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ABSTRACT

We performedapid depressurization experiments on methane hydrate under isothermal
conditions above272 K to determinghe amount andrate of methane evolution. Sample
temperatures rapidlgrop below 273 K andtabilize nea72.5 K during dissociation. This
thermal anomaly and the persistence of methane hydrate are congistehe reported recovery
of partially dissociated methane hydrate from ocean drilling cores.
INTRODUCTION

Naturally occurring sl methane hydrdtasbeen recovereédfom numerousocean drill
cores in goartially dissociated state. Retrievedrescan contain severglhases: hydrate, fine-
grained sediment with altered textures, saline pore water that has freshened by hydrate dissociation,
methane gas in excessiofsitu saturation levels, and occasionaltg. Drill coretemperatures
measuredafter recovery ar@epressed several degrees belbw baseline core temperature in
zones observed or inferred to contain gas hydrate (Westbrabkletastner etl. 2, Paull et al.
3). Temperatures can be depressed as much as 2 K belopGhediing point aR73.15 K and
are lower than any encountered during core reco(fgstbrook etl. 1; Kastner etl. 2). Such
thermal anomalies have been attributethtsendothermic enthalpy of hydrate dissociation. An
experimentaktudy onsynthetic methane hydrate dissociation at temperatures &y@/&« may
provide insights into these observations.

Moreover, temporary preservation of hydragsbeenobserved below 273 K and at 0.1
MPa, first noted in sl methane deuteriohydrate (Davidsah 4} andlater in simethane hydrate
at high level{>50% ofthe sample; Yakushev andtomin 5, Stern etl. 6), as well as in sli
natural gas hydrates (Gudmundsson €f)alWe were interested in investigating methane hydrate
dissociation kinetics at temperatures ab@ve K following rapid depressurization @1 MPa to
better define a regime of anomalous preservation observed at lower temperatures. In experiments
performedbetween204 and 270 K (Stern ell. 6), we observe highlguppressedlissociation
rates between 250 and 270 K, and 50-90% of the hydratains preservedfter 24hours, based

on CH; evolution and x-ray diffraction analysis of samples. In contrast, below 25@ tikine to



50% dissociation is several orders of magnitude less.

The purpose of our study was four-fold: d¢termine the dissociation rates of methane
hydrate abov@70 K, 2)profile sample temperature during dissociation,id&ntify factorsthat
control dissociation rates in this temperature regime, and 4) begin a preliminary investigation of the
effects of natural impurities (sediment and sea water) on hydrate dissociation.
EXPERIMENTAL METHOD

Hydrate synthesis Polycrystalline methane hydrate, with expected stoichiometry
CHg:-6.1 HO, was synthesized from granular water ice and pressurizgdi§iitythe method of
Stern et al.§). Samples had at most trace amounts of ice remaining after synthesis and a porosity
of about 30%. The 30 g hydradamples were cylinders, 2.54 cmdiameter and approximately
9.3 cm in length. The sample axis was held vertical during synthesis and dissociation (Fig. 1).

Modifications were made tthe hydratesynthesis procedure fageveralsamples. A
hydrate/sediment aggregates made by mixing 150 + 50 pquartzsand withthe ice(volume
ratio 3:7)prior to synthesis. After synthesis, methane pressutg,JRvasreduced to4-5 MPa
while temperature was held near 275 K. @a#er(SMOW) pressurized with Chito >10 MPa
was introduced through a port abotlee sample angartially permeated theamples bygravity.

The samples werannealed a276+1 K, 10 MPa fothreedays prior to dissociationAdditional
hydrate growth did occur based on analysis of identically treated samples.

Dissociation procedure 1) While maintaining high &,,, eachsample wasquilibrated
at a temperature between 273 and 289 K by immersing the pressure vessstedaethanol bath
inside a freeze(Fig. 1). 2) Rn, wasreduced over severahinutes to atleast twice the
equilibrium pressure. 3) Sample vessels were rapidly depressurized to 0.1 MPa ianelthen
opened to thdlow meter. This depressurizatioate is anupper limit of the pressure-time
pathway encountered during core retrieval. 4) Intesaaiple temperatures were monitored with
one to four thermocouples, and geolution was monitored with a custom-built flow meter (see
below, Fig. 1). The external bath temperaturg)Was held constant during dissociation.

