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GAS HYDRATES 
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Rcpo гted аге cxpe гimenta l гcs ul ts on the be lыvi oг of 111etl1 ane, ргораnс , and са гЬоп dioxide l1 ydгates at 
te111pc гatLJГes belo111 273 К апd pгess LJГes belo1v the 'ice- l1 ycl1·ate- gas' equilibгiL1m , 1v h eп ice is the staЫ e pl1ase. 
Tl1 e stшly l1 as fLJГпi s l1cd evidencc fог t l1e fоплаtiоп о !' iп te гп1ecl i ate supe1·cooled (mctasta Ьl e) 1vatc г d uгiпg gas 
hydгatc di ssociat ion. Tl1e pгess LJГes of hyd гate dissociation in to s нpe гcoo l ed 1vate г а пd gas 111е ге measL1гed at 
t l1e LempeгatLJГe 1·a пgcs 253-273 К fо г m etl1 aпe hydгate , 263- 273 К fо г ргора пе l1 yd гate , а пd 249- 273 К fо г 
сагЬоп dioxide l1ycl1·ate. Tl1egas l1 ycl1·ates lia11c Ьссп гecogп i zccl to keep metastaЫe fог а long time 1vithin t li e Р-Т 
а геа iп Ll1 e pl1 ase cli ag1·am boL1п cl ecl Ьу t l1 e ' i ce- l1 ydгate-gas ' а псl ' supeгcoo l ed 1vateг- l1 y d гate-gas ' m ctastaЫe 
eqL1 ilib1·ium lincs. Соп tга 1·у to 1v l1 at l1as Ьееп assшл ed /'01· se lf'-p гese г11at i o п о /' gas l1 yd1·ate, th e i г 111 e tas taЬi li ty 
l1 as по гc l at i o п 111ith ice coatiпg оп l1 ydгate paгL i c l es . 

Gas l1ydгates аге cгystalli11e сот p0Lt11ds fo гmj пg 
fгош vvateг а пd l o\v-mol ecL1i aг gases. Iп пatllгe t J1 ey 
exist as !1ydгates of паtша l gases а пd аге vvidespгead 
iп s llbшaгiпe e11viгoпm eпts belo\·V depths 350- 400 ш 
ог Ь lovv 200- 250 т i п t \1 e peгmafrost zопе [lsl'omin 
and Yakus/iev, 1992 ]. Wi t l1i11 the latte r·, gas \1 yd гates 
сал exist a lso outs id e t h e iг pгese 11t-day geological 
staЬility zопе еvеп at 150- 200 т deptl1 s dlle to self
pгese rvati oл jn the роге space of fгоzеп гocks. Tl1ese 
аге t \1 e so-ca ll ed гelic gas \1ydгates [ lsl'omin ancl Yalm 
sliev, 1992 ] \11hi c l1 sto1·e \ а гgе ашош1 ts of 11atшal gas 
and t hL1 s have good есолотiс pгospects [Yakushev et 
а/" 2005 ]. 

Self-pгeseгvat i oл of gas \1 ydгates lыs Ьеел со111-
то11 !у attг i buted to ice coat iпg t lыt forms uроп 
Ь уdгаtе parti cles at t \1e o лset of t heii- di ssocj at i oл 
алd pгeclud es fгее gas ге \ еаsе [Davidson et al" 1986; 
Istomin and Yalшshev, 1992 ]. Ice foгmatjoп о п dis
soc iatioл of \1 ydгates lias Ьееп ргоvе11 expe гim e 11tal
ly but its ve r· y mec lianism гem a i n s роог \ у Lrпd e г
stood. 

Оле se l f-p гeseгvat i oл mec h aпi sш , vv\1jch \Vas 
t l1 eoгetica ll y grou11d ed i n tегшs of' eq ltilibгiн m t \1 er
mody11amics, implies t \1 at hydгates d issoc iated at 
tempeгatllгes belovv 273 К сап go t l1гoнgh iпteгmedi
ate metastaЫe p \1 ases of sнрегсоо \ еd \11аtег а лd снЬi с 
ice [Isl'omin et al" 2006]. Но1\1еуег, t \1ere was п о ге \i 
аЫе expeгim eлtal evid eпce fог tЬ е ex i steвce of t l1ese 
metastaЫ e pl1ases Ьеfоге онг stlldies. 

