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ABSTRACT 
Gas Hydrates Markup Language (GHML) has been under development since 2003 by the 
CODATA Task Group “Data for Natural Gas Hydrates” as an international standard for data 
storage and transfer in the gas hydrates community. We describe the development of this evolving 
communication protocol and show examples of its implementation. In describing this protocol, 
we concentrate on the most recent updates that have enabled us to include ThermoML, the widely 
used IUPAC XML communication standard for thermodynamic data, into the GHML schema for 
the representation of all gas hydrate thermodynamic data. In addition, a new GHML element for 
the description of crystal structures is described. We then demonstrate a new tool - Guided Data 
Capture for Gas Hydrates - for the rapid capture of large amounts of data into GHML format. 
This tool is freely available and publicly licensed for use by any gas hydrate data producer or 
collector interested in using the GHML format. An effort will be made to achieve a consensus 
between scientific journals publishing thermophysical and structural data for gas hydrates to 
recommend their authors use this new software tool in order to generate GHML data files at the 
time of the submission of scientific articles. Finally, we will demonstrate how this format can be 
used to advantage when accessing data from a web-based resource by showing on-line access to 
GHML files for gas hydrates through a web service.  
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INTRODUCTION 
The interdisciplinary field of gas hydrate research 
is undergoing rapid growth. Publication rates in 
peer-reviewed journals have displayed nearly 
exponential growth in the century following the 
discovery of hydrates in the laboratory, 
culminating in 3010 refereed publications in the 

1990’s alone [1]. Much of this recent growth is 
due to the perceived value of methane clathrate as 
a non-petroleum-derived large-scale energy 
resource [2]. Recent estimates of the world’s 
naturally-occurring hydrated methane vary widely, 
ranging from 2.5 x 1015 m3 [3] to 1.2 x 1017 m3 [4] 
at STP, but the amount of organic carbon in 
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hydrates can be conservatively estimated as a 
factor of two greater than the total of all remaining 
petroleum and natural gas reserves [5]. The remote 
locations where hydrate exists and the dispersed 
nature of the deposits has prevented prospecting at 
present, but the perceived potential has encouraged 
many nations, including Japan, Germany, India, 
China, Korea, Taiwan, Canada, and the United 
States to invest heavily in hydrate recovery 
programs.  
Study of natural hydrate occurrences has led to the 
understanding that they typically exist close to 
their thermodynamic stability limit [4], so slight 
changes in ambient temperature or pressure may 
result in catastrophic release of methane, a potent 
greenhouse gas, with implications on global 
climate change [6] and seafloor slope stability [7]. 
Massive releases of organic carbon to the 
atmosphere and mass extinction events during the 
Permian Triassic [8], Late Jurassic [9], Late 
Paleocene Thermal Maximum [10], and other eras 
are often connected to the sudden release of 
hydrated gas.  
Gas hydrate publication rates are now such that a 
diligent researcher could be easily overwhelmed in 
attempting to maintain a broad understanding of 
the state of the art. One solution to this difficulty is 
the centralization of critically evaluated data sets. 
A database pertaining to clathrate hydrates is being 
developed to facilitate understanding of naturally 
occurring hydrate interactions with geophysical 
processes, aid in the application of hydrate 
knowledge to technologies involved in resource 
recovery and storage, and support the gas hydrate 
research community in general. This database, 
whose scope includes thermodynamic and 
structural data, will provide to researchers the 
ability to submit new datasets and retrieve high 
quality, critically evaluated data. By establishing 
the hydrate database at the United States National 
Institute of Standards and Technology (NIST) in 
Boulder, Colorado, in association with an 
international effort on the part of the Committee 
on Data for Science and Technology (CODATA), 
the viability of this project is secured well into the 
future. A critically evaluated hydrate database is 
essential for eliminating data redundancies, 
highlighting key data gaps, and providing an 
assurance of data quality to aid research efforts 
within the broader research community. 
A hydrate database center has been established at 
NIST as part of the Thermodynamic Research 
Center (TRC) [11]. The existing database at the 

