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Table 2 Experimental simulation characteristics in pure water hydrate formation process

SIS R FLBEREE/% B 7K/ % YIGIRE/C HIaa e B R WRIE/% AERJa iR/ C AR F B BEZR)
He™  100~120/H 4824 77.3 8 5x10'Q 24 8 6x10°Q
JaE ™ 20~40/H 50~80( 2 SDS/K ) 0 2.5x10°Q 4x10'Q
MRS ELES 43 100 2 1.8x10° Q'm 2 3x10° Q'm
Y g s 4 100€0.5%Nacl) 2 773.13 @'m 27.31 1769.03 @m
EYH™ 12 mm 38 60 4 220 O'm 250 Q'm

OB, MR 2RI i P el BEL R 22 . %)
TR SR B, BTk S S B0 TR d
BELZR 0 FF s % AR A W 5 A B 1 B L %
FART AR W B U BB LS . R Tk A
WY SR LR B R R, (R IR IR 1
b 30ty T L ) 50 b BEL 2R (1) 7K 4 0 0 A
JIFLL R BB s Ak A= A B R b S A
SEFLBR KA W S, I 7K W4 e A S50
JEE WAV, R 2 1 ol BEL S s . DAL, vl L
RIS I AR AR K S W R BE s . A
PR R E

ST RTT R 928, 7RI TR Sk
AR S BC R RUK W SRR, BT LR N 48 o
L BEL 25 Ak B — a2 (BRI . (LI 25 T A
15, IKEHITET M 5E, R R R

TEK AR R, H LR A2 KA 45
SR, 36 55 Rt R b R PR T B A i 6
Z. BT LI i BELERAE h K A SR R P 2
PARFRI B AT A T

3.3 FRUKKEWIFIRIE RS

TEAK A WA BT, MR K TR R, A B
SRR R B R T 85, 6 3 o L S
M, e RIS K TR TR ok,
PR AT SN R K 2T 3 A AR TR
ST AEFLIRZS 18 A%, FL AR B
hE RS . P TR AR, TR TS 30
PAICAE , FLI 9 M 22 38 P AR B, B RA Zh
AT AE L L RIRAAER, 2400 s A A
Bt A o 4L R S 2 i, ok P AL B i 3 2
O] b BEL S 4 S R 22, e BEL SR B T R R R B
MBS AR R, B 13T A R S
B R R, R L.

5 S BN BE I FE 1 RS RAIG, eh B 2 e o
S LR R R, R K A G A -

TR A T FEFL IR T o B AR /N CHL 4%
TR, S TFHOK AR )5,
SER N B T R AT I KA
B BRI R Y, BT R SR, e
SEREFT, DU B AR (8] 8) . e
ERATURR Y T, B S I FIHER RN 1, S
VA AE, LK A W I B R0, LR (1 34 3 1
ASHE, FUBHSRRAIE ™ MIGZ T, iR s
(L2 M FL BRI TRk BE e B (R L R, R
EENE SN TR

AT 9\2‘
B7 k&R RER SR REE
Fig.7 Schematic diagram for hydrate

. . . [59]
formation in brine water

5
—e— PR —v- R

4l R Al 116
B
g3 &
o =
£, e
E=

P 4

v ¥y
R n
M A SR B S B e T S ——

0

0 5 20 10 15 20 25
il /h
B8 kAU TR S A R PR A A E
Fig.8 Characteristics of electrical resistivity evolution in salt

drainage stage during hydrate formation 2001



6 Marine Geology Frontiers ML T

Sk KA I B AR, S5 48 RS A4
B th BRI v BEL A R . 7R TR KT
TR, KA 0 5 12 I0R SR T RO . 4 WS A,
2 SIS, SR F B A RN 48 1, K
ST T EER (E 9), KA T B A% B NS,
AR BT o B 37 5 1 o LR 2 JE AR, i
JE HE R B BT R, 1 R R miAg .
B T A% B b vk B o TR B T
24 27 e V3B A B, BE DA R K T
725 B0 A 1 AU B X R R, L0 B
1, e BELSE R R T A0 8 A (3 5 0 e 3 434 o ke
R SUSTIIN £

G
2 40t

i a]/h

R1. R2. R3 T R4 A iR N 22 M 3 s PR A
B9 IEMEAELIKTTARYIZK A 1 A P B E PR AL A E

Fig.9 Characteristics of resistivity evolution during the nucle-

ation stage of hydrate in unsaturated brine sediments””

TENL AR A TR b, B K B 00 A
He R SR A 7 TR TR, 2 798 3 BEL ZE AL, 36 il L
et P (R 25 e HERS , o B SRR AL
GBS (] 10) . —FP RN, Se 2k K &
W) A2 B 2 8 5 VR I K 40 T3 R 8k AR AL
B, B S AR 7 R A R R T 8 K, 0T AL
JRSH B, 200 2E T PR 3B B33, LR K A
- EE R BRI KA SRR B, T Sh
it TR K A B DT 7 A 7 1 LB R
TR T, KA 40 A A A A f - 4%
[ TE . 5 — R AR REIA K 2 Ostwald BV BT
KA ) Ostwald Bl 30 246 1 F 52 R Rl R F K
AR T CH, e JE 1 22 S BT B 3l , /N A i 2K
B STRITN L, KRR A B, I
7K A B0 2 DT R U 25 T % B 3 AL B
o KB A A R - A T A Sy R R A
. Ostwald Bk B0 5 A e FL e i M, © 76 4k

202145 H
5 - : 22
i i —u— HIBH A
—— R
17
| ,
S 125
o b X
P il
23
47
s
2 . 2
0 5 10 15 20 25

i A]/h
B 10 aFnEhsk ARk & 94 K M BT B PR S A A A"

