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Optical-Cell Evidence for Superheated Ice under Gas-Hydrate-Forming Conditions

Introduction

Methane clathrate hydrate (G#H,O, n = 5.75) is a
nonstoichiometric compound consisting of a network gOH

Laura A. Stern* -t

Branch of Earthquake Geology and Geophysic, U.S. Geologicale$uMS/ 977, 345 Middlefield Road,
Menlo Park, California 94025

David L. Hogenboont+
Department of Physics, Lafayette College, Easton, Penasid 18042

William B. Durham §
University of California Lawrence Lkiermore National Laboratory, P.O. Box 808,.ermore, California 94550

Stephen H. Kirby"

Branch of Earthquake Geology and Geophysic, U.S. GeologicaleSuMS/ 977, 345 Middlefield Road,
Menlo Park, California 94025

[-Ming Chou™
955 National Center, U.S. Geological 38y, MS/ 955, Reston, Virginia 20192
Receied: September 25, 1997; In Final Form: December 31, 1997

We previously reported indirect but compelling evidence that fine-grain€aliee under elevated CHyas
pressure can persist to temperatures well above its ordinary melting point while slowly reacting to form
methane clathrate hydrate. This phenomenon has now been visually verified by duplicating these experiments
in an optical cell while observing the very slow hydrate-forming process as the reactants were warmed from
250 to 290 K at methane pressures of 23 to 30 MPa. Limited hydrate growth occurred rapidly after initial
exposure of the methane gas to the ice grains at temperatures well within the ice subsolidus region. No
evidence for continued growth of the hydrate phase was observed until samples were warmed above the
equilibrium HO melting curve. With continued heating, no bulk melting of the ice grains or free liquid
water was detected anywhere within the optical cell until hydrate dissociation conditions were reached (292
K at 30 MPa), even though full conversion of the ice grains to hydrate requir@tbat temperatures
approaching 290 K. In a separate experimental sequence, unreacted portios@ mieHyrains that had
persisted to temperatures above their ordinary melting point were successfully induced to melt, without
dissociating the coexisting hydrate in the sample tube, by reducing the pressure overstep of the equilibrium
phase boundary and thereby reducing the rate of hydrate growth at thieyideate interface. Results from
similar tests using C&as the hydrate-forming species demonstrated that this superheating effect is not unique
to the CH—H,0 system.

molecules that are hydrogen-bonded in a manner similar to ice
and interstitially encage CHyas molecules. In addition to its
possible widespread occurrence on the icy moons of the outer
solar system at Saturn and beydndhethane hydrate occurs
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natural gas on Earth?
In an earlier study, we developed a new technique for
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reported evidence suggesting that under hydrate-forming condi-
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tions, metastable water ice can persist to at least 276 K and 35 — e
possibly as high as 290 K. Nearly pure aggregates of poly- LA H,0 (94H,00

crystalline methane hydrate (G#6.1H,0O + 0.1 H0) were I CH, 6H,0
grown under undisturbed conditions from granulagOHice or +CH, (g)
(~200 um grain size) with porosity suffused with cold, L iow heating s &=
pressurized CHl gas, by the reaction Cfg) + 6H,O- asf (erea) T Qe ol B .
(s—1)—CHg4-6H,0(s) (Figure 1). The reactants were slowly I i Sy (CH, ty

warmed from 250 to 290 K at methane gas pressures,)

that increased from 23 to 30 MPéFigure 1B) in a constant-
volume reactor [see Figure 2 in Stern ef]al.Full conversion

of ice to hydrate required ®t8 h near these peak conditions
(Figure 1B, inset), yet the lack of evidence for diagnostic melting
in the sample pressurgemperature®—T) histories indicated
that macroscopic melting of ice grains during reaction did not 1or
occur® Instead, the run histories suggested that ice grain melting I
was suppressed or its rate slowed such that hydrate formation
essentially kept pace with incipient melting, and macroscopic I ]

water was not produced in the systéd I e f”HzO ® + CH,(g)