core of previous TRC Group activities is SOURCE 
[12-13] which is the largest relational archival 
experimental data system, currently including 
more than 120 properties (including chemical 
structural information) for pure compounds, 
mixtures, and chemical reactions, with data 
records numbering in the millions. The gas hydrate 
database will be a critically evaluated dynamic 
data set, allowing for continuous updating and 
reliability analysis. The NIST TRC Group has 
extensive experience in software development for 
dynamic critical data evaluation, with particular 
application to thermophysical properties. The 
ThermoData Engine software [14-15], developed 
at TRC, is the first full-scale implementation of the 
dynamic data evaluation concept [16]. TRC 
currently has agreements with major publishers in 
the field of thermophysical properties for 
implementation of data quality assurance (DQA) 
procedures at the time of data submission by 
authors. Data files are provided by authors using 
Guided Data Capture (GDC) software [17-18] for 
file generation. This approach assures that 
submitted data are in an appropriate format [19-
21] and include sufficient supporting information 
regarding methods and materials to allow for 
accurate reliability estimates. Application of this 
proven model is essential to the success of this 
hydrate database. 
The data-transfer approaches associated with this 
data capture and storage effort are being 
coordinated with CODATA, which has been 
developing a markup language called Gas Hydrate 
Markup Language (GHML) [22-25] for 
communicating gas hydrate data throughout the 
research community and an international hydrate 
portal technology for centralized access to a 
number of database efforts. It is intended that all 
database output will be fully consistent with 
ThermoML and GHML. All data will be collected 
within an extension to the SOURCE data system 
operated with a relational data management 
system and support for internet-based 
dissemination. The database at NIST will include 
published structural and thermodynamic hydrate 
data. The design of the SOURCE data storage 
facility has been modified to accommodate all 
hydrate data within the scope of the current efforts. 
The GDC software architecture has been extended 
to allow capture of gas-hydrate data, and will 
include GHML compatibility. Data quality 
analysis tools in the GDC have been extended to 
accommodate property data for gas hydrates. 



 
GAS HYDRATE MARKUP LANGUAGE 
Thermodynamic property data represent a key 
foundation for development and improvement of 
all chemical process technologies. However, rapid 
growth in the number of custom-designed software 
tools for engineering applications has created an 
interoperability problem between the formats and 
structures of thermodynamic data files and 
required input/output structures for the software 
applications. Establishment of efficient means for 
thermodynamic data communications is critical for 
provision of solutions to such technological 
challenges as elimination of data processing 
redundancies and data collection process 
duplication, creation of comprehensive data 
storage facilities, and rapid data propagation from 
measurement to data management system and 
from data management system to engineering 
application. Taking into account the diversity of 
thermodynamic data and numerous methods of 
their reporting and presentation, standardization of 
thermodynamic data communications is very 
complex. 
A primary focus of development for this data 
dissemination effort has been the reformulation of 
the Gas Hydrate Markup Language, or “GHML”, 
[22-25] to take advantage of the data transfer 
experience gained through development and use of 
the IUPAC-standard ThermoML [19-21]. 
Significant restructuring of the schema was 
required in order to make GHML consistent with 
the design philosophies that have contributed to 
the success of previous data collection efforts. The 
structure of ThermoML is based on rational 

storage of property data, with the origin of the data 
as a major component of the organization 
construct. By recreating this approach within the 
large and varied types of data sets associated with 
each subcategory of information identified by the 
original GHML development team, consistent 
approaches can be used to refer to corresponding 
elements within the larger tree structure. 
Achieving consistency with ThermoML in design 
philosophy and content, internal consistency 
within the separate branches in style and 
nomenclature, and sufficient flexibility to allow 
storage and transfer of a broad range of data 
required significant restructuring of the GHML 
schema. This eliminates redundant information 
storage and excessive complexity while 
maintaining a well-constrained system with good 
flexibility for future expansion.  
The root element of this newly generated GHML 
(Figure 1) includes metadata structures “Version” 
and “Authority” for designating the individual or 
group responsible for the XML representation and 
which version library was used, facilitating very 
long-term support for groups participating in this 
data sharing effort. An arbitrary number of 
individual data records and their associated 
metadata can be reported in the remaining root 
element structure, DataSet.  
A key element in data sharing is maintaining the 
link between the numerical data sets and the 
information on how they were generated. These 
metadata are often significantly more voluminous 
than the numerical data associated with them and 