Fig.10 Characteristics of resistivity evolution during hydrate

growth stage in saturated brine sediments”"

KSR THES

FEAR L RIER AU, KA R B A -
IR WA o 37 58 WK A IS, 87 8L FEFL s 2
SEABLRTI R . T KA AR HEER VT,
KA YRS A S E . wahsiE e, A
R AR E K 4 T W BK A R B K &8
TR A KA A R, A T fE e AL
AR LA et K A 5 57— ) A A, 7= 2 7
(957K L, TR (K S I KA R
b e L SR L, RIS RE K 4 T TR I 7k 5 4 o
SEmPRIE, SR BLRRTE 1),

35 ; 14
—a— 1B
30 _\I IR i —— 1 {12
25 : { \ 10
6 !
G 20+ KL ..... f ............ \ ..... i 18
;:% 15 : AN 6 %
g 1oL : ﬂ—..\.\\\k_ 4
st b
h & /
0 H 1 1 1 0
0 5 10 15 20
il /d
11 FEEFEKTRIKEWMERM R
R PR ALASE

Fig.11 Characteristics of resistivity evolution during the

growth stage of hydrate in unsaturated brine sediments )

B KPR K & Y T8 S BFL IR K 26
e FE TG (el Bt 2 BEL SE TR LB, REAIE AL B o
PRI B TR, Rk BE TH i UL i1 Hh B 2
16, T B T3 B AR S E0TUR 1 B . R
I S o L BEL 262 G B Hy 43 7 4 S AL B R AR 2
AR 3 4 i 25 5 L KA R A T S B0k



F3ITEHESW

SRR, A TREPTURY A B ILH SC R IETE fe 7

M RS B8R P DR K S IR A K B
o MU ALK G LR AL B

Per 225, Lo i B AR A i n] U e 4= o
A BN 28 AN AT AR AL, 7 52 e L BEL AR (3 3) o

£33 HKKEWERLT TR SRR HEHIE

Table 3 Experimental simulation characteristics of brine hydrate formation process

S it FUBRIE /% WIMR S /K BRE /% YIMESREE/% YIRIREE/C WIEHIHAR/ (Q-m) WRIEE/% A4 )5 R/ (Q-m)
BERT 60~100H 40.5 100 35 3 3.173 82.17 6.763
BERP 60~100H 43 100 3.5 5.6 1.667 45 2.661
Li 40~80H 38 100 3.5 25 1.14 89 415
Li"™ 200~400 pm 32.8 100 2 2 55 12
ZE R 50~85 um 41 100 2.5 1 19 32 24
BER™  60~100H 43 100 3.5 2 1.92 39.8 2.878
You ™ 110 um 35 51 3.5 2 5.8 20
Li®™  200~300pm  41.68 40 3.35 26 1.17 33 3.14
Chen " 20~40H 38 75 335 2.15 12 60
Lim®™ 100 ym(BEEH 39 54 335 1 0.4 17.4 31.34

3.4 BEIKKEMITIR S ESIIE

TP IR A0, TEWEBS SRS, th
FUTRY) R B9 3 B AR AFAE Joule-Thomson
RO, 23 S B PR IR AR, BRI T s
LJG , B S B RAIR, KA IFF IR M, KA i
FIEE R, 4500 R p BB A R 3 el T
TR e B K A 0 o 3 AL B 2 1] B 25 K 40
SIS T Ve PR3, SRR,
S TRI S, KA 53l W BRI, 4 B 355 9 S
R S S NI AL/ L b/ SE R A AT RAIE
LR /N R ARG T e REL 2 S T B 2 .
R AT AS H TR ER I, FhLBEL  FU
K5 TARE MRSk, AT s R 4
O AR P S T 5345, SBR[ 5 Hh SR A1 e 30
W, MAKAYE A I, B AR i, H
H T oM A KRR R T SR L B AR, B ik
T ERVA T, PRI (A BEL R (A MR e

R AP SRS . T PR, (iR
R S 1o P 7 T, LB o 5 B R R,
L BEL 2R [ 6L 1 T s T T AR M TR R
FP- AL E , 7K A TR S . FE7K & Y i
XI5, 4 7 0 K S BRSO, S B vk
WG, 1 ELRSI A (9 S A2 5 iR 2 v BEL S 759
FiEks, SECLLR R, bR SR, LI

S A I, LR A B R TR IR B,
Z 55 B LD IR B e B, 02 ih T 2eadk
B R R OB (A RS TR T 4
WL, EBEE KT, SRR G . Wi
T AR K FF A A, B AER K I, iy T
JEfE e, UURR L B RGE FR . IS B K A
() 43, 77 A i A 2 R AR AL B 0 i 1, L
HBWITH S, I ELRE K A o i s, 4074
(AL, B, B2 S A TTAR
YIEHTREN, L TR, oy T 3R K TR B 4 S
G A I B L BEL RS B B B BELRAIE

PEPRTE B AL M0 FF SRR A e, v 5
SRR K 23 TR 30 AT 1] 3 5, LB 2l
BEZREAR . Tk A5 e oK, o B %
Fy 0 1) 1) 22 K R R T 5 80 BEL SR %3 2 S
5. BB EIRIAREHEA, K& Y554,
JECFL I o (1 BR VAR RIS PR, S 2 o L%
tembafEes

K H CO, EHK AT E CHy B, BidE CO,
A, 2R SE TS, TEAM CO, Sk 5KEY
S, K AWV IETE S5 5 AR A T 2 1
T | T IR ) A, S BEL R A ) R
(BB T R R K B IR T, PIERK A T8k
{RRERIRA T SR N, /CO, IR A(80%: 20%)
B CH, KEW, A RS CO, B, Hil



