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Abstract

Ambient temperature is a critical factor determining the stability of gas hydrate deposits on continental margins. To study
this process directly under varying conditions, a monitoring array comprising a time-lapse camera and in-situ temperature
probes was deployed at a hydrocarbon seep known as Bush Hill, where gas hydrates deposits are exposed at the seafloor in a
water depth of 570 m. For intervals of 91 days and 30 days, the digital camera recorded several daily images of a prominent gas
hydrate mound consisting of structure 1l gas hydrate. The temperature probes were constructed with one autonomous thermistor
at each end of a 50-cm PVC wand and recorded temperatures with precision of better than 0.1 °C at 30-min intervals over 327
days. One probe was implanted with a tight seal into a drill hole about 7 cm deep in the top of the gas hydrate mound. The
second was inserted about 50 cm deep into the adjacent sediments. For each probe, the top thermistor recorded the ambient
water temperature, while the bottom thermistor synoptically recorded the internal temperature of the hydrate or sediment. The
bottom water temperatures ranged from 6.64 to 9.73 °C with a mean of 7.90 °C and standard deviation of 0.437. Photographic
results showed no dramatic changes in the size, shape or gas venting from the mound. By comparing the temperatures recorded
at the tips of the probes with the synoptic water temperature, we estimate that thermal diffusivity for the gas hydrate deposit was
7.14-10 %10 8.33-10 ®m? s ' and was 1.77- 10" " t0 3.01 - 10" m? s~ ' for the sediments at the sites where temperatures were
recorded. The diffusivity measured in gas hydrate was lower than that measured under laboratory conditions. Stability of gas
hydrate in this setting is not likely to be affected by short-term changes in bottom water temperature within the range observed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ice-like deposits of gas hydrate in continental
margin sediments comprise a very significant global
reservoir of hydrocarbon [1]. Submarine gas hydrate
forms and persists within a stability field defined by
gas solubility, pressure and temperature [2]. Because
climate cycles change sea level and bottom water
temperature, ambient conditions for gas hydrate
deposits vary and stability thresholds may be periodi-
cally exceeded over geologic time (e.g. [3.4]). The
release of methane into ocean in the event of large
scale decomposition of the gas hydrate reservoir has
been proposed as the cause of excursions in A’C,
which have been detected in benthic foraminifera
from the late Paleocene [5] and glacial interstadials
throughout the Quaternary [6]. The significance of
this carbon for global warming or cooling is of intense
interest and there have been numerous attempts to
understand temperature and pressure controls upon
hydrate formation and destabilization (e.g. [4,7,8]).
However, most of the global gas hydrate reservoir
occurs as strata buried beneath 100 to 300 m of
sediment [9] and is detected because associated free
gas produces a seismic anomaly known as a bottom-
simulating reflector (BSR). In this setting, gas hydrate
is well-insulated from most variations in pressure or
temperature that occur during the present day and
there is no possibility to observe directly the physical
properties of naturally occurring gas hydrate in
response to changing conditions.

Gas hydrate can also form at or near the seafloor
where the flux of gas is rapid and prolonged. Seafloor
deposits of gas hydrate were first reported from the
Black Sea circa 1974 ([10], cited in [11]) and were
collected in the northern Gulf of Mexico in piston
cores circa 1983 [12]. Such deposits have subse-
quently been described from moderate depths (~500
to 1000 m) in diverse coastal margins including the
Caspian Sea [13], the Okhotsk Sea [14], the north-
western United States [15,16], the western coast of
Africa [17] and the southeastern United States [18].

Seafloor deposits often form distinctive mounds,
ridges and faults [19], and manifest gas flux as streams
of bubbles [20,21]. In this setting, gas hydrate deposits
are subject to much more dynamic solubility, temper-
ature and pressure regimes than are BSR deposits and
thus provide a means to investigate the stability and

thermal properties of gas hydrate under varying
conditions. Previous studies have demonstrated sig-
nificant increases in bubble flux over time scales of <24
h during intervals that corresponded to rising bottom
water temperature [22,23]; these authors speculated
that rising temperature caused the increased flux.
Examples of cratering or local disturbances in the
seafloor near gas hydrate deposits have also been noted
[22,24]; these have been interpreted as possible
evidence that pieces of gas hydrate spontaneously
detached from the seafloor and floated upward in the
water column—a process that could convey large
quantities of gas into the mixed layer of the ocean or
into the atmosphere. We conducted this study to
measure directly the thermal diffusivity of natural,
structure Il gas hydrate and to how examine hydrate
mound morphology is altered on a yearly time-scale.