 
Figure 1  Structure of the root element of GHML 

 
Figure 2  Structure of the DataSet element in 

GHML 



significantly more difficult to characterize, but are 
essential both for giving credit to the 
experimentalists whose efforts yielded this fruit 
and in understanding strengths and weaknesses of 
a given data set. Information of this type is stored 
in the DataSet element (Figure 2). Of particular 
note is the proven “Citation” element (Figure 3) 
taken from the ThermoML structure of the same 
name and new to GHML, which allows data 
sources to be fully described. Note also the 
inclusion of a “History” element; as experimental 
studies of gas hydrate samples from the field are 
frequently transported a significant distance for ex 
situ analysis, this structure allows full description 
of the samples source and conditions in transit.  
Another important feature of GHML is significant 
structural flexibility. The fields of study that fall 
under the purview of the term “gas hydrates” are 
quite varied in the types of data they report and in 
the level of detail a single data source may present. 
The flexibility is expressed in two primary ways. 
First, rather than attempting to generate a tree 
structure that explicitly contains all possible data 
of interest to the field, a series of data labels have 
been distributed among a set of dictionary files. 
Each of these files can then be maintained by 
experts in that category of data types, such as 
chemical properties or petrology, and any 
individual interested in communicating via the 
software need only be concerned with those 
dictionary files pertinent to the field of interest. 
Second, as the number of chemical compounds 
that may be of interest for a given piece of work is 
very large, chemical species are not explicitly 
listed within the structure. Rather, chemical 
distributions such as mole fraction use an 
identifying key to create a relation with a 
compound record, which in turn uses the IUPAC 
International Chemical Identifier (“InChI”) [26] as 
a unique and freely available chemical identifier, 
capable of including complex structural and 
isotopic information while maintaining human 
readability for simple compounds. 
 
GUIDED DATA CAPTURE SOFTWARE 
Thermodynamic data from original data sources 
are not entered directly into SOURCE but are 
captured or “compiled” in the form of batch data 
files (coded ASCII text) under normal operation at 
TRC. This allows application of extensive 
completeness and consistency checks during the 
capture process before the data are loaded into the 
central repository. Extensive expertise has 

 
Figure 3  Structure of the Citation element in 
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traditionally been required for data compilation 
due to the complexity of the properties and 
chemical systems involved. Moreover, expertise in 
data and measurements is needed to assess 
uncertainties for each property value. In 
establishment of the Data Entry Facility at NIST, 
two major concerns were identified: (1) how to 
ensure quality of captured information with 
technically sound but inexperienced data 
compilers and (2) how to minimize errors before 
the data are introduced into SOURCE. To meet 
these goals, interactive guided data capture 
software (GDC) was developed. The program 
guides data capture and provides convenient 
review and editing mechanisms. Undergraduate 
students involved in in-house data capture played, 
and continue to play, a key role in the testing of 
the GDC software.  
With the development of collaborations with 
major peer-reviewed journals for the capture of 
experimental data as they are published, an 
additional role for GDC evolved. In addition to the 
creation of batch data files for loading into the 
SOURCE archive, GDC simultaneously creates a 
separate text document coded in XML [19-21] 
format for easy access and use by the general 
scientific and data management community. These 
formatted text documents are available on the 
internet together with a full description of the 
XML definitions and schema.  
Data-quality-assurance (DQA) policies, as they 
relate to a database effort such as SOURCE, can 
be subdivided into six steps: (1) literature 
collection, (2) information extraction, (3) data-
entry preparation, (4) data insertion, (5) anomaly 
detection, and (6) database rectification. The initial 
steps (1-4) can be very labor intensive and 
represent key components of the entire data-
system operation. These are the steps by which 
development of GDC serves to provide expert 
guidance to novice data compilers. Aspects of 
steps 5 and 6 were discussed in an earlier paper 
[27].  
GDC guides inexperienced but technically 
competent individuals through the process of 
extracting information from the literature, ensuring 
the completeness of the information extracted, 
validating the information through data definition, 
range checks, etc., and guiding uncertainty 
assessment to ensure consistency between 
compilers with diverse levels of experience. A key 
feature of GDC is the capture of information in 
close accord with customary original-document 