8 Marine Geology Frontiers ML T

202145 H

FHENE N, 207 0] IR E/NE T Y CH,, B
Kigal CO, &= (K 12),

35 : .
——a—N,-CO, -
kL) — ——CO, iE
l !
i
E 20 A
S | A S S
® 15 J(‘
= = ~
2 10
it S e e S S S S
5
0 P, P
10 20 30 40 50 60
{15 ] /min

B 12 KEYE it iR PR R IST [27-28]
Fig.12 Characteristics of resistivity evolution in

hydrate replacement process 7l

4 RGP

4.1 dhok-iaFnskiRE
TEAR ANk 2L Barh, JK G WAE R 3 Ui

RS [ (P& 13a), DA e =70, DEARW HE
AL . BEFR RS — R, R
W AR A ER AL e 1 B8, A R R o e A o 2
fi-F (] 13b) o HKEYREIL W, KEWS
KA DU B 2RSS, B4l (F 13¢), ALkl
RAGHIE N, B VORI R A TR

4.2 #hk-FELAFNKIREY

FES A B SR Ak Z LA i, Ak 322
S AAEDURA Y B R ALER (1] 14a), 7K G 4K
Wir B A TR SRR filf o KEW
1A 2 il A AR R /D, S BFL B % P AR 4
FL BHR RIS, K& P AR IR 3 (18] 14b) . Fifi
BRGHE— LR, AR L2 X R FLBK,
TFIRWK T2 B 1 2xm IERS, DIk
FLBH 338 K, 7K ) B BE ) B - 4 X
( 14¢) .

4.3 Thik-raFnKIRE
ERAER K Z A B, KEV M ES

0 7k [0 v @S K&

() A

(b) $fih-E 7

(c) A

13 @k &4 B R R
Fig.13 Model for the formation stage of saturated pure water hydrate

O kx [ v @8 k&Y [ &1
(b) BT
B 14 dEt@Fndkok &9 £ BB BRREY
Fig.14 Model for the formation stage of unsaturated pure water hydrate

(a) WA

(c) BB A



F3THEESWH

FEE, A5 TR AT R B AR AU SR T 9

AR R Z AR, AE T A AR HEERARON, B
FLRHL R IR, TR S 0 LA b oA s (18T 15a) ¢
BEE RSP EAZABT A, T Ostwald AL LA,
KoKWy IR FLBREE RS, IF o T R i b B o,
JEFRIK 23125 16 v R B2 XL A%, H BELAS A7 AR B A1

MIBLGE, 7K1 4 fik i) B P AR UK (] 15b) ¢
JE A UK G ) 2 A DU B 20, L B AR,
SR A (18 150) . RZIIRITHIFLERE LK
EYIESE, Ja SR K S XU i) S
AR/, A FHAE T2

(a) $E A

I« O visw e kot [ HET
(b) B iRt

O) =N

B 15 tafnhskok &9 i i R
Fig.15 Model for formation stage of saturated brine hydrate

4.4 Hok-FFIEFNIKRE

TEARAR AR K R 2 b, 32 8 3R, U7 S
SET TR LA 16a), K A%
R RS K b B T OK A PR ZE AL
B, AL BH ARG K. HEERAE IR T B AR,

FELAR A, KGW AR AL (] 16b) . FEE
BRI NI L, KZ B EEM I BT, KEY
JEE Z AL FAE AL IR, 7K LR A K SN S
AR b A BT KA IR, S BUK A W IR AR
JE, R ABHHAFEK 735, B BRI
(F 16¢) -

0k [0 vty [0 s @8 ke I S8 T

(a) HefiiaX

(b) e fih- B AL

(c) gt

16 Jet@FnEbkk &9 &R M B REY
Fig.16 Model for formation stage of unsaturated brine hydrate

5 RKK

SN TAEw e 7/ RN AL7/ [T o 9 i miE s i
KA SEBRAFTE, JCHAT ORI PR35 1 R /KI5
TR, I W02 35 56 T UURM K& W LR Lo fig
Ao R L BEL AT A LR, (R SR A A 140 A B 1) 3
Tr e Et— L

(DAEVURYE BIERARME LT, Z LA R
SIR= g IR ALY LR S (W RPN LA
a0, 22 LA RRURE 2 A 1 AR it B i) 45 D 3R )
FMAIE T B HE— P ST . SEPR IR R
- XUURY) 5 SR DU AR HE &5 KA 2% o, ML
FRM B L~ P B AT R ARSI, 5 20 S BRI I
UURR b K& W A Ao A o i PR S P TR A T S
e,



10 Marine Geology Frontiers ML T

2021 45 A

(2) KA WIHETURR Y P IIRT IR AS 5 2 b %
X, AAETUR 2 AL TR R | SR FLIRSS 1
DI T S M0 25 R CH, K A Wi 7E OB TR
LB S S T, ZEADR TR T LR Rk
H T H R A Y R SRR ST R LAAL
BRFEHUEK AR 3, 3 F S K A 95
ST Tk — 25 I

(3) 45 B K TR Th, £ 1 1 e TR 4 (1
L BEL SRS 0 40 5, 3 LSRR Sk & i
PR KA B R AR T 5 B0 6
(g 7 34353 S Q] 55 00 ST AR 0 1 P, 25 R 5 5 5
it CT S oW T Btk — BT

