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a b s t r a c t

Gas hydrates may play an important role in global climate change, carbon sequestration, energy
production and seafloor stability. However, formation and dissociation pathways in geologically
complex systems are poorly defined. We present a new approach to processing large amounts of data
from a LUNA distributed sensing system (DSS) in the seafloor process simulator (SPS) at Oak Ridge
National Laboratory to monitor and visualize gas hydrate formation and dissociation in heterogeneous
sediments. The DSS measures relative temperature/strain change with a high spatial resolution
allowing the heat of reaction during gas hydrate formation/dissociation to be used to locate clathrate
processes in space and time within the vessel. Optical fibers are placed in the sediment following an
Archimedean spiral design and the position of each sensor is determined iteratively over the arc length
using Newton’s method. The DSS data are then gridded with a natural neighbor interpolation algorithm
to allow contouring. The locations of sensors on the fiber were verified with hot and cold stimuli in
known locations. Software was developed to produce temperature/strain linear and polar plots, which
aid in locating significant hydrate formation/dissociation events. Results from an experiment using a
vertically split column of sand and silt clearly showed initial hydrate formation in the sand, followed by
slow encroachment into the silt. Similar systems and data processing techniques could be used for
monitoring of hydrates in natural environments or in any situation where a hybrid temperature/strain
index is useful.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Gas hydrates, a type of clathrates, are cagelike structures of
water molecules bonded to form cavities, which are populated by
gas molecules such as carbon dioxide or methane. Natural gas
hydrates are stable at low temperatures and moderate pressures,
making the seafloor an ideal environment for methane hydrate
formation. Gas hydrates are sensitive to changes in pressure and
temperature; dissociation can be triggered by lowering the water
column or by increasing temperature (Buffet and Archer, 2004;
Makogon et al., 2007; Sloan, 1998). Hydrates are also subject to
action by chemical inhibitors, which increase the required pressure
and decrease the temperature conditions for clathrate stability.

Gas hydrates have been proposed as a sequestration mechanism
for carbon dioxide (Brewer et al., 2000; Gabitto and Tsouris, 2006;
Goel, 2006; Jadhawar et al., 2006) and hydrates of natural gases
could provide significant volumes of methane for energy produc-
tion (Boswell, 2007; Moridis et al., 2009; Walsh et al., 2009). Gas
hydrates could also be used as a transport or storage mechanism for

gases under low temperature and moderate pressure conditions
(Chatti et al., 2005). In addition, dissociation of gas hydrates may
have contributed to past global warming events (Kennett et al.,
2000; Beauchamp, 2004; Dickens et al., 1997; Maclennan and Jones,
2006; Max et al., 1999; Padden et al., 2001; Weissert and Erba,
2004). Dissociation of hydrates present in seafloor sediments could
also result in seafloor instability (Mienert et al., 2005; Kvenvolden,
1999). However, current estimates of hydrate volume vary by many
orders of magnitude (Klauda and Sandler, 2005) and constraining
these values would be of great aid in determining both the role of
gas hydrates in global climate change and the feasibility of produ-
cing natural gas from hydrate reservoirs. Therefore, experiments
examining and visualizing the formation and dissociation pathways
of gas hydrates within sediments have an impact on the assessment
of both geological and industrial hazards.

High-resolution data collected through long experiments and
effective visualization methods are required to understand the
complex behavior of a sediment–hydrate system. Previous work-
ers have used X-ray (Kneafsey et al., 2007) and acoustical (Waite
et al., 2004) tomography, neutron diffraction (Thompson et al.,
2006), and magnetic resonance imaging (Gao et al., 2005) to
observe hydrate formation and dissociation in situ. Fiber optic
sensing can also be utilized for effective visualization of hydrate
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formation within sediment. This paper focuses on data processing
methods developed to analyze and visualize large data sets
collected by a fiber optic distributed sensing systems (DSS) within
complex, multicomponent hydrate experiments in the Seafloor
Process Simulator (SPS) at ORNL (Phelps et al., 2001; Rawn et al.,
2011).