formats and leaving transformation to formalized 
data records and XML formats within the scope of 
the software. It will be shown that GDC 
completely relieves the compiler of the need for 
knowledge related to the structure of the SOURCE 
data system or XML formats, thereby eliminating 
common errors related to data types, length, letter 
case, allowable codes, etc. The users of GDC are 
typically scientists with varying levels of 
experience but with competence in the fields of 
chemistry and chemical engineering.  
GDC was developed to serve as a powerful and 
comprehensive tool to be used for both in-house 
data capture operations as well as a data-collection 
aid for authors of scientific and engineering 
publications. The original software, without 
support for gas hydrate property capture, is 
available for free downloading via the World Wide 
Web [18]. Comprehensive documentation for the 
software is included. GDC has features that can 
readily detect some inconsistencies and errors in 
reported data (erroneous compound identifications, 
typographical errors, etc.), resulting in improved 
integrity of the captured data over that given in the 
original sources. Additional information on the 
development of GDC is in the literature [17]. 
The existing GDC software required significant 
modification in order to capture experimental data 
sets pertaining to gas hydrates. Data processed 
through GDC have been historically for either a 
pure compound or a mixture of a small number of 
well-defined compounds in well-defined ratios. A 
gas hydrate is a nonstoichiometric structure where 
studies that may not ever measure crystalline 
composition can still yield valuable information. 
Whereas it might be desirable simply to designate 
such studies as unreliable, the comparative paucity 
of explicitly constrained data precludes such a 
determination. The solution to this conflict was 
determined to be the creation of an original data 
structure within the GDC framework that behaves 
in many ways like a new compound, defined by 
the combination of its constituents and known 
thermodynamic properties. With these 
modifications, the GDC software supports the 
capture and organization of data pertaining to bulk 
properties (e.g., mass specific volume, thermal 
conductivity, heat capacity at constant pressure per 
unit mass, speed of sound), phase equilibria with 
an arbitrary number of components and phases, 
crystalline structure and enthalpy of hydrate 
decomposition for gas hydrates. In particular, the 
data structure for crystalline structure represents 



an entirely new development for GDC, as no 
previously existing formulation existed within the 
software. The level of functionality thus attained 
represents significant progress towards a 
completed GDC software package for gas-hydrate 
data; however, experience in this area has shown 
that even after a piece of data capture software is 
completed and in use for database population, 
continued capture of published data sets may 
motivate minor modifications to aid in future 
efforts. 
The basic tree structure of GDC is organized 
around the source document. Following from that 
are definitions of major chemical components in 
the systems studied and their specific samples with 
detailed purity information. A gas hydrate system 
is then defined by a combination of those chemical 
components (Figure 4), and a gas hydrate sample 
is defined through the association of the samples 
of those components, as well as the conditions 
under which the hydrate was formed, if 
appropriate. It is only when this detailed 
information regarding purity on constituent 
compounds is defined that measured properties are 
entered, allowing for a detailed understanding of 
the resultant data reliability.  
The thermodynamic system is constrained 
according to the Gibbs Phase Rule in order to 
guarantee a well-defined thermodynamic state and 
to prevent storage of dependent variables as 
independent. For example, if a three-phase region 
is being defined for a gas hydrate sample formed 
from two guest molecules, there exist two degrees 
of freedom in the system, and hence two 
dependent variables are required. The data for the 
newly defined system are then recorded in an 
internal data table (Figure 5). To prevent 

transcription errors on the part of the data entry 
technician, data are directly copied from electronic 
sources or via text recognition software applied to 
digitized material. Data consistency can then be 
verified by use of native graphing capabilities 
(Figure 6) within the GDC software. 
Enthalpy of decomposition of a gas hydrate is a 
function of the crystal occupancy, thus proper 
characterization requires a well-defined ratio of 
host to guest molecules. GDC treats such 
processes as physical reactions, with the enthalpies 
of decomposition stored as enthalpies of reaction. 
This methodology has additional benefits in that, 
as the comparatively slow kinetics associated with 
hydrate formation and the dynamics of hydrate 

Figure 4  Screen capture of GDC dialog for 
definition of a gas hydrate system. 