2. Study site

In the Gulf of Mexico, rapid flux of thermogenic
gas has produced numerous settings where gas
hydrate occurs as lens-like deposits that are partially
exposed to water or buried beneath a few centimeters
of sediment [8]. The experiments described in this
paper were carried out at Bush Hill, which is a well-
known hydrocarbon seep and gas hydrate deposit
located at 570 m depths southwest from the Mis-
sissippi Delta (Fig. 1A) at the top of a ~500 m wide,
~40 m high topographic high [19]. Persistent mounds
of gas hydrate are found near the top of the feature
(Fig. 1B). Bubbles of gas and drops of oil vent
continually from fissures in the gas hydrate deposit
and orifices concealed by sediment or mussel beds
[21]. Previous studies [25] showed that the temper-
ature regime at Bush Hill was dynamic; these authors
reported mean temperatures of 7.9 °C (S.D. 0.49) in
1993-1994, 8.0 °C (S.D. 0.58) in 1994-1995 and 7.5
°C (S.D. 0.50) in 1997-1998. Detailed photographic
records indicate that the morphology of gas hydrate
deposits can alter significantly from year to year
[19,22]. The source gases at Bush Hill include ethane,
propane, butane and traces of pentane; consequently,
gas hydrate occurs as a structure II crystal and
includes significant traces of crude oil as well as
sediment and organic material [26]. At this depth, the
stability temperature for structure II gas hydrate is
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Fig. 1. Map of Bush Hill shows the location of study site in Gulf of Mexico region (A). Detail of gas hydrate deposit shows how thermistor probes
and time-lapse camera were situated for experiment (B). Relief of gas hydrate mound indicated by contours, which are approximately 10 cm.
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about 16 °C [27]. The deposits are biologically
significant as substrata for microbial and metazoan
colonization, which may have direct or indirect effects
on persistence of gas hydrate deposits and the
sediment overlying them [19,28,29].

3. Materials and methods

Simple thermal probes were constructed from
Antares® recording thermistors secured in 2-cm

PVC pipe. The PVC probes were 50 cm long and
fabricated so that one thermistor tip was exposed at
each end (Fig. 2A). The thermistors were programmed
to record temperatures at 30-min intervals with a
precision of 0.01 °C. Working with the Johnson Sea
Link Submersible and a specially designed drill, we
bored 2 cm diameter holes 7 to 9 cm deep into the top
of a prominent gas hydrate mound at Bush Hill (Fig.
2B). Drill cores of gas hydrate (Fig. 2C) recovered in
an insulated pressure vessel confirmed that the gas
hydrate deposit was a solid mass of clathrate. The

Fig. 2. Photographs of equipment and samples used in the observations: thermistor probes were fabricated from PVC pipe and Antares®
recording thermistors (A); a hydraulic drill was used to bore holes into the gas hydrate deposit (B); recovered gas hydrate contained oil and
sediment inclusions (C); a time-lapse camera was used to monitor the morphology of the hydrate deposit and the integrity of the thermistor

implants.
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PVC probes were then inserted into these holes with a
tight seal. Alternately PVC probes were inserted 50
cm deep into the sediment immediately adjacent to the
mound. Thus, the probes could record water temper-
atures from the top thermistors on both probes and
internal temperatures within the hydrate and the
adjacent sediments at depths of 7-9 cm and 50 cm,
respectively. Thermistors were inter-calibrated pre-
and post-deployment by bundling groups of them
together and carrying them to the bottom in a semi-
enclosed bucket on the submarine, while recording
temperatures at 0.5-s intervals. This procedure meas-
ures temperatures over an appropriate range within a
uniform temperature field.

