to Eqn. (2.3). Only the contribution of gas phase diffusion/dispersion is 
considered for the conservation of heat equation. 
 

 
The conservation of component-mass equation, expressed in differential form, states that the 
time rate of change of component mass equals the net transport of component mass into the 
system, as shown in Eqn. (2.4): 
 

 
 
Where, for mass transport, diffusion through all mobile phases is considered. Hydraulic 
dispersion is considered only for the transport of NaCl. 
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Phase Saturations 
The conceptual pore-space model for the STOMP-HYD simulator includes five potential 
phases: aqueous, gas, liquid CO2, hydrate and ice. Hydrate and ice phases are assumed to be 
immobile and completely occluded by the aqueous phase. The mobile phases are assumed to 
decrease in wettability from aqueous to liquid CO2 to gas phases. To reduce the number of 
phase conditions associated with the numerical solution, STOMP-HYD uses interfacial-
tension-scale saturation versus capillary pressures to calculate phase saturations from the 
phase pressure primary unknowns. For conditions without liquid CO2, the aqueous saturation 
is calculated as a function of the scaled gas-aqueous capillary pressure, and for conditions 
with liquid CO2, the aqueous saturation is calculated as a function of the scaled liquid CO2-
aqueous capillary pressure, as shown in Eqn. (2.5): 
 

 
 
The functional forms shown in Eqn. (2.5) are generally those of van Genuchten (1980) or 
Brooks and Corey (1964). The closing equation in Eqns. (2.6) provides continuity in the 
functions as liquid-CO2 appears or disappears. The liquid-CO2 saturation is computed 
indirectly from the total-liquid and aqueous saturations; where the total liquid saturation is 
computed as a function of the gas-liquid CO2 capillary pressure, as shown in Eqns. (2.7): 

 
For continuity in liquid-CO2 transitions, the liquid-CO2 pressure, as shown in Eqn. (2.8) is set 
to a critical pressure, whenever liquid-CO2 is absent from the system: 

 

The hydrate and ice saturations are computed indirectly from the hydrate-aqueous and the ice-
aqueous capillary pressures, as shown in Eqns. (2.9); where ice saturation only occurs 
whenever the ice-aqueous interfacial saturation is less than the hydrate-aqueous interfacial 
saturation: 

 

The hydrate- and ice-aqueous capillary pressures are computed from the hydrate- and ice-
aqueous interfacial tensions and radii of curvature, respectively, as shown in Eqns. (2.10): 
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Where the hydrate-aqueous radius of curvature is computed from the difference in ex-situ 
hydrate equilibrium temperature and the system temperature (Jiang et al., 2001), and the ice-
aqueous radius of curvature is computed from the difference in freezing point temperature and 
system temperature (Jiang et al., 2001), as shown in Eqn. (2.11): 

 
NUMERICAL SOLUTION 
 
The STOMP-HYD simulator solves the governing conservation equations using integral 
volume differencing for spatial discretization on structured grids and a backward-Euler 
temporal discretization. These discretizations transform the governing equations to algebraic 
forms, however, the resulting algebraic equations are nonlinear. Nonlinearities are resolved 
using multivariate Newton-Raphson iteration. This general numerical solution approach of 
spatial and temporal discretization and Newton-Raphson linearization is generally followed 
by the community of hydrate production simulators. STOMP-HYD differs in the selection of 
primary variable sets and the number of phase conditions. The use of capillary pressure 
functions to calculate hydrate and ice phase saturations greatly reduces the number of primary 
variable sets. 
 
Discretization and Linearization 

STOMP-HYD solves algebraic forms of the five governing conservation equations, Eqns. 
(2.1) through (2.4), that result from their discretization using the integral volume differencing 
technique on structured orthogonal grids, including boundary-fitted curvilinear grids. The 
backward-Euler temporal discretization yields an implicit scheme, which requires the coupled 
solution of five nonlinear equations at each grid cell. Newton- Raphson iteration transforms 
the five nonlinear equations into a linear system of equations, but does not alter the 
requirement for a coupled solution of five unknowns at each grid cell (e.g., a problem 
involving 10K active grid cells requires a linear-system solve of order 50K). Partial 
derivatives required in the Jacobian matrix of the Newton-Raphson scheme are computed 
numerically, which greatly simplifies code development and also improves convergence 
performance during phase transitions. The linear-system solves yields corrections to the five 
primary variables, which are then used to calculate secondary variables and reconstruct the 
Jacobian matrix. For closure on the system of equations, all secondary variables must be 
calculated from the set of five primary variables. 
 
Primary Variable Switching 

As described above, STOMP-HYD solves for five unknowns or primary variables at each grid 
cell. One distinguishing feature of the simulator from others for methane hydrate production 
is that primary variable sets are principally phase pressure and vapor pressure as opposed to 
phase saturation and component mole fractions. By assuming that the aqueous phase never 
disappear the number of possible phase conditions (ignoring precipitated salt) is 16, where the 
saturation combinations are shown in Eqns. (3.1): 
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With the hydrate and ice saturations defined through capillary pressure functions the number 
of active phase conditions reduces to 4, where the saturation combinations are shown in Eqns. 
(3.2): 

 

The primary variable sets for the 4 active phase conditions can be further reduced to 2 by 
appropriately defining the gas and liquid CO2 phase pressures (Table 3.1). 
 
 

Table 3.1.  Phase Conditions and Primary Variable Sets 

 
 
 
SUMMARY 
 
A numerical simulator, STOMP-HYD, has been developed by the Pacific Northwest National 
Laboratory to investigate the feasibility of producing CH4 hydrate from geologic reservoirs 
beneath the permafrost and in deep ocean sediments. The simulator is capable of modeling 
CH4 hydrate production using the conventional technologies of thermal stimulation, 
depressurization and inhibitor injection, but additionally able to model the unconventional 
CO2 exchange approach. The principal objective in developing the simulator was to explore 
gas hydrate production using a combination of conventional and unconventional technologies 
using numerical simulation prior to testing the approaches in the field. Although the solved 
governing equations and constitutive equations are nearly identical to those of other methane 
hydrate production simulators, STOMP-HYD differs in use of capillary pressure functions to 
calculate hydrate and ice saturations. This approach considers the effect of porous media on 
the hydrate equilibrium function and ice freezing point (i.e., the hydrate and ice saturations 
are functions of the difference in system temperature and ex-situ hydrate equilibrium 
temperature and ex-situ ice freezing point). 
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ABSRACT: The MH21 Research Consortium has been established to conduct R&D 
on the methane hydrate exploitation according to National program in FY2001. In 
this paper, the overview of the MH21 Research Consortium and activities of the 
Methane Hydrate Research Laboratory will be introduced. 
 
Keywords: methane hydrate, gas hydrate, non-conventional natural gas. 

 
 
INTRODUCTION 
 
In Japan, natural gas has been mainly used for electric power generation and for city gas 
supply. Natural gas utilization in Japan started from the construction of the pipeline between 
Niigata and Tokyo in 1961, and has increased from the procurement of liquefied natural gas 
from Alaska in 1969. Afterwards, the conversion to oil alternative fuels advanced in Japan 
following the first oil crisis, starting in 1973. As a result, though the amount of the imported 
LNG was less than one million tons till then, it subsequently increased rapidly and it reached 
58.4 million tons in 2003. Regarding the domestic production of natural gas, this also 
increased year by year, but the amount of 2.47×109m3 in 2001 still only represented a ratio of 
self-sufficiency of natural gas of 3.4% for Japan. 
  
The energy policy of Japan is based on the 3E’s (Energy Security, Environment Protection, 
Economic Growth) concept. Therefore, the promotion of natural gas utilization is a feature of 
the long term planning of Japan in accordance with the excellent environmental capability, 
and the possibility for highly efficient use such as in combined cycle power generation. In 
such a situation it is considered that the demand for natural gas will continue to rise. 
 
Investigation shows that methane hydrate is widely distributed around the world, including in 
offshore Japan, and the worldwide resource of methane hydrate is estimated to be 404 trillion 
cubic meters. This can be compared to the total resource of conventional natural gas of 437 
trillion cubic meters. According to previous reports, the natural gas resource from methane 
hydrate in offshore Japan is estimated to be 74 trillion cubic meters. 
 
In January 2000, exploratory drilling in the Nankai Trough off Omaezaki, Shizuoka 
Prefecture, by the Ministry of Economy, Trade and Industry, confirmed methane hydrate in 
sandy sediments. Then, an Advisory Committee for the Natural Methane Hydrate Exploitation 
Program was organized by METI in 2000, and the committee submitted a report, “Japan’s 
Methane Hydrate Exploitation Program”, in June 2001. The goal of the program is to find 
areas of hydrate concentration and to develop a production technology by 2016. The MH21 
Research Consortium was established in 2002 to conduct R&D on methane hydrate 
exploitation and the National Institute of Advanced Industrial Science and Technology 
(AIST) has responsibility for the development of the production and modeling research area. 
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In this paper, an overview of the MH21 Research Consortium and activities of the production 
method and modeling research group will be presented. 
 
JAPAN’S METHANE HYDRATE EXPLOITATION PROGRAM 
 
This program is intended to promote technical development for economical drilling, 
production and recovery of methane hydrate, to facilitate its utilization and to contribute a to 
long-term stable energy supply system. Six goals have been identified for the program in 
order to develop technologies for the commercial production of methane hydrate offshore 
around Japan. Also, international cooperation will be promoted to aid efficient technology 
development. The research results should be incorporated in to Japan’s national energy 
policies. The six goals are listed below; 
 
1. To clarify the conditions and features of the methane hydrate existing offshore around 

Japan. 
2. To estimate the amount of methane gas in the hydrated area.   
3. To select methane potential hydrate resource fields from the sea areas and study their 

economic feasibility. 
4. To implement methane hydrate production tests in the selected resource fields. 
5. To develop technologies for commercial production. 
6. To establish the exploitation system considering environmental preservation. 
 
The above program comprises three phases and the suggested schedule for achieving the 
program’s goals, including on-shore/off-shore production tests and precise seismic and 
geological surveys, is as shown in Figure 1.  
 
 

             

Figure 1.  Brief Schedule of METI’s Program. 
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MH21 RESEARCH CONSORTIUM 
 
Organization and R&D schedules 

The Research Consortium for Methane Hydrate Resources in Japan (MH21 Research 
Consortium) has been established to carry out the R&D and Shoichi Tanaka, Professor 
emeritus of Tokyo University, one of the leaders in the academic field of resources 
development research in Japan, is the project leader. MH21 has been organized from three 
main bodies as shown in Figure 2: these are the Japan Oil, Gas and Metals National 
Corporation (JOGMEC), the National Institute of Advanced Industrial Science and 
Technology (AIST), and the Engineering Advancement Association of Japan (ENAA). 
A Steering Committee has also established to manage the operation of three MH21 
groups. These groups are the Research Group for Resources Assessment, the Research 
Group for Production Method and Modeling, and the Research Group for Environment 
Impact respectively, and JNOC, AIST and ENAA are responsible for the R&D in the 
respective research areas. "Japan's Methane Hydrate Exploitation Program" is divided into 
three phases, extending over 16 years. The tasks and the schedules in each phase are detailed 
below 
 

                            
 

Figure 2.  Implementation Scheme of the MH21 Research Consortium 
 
Phase I  (8 years: FY 2001-2008) 
-  Optimization of methane hydrates survey technologies. 
-  Identification of potential methane hydrate fields in sea areas and evaluation of resources. 
-  Selection of methane hydrate resource field for offshore production test in Phase II. 
-  Verification of dissociation and recovering technologies with on-shore production test.  
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The brief tasks in the Phase I are: 
-  On-shore production test (preliminary test).  
-  3D survey of methane hydrates bearing fields.  
-  METI exploratory test wells in hydrated sea areas (coring, logging, etc.). 
-  On-shore production test. 
Phase II  (3 years: fiscal 2009-2011) 
-  Evaluation of methane hydrate resources in the selected hydrate fields 
-  Implementation of offshore production test in the sea off Japan and verification of 

production techniques. 
The brief tasks in the Phase II are: 
- Ocean production test - Well completion and productive capacity evaluation 
Phase III (5 years: fiscal 2012-2016) 
- Development of technologies for commercial production and evaluation of economic 

feasibility, environmental impact, etc. 
The brief schedules in the Phase II are: 
- Preparation for commercial production  
 
ROLE OF RESEARCH GROUPS IN MH21 RESEARCH CONSORTIUM 
 
The Research Group for Resources Assessment 
The Research Group for Resources Assessment is responsible for optimizing methane hydrate 
exploration technologies and assessing the fields and amount of offshore methane hydrate 
resources around Japan, particularly in the Nankai Trough region. Through this research, 
methane hydrate resource fields suitable for offshore production tests will be selected. The 
Research Group for Resources Assessment is also responsible for carrying out 
engineering work related to drilling and production activities for offshore production 
tests at the sites selected, as well as preparing plans for the offshore production tests 
scheduled for the first half of Phase II.  
 
The Research Group for Production Method and Modeling 
The Research Group for Production Method and Modeling is responsible for research and 
development of technologies for dissociating and recovering methane hydrate from sandy 
layers containing methane hydrate in their pores. The goal is to establish highly productive 
and economical natural gas production technologies for producing natural gas from the 
methane hydrate layers. 
 
The characterization of the methane hydrate layer and identification of its dynamics 
during the dissociation process has been studied by this group. In addition, its work 
involves modeling the behavior of methane hydrate layers during decomposition and 
developing a field scale-compatible simulator capable of assessing the amount of gas 
likely to be generated. The Research Group is also responsible for proposing the most 
efficient gas production process. This which will involve verifying through onshore 
production tests, carrying out assessments using simulators, and conducting tests to 
evaluate different dissociation and extraction methods using artificial methane 
hydrate-bearing sediment. It will also conduct studies of recovery techniques, based on 
new concepts that depart from the decomposition and recovering techniques proposed 
to date, and carry out overall assessments of productivity from methane hydrate layers. 
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In addition to formulating measurement technologies and methods for creating the 
artificial methane hydrate-bearing sediment required for studies of gas production 
methods, the research will also involve studying and preparing general technologies 
relating to resources assessment and environmental impact assessment, and generally 
to contribute to the development of research methods applicable to the entire project. 
 
The Research Group for Environment Impact 

The Research Group for Environment Impact is responsible for implementing baseline 
surveys (environment, ecosystem) of methane hydrate resource fields prior to offshore 
production tests. It will also conduct research and development and investigate issues related 
to environmentally friendly methane hydrate development. This involves the development of 
essential technologies related to assessment methods for the potential environmental impact 
of low-temperature water generated in the methane gas production process, and related to 
monitoring techniques for potential methane gas leaks and stratum deformation. This will 
involve development of simulators to help predict stratum deformation. 
 
The Research Group for Environment Impact is also responsible for undertaking 
investigative research on safety and other aspects of the HSE management plan for 
offshore production tests during and after Phase II.  
 
 
INTRODUCTION TO THE PRODUCTION METHOD AND MODELING GROUP 
 
Implementation Scheme and Research Subjects 

In the group, four research items have currently been identified, these being "Characterization 
of hydrate sediment features ", "Elucidation of the dissociation dynamic properties of methane 
hydrate sediment", "Development of the production simulator", and "Development of the 
dissociation and the recovery method". To pursue these topics, two sub-groups were 
established under group leader Dr. Hideo Narita of the Methane Hydrate Research 
Laboratory/AIST and sub-leader Dr. Yoshihiro Masuda of Tokyo University. Also involved in 
the group are eight private companies including gas-company and six Universities. 
  
In "Characterization of hydrate sediment features", various aspects of the structure and basic 
physical and mechanical properties of the MH sediment are being analyzed and evaluated by 
using artificial MH sediment. The measured properties have been introduced to the production 
simulator as numerical parameters. The development of the measurement-based technology 
necessary for analyzing the basic physical and mechanical properties is being emphasized. 
 
"Elucidation of the dissociation behavior of the sediment", involves modeling behavior of MH 
sediment dissociation at the pore scale over the entire sediment, including the analysis of the 
mass and the heat transfer phenomenon at the dissociation. The research that analyzes the 
dissociation behavior of sediment under confined pressure is also being carried out. The 
subjects emphasize the measurements of the progress of the dissociation front, development 
of imaging technology, analyses of mechanical property change, analyses of permeability 
change and the consolidation behavior during the dissociation of hydrates in the MH sediment. 
 
In "Development of the production simulator", the improvement and strengthening of an 
existing prototype simulator are aimed at. In addition, a dissociation rate evaluation sub- 
module, a consolidation property sub-module and a permeability property sub-module, all 
investigating important factors when productivities are estimated, have been developed, and 
the calculation function verified. 
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In "Development of the dissociation and the recovery method", the development of a new 
dissociation method has been investigated in order to establish an efficient, economical 
production method. 
 
The flow of research regarding the above four research items is shown in Figure 3. 
 