(TR, RS RE S H ISR, KA
PN A e A i A e R R AR R, KA
A TR LB b 3 B HLBNG R T A, T L
PO S8 — AR

(5) B KA LRI B S M TR I T A KA
MR e O A A AR T AR R AN, 1T LA TR
TP R W . BHIRK A 4 At 5 0 o 2 1 TR
WFSEAlL R T B3 4%, B RGx TP Rt A &
AR R R TR, O GO . B TR A
FERIEMRTT R, FF Rt T b A IR T 3% v
BELZ A S M, o A P 40 7 A S0 T4
PEATHE— B HE

FEL BHL 3 B LR ) 4 2R Bl L2354 B A 8 i
R, oK W A 3 i e R A A A ) o
SR ARSCEES T3 KGR ) L AR 50 56 F
FEHEIRE, AT T KA W AR it A R BH R AR,
P T KA WA G R, JF PR AR SRS
RIEEH AHE T LR S5e ML

(D) 7R W TUR B FL RE R b FL B R AP
BHAR R E, 5 FLBRIR W B ik B AES T IE R
AR, ZIGTIRE | UGG | FLBRE & 7K A
FLBUK Y ERRERZ M o KA W0 A TE I 2 R TR
HFL B R A S T L A LGRS R, IRtk
YR AL LA LR G e SLBR R 1 23 A B 25 5
UEHTAE7 LR

()W FIKILERPIK & P = A DU
KL, AR Sl A5 5000 A, K 5 P 10 AR 3 R
BHASZ MW K. o T Ostwald ZVEIE, KRk
FYERE B LB, LUB IR, H B AR AR

BEAK G WA WA I, LU ZE AR ZE AL B, o BH AR
MG K, WIRIZEHTEE . LB RO SRR,
KA A s B S B R 8O0, A% O 5 r B
AR

(3) E i B UKW % AL T KPR
T, DLB A o BEE KRG WA, K> T7E
BAE AT 10 L2, DU R B A% i
R, KE PN IR ) R AR A . 2 FLER
W RTINS, 7K A I e R e B 2 ) T gk
Ty B, (RO L B AR

(4) A AUL S B il )2 B 058, 5 B — 20 %) 5
PRI IETLRRY) | 2B TE K & 1 ) R 2 P T E 5
Froe8s . AR R rpER A — 1 BL ALK G
O3 i3 R vp 2 Bl A B T R B — 2D S

5t
5%k

[1] SLOAN E D. Gas hydrates: review of physical/chemical proper-
ties[J]. Energy & fuels, 1998, 12(2): 191-196.
[2] SLOAN E D, KOH C A. Clathrate hydrates of natural gases[M].
New York: CRC Press, 2007.
[3] KVENVOLDEN K A. Gas hydrate and humans[J]. Annals of the
New York Academy of Sciences, 2006, 912(1): 17-22.
[4] MASLIN M, OWEN M J, BETTS R, et al. Gas hydrates: past and
future geohazard?[J]. Philosophical Transactions of the Royal
Society A, 2010, 368(1919): 2369-2393.
[5] KVENVOLDEN K A, LORENSON T D. The global occurrence
of natural gas hydrate[M]//Natural Gas Hydrates: Occurrence,
Distribution and Detection. American Geophysical Union (AGU),
2001.
[6] BOSWELL R, COLLETT T S. Current perspectives on gas hy-
drate resources[J]. Energy and Environmental Science, 2011,
4(4): 1206-1215.
[7]  WALLMANN K, PINERO E, BURWICZ E, et al. The global in-
ventory of methane hydrate in marine sediments:a theoretical ap-
proach[J]. Energies, 2012, 5(7): 1-50.
[8] ARCHER D. Methane hydrate stability and anthropogenic cli-
mate change [J]. Biogeosciences, 2007, 4(4): 521-544.
[9] RUPPEL C D, KESSLEr J D. The interaction of climate change
and methane hydrates[J]. Reviews of Geophysics, 2017, 55(1):
126-168.
[10]  DICKENS G R. Rethinking the global carbon cycle with a large,
dynamic and microbially mediated gas hydrate capacitor[J].
Earth and Planetary Science Letters, 2003, 213(3): 169-183.

[11] LIUT, LIU X W, ZHU T Y. Joint analysis of P-wave velocity
and resistivity for morphology identification and quantification
of gas hydrate[J]. Marine and Petroleum Geology, 2020, 112:
104036.

[12]  KUANG Y M, YANG L, LI Q P, et al. Physical characteristic


https://doi.org/10.1111/j.1749-6632.2000.tb06755.x
https://doi.org/10.1111/j.1749-6632.2000.tb06755.x
https://doi.org/10.1098/rsta.2010.0065
https://doi.org/10.1098/rsta.2010.0065
https://doi.org/10.1039/C0EE00203H
https://doi.org/10.5194/bg-4-521-2007
https://doi.org/10.1002/2016RG000534
https://doi.org/10.1016/j.marpetgeo.2019.104036
https://doi.org/10.1111/j.1749-6632.2000.tb06755.x
https://doi.org/10.1111/j.1749-6632.2000.tb06755.x
https://doi.org/10.1098/rsta.2010.0065
https://doi.org/10.1098/rsta.2010.0065
https://doi.org/10.1039/C0EE00203H
https://doi.org/10.5194/bg-4-521-2007
https://doi.org/10.1002/2016RG000534
https://doi.org/10.1016/j.marpetgeo.2019.104036

SRR, S TR AU A BH AR AL R SR Tt 11

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

analysis of unconsolidated sediments containing gas hydrate re-
covered from the Shenhu Area of the South China Seal[J].
Journal of Petroleum Science and Engineering, 2019, 181:
106173.

EDWARDS R N. On the resource evaluation of marine gas hy-
drate deposits using sea-floor transient electric dipole-dipole
methods[J]. Geophysics, 1997, 62(1): 63-74.