To verify the continued integrity of the thermistor
probes, and to monitor the daily changes in the
hydrate mound and its biological community, a
digital camera (Fig. 2D) was emplaced about 1 m
away from the edge of the mound and about 2 m
away from the thermistor probes (Fig. 1B). The
camera, a modified Nikon Coolpix® 990, was
configured to take a picture every 6 h. Illumination
was provided by a pair of 50-W quartz lamps, which
were powered by a 12-V gel cell battery. Probes and
camera were deployed on 18 July 2001 and

recovered on 6 June 2002. The camera and a second
set of probes were briefly redeployed on 3 June and
recovered for the final time on 3 July. The camera
was repositioned very close to its original vantage
point during June 2002, so the time-study of the
deposit could be continued. During the second
camera deployment, photographs were taken every
2 h.

4. Results

Battery power to the camera and lamps lasted for
91 days during the long-term deployment and resulted
in 373 images showing the gas hydrate mound, the
thermistor probes, the sediment cover and patches of
exposed hydrate, as well as the mobile fauna and
bacterial mats that inhabited the mound area (Fig. 3A—
B). The second deployment resulted in 361 images
showing essentially the same vantage of the mound as
the previous series (Fig. 3C-D). This record showed
that the morphology of the deposit was little altered
over a total observation period of 350 days, although
comparison between 2001 and 2002 indicate and
slight overall increase in size. It remained a low

Fig. 3. Digital photographs of the hydrate mound were collected over a total interval of 350 days. The first interval comprised day 0 to day 91

(A-B). The second interval comprised day 329 to day 350 (C-D).
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mound, approximately 2.5 m wide and about 0.65 m
high. The sediment cover was continually colonized
by bacterial mats, but the extent of these mats varied
from day to day due to disturbances by crabs, sea stars
and molluscs. The most pronounced changes were
crevices of exposed hydrate on the down-slope margin
of the mound. These crevices harbored diverse bio-
logical activity including fishes, molluscs and annelid
worms. Importantly, the visual record confirmed that
the thermistor probes remained in place as they were
inserted and undisturbed during the experiments.

The long-term thermistor deployment yielded a
327-day record of water temperature and the internal
temperature of gas hydrate and sediment at probe
depths of 7 cm and 50 cm, respectively (Fig. 4A).
Considering the water temperature first, this record
shows that bottom water temperature had a mean of
7.90 °C (standard deviation of 0.437) and exhibited
repeated excursions within a range of about 3 °C.
Greatest range in temperature fluctuation in bottom
water occurred during March 2002 when temperature
increased from 6.64 °C to 9.73 °C in 20 days. We
expand the scale for this interval to illustrate the
characteristics of variation (Fig. 4B). In the expanded
record, a higher frequency of variation becomes
evident in the bottom water temperatures. The low
frequency fluctuations over a range of about 3 °C are
overprinted with a more rapid oscillation of about
0.25 to 0.5 °C. Comparison of water temperature with
synoptic temperatures internal to the gas hydrate
deposit or adjacent sediment reveals that these
substrata reflect similar trends of increase or decrease
in temperature, but that the gas hydrate and sediment
temperatures lag the water temperature by about 0.5
and 3 days, respectively. Moreover, the ranges of
variability for the gas hydrate and sediment temper-
atures are notably reduced. The high-frequency
oscillation is evident, but suppressed in the gas
hydrate temperature record; it cannot be detected in
the sediment temperature record.

Periodograms (FFT) of the complete, 327-day
temperature records illustrate the periodic and episo-
dic fluctuations of the temperature records. In the
periodogram of the bottom water record, the strongest
signal is at the K1 tidal frequency (23.9 h) with
significant peaks at M2 (12.4 h) and 6 h (Fig. 5A).
Possibly, these high frequencies are riding a longer-
term, larger-scale variation that may be Rossby waves

or eddy processes that take tens of days to develop.
The K1 signal was present in the internal gas hydrate
temperatures, while the higher frequency peaks were
indistinct or absent (Fig. 5B). High frequency signals
were completely suppressed in the internal temper-
atures of the sediments adjacent to the gas hydrate
deposit (Fig. 5C).