                       

Figure 3.  Research Scheme of the Production Method and Modeling Area 
 
 
RECENT RESEARCH TOPICS ADDRESSED BY THE PRODUCTION METHOD & 
MODELING GROUP 
 
Development of determination of gas concentration in hydrate Using X-ray diffraction, gas 
chromatography and Raman scattering spectroscopy in conjunction, a method that can 
evaluate hydrate concentration and gas density was developed. In the Raman spectrum of 
ethane and propane, the method of observing the C-C stretching vibration peak in addition to 
a current C-H stretching vibration peak was found to be effective. In the case of the methane-
ethane hydrate system, the gas density decreased with increase in ethane content and it 
showed a minimum value at around 20 vol% of ethane content, and, as the ethane content rose 
further, the gas density increased again. The X-ray diffraction patterns showed that the 
structure-II was presented as ethane was introduced and all structure converted to structure-II 
at the minimum point of gas density. This applied to a natural core sample that was taken 
from the land region, and the crystal structure was clarified.  
 
ANALYSIS OF A FRAME STRUCTURE OF MH SEDIMENT 
 
Imaging technology to observe the structure of the MH sediment at the pore level was 
established in order to quantify the relationship between the basic physical properties of the 
MH sediment and the structure of the sediment. Micro-focus X-ray CT was selected to 
measure the porosity and the saturation of the MH sediment sample non-destructively. 
 
Moreover, to non-destructively observe the sand particles of the MH sediment sample and the 
state of the distribution of the hydrate at high- accuracy, a scanning confocal optical 
microscope was utilized. The sand particles and pores were identified from the CT image of 
the artificial MH sediment and measured by the micro focus X- ray CT by the difference of 
the CT value. The method that can calculate the porosity directly from each volume ratio was 
established. The micro focus X- ray CT of the artificial MH sediment sample made by the gas 
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infiltration method was measured. Sand, the pores, and the hydrate were identified, and the 
porosity and the saturation were calculated. When these calculated values were compared 
with the measured result, good correspondence was obtained. These methods were effective 
as the frame structure evaluation method for artificial MH sediment and for the natural core 
sample. Also, the dissociation process was observed by using the micro focus X-ray CT. As a 
result, the change in the pore distribution was observed with an increase in the temperature.  
 

 
 

Figure 4. Micro Focus X-ray CT image of Natural Core 
Sample of MH Sediment 

 
 
PREPARATION TECHNOLOGY DEVELOPMENT OF ARTIFICIAL HYDRATE 
SEDIMENT 
 
The gas infiltration method that pressurized wet sand by methane gas and a compaction 
method that mixes the gas hydrate particle and the sediment sand were developed. The size of 
artificial MH sediment was prepared to be similar to that of a natural core. In developing the 
method of preparation of artificial sediment, the aim was to be able to duplicate the macro 
properties of a natural sample and, if possible, to control of the micro-structural properties to 
equal those of a natural sample. In addition, the method should be simple, and also be able to 
make a large quantity in a short time. The porosity and the MH saturation were analyzed from 
the mass balance both before and after reaction and the bulk density to optimize the 
manufacturing condition. Moreover, the uniformity of the MH distribution was evaluated by 
the amount of the gas and the water contents measurement according to the stratification of 
the sample. 
 
There are two kinds of sand used to make artificial MH sediment, one replicates the grain size 
in the Toyoura silica sand and the other the Mallik core. The latter is a mixture of commercial 
silica sand. The compaction method that mixes the methane hydrate particles with the 
sediment and pressurizes it has the advantage that an artificial sample can be more easily 
made as compared with the gas infiltration method. Moreover, it is easy to control the volume 
ratio of MH, and it is especially suitable for various experiments in which a parameter is the 
MH volume ratio. As a result, a controlling technology of saturation and porosity was 
established. The equipment for artificial core production is shown in Figure 5. 
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ANALYSIS OF MECHANICAL PROPERTIES OF ARTIFICIAL MH SEDIMENT 
 
Triaxial compression tests of artificial MH sediment were carried out to evaluate strength of 
the MH sediment. The artificial MH sediment made by the compaction method and the gas 
infiltration method was provided to the examination. The sample is 50mm in the diameter and 
100mm in length. The confined pressure was added by oil pressure through a sleeve made of 
NBR rubber. The pore pressure was controlled with a back pressure regulating valve 
connected through a porous plate. The pore pressure was initialized by filling the methane gas 
from the upstream of the back pressure regulating valve to the sample. The compression force 
in the direction of the main shaft was added with the mechanical testing machine by a 
constant displacement rate. The mechanical property of the MH sediment is considered to 
depend on the effective stress that is the difference between the confined pressure and the 
pore pressure. On the other hand, the stability of MH depends on the pore pressure and the 
temperature. Therefore, not only the effective stress but also the control of the pore pressure is 
important to consider a mechanical property of the MH sediment. The experimental procedure 
for the measurement of triaxial compressive strength that controlled the dissociation of MH 
was made based on this consideration. The effective stress, the strain rate, the pore pressure, 
and the temperature were assumed to be a parameter by this method and triaxial compressive 
strength measurements were carried out. The developed triaxial compression test cell and an 
example of a strength test result are shown in Figure 6 and Figure 7. 
 

                    
 
Figure 6. Triaxial Compression Cell. 
(Max Confined Pres.: 9.8MPa, Sample:φ50xL100) 

Figure 7.  Strain/deviation Stress Curves. 
(Effective Pressure:  0.8-5.3MPa) 

Figure 5.  Preparation equipment. 
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Determination of dissociation rate of MH sediment 

To evaluate the dissociation rate by the thermal stimulation method, the temperature gradient 
was added to the bottom of artificial MH sediment. MH was dissociated to one direction, and 
the speed of movement of the dissociation front was measured. Artificial MH sediment was 
made in the dissociation experimental apparatus, and experimented upon without taking it out. 
To prevent heat flow to the side in the pressure vessel, a thick acrylic cylinder was installed as 
heat insulation. The speed of movement of the MH dissociation front was measured by the 
temperature change in the sample. The propagation process of the MH dissociation regime 
was analyzed, and the relation between the moving rate and the temperature gradient was 
analyzed. 
  
In addition a dissociation rate measurement device was developed that was able to measure 
the dissociation rate of artificial MH sediment with increasing the temperature and pressure 
gradients. The existing device used for the measurement of the dissociation front speed has 
the advantage that the temperature distribution can be measured precisely in the necessary 
side insulation. However, the fact that the interface of the vessel and the sample easily 
becomes the channel gas is an unfortunate fault. Therefore, the method of increasing the 
confined pressure to the core sample with the sealing sleeve was adopted. Moreover, because 
the MH sediment is unconsolidated, it is necessary to reproduce the change in sediment frame 
structure/ permeability of the gas according to the MH dissociation. Therefore, the core holder 
type of dissociation experimental apparatus that was able to add the confined pressure was 
developed.  
 
 

       
 
 
The pressure decreasing method has been adapted for the artificial core sample. The      
drawdown pressure was set at 20, 40, 60, 80 and 90% to the initial pressure of 10MPa at 
286K, as the dissociation rate was increased in the drawdown. Also, the internal temperature 
of the core sample reached to 273K and indicated ice formation at high drawdown pressure. 
The data has now been analyzed, but both the dissociation rate and the recovery ratio are high 
compared with those of the thermal stimulation method explained previously. The equipment 
developed for the dissociation test is shown in Figure 8. 
 

Figure 8. Core Test Apparatus. 
(for dissociation test) 
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Other recent research subjects in the production method and modeling group are as follows: 
• Measurement of thermal properties of natural/artificial MH sediment 
• Measurement of an electric resistively of natural/artificial MH sediment 
• Measurement of pore size distribution of natural/artificial MH sediment 
• Measurement of porosity and saturation of sediments 
• Evaluation of dissociation rate in each dissociation method 
• Development of visualization method of dissociation process 
• Mechanical property change during dissociation 
• Modeling of mass and heat flow in the MH sediment 
• Improvement of the production simulator (MH21HYDRES) 
• Simulation of deformation of the MH layer during production 
• Estimation of effects of saturation on permeability of MH sediment 
• The sensitivity analysis of reservoir properties on productivity 
 
 
SUMMARY 
 
The research and development of the production and modeling field have just commenced 
worldwide; therefore, at present stage, the emphasis has been put on the development of 
various basic technologies. To establish a production technology for natural gas from methane 
hydrate resources, we should understand the characteristics of the methane hydrate sediment 
layer. Up to now, we have understood the important role of permeability and other parameters. 
It seems that more important parameters for productivity are clarified in terms of production 
as R&D advances. In 2004, off-shore test drilling/logging/coring has been achieved in the 
Tokai-Oki, Daini-Atsumi-Kaikyu and Kumano-Nada areas. About 70m of natural core has 
been recovered for our group, and the characteristics, physical properties and dissociation 
property under in-situ conditions has been analyzed using the established measurement 
technologies mentioned above. Based on these data, adequate production methods will be 
evaluated and an on-shore production test in Mallik/Canada is scheduled for this winter 
(2006/7). 
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ABSTRACT: Large amounts of CH4 in the form of solid hydrates are stored on 
continental margins and in permafrost regions. If these CH4 hydrates could be 
converted into CO2 hydrates, they would serve as both as a source of CH4 as and 
CO2 storage sites. We investigate the exchange phenomenon occurring in sI and sII 
CH4 hydrate deposits through spectroscopic analyses and explore its potential 
application to CO2 sequestration at the preliminary phase. The current outcome of 
an 85% CH4 recovery rate in sI CH4 hydrate achieved by the direct use of binary N2 
+ CO2 guests is quite surprising when compared with a rate of 64% for a pure CO2 
guest attained in previous approaches. The direct use of a mixture of N2 + CO2 
eliminates the requirement of a CO2 separation/purification process. In addition, the 
simultaneously occurring dual mechanism of CO2 sequestration and CH4 recovery 
is expected to provide the physicochemical background required for developing a 
promising large-scale and economically feasible approach.  
 
In the case of sII CH4 hydrates, we observe a spontaneous structure transition of sII 
to sI during the replacement and a cage-specific distribution of guest molecules. A 
significant change of the lattice dimension due to structure transformation induces 
the relative number of small cage sites to reduce, resulting in the considerable 
increase of CH4 recovery rate. The mutually interactive pattern of targeted guest-
cage conjugates possesses important implications for the diverse hydrate-based 
inclusion phenomena as clearly illustrated in the swapping process between CO2 
stream and complex CH4 hydrate structure. 
 
Keywords:  clathrate, CO2 sequestration, methane, swapping phenomenon, NMR. 

 
 
INTRODUCTION 
 
Because the total amount of natural gas hydrate in deposits worldwide was estimated to be 
about twice as much as the energy contained in fossil fuel reserves (Collett, 1998; Makogon, 
1988), many researchers have tried to find a way to exploit CH4 hydrates as a new energy 
source. Recently, the replacement of CH4 hydrate with CO2 has been suggested as an 
alternative option for recovering CH4 gas. When CO2 itself is put under a certain pressure, a 
solid CO2 hydrate can be formed according to the stability regime (Brewer, 1999). In addition, 
the formation condition of CO2 hydrate is known to be more stable than that of CH4 hydrate. 
Therefore, the swapping process between the two gaseous guests is considered to be a 
favorable approach toward long-term storage of CO2. Because CH4 hydrate maintains the 
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same crystalline structure directly after its replacement with CO2,   this not only enables the 
ocean floor to remain stable even after recovering the CH4 gas, but also makes the swapping 
process more viable by enhancing its economical efficiency. 
 
Although numerous hydrate studies, involving both macroscopic and microscopic approaches, 
have recently been conducted for a variety of purposes, and to a certain extent have yielded 
notable success, little attention has been paid to cage dynamics in exploring guest 
distributions within the sensitive host-guest networks. Moreover, the complex hydrate 
behavior occurring under strong attacks by external guest molecules on the existing cages has 
not yet been fully considered, and no detailed study exists even at a very fundamental level. In 
a previous study, we explored the replacement mechanism of CH4 hydrate with CO2 using 
spectroscopic methods and found that when a CH4 hydrate is exposed to gas mixtures 
containing CO2, CH4 is replaced by CO2 in mainly the large cages (Lee, 2003). If the CH4 
hydrates could be converted into CO2 hydrates, they would serve doubly as CH4 sources and 
CO2 storage sites. Here, we further extend our investigations to consider the occurrence of 
CO2 replacement phenomena on sII hydrate, which is thought to exist in the seabed. From this 
point of view, we present an interesting conclusion reached by inducing a structure transition. 
A microscopic analysis is conducted in order to examine the real swapping phenomena 
occurring between CO2 guest molecules and sII hydrate through spectroscopic identification, 
including solid-state Nuclear Magnetic Resonance (NMR) spectrometry and FT-Raman 
spectrometry. More importantly, we also investigate the possibility of the direct use of binary 
N2 and CO2 gas mixture for recovering CH4 from the hydrate phase, which shows a 
remarkably enhanced recovery rate by means of the cage-specific occupation of guest 
molecules due to their molecular properties. 
 
 
RESULTS AND DISCUSSION 
 
Direct sequestration of CO2 and N2 Mixtures into sI CH4 hydrates 
In the preceding work we verified that the CH4 amount that could be recovered by replacing 
sI CH4 hydrate with CO2 could reach around 64% of the hydrate composition. CO2 molecules 
only preferably replaced CH4 in large cages, while CH4 molecules in small cages remain 
almost intact (Lee, 2003). Due to such a preferential cage occupation of guest molecules, the 
recovery rate of CH4 is limited to the maximum value of 64 %.  
 

 
Figure 1. The N2 + CO2 mixture consists of 20 mol% CO2 and balanced N2. 13C NMR spectra 
of CH4 hydrates replaced with N2 + CO2: blue line – before replacement, red line – after 
replacement. (a) 13C CP NMR spectra for identifying replaced CO2 molecules in CH4 hydrates. 
(b) 13C MAS NMR spectra for identifying residual CH4 molecules in CH4 hydrates. 
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This swapping process, accomplished by the direct attacks of external guests, is considered to 
be a favorable method for long-term storage of CO2. It also enables the ocean floor to remain 
stable even after recovering the CH4 gas, because the sI CH4 hydrate maintains the same 
crystalline structure directly after its replacement with CO2. Is it possible to completely 
achieve the spontaneous exchange by extracting CH4 molecules and substituting any other 
guest molecules to most of the small cages already existing in sI CH4 hydrate? We first 
attempted to examine the real swapping phenomenon occurring between binary guest 
molecules of N2 and CO2 and crystalline sI CH4 hydrate through spectroscopic identification. 
In accordance with the idealized cage-specific pattern of multiple guests, N2 molecules attack 
CH4 molecules occupying small cages (sI-S) and eventually occupy the sites, while CO2 
molecules specifically play an active role in replacing most of the CH4 molecules in large 
cages (sI-L). Such unique cage occupancy behavior might be attributed to molecular details of 
the participating guests. CO2 has a molecular diameter almost identical with the small cage 
diameter of sI hydrate, and thus only a slight degree of distortion in small cages need exist to 
accommodate CO2 molecules. Accordingly, we expect that CO2 molecules could be more 
stably encaged in sI-L under a favorable host-guest interaction. On the other hand, N2 is 
known as one of the smallest hydrate formers and its molecular size almost coincides with 
CH4. Although N2 itself forms pure sII hydrate with water (Sloan, 1998), the relatively small 
size of N2 molecules leads to the preference of sI-S over other cages and, moreover, the 
stabilization of the overall sI hydrate structure when N2 directly participates in forming the 
hydrate. Accordingly, CH4 and N2 are expected to compete for better occupancy of sI-S, while 
CO2 preferentially occupies only sI-L without any challenge from other guests. Thus, the 
capacity of these two external guests, N2 and CO2, in extracting original CH4 molecules 
would make it possible for diverse CO2 streams to be directly sequestrated into natural gas 
hydrate deposits. 
 
To verify several key premises mentioned above, we identified the ternary guest distribution 
in cages by means of Raman and 13C NMR spectra. The NMR spectrum as shown in Figure 
1a provides clear evidence that CO2 molecules are distributed only in sI-L, while CH4 
molecules remained in both sI-S and sI-L even after completion of replacement as shown in 
Figure 1b. Qualitative information of cage dynamics in sI-S and sI-L concerning CO2 
molecules could be obtained by analyzing the 13C CP NMR spectral shape of the mixed 
hydrate. For CO2 entrapped in hydrate cages, an anisotropic chemical shift is induced by 
asymmetry in the immediate environment of molecules and is sensitively affected by the guest 
distribution in hydrate cages (Ripmeester, 1988). As the sI-S produces pseudospherical 
symmetry, which causes molecular motions to be isotropic, only a sharp peak at an isotropic 
chemical shift of about 123 ppm is observed for CO2 (Seo, 2004: Kim 2005). For hydrate 
samples prepared after replacement, no clear isotropic line appeared and thus CO2 molecules 
were not observed in sI-S, as can be seen in Figure 1a. A powder pattern having an anisotropic 
chemical shift of -55.8 ppm was observed, and this spectral shape reflects the anisotropic 
motion of CO2 molecules in asymmetric sI-L. However, for CH4 molecules, the 13C MAS 
NMR spectra (Figure 1b) were taken at conditions before/after replacement and two peaks 
were clearly identified as representing CH4 in sI-S and sI-L, respectively. Here, we note that 
the CH4 in sI-S was replaced mainly with N2, while CO2 replaced CH4 in sI-L. However, 
further spectroscopic evidence might be required before the pattern of N2 cage occupancy is 
more definitively established. 
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Another important aspect of the present research is to explore the cage-specific distribution of 
N2, CO2, and CH4, and their kinetic behavior during the replacement process. Two peaks 
representing CH4 in sI-S (2914 cm-1) and CH4 in sI-L (2904 cm-1) continuously decreased 
during a replacement period of 750 min, but subsequently no noticeable change occurred in 
the peak intensity (Figure 2a). This kinetic pattern can be confirmed also by cross-checking 
them with the corresponding Raman peaks of N2 and CO2 (Figure 2b and Figure 2c). The 
quantitative analysis revealed that, 23% of CH4 in hydrate is replaced with N2, while 62% of 
CH4 is replaced with CO2. Accordingly, approximately 85% of CH4 encaged in saturated CH4 
hydrate is recovered. This recovery rate is expected to change with variations in external 
variables such as pressure, temperature, and hydrate particle size. The overall results lead us 
to conclude that the replacement of CH4 with N2 + CO2 proceeds more effectively in 
crystalline hydrate than is the case when using only pure CO2, because N2 molecules are 
confirmed to offer the excellent cage-guest interaction in an unusual configuration. Even for 
the simple hydrate systems assessed in the present work, the unique cage dynamics drawn 
from spectroscopic evidence should offer new insight into the inclusion phenomena, 
particularly, the host lattice-guest molecule interaction and the guest-guest replacement 
mechanism. 