S BLr.P VERFEN RS S N T |

We have now confirmed these hypotheses by direct observa- 510 250 260 270 280 290 300
tion, using a small high-pressure optical cell in which we Temperature, K
duplicated the hydrate-synthesis procedure of our previous study
while observing the progress of the reaction under a microscope. B
We observed details of surface reaction processes that had not #0069 H,00)
been previously detected or measured in our large, constant- ‘
volume reactor, including rapid formation of hydrate films on
ice grain surfaces at temperatures well below the ice point, the
systematic development and growth of hydrate mantles around
original ice grains at supersolidus temperatures, and the
pervasive sublimation and recrystallization processes that ac-
company the hydrate-forming reaction. Our in situ technique
permits direct observation of these hydrate growth processes ) % hydraes0 30 55 80 100
on a stable ice substrate with controlled geometry, conditions 2 [ ’ ° B i
that are difficult to achieve during hydrate formation by How |
conventional methods involving vigorous agitation of gakl,O / & o
mixtures or that are only partially met during reaction along 23 4 P e T
liquid water or gas bubble interfac&s. bl
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Experimental Section Figure 1. (A) Phase diagram for the GHH,O system. Shaded region

The basic optical cell used for these experiments has beenshows field of methane hydrate stability; at low pressures or high

. . . . temperatures, hydrate dissociates t®hplus CH gas. The metastable
previously describedf; and simply incorporates a closed-ended, - eytension of the kD melting curve is traced by the gray curve. Heavy

fused-silica tube (1.0 mm i.d., 3.0 mm o.d.) housed within @ dotted lines mark the reaction path established previbtmiyproducing
conventional, stainless steel, high-pressure valve body with alarge-volume samples of pure methane hydrate fre@ ide plus CH
cut-away window for viewing. We initially chilled the cell to ~ gas mixtures, by the reaction Gig) + H-O(ice)— CH,-6H0 (detailed
250 K and loosely filled the silica tube with 2@0n ice grains ™" Figure 1B). Points A through G, A through,Gand A through E

d identicallv to th di | | | show pressure and temperature conditions of optical cell tests described
prepared iaentically 1o those used In our large-volume Samples;y, e text and shown in Figures 2 and 3. (B) Detail of temperature

(Figure 1A, point A; Figure 2A, insef). This “seed” ice was pressure history during synthesis of large-volume samples of methane
prepared from gas-free, coarsely crystalline ice grown from hydrate as discussed in earlier wél€ Warming the icet- gas mixture
frozen, triply distilled water, ground and sieved to a 4@%0 above the KO liquidus (dot-dashed line) initiates macroscopic
um grain-size fractiod8 After filling the tube with this reaction. Increasing temperature slowly to 290 K over&bh span

material, the remaining pore volume was evacuated and thenpromotes full reaction. Complete_ r_eaction i_s marked by a 1.8 MPa
’ pressure dropAP;) from start to finish, relative to the extrapolated

flooded with cold CH gas at 23 MPa and 255 K (Figure 1A,  gsypsolidus pressurgemperature curveSquares correspond to peak
point B), or CQ gas at 2.2 MPa (or CQliquid at 4.5 MPa) pressure-temperature conditions of individual samples that were
and 260 K. The cell was then immersed in an insulated dish quenched at specific intervals during hydrate formation to determine
of cold ethanol, placed under an optical microscope, and then SRS “oCR e B0 v e eled G £ and F cesiqnate
slowly V\{armed from 255 to .290 K (Flgyre 1A, points-) at . the pressuretemperature conditions correspondiné té optical cel?tests
a rate similar to that used in our earlier large-volume experi- c_g shown in Figure 1A and to AF shown in Figure 2. Inset:
ments (Figure 1B, inset). Temperature was measured with aTemperature-time profile during hyrate formation. Hydrate content (vol
chromel-alumel thermocouple emplaced within the valve body %) of partial reaction tests is given on the top scale bar, and shows
and in contact with the outer wall of the silica tube, and pressure how the rate of hydrate formation decayS with time under static grOWth
was monitored with a pressure transducer attached to one ofconditions.