It was apparent that the internal temperatures of gas
hydrate and surface sediments are determined by heat
flow from the bottom waters. The results were hydrate
and sediment temperatures that tracked the trend of
water temperature with respectively greater damping
of the high-frequency fluctuation and longer lags
between the peaks. Notably, careful examination of
the record does not show any evident separation of the
hydrate and sediment temperatures from the bottom
water cycles and trends. We therefore infer that the
geothermal gradient has been constant during our
record and that heat flow has not been perturbed by
episodic gas or fluid venting. Analysis of the records
can therefore provide estimates for the thermal
diffusivity of hydrate and sediments. The analytical
approach is outlined below.

In a homogeneous semi-infinite, half space the
temperature 7 at depth z due to a time-varying surface
temperature change is governed by the one-dimen-
sional heat diffusion equation with the appropriate
boundary and initial conditions [30]:
orT 0T

W_OC‘()Z2

(1)

where ¢ is the time and o is the thermal diffusivity
with units of length® time '. Here we assume that
there is no advection of heat by fluid flow, which is
assured when the probe fits snugly in the drilled hole.
This equation represents a different process that is
occurring in the field than what is typically measured
in the laboratory using the von Herzen and Maxwell
needle probe method. As a consequence, the thermal
diffusivity is measured in the field, not the thermal
conductivity.

Eq. (1) is best solved numerically. The simplest
approach discretizes (1) across a very coarse grid, that
of the spacing between the surface and the probe:

+1
LTy Ty -2+ T, 2)

At AZ?
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Fig. 4. The thermistor probe time-series show repeated episodes of bottom water temperature fluctuation during 327 days (A). Detail of the
largest temperature swing shows that a high frequency variation was embedded in the month-long episode (B). Internal temperatures of gas
hydrate and sediments track respond to the changing water temperatures after characteristic time lag.

In Eq. (2), we have represented the spatial
derivative in (1) using a three-point centered differ-
ence approximation and the time derivative with a
two-point forward difference approximation. The

subscript on T represents the location on the z axis,
where T, represents the water temperature measured
at the surface, T, is the probe temperature and Az is
the measured probe depth. The temperature at Tg, is
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an unknown that is determined by assuming a flux
condition. The superscript represents the time step so
that n+1 is Az greater than n. Eq. (2) is typically
referred to as the FTCS (forward in time centered in
space) scheme. Rearranging (2) gives the following
simple algorithm,

n+1 __ n n n n
Tt =1 s(Th - 21 + T, ) (3)
where s is the modulus.
At
S = OCF (4)

The temperature T, is an unknown that can be
estimated by assuming that below the probe the heat
flux is determined entirely by the geothermal flux,

oT
Ggeo = k E (5)
where £ is the thermal conductivity of the hydrate
given by
k= opC, (6)
A two-point centered difference approximation of (5)
yields

" — ™
Gaeo = k% (7)
Solving for T, yields
" . Az
Tgeo = Tp _Qg607 (8)

Substituting (7) into (3) yields a simple linear
relationship,

n+1 __ n n n
T pr+s(TWpr)+b 9)
where
_ 7& qgeo (10)
Az pC,-

This is a straight-forward linear equation with two
unknowns, s and b. The parameter b contains a
combination of the geothermal flux and the density
and heat capacity of the hydrate, but it does not need
to be defined a priori. Given the time series of
thermistor temperatures, the parameters s and b can be
estimated with a least squares analysis. In this way,

the thermistor experiment becomes an autoregressive
problem in one-dimensional heat conduction.

An alternate and certainly more rigorous method of
estimating the thermal diffusivity begins with a better
finite difference approximation of (1) based on a fine
scale grid and the application of the geothermal flux
condition deep within the hydrate. We used a fully
implicit method, the Crank-Nicholson scheme, for
numerically solving (1) on a fine scale grid.

-1 LD
T = ELXXY} +§Lw7;+1 (11)
where LT, = % This scheme is uncondi-

tionally stable for any value of time and distance, but
values were used that provided the best accuracy
weighed against reasonable computational times. Eq.
(11) expands to

1|1 - 21 4 T

+ (s —2mt ] =0 (12)
where s = % %‘2’. This leads to a tridiagonal system of
linear equations

s + (1 4+ 29T =T = d (13)
where d;=sT;" | +(1-25)T/"+sT}

Given an initial condition for the temperature
distribution and two boundary conditions, this equa-
tion can be readily solved for the next temperature
distribution.