 
 

Figure 2. In-situ Raman spectra of CH4 hydrate replaced with N2 + CO2 (80 mol% N2 and 20 
mol% CO2) mixture. (a) C-H stretching vibrational modes of CH4 molecules in the replaced 
CH4 hydrate. (b) N-N stretching vibrational modes of N2 molecules in the replaced CH4 
hydrate. (c) C=O stretching and bending vibrational modes of CO2 molecules encaged in the 
large cages of the replaced CH4 hydrate. 
 
CO2 Sequestration into sII CH4 Hydrates 

The sII hydrate, which is known to be formed by the influence of thermogenic hydrocarbon 
and mainly includes oil-related C1-C4 hydrocarbons, was discovered at shallow depth in sea 
floor sediment at a few sites such as the Gulf of Mexico and outside the Caspian Sea (Yousuf, 
2004; Sassen, 2000). Among major hydrocarbons, C2H6 is specially selected to form a hydrate 
with CH4. We note that both CH4 and C2H6 form simple crystalline sI hydrates with water. 
However, when they are mixed within the limits of specific concentrations, they act as binary 
guests causing the formation of a sII double hydrate (Subramanian, 2000). For experimental 
convenience we only treated C2H6, exclusive of propane and butanes, otherwise the use of 
multi-guests makes spectroscopic identification too complicated. Accordingly, in the present 
work, replacement of the mixed CH4 + C2H6 hydrate with CO2 was performed in order to 
investigate the swapping phenomena on sII CH4 hydrate. Figure 3b shows the 13C HPDEC 
MAS NMR spectra of mixed CH4 + C2H6 hydrates that are replaced with CO2 molecules at 
274.15 K and 35 bars just below the equivalent CO2 vapor pressure. Three peaks representing 
CH4 in sII-S, CH4 in sII-L, and C2H6 in sII-L appeared at chemical shifts of -3.95, -7.7, and 
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6.4 ppm, respectively. Interestingly, during the swapping process, the external guest CO2 
molecules attack both small and large cages for better occupancy, which causes the structure 
transition of sII to sI to proceed continuously. Within 24 hours the sII peaks almost 
disappeared and, instead, only a very small amount of CH4 in sI-S and sI-L, and C2H6 in sI-L 
was detected at chemical shifts of -4.0, -6.1, and 7.7 ppm, respectively. From a structural 
viewpoint, it is speculated that the hydrate lattices are slightly adjusted to accommodate the 
three guests of CH4, C2H6, and CO2 in highly stabilized hydrate networks. 
 
A Raman study was also performed in order to confirm the molecular distribution of CO2 and 
assess the spontaneous exchange by extracting CH4 and C2H6 and substituting CO2 molecules; 
the resulting spectra are shown in Figure 3c. As the hydration is completed, the CO2 peaks of 
symmetric stretching and bending vibration assigned as sII cages of 1278 cm-1 and 1386 cm-1 
grew and shifted to sI cages of 1277 cm-1 and 1382 cm-1, respectively. The cage-specific 
behavior revealed by CO2 is expected according to its molecular dimension over a small cage. 
Thus, the approaching CO2 competes only with CH4 and C2H6 in sII-L at the initial stage of 
swapping. The CH4 and C2H6 expelled from sII-L provoke a loss of sustainability of the sII 
phase by exceeding the limit of critical guest concentration. The re-establishment process of 
guest molecule distribution in the hydrate network induces the hydrate structure to alter and 
ultimately adjusts the lattice dimension for sI. Another important feature noted from this 
complex host-guest inclusion phenomenon is that CO2 molecules are capable of filling the sI-
S under a fresh crystal configuration. Meanwhile, for a simple swapping process between CO2 
and sI CH4 hydrate only a few CO2 guests occupy the sI-S, weakening the actual CO2 storage 
capacity from an ocean sequestration point of view. According to previous work (Lee, 2003), 
CO2 replacement occurs only at sI-L, but CH4 molecules in sI-S remain barely intact. At the 
present stage, we focus specifically on guest distributions of sI and sII hydrates that have 
ideally stoichiometric formulae of 2D·6T·46H2O and 16D·8H·136H2O in a unit cell, 
respectively. However, when considering the equivalent number of water molecules in both 
hydrates, sI hydrate has a revised formula, represented by 5.9D·17.7T·136H2O. Regardless of 
whether the transition of sII to sI occurs coercively or spontaneously, the structure 
transformation leads to a reduction of total sI-S sites by 10.1 in the dimension of a unit cell 
and induces CH4 molecules in cages to be more readily recovered. 
 
The effect of a substantial small-cage reduction on the CH4 recovery rate was checked by GC 
analysis and the results are shown in Figure 4a. During the swapping process, the CH4 and 
C2H6 molecules in the hydrate phase continuously decrease until reaching the recovery rate of 
92% for CH4 and 99% for C2H6. Both the NMR and GC results imply that most of the CH4 
molecules in sI-L as well as in sI-S were displaced by CO2 molecules. The externally 
approaching CO2 guests attack and occupy most of the sII-S and sII-L cages accompanying 
structure transition of sII to sI as illustrated in Figure 3a.   
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Figure 3. (a) Schematic diagram of CH4 + C2H6 hydrate replaced with CO2. Before the 
swapping phenomena occurred, all the sII-S and most of sII-L cages were occupied by CH4 
(red ball). After the replacement was fully achieved, structure changed from sII to sI and most 
of the CH4 and C2H6 (purple ball) molecules were replaced by CO2 (blue ball). (b) The 13C 
HPDEC MAS NMR of mixed CH4 + C2H6 hydrate replaced with CO2. The samples were 
measured at 203 K. (c) The Raman spectra of the mixed CH4 + C2H6 hydrate replaced with 
CO2 at 123 K. The peak intensity of CO2 symmetric stretching and bending vibration increase 
as the hydration goes to completion. 
 
We note again that CO2 molecules possess a sufficient enclathration power to be entrapped in 
sI-S during change of sII to sI, while the CO2 occupancy to sI-S of pure CH4 hydrate is very 
difficult to occur. The 30% or more CH4 recovery enhancement in sII over 64% in sI is caused 
by structure transition totally altering the host-guest interactions during swapping. 
Furthermore, the naturally occurring sII hydrates contain a larger amount of CH4 than the 
laboratory-made sII hydrates used in these experiments (Sassen, 2000; Brooks, 1984; Milkov, 
2004) and thus the actual limitation of recoverable CH4 in sII hydrate would be higher than 
the present outcome of 92%. Accordingly, with we might hope to better use the deep-ocean sII 
CH4 hydrate layers for effectively sequestrating CO2 without any loss of recoverable CH4 
amount. 
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Figure 4. (a) Relative moles in the sII CH4 + C2H6 hydrate replaced with CO2 measured by 
gas chromatography. (b) Replacement rate of CH4 molecules encaged in sI CH4 hydrates by 
N2 + CO2 mixture (square) and in sII CH4 hydrate by pure CO2 (circle). The recovered CH4 is 
85% for the N2 + CO2 mixture and 92% for sII CH4 hydrate with CO2. The dotted line 
represents the 64% recovery rate of CH4 obtained during swapping process between sI CH4 
hydrate and pure CO2. 
 
 
CONCLUSION 
 
First, we focused on the direct sequestration of gas mixtures containing CO2 and N2 into the 
preponderant sI naturally-occurring CH4 hydrate deposits. However, for ocean storage, 
recently proposed approaches require that injected CO2 must be in a pure state, and thus an 
appropriate separation procedure of CO2 from the mixed gas must be conducted. A 
spectroscopic analysis reveals that the external N2 molecules specifically attack CH4 
molecules already entrapped in sI-S and play a significant role in substantially increasing the 
CH4 recovery rate. On the contrary, during swapping the sII CH4 hydrate structurally 
transforms to sI, which causes CH4 molecules in sII-S to spontaneously be released through a 
continuous reduction of small cage sites. The cage-specific occupation accomplished by direct 
invasion of external guest molecules largely depends on their molecular details that appear to 
be so complex for visualization, but this mutually interactive pattern of targeted guest-cage 
conjugates might possess an important implication on the extensive hydrate-based 
applications as clearly illustrated in the swapping process between CO2 stream and CH4 
hydrate. However, the swapping rate and total yield of the replacement reaction in actual 
natural gas hydrate deposits will depend on a variety of factors such as particle size and gas 
transport. 
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ABSTRACT: Many feature indicative of mass failure and mass flow deposits have 
been observed in the Ulleung Basin and Korea Plateau, in the East Sea area of 
Korea. In the early stages of back-arc opening of the East Sea, rapid subsidence 
and related structural movements prompted slope instability and large-scale slope 
failure resulting in mass flow deposits. In the transitional phase from back-arc 
extension to compression, during the middle Miocene, active uplift and 
compressional deformation also resulted in mass failure and the frequent input of 
mass flows in the basin. From the late Miocene, in the back-arc closing stage, the 
Ulleung Basin and Korea Plateau experienced rapid subsidence and episodic 
tectonic deformation. In the late Miocene and Pliocene, the large-scale mass failure 
and mass flow events were closely related with the tectonic deformation events. 
After the latest tectonic event, in the middle Pliocene, the East Sea has remained 
tectonically stable. However, during the Quaternary, although tectonically 
quiescent, the Ulleung Basin and Korea Plateau were also affected by frequent 
events of mass failure and mass flow. These events were probably related with sea 
level fluctuations, climatic change, seismic shocks or expulsion of gas hydrate. 
 
Keywords: mass failure, mass flow, Ulleung Basin, Korea Plateau, methane hydrate. 

 
 
INTRODUCTION 
 
The East Sea is a semi-closed marginal sea at the northwestern margin of the Pacific Ocean, 
surrounded by the East Asian continent and the Japanese Islands.  The sea is a back-arc basin 
that consists of three deep sub-basins (Japan, Yamato, and Ulleung basins) separated by 
topographic highs (Yamato Ridge, Korea Plateau, and Oki Bank) (Figure 1; e.g., Chough et 
al., 2000). The physiography of the sea is characterized by a narrow shelf, steep slopes, and 
deep depressions reaching more than 2,500 meters in water depth (e.g., Chough et al., 2000). 
These physiographic characteristics have resulted in the frequent occurrence of slope failure 
and mass flow (e.g., Chough et al., 2000) 
 
During the past two decades, there have been a number studies concerning the genetic origin 
of the slope failure and the resulting processes of mass flow (Chough and Lee, 1992; Lee et 
al., 1996; Lee and Suk, 1998; Lee et al., 1999; Lee et al., 2002). This study aims to 
summarize results of such research, to suggest a stratigraphic scheme for the Ulleung Basin 
and Korea Plateau, and to describe the slope failure and mass flow events within this 
stratigraphic framework. 



 106 New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  

 
Figure 1. Physiographic and crust maps of the Ulleung Basin and South Korea Plateau, East 
Sea. Physiographic map modified after Lee (2001). Crust map modified after Chough et al. 
(2000). HB: Hupo Bank, HT: Hupo Trough, NUT: Northern Ulleung Trough, NUE: Northern 
Ulleung Eascarpment, UIG: Ulleung Interplain Gap, UIS: Ulleung Interplain Seamount, JB: 
Japan Basin, UB: Ulleung Basin, YB: Yamato Basin, KP: Korea Plateau, OB: Oki Bank, YR: 
Yamato Ridge. 
 
 
GEOLOGIC SETTING 
 
The East Sea consists of three deep basins, the Japan, Yamato, and Ulleung basins, and 
several complicated topographic highs, the Korea Plateau, Oki Bank and Kita-Yamato Ridge 
(Figure 1). The Japan Basin occurs in the northeastern part of the East Sea, ranging in water 
depth from 3,500 to 3,700 meters. The Yamato Basin, in the southeastern part of the East Sea, 
is surrounded by high-standing blocks, and ranges in water depth from 2,500 to 3,000 meters. 
The Ulleung Basin in the southwestern part of the sea has a more rugged morphology than the 
other basins, approximating a bowl-shaped depression, 2,000-2,300 meters deep. Except for a 
few seamounts, the floor of the basin is flat and smooth, gently deepening northward and 
connected to the Japan Basin through the Ulleung Interplain Gap between the Korea Plateau 
and Oki Bank. 
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The Korea Plateau includes a northern component (North Korea Plateau) and a southern 
component (South Korea Plateau), bordered by the Sokcho Trough connected to the 
southwestern part of the Japan Basin (Figure 1). The South Korea Plateau comprises rifted 
continental crust in its western part and fragmented continental crust in its eastern part (Figure 
1; Tamaki, 1988; Jolivet et al., 1991). To the north of Ulleung Island, a trough deepens 
northward along the North Ulleung Escarpment and extends to the Japan Basin (Figure 1). 
The South Korea Plateau can be divided further into western and eastern segments, separated 
by the North Ulleung Escarpment (or Trough) (Figure 1; Chough et al., 2000). 
 
 
SUMMARY OF PREVIOUS RESEARCH 
 
The mass flow processes in the Ulleung Basin and Korea Plateau were originally reported by 
Chough (1982, 1983, 1984). Following multi-channel seismic reflection surveys and drilling 
of the Dolgorae exploratory well by the Korea Petroleum Development Corporation 
(PEDCO) in the late 1980’s, many further geological and geophysical studies of the Ulleung 
Basin were carried out (Chough and Lee, 1992; Yoon and Chough, 1995; Chough et al., 1997; 
Lee and Suk, 1998; Lee et al., 2001; Lee and Kim, 2002). Chough and Barg (1987) outlined a 
suggested tectonic history of the margin of the Ulleung Basin and Chough and Lee (1987) 
first analysed the slope stability of the western margin of the Ulleung Basin. 
 
In the 1990’s, a few seismic stratigraphic schemes for the Ulleung Basin were suggested 
(Chough and Lee, 1992; Yoon, 1994; Yoon and Chough, 1995; Chough et al., 1997; Lee and 
Suk, 1998). These stratigraphic analyses commonly recognized an overall distribution of 
relatively thick, chaotic and transparent seismic facies units, reflecting mass flow deposits. 
According to Chough and Lee (1992), large slide or slump deposits were recognized mainly 
in the southeastern part of the Ulleung Basin within the late Miocene and early Pliocene 
sequence (Figure 2). Lee and Suk (1998) further divided the upper Pliocene and Quaternary 
sequence into five subunits. The lower two (upper Pliocene) were mass flow deposits (Figure 
3), whereas the upper three (Quaternary) were formed mainly by hemipelagic settling or 
turbidity currents. 

    
 
Figure 2. Multichannel airgun profile accross the Ulleung Basin. Classification of sequence 
units is based on Chough and Lee (1992). Profile courtesy of the Korea National Oil 
Corporation. 
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In the eastern continental margin, the steep slope has been dominantly shaped by large-scale 
slope failures and associated mass flow deposits (Chough et al., 1991; Lee et al., 1991). In the 
eastern margin of the East Sea, mass failure scars and slide/slumping deposits are very 
common along slope areas at water depths greater than about 500 meters in the Ulleung Basin 
(Figure 4; Lee et al., 1996) and in the Korea Plateau (Figure 5; Lee et al., 1991). According to 
Yoon and Chough (1993), large-scale mass flow deposits predominate in the late Miocene and 
early Pliocene sequence (Figure 6). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Seismic profile showing 
seismic units (Lee and Suk, 1998) 

Figure 4. Map showing bathymetry, 
major physiographic features, and 
distribution of mass failure deposits in 
the Ulleung Basin and Korea Plateau. 
Distribution of mass failure deposits 
modified from Lee et al. (1991) and 
Lee et al. (1996). 

Figure 5. Map showing detailed 
bathymetry and zones of sediment failure 
(slide/slump). Modified after Lee et al. 
(1991).  
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Figure 6. Seismic profile and interpretation from the outer shelf and slope regions off Pohang 
(Yoon and Chough, 1993).  
 