the valve-body ports. Commercially available UHP-grade gases boosted from tank pressure to the desired testing conditions by
were used for these experiments, and,Qiessures were  means of a gas intensifier.
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Figure 2. H,0 ice grains (186250 «m grain size) and ClHgas reacting to form methane hydrate, shown in two series of photo micrographs of
grains near the wall of the optical cell tube<{&) and at the center of the tube {IB). (A, inset) HO ice grains (186250um grain size) in air

and throughout the 2-minute evacuation process remain smooth and glassy in appearance (Figure 1A, point A). (R=ar2b DK, Pcrs = 25

MPa (Figure 1, point C). After first exposure to pressurized, @ak (or to CQ@gas or liquid), the ice grains took on the mottled appearance shown
here due to growth of a very thin surface layer of hydrate. (B antE)275 K, Pcus = 27.6 MPa (Figure 1, point E). Same grains as shown above.
Grains have now been warmed 03K above the KO liquidus for 0.5 h. (C and F) = 283 K, Pcrs = 28.7 MPa (Figure 1, point F). Grains have
been above the #0 liquidus for 1.5 h, but are still approximage# h from complete conversion to hydrate. Ice is approximately 60% reacted to
hydrate, based on X-ray analyses and pressiamperature-time relationships determined in Stern ®aat shown in Figure 1B. Grains throughout
the tube retained their original shapes and sizes, and there is no optical evidence for accumulation of liquid water despite lengthy exposure to
temperatures well above the® liquidus. Hydrate growth along the tube wall (visible in central portion of B and C) increasingly obscured viewing
of grains located in the center of the tube (E and3fut diagnostic grain shapes are still easily identifiable. (C inset) Complete conversion of an
ice grain to methane hydrate after slow heating to the conditions designated by Figure 1, point G. Compare to A, inset.

Results and Discussion Figure 1A from points gto C,) and observing dissociation of

We repeatedly subjected granular ice to bothyCdhd CQ- this e_aT'Y',f orming hydrate film. . o
hydrate forming conditions and observed the superheating effect 1 1S initial surface appearance of the ice grains did not change
in both environments. Hydrate-coated ice grains were observedUntil the grains were subsequently warmed to th®Hquidus
to persist to 290 K at 30 MPa in GHand to 282 K at 6 MPa  (271.5 K atPcns = 27.3 MPa; Figure 1A, point D). Upon
in CO,.12 further warming, no expulsion of water was observed nor any
At temperatures well below the-B liquidus, visible surface cracking or collz_slpsing of _the hydrate epcasemept .that should
reaction on the ice grains first occurred after relatively brief attend bulk melting of the ice cores, particularly within the first
exposure €2 min) to either of these hydrate-forming species 30 min above the kO liquidus when the hydrate mantles are
(Figure 2, A and D). We verified that the mottled surface thin®and presumably weak (Figure 1, point E; Figure 2, B and
appearance of the grains in the ice subsolidus region was cause&). Similarly, a partially reacted sample that was quickly cooled
largely by hydrate formation, rather than ice sublimation, by from 276 to 268 K while maintained under elevated methane
quickly dropping the methane gas pressure of a methane hydratepressure showed no evidence of tensile cracking or expansion
sample during this initial stage of reaction (see path shown in that should accompany sudden refreezing of a melted core.
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2TS K, 2T.6 MPa