2. Materials and methods

Mesoscale laboratory experiments help bridge the gap between
expensive and difficult field-based analysis of natural hydrates
in situ or within preserved cores, and microscopic or molecular-
scale measurements of synthetic hydrates, which lack sufficient
scale to realize the complexity of natural systems. The SPS is a
72-L pressure vessel 0.33 m in diameter and 0.9 m in length.
Designed and constructed at Oak Ridge National Laboratory, the
SPS is capable of maintaining pressures up to 20 MPa between
271 and 288 K (Fig. 1) (Phelps et al., 2001). The SPS is made of
Hastelloy, a corrosion-resistant nickel-rich steel alloy, and is
equipped with 41 pass-through ports for instrumentation, visua-
lization (sapphire windows), or fluid delivery. The vessel is
protected from overpressurization by a burst disk. A cold room
equipped with an explosion-proof gas evacuation system and
monitoring equipment houses the SPS during experiments.

To investigate the effect of sediment size on hydrate formation
pathways, a column of sediment split vertically with fine mesh to
divide Ottowa sand (500 mm) from silt (67 mm) was placed within
the SPS for hydrate formation experiments (C in Fig. 1).

To maintain thermal and pressure equilibrium between the
heterogeneous sediment system and the gas to be injected, a

second, much smaller, 12-L pressure vessel (0.69-MPa pressure
rating) containing the hydrate-forming gas (B in Fig. 1) sits on top
of a 20-L sediment column within the SPS. A high-performance
liquid chromatography (HPLC) pump injects a water mixture
containing 2% methanol to displace gas from the secondary vessel
through a branched diffuser (pressure is applied to both outlets,
sand and silt) and raise the pressure of the SPS (Fig. 1). Methanol
is a hydrate inhibitor and thus prevents hydrate formation inside
the secondary vessel. The gas from the secondary vessel is forced
through a diffuser into the lower portion of the sediment column
to simulate natural gas flow in seafloor sediments. Gas is
delivered simultaneously to both the sand and silt sides of the
column through screened outlets connected with a ‘T’ fitting.

The vessel is monitored by multiple systems that record the
pressure and temperature in the headspace and temperature–
strain values from the DSS in the sediment throughout the
experiment. Gas hydrate formation is an exothermic reaction
and dissociation is endothermic. Assuming the vessel and sedi-
ment are in thermal equilibrium prior to injection, increasing
temperatures within the sediment indicate areas where clathrate
is likely forming and lower temperature values indicate that
hydrate is likely decomposing. A LabView interface monitors the
pressure and temperature of the vessel and the temperature of
the cold room to determine external controls on the thermal state
of the system. A LUNA Innovations distributed sensing system
(DSS) monitors the temperature–strain value along fiber optic
cables, which are embedded within the sediment column prior to
the experiments. The fibers, coated with Teflon to help reduce the
strain response in the measurements and increase their durabil-
ity, are tied to a plastic mesh along a path approximated by
an Archimedean spiral to provide a suitable mechanism for
mathematical modeling and then embedded in the sediment.
See Rawn et al. (2011) for further details on the operation of the
DSS within the vessel.

The DSS measures hybrid temperature–strain values at dis-
crete locations along the fiber optic cable. Bragg gratings are
embedded at 1-cm intervals along each fiber utilized by the DSS.
The optical properties of the gratings change with temperature
and strain due to changes in the grating size, therefore changing
the Bragg wavelength (Hill and Meltz, 1997). By sensing changes
in the properties of the Bragg gratings, the DSS determines
temperature–strain changes at each point.

The DSS relies upon optical principles described by Jones
calculus. As light of some arbitrary initial polarization passes
through an optical device, its properties change predictably.
Polarization of the light can be described with a Jones vector,
and the optical device it passes through can be represented by a
2!2 Jones matrix (Jones, 1941). Approximately 100–250 gratings
per fiber are read individually along each fiber 1–2.5 m long by an
optical backscatter reflectometer (OBR) as it sweeps through a
range of wavelengths. The returned wavelength is then inter-
preted as a hybrid temperature–strain value (TSV), resolving
changes as small as 1 mstrain (dimensionless strain quantity,
e.g., 10"6 m=m) or 0.1 K.

Each DSS fiber was calibrated to correct for birefringence
(double refraction) and other optical effects that result from
asymmetries in the fiber prior to the experiment. During and
following gas injection, data are recorded from each grating in a
delimited text file every minute. The system collects approxi-
mately 96,240 data points per hour, so the average week-long
experiment produces approximately 16 million data points.

The P–T data system produces a modest number of data in
comparison to the DSS. The bulk vessel pressure is recorded to a
precision of 68.9 Pa (0.1 psi), and temperature is monitored at
two locations (upper and lower positions) in the vessel with a
resolution of 0.1 K every minute.