PERMYAKOV M E, MANCHENKO N A, DUCHKOV A D, et
al. Laboratory modeling and measurement of the electrical res-
istivity of hydrate-bearing sand samples[J]. Russian Geology
and Geophysics, 2017, 58(5): 642-649.

BORNER J H, HERDEGEN V, REPKE J U, et al. The impact
of CO, on the electrical properties of water bearing porous me-
dia-laboratory experiments with respect to carbon capture and
storage [J]. Geophysical Prospecting, 2013, 61: 446-460.
a6, W R 5. 29U BT COK & Wi A S RH
PORRBBISLIG TS [J]. RIRSHIREL#, 2009, 20(2): 249-
253.

SPANGENBERG E, KULENKAMPFF J. Influence of methane
hydrate content on electrical sediment properties [J]. Geophysic-
al Research Letters, 2006, 33(24): 1-5.

CHONG Z R, KOH J W, LINGA P. Effect of KCI and MgCl,
on the kinetics of methane hydrate formation and dissociation in
sandy sediments[J]. Energy, 2017, 137: 518-529.

WAITE W F, SANTAMARINA J C, CORTES D D, et al. Phys-
ical properties of hydrate-bearing sediments[J]. Reviews of
Geophysics, 2009, 47(4): 1-38.

LU R, STERN L A, DU FRANE W L, et al. The effect of brine
on the electrical properties of methane hydrate[J]. Journal of
Geophysical Research:Solid Earth, 2019, 124(11): 10877-
10892.

LEE J Y, SANTAMARINA J C, RUPPEL C. Parametric study
of the physical properties of hydrate-bearing sand, silt, and clay
sediments:electromagnetic properties[J]. Journal of Geophysic-
al Research:Solid Earth, 2010, 115(B11): B11105.

REN SR, LIU Y, LIU Y, et al. Acoustic velocity and electrical
resistance of hydrate bearing sediments[J]. Journal of Petro-
leum Science and Engineering, 2010, 70(1-2): 52-56.

PRER, ZR2E, RUET, &5 MIBUIR R UK G IR
FE S A IC AR [T]. A711°741, 2013, 34(3): 507-512.
BRER, RAEA, BUETF, 55 JE TAMEALBBIRL Y & KRS
IRAE PR P B S BREASADL (9] AR Tk, 2018, 38(11):
128-134.

LIU H, GUO P, ZHAN S Y, et al. Experimental investigation
into formation/dissociation characteristics of methane hydrate in
consolidated sediments with resistance measurement[J]. Fuel,
2018, 234: 985-995.

DU FRANE W L, STERN L A, CONSTABLE S, et al. Electric-
al properties of methane hydrate+sediment mixtures [J]. Journal
of Geophysical Research:Solid Earth, 2015, 120(7): 4773-4783.
LIM D, RO H, SEO Y, etal. Electrical Resistivity Measure-
ments of Methane Hydrate during N,/CO, Gas Exchange[J].

(28]

[29]

[30]

(31]

[32]

[33]

[34]

(35]

[36]

(37]

[38]

[39]

[40]

[41]

[42]

[43]

Energy & Fuels, 2017, 31(1): 708-713.

JUNG J, RYOU J E, AL-RAOUSH R I, et al. Effects of CHy-
CO, replacement in hydrate-bearing sediments on S-wave velo-
city and electrical resistivity [J]. Journal of Natural Gas Science
and Engineering, 2020, 82: 103506.

CHEN X, ESPINOZA D N, LUO J S, et al. Pore-scale evidence
of ion exclusion during methane hydrate growth and evolution
of hydrate pore-habit in sandy sediments[J]. Marine and Petro-
leum Geology, 2020, 117: 104340.

LIF G, SUN CY, LI S L, et al. Experimental studies on the
evolvement of electrical resistivity during methane hydrate
formation in sediments [J]. Energy & Fuels, 2012, 26(10): 6210-
6217.

FRER, FSZ oK, RS, & TIBY T RIRKE NS
3 1 AR A FLREL R AR AR ], AR BRFL4, 2018, 29(11):
1672-1678.

ZR U, E -, AN, 5. H BH AR AR ZE TR oK -
e PR Z TP BRI LT]. 5286127, 2010, 25(1): 95-99.
HELGERUD M B. Wave speeds in gas hydrate and sediments
containing gas hydrate: a laboratory and modeling study[D].
Stanford: Stanford University, 2001.

FRas, X B, TR =2 B, 45, FLIUK R[5 AN 5] 2 A 1A & ok
B A B B L B AR AR A [T]. 124, 2016, 37(2): 222-
229.

CHEN L T, LI N, SUN C Y, etal. Hydrate formation in sedi-
ments from free gas visual
simulator [J]. Fuel, 2017, 197: 298-309.

ZHU Y H, ZHANG Y Q, WEN H J, et al. Gas hydrates in the

using a one-dimensional

Qilian Mountain permafrost, Qinghai, Northwest China[J].
Acta Geologica Sinica-English Edition, 2010, 84(1): 1-10.
WINTERS W, WALKER M, HUNTER R, et al. Physical prop-
erties of sediment from the Mount Elbert gas hydrate strati-
graphic test well, Alaska North Slope[J]. Marine and Petro-
leum Geology, 2011, 28(2): 361-380.

SUN Y F, GOLDBERG D. Dielectric method of high-resolu-
tion gas hydrate estimation[J]. Geophysical Research Letters,
2005, 32(4): L04313.

SHANKAR U, RIEDEL M. Gas hydrate saturation in the
Krishna-Godavari Basin from P-wave velocity and electrical
resistivity logs[J]. Marine and Petroleum Geology, 2011,
28(10): 1768-1778.