Temperature measurement Both Text and internal sample temperatures were monitored



during dissociation (Fig. 1, left). et was measured with an RTD located near the vessel. Sample
temperatures were monitored using one of two setups. In setuprédthermocouples were
located along the cylinder axis at the sample's top (8.8am sample bottom), middle (4¢m),
and bottom (0.6 cm). The side thermocouple (4.8 cm) is a few mm’s intfir@sample surface.
In setup #2, two thermocouples were located along the cylinder axisOdneminto thesample
top and the other 3.5 cm up from the bottom. The K-type thermocouples measured@vithih
of 273.15 K in an ice/water calibration bath.

Custom-built flow meter. The flow meter is based on the principleshef Torricelli tube
and determines gas flow rate by monitoring the weight change of an inverted, water-filled cylinder
as CH, displaces water (Fig. 1, right). The water column is drawn into the inverted cylinder under
vacuum,then primed with flowing CH, to saturate the water and t@inimize solution during
measurement. As CHdisplaces water in the cylinder, the external wégel is maintained
constant by a water priming and drain system. Water temperature and the partial pressure of water
vapor in CH; are incorporated into the data analysis procedure. Because our laboratory site is near
sea level, we assume that atmospheric pressure is constaniviRd). I'he number of moles of
CHa is calculated using the ideal gas law, which accurately predicts relative changédsecveall
pressure range of operation (based on comparison with a non-ideal equatatefof CHg). A
30 g hydratesample yieldsabout 6 L ofgas. Flow meter volumeapacity is ~8 L,and we
measured flow rates ranging from 0.01 to 3000 ml/min.
RESULTS

Rates of dissociation A summary ofthe rapid depressurizati@xperiments above 272
Kis listed in Table 1. Methane gas yields are typically within £ 5% of the expected {adhsesl
on sample mass and the assumed stoichiometry), which are acceptabtagpassible presence
of trace amounts of unreacted ice, the uncertainty in expe¢ted + 0.1), andhe possibilitythat
pressurized gas remainé@pped inpores (highyield) and/orthat partialdissociation occurred
during the depressurizatiostep (low yield). Breakdown of methane hydrammmences

immediately after depressurization, and £éVolution is closely linked to theample's thermal



history (Fig. 2). The rate of hydrate dissociation increases systematically with increas(figT
3). At 272.8 K, the experiment reached 80% reaction after 10 hdbessample requiretheating

through 273 K taachievelO0%r reaction in a reasonabtene. Dissociation is completafter 3

hours at 273.6 to 273.8 End only 18 minutes at 288.8 K. Above 273 tKe reaction time
decreases exponentially with increasing; {Fig. 4). The significantly longer reactiotime at

272.8 K links the anomalous preservation region at 250-270 K (Statnégtto the T, > 273 K

region explored here.

Reconnaissance experimer(fBable 1) show that introducing impurities significantly
increases the methane hydrate dissociatts at~277 K (Fig. 4). Rates increase in the order:
poroushydrate < hydrate + sea water < hydrate + queated + sea water, sutimat thetime to
80% dissociation is four arttiirteentimes shorterrespectively. This trend is seen in a similar
suite of experiments @68 K (unpublishediata). Higher dissociation rates drithee system as
low as 263 K inthe sediment/sea watstample, thermal buffering at 272.5 K (see below) is not
observed, and $#0 melting is depressed ~2 K due to the presence of sea water.

Thermal buffering. Two-stage thermal buffering is observedthie experiments above
272 K, first at 272.5 K as methane hydrate dissociates and then at 273. ife Keastionproduct
melts (Fig. 5). After plummeting below 273 K upon depressurization, temperatargsly
rebound and are buffered at 272.5 + 0.2 K within minutes, regardlesstofWhen Txt < 274
K, all thermocouples record thermal buffering, althougbk effect laterdisappears along the
sample surfacavhile continuing in the interior. The effect abserved only by top and middle
thermocouples whengkt is > 274 K. Side and bottom thermocoupsée®w that temperatures
plunge below 273 K after depressurization, then climb steadily back through 273 K. The buffering
temperature is maintained until dissociation nears completion, is reproducible and timtntte
buffering atthe H O melting point, and is observed in other hydrate dissociation experiments
(heating from low T through 273 K at 0.1 MPa, unpublistath). Thebuffering temperature is
not constant, increasing very slowly over time from 272.3 to 272.7 K ddigsgciation. Peters

et al. Q) observe similarly depressed temperatures bet@é2rand 273 K irtheir experiments.