 Figure 5  Screen capture of GDC dialog for 
entering tabulated data associated with a given set 

of phase equilibrium data 

Figure 6  Screen capture of natively generated 
graph of data entered into GDC tabulated data 

dialog 



decomposition may yield a condition where the 
ambient pressure and temperature at which a study 
are performed do not necessarily correspond to the 
associated equilibrium phase boundary, such data 
can be accurately stored for future consideration 
and critical review. 
Experimental measurement techniques for bulk 
property measurements, such as mass specific 
volume, thermal conductivity, heat capacity at 
constant pressure per unit mass, or speed of sound, 
do not vary significantly from those implemented 
in studies of pure compounds. For this reason, a 
significant amount of parallelism was possible 
between the newly developed and previously 
existing treatments. In order to have a well-
characterized bulk measurement, we first must 
define the type of property being measured and the 
method of measurement, after which the 
conditions under which the measurements must be 
defined. The numerical data are captured and 
existing TRC internal methods are used to estimate 
the reliability of the provided data and, for larger 
data sets, the previously mentioned native 
graphing capabilities can be utilized. 
Characterizing crystal structure is a wholly novel 
addition to the GDC intended for gas hydrate data 
collection. In order to maintain future extensibility 
as well as to collect detailed information about the 
cage structure, information is stored regarding the 
crystallographic space group, all possible unit cell 
dimensions, and both raw and processed 
information regarding constituent atom 
distribution (Figure 7). Modeling this new data 
structure upon the Crystallographic Information 

File (CIF) format, an International Union of 
Crystallography (IUCr) standard used prevalently 
within the crystallographic community for 
communication of experimental results [28], 
provides a reasonable guarantee of generality and 
compatibility with likely crystalline structure data 
sets. 
 
DATABASE ARCHITECTURE 
NIST is prsuing the goal of capturing from the 
world’s literature essentially all experimental data 
available for thermophysical and thermochemical 
properties of organic chemical compounds. The 
purpose of this comprehensive collection is to 
serve as the basis for implementation of the 
dynamic data evaluation concept [16] as 
implemented in TDE [14-15]. 
The enormous growth of published thermophysical 
and thermochemical property data (doubling 
almost every 10 years) makes it practically 
impossible to use traditional (static) methods of 
data evaluation. The new concept of dynamic data 
evaluation requires a large electronic database 
capable of storing essentially all of the published 
“raw/observed” experimental data with detailed 
descriptions of metadata and uncertainties. The 
combination of this electronic database with 
artificial intellectual (expert system) software 
provides the means to generate recommended 
property values dynamically or “to order”. This 
concept contrasts sharply with static compilations, 
which must be initiated far in advance of need. 
Capture of metadata and uncertainties for the 
“raw/observed” values allows propagation of 
reliable data-quality limits to the recommended 
values and, subsequently, to all aspects of 
chemical process design.  
Establishment of a comprehensive data depository 
is one of the major challenges in implementation 
of the dynamic data evaluation concept. The 
SOURCE data system [12-13] was designed and 
built to be such a depository for experimental 
thermophysical and thermochemical properties for 
organic chemical compounds reported in the 
world’s scientific literature. The scope of the data 
system includes more than one hundred defined 
properties for pure compounds, binary and ternary 
mixtures, and reacting systems. SOURCE now 
contains more than three million numerical values 
for many thousands of pure compounds, binary 
and ternary mixtures, and reaction systems.  
Conflicts similar to those pertaining to GDC 
development required extensions to SOURCE to 

Figure 7  Screen capture of GDC dialog for storing 
crystallographic data, including space group, unit 

cell parameters and atom distribution 



accommodate thermophysical properties, phase 
equilibria, and crystal structure data for gas 
hydrates with the same level of critical review as 
for the existing system. New tables that have been 
added can be divided into four groups: gas hydrate 
composition description (table GHCOMP), gas 
hydrate sample description (tables GHSAMPLE 
and GHSAMPLECOMP), gas hydrate crystal 
structure data, and gas hydrate complex phase 
equilibrium data. Detailed descriptions of new data 
structures are provided below, where it should be 
understood that any information that is not 
included in these groups is stored within the 
previously available SOURCE data structures 
(inclusive of gas hydrate bulk property data and 
gas hydrate physical reaction data). 
A schematic representation of the TRC SOURCE 
database with necessary modifications to 
accommodate the storage of gas hydrate data can 
be found in Figure 8. For ease of reference, the 
structure of the database prior to modifications is 
enclosed by a red dashed line, and all newly 
implemented gas-hydrate specific tables have been 
given the prefix “GH”. In general, structural 
additions follow the patterns established in 
development of the GDC software. The 
composition of a gas hydrate sample, as stored in 
the new GHCOMP table, contains fields for 
storing a gas hydrate registry number and 
constituent compound information. The registry 
number uniquely identifies each combination of 
hydrate formers. Stored compound information 
includes component registry numbers, whether this 
compound functions as a host or guest, and the 