Fig. 1. Configuration of the Seafloor Process Simulator. Two Hastelloy-cased type
K thermocouples (both in free gas) and a pressure transducer (A) are used
in addition to the DSS system to monitor hydrate formation and dissociation.
The 12-L internal pressure vessel (B) rests on top of the sediment column to allow
methane gas to equilibrate with the vessel conditions prior to injection. DSS grids
are placed at 5, 15, 25, and 35 cm from the bottom of the sediment, represented as
black lines in the sediment column (C). The dots at 10 cm indicate the location of
the diffuser screens, which were connected via a ‘T’ fitting. The sediment column is
vertically split with a fine mesh between sand and silt. An equilibrium control
value (D) is situated outside the vessel for easy access.
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Using these varied monitoring systems, the hydrate formation
and dissociation process is well documented (Rawn et al., 2011;
Ulrich et al., 2008). However, integrating results from the separate
systems makes interpretation of results difficult, particularly map-
ping and quantifying significant formation and dissociation events.
Bulk temperature and pressure data collected by thermocouples
and pressure transducers in the headspace of the SPS provide time
series data at one location within the vessel. The DSS provides
hundreds of measurements per fiber per time step, creating data
files that are challenging to analyze and display due to their size
and multidimensional nature.

3. Data processing

The large volume of data produced with the DSS is difficult to
process and display in a fashion that allows the full experiment to
be visualized in 4-D without shadowing any data. Three-dimen-
sional data plots for an individual fiber can be constructed with
graphing software. These plots display the time steps on the
x-axis, TSV on the z-axis, and sensor number on the y-axis (Ulrich
et al., 2008). Though all the data points are plotted in these
figures, some are shadowed by other data in the TSV record
(Fig. 2). In addition, it is difficult to determine the location of a
given sensor in the vessel in this format; the visualization shows
the fiber as if the collection of points were in a straight line, rather
than spirals stacked within the column.

3.1. Temperature–strain value animation

Instead of visualizing all the data in one plot as attempted
previously (Ulrich et al., 2008), this work aims to produce
sequential time series plots of TSV data. To compare TSV data
collected on multiple fibers during a single time step, software
was written using the open source language Python and the
Matplotlib module to produce an individual graph at each time
step of the hybrid-TSV value vs sensor position on the fiber. This
allows analysis of TSV values over the entire length of multiple
fibers at an instant in time, an example of which is shown in
Fig. 3. Graphs for each time step throughout the experiment were
then animated into movie form. The data were smoothed with a
moving average of k points on either side of the current time t at
sensor n to help reduce spurious peaks when necessary using the

equation

TSVavgðn,tÞ ¼
Ptþk

i ¼ t"k TSVðn,iÞ
2kþ1

: ð1Þ

Though this format was helpful to visualize all the data with
no shadowing, locating hydrate formation and dissociation peri-
ods required identifying areas of rapid TSV change. For this
purpose a similar sequence of graphs was constructed with sensor
number on the x-axis and DTSV or an offset moving average of
DTSV,

DTSVavgðn,tÞ ¼ TSVavgðn,k,tþ1Þ"TSVavgðn,k,tÞ, ð2Þ

on the y-axis. This is done by taking the difference of two time
offset moving averages to produce a DTSV animation. DTSV
animations were then used to identify areas of interest.

3.2. Spiral geometry

To fully visualize the geometry of hydrate formation within
the sediment column, plotting the location of sensors on each
plane in 2-D space is essential. The third, vertical, dimension
within the sediment is known and constant for all sensors in a
given plane. Plotting the position of the sensors allows figures to
be produced that show the position of hot and cold regions in the
column of sediment to determine likely locations of gas hydrate
formation and dissociation.

The Archimedean spiral of each fiber optic cable is described
by the equation

r¼ aþby1=c : ð3Þ

The parameter a rotates the spiral, b determines the spacing
between the turns,

b¼
h

2p , ð4Þ

and c determines the spiral type and is equal to 1 for the normal
Archimedean geometry. Thus spiral radius (r) grows by a constant
amount (h) per turn ð2pÞ.