OSHIMA M, SUZUKI K, YONEDA ]J, et al. Lithological prop-
erties of natural gas hydrate-bearing sediments in pressure-cores
recovered from the Krishna-Godavari Basin [J]. Marine and Pet-
roleum Geology, 2019, 108: 439-470.

RYU B J, COLLETT T S, RIEDEL M, et al. Scientific results of
the second gas hydrate drilling expedition in the Ulleung Basin
(UBGH2)[J]. Marine and Petroleum Geology, 2013, 47: 1-20.
FFE, RETE, R, S BT 00 A 7R SR R
BRIRAOK G R AG S (0], s Bk P B 22 R 2010,
25(4): 1288-1297.

FUJII T, SAEKI T, KOBAYASHI T, et al. Resource assess-


https://doi.org/10.1016/j.petrol.2019.06.037
https://doi.org/10.1190/1.1444146
https://doi.org/10.1016/j.rgg.2017.04.005
https://doi.org/10.1016/j.rgg.2017.04.005
https://doi.org/10.1111/j.1365-2478.2012.01129.x
https://doi.org/10.1016/j.energy.2017.01.154
https://doi.org/10.1029/2019JB018364
https://doi.org/10.1029/2019JB018364
https://doi.org/10.1029/2009JB006670
https://doi.org/10.1029/2009JB006670
https://doi.org/10.1029/2009JB006670
https://doi.org/10.1016/j.petrol.2009.09.001
https://doi.org/10.1016/j.petrol.2009.09.001
https://doi.org/10.1016/j.petrol.2009.09.001
https://doi.org/10.7623/syxb201303012
https://doi.org/10.3787/j.issn.1000-0976.2018.11.017
https://doi.org/10.1016/j.fuel.2018.07.101
https://doi.org/10.1002/2015JB011940
https://doi.org/10.1002/2015JB011940
https://doi.org/10.1016/j.jngse.2020.103506
https://doi.org/10.1016/j.jngse.2020.103506
https://doi.org/10.1016/j.marpetgeo.2020.104340
https://doi.org/10.1016/j.marpetgeo.2020.104340
https://doi.org/10.1016/j.marpetgeo.2020.104340
https://doi.org/10.11764/j.issn.1672-1926.2018.08.017
https://doi.org/10.7623/syxb201602008
https://doi.org/10.1016/j.fuel.2017.02.034
https://doi.org/10.1111/j.1755-6724.2010.00164.x
https://doi.org/10.1016/j.marpetgeo.2010.01.008
https://doi.org/10.1016/j.marpetgeo.2010.01.008
https://doi.org/10.1016/j.marpetgeo.2010.01.008
https://doi.org/10.1016/j.marpetgeo.2010.09.008
https://doi.org/10.1016/j.marpetgeo.2019.01.015
https://doi.org/10.1016/j.marpetgeo.2019.01.015
https://doi.org/10.1016/j.marpetgeo.2019.01.015
https://doi.org/10.1016/j.marpetgeo.2013.07.007
https://doi.org/10.3969/j.issn.1004-2903.2010.04.017
https://doi.org/10.1016/j.petrol.2019.06.037
https://doi.org/10.1190/1.1444146
https://doi.org/10.1016/j.rgg.2017.04.005
https://doi.org/10.1016/j.rgg.2017.04.005
https://doi.org/10.1111/j.1365-2478.2012.01129.x
https://doi.org/10.1016/j.energy.2017.01.154
https://doi.org/10.1029/2019JB018364
https://doi.org/10.1029/2019JB018364
https://doi.org/10.1029/2009JB006670
https://doi.org/10.1029/2009JB006670
https://doi.org/10.1029/2009JB006670
https://doi.org/10.1016/j.petrol.2009.09.001
https://doi.org/10.1016/j.petrol.2009.09.001
https://doi.org/10.1016/j.petrol.2009.09.001
https://doi.org/10.7623/syxb201303012
https://doi.org/10.3787/j.issn.1000-0976.2018.11.017
https://doi.org/10.1016/j.fuel.2018.07.101
https://doi.org/10.1002/2015JB011940
https://doi.org/10.1002/2015JB011940
https://doi.org/10.1016/j.jngse.2020.103506
https://doi.org/10.1016/j.jngse.2020.103506
https://doi.org/10.1016/j.marpetgeo.2020.104340
https://doi.org/10.1016/j.marpetgeo.2020.104340
https://doi.org/10.1016/j.marpetgeo.2020.104340
https://doi.org/10.11764/j.issn.1672-1926.2018.08.017
https://doi.org/10.7623/syxb201602008
https://doi.org/10.1016/j.fuel.2017.02.034
https://doi.org/10.1111/j.1755-6724.2010.00164.x
https://doi.org/10.1016/j.marpetgeo.2010.01.008
https://doi.org/10.1016/j.marpetgeo.2010.01.008
https://doi.org/10.1016/j.marpetgeo.2010.01.008
https://doi.org/10.1016/j.marpetgeo.2010.09.008
https://doi.org/10.1016/j.marpetgeo.2019.01.015
https://doi.org/10.1016/j.marpetgeo.2019.01.015
https://doi.org/10.1016/j.marpetgeo.2019.01.015
https://doi.org/10.1016/j.marpetgeo.2013.07.007
https://doi.org/10.3969/j.issn.1004-2903.2010.04.017

12

Marine Geology Frontiers

T

JEETHT 2021 4E 5 H

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

ment of methane hydrate in the eastern Nankai Trough,
Japan[C]//6th International Conference on Gas Hydrates, Van-
couver (Canada), 2008.