The boundary condition at the surface is simply
that of the surface temperature record, which forces
the response. The bottom boundary condition is that
of geothermal flux, given by (5), but applied well
below the surface at the depth of 100 cm. Increasing it
to 200 cm makes a very minor change in the results.
We assumed a value of 30 mW m > for the
geothermal flux and a thermal conductivity of 0.49
W m~' K™' [31,32]. We note that the final value for
the thermal diffusivity was particularly insensitive to
these values. Finally, this model was tested against a
known analytical solution in order to verify its
accuracy.

Fig. 6A and B, respectively, show predicted
internal temperatures of gas hydrate and sediment
observed during the March 2002 episode temperatures
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Fig. 6. Observed and predicted temperatures are plotted for gas hydrate (A) and sediment (B) during the major temperature swing. For details of

fit, see Table 1.

predicted by estimating thermal diffusivity in hydrate
and sediment. Results from autoregressive and finite-
difference estimates are shown for comparison. The
calculated values for thermal diffusivity in sediment
and gas hydrate are shown in Table 1 along with
values for ice and methane hydrate. The methane
hydrate value was calculated from the density,
conductivity and heat capacity reported in the
literature. Davidson [31] reports a density of 0.912 g

cm°, a constant pressure heat capacity of 0.576 mW
hg ' K 'at270 K and a thermal conductivity of 0.49
W/m K [31,32] for structure I methane hydrate
(CH,4 - 6H,0) measured in the laboratory.

The fit of autoregressive and finite difference
models was robust overall, but was challenged when
water temperature exhibited prolonged increase or
decrease, as was the case during March 2002. The
differences between model-predicted temperatures



LR. MacDonald et al. / Earth and Planetary Science Letters 233 (2005) 45-59 55

Table 1

Estimates of thermal diffusivity obtained from fitting autoregressive and finite element models to temperature records obtained from thermistor
probes implanted into gas hydrate deposits and sediment adjacent to gas hydrate mound

Substratum Length Time Model Thermal diffusivity R?
(cm) (days) (m?s™h

Hydrate 7 327 Autoregressive 7.14-1078 0.99
Hydrate 7 327 Finite difference 8.33-10°° 0.99
Hydrate 8 31 Autoregressive 1.47-1077 0.99
Sediment 50 327 Autoregressive 1.77-1077 091
Sediment 50 327 Finite difference 3.01-1077 0.96
Sediment 16 31 Autoregressive 2.12-1077 0.97
Water ice - - Literature 127-1078 -
Methane hydrate - - Literature 2.59-1077 -

Length indicates the depth of implantation.

and measured temperatures are summarized in
Table 2.

As far as we are able to determine, there are no
reported values of methane hydrate thermal diffusiv-
ity, or thermal conductivity, measured in the field. The
field measured value of the thermal diffusivity of
hydrate is 8.33 10 ® m? h™', which corresponds to a
thermal conductivity of 0.135 W m~' K~'. Our
reported value is three times lower than the ‘standard’
literature value. There are a number of possible
explanations. The lack of a third thermistor deeper
in the hydrate forces us to impose a boundary
condition that may introduce additional errors. In
addition, if there was fluid flow past the probe, then
this would lower the measured thermal conductivity
and it also might explain the high frequency response
seen in the thermistor records.

Waite et al. [33] report a thermal conductivity of
0.347 W/m K for pure methane hydrate. This is
significantly lower than the ‘standard’ value of 0.49
W/m K [27,32,33]. The difference in the values may

Table 2
Mean differences between gas hydrate and sediment temperatures
measured with implanted probes and predicted with autoregressive
and finite difference models
Model

(interval)

Predicted-measured 7'
°C (% range)

Gas hydrate

0.000 (0.01%)
0.042 (0.57%)

Sediment

0.002 (0.28%)
—0.029 (4.99%)
—0.002 (0.10%) 0.015 (2.25%)
—0.018 (0.08%) 0.044 (6.47%)

Means were calculated for the entire 327-day interval shown in Fig
4A and for the 31-day interval shown in Figs. 4B and 6.