The arc length (s) of the spiral can therefore be described as

s¼
Z y2

y1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2þ
dr
dy

" #2
s

dy ð5Þ

with radius r and angle y. A first central difference approximation,

f 0 '
f ðxþhÞ"f ðx"hÞ

2h
, ð6Þ

Fig. 2. Three-dimensional plots of TSV data with time on x-axis, sensor number on
y-axis, and TSV value on z-axis. Some data are shadowed or hidden by other data
points. Wall effects are also visible as fiber(s) leave sediments. Coloring is directly
tied to z-coordinate. Modified from Ulrich et al., 2008. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. TSV graph. Each DSS fiber is represented by one line. Three maxima on
channel 4 indicate hydrate formation on one side of the sensor plane, cutting
across three turns of the spiral.
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can be used for programmatic evaluation of the derivative or an
absolute difference in the values of dr and dy.

There is no analytic solution to Eq. (5); therefore, Newton’s
method is employed as a numerical technique,

xnþ1 ¼ xn"
f ðxnÞ
f 0ðxnÞ

, ð7Þ

where xnþ1 and xn represent the next and current estimates of the
root in question for the function f(x).

Newton’s method converges quickly when the initial guess is
the location of the last known sensor. If this method of guess
selection fails after 20 iterations, the software attempts a bisec-
tion method (though this has not occurred in data analysis to this
time, it is included in the code for completeness). Numerical
convergence could be achieved faster if an analytical function
were provided for the derivative. We chose to use numerical
derivatives to increase the flexibility of the code and allow any
function to be used when describing the fiber geometry. When
the output of the spiral model is compared visually with the fiber,
it appears to be a good approximation of the physical spiral
(Fig. 4).

3.3. Gridding and contouring temperature–strain value data

With the location of the Bragg gratings known, the TSV values
can be gridded to allow contouring of the data. Gridding is
accomplished with natural neighbor interpolation based on the
Delaunay triangulation in the Matplotlib Python package. The
basic form of natural neighbor interpolation is given in the
equation

Gðx,yÞ ¼
Xn

i ¼ 1

wif ðxi,yiÞ, ð8Þ

where wi are weights, f ðxi,yiÞ is known data at ðxi,yiÞ and Gðx,yÞ is
the estimate at (x,y).

This griding function (called griddata in Python) is generally
stable, except for extreme cases, in which it utilizes a toolkit
based on National Center for Atmospheric Research (NCAR)
gridding software (Sibson, 1981). (Not required for our data.)
Abramov and McEwen (2004) evaluated several different inter-
polation algorithms for laser altimeter data and found the natural
neighbor algorithm to be adequate for data sets larger and more
sparsely populated than those considered here. Hot and cold areas
in initial tests are well resolved with natural neighbor interpola-
tion (Fig. 5); however, further study of different gridding algo-
rithms could lead to improvements in this process.

4. Data analysis

Data analysis begins by producing all relevant visualization
tools, or products: graphs of headspace P–T data with time
through the experiment and graphs of DSS data from the sediment
column. DTSV data are used to identify time periods and fiber
locations of interest. The TSV and P–T products are then inspected,
with special attention given to the areas identified in the DTSV
animations (Fig. 6). This results in a more efficient analysis, likely
drawing more conclusions than one could without the synchro-
nous use of multiple data products. For example, subtle changes in
the data were identified using this ensemble approach that had
been overlooked when the data sets were examined individually.
The DSS DTSV products highlight areas of potential interest, which
trigger closer inspection of small changes in pressure and tem-
perature in the bulk LabView P–T data. This provides multiple data
sets, which may confirm hydrate formation/dissocation and con-
strain the location and extent of hydrate involved.

Data visualization was further extended by rotating each polar
plot (representing a single optical fiber) and stacking them for easy
comparison of hydrate formation/dissociation processes along
planes at different levels within the vessel (Fig. 7). Hydrate forma-
tion between the planes must be inferred through interpolation
using Eq. (8), since sensors are not present in the gap. Simple
natural neighbor interpolation yields insight into the possible
structure of hydrate within the sediment. The linear nature of the

Fig. 4. Physical fiber (left) and mathematical model (right) appear to be good matches, allowing data to be gridded from the model for further interpolation and
interpretation.

Fig. 5. Results from hot/cold tests on a spiraled DSS fiber. Color is a proxy for the
combined TSV on the fiber. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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boundaries between grids (edges of the warm colored zone in the
sand for example) are likely due to the large vertical spacing
between grids (Fig. 8). Such interpretations could be further
constrained by geophysical methods, including tomography pro-
vided by seismic, electromagnetic, or electrical resistivity studies.