HEJ,LI X S, CHEN Z Y, et al. Study on methane hydrate dis-
tributions in laboratory samples by electrical resistance charac-
teristics during hydrate formation[J]. Journal of Natural Gas
Science and Engineering, 2020: 103385.

BIRKEDAL K A, ERSLAND G, HAUGE L P @, et al. Electric-
al resistivity measurements of CH, hydrate-bearing sandstone
during formation[C]//7th International Conference on Gas Hy-
drates, Edinburgh (United Kingdom), 2011.

T, ST TR, . IR E R HL T oK A
T T 23 it 3o A A 5 e K e BELA e R (7). SRR BRA} 24,
2012, 23(1): 19-25.

STERN L A, KIRBY S H, Circone S, et al. Scanning electron
microscopy investigations of laboratory-grown gas clathrate hy-
drates formed from melting ice, and comparison to natural hy-
drates [J]. American Mineralogist, 2004, 89(8/9): 1162-1175.
B, 2RI, LI, . TTRW AL 2 R AR SOK &
PO L [7) . MR BE7:4R, 2014, 57(5): 1675-1682.
YOU K, KNEAFSEY T J, FLEMINGS P B, et al. Salinity-buf-
fered methane hydrate formation and dissociation in gas-rich
systems[J]. Journal of Geophysical Research:Solid Earth, 2015,
120(2): 643-661.

BNER, WEAR, ZENI, S HLBHARTE KRR UK B = 4Rk
LIt R b i S A R B S 46 (0] SRR Tk, 2013,
33(7): 18-23.

JEL B, BERRIN, SRAETT, A5, Ao ib o e KA M TERROK 43
RS (1], AR Tk, 2007, 27(9): 11-14.

ZHOU X T, FAN S S, LIANG D Q, et al. Use of electrical res-
istance to detect the formation and decomposition of methane
hydrate[J]. Journal of natural gas chemistry, 2007, 16(4): 399-
403.

TG, A, AT AR IR L X RAR SR G IR Uk
R B R A v RO e L] BT RE TR, 2016, 4(3):
179-183.

FE AR LR 1 XFLBR LK & Wit 2 5 A B SR T
FE[D]. LA M FRA: (ExD), 2018.

LIS X, XIA X R, X J, et al. Resistivity in formation and decom-
position of natural gas hydrate in porous medium[J]. Chinese
Journal of Chemical Engineering, 2010, 18(1): 39-42.

LUR, STERN L A, DU FRANE W L, et al. Electrical conduct-
ivity of methane hydrate with pore fluids:new results from the
lab[J]. Methane Hydrate News, 2018, 18: 7-11.

SAW V K, AHMAD I, MANDAL A, et al. Methane hydrate
formation and dissociation in synthetic seawater[J]. Journal of

natural gas chemistry, 2012, 21(6): 625-632.

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

GAO J. Calorimetric determination of enthalpy of formation of
natural gas hydrates[J]. Chinese Journal of Chemical Engineer-
ing, 2003, 11(3): 276-279.

WANG Q L, HAN D Y, WANG Z M, et al. Lattice Boltzmann
modeling for hydrate formation in brine [J]. Chemical Engineer-
ing Journal, 2019, 366: 133-140.

BRI, R0, ST, 45, & RN UK G LR

B B SR 26 (0] BRI BRI, 2013(2): 1041-1047.
SPANGENBERG E, PRIEGNITZ M, HEESCHEN K, et al. Are
laboratory-formed hydrate-bearing systems analogous to those
in nature?[J]. Journal of Chemical & Engineering Data, 2015,
60(2): 258-268.

LI N, SUN Z F, SUN C Y, et al. Simulating natural hydrate
formation and accumulation in sediments from dissolved meth-
ane using a large three-dimensional simulator[J]. Fuel, 2018,
216: 612-620.

CHEN X, ESPINOZA D N. Ostwald ripening changes the pore
habit and spatial variability of clathrate hydrate[J]. Fuel, 2018,
214: 614-622.

HABER A, AKHFASH M, LOH C K, et al. Hydrate shell
growth measured using NMR [J]. Langmuir, 2015, 31(32): 8786-
8794.

JINY R, LI S X, YANG D Y. Experimental and theoretical
quantification of the relationship between electrical resistivity
and hydrate saturation in porous medialJ]. Fuel, 2020, 269:
117378.

TOHIDI B, ANDERSON R, CLENNELL M B, et al. Visual ob-
servation of gas-hydrate formation and dissociation in synthetic
porous media by means of glass micromodels[J]. Geology,
2001, 29(9): 867-870.

T, NS, EPKE, L DU T RAR UK G WA i
T2 0 24t L B2 AT B LI (9], KSR Talk, 2019, 39(10):
132-138.

SERHE, IMCTF, 20, 5. RIRFUKE W T4 85 153 %
B (1], KR Tk, 2015, 35(1): 137-143.

AR, TR SE, R R ER B WA BE T K IR 28
WFFE [I]. 28 15, 2012, 27(4): 448-453.

SUNG W, KANG H C. Experimental investigation of produc-
tion behaviors of methane hydrate saturated in porous rock[J].
Energy Sources, 2003, 25(8): 845-856.

JUNG J W, SANTAMARINA J C. CH4-CO, replacement in hy-
drate-bearing sediments:a pore-scale study[J]. Geochemistry,
Geophysics, Geosystems, 2010, 11(12): 1-8.