Recently, Chough et al. (1997) and Lee et al. (2002) have compiled large quantities of Chirp 
(2-7 kHz) data and summarized echo characters in the Ulleung Basin (Figure 7) and Korea 
Plateau (Figure 8). Their summary shows that the late Quaternary sequences were also 
strongly affected by slide/slumps and mass flow processes. However, the mass failure and 
mass flow deposits are much less abundant rare than those in the Miocene or Pliocene 
sequences. 
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Figure 7. Distribution of echo characters in the Ulleung Basin (Chough et al., 1997). 
 
                      

      

Figure 8. Distribution of echo types in the South Korea Plateau and 
the eastern continental slope of Korea (Lee et al., 2002). 

 
 
According to Lee et al. (1999), a detailed analysis of high resolution seismic data in the 
Ulleung Basin revealed spatial variations in the large-scale debris lobes (Figure 9). The lobes 
are elongated downslope and the gradual downslope decrease in both scale and spacing of 
surface forms and convexity of the upper surface is suggestive of progressive dilution in flow 
concentration within a debris flow. 
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Figure 9. Distribution map of the debris lobes in the southern 

Ulleung Basin (Lee et al., 1999). 
 
 
Slope stability and the geotechnical properties of sediment of the Ulleung Basin and Korea 
Plateau were studied in the 1990’s (Lee et al., 1991, 1993, 1996). These studies revealed that 
the late Quaternary mass failures were closely related with earthquakes and tectonic 
movements, enhanced by sea level lowstand.  
 
Recent geological and geophysical surveys at the southwestern margin of the Ulleung Basin 
by KIGAM were designed to examine the genesis of large-scale mass failure and mass flow 
deposits within late Pliocene, early Quaternary and late Quaternary sequences. KIGAM 
especially wants to understand the role of hydrate dissolution in the generation of large scale 
mass failures and mass flows.  
 
 
STRATIGRAPHIC FRAMEWORK 
 
According to the recent summary of the evolutionary history of the Ulleung Basin, opening of 
the basin was initiated in the Oligocene followed by rapid subsidence with the deposition of 
mass flow deposits and volcanic sills and flows (Chough et al., 2000; Lee and Kim, 2002). 
The basin opening mode was changed into back-arc closing mode in the late middle Miocene, 
when compressional forces largely uplifted the southwestern part of the basin during the late 
middle Miocene (Yoon and Chough, 1995). After 10.5 Ma BP, the basin experienced various 
scales of faulting and folding and rapid subsidence (Yoon and Chough, 1995; Lee and Kim, 
2002). In the Pliocene, the western margin of the Ulleung Basin and Korea Plateau was 
affected by two deformation events, earliest Pliocene and middle Pliocene deformations, 
respectively (Yoon, 1994). 
 
High-resolution multichannel seismic data in the South Korea Plateau show that the 
sedimentary sequences in the plateau were deformed twice in the Pliocene. The deformation 
resulted in large-scale anticlinal foldgs in the western slope regions. The two compressional 
deformational events were most likely correlated with the well-known earliest Pliocene and 
middle Pliocene deformational events (Yoon, 1994; Lee and Kim, 2002).  
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Figure 10. Seismic profile and its stratigraphic interpretation in the South Korea Plateau. 
 
 

       
 
Figure 11. Boundary characteristics of each unit set. (A) Anticlinal folding surface between 
US-4 and US-3. (B) Anticlinal folding surface between US-3 and US-2. (C) Upper boundary 
of unit-1 (US-1), showing erosional surface. 
 
The seismic stratal units in the Ulleung Basin and Korea Plateau are characterized by 
repetitions of stratified and chaotic (or transparent) facies units (Figure 10). These units are 
grouped into four unit sets (US-1, -2, -3, and -4 in ascending order), based on large-scale 
anticlinal folding structures and an erosional truncation surface (Figure 11). The unit sets in 
the plateau are assigned to early to middle Miocene, middle to late Miocene, early to middle 
Pliocene, and late Pliocene to Quaternary ages in ascending order, respectively. Within the 
uppermost unit set US-4, the Pliocene-Pleistocene boundary is clearly recognized in seismic 
profiles. 
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BASIN EVOLUTION AND CHRONIC CHANGES IN MASS FAILURE AND  
MASS FLOW 
 
Basin evolution of the Ulleung Basin and Korea Plateau was briefly summarized by Lee et al. 
(2001) (Figure 12). During opening of the East Sea, in the early to middle Miocene, the 
Ulleung Basin subsided rapidly, and thick mass flow deposits, alternating with volcanic sills 
and flows, were deposited. In contrast, the South Korea Plateau was partly rifted and subsided 
relatively slowly. In the late middle Miocene, back-arc closure commenced, which is 
representing a change to the compressional deformation regime in the East Sea. Due to the 
compressional deformation, large-scale uplift occurred in the southwestern part of the Ulleung 
Basin. During the late Miocene, the Ulleung Basin and South Korea Plateau experienced 
rapid subsidence accompanied with normal to strike-slip faulting, which resulted in the 
formation of slope-perched basins at the western margin. Large-scale mass failure and mass 
flow events occurred throughout this period. In the earliest Pliocene, the Ulleung Basin and 
the South Korea Plateau were affected by intense compressional deformation, which formed 
anticlinal folds and unconformities at the western margin. Further compressional deformation 
occurred in the middle Pliocene and produced large-scale folds and faults in the Ulleung 
Basin and western slope areas of the South Korea Plateau. Subsequently the Ulleung Basin 
and Korea Plateau became stable with the deposition of hemipelagic sediments and turbidites. 
 
 

                             

 

Figure 12. A schematic model illustrating the stratigraphic evolution of the Ulleung Basin 
(Lee et al., 2001). 
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In the early stage of back-arc opening of the East Sea, rapid subsidence, structural movements, 
and slope instability were accompanied by large-scale slope failure and emplacement of mass 
flow deposits. In the transitional phase from back-arc extension to compression during the 
middle Miocene, active uplift and compressional deformation also resulted in mass failure 
and the frequent input of mass flows into the basin. From the late Miocene times, the Ulleung 
Basin and Korea Plateau experienced rapid subsidence and episodic tectonic deformation 
during the back-arc closing stage. In the late Miocene and Pliocene, the large-scale mass 
failure and mass flow events were closely related with the tectonic deformation events. After 
the latest tectonic event, in the middle Pliocene, the East Sea assumed a tectonically stable 
condition. During the Quaternary, although tectonically quiescent, the Ulleung Basin and 
Korea Plateau were also affected by frequent events of mass failure and mass flow. These 
events were probably related with sea level fluctuation, climate change, seismic shocks or gas 
hydrate expulsion. 
 
 
SUMMARY 
 
The seismic stratigraphy of the Ulleung Basin and Korea Plateau is characterized by 
repetitions of stratified and chaotic (or transparent) facies units. These units are grouped into 
four sets (US-1, -2, -3, and -4 in ascending orders), based on large-scale anticlinal folding 
structures and an erosional truncation surface. The unit sets in the plateau are respectively 
assigned to early to middle Miocene, middle to late Miocene, early to middle Pliocene, and 
late Pliocene to Quaternary age in ascending order. 
 
In the Ulleung Basin and Korea Plateau, mass failure and mass flows were of frequent 
occurrence and were of large scale during the early stage of back-arc opening of the East Sea 
and the periods of rapid subsidence in late Miocene and Pliocene times. During the 
Quaternary, although tectonically quiescent, the Ulleung Basin and Korea Plateau were also 
affected by frequent events of mass failure and mass flow. These events were probably related 
with sea level fluctuation, climate change, seismic shocks, or gas hydrate expulsion. 
 
 
REFERENCES 
 
Chough, S.K. 1982, Turbidites in the Ulleung (Tsushima) back-arc basin, East Sea (Sea of 

apan). In: Hoshino, M. and T. Shibasaki (Eds.), Geology of Japan Sea, Tokai University 
Press, Tokyo, 365-376.  

Chough, S.K. 1983, Marine Geology of Korean Seas, International Human Resources 
Development Corporation Publishers, Boston, MA, 157 pp. 

Chough, S.K. 1984, Fine-grained turbidites and associated mass flow deposits in the Ulleung 
(Tsushima) Basin, East Sea (Sea of Japan). In: Stow, D.A.V. and D.J.W., Piper (Eds.), 
Fine-Grained Sediments: Deep Water Processes and Environment, Geological Society of 
London, Special Publication No. 15, 185-196. 

Chough, S.K. and E. Barg, 1987, Tectonic history of Ulleung basin margin, East Sea (Sea of 
Japan). Geology, Vol. 15, 45-48. 

Chough, S.K. and H.J. Lee, 1987, Stability of sediment on the Ulleung Basin Slope. Marine 
Geotechnology, Vol. 7, 123-132. 

Chough, S.K. and K.E. Lee, 1992, Multi-stage volcanism in the Ulleung Back-arc Basin, East 
Sea (Sea of Japan). The Island Arc, Vol. 1, 32-39.  



New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  115 

Chough, S.K., S. H. Lee, J.W. Kim, S.C. Park, D.G. Yoo, H.S. Han, S.H. Yoon, S.B. Oh, Y.B. 
Kim and G.G. Back, 1997, Chirp (2-7 kHz) echo characters in the Ulleung Basin. 
Geoscience Journal, Vol. 1, 143-153.  

Chough, S.K., H.J. Lee and S.H. Yoon, 2000, Marine Geology of Korean Seas (2nd Edition), 
Elsevier, Amsterdam, 313 pp. 

Jolivet, L., P. Huchon, J.P. Brun, X. Pichon, N. Chamot-Rooke and J.C. Thomas, 1991, Arc 
deformation and marginal basin opening: Japan Sea as a case study. Journal of 
Geophysical Research, Vol. 96, 4367-4384. 

Lee, G.H. and B.C. Suk, 1998, Latest Neogene-Quaternary seismic stratigraphy of the Ulleung 
Basin, East Sea (Sea of Japan). Marine Geology, Vol. 146, 205-224. 

Lee, G.H. and B. Kim, 2002, Infill history of the Ulleung Basin, East Sea (Sea of Japan) and 
implications on source rocks and hydrocarbons. Marine and Petroleum Geology, Vol. 19, 
829-845. 

Lee, G.H., H.J. Kim, S.J. Han and D.C. Kim, 2001, Seismic stratigraphy of the deep Ulleung 
Basin in the East Sea (Japan Sea) back-arc basin. Marine and Petroleum Geology, Vol. 18, 
615-634. 

Lee, H.J., S.K. Chough, S.S. Chun and S.J. Han, 1991, Sediment failure on the Korea Plateau 
slope, East Sea (Sea of Japan). Marine Geology, Vol. 97, 363-377. 

Lee, H.J., S.S. Chun, S.H. Yoon and S.R. Kim, 1993, Slope stability and geotechnical 
properties of sediment of the southern margin of Ulleung Basin, East Sea (Sea of Japan). 
Marine Geology, Vol. 110, 31-35. 

Lee, H.J., S.K. Chough and S.H. Yoon, 1996, Slope-stability changes from late Pleistocene to 
Holocene in the Ulleung Basin, East Sea (Sea of Japan). Sedimentary Geology, Vol. 104, 
39-51. 

Lee, S.H. 2001, Depositional processes of Quaternary sediments in the Ulleung Basin, South 
Korea Plateau, Ulleung Interplain Gap and Oki Bank, East Sea: Chirp (2-7 kHz) profiles. 
Ph. D. dissertation, Seoul National University, Seoul, 156 pp. 

Lee, S.H., S.K. Chough, G.G. Back, Y.B. Kim and B.S. Sung, 1999, Gradual downslope 
change in high-resolution acoustic characters and geometry of large-scale submarine debris 
lobes in Ulleung Basin, East Sea (Sea of Japan), Korea. Geo-Marine Letters, Vol. 19, 254-
261.  

Lee, S.H., S.K. Chough, G.G. Back and Y.B. Kim, 2002, Chirp (2-7 kHz) echo characters of 
the South Korea Plateau, East Sea: styles of mass movement and sediment gravity flow. 
Marine Geology, Vol. 184, 227-247. 

Yoon, S.H. 1994, The Eastern Continental Margin of Korea: Seismic Stratigraphy, Geologic 
Structure and Tectonic Evolution, Ph.D. dissertation, Seoul National University, Seoul, 235 
pp. 

Yoon, S.H. and S.K. Chough, 1993, Evolution of Neogene Sedimentary Basins in the Eastern 
Continental Margin of Korea. Korean Journal of Petroleum Geology, Vol. 1, 15-27. 

Yoon, S.H. and S.K. Chough, 1995, Regional strike-slip in the eastern continental margin of 
Korea and its tectonic implications for the evolution of Ulleung Basin, East Sea (Sea of 
Japan). Bulletin of Geological Society of America, Vol. 107, 83-97. 



PPAARRTT  IIII  
 

 

CCOOAALLBBEEDD  MMEETTHHAANNEE  ((CCBBMM))



 

New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  119 

Coal Resources and CBM in South Korea 
 

Park, Suk-Whan and Koh, Hee-Jae 

Korea Institute of Geoscience and Mineral Resources (KIGAM) 
Gajung 30, Yuseong-gu, Daejeon, 305-350, Korea 

 
 

ABSTRACT: Most coals in South Korea are anthracite or meta-anthracite, with Ro 
(Reflectance in oil) = 3.5~5.5%. The total reserves are estimated to be about 1.5 
billion metric tons. The anthracite coalfields occur only in the Permian and Jurassic 
basins. Because all the coal-bearing sequences were highly deformed and 
metamorphosed during the Mid-Triassic (Songrim Orogeny) and Late Jurassic 
(Daebo Orogeny) tectonic episodes, the coals rank from anthracite through meta-
anthracite to partly graphit. 
 
Since 1987, because of drastic decrease in domestic demand for coal, the government 
has carried out a rationalisation policy of the coal industry. Currently only seven 
mines are producing coal and total production is less than 3 million tons per year. 
Thus reutilization of coal resource was strongly recommended and a strategy to 
explore and exploit resources of coalbed methane (CBM) in South Korea was 
formulated. The Samcheog and Chungnam coalfields are targeted as areas for CBM 
exploration in South Korea. Desorption of coals collected on the working face is 
estimated to be in the range of 2.3 cc/g to less than 0.5 cc/g (dry, ash-free basis). 
Preliminary results measured in the partially depressurized coal are promising as a 
potential resource for coalbed gas. 
 
In 2005, the Korea Institute of Geoscience and Mineral Resources (KIGAM) launched 
a three-year project, "Exploration of Coalbed Methane", ongoing for 3 years from 
2005 in the Samcheog Coalfield. The project is sponsored by the Korea Energy 
Management Corporation (KEMCO). Deep drilling for resources evaluation of CBM 
will commence in 2007. 

 
 
THE COAL INDUSTRY IN SOUTH KOREA 
 
Coal is the only major indigenous energy resource currently known in South Korea. Most of 
coals are anthracite containing about 5 percent of volatile matters. A small amount of lignite 
occurs at the eastern margin of South Korea but is not being mined because of its limited 
occurrence. Anthracite reserves total about 1.5 billion tons, of which 0.64 billion tons are 
recoverable (Table 1). Following rationalisation of the coal industry, ownership of these 
recoverable reserve is shared by Korea Coal Corporation (KOCOAL) with 15 percent (94 
million tons), private mine operators with 3.5 percent (22 million tons) and the rest (81.5 
percent, 520 million tons) belonging to the government. Ninety percent of the coal was 
deposited during Permian period and the remaining 10 percent during the early Jurassic period. 
Although there are, in all, nine significant coalfields in South Korea, most of the individual 
minesare currently closed (Figure 1).  With only seven coal mines being recently in 
operation; four in the Samcheog Coalfield (SCCF), and one each in the Honam, Munkyeong 
and Boeun coalfields. 
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Supply and demand infrastructure of anthracite, which is the only major indigenous energy 
resource in South Korea, shows different patterns for the years before and after the peak 
consumption year of 1986, when 27.6 million tons of anthracite was consumed.  Both 
demand and supply of anthracite had been increasing steadily until 1986 since anthracite was 
the main energy resource consumed in the residential and commercial sector of South Korea. 
The demand for anthracite started to decrease after 1986 because of fuel substitution by oil, 
gas and electricity. Unfortunately the cost of domestic mining of anthracite had been rising 
due mainly to the increasing depth of the working faces at the coal mines. These kinds of 
factors resulted in considerable difficulties for the coal mining industry. In April 1987, the 
government established the Korea Coal Industry Promotion Board in order to rationalize the 
coal industry and in 1988 began to make assistance available for the closure of non 
competitive mines, starting in 1989. As a result, 303 mines (13.6 million tons total 
production) were closed during the period of 1989-1993. Production of coal in 2005 was 
estimated to have decreased by more than 90 percent in comparison with that in 1986. 
 