IT5 K, 4 MPa

Figure 3. Melting of the unreacted ice cores of partially reacted grains by reducing methane pressure from 27.6 to 4 MPa, at 275 K (Figure 1,
points E to k) (see text). (A) Prior to the pressure drop, the grain had been above@hiddidus to 275 K and 27.6 MPa for 0.75 h (comparable

to Figures 2B and 2E). (B) After reducing methane pressure to 4 MPa, the grains became increasingly misshapen as liquid pooled within them,
causing distortion and partial collapse of the outer hydrate mantle within 10 min. Liquid water radially expelled along small fissures armkedrystalli

as finely crystalline hydrate surrounding the original grains. (C) The sample continued to recrystallize over the following 20 # 4t R7Zhd

4 MPa, indicating that it had remained within the methane hydrate field of stability throughout the test. Hydrate growth along the tube walbisublimate
and regrew on the surfaces of existing grains (see grain at right) or as single crystals or coarse-grained aggregates (shown center and left). (D)
Slowly warming the sample to 277.5 K (Figure 1, poinj Broduced the expected dissociation of all grains in the tube, confirming that all material

was methane hydrate. When slightly cooled to 277 K, the liquid drops slowly crystallized to form methane hydrate polycrystals (center grain). The
larger drops of liquid water which have not yet crystallized (those shown at left and right) appear to be pinned to the tube surface by hydrate
crystallites or small gas bubbles in a manner such that they retain the general faceted shape of the original domains (compare D with C).

Instead, individual grains maintained identifiable shapes and To test the hypothesis that a critical rate of hydrate growth
approximate sizes throughout reaction (Figure 2, C antf F), is required for appreciable ice superheating, we conducted an
and changed only by becoming increasingly mottled and dark optical-cell experiment designed specifically to induce melting
in appearance as they approached full conversion to hydrateof the interior ice within partially reacted grains at temperatures
(Figure 1A, point G; Figure 2C, inset). above the HO liquidus, with no attendant hydrate dissociation.
The observed progress of reaction throughout th® H  This experiment was also conducted to test definitively for the
subsolidus and supersolidus regions, coupled with our previouspresence of ice within the hydrate-encased grains at elevated
measurements of hydrate reaction as summarized in Figure 1Btemperatures and to observe the development of melt textures.
suggest testable hypotheses regarding hydrate nucleation an@®ur premise was that by reducing the rate of reaction of CH
growth processes. We note that in our earlier experiments in with incipient melt at the hydrateice core interface, bulk
our large-volume apparatus, we detected no evidence of hydratemelting could proceed at detectable rates. Our earlier ffork
formation in the ice subsolidus region either by X-ray diffraction and that of othef§-18 indicated that reducing the driving
or by pressuretemperature anomalies, but speculated that a potential for hydrate formation, by reducing the pressure
microlayer of hydrate had possibly coated the ice surfaces butoverstep of the equilibrium line, should lower the rate of hydrate
remained below our detection levels [see endnote 21 in Sternformation at the hydrate growth front and could thus possibly
et al¥. This hypothesis is now verified optically (Figure 2, A serve as a method to induce melting of unreacted ice cores. In
and D) and supports theories of melting that depend on a freethis experiment, ice grains were first mixed with £&t 23 MPa
external surface for melt formatidand also is consistent with ~ (Figure 1A, point B) and then slowly warmed from 255 to 275
the existence of thin surface melt layers even at temperaturesK (Figure 1A, point E; Figure 3A). After 0.75 h above the
below the freezing poin Surface melting may be a necessary metastable kD liquidus,Pcns Was reduced to 4 MPa, just above
condition for appreciable hydrate nucleation, and the very dissociation pressure (Figure 1A, point; Eigure 3B).
limited growth of hydrate under ice subsolidus conditions  Bulk melting of ice in the grain interiors was readily apparent
suggests that such growth requires continued nucleation of meltwithin 10 min of reducingPcns. Interior melting produced
at the hydrate-mantle/ice-core interface. At supersolidus condi- grossly misshapen and bulbous grain shapes that eventually
tions, by corollary, a high driving potential for hydrate formation cracked or collapsed (compare Figure 3B with 3A) and
may be required to maintain a stable site for both continuous eventually regrew with coarsely crystalline textures (Figure 3C).
melt nucleation and hydrate formation at the hydrate/ice We confirmed that this sample was maintained within the
interface, to suppress macroscopic melting. methane hydrate stability field and that no hydrate dissociation