Belo\.v 1ve present таiп hig \1li gh ts of Oll Г st Ltdy 
a imed at c l1 eckiпg expe гi111e11tally \V\1 etheг t l1 c meta
staЫe states of gas hydrates сан exist dшiвg gas Ьу 
dгаtе dissociat ion belo\V t he ice mel tiпg poiпt. 

T l1e ехре гi 111e11ts wеге peгformed witЬ met l1 a11e, 
ргорап е, a11d са~-Ьоп dioxide Ьydrates . The gas \1 y
d гate di ssoc i at i o п \Vas studied н siпg vis11al mi cгos 
copy techпiqнe сотЬiпеd \Vit h Р-Т measшemeп ts. 

Detai ls of t l1e expeгim eпtal setop a11d ргосеdше 
l! Sed i 11 tЬis \.\1 о гk аге g iYe11 el sevvЬ e гe [ Res/iel'niko v, 
20 10] . In bг i e f, gas l1 y dгates vУеге foгm ed iп а high
pгessшe геасtог placed iп s i d e а theплostati c соо l ег 
iл о гd ег to maiп taiп t \1 e r·eqaiгed temperatшe . Opti
cal obseгvatio п 1vas ca пi ed он t tЬгOL1 gl1 vievviпg wiл
do1vs оп the геасtог's l ate гal s uгface llsi11g а cathe
to п1 eteг wit \1 its te lescope ocular f'i tted \vitЬ а digita1 
сашега . Т \1 е digital iшage Vl'as di splayed 011 а monitoг 
iп гeal-tim e mode анd saved оп DVD. 

Tl1e saшples of gas hyd гates vvere ргерагеd iп the 
follo\v iпg \vay. Distill cd \vate г (1.0 - 1.5 g ) was 
sprayed оvе г а Plexiglass plate set veгtically iп sid e 
t he t·eactoг bet1vee11 tЬ е vje\vi пg wiпdows . В еfоге 
t \1 at, both t he геасtог and t l1 e plate wеге cooled do\VЛ 
to 253- 258 К to let ice fогт ол t he plate sшface as а 
sp \1e гi ca1 segmeпt \Vit \1 t he 0.15- 2.5 шт base diame
ter алd а Ь e j g \1t of 0.3 111111. Afte г Уасн шniпg апd 
clia гgiпg 1vit\1 tЬе hydгate-foллiпg gases, t l1 e геасtог 
1vas l1eated slo\vly to аЬоУе the ice melti вg po i11t. The 
fогшаtiол of \1ydгates 1vas i11feпed fгот visнa l аЬ
sелсе of liqltid iп t he saшp les ол t he plate. 

Fог gas \1yclrate di ssociatioп , fiг s t tЬ е chose 11 
tempeгatшe \Vas set llp in tЬ е гeacto r · апd tЬеп ргеs
sше \vas dec r·eased slo\vly. 111 the сон1·sе of d issocia
tioп, tl1e gas l1 ydгate samples chaлged tЬ еiг s uгface 
patteгпs as iпs нlаг liquid арреагеd with gas гe l easiпg 
fгот it . Т!1е ргеssше at wh ich the fiгst chaнge Ьесате 
Y i siЬ!e was assi gп ed the d i ssociatio п ргеssше Pd. 
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Fig. 1. State diagram of the 'water-methane' system 
( with excess gas), а fragment: 
1- equiJibгiL1m line 'ice (\vateг at Т > 273 K)- gas !1yd гate-gas' 
J.Istomin and Yalгushev, 1992]; 2 - pгedi cted metasta Ь! e exte11sio11 
о { t l1 e 'wateг-gas !1ydгate-gas' eq L1ilibr i ш11 liп e at Т < 273 К 
[Istomin et а/., 2006]; 3 - gas h ydгate dissociat ion ргеssше Pd, 
оuг data; Т = 253 К is t l1e tempeгatшe liшit at \V l1ich supe г
coolecl \vateг l'oгmatioп 011 met l1 aпe l1 yd гаtе d i ssociat i o п \vas 
obseгvecl ; Q is t he qL1adrL1pole poiл t coпespo11di11g to coexis
teпce of ice + water + gas hydгate + gas; А is tЬе poiпt on tl1e 
phase diagra m соггеsро пdiпg to Р-Т coп ditioпs of t l1e expeгi
ment with 111 etastaЬ!e methane hydгate ( see text f'ог ex pJa11a
t io11). 
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Та Ь 1 е 1. Coefficients А and В in Equation (1) 