   Table 1. Coal Reserves in South Korea                                  unit: 1,000 M/T 

Classification 
Coal Field Reserves Recoverable 

Reserves 
Potential 

recoverable 
Recoverable 

Total 
  Gangreung 63,764 20,864 22,547 43,411
  Jungseun 450,965 44,864 53,116 97,980
  Samcheog 565,578 194,694 95,135 289,825
  Danyang 62,067 15,839 15,054 30,893
  Munkyung 71,347 26,241 18,726 44,967
  Boeun 23,740 9,052 7,035 16,087
  Chungnam 116,293 29,902 23,996 53,898
  Honam 92,508 30,923 26,072 56,995
  Others 4,336 1,659 1,339 2,998
  Total 1,450,598 374,038 263,020 637,058

 
 
COAL BEARING STRATA IN SOUTH KOREA 
 
Coal bearing strata in Korea all belong either to late Carboniferous to early Triassic Pyeongan 
Supergroup or the late Triassic to early Jurassic Daedong Group. The Carboniferous to 
Permian strata comprise seven to eight viable coal seams of which one to three seams are 
being mined, while ten of the thirty coal seams in early Jurassic strata are being mined. Coal 
seams of the Permian are relatively thick and of higher quality compared with those of the 
Jurassic. Usually Permian and early Jurassic coal-bearing strata show highly variable, often 
steep dips and discontinuous, lensoid distribution due to two phases of strong deformation in 
the mid-Triassic (Songrim Orogeny) and late Jurassic (Daebo Orogeny) respectively (Chough 
et al, 2000). All of the Permian and Jurassic coals are of anthracite rank, but locally most of 
the volatiles have been driven off in the process of metamorphism of the coal beds, and partly 
amorphous graphite now remains. 
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Figure 1. Coalfields in South Korea 
 
 
The late Carboniferous to early Triassic Pyeongan Supergroup crops out in the Ogcheon belt 
(Figure 1). In the Samcheog Coal Field (SCCF), the largest in South Korea, containing forty-
four percent of national reserves, the Pyeongan Supergroup was divided by Cheong (1969) 
into seven formations; the Manhang, Geumcheon, Jangseong, Hambaegsan, Dosagog, Gohan 
and Donggo Formations in ascending order (Figure 2). These mainly consist of sandstone, 
shale, coal and some limestone (Figure 3). The detailed lithostratigraphy and depositional 
environments of the supergroup have been discussed by Lee & Chough (2006). Up to seven 
coal seams are interbedded in the Jangseong and Geumcheon formations. The thickness of 
these coal seams varies from 0.6 to 4.0 meters in non-tectonised areas, but local deformation 
including folding and thrusting has given rise to local variations of thickness and lateral 
continuity. The dips of the coal seam are normally steep, ranging from thirty to eighty degrees. 
Surface occurrence of coal seams extends to a maximum of almost 100km in the SCCF. The 
rank of coal is classed as anthracite to meta-anthracite. 
 
The late Triassic to early Jurassic Daedong Group, unconformably overlying either 
Precambrian gneiss or the Pyeongan Supergroup, occurs in the Ogcheon belt and the 
Gyeonggi massif (Figure 1). The so-called Bansong, Nampo and Kimpo Groups are broadly 
correlated with the Daedong Group, depending upon the localities of occurrence; however the 
precise stratigraphic correlation of the each group is not yet determined. The Daedong Group 
mainly consists of conglomerate, sandstone, shale and several horizon of coal. The total 
thickness of the sedimentary sequences varies from 400 meters in the case of the Bansong 
Group., 1,600 meters for the Kimpo Group and up to 3,000 meters for the Nampo Group 
(Reedman and Um 1975). The latter Group includes twenty-five to thirty coal seams in the 
Chungnam Coalfield (CNCF, Figure 4)) and id divided into five formations; the Hajo, 
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Amisan, Jogyeri, Baegunsa, and Seongjuri Formations, in ascending order (Figure 5). 
Amongst these formations, the coal-bearing strata comprise parts of the Amisan, Jogyeri and 
Bagunsa Formations and some 10 to 12 coal seams have been economically workable. The 
rank of coal is anthracite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 2. Geological map of the SCCF. 

Figure 3. Simplified columnar section of the Pyeongan Supergroup in the SCCF. 
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Figure 4. Geological map of the CNCF. 
 
 

 

Figure 5. Simplified columnar section of the Nampo Group in the CNCF. 
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PROPERTIES OF ANTHRACITE 
 
The coals from the SCCF and CNCF are representatively chosen to compare characteristic 
properties between Permian and Jurassic coals in Korea. Macerals of anthracites consist 
predominantly of vitrinite and inertinite with lesser amounts of graphinite, impregnite and 
mottlite, which are seldom observed in the bituminous coal or lignite (Park & Shibaoka, 
1987). The formation of graphinite, impregnite and mottlite seems to be primarily controlled 
by pressure rather than temperature. Vitrinite comprises mostly telocollinite in the SCCF, 
while it is represented by desmocollinite in the CNCF. Their difference in vitrinite contents 
suggests that the sedimentation of coal-bearing strata of the SCCF, compared to the CNCF, 
occurred in a more stable depositional environment. 
 
The lithological characteristics of coal-bearing strata in the SCCF (Permian) and CNCF 
(Jurassic) are presented in Table 2. The degrees of coalification in the Permian and Jurassic 
anthracites are in the range of 4.6 to 6.1 (Rmoil) and 3.3 to 4.3 (Rmoil), respectively (Figure 
6). The average of vitrinite brief lectance (Ro max-min) is 2.61 from the SCCF, while it is 
3.53 from the CNCF, suggesting that the former is in the late stage of qualification and the 
latter is in the stage of graphitization (Table 3). The X-Ray diffraction pattern also shows that 
the Jurassic anthracite has a more perfect alignment than Permian anthracite. 
 
Table 4 represents the average chemical composition of the anthracite. The ash fusion 
temperature of Korean anthracite is higher than that of any anthracite in other parts of the 
world. The ignition temperature ranges from 420°C to 720°C (avg.: 553°C) and combustion 
velocity range is 0.6 mg/min ~2.8 mg/min (avg.: 1.4 mg/min). 

initial deformation:  1100°C - 1670°C (avg.: 1306°C) 
hemisphere:  1220°C - 1680°C (avg.: 1520°C) 
flowage:  1220°C - 1700+°C (avg.: 1556°C) 

 
 

Table 2.  Lithologic characteristics of coal-bearing strata in the SCCF and CNCF 

Lithologic characteristics Samcheog 
(Carbo-Permian) 

Chungnam 
(Jurassic) 

  thickness of coal bearing strata 
  number of coal seams 
  average seam thickness 
  aggregate thickness of coal 
  average proportion of coal in measures 
  Associated rock 

170 m 
5 - 7 
0.8m 
5m 

2.9% 
ss, sh, ls 

1800m 
25 - 30 
0.2m 
6m 

0.3% 
cong, ss, sh 

  depositional environment deltaic lacustrine 
  basin stability stable unstable 
  tectonic movement not active active 
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Figure 6. Relationship between Ro max and Ro min of coals in the 

SCCF and CNCF (after Diessel, 1983) 
 
 
 

Table 3.  Vitrinite reflectance of anthracite in the SCCF and CNCF (in oil) 

Vitrinite 
reflectance 

Samcheog 
(Permian) 

Chungnam 
(Jurassic) 

 Average Range Average Range 
  Rmax 6.63 5.72 - 7.80 5.92 5.02 - 6.77 
  Rmean 5.28 4.63 - 6.11 3.93 3.28 - 4.32 
  Rmin 4.02 3.33 - 4.62 2.39 1.67 - 2.76 
  Rmax-min 2.61 1.14 - 3.70 3.53 2.71 - 5.10 

 
 
COALBED METHANE (CBM) OF ANTHRACITE IN THE SCCF 
 
Most of coals are anthracite to meta-anthracite having with 3.5~5.5% of Ro. The amount of 
producible CBM is estimated as up to 1.3 Tft3 according to the calculations of Eddy et al 
(1982), on the basis of 1.5 billion metric tons as total reserves. The SCCF and CNCF are the 
areas of greatest potential amongst the coalfields of South Korea as they are the largest, have 
well-documented lithostratigaphies, contain thick coal seams, and include many historically 
gassy coal mines (Figure 7).  
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Table 4. Average chemical composition of coal in the SCCF and CNCF. 

Composition (average) SCCF (Carbo-Permian) CNFC (Jurassic) 

  ultimate analysis 
  Carbon 
  Hydrogen 
  Oxygen 
  Nitrogen 
  Sulfur 

 
95.13% 
1.49% 
1.62% 
0.20% 
1.16% 

 
93.3% 
0.70% 
4.10% 
0.21% 
0.96% 

  proximate analysis (d.a.f average) 
  Volatile Matter 
  Fixed Carbon 
  Ash 
  Moisture 
  Calorific Value (Kcal/Kg) 

 
< 5.4 
94.6 
24.3 
4.18 
5769 

 
< 7.6 
92.4 
35.33 
3.28 
4745 

 
 
In 2001, KIGAM and USGS had carried out preliminary CBM desorption tests of anthracite 
in the SCCF. Eighteen coal samples were collected from the working face of five 
underground mines in the SCCF (Table 5). All samples contained measurable coalbed gas. 
Samples collected in two coal mines, Jangseong and Dogae, were relatively low in coalbed 
gas content with <0.5 cc/g (dry, ash free basis), but those from the Kyung Dong coal mine 
(Sinri Adit) had more than 5 times higher gas content of 2.3 cc/g (dry, ash free basis) 
compared to previous ones. These values are minimal, considering apparent loss of coalbed 
gas during exposure at the working surface. These minimal values of coalbed gas content are 
likely to be much lower than the actual gas content in un-mined areas that are still at natural 
pressure levels at depth. Preliminary results measured in the partially depressurized coal at 
shallow depth suggest positive potential of coalbed gas resources in the coalfields of South 
Korea. 
 
In 2004, KIGAM has carried out one year project, "Planning Research Project on the Coalbed 
Methane (CBM) Potential of Korean Anthracite and Possibilities for  Utilization", sponsored 
by the Korea Energy Management Corporation (KEMCO). In 2005, KIGAM launched the 
current ongoing 3 years project, "Exploration of Coalbed Methane", sponsored by 
KEMCO. Deep drilling will take place in the early spring of 2007 in order to estimate and 
evaluate CBM resources in the SCCF. 
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Table 5. Desorption test of coal sampled in the working face of mine 

Coal mine Assumed Lost 
Gas (cc) 

Ttotal Emitted 
Gas (m3/t) 

Aaverage Emitted 
Gas (m3/t) 

Test Period
(hr) 

1 17 0.16 68.17 
2 42 0.14 68.05 
3 10 0.12 100.50 
4 12 0.11 100.35 

 Jangseong 
 

5 18 0.11 

0.13 

4.68 
1 18 0.16 20.12 
2 12 0.15 44.18 
3 10 0.08 44.12 
4 20 0.22 43.95 

 Dogae 

5 2 0.05 

0.13 

43.73 
1 50 1.69 627.35  Kyungdong 2 70 1.34 1.52 242.78 
1 7 0.18 19.58 
2 5 0.08 19.57  Hanbo 
3 3 0.14 

0.13 
7.03 

1 2 0.06 6.60 
2 3 0.02 6.25  Dongwon 
3 5 0.07 

0.05 
5.25 

1 2 0.01 4.47 
2 4 0.01 4.43 

 Hwasun 
 (Honam    
 Coalfield) 3 2 0.01 

0.01 
4.42 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Gassy mines in the SCCF 
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CONCLUSIONS 
 
1. Most of the coals embedded in the Carboniferous to Permian and in Jurassic strata are 

anthracite to meta-anthracite, and total reserves are estimated to be 1.5 billion metric tons. 
2. Producible CBM in South Korea is approximately estimated to be 1.3 Tft3. 
3. Desorption value of anthracite collected at working faces in the SCCF range from 0.5 to 

2.3 cc/g gas (dry, ash free basis). 
4. In early spring of 2007, the first deep drilling campaign will be launched in order to 

evaluate and estimate CBM resources in the SCCF. 
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ABSTRACT: Coal is found in all parts of the country totaling 2,121 million tons of 
reserves. Coal is a porous medium with relatively low gas permeability and 
diffusivity. Though coal belongs to the family of reservoir rocks, it differs 
remarkably from  conventional reservoir rocks in that the volume of gas, which it 
can stores far exceeds its pore volume capacity, the gas being mainly adsorbed onto 
the pores large internal surfaces.  
 
Responding to the government policy in term of sustainable energy, a Coalbed 
Methane (CBM) project was started in 2003. Three coal basins; the Mae Sod, Mae 
La Mao and Khiansa Basins have been selected in which to evaluate CBM potential. 
Both Mae Sod and Mae La Mao are located in the northern part of Thailand. These 
two basins have been studied by the Department of Mineral Fuels using its own 
budget. The Mae Sod Basin is studied by the ATOP Technology Company and the 
Mae La Mao Basin by Chiang Mai University. The drilling results, from 5 wells, are 
inconclusive. 
 
One basin in the south, the Khiansa Basin, has been awarded to SVS ENERGY 
RESOURCES., LTD., a new Thai petroleum company selected for CBM study since 
July 2003. Four wells have been drilled but were not successful with relatively thin 
and split coal seams. However, CBM is still hoped to be one of alternative source of 
energy in Thailand’s quest for energy sustainability. 
 
The Department of Mineral Fuels (DMF) and the Electricity Generating Authority 
of Thailand (EGAT) have joined to initiate an Oil Shale Project this year in Mae 
Sod Basin in Tak Province and a CBM project in Fang Basin, Chiang Mai Province, 
located in the Northern part of Thailand. The objectives of the studies are to 
determine the reserves, quality and to establish guidelines for the future 
development of Oil Shale and CBM as alternative energy resources. 
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INTRODUCTION 
 
Coal (total reserves 2,121 million tons, DMF 2004) is found in many parts of the country. The 
largest deposit, with 1,286 million tons of reserves, is located in the Mae Moh Basin. Other 
coal-bearing basins include Saba Yoi (350 million tons) in  Amphoe Saba Yoi, Songkhla; 
Krabi (111 million tons) in Amphoe Mueng, Krabi; Wiang Haeng (93 million tons) in 
Amphoe Wiang Haeng, Chiang Mai; Sin Pun (91 million tons) in Amphoe Tung Yai, Nakhon 
Si Thammarat; and Nago (48 million tons) in Amphoe Ngao, Lampang.  
 
These coal deposits are mainly lignite to sub and bituminous grade. The selection of the coal 
deposits for the CBM study projects was based on:  

• Coal grade i.e. sub-bituminous to bituminous coal. 
• Depth of burial, from 120 to 300 meters, for seal consideration. 
• Thickness ranging from 2-4 meters, 7-8 meters or thicker. 
• Location within, or near-by, populated areas so that methane could be commercially 

supplied to the local community. 
 
Initially, two deposits were selected; namely Mae Ta in Lampang province (three wells drilled 
in triangular layout with 30 meter spacing), Northern Thailand and Mae Lamao in Tak 
province, Northern Thailand (total of four wells, 30 meters apart, drilled in straight line). The 
service contractors on the two projects were the Chiangmai and Suranaree Universities. This 
reflects the government policy to capture and enhance academic knowledge and know-how in 
the belief that academic institutions will have advantages in this endeavor as compared to 
private companies. 
 
 
COALBED METHANE 
 
Coalbed methane (CBM) comprises the same compound as methane in natural gas. This CBM 
is normally found in coal seams. It can be produced, sold and utilized like traditional natural 
gas. CBM is generated from either a biological or thermal process. The first process is a 
product of microbial action while the latter is a result of increasing heat by depth of burial. 
CBM can be stored in 3 different forms; as free gas, within cleats, dissolved in water or 
adsorbed within the coal matrix. CBM is always almost of pipeline quality, being composed 
of approximately 90-95% methane in most instances, with minor amounts of heavier 
hydrocarbons, CO2, N2, O2, H2, and He. A coal seam is often saturated with water and CBM is 
contained by the water pressure and travels together with groundwater. By sinking a well to a 
coal bed and pumping up the fluid, CBM will be produced by separation since CBM is 
generally has low in solubility in water and will emit from the water in the well before 
entering the pump. The extraction of CBM thus involves pumping the available water from 
the coal seam aquifer in order to reduce the water pressure that holds the gas. CBM producers 
do not try to dewater the coal seam but to keep the water moving will encourage CBM 
migration toward the production well. 
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ACTIVITIES  
 
The CBM project in Thailand began in 2003 following a reform of bureaucracy in October 
2002 which resulted in coal mining activities coming under the Department of Primary 
Industries and Mines, while new coal technology came under the Department of Mineral 
Fuels (DMF). Two types of CBM projects involved government and private companies 
respectively. The first type was undertaken by the Department of Mineral Fuels (DMF) of 
Ministry of Energy and the second type was undertaken by private companies operating under 
the Petroleum Acts (Thai III) with the royalty, work obligation/expenditure as governed under 
Thai III. 
 