Thermal buffering athe ice point may continue after dissociation is complete, indicating the
presence of an #D ice/water mixture. After dissociation ceasegiessels were opened in
experiments C114, C116, and Cli8yealing a plug of wet, granulace aroundthe center
thermocouples and surrounded by a gas gap. Liquid water had pooled at the vessel bottom.
DISCUSSION

Dissociation rates andthermal buffering. Temperatures isome hydrate-bearing drill
coresare notdepressed below 273 Because thenass ofdissociating hydrate is insufficient to
depress temperatures to thestent in thesurrounding sediments and pore fluids. In our
experiments on methane hydrate, the temperature drops below 273 K when the pressure is reduced
to 0.1 MPa, regardless oky, and is self-maintained at272.7 Kuntil the dissociation reaction
nears completion (>95%). This thermal buffering effect occurs in actively dissociating parts of the
samples. When gkt > 274 K, neither buffering at this temperatuner atthe icepoint occurs
along the side or bottom surfaces. The sample dissociatdbeamm@product meltgreferentially
and quickly along these surfaces. Dissociation ratesincreased significantly bynpurities
present in natural systems. The effect of sea water may be extreme in our expéacems of
the high sample porosity antihe high thermal conductivity of sea wateglative to CH. A
detailed study of the effects of impurities is in progress.

A key question arises: what caughe thermalbuffering near272.5 K? Anapparent
buffering effect could occur if the reaction rated hencéneatconsumptiorrate were balanced by
the heat flux rate from the surroundings, holding the sample temperatures within a intereay.
However, the heat flux and buffering temperature should vary wijthdand we observe a narrow
range of temperatures. It more likely a thermalproperty of a reactiorijke thatfor a phase
change, but what that reaction might be is unclear. No methane hydrate phase bmohading
the metastable extension of hydrat€CH4 + HoO (1), corresponds tthe buffering temperature at
0.1 MPa. The temperature is close to the melting pointx@,H correspondendkat isprobably
not coincidental. Buffering is not observed in the isothermal portiottseafapid depressurization

experiments below 272 K (Stern et@), where experimental conditions are fartirem the HO



melting curve. But weare notobserving a simplease of HO melting or fusion: the buffering
temperature is markedly lowdnan theice point (Fig. 5), which is recordedfter dissociation
ceases at ththermocouples. Clearlythe source ofthe narrow bufferingnear 272.5 K is an
interesting question, and one that cannot be resolved with the data from this study.

Although the values of thésothermal Eyt span 16 Kall of the reactions proceed at the
same temperature after a few minutes of dissociation. Howeerate ofdissociation increases
monotonically with Ext. We infer that the rate isfanction of theheatflow suppliedfrom the
surroundings (bath)nto the sample throughthe vessel. This influx suppliedeat for the
endothermic hydrate dissociation reaction.th@ next section, weomparethe cumulativeheat
budget for dissociation and the calculated heat flow into the system.

Heat budget. Using the measuredextent of reaction and thsystem'stemperature
evolution over time, we calculated the cumulative hemlget forthe dissociation reaction and the
expected heat flow from the bath into thessel interior. We consider#éue simplest problem of
steady-state hedfibw, AQ/At, across anaterial(304 stainlessteel) with thermal conductivity k
(0.3 J/sec-K-cm; Weagt0Q), crosssection A (area ofvessel surface), thicknesAx, and
temperature differencAT (sample temperature -gf), where AQ/At = -KA(AT/AX). We
assumedhat thevessel wall is continuous arfat theindium jacket lining thesample has no
significant effect. We ignored vessel wall curvature, using the inner and outer wall surface areas as
boundary conditions. We considered ordgial heaflow throughthe vessel sides oaxial heat
flow throughthe vessel bottonfthe top is insulated by a layer of @H The heatudget for
methane hydrate dissociatiaras calculatedusingthe startingamount of hydratethe enthalpy of
dissociation (18.1%J/mol for CH;-6HO; Handall), and the reactioprogress with time (Fig.
3).

The calculated total radial hediow (vessel sides) byhe end of hydrate dissociation
exceeds that needed to dissociate the hydratendng than 50times (Fig. 6). Therewould be
ampleheat to also melt 100% of the ice product by the end of dissociation, but this is not observed

experimentally. Axial heat flow (vessel bottom) is comparable to that needed to dissociate hydrate



on the reaction time scale (Fig. 6). At 273.8 K, the calculated heat flow is insufficienfipiete
dissociation. In higher temperature experimehést flow lags behindheat consumption for
~50% of the reaction. At the end of dissociation, however, the available excess heat is sufficient to
melt 10 - 30% of the ice product, consistent with observed vessel contents.