Hydгate-foгmiпg 
А В, К 

Tempeгatll ге 
gas гапgе, К 

Metl1 aп e 24.763 6509.1 253- 273 
Ргора пе 54.607 15 402.0 263- 273 
СагЬоп d ioxide 28.61 7774.7 249-273 

Figuгe 1 sho\vS Pd for шethane l1 ydrate. At teni
peratuгes above those at the quadгupole equilib rium 
point (Т Q), t l1e Pd values coincide witl1 t l1e equi libгiuш 
dissoci atioн pгessuгe of bнlk hydгates. At tempeгatuгes 
below Т Q and up to Т = 253 К, the Р,1 values fall оп the 
pгedicted exte11sio11 of the 'water- hydrate-gas' equilib
гiшn liл e iлto the агеа wheгe sapeгcooled water сап ex
ist. Similaг гesults were obtaiнed fог ргораnе and СО? 
hydrates, with tЬе only difference that Р,1 were mea= 
suгed til l 263 К for tЬе foпner and 249 К t'ог t l1e latteг. 

Least-square pгocessing of the data has yielded t l1 e 
following tешрегаtuге dependence of tЬе dissociation 
pгessuгe ( witЬ the regression coefficieпt 0.998): 

ln (Р,/Р0 ) = А - В/Т, (1) 

where Р0 = 1 МРа, Tis tl1e teшperatuгe iн К, алd А, В 
ai·e tЬе empiгica l coeff'ic i e пts (ТаЫе 1 ). 

Fig. 2. Formation of metastaЬle (supercoo\ed) 
water and its crystallization оп propane hydrate 
dissociation: 
а - О miп (oпset of" di ssoc i at i o п ); Ь - 62 mi11 ; с - 89 шiп; 
Т = 267.5 К, Р = 0.054 МРа: it - J1 yd1·ate; <v - \vate r; i - ice. 
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Th e dissociation e11tlыlpy ЛН was calcнlated us
iпg th e measнred pгess LLres Р,1, vvith the Claнsius
C lapeyro11 equatio11: ЛН = 51.7 kj/ mol fог metlыпe 
l1ydrate, ЛН = 129.4 kJ/nюl for propane hydrate, a11d 
ЛН = 58.4 kJ/ mol for саrЬоп dioxide hydrate. The 
predicted e11thalpy valнes agree well \vith the pнb
lish ed on es for dissociatio11 of tl1e respective 11ydrates 
i11to vvater a11d gas. 

Figшe 2 sho\vs an exampl e of successive visiЬl e 
сЬапgеs obseгv ed duri11g dissociatio11 of propane Ьу
dгаtе at 267.5 К . At t his teшpera tшe, ргорапе 
l1ydrate is k11ow11 to dissociate iнto ice апd gas at 
tl1e eqнilibriшп pressнre 0.137 МРа [ Sloan and Koli , 
2008]. Hovieveг, tl1e f'iгst cha11ge in the saшp1es vvas 
observed at а pгessuгe as lo\v as 0.054 МРа \vheл pro
pane hydrate dissociated i11to sнpeгcooled \vater анd 
gas (Fig. 2, а, Ь). Sоше dгops of sнpeгcool ed \Vater гe -
111ai11ed in tЬе шetastaЬle state and did not crysta11 ize 
even 1.5 hг afteг Ьaving арреагеd (Fig. 2, с ). 