5. Results and discussion

The data shown in Figs. 7 and 8 are from a split column
experiment in which sand was on the left side of the column, as
shown, and silt was on the right side of the column. The branched
diffuser assembly was placed just above the P1 fiber grid. The split
sediment column experiment showed little or no hydrate forming

on the P1 grid (below the diffuser assembly), significant formation
on the P2 grid immediately above the diffuser, and moderate
formation on the top two grids (P3, P4). To compare all the grids on
a single image, a common color scheme was chosen, which was
optimized for grid 2, where the most hydrate formation was
observed. Low-TSV recordings in the center of each grid are likely
a strain effect from the fiber being wound tightly, as well as from
the weight of the secondary pressure vessel sitting on top of the
sediment column. Strain effects from the overlying mass of sand
pressing down on the grids must also be considered, resulting in
higher strain on the deeper grids due to the mass of overlying
sediments. DSS TSV data indicate that the gas hydrate initially
formed in the sand portion of the column and a small amount of
hydrate formed in the silt, perhaps as a result of diffusion from the
sand portion of the column. Hydrate also appears to form along
the walls of the sediment column, indicating a preferential path-
way for gas between the sediment and encasing plastic bucket.
Ulrich et al. (2008) demonstrated that injection of non-hydrate-
forming gasses results in TSV signals that are significantly differ-
ent from those observed here, limited to short periods of time after
injection.

Collect Data in SPS 
Experiment

Format and Process 
the LUNA and Lab-

View Data

Make Delta TSV 
Product

Make TSV Product

Calculate Location 
of Sensors in Space

Make Polar Contour 
Plots of TSVAnalyze Delta TSV 

to Locate Areas of 
Rapid Change

Analyze TSV of 
Areas with High 

Delta TSV

Compare with Lab-
View Data

Identify Areas of 
Preferential Hydrate 

Formation

Comprehensive 
Interpretation

Fig. 6. Flow chart of data processing/analysis cycle. Data are analyzed through synchronous use of multiple, targeted products, each designed to identify unique properties
such as TSV change or bulk pressure–temperature change.

Sand Silt

P1

P2

P3

P4

Fig. 7. Data from an experiment with a sediment column divided evenly between
sand and silt along a vertical axis. Little hydrate formed on plane P1 (below the gas
diffuser). Hydrate formation on overlying planes was initially in sand (left),
gradually producing hydrate in the silt (right) area. Color represents TSV. This
image was obtained about 36 h after injection began. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

TS
V

[cm]

[c
m

]

P1

P2

P3

P4

Sand Silt

Fig. 8. A vertical slice through the column center shows more abundant hydrate
in sand (left) and along vessel walls, with a color scheme similar to that of Fig. 7.
Image obtained about 36 h after injection. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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6. Concluding remarks

Fiber optic sensing and data analysis methods developed here
can also be applied to effectively evaluate the geological behavior of
gas hydrates in complex sediment systems during drilling opera-
tions, understand the effects of environmental change on gas
hydrate reservoirs, and evaluate carbon sequestration techniques.
The fiber optic technology utilized here provides data from within
the sediments at a resolution and spatial precision that P–T data
cannot match. The large network of nonreactive, inexpensive, and
easily deployed sensors has greatly enhanced our understanding of
hydrate formation processes within mesoscale experiments. These
new methods of data visualization and analysis present an oppor-
tunity to study the formation/dissociation mechanisms and path-
ways of gas hydrates in situ and heat flow in sediment–hydrate
systems. However, there is no way to deconvolve the combined
temperature–strain effect and measure true temperature or strain
using the current system. In addition, absolute values for tempera-
ture or strain are not known, but relative changes can be easily
determined. Interpolation of DSS planes is difficult in the current
configuration because of large vertical gaps in the grid spacing.
Additional fiber planes spaced closer together would be required for
more reliable interpolations.

The advances in fiber optic sensing of temperature and strain
have facilitated the detailed examination of mesoscale laboratory
gas hydrate experiments, but also produce high-volume data sets,
which are a processing and visualization challenge. The four-
dimensional data can be visualized in multiple images which are
then animated to avoid data shadowing, typical of 3D surface plots.
By predicting the location of sensors with basic numerical techni-
ques, the visualization can be further improved. This method of data
analysis brought to light new features in the data sets and allowed a
more effective comparison of DSS and P–T data. The DSSPlotter
software is an effective tool in analysis of SPS DSS data and will aid
experimenters in predicting conditions for hydrate formation and
dissociation pathways in complex sediment systems.
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