Autoregressive (327 days)
Autoregressive (31 days)
Finite difference (327 days)
Finite difference (31 days)

be attributed to differences in the experimental design.
Stoll and Bryan [34] were interested in the same
problem as Waite. They modified the basic exper-
imental procedure of von Herzen and Maxwell [35] to
eliminate the possibility that the hydrate contained
such a large volume of trapped gas that the overall
conductivity of the mixture was lowered. Stoll and
Bryan [35] accomplished this by including a stirring-
compacting piston that could be simultaneously
rotated and translated throughout the full length of
the chamber. The end result was a compacted mixture
that could contain no trapped gas. Waite et al. [33] cite
this work, but only in the context that the mixture of
sediment and pure methane hydrate is no longer well
characterized. They go on to state that, despite past
extensive laboratory work by several investigators,
there is a lack of thermal conductivity data for well-
characterized mixtures of sediment and pure methane
hydrate. Consequently, Waite et al. do not disturb their
mixture once it forms. Therefore, one could argue
they get ‘in situ-like’ values, which may in fact
contain trapped gas. Gas-filled porosity might explain
their lower conductivity values, as well as our lower
thermal conductivity.

The effect of impurities contained within the
hydrate can be estimated with a simple mixing concept,
similar to that proposed by von Herzen and Maxwell
[35]. The density of the mixture may be written as

1 1 1 1
=W —
Pmix Pimpurity

p hydrate p hydrate

where w is the weight fraction of the impurity in the
hydrate, pimpurity is the density of the impurity and
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Table 3
Properties of methane hydrate and various impurities

Property

p K C

@gmem ) Wm'K"H Whg!'K™"
Methane hydrate  0.912 0.49 5.76-107*
Seawater 1.03 0.60 10.9-107*
Ice 0.91 221 535-107*
Quartz sand 1.52 0.35 232-107*
Light oil 0.91 0.133 5.00-107*

Phydrate 15 the density of the hydrate. Similarly, the
heat capacity is given by

Chix = Wcimpurity + (1 - W) Chydrate

where Cippurity 18 the constant pressure heat capacity
of the impurity and Chygraee 1S the constant pressure

x 107 Seawaler

>

- [a%]
- 4] N o

o
»n

Thermal diffusivity, s’

(=)
=]

x 107 Quartz Sand

2.5

1.5

—

Thermal diffusivity, m* s ()

0 0.2 0.4 0.6 0.8 1

Impurity weight fraction

0.2 0.4 0.6 0.8 1

heat capacity of the hydrate. The heat conductivity is
given by

Kinix = WKimpurity + (l - W)Khydrate

where Kimpuriy 18 the thermal conductivity of the
impurity and Kpygrare is the thermal conductivity of
the hydrate. Finally, the diffusivity of the mixture is
simply

Kmix
Omix = .
pmixcmix
Using the physical properties of the various
impurities [30] listed in Table 3, the estimated
thermal diffusivity of the contaminated hydrate as a
function of the weight fraction of the impurity is
calculated and shown in Fig. 7A-D. These calcu-

X 10‘5 Ice

0.5

x 107 Light Oil

(=]

0.2 0.4 0.6 0.8 1
Impurity weight fraction

Fig. 7. The estimated change in the thermal diffusivity of pure methane hydrate as a function of increasing weight fraction for possible

impurities: seawater (A), ice (B), quartz sand (C) and light oil (D).
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lations indicate that seawater and/or oil within the
gas hydrate would have the potential to lower the
measured thermal diffusivity.