Optical-Cell Evidence for Superheated Ice J. Phys. Chem. B, Vol. 102, No. 15, 1998631

occurred, by observing (a) rapid hydrate crystallization ac- superheating effect can be reproduced in other gas-hydrate-
companying liquid expulsion from the grain interiors (Figure forming systems under elevated conditions of pressure and
3B), (b) the continual presence of hydrate along the sample tubetemperature.

wall (Figure 3B), and (c) additional growth of methane hydrate

crystals during the following 20 h at 275 1 K (Figure 3C). Acknowledgment. We thank Jeffrey Kargel, Keith Kven-
That all the crystalline material in the optical cell after 20 h volden, as well as one anonymous referee for providing helpful
was methane hydrate was confirmed by warming the sample toreviews of the manuscript, and John Pinkston for his technical
277.5 K and observing its predicted decomposition to water plus support. This work was supported under NASA Order
gas when warmed through the dissociation curve (Figure 1A, W-18,927, and was performed in part under the auspices of the
point E; Figure 3D). This full experimental sequence verified USGS and in part by the U.S. DOE by the Lawrence Livermore
that hydrate-mantled ice cores had persisted at elevated pressuredational Laboratory under Contract W-7405-ENG-48.
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of fully reacted grains (Figure 2). The increasingly slow ice hydrate has a density near ice; 0.90 vs 0.92 for ice). There is atatye
— hydrate conversion rate (Figure 1B inset) also suggests thatassociated with hydrate formation, however, due to the volume reduction

; ; of the gas phase into the hydrate structure. In our constant-volume
fracture of the hydrate encasement is not occurring to the extenttemperature_ramping experiments, the volume change that accompanies

that it aids transport of the hydrate-forming species to the ice reaction is reflected as a reduction in the rate of pressure increase due to
core. We speculate that the volumetric differences may be thermal expansion alone (Figure 1B).

accommodated by a diffusive flux of 8 within the hydrate (6) Control experiments discussed in ref 4, in which Ne (a nonhydrate-
forming gas) was used in place of ghinder otherwise identical test

mantle, by removal of ;ome hyd_rate material through sublima- conditions, showed both textural and run record [presstamperature (P
tion,13 or by brittle/ductile behavior of the hydrate mantle, the T)] evidence that all the ice grains in the sample chamber fully melted
effects of which are below our ability to detect by optical Within approximately 40 minutes of warming through thgHiquidus [see
observation Figure 3B in ref 4]. TheT measured by the Ne sample thermocouple
: measurably lagged the risifigin the surrounding alcohol bath during the
40 min interval over which th& dropped [see Figure 3B inset in ref 4],
Conclusions reflecting the absorption of heat due to the endothermic melting of ice. In
contrast, the Cki+ H,O samples produced only about 20% hydrate reaction

; ; inn over the same 40 min duration after crossing th® Hquidus [verified by
During our standard synthesis procedure, hydrate formation partial reaction experiments discussed in 4] yet showel dimp associated

ini_tia”y occurs in the ice SUbSO_”dUS rt_egion, produci_ng a Very ith bulk melting of the remaining unreacted ice (Figure 1B). Moreover,
thin coating of hydrate on the ice grain surfaces (Figure 2, A theT records of standard CH+ H,O runs displayed no thermal disparities

and D). Subsequent hydrate growth at temperatures above théetween sample and bath thermocouples, indicating that rapid, wholesale