Tl1 e gas 11 ydrate samples behaved iп а 11 нnusнal 
\vay vvithiп tl1e Р-Т агеа boнnd ed Ьу the 'ice- l1y
dгate-gas' еqнi1iЬгiшп li11e апd 'sнpercooled wateг
l1 ydrat e- gas' metastaЫe eqнilibгiL1m line (l1atcJ1ed 
агеа iп tl1e рЬаsе diagгaш of Fig. 1). Wl1en the metl1-
ane hydгate saшples showed no vi siЬle sig11atшe of 
dissociation for 14 days of co11ti1шo L1 s exa111i11atio11 at 
268 К апd 1.9 МРа (poi11 t А iп Fig. 1) , \Ve Ьеgап to 
геdнсе pressшe iл t 11e геасtо г vvl1il e maiп taiпi пg tЬ е 
sаше tешрегаtше . Water fолпеd imm ediate ly follo\v
i11g tl1e i11teгsectio11 of 'supercool ed \vater- l1 ydrate
gas' шetastaЬle equilibriнm liл e . Tl1 e foпn at i o 11 of 
supercooled vvate г ш eans that th e hydгate saшples 
\Vere fгее fгош ice. I11deed, lыd tЬ еге been ice in t l1 e 
sampl es, п о sнрегсо о1еd \Vateг vVO Ltld Ь аvе been ob
served: t l1is wateг cгystalli zes rapid1y as it can пеvег 
coexist \vi tЬ ice. Tl1erefore, tЬе stability of t he шеtl1 -
ап е l1 ydrate samples in tЬ е шetastaЫ e state (point А 
iп Fig . 1) lыs но re1ation wit h self-pгeseгvat i o п 
t lнoL1 g l1 ice coatiнg of hydiate paгti c l es . Tl1e lo11g
teгm existc11ce of 111 etastaЫ e Ьydгates iл t l1e P - Tarea 
vvЬ еге ice is а stablc рЬаsе алd t l1e арреага11се of sн
percooled ( metastaЫ e ) water as а11 iн terшed iate 
pl1 ase is tЬe 1·шod y11a111ically foгЬidd eп , is evid e11ce 
tЬat t l1e di ssoci at i oл of l1 ydгates into ice a11d gas iл 
t he fогш of а direct so lid-so lid transition is kiл eti 
ca ll y iшped ed . 

Siшilaт ЬеЬаviог " ' as observed also for otl1er 
шеthал е h ydгate saшples in tЬе area Ьонпdеd Ьу the 
' ice- Ьydrate-gas ' eqнilibri шп liнe апd ' s нpeгcooled 
water- Ьydrate-gas ' metastaЫ e equilibriнш line a11d 
th e 253 К isotl1erш, as we11 as fог propane апd СО2 
hydrates iп t he агеа boнnd ed Ьу tЬе sаше liл es апd 
tЬе 263 К апd 249 К isotl1er111s, respective ly. 

Tht1 s, tЬе laboratory tests lыve pгoven tlыt tЬе 
шetastaЬle states (gas Ьydrate , sнpeгcooled vvater) on 
dissociatioп of gas l1ydгates сап really exist for а loпg 
tim e (оп tЬе expeiiшe11t scale) at tl1 e teшpeiatшe be
low 273 К. As iпfeпed froш the measшed 111 etastaЫ e 
eqнilibгi шn ргеssнге for tl1e systeшs \vateг-шetЬane 
l1ydгa te', \vater-piopa11e Ьyd1·ate ', a11d 'water-carbo11 
dioxide l1ydrate', tl1e gas l1 ydrate staЬil ity \Vitl1in the 
Р-Т агеа bou11d ed iл tl1 e plыse d iagram Ьу tЬ е 'ice
l1 ydrate- gas' апd 's L1percool ed vvater-Ьydгate-gas ' 
liп es lыs no гela tioп \vitl1 self-preseгva tioп Ьн t is 
гаtЬег dне to kiл etic iл1pediшe11t of dissociatio11 iпto 
ice апd gas. 

The stнdy was sнppoгted Ьу gra11t 10-05-00270 -а 
fгот t he RL1 ssian Foнпdatioн fог Basic ResearcЬ ; it 
\vas caпied OL1t as part of I11tegratio11 Pгoj ect 09-62 of 
the Siberiaп Вга11сl1 of t l1e Russiaп Academy of Sci
ences апd Ргоj ect 11-6 of а Basic Researcl1 Ргоgга111 
of tЬ е RAS Eaгth Scie11ce Depa гtшent . 
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