composition metric, with associated numerical 
values. 
Information regarding a particular sample of gas 
hydrate, as associated with a particular set of 
property measurements, is stored in the new tables 
GHSAMPLE and GHSAMPLECOMP. Linked by 
a sample-specific unique identifier, these two 
tables contain information regarding the state of 
the specific sample as a whole and references to 
the individual component samples and the 
particulars of their molar distribution. 
Once both the source document (using previously 
existing SOURCE data structures) and the state 
and purity of a sample (using previously existing 
SOURCE data structures in conjunction with the 
gas-hydrate-specific structures) have been defined 
appropriately, information regarding physical 
properties can be stored with confidence for future 
accountability. Data sets are divided into three 
categories: bulk physical properties, 
crystallographic structure information and 
complex phase equilibria. For bulk physical 
properties such as mass specific volume, thermal 
conductivity, heat capacity at constant pressure per 
unit mass, or speed of sound, SOURCE has 
previously existing data structures that remain 
valid for hydrates, so no further modifications 
were necessary for these data. There has been no 
prior attempt to include crystallographic data 
within SOURCE, and so wholly original data 
tables must be added to accommodate them. These 
tables generally replicate the entries from the GDC 
crystal structure form and thus trace their structure 
back to the CIF file common in crystallographic 
data distribution [28].  

Source Database Tables
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GH Crystal
Structure Data
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GH Complex
Equilibrium Data

Block

Figure 8  Schematic representation of TRC 
SOURCE database (inside red dashed line) with 

modifications required to accommodate storage of 
gas hydrate (GH) data 
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Figure 9  Structure of new GHEQDSET, 
GHEQVARCONSTR, GHEQDATA and 

GHEQPHASES tables for storage of phase 
equilibrium data 



Characterizing complex phase equilibria requires 
significant extension of the existing format, due to 
the large increase in potential numbers of 
combinations of phases and components present in 
some potentially interesting gas hydrate data sets. 
The gas hydrate complex equilibrium data block 
contains four different tables (Figure 9) to record 
measurement method (table GHEQDSET), the 
phases present and compounds present therein 
(table GHEQPHASES), the types and values of 
constraints known to exist on the system (table 
GHEQVARCONSTR) and lastly the particular 
data points associated with the measurement (table 
GHEQDATA), all linked by a unique data set ID 
(field GHDSETID). The GHEQPHASES table 
contains a set of fields labeled CMPSAMPLEIDn, 
where each contains the sample identifiers for the 
nth component present in the listed phase; 
presently up to eight components are allowed. A 
second unique identifier is generated for each 
phase within the system, allowing for appropriate 
reference to system properties that are specific to a 
particular phase, such as molar composition. As 
per previous implementations of SOURCE, care is 
taken as well to store information pertaining to the 
reported uncertainty of the measurement (field 
UNCTYPE – type of reported uncertainty (relative 
or absolute); field UNCERT – value of uncertainty 
according to UNCTYPE). 
 
CONCLUSIONS 
An effort toward developing an internationally 
available hydrate data dissemination channel is 
underway in the U.S. National Institute of 
Standards and Technology. This effort will include 
critical evaluation and comparison of gas hydrate 
data sets. Information dissemination will be 
accomplished through the gas hydrate markup 
language (GHML), which was modified to ensure 
consistency with the IUPAC-standard ThermoML. 
Development of this format will expedite 
communications between “data producers” and 
“data users” in the gas-hydrate community 
worldwide. Data Quality Assurance is facilitated 
though guided data capture (GDC), a software tool 
for conversion of data and metadata from literature 
format into a well-organized electronic format 
appropriate for electronic analysis and database 
integration. A relational data storage facility 
capable of accommodating all types of numerical 
and metadata within the scope of the project was 
developed based upon the previously existing 
SOURCE data system. Use of an existing, highly 

successful data structure as the basis for the new 
gas-hydrate data organization and dissemination 
project is important in ensuring its ultimate 
success. 
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