Three CBM study projects, in the Mae Tha, Mae Lamao and Mae Sod basins were carried out 
in northern Thailand. One project, Khainsa basin, was in southern Thailand. Both Mae Tha 
and Mae Lamao basins in the north were awarded to academic institutes, the third, in the 
South, was undertaken by a private company. The first project, by Suranaree University of 
Technology in the Mae Tha Basin, Lampang province, was completed in June 2004. The 
second project was awarded to Chiang Mai University to evaluate the CBM potential in the 
Mae Lamao Basin, Tak province. The study was commenced at the end of December 2003 
and completed by the end of 2004. The third project was awarded to ATOP Technology Co. 
Ltd. to evaluate the CBM potential in the Mae Sod Basin, Tak province. The study was 
commenced in early March 2006 and completed by the end of October 2006. A private 
company, SVS Energy Resources Co. Ltd. applied for CBM development of an onshore block 
(L71/43) and received an exploration license in July 2003. The called Khiansa Basin is 
located in Pun Pin and Khiansa districts, Surat Thani province. Four wells were drilled in the 
first obligation period. The MK-1 well did not reveal any coal beds whilst the PK-1 well 
penetrated several thin coal beds.  
 
 
GENERAL SETTING OF STUDY AREAS 
 
The study areas are all within Tertiary basins show as Figure 1. The distance from Bangkok to 
the study areas are 600 kilometers for the Mae Tha Basin, 450 kilometers for the Mae Lamao 
Basin, 500 kilometers for the Mae Sod Basin and 800 kilometers for the Khiansa Basin. 
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Figure 1. Map Showing The Study areas (modified after DMR 2001) 

 
 
SCOPE OF STUDY 
 
The study of all the above covers the following aspects: 

1)  Geology of coal deposits 

The consultant should assemble and study the existing exploration data in order to select 
drilling sites. The key data used in this study include geological, exploration, well-log and 
seismic data.  
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2)  Exploratory drilling  

The consultant proposed the detailed drilling method to the Department of Mineral Fuel. 
Exploratory drilling must be able to recover soil and rock core samples from depths of over 
300 meters. Three wells were drilled, two as observation wells and the other as a production 
well. Detailed descriptions of soil and rock core samples are made. 

3)  Well logging  

Well logging was conducted to study the characteristics of the stratigraphic sequence and 
coalbed methane as based on gamma ray, density, neutron, resistivity, and spontaneous 
potential and caliper logs. 

4)  Analyses  

Samples were collected, analyzed and studied for various properties of coal beds, soil layers 
and rock strata including the following aspects: 

4.1)  Physical and chemical properties of coal beds including heating value, fixed carbon, 
moisture content, specific gravity, sulfur content and constituent elements. 

4.2)  Coal petrographic study to determine the composition of organic matter is coal beds, 
together with determination of vitrinite reflectance to study the burial history of the coal 
beds. 

4.3)  Stress conditions were studied to determine distribution of fracture and cleat systems 
4.4)  Coal permeability was determined. 
4.5)  The properties and quantity of the methane were determined by a desorption testing. 
4.6)  The quality of groundwater from coal beds was tested to determine parameters such as 

salinity, alkalinity electro-conductivity, sulfide-sulfate and variation of trace elements. 

5)  Gas flow test 

The gas flow-rate was determined by selecting the coal bed with high potential in methane 
and performing a well stimulation. 

6)  Reserve estimation 

Calculation of reserves of coalbed methane and of coal were based on international standard 
methods. 

7)  Groundwater flow system 

The groundwater flow system was studied for planning of gas production and disposal of 
waste water generated from the production process. 

8)  Environmental impact assessment 

The likely environmental impact of gas production was assessed according to the relevant 
environmental laws such as management of wastewater from the production process, impact 
of gas pipeline installation, and power plant development. 

9)  Development of coalbed methane and commercial benefit 

Conduct feasibility study to develop coalbed methane and its consequential commercial 
benefit. 
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RESULTS 
 
By Government: 
 
The outcomes of the first two projects, Mae Tha and Mae Lamao, carried out by academic 
institutions (see above), were inconclusive. This may be due to several factors such as 
insufficient prior knowledge on drilling, well completion (PVC connecting), core sample 
collection, field data collection procedures for gas and lab testing of core samples. Moreover, 
there was lack of knowledge on the gas reserve calculation. 
 
In 2006, the DMF made another attempt at CBM evaluation. The project site is at Mae Lamao 
(Mae Sod Basin), in Northern Thailand. This time a private company was awarded the 
contract and the exploration methodology was changed from the previous two projects. The 
core samples (coal) were collected in a canister filled with water and then sent for laboratory 
testing for gas volume and quality. As of now, the results are pending. 
 
Mae Tha 
 
Production and observation wells 
 
The location of one production well and two observation wells were arranged in a triangular 
pattern. Major factors that were considered include thickness of and continuity of coal beds, 
depth of coal beds, and structural geology. 
 
Construction of production and observation wells were commenced after drilling was 
completed. This is the stage in which pipes are installed. The depth below the coal beds was 
plugged with clay and plugged by cement above the coal up to the surface while at the depth 
interval where coal beds were found, a screen was installed to allow coalbed gas to flow into 
the well. Gravel pack is placed to coal bed up to 4 meters.  
 
The depth interval where coal beds were found in both production and observation wells is 
show in Table 1. The enclosing strata are made up of mudstone, claystone, shale, sandstone, 
and unconsolidated clay. The coal-bearing strata are divided into the upper coal bed and the 
lower coal bed. The upper coal bed is found at the depth of 12-16 meters with the thickness of 
4 meters. The lower coal bed is found at the depth of 204-207.5 meters with the thickness of 
3.5 meters. Between the upper and lower coal beds, mudstone and claystone, with an 
aggregate thickness of 188 meters, are present in the depth interval of 16-204 meters. 
 

Table 1. Coal Depth Interval 

Hole Name Total Depth (m.) Depth to Coal  
Seam (Top/bottom) 

Coal 
Thickness (m.) 

MTO 1/46 213.00 200.80-202.20 1.40 

MTO 2/46 220.00 195.50-198.20 2.70 

MTP 1/46 209.00 204.00-207.50 3.50 
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Coal Property Analysis 
 
Ten coal samples were analyzed for the properties of heating value, fixed carbon, volatile matter, 
moisture, specific gravity, total sulfur, and other mineral matter contents show as shown in Table 2. 
Some physical properties were also included such as coal petrography, compressive strength, 
and coal permeability and porosity.  These properties were correlated directly to the gas 
absorption and desorption of the coal. 
 
The volatile matter of the coal was not less than 25% by weight and the coal classification 
was sub-bituminous C or higher. 
 
The coal petrography analysis indicated low to moderate gas potential in pore space of the 
coal with cleats developing upon drying and release of pressure but with some cleats filled 
with minerals. 
 
Compressive and tensile strength tests were modified to the well stimulation artificial coal 
seam fracturing.  At the approximately 200 meters depth of the Mae Tha coal seam, the 
surface compression pressure of 400 psi will be enough to make the fractures and cleats join 
in the coal seam. 
 
The measurement results show porosity of 1.85-5.24% with an average of 3.88% and 
permeability of 0.034-27.70 md (millidarcies) with an average of 2.5x10-3 md equivalent to the 
long-term pumping test of 2.7 md and equivalent to 1.97x10-3 meters per day.  The result of low 
gas flow rate was affected by the low coal bed groundwater yield. 
 
The quality of the coal from the Mae Tha Basin as concluded from the result of the present 
analysis is as follows: 
 

Table 2. Result of coal property analysis 

Property Maximum Value Minimum Value Mean Value 
Fixed carbon (%) 45.47 24.54 36.75 
Moisture (%) 21.04 9.32 16.28 
Carbon (%) 25.56 15.41 20.66 
Hydrogen (%) 4.39 2.96 3.80 
Nitrogen (%) 2.16 1.11 1.75 
Sulfur (%) 11.16 2.34 3.96 
Specified gravity 1.89 1.33 1.49 
Heating value (cal/g) 5,683.48 3,147.89 4,666.46 

 
Gas Quantity and Property Analyses 
 
The eleven coal samples and gas samples produced at the well head and collected in canisters 
were analyzed for the gas quantity and properties by gas chromatography with the following 
results: 
 
The gas in place ranged from 10 to 70 cc/kg and averaged 40 cc/kg or 1.41 cubic feet per ton.  
Coal desorption is estimated at average of 35 cc per ton. 
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The gas composition (12 samples analyzed) is mainly N2 with no methane. This can be 
compared to biogas sample, having 70.3% methane. 
 
Coal Seam Groundwater Quality Analysis 
 
Twenty groundwater samples were analyzed for public utilization to determine pH, salinity, 
alkalinity, electro-conductivity, and total dissolved solid  
 
Five water samples were analyzed for environmental impact protection. The pH, total 
dissolved solids, suspended solids, chemical oxygen demand, biochemical oxygen demand 
and sulfide content were determined. The water quality in the Mae Tha coal seam is 
moderately good with no adverse environmental impact and can be utilized for agriculture. 
 
Gas Flow Rate Test 
 
The combination gas flow rate tests evaluated with the coal seam fracturing study, coal 
petrography analysis, compressive strength test, porosity and permeability and gas absorption 
and desorption analyses indicate the following: 
 
Gas in place factors; the porosity ranged between 1.85-5.24% with the average of 3.88% and 
the supposed total gas desorption averaged 35 cubic feet per ton. 
 
Gas flow factors; the low permeability allowed only 2.5x10-3md water to flow through thus 
requiring more suitable coal seam fracturing techniques in order to increase the permeability 
and to increase as much as possible the surface area for coal seam gas trapping and flowage. 
 
Gas flow rate factors; the coal bed gives a high flow rate at the earlier stage and then the rate 
decreases while requiring a greater rate of dewatering. 
 
Gas Reserve Evaluation; the operational reserve evaluation procedures are performed as 
follows: 

i)  The strike of coal beds is 327°-328° and dips are 9°-10° to the northeast but the beds are 
downfaulted to greater depth by normal faulting towards the centre of the basin. The 
structural contour map of the top of coal-bed and the coal thickness display these 
inconsistencies. 

ii) Coal reserve calculation from the polygonal method was performed and indicated 23.90 
million tons of total coal reserves. 

iii) If the assumed total gas desorption of the coal is 35 cubic feet per ton, the total gas in-
place reserves will be about 836.50 million cubic feet. The gas chromatograph 
measurement on methane contents were doubtful. If the methane content in gas is assumed 
to be 70%, the methane in place reserves should be 585.55 million cubic feet. 

 
Water Quality 
 
Water quality by gas production can be compared with water quality of environmental standard for 
industrial estates (Ministry of Science, Technology, and Environment, 3rd announcement, 1996). The 
average analyses results shown in Table 3 are in the standard range. In conclusion, the by-
product water is of good quality and can be disposed to the public surface water without any 
adverse environmental impacts. 
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The by-product water quantity and quality of CBM under the control of valves, pipes, and 
separator, may have a positive impact because it can serve through controlled management i.e. 
pumping directly to agricultural fields. At the site of a production well, the equipment and 
plant will have no significant effect on land use because only a few square meters are required 
and also there is no need to reclaim. From the water quality result on Table 3, no water treatment 
is required before water can be either directly utilized or disposed. 
 

Table 3. CBM Water Quality Analysis 

Parameters Analysis Results Standard 
  Water temperature (◦c) 32.22 ≤37 

pH 7.10 5.5-9 
  Conductivity; milli-ohms/meters 326.11 ≤ 30,000 
  TDS: total dissolved solid; mg/l 2,020 ≤ 5,000 

Salinity; mg/l 2,040 2,000-5,000 
 
 
Mae Lamao 
 
Production and observation wells 
 
Three wells, one production well and two observation wells, were located in a straight line. 
Major factors that were considered in well location included thickness and continuity of coal 
beds, depth of coal beds and structural geology. 
 
Final completion of the production and observation wells was commenced after drilling was 
completed. This is the stage at which pipes are installed. For the depth interval above or 
below the coal beds, blank casing was installed while at the depth interval where coal beds 
occurred screen was installed to allow coalbed gas to flow into the well. Gravel packing was 
placed from the bottom of the well upwards to 5 meters above the top of the coal bed. The 
remaining section of the well upwards to the depth of 50 meters was clay plugged. A cement 
plug was placed from the depth of 50 meters to the surface to prevent percolation of surface 
water. 
 
The depth intervals at which coal beds are found in both production and observation wells are 
shown in Table 4. The enclosing strata are made up of mudstone, claystone, shale, sandstone, 
conglomerate, breccia, and Quaternary unconsolidated clay-sand-gravel. The coal-bearing 
strata are divided into an upper coal bed and a lower coal bed. The upper coal bed is found at 
the depth of 261-270 meters (thickness 9 meters) and lower coal bed at the depth of 281-286 
meters (thickness 5 meters). Between the upper and lower coal beds, sandstone and claystone 
with a thickness of 11 meters are present.  
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Table 4. Coal Depth Interval 

Hole Name TD. (m.) Coal Seam (m.) Coal Thickness (m.) 

MLO 2/47 308.00 274.70-283.60, 
296.00-300.50 

8.90 
4.50 

MLO 1/47 293.00 264.85-274.68, 
285.50-291.20 

9.83 
5.70 

MLP 1/47 317.00 262.00-272.00, 
281.00-287.00 

10.00 
6.00 

MLP 1/48 291.00 255.30-264.75, 
274.60-279.12 

9.45 
4.52 

 
Properties of coal 
 
Analytical results of the physical and chemical properties of coal from the production and 
observation wells are shown in Tables 5 and 6. 
 

Table 5. Analytical results of the coal including specific gravity, 
proximate analysis and heating value 

Proximate analysis (%) ( as received ) 
Well no. Specific 

gravity Moisture 
content 

Ash 
content 

Volatile 
matter 

Fixed 
carbon 

Heating 
value 

(Kcal/kg) 
Production well 
CBM-ML-P1/47 1.52 17.01 25.20 26.33 31.45 4,051.00

Observation well 1 
CBM-ML-01/47 1.47 13.48 24.99 29.01 35.17 4,411.00

Observation well 2 
CBM-ML-02/47 1.41 17.39 16.47 29.23 36.83 5,121.00

Production well 
CBM-ML-P1/48 1.52 16.92 30.15 25.65 27.28 3,722.75

Average value 1.48 16.20 24.2 27.56 32.68 3,461.15

 
Table 6. Results of the ultimate analysis 

Ultimate Analysis %w/w ( dry basis ) 
Well no. 

Carbon Hydrogen Nitrogen Sulfur 
Remarks 
% ashes 

Production well 
CBM-ML-01/47 42.11 4.39 0.96 0.85 25.02

Observation well 1 
CBM-ML-01/47 48.56 3.86 0.99 1.75 17.88

Observation well 2 
CBM-ML-02/47 60.75 6.27 2.94 1.80 19.46

Production well 
CBM-ML-01/48 20.31 2.04 1.30 2.38 30.15

Average Value 42.93 4.14 1.55 1.70 -

 



New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  139 

The analyses show that the coal from the drilled wells have an average specific gravity of 1.48, 
moisture content of 16.2%, ash content of 24.2%, volatile matter of 27.56%, and fixed carbon 
of 32.68%. The values of moisture content and fixed carbon are low because of high inorganic 
content. The elemental analyses indicate that the coal is composed of 42.93% carbon, 4.14% 
hydrogen, 1.55% nitrogen, 1.7% sulfur, and the heating value is 3461.15 calories per gram. 
These values indicate that the coal from the Ma Lamao basin belongs to sub-bituminous to 
bituminous rank according to the ASTM standard. It should be noted that high ash content in 
the coal renders it of poor quality and the low carbon and hydrogen content may affect the 
quantity of coalbed methane. 
 
A coal petrographic study was conducted to determine the maturity of hydrocarbons. In 
addition, types of marcerals, cleats, and pore space in coal are key factors that determine the 
generation of coalbed methane. This study shows that the coal from the Mae Lamao basin 
consists of marcerals belonging to vitrain. The majority of marcerals belong to the humunite 
group, with subordinate liptinite, and rare inertinite. High amount of inorganic matter is 
observed and is largely made up of pyrite and silica replacing former cell wall and pore space 
in the coal. Vitrinite reflectance in oil (Ro) is 0.41% on average. The vitrinite reflectance of 
the upper coal bed is lower than that of the lower coal bed, suggesting that the lower coal bed 
has a higher coal rank than the upper coal bed, probably due to the effect of deeper burial. The 
low value of vitrinite reflectance indicates that the depth of burial is relatively shallow and gas 
and oil generation is immature.  
 
The study of the cleat system reveals that the upper coal bed has more cleats and has less 
mineral replacement than the lower coal bed. This allows the release of coalbed gases. 
However, due to its low maturity, the flammable gases are present in only small quantities. 
The lower coal bed is denser and is replaced by silica and pyrite that makes it relatively 
impervious, obstructing the flow of adsorbed gases. 
 
The study of small visible fractures in the rock and coal core samples from the production 
well indicates only a small number (53) of fractures representing an intensity of 0.5 fractures 
per 5 meter of core length. The majority of fractures is restricted to the depth of 170-260 
meters and dip at high angles of between seventy and ninety degrees. These fractures are 
associated with coal beds and the high dips suggest that these fractures are part of the cleat 
system in the coal beds that facilitate an increase in the productivity of gases. 
 
Quantity and properties of coalbed gases 
 
Tests to determine quantity and properties of coalbed gases are considered to be the most 
important step in the study to obtain accurate and precise data for assessment of commercial 
coalbed methane development. Analyses of the quantity of methane gases is based on a 
desorption test by replacement water in the canister with the released gases. 
 