Of course, bothradial andaxial heatflow occurred inthe experiments. The calculations
can be reconciled using the thermal evolution (leiig. 7). In warmer tests, sample temperatures
near the cylindesurface exceede?i73 K in minutes. Thus thisonewas hydrate- and ice-free,
leaving only CH and BO (l) (Fig. 7c). The water segregated by gravity, leaving {Ciong the
sides. Methane gas has a thermal conductivity 0.1% that of stainless steel{Uyeass the gap
between the steel and sample exceeds 13 pmppb€tdmes an insulating layer and greatly reduces
the radial heat transfer. The pooling water is a better condi@®othat of stainlesssteel;Weast
10), although heat transfer will be affected when the water depth exceedsn0.9nthe 273.8 K
experiment,radial heatflow occurred over a longer timenterval, as theside and bottom
thermocouples indicated that hydrate and/or ice was present along the sample perimeter throughout
the reactior(Fig. 7b). These observatiorare broadly consistentith the independentesults of
Peters et al.9). Theirvessel axis waborizontal, and thepbservedoreferentialice melting and
water pooling along the bottom surface, clearly indicating that the directioraamum heatflow
was perpendicular to the vessel axis over a narrow, lower sector of the vessel circumference for the
latter part of the experiment.
CONCLUSIONS

Temperature depression below 273 K hasnobserved in hydrate-bearirmgean drilling
cores, suggestinthat theprocess observed in our experiments is similaghaboccurring in the
field. A significant finding of our study ithat attemperatureselative to naturasettings, hydrate
dissociation is a thermal procasst is largely dependent on the héatv into thesystem. Our
results mayhelp improve procedures fanatural hydratesample recovery.For instance, core
retrieval systemscould reduce hedtow into the drill core byusinginsulatinggas gaps or by

segregating thenorethermally conductive fluigpghases (porgvater and/or the water dissociation



product) from the hydrate. These issues will be pursued in a future paper.
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Table 1. Summary of rapid depressurization experiments above 272 K.

Sample Hydrate T.C. imit Pinit AP rate ATipit? time-100% vyield
ID mass (g) Setup (K) (MPa) (sec) (K) reaction (min) (%)

C126 29.80 #1 272.8 5.8 14 -3.9 >605 101.7
C83 29.80 #2 273.6 9.3 16 -1.7 183 122.3
C118 29.80 #1 273.8 6.1 12 -4.2 147 103.0
Ccr7 30.31 #o 276.4 9.3 12 -4.1 72 100.5

Cl14 29.80 #1 276.5 7.9 18 -5.5 85 96.0
C122 29.80 #1 277.1 8.5 12 -5.5 86 95.6
C129 29.80 #1 277.3 9.5 22 -8.9 35 125.3
C130 26.93 #2 277.3 7.6 35 -13.8 18 639

C78 30.37 #P 279.1 9.5 12 -7.0 48 101.3

Clie 29.80 #1 281.4 10.1 16 -10.0 50 86.0
C81 29.80 #2 283.8 15.6 19 -12.1 46 96.8
C86 29.80 #2 288.8 26.9 17 -16.4 17 1.3

a|nitial sample temperature change, duadibatic coolingrom CHy expansion anthe onset
of hydrate dissociation.
b Calculated from seed ice weight, assuming 100% conversion 46CH$O.
CHigh yield probably due to excess pore gas remaining in sample after depressurization step.
d Only one thermocouple, in top position.
€Hydrate sample contained added sea water. High yield due to hydrate growth from sea water.
f Only one thermocouple, in middle position.
9 Hydrate/sediment aggregate with sea water addddw total is due to the longer

depressurization step, in which the vented gas included that from hydrate dissociation.
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FIGURE CAPTIONS

Figure 1. Schematic diagram (not to scale) of experimental appahaiusng sample
thermocouple configurations used to monitor thermadlution (left) and thecustom-built flow
meter that measuregshe amount ofevolved CH (right) during dissociation. Thermocouples,

RTD's, load cell, and pressure transducer are interfaced with a data acquisition system.