5. Discussion

These findings show that shallow deposits of gas
hydrate on the continental slope in the Gulf of
Mexico are subject to a dynamic and variable thermal
regime, with a temperature range of 3 °C and
excursions to 1.8 °C greater than the mean of 7.9
°C. Although time-series of comparable length have
not been reported from gas hydrate deposits else-
where, available information indicates that other
localities where shallow hydrate deposits are found
at slope depths exhibit lower mean temperatures at
comparable depths and probably less variation over
time. For example, Peltzer and Brewer [2] describe
observations at the Eel River gas hydrate site offshore
northern California and report ambient temperatures
of ~6 °C at 515 m. These authors note that this was
0.4 to 0.5 °C warmer than when gas hydrates were
collected at the site in 1991 [15]. Elsewhere, Hutnak
et al. [36] report a 0.2° variation over 7 days at
Hydrate Ridge offshore Oregon. Peltzer and Brewer
[2] point out that any destabilization of gas hydrate
due to increased water temperature will occur after a
lag time required for the thermal effect to penetrate
deep into sediments. Our results shed light of the
magnitude of the lag time; however, the range and
duration of thermal fluctuations will be key factors
determining the stability of shallow gas hydrate
deposits. As the inventory of sites where such
deposits occur continues to grow (e.g. [37]), one
might expect that gas hydrate deposits in sites on the
western margins (e.g. Gulf of Mexico) of ocean
basins will be subject to a higher temperatures and
greater thermal variability than those on eastern
margins (e.g. Hydrate Ridge). This is because western
boundary currents carry warm water from the tropics
into higher latitudes and frequently spin off warm-
cored eddies that impinge the slope, while eastern
boundary currents are generally colder and slower
[38]. The activity of the Gulf of Mexico Loop Current
is probably responsible for the variable temperature
regime of the Bush Hill site, although the dynamics
of the process are as yet undetermined.

Shallow gas hydrate deposits are also potentially
unstable because their density is less than seawater or
marine sediment. We commonly observed chips of
hydrate floating upward during our drilling opera-
tions, so it is clearly true that a piece of gas hydrate,
freed from the sediment matrix, would rapidly exit the
benthic environment. Many authors have similarly
observed pieces of gas hydrate floating free from the
bottom and surmised that this phenomenon could
regularly produce cratering and pockmarks often
associated with gas hydrate deposits [22,24] or, more
exceptionally, cause large-scale excavation of gas
hydrate and transfer to the upper water column [39].
The photographic time-series described in this paper
comprised 350 days during which time the morphol-
ogy of the mound was altered only in detail. This
finding is consistent with a preliminary photographic
time-series from Bush Hill [19]. The present findings
provide no support for the theory that rafting of
sediments and cratering of the seafloor by dislodged
pieces of gas hydrate is a regular occurrence.

Present findings indicate that in-situ measure-
ments of thermal diffusion in gas hydrate deposits,
as well as surface sediments, are possible when the
ambient temperatures are changing rapidly over a
relatively broad range. The robust fit of these
estimates to our field data suggests that geothermal
heat flow due has not been perturbed by rapid gas or
fluid flux. It would be interesting to implant
thermistor probes into settings where rapid fluid or
gas flux is expected and attempt to detected enhance
heat flux as a result.

Estimates for the thermal diffusivity of this natural
gas hydrate are lower than the diffusivity inferred
from laboratory measurements of thermal conductiv-
ity, density and heat capacity would suggest. The
considerable impurities found in the natural product
(oil, sediment and organic matter) undoubtedly con-
tribute to this difference, as laboratory experiments
with mixtures of methane hydrate and quartz sand
have suggested [33]. Autoregressive and finite ele-
ment methods offer alternative approaches for model-
ing such data. Both work well in the simple two-
thermistor case, but the finite element method would
provide superior resolution if additional thermistors
were added to the probes. Finding methods for drilling
deeper into gas hydrate deposits and adding additional
thermistors would improve the present methodology.
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Spikes in bottom water temperatures have been
attributed to be the cause of rapid increases in the flux
of gas bubbles that have been measured escaping from
gas hydrate deposits at Bush Hill [22,23]. The present
results raise serious problems for this theory. The
effect of relatively low thermal diffusion into gas
hydrate is to dampen markedly the largest spikes in
bottom water temperature. Addition of even a thin
layer of sediment would additionally insulate buried
deposits from any fluctuation above the annual mean.
Although the hydrate deposit is an active biological
substratum and is gradually increasing in size, on a
yearly time scale, it appears to be a relatively stable
component of the seep environment. Kinetic models
of the Bush Hill hydrate deposit suggest that it has
been accumulating for on the order of 10,000 yr [40].
While application of better thermal diffusion estimates
might prove helpful for such efforts, our results
support the long-term accumulation of gas hydrate
at Bush Hill despite the variable temperature regime
of the Gulf of Mexico slope.
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