Procedures: An approximately 50 cm long core of coal was put in a canister as soon as 
possible after removing it from the drill hole. The amount of time that had elapsed since the 
coal was retrieved and removed from the drill together with the time taken to put coal into the 
canister and close the canister lid was recorded. The canister was placed in a water bath and 
the bottom temperature maintained at 39 degrees Celsius. For the first nine hours the amount 
of gas released was measured every fifteen minutes using a gas flow meter system. The 
measuring time was extended to120 days to obtain data for prediction of the gas production 
rate. 
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The results of studies made on 11 coal core samples from the two observation wells and 13 
coal core samples from the production well indicated that the desorption of gas averaged 
about 0.2-0.31 cubic centimeter per gram or 7.2-10.95 cubic foot per ton. 
 
The properties of the gases were determined by collecting them in 10 canisters from both 
production and observation wells and analyzing using gas chromatographic techniques. The 
composition of the total gas released from the coal is as follows: 

Methane gas  about  60% 
Nitrogen  about  28% 
Carbon Dioxide  about  12% 

 
Gas flow rate 
 
Gas flow rate from the production well was analyzed using a well stimulation technique by 
pumping water from the coal beds to allow coalbed gases to flow into the well. The following 
procedure was used: 
 
A submersible pump was installed in the production well below the lower coal seam. The 
installation depth was 311.0 m including the length of the pump. The lower coal seam is 
found from 281.0 - 287.0 m depth. A pumping test was commenced by pumping water out of 
the well. Flow rate was measured and at the same time water levels in both production and 
observation wells were recorded. The data received were used for preliminary determination 
of coal permeability. Water was continuously pumped so as to keep the water level below the 
level of the coal seam. Pumping was suspended at predetermined time-intervals while the 
water level was always kept below the coal seam. Gas flow is measured by a system of gas 
flow meters. 
 
The results of well stimulation reveal that the water flow rate from the coal seam into the well 
was approximately 1.0 cubic meter per day or 0.04 cubic meters per hour. This water flow rate 
is considered to be very low, yielding a positive effect during the gas production. 
 
The gas flow during the first 10 days was measured at 19 liters. The resulting flow rate is 1.9 
liters per day or 0.067 liters per hour which is considered to be very low. The pumping test 
data were used to calculate the coal permeability by a hydrogeological technique yielding a 
result of 5 x 10-6 cm per second. The pumping test was continued for 45 days and it was found 
that after the first 10 days the gas flow had completely ceased. The reasons may be due to the 
low permeability of the coal and clogging by bentonite mud. 
 
Estimation of reserves of coal and coalbed methane 
 
The reserve estimation of coal in the Mae La Mao basin employed the circular method 
recommended by USGS (USGS Circular 891). Using the grid reference of the well as the 
center, circles with radii of 400, 1,200, and 4,800 m respectively are drawn to delimit the 
reserve areas. The coal reserves are then calculated as measured coal, indicated coal, and 
inferred coal respectively. 
 
The thickness of coal used in the reserve calculation is derived from an isopach map by 
integrating the entire thickness of all coal beds. In the current calculation, the total thickness 
of coal beds is the sum of the upper and lower beds. 
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The specific gravity of the coal from the upper coal seam and lower seam, as derived from the 
analyses, averages 1.40, while density of the coal as determined by the water replacement 
technique in the canister, averaged t 1.41 gm/cc. The two values are very similar; either value 
can be used as the coal density in reserve calculation. 
 
The reserve of coal is calculated based on the following formula: 

Coal reserve (metric ton)  =   Area x Thickness x Density 
 
In the calculation, there are two classes of areas, one is the area enclosing three new drilled 
wells and the other is the area enclosing existing exploratory drilled holes: 
 
The calculated reserve of coal in the area enclosing the three new drilled wells is as follows: 

Measured coal =        4,571,637.0 ton 
Indicated coal =       70,503,660.3 ton 
Inferred coal  =     1,208,820,046.5 ton 

 
The calculated reserve of coal in the area enclosing existing exploratory drilled holes is as 
follows:  

Measured coal =      60,881,895.5 ton 
Indicated coal =     188,324,000.2 ton 
Inferred coal  =     584,067,610.8 ton 

 
The reserve of coalbed methane is calculated based on the following formula: 
 
Reserve of gas (cubic foot) = Reserve of coal x Released gas 
 
In the estimation, the coal reserve calculated is based on a measured coal method. The gas 
released from canisters is measured at 0.31 cubic meters per ton or about 10.95 cubic foot per 
ton. Therefore, the gas reserve in the area enclosing three new drilled wells is calculated at 
50.1 million cubic feet and the gas reserve in the area enclosing existing exploratory drilled 
holes is estimated as 666.7 million cubic feet respectively. 
 
A PRIVATE COMPANY VENTURE 
 
In the 18th petroleum licensing round, the DMF (Government) awarded one petroleum block 
for CBM exploration in Surathanee province, Southern Thailand, under Thai III. The private 
company awarded the block was SVS.  SVS drilled two wells with no success due a lack of, 
or very thin, coal beds encountered. After this disappointing result, SVS totally relinquished 
the block. 
 
NEW PROJECTS 
 
The Department of Mineral Fuels (DMF) and the Electricity Generating Authority of Thailand 
(EGAT) have combined in 2006 in new projects to study oil shale in the Mae Sod basin in Tak 
Province and CBM in the Fang basin, Chiang Mai Province, located in the Northern part of 
Thailand. The objectives of the study are to determine the reserves, quality and to establish 
guidelines for future development of Oil Shale and CBM as alternative energy sources. 
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CONCLUSION 
 
CBM is still hoped to be one of the alternative sources for Thailand. The partially 
inconclusive results of previous projects argue for more assistance from CCOP to improve the 
following technical areas: 

• Drilling technology 
• Well completion to collect the gas, well testing – water pumping, injection 
• Sample collection to ensure gas capture 
• Laboratory testing 
• Reserves calculation  
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ABSTRACT:  In the last decade, gas demand in Indonesia and its surrounding 
region has   increased significantly as a result of the growing energy needs of 
newly developed industries. However, natural gas reserves are limited and there 
have been few discoveries of significant new reserves. Thus there is a need to 
develop alternative gas sources to meet the increasing demand. One of the most 
prospective alternative gas sources in Indonesia is Coalbed Methane. 
 
Recent studies have identified approximately 450 TCF of prospective CBM 
resources within eleven onshore coal basins in Indonesia including the South 
Sumatra, Kutai and Barito Basina. The potential of CBM, therefore, is clearly 
promising for increasing national gas reserves in the near future and the 
development of CBM should bring great economic, social and ecological benefits. 
 
The Government of Indonesia (GOI) supports the development of CBM and has 
initiated the first pilot project for CBM exploration in the Rambutan Field (South 
Sumatera). The aim is to establish CBM as a clean, environmentally safe energy 
source that can be developed primarily to fulfill domestic markets. The CBM pilot 
project will be completed by the end of year 2007. 
 
If the exploration is successful, the first contract for CBM development is expected 
to be signed in year 2009 and the production target for CBM of 1 - 1.5 BSCFD, 
representing 1 - 2% of the total energy consumption of Indonesia, is expected to be 
reached in year 2025. 
 
In order to support the growth of CBM business in Indonesia, the government of 
Indonesia has issued regulations for CBM development and the contractual terms 
and conditions for CBM Development are now being formulated and for issue in the 
near future. 

 
INTRODUCTION 
 
Energy plays an important role in many aspects of human life and in achieving national 
development goals. The availability of energy, in term of sufficient quantity and acceptable 
quality at affordable prices, stimulates many economic activities. As a developing country, 
with an increasing population, Indonesia’s energy demands have increased rapidly, growing 
by an average of 7% per year.  
 
Recently, about 54% of Indonesia’s energy is derived from oil, with the remainder from gas 
(27%), coal (14%) and other resources (5%). Although the demand for fossil fuel remains 
high, the reserves of fossil fuel are limited. Thus the need to restructure Indonesia’s domestic 
energy strategy in order to cope with the rapid growth in consumption poses a real and urgent 
challenge for the government. There is a dire need to diversify and increase the use of 
alternative and renewable energy resources in order to reduce the reliance on oil. 
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The Government of Indonesia through Presidential Decree No. 5/2006 has set out a target for 
an optimum energy-mix by 2025. The contribution of each energy type to the total energy 
supply in year 2025 is expected to be changed to less than 20 % for oil, more than 30% for 
natural gas, more than 33% for coal, more than 5% for biofuel, more than 5% for geothermal 
and more than 5% for other new and renewable energy resources such as 1-2% for CBM and 
2% for liquefied coal, biomass, nuclear, hydro, solar and wind energy. 
 
The increase in the target for the contribution of natural gas to the energy mix, from 27% in 
year 2005 to more than 30% in year 2025, will place great pressure on the exploration for gas 
resources. As the discovery of new conventional gas reserves is proving to be difficult, there 
is a need to develop alternative gas sources to meet the increasing demand. One of the most 
prospective alternative gas sources in Indonesia is Coalbed Methane (CBM). 
 
 
CBM POTENTIAL IN INDONESIA 
 
Indonesia has a large low rank coal deposits distributed within eleven onshore coal basins that 
are prospective for coalbed methane development (Figure 1).  
 
 
 

 

 

 

 

 

 

 

 
 

 
 
The potential for coalbed methane in Indonesia has been studied since early 1990’s and was 
pioneered by the Bandung Institute of Technology (Institut Teknologi Bandung, ITB). In 1998 
a joint study was conducted by Advanced Resources International Inc (ARI), PT Caltex 
Pacific Indonesia (CPI) and PERTAMINA. This study suggested an estimated CBM resource 
potential of 337 Tcf.  
 
ARI has also performed a comprehensive assessment of Indonesia’s CBM resources based on 
available petroleum and coal mining data. This study was supported by the Asian 
Development Bank and Directorate General of Oil and Gas (Ministry of Energy and Mineral 
Resources the Republic of Indonesia). It identified 453.3 Tcf of prospective CBM resources 
within the eleven onshore coal basins (Table 1).  
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Figure 1. Location of Indonesian Coal Basin (Stevens, 2006). 
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Table-1. Summary of CBM reservoir properties and estimated CBM resources 
(Stevens, 2006) 

  

Basin Province Target Completeable Coal Avg High- CBM Resources
Form- Coal Rank Depth Graded Complet- Concen-
ation Thickness Area able tration

(m) (Ro%) (m) (km2) (Tcf) (Bcf/mi2)
1 S. Sumatra Sumatra M.Enim 37 0.47 762 7,350 183.0 24.9
2 Barito Kalimantan Warukin 28 0.45 915 6,330 101.6 16.0
3 Kutei Kalimantan Prangat 21 0.50 915 6,100 80.4 13.2
4 C. Sumatra Sumatra Petani 15 0.40 762 5,150 52.5 10.2
5 N. Tarakan Kalimantan Tabul 15 0.45 701 2,734 17.5 6.4
6 Berau Kalimantan Latih 24 0.45 671 780 8.4 10.8
7 Ombilin Sumatra Sawaht 24 0.80 762 47 0.5 10.7
8 Pasir/Asem Kalimantan Warukin 15 0.45 701 385 3.0 7.9
9 NW Java Java T. Akar 6 0.70 1524 100 0.8 7.6
10 Sulawesi Sulawesi Toraja 6 0.55 610 500 2.0 4.0
11 Bengkulu Sumatra Lemau 12 0.40 610 772 3.6 4.7

Total 30,248 453.3 15.0  

 
The potential CBM resources in Indonesia (Stevens, 2006) were summarized in the following 
paragraphs. 
 
The South Sumatra Basin appears to be the most prospective for CBM development. The 
preliminary prediction suggests that recoverable CBM resources in the South Sumatra Basin 
at target depths of 300-1,000 m are estimated at 183 Tcf, accounting for 40% of the total 
national resources. The Muara Enim Formation, as a target formation, contains a thickness of 
37 m of high vitrinite sub-bituminous coal with extremely low ash content. Furthermore, the 
South Sumatera basin, as a petroleum producing basin, has much data relevant to operational 
logistics and gas markets. 
 
The Central Sumatera Basin has an estimated recoverable CBM source of 53 Tcf at an 
average target depth of 762 m. The target formation for CBM development is the Upper 
Petani Formation. This formation contains a thickness of 15 m of lignite to sub bituminous 
coal with 10% ash and 2% CO2 contents. The Central Sumatera basin is a significant 
petroleum producing basin. Gas markets and operational logistics are well established. 
 
TheBarito basin is also prospective for CBM development. The CBM resource at a target 
depth of approximately 800 m is estimated at 102 Tcf and represents the 2nd largest CBM 
resource in Indonesia. The target formation for CBM development in the Barito basin is the 
Warukin Formation. This formation contains a thickness of 28 m of sub-bituminous coal with 
low ash and CO2 contents. The Barito basin is not a significant petroleum producing basin and 
data concerning operational logistics and gas markets are therefore inferior to those in South 
Sumatera. 
 
The Kutai basin has an estimated CBM resource of 80.4 Tcf at a target depth of approximately 
900 m. This basin contains 2 primary target formations for CBM development, the Kamboja 
and Prangat Formations of the Balikpapan Group which has 21 m of bituminous coal 
thickness with low ash and CO2 contents. As a major oil and gas producing basin, the Kutai 
Basin has established gas markets and operational logistics. 
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The Berau basin is a major coal producing area but only limited oil and gas producers are 
operating in this area. Although operational logistic data are available in this area, the gas 
market is limited. Furthermore, the required data control to evaluate CBM potential in more 
detail in this area is also limited. The CBM resources at a target depth of approximately 670 m 
are estimated at 8 Tcf. The target formation for CBM development is the Latih formation 
which contains a thickness of 24 m of sub-bituminous to high-volatile bituminous coal with 
low ash and CO2 contents. 
 
The North Tarakan Basin has CBM resources of 17.5 Tcf at an average target depth of 700 m. 
The target formation for CBM development is the Tabul Formation which consists of sub-
bituminous to bituminous coal, 15 m in thickness and with low ash and CO2 contents. The 
basin currently has limited onshore oil and gas production, thus limited information is 
available to evaluate CBM potential in this basin in greater detail. 
 
The other basins indicated (Figure 1) have some limited CBM resource potential but they 
appear to be less prospective than the South Sumatera, Central Sumatera, Barito, Kutei, Berau, 
and North Tarakan Basins. The prospective CBM area in the Ombilin Basin is relatively small 
(50 km2) and contains coal with a high CO2 content (40-70%). The coal seams in the 
Jatibarang Basin are found at a depth of more than 2,000 m. The Bengkulu Basin is 
considered too structurally complex for CBM development and the South Sulawesi Basin 
contains only thin coal seams. 
 
 
PROGRESS ON CBM DEVELOPMENT 
 
As indicated above, a recent study has indicated vast CBM resources in Indonesia and CBM 
is probably one of the most promising alternative resources for energy generation. It is 
expected that development of CBM resources will substantially increase national gas reserve 
and contribute to energy back up in the near future. 
 
Although Indonesia’s onshore coal basins have not yet been subjected to significant testing 
for CBM, the interest to developing CBM has become greater since the success of low-rank 
CBM development in the Powder River Basin, Wyoming, USA and also with the improved 
understanding of the characteristics of Indonesia’s likely CBM-coal seams. Moreover, the 
Government of Indonesia fully supports the development of Indonesia’s CBM resource.  
 
GOI initiated the first pilot project for CBM exploration in Indonesia in 2003 the Rambutan 
Field, South Sumatera Province, with the Muara Enim Formation (South Sumatera Basin) as 
the target formation CBM development. The pilot project is scheduled to be finished by the 
end of 2007. 
 
LEMIGAS, a governmental R&D Centre for Oil and Gas Technology under the Agency of 
Research and Development for Energy and Mineral Resources, was been assigned to lead the 
first CBM pilot project with the ultimate goal of stimulating CBM development in Indonesia. 
In this first pilot project, LEMIGAS has entered into partnership with Medco E&P Indonesia 
(MEPI) as national oil and gas ‘Production Sharing Contractor (PSC)’. MEPI operates an oil 
and gas working area in South Sumatera, including the Rambutan Field.  
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The pilot project has two objectives covering both R&D and business achievements. The 
R&D objective includes increasing the capabilities of the national human resources and 
developing a centre of excellence for CBM Development in Indonesia. The other objective 
includes establishing the CBM reserves and CBM producibility at the location of the pilot 
project, developing an ‘investment window’ through a CBM database and initiating CBM 
exploration in the South Sumatra Basin (Legowo, et al, 2006). 
 
It is planned to drill five CBM pilot wells in the Rambutan Field. A tightly spaced pattern of 
the five wells has been chosen based on the experience of CBM exploration in USA. This 
pattern of production pilot wells is also designed to study the nature of CO2 injection in 
relation with both enhanced CBM recovery as well as CO2 sequestration in the Rambutan 
Field. 
 
Recently, two pilot wells, CBM-1 and CBM-2, have been drilled with depths of 610 m and 
950m, respectively. Approximately 100 ft of core samples of Muara Enim coal from CBM-1 
have been sampled and analyzed for detailed CBM reservoir properties as well as methane 
gas potential. At least five main coal seams with thicknesses varying from 25-45 ft have been 
indicated from well CBM-1. 
 