Figure 2. Thermal history (a) and gHvolution (b) of a dissociating metharig/drate
sample at 277 K (Run C122, s€ablel). Text remains approximately constant. Point [1]: At
time = 0, internal sample temperature agg @re nearlyisothermal. Pressure Ben dropped to
0.1 MPa (see text). Point [2]: Sample temperatures plunge within secondsrioram below
273 K. As dissociation proceeds, the sample temperature is buffered at ~272.5 K (top and middle
thermocouples). Temperature evoleesitinually at thebottom and side thermocouplecations
as CH, evolves andce (reaction productinelts. Point [3]: Temperaturesthe top andniddle
begin to diverge as dissociation nears completidheessample top. Point [4]: As dissociation
ends,the sampleinterior warmsabove272.5 K. Inthe four-thermocouple experimentt)e top
and middle thermocouples are buffered at the ice point of 273.15 K until the ice meltsev@mwly

fourth point has been plotted for symbol clarity.

Figure 3. Methane evolution with time for all experiments, showhagdissociation rates
systematically increase with increasingyd % Dissociation (theextent of reaction) is the
measured amount of GHhormalized to the expecteanount. Notehe reproducibility between

the two experiments conducted at 273.7 + 0.1 K. Every fifth point has been plotted.

Figure 4. The exponential effect ofgkt on thetime elapsedor 80% dissociation of the
hydrate to occur. The scatter in ttheta is likelydue tominor differences in the depressurization
procedure. In the early experiments, depressurization was more rapid (under 10 sec) and involved

a largerpressure drop (morthan twice theequilibrium pressure). Thidifference appears to
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produce dissociation ratésat are initiallyslightly higher than those iour later experiments.
Curves for 90, 95, and 100% dissociation (sbbwn)are shifted up irtime but have similar
slopes. Preliminary results foydrate + sea water and hydrate/sediment aggregate + sea water

samples at ~277 K show the compounding effect of adding impurities (indicated by arrow).

Figure 5. Thermal histories recorded by the middle thermocouples, shibwitrgp-stage
thermal buffering at 272.5 = 0.2 K and 273.15 K (8=d). Top thermocouples (nshown)
record a similar history.The initial sample temperature is seentbe left oftime = 0, and is
isothermal with T, at the start of rapid depressurization. Th&aimum T depends on the
depressurization procedure aimitial dissociation rates. Aftethe materialsurrounding the
thermocouple has dissociated d@hd iceproduct has melted, T rises towardsxI Every fifth

point has been plotted, and symbols are equivalent to those in Fig. 3.

Figure 6. Comparison gdhe cumulative heat needed to dissociate hydrate 2¥ab K
and thecalculated heatlow throughthe vessel fromthe surroundings(ethanol bath) into the
samples. Radial heat flow moves heat too quickly into the sample: dissociation should be finished
in minutes and all ice should be melted at the end oéxperiments, both predictions inconsistent
with observations (see text). Axiheatflow is more consistent with observegsociation rates
(see text). Note that curves were placed at the lower boundfighedtased orthe innerstainless
steel surface are®r the radial healow results; heatflow would be slightly higher for &rue
cylindrical conductiormodel. The samplesare believed to be largely insulattdm radial heat

flow by a gas layer (see text and Fig. 7c).

Figure 7. Schematic diagram of samplesembly, phasesnd their distribution as
dissociation proceeds: stainless steel synthesis/reaction vessels (dark gray), sample (see key), and
thermocouples (positions shown). Diagrarage approximately to scale. &rior to
depressurization: nldrate= Text, porous hydrate + G4 b) After depressurizationall T < 273

K, hydrate + CH + HyO (s>l). Dissociation iggreater alongample sides and bottom, and ice
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product may begin to melt. c) Several minutes after depressurizagigm (d74 K): Tside, bottom
> 273 K, Top,middie= 272.5 K, hydrate + Cid+ HyO(s>l). An insulating CH gap haformed
and BO (I) pools atthe vessel bottom (setext). A similar configuration ibservedafter

dissociation ceases, when only melting ice remains around the center thermocouples (see text).



Figure 1.

/ / to vacuum
P transducer um
to system H pump

FREEZER

vent FT TSRS SSSsssssssEsmsmETEES valve

thermo-
couples

e

ethanol
bath
(Tex)
water
prime
—

heat source




Figure 2a.

SIS

Y% SRS
RO S

AV Vay Sl
..',..-.'n».'.e‘.'&#.e.#.«'

—

ext

—o— middle —5— bottom

——top

—<o—gde

SRR

B
2

H,O melti ng{
point

YROAN R ORATO VAT oA ROAAN
s e g o e gy g

dissociation -
ends 8

T A
1.0

Time (h)

1.5 2.0

15



Figure 2b.
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Figure 3.
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Figure 5.
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