. . - : . - melting did not occur [Figure 3B inset in ref 4]. While the reaction,CH
metastable ice solidus most likely occurs primarily by solid- () + 6H,0 (ice) — CHs6H,0 liberates a small amount of latent heat

state diffusion of the hydrate-forming species through the [x20+ 0.3 ki/mol at 273 K and 28 MPa methane pressure, calculated as
hydrate mantle and subsequent reaction at the ice/hydratedescribed in endnote 16 in ref 4], this heat is not reflected Bamomaly

i 8,19 that occurs near the ice liquidus because the reaction occurs over a period
interface Although these processes are enhanced by the of ~8 h and such heat would be small compared with the exchange of heat

high temperature and pressure Cond?tio_ns (_)f our Synth_‘35isof the sample with its surroundings by thermal conduction. In comparison,
methods'1¢ hydrate formation in the grain interior evidently is  the standard enthalpy for melting of ice-is.01 kJ/mol, or~36 kJ/6 mol
rate-limited by the increasing diffusion distance between H:O in terms of the hydrate-forming reaction.

tant the hvdrat il d thick Iti (7) Tests in which a coarser sized fraction of granular ice was used as
reactants as the nydrate mantie grows and thickens, resultinGsiating material (32 mm, vs 20Qum in standard runs) showed evidence

in the long times needed for complete reactidle hypothesize  for significant melt accumulation in the sample chamber during the heating
that reaction of a hydrate-forming species with incipiearOH cycle and were unsuccessful in producing bulk, granular aggregates of pure

melt at the hydrate- ice core interface may effectively inhibit met?;”%ggral_te, {fiir%‘;rese, ilgurﬁ:a?n]' WEnergy Fuels1998 12, 201
the formation of an equilibrium solidliquid water interface (9) For example, (a) Barrer R.; Ruzicka, Trans. Faraday Sod962
necessary for bulk meltintf,and can thus permit superheating. 58, 2253. (b) Barrer R.; Edge, Aroc. R. Soc. (Londor}967, A30Q 1.

These interpretations are consistent with the optical observations(c) Falabella, B.; Vanpee, Mnd. Eng. Chem. Fundani974 13, 228. (d)

f . isting to supersolidus temperatures at eleVatedAoyogl, K.; Song, K.;. Kpbayashl, R.; Sloan, E.; D_harmawardhana, P.
of grains persisting p per ] €UResearch Report No. 45; Gas Processors Association: Tulsa, OK, 1980.
pressures, with no appearance of free liquid, and with grain See also Sloator full review of synthesis techniques.
shapes and sizes remaining uniform with only minor outward (12) ngce(n§ gptlcﬁl Invdefg!gatl(osns ?L ggs IdereﬂHe g;?nwtf'\l/l_havel been

H H reporte Yy (& meliK an Ing melik, E.; KIng, A., . Ineral.
growth (Figure 2). Furthermore, the success of the induced- 19%6 82, 88), in which methane hydrate and methapeopane hydrate
melting test demonstrates by corollary that excess methanecrystals were grown along a static, liquid wateias interface in a high-
pressure is necessary for maintaining a stable hydrate migratiorlgrestfur_ehflgt-p:?te 0pt|igal Ci”' gﬂd (b) BE;eWNeir 'gt flall- (BrjeWE_r,kP.: Odrr,vb.;

H i ithi ini i rieaerich, G.; Kvenvolden, L.; Orange, D.; McFarlane, J.; KIrkwood, .
front by suppressing bulk melting W|th|_n the grain interiors at Geology1997 25, 5, 407), who documented hydrate formation along gas
warm temperature¥. Parallel tests using both gaseous and pphie surfaces during controlled release of4CEO,, and a mixed-gas

liquid CO, as the hydrate-forming species confirmed that the (methane-ethane-propane) phase through columns of natural seawater in
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a deep-ocean environment. We note that while both these investigationssuggest that either a free external surface or internal defects such as
elegantly document the initial hydrate crystallization and formation rates dislocations are critical for bulk melting to take place at the normal melting
along water/gas interfaces, they show incomplete conversion,Of td point (Phillpot, S.; Lutsko, J.; Wolf, D.; Yip, SPhys. Re. B 198940,
hydrate due to very reduced hydrate growth rates after initial crystallization 2831. See also Phillpot, S.; Yip, S.; Wolf, Bomput. Phys1989 3, 20.)