The gas content measured from CBM-1 core samples varied from 0.5 to 3.6 m3/t. The seam 
gas consisted mainly of methane (80 to 93%) with smaller ammounts of CO2 (6 to 19%), N2 
and heavier hydrocarbons (less than 1%). The so-called Seam 3 shows the maximum gas 
content of 3.6 m3/t. Overall, the measured properties show that Seam 3, with the highest gas 
content, porosity, diffusivity and methane saturation, is the most suitable for methane 
production (Legowo, et al, 2006).  
 
Currently (late 2006), analyses of CBM-2 core samples are being conducted but the results 
have not yet been reported. During the drilling of well CBM-2, a gas surge was observed from 
the top of Seam 3, suggesting that the seam is rich of free gas.  
 
In order to complete pattern of five pilot wells, three more wells are being drilled and should 
be completed by the end of 2006. Following the completion of drilling, several programs to 
test CBM reducibility, including fracture stimulation and dewatering, will be conducted in 
2007. 
 
 
ROAD MAP OF CBM DEVELOPMENT 
 
Recently, the Government of Indonesia through Presidential Regulation no. 5/2006, has set 
out the target for an optimum mix energy by 2025 (see ‘Introduction’ above).  
 
As a new energy source, CBM is expected to contribute around 1 – 2 % of the total energy in 
year 2025. In consideration of this expected CBM contribution in 2025, a road map for the 
CBM development program has been established (Figure 2). 
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Figure 2. Road Map of CBM Development Program. 
 
 
As the first CBM pilot project entering project evaluation phase in year 2007, more pilot 
projects to be carried out by private sectors are expected to begin and CBM development 
contract terms and conditions are also expected to be issued. Then, the first CBM 
development contract is expected to be signed in year 2009. The CBM production target of 1 - 
1.5 BSCFD or 1 - 2% of the total energy consumption is expected to be reached in year 2025. 
An increasing number of CBM development contracts and investment for CBM development 
will result in a gradual increase in CBM production. A total investment of USD 600 million 
for over a period of 5 years is required to increase CBM production to 100 MMCFD by year 
2014. Additional investment of USD 2.5 billion over a period of 10 years is also required in 
order to achieve the CBM production target of 1-1,5 BCFD in year 2025. 
 
 
REGULATION 
 
In order to support the growth of CBM business in Indonesia, the Government recently issued 
Ministerial Regulation No. 033/2006 concerning the Business Activity of Coalbed Methane 
Development. The objectives of the Ministerial Regulation are to create conditions conducive 
to investment, to increase the national gas reserves from CBM, and to make new operational 
opportunities.  
 
In the Ministerial Regulation No. 033/2006, several aspects related to coalbed methaned
evelopment have been covered: 
1. Planning and stipulation of CBM operational areas 
2. Offering of CBM operational areas in open area 
3. Offering of CBM operational areas in the oil and gas operational area 
4. Offering of CBM operational areas in the coal mine operational area 
5. Offering of CBM operational areas in the overlapping area 
6. Activity steps (pre contract, contract period, post contract) 
7. Data management and utilization 
8. Rules for development and supervision and relinquishing (partial/total)  
 CBM operational areas. 
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In order to complete the regulations related to CBM development, the contractual terms and 
conditions for CBM development are now being formulated and will be issued soon. 
 
 
CONCLUSIONS 
 
1. A recent CBM study has identified a total of 450 Tcf of prospective CBM resources 

within eleven of Indonesia’s onshore coal basins. The potential of CBM as an energy 
source is promising and this will increase national gas reserves and contribute for energy 
back up in the near future. 

 
2. The Government of Indonesia has initiated the first pilot project for CBM exploration in 

Indonesia. This first pilot project was started in 2003 and is located in the Rambutan Field, 
South Sumatera Province. The pilot project is scheduled to be completed by the end of 
2007. 

 
3. Learning from the experience of CBM exploration in USA, a pattern of five closely 

spaced drill holes has been implemented on the CBM pilot project. The pattern of pilot 
production wells is also designed to study the nature of CO2 injection in relation with 
both enhanced CBM recovery as well as CO2 sequestration in the Rambutan Field. 

 
4. As new energy sources, CBM is expected to contribute around 1 – 2 % of the total energy 

in year 2025. In order to achieve this target road map of CBM development program has 
been set up. 

 
5. In order to support the growth of CBM business in Indonesia, the government of 

Indonesia has issued Ministerial Regulation No. 033/2006 concerning Business Activity 
of Coalbed Methane Development. The contractual terms and conditions for CBM 
Development are now being formulated and will be issued soon. 
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ABSTRACT: The Japanese CO2 sequestration in coal seams project (JCOP) 
commenced 2002 with support from the Ministry of Economy, Trade and Industry 
(METI). The main operator of this project is the General Environmental Technos Co. 
Ltd. (KANSO Technos). Several universities, institutes and other also perticipate in 
the project. Field testing for this project started in 2003 in the Yubari area of the 
Ishikari Coal-field in Hokkaido.  
 
A CO2 injection well (IW-1) was drilled in 2003, and a production well (PW-1) was 
drilled in 2004. Gas compositions and 13C isotope analyses indicate that there are 
no gas leaks to surface and that the injected CO2 gas had not reached PW-1 by the 
end of summer, 2006. 

 
 
INTRODUCTION 
 
The main targets proposed for CO2 storage in geological formations are oil reservoirs and 
abundant or dry wells in oil and gas fields, deep brines and coal seams. The technology for 
CO2 sequestration in coal seams has some advantages for energy balance because enhanced 
coal bed methane (ECBM) recovery can result simultaneously with CO2 storage in coal. The 
Japan CO2 sequestration in coal seams project (JCOP) has been ongoing since 2002 under the 
full sponsorship of the Ministry of Economy, Trade and Industry (METI). The main operator 
of the project is the General Environment Technos Co., Ltd. (KANSO Technos) with several 
contractors such as the Japan Coal Centre (JCOAL) and advisors from universities and 
institutes for the basic research. 
  
The field-test site for CO2 storage in coal was decided as Yubari city, Hokkaido, located in the 
Ishikari Coal-field (Figure 1). Two test wells, one an injection well (IW-1) and the other a 
CBM production well (PW-1) were drilled in 2003 and 2004. Both were drilled to 900 m in 
depth and the two wells were 65 m apart at their base (Figure 2). The CO2 injection test has 
been operated since 2004 (Figure 3) and several environmental monitoring observations have 
been carried out. 
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Figure 2. Geological Cross Section of Test Site. 
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Figure 1. Location of Field Test Site. 
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The organic geochemistry research group in GSJ/AIST is in charge of the geochemical 
monitoring of soil gas from in the vicinity of the injection well (IW-1) in order to test for the 
possible leakage of injected CO2. Also, a major topic for the research is geochemical 
monitoring of the behavior of CO2 behavior in the coal seam. This has been undertaken so 
that the time for injected CO2 to reach to PW-1 could be detected by measurements of CBM 
composition and 13C carbon isotopes. 
 

        
Figure 3. Concept of the CO2 Sequestration Test at Yubari 

 
 
GEOCHEMICAL MONITORING OF SOIL GAS 
 
The analyzed soil gas samples were collected from seven locality points. Four points (G-3, G-
3-1, G-3-2, G-3-3) were located at less than 50 m from IW-1, another three (G-1, G-2, G-4) 
were situated several hundreds of metres distant (Figure 4).  
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Figure 4. Soil Gas and CBM Sampling Point at Test Site 
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Soil gas analyses were as follows: 
• Gas composition: hydrocarbons (C1-C5), Ar, N2, O2, CO2, H2 and He 
• Isotope analysis: 13C carbon isotope ratio(δ13C) of CO2 and CH4 

 
Results of analyses indicate that: 

• In the samples of 06/04/18 and 06/ 5/24, CO2 contents of G3 and G-3-3 exceed 1%, but 
others are less. 

• In the samples of 06/07/14 and 06/9/12, G-3-3 is still has a high CO2 content, but G-3 
has decreased to less 1%. 

• CO2 content of G-2 increased to over 1%. 
• There is no relationship between CO2 contents and 13C values in the samples with CO2 

contents exceeding 1%. 
• Hydrocarbon contents are 10 ppm in all samples. 

 
There are two possible causes of the high CO2 contents as indicated in Figure 5.  
 

 

Figure 5. Concept for the reasons for high CO2 content 
 
 
The method of clarifying which of those two possibilities is most likely is by measuring the 
relative abundance ratios of N2, Ar, and O2 which major elements of air. Figure 6 shows the 
Ar, O2 and N2 contents versus N2 contents and includes dashed lines that show the ratios in air. 
All samples are plotted on the air ratio line for N2 and Ar and most samples are close to the 
line for N2 and O2, but several samples fall off the latter ratio line. Samples off the line are the 
same as those with high CO2 contents, so it is inferred that O2 is consumed in generation of 
CO2 during the decomposition of organic matter by the activity microorganisms. The high 
correlation coefficient between the O2 and CO2 contents support this inference (Figure 7). 
 



New Energy Resources in the CCOP Region - Gas Hydrates and Coalbed Methane  155 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

72 74 76 78 80 82
N2(%)

�
A
r(
%)

C
O
2(
%)

0

5

10

15

20

25

O
2(
%)

Ar(04/18) Ar(05/24) Ar(07/14) Ar(09/12)
Ar(air) CO2(04/18) CO2(05/24) CO2(07/14)
CO2(09/12) O2(04/18) O2(05/24) O2(07/14)
O2(09/12) O2(air)  

Figure 6. Soil Gas Composition 
 

0.0

1.0

2.0

3.0

4.0

14 19 24

O2(%)

C
O
2(
%)

04/18 05/24 07/14
� �9 12 AIR regression line  

Figure 7. Relation between CO2 and O2 
 

The soil gas analyses suggest that the high CO2 content is caused by the activities of O2 
consumption and CO2 generation near the surface and is not caused by the leakage of injected 
CO2. 
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INJECTED CO2 MONITORING OF CBM FROM PW-1 
  
13C carbon isotopic ratio (been commenced since 2002) of CO2 in CBM from PW 1 was 
valued +12.7‰ and CO2 contents was 2% on November 2004 just before CO2 injected. 13C 
values of injected CO2 are ranged from -26‰ to 27‰ which is very stable. Figure 8 is 
estimated relations between 13C values and contents of CO2 if injected CO2 will be added to 
CBM. It will be possible to confirm CO2 reaching to PW-1 based on monograph such as 
Figure 8.  Measurements of 13C values and composition of CBM have been done once in 
every month since CO2 injection in 2006 (Figure 9).  
 

13C values were changed from 3.5‰ to +19.5‰, but they have no trend of increasing or 
decreasing continuously. CO2 contents are still low and also have the same condition. Then it 
is inferred that CO2 gas injected from IW-1 does not reached to PW-1 and coal seams have 
some capacities to absorb CO2. This geochemical monitoring result for PW-1 CBM is good 
consistency with the computer simulation for gas behavior in this test site. The stop for CO2 
injection will be had to decide if continuous decreasing of 13C values will be observed.  
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Figure 8. Concept diagram for the variation in d13C values and 
content of CO2 by injected CO2 change 
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Figure 9. Monthly changes on d13C values and CO2 Contents of PW-1 CBM 
 

 

SUMMARY AND CONCLUSIONS 
 

• The CO2 sequestration in coal seams in Japan commenced in 2002. 
• The field test for CO2 injection started in 2003 with 2 wells (PW-1 and IW-1) drilled. 
• The geochemical monitoring of soil gas and CBM from PW-1 has been conducted by 

the Organic Geochemical Group of GSJ/AIST. 
• Gas compositions and d 13C values were analyzed for soil gas samples collected from 

around IW-1 and for CBM from PW-1. 
• Some high CO2 contents in soil gas are caused by CO2 generation near the surface and 

not by CO2 leakage. 
• The injected CO2 from IW-1 has not reached PW-1 as shown by the fact that there is 

because of no continuous shift of d 13C values observed in the CBM.
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ABSTRACT: Previous research work on CBM gas compositions at several coal 
mines in the Ishikari Coal-field in Hokkaido has indicated that all coal mines except 
the Akabira Coal Mine have more than 99.5% of methane content in total 
hydrocarbons. 
 
From our results, Ethane (C2) and C3+ light hydrocarbons contents ranged from 
about 1% to 3% in Akabira CBM gas compositions. The 13C carbon isotope 
composition of the methane indicates that the methane is thermally generated and 
not biogenetic. Gas compositions in each producing area in Akabira Mine show 
that there is a greater contribution of deep gas in western part of the mine. The 
geological map of the mine area indicates the presence of several faults with NNE-
SSW trends. It is inferred that deep gases migrated along several of the faults and 
mixed with CBM in the coal seams. 
 
Keywords: CBM, Akabira, gas composition, 13C isotope 

 
 
INTRODUCTION 
 
The Akabira Coal Mine, in Ishikari Coalfield, Hokkaido (Figure 1), was operated by 
Sumitomo Coal Mining Co. Ltd. from 1938 until it closed in 1994. The mine was well known 
its abundant coal mine methane gas (CMMG).  It has previously been reported that the C2+ 
component of the Akabira CMMG amounted to more than 1% of total hydrocarbon content 
(Sasaki and Nagata shown in Suzuki et al., 2002). These results were very strange when 
compared with CMMG from elsewhere in Ishikari Coal-field, including the Yubari and 
Sorachi Areas, in Hokkaido. Here we report on several samples collected from the Akabira 
Coal Mine area in 2003 and 2004 in order to clarify the origin of the Akabira CBM. 
 
 
SAMPLES 
 
Major coal seams at Akabira are of Paleogene age and comprise coal generally of bituminous 
rank. The general geological structure of Akabira Mine is synclinal with several faults striking 
NNW and dipping eastwards dip (Figure 2). CBM samples were collected at 5 localities; three 
from the mouths of inclined shafts and two of vertical shafts. Their names and localities are 
shown in Figure 2 and in Table 1. Arrows of sample localities in Figure 2 indicate the 
downward directions of inclined shafts. The gas sample source areas in the No.3 inclined 
shaft and in the Kamiuta vertical shaft are situated on the western limb of a syncline, and the 
others are situated on the eastern limb. 
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RESULTS 
 
Gas Composition 

Figure 3, in which O2, Ar, CO2 are plotted against N2, shows the major components of CBM 
with the exception hydrocarbons. The very few compositions in O2 suggests that almost all 
samples had no air mixing, but it is inferred by the good correlation between Ar and N2, that 
Ar and N2 are adsorbed at Akabira Coal Mine. 
 
 

Figure 1. Index map of Akabira 
Coal Mine 

Figure 2. Geological map around Akabira  
      Mine and sampling localities 

Sample No. No. in Map Locality Name

Akabira 2003
A-02 1 No.1 inclined Shaft
A-04 2 No.2 inclined Shaft

A-03 3 No.3 inclined Shaft
A-01 4 Kita Vertical Shaft
A-05 5 Kamiuta Vertical Shaft

Akabira2004
AK-2 1 No.1 inclined Shaft
AK-3 3 No.3 inclined Shaft

AK-1 4 Kita Vertical Shaft

    Table 1. Sample numbers and localities 
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Hydrocarbon Analyses 

Methane and ethane contents in total hydrocarbon in various districts are shown in Figure 4. 
Other data in Figure 4, which were referred to in previous papers or derived from personal 
communications, suggest that Akabira CBM is mixed with more deeply derived gas such as 
that from oil and gas-field components. Biogenic methane gas such as that in the Chiba and 
Miyazaki gas-fields also typically has low contents of C2+, but carbon isotope data do not 
support a biogenic origin in this case. 
 
Carbon Isotope Analyses 

The 13C isotope ratio of methane is very good for discriminating between thermogenic and 
biogenic origin. Analytical results for the carbon isotopes of Akabira CBM are shown in 
Figure 5 together with some previously reported data. It is clear that the Akabira CBM was 
derived from mature source rocks and is of thermogenic origin. This result is in concordance 
with hydrocarbon analyses (above). 
 

 
 Figure 4. Hydrocarbon composition          Figure 5. Result of 13C isotope analysis and         
                                                     orgin of gas 
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Figure 3. Gas composition at Akabira 
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ORIGIN OF AKABIRA CBM 
 
In Akabira mine simple hydrocarbon composition analysis was undertaken in several 
consecutive several months in 2001. Results from the samples taken from the different shaft 
entrances (Figure 6) suggest that gas compositions of the different sites indicate a regular 
pattern. For example, the richness in ethane (C2) from the various shafts varies from higher to 
lower as shown below. 

 No.3 > (KAMIUTA) > No.2 > >= KITAHAI >= No.1 

It is assumed that the western side of Akabira mine, situated on the western wing of the 
syncline and the hanging-wall of the faults, is richer in C2+ than the eastern side as more deep 
gas has been injected from the western side. It is inferred that deep gases migrated along 
several NNE trending faults (see Figure 2) and mixed with CBM (Figure 7). 
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 Figure 6. Result of compositional analysis at each 
mine entrance, Akabira. 

Figure 7. Mechanism of gas migration from deeper area. 
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