along the respective growth surfaces. Our method of hydrate growth from (15) “Premelting” of the ice grains (see reviews by Dash, J.: Fu, H.:

delayed melting of ice circumvents this problem and permits observation Wettlaufer, JRep. Prog. PhysL995 58, 115, and Wettlaufer, J.. Worster,

of full conversion of all HO in the sample tube to hydrate, as well as the . -
: : : - M.; Wilen, L. J. Phys. Chem. BL997, 101, 6137, and references therein]
testing of hypotheses regarding continued growth of hydrate after the initial may enhance reactivity and hydrate formation at the hydhiate core

nucleation phase.

(11) Chou, I.; Pasteris, J.; Seitz, eochim. Cosmochim. Act99q interface along a disordered, liquidlike, surface film. See also discussion
54 535, Y T ' ' ’ of interface phase transitions in Sutton A.; Balluffi, Riterfaces in
(12) During CQ hydrate formation, persistence of partially reacted ice Crystalline Materials Clarendon Press: Oxford, 1995; Chapter 6.
grains to temperatures above theCHliquidus was observed when using (16) Makoga#’ first suggested that because hydrate formation is an

either liquid or gaseous GQas the hydrate-forming species. Most tests interfacial process, high concentrations of hydrate-forming species are
were conducted using liquid GGn order to trace the superheating effect  required at the interface. Hwang et&lconfirmed that a high-pressure
to higher temperature before dissociation conditions were reached. Thedriving force is required for measurable hydrate formation rates and that,

equilibrium formation of CQ hydrate occurs at considerably lowesT for hydrate formation from melting ice, higher gas pressure yields higher
conditions than Chlhydrate, and its dissociation curve becomes strongly formation rates.

T dependent aP > 4.5 MPa where it intersects the @@apor curve at a . .

correpsponding dissociatiohof 283 K (see Figure 9 in the f(F))IIowing: RosS, (17) Makogan, Y Hydrates of Natural Gase<ielewicz, W., Transl,;
R.; Kargel, J. InSolar System IceSchmitt, B.; de Bergh, C.; Festou, M., ~ PennWell: Tulsa, OK, 1981.

Eds.; Kluwer Academic Publishers: Dordrecht; in press; also Takenouchi,  (18) Hwang, M.; Wright, D.; Kapur, A.; Holder, Q. Inclusion Phenom.
S.; Kennedy, GJ. Geologyl1965 73, 383.) 1990 8, 103.

(13) Hydrate formation along the inner wall of the tube at temperatures PP
above the HO liquidus (Figure 2, B and C, central region) indicates that dis(clugs)secdon(r:s\lljigfil mt?dazkgfggéirgtg g}_:evv;tr? lg aydéffusmn have been
H20 vapor exists in the pore volume of the tube, most likely due to partial p Yy by Y 9 ’
sublimation of the hydrate mantle encasing each ice grain. This sublimation ~ (20) The melt accumulation that accompanied hydrate conversion in the
process also explains why a significant grain size increase during ice coarse-grained samples [see ref 7] suggests that a prolonged superheating
conversion to hydrate is not observed [see ref 5]. effect is also partially dependent on other factors that influence diffusion

(14) Results from measurable superheating in gold-plated silver single rates, such as the surface area-to-volume ratio of the reacting grains and
crystals (Daeges, J.; Gleiter, H.; Perepezk®hys. Lett1986 119A 79), the thickness of the developing hydrate barrier to the ice core.