LEI L, SANTAMARINA J C. Physical properties of fine-
grained sediments with segregated hydrate lenses[J]. Marine

and Petroleum Geology, 2019, 109: 899-911.


https://doi.org/10.2138/am-2004-8-902
https://doi.org/10.6038/cjg20140530
https://doi.org/10.1002/2014JB011190
https://doi.org/10.3787/j.issn.1000-0976.2013.07.003
https://doi.org/10.3321/j.issn:1000-0976.2007.09.003
https://doi.org/10.1016/S1003-9953(08)60011-0
https://doi.org/10.3969/j.issn.2095-560X.2016.03.003
https://doi.org/10.1016/S1004-9541(08)60320-1
https://doi.org/10.1016/S1004-9541(08)60320-1
https://doi.org/10.1016/S1003-9953(11)60411-8
https://doi.org/10.1016/S1003-9953(11)60411-8
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.6038/pg20130258
https://doi.org/10.1016/j.fuel.2017.11.112
https://doi.org/10.1016/j.fuel.2017.11.065
https://doi.org/10.1021/acs.langmuir.5b01688
https://doi.org/10.1016/j.fuel.2020.117378
https://doi.org/10.1130/0091-7613(2001)029&lt;0867:VOOGHF&gt;2.0.CO;2
https://doi.org/10.3787/j.issn.1000-0976.2019.10.017
https://doi.org/10.3787/j.issn.1000-0976.2015.01.020
https://doi.org/10.1080/00908310390207873
https://doi.org/10.1016/j.marpetgeo.2019.08.053
https://doi.org/10.1016/j.marpetgeo.2019.08.053
https://doi.org/10.2138/am-2004-8-902
https://doi.org/10.6038/cjg20140530
https://doi.org/10.1002/2014JB011190
https://doi.org/10.3787/j.issn.1000-0976.2013.07.003
https://doi.org/10.3321/j.issn:1000-0976.2007.09.003
https://doi.org/10.1016/S1003-9953(08)60011-0
https://doi.org/10.3969/j.issn.2095-560X.2016.03.003
https://doi.org/10.1016/S1004-9541(08)60320-1
https://doi.org/10.1016/S1004-9541(08)60320-1
https://doi.org/10.1016/S1003-9953(11)60411-8
https://doi.org/10.1016/S1003-9953(11)60411-8
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.6038/pg20130258
https://doi.org/10.1016/j.fuel.2017.11.112
https://doi.org/10.1016/j.fuel.2017.11.065
https://doi.org/10.1021/acs.langmuir.5b01688
https://doi.org/10.1016/j.fuel.2020.117378
https://doi.org/10.1130/0091-7613(2001)029&lt;0867:VOOGHF&gt;2.0.CO;2
https://doi.org/10.3787/j.issn.1000-0976.2019.10.017
https://doi.org/10.3787/j.issn.1000-0976.2015.01.020
https://doi.org/10.1080/00908310390207873
https://doi.org/10.1016/j.marpetgeo.2019.08.053
https://doi.org/10.1016/j.marpetgeo.2019.08.053
https://doi.org/10.2138/am-2004-8-902
https://doi.org/10.6038/cjg20140530
https://doi.org/10.1002/2014JB011190
https://doi.org/10.3787/j.issn.1000-0976.2013.07.003
https://doi.org/10.3321/j.issn:1000-0976.2007.09.003
https://doi.org/10.1016/S1003-9953(08)60011-0
https://doi.org/10.3969/j.issn.2095-560X.2016.03.003
https://doi.org/10.1016/S1004-9541(08)60320-1
https://doi.org/10.1016/S1004-9541(08)60320-1
https://doi.org/10.1016/S1003-9953(11)60411-8
https://doi.org/10.1016/S1003-9953(11)60411-8
https://doi.org/10.2138/am-2004-8-902
https://doi.org/10.6038/cjg20140530
https://doi.org/10.1002/2014JB011190
https://doi.org/10.3787/j.issn.1000-0976.2013.07.003
https://doi.org/10.3321/j.issn:1000-0976.2007.09.003
https://doi.org/10.1016/S1003-9953(08)60011-0
https://doi.org/10.3969/j.issn.2095-560X.2016.03.003
https://doi.org/10.1016/S1004-9541(08)60320-1
https://doi.org/10.1016/S1004-9541(08)60320-1
https://doi.org/10.1016/S1003-9953(11)60411-8
https://doi.org/10.1016/S1003-9953(11)60411-8
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.6038/pg20130258
https://doi.org/10.1016/j.fuel.2017.11.112
https://doi.org/10.1016/j.fuel.2017.11.065
https://doi.org/10.1021/acs.langmuir.5b01688
https://doi.org/10.1016/j.fuel.2020.117378
https://doi.org/10.1130/0091-7613(2001)029&lt;0867:VOOGHF&gt;2.0.CO;2
https://doi.org/10.3787/j.issn.1000-0976.2019.10.017
https://doi.org/10.3787/j.issn.1000-0976.2015.01.020
https://doi.org/10.1080/00908310390207873
https://doi.org/10.1016/j.marpetgeo.2019.08.053
https://doi.org/10.1016/j.marpetgeo.2019.08.053
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.1016/j.cej.2019.02.060
https://doi.org/10.6038/pg20130258
https://doi.org/10.1016/j.fuel.2017.11.112
https://doi.org/10.1016/j.fuel.2017.11.065
https://doi.org/10.1021/acs.langmuir.5b01688
https://doi.org/10.1016/j.fuel.2020.117378
https://doi.org/10.1130/0091-7613(2001)029&lt;0867:VOOGHF&gt;2.0.CO;2
https://doi.org/10.3787/j.issn.1000-0976.2019.10.017
https://doi.org/10.3787/j.issn.1000-0976.2015.01.020
https://doi.org/10.1080/00908310390207873
https://doi.org/10.1016/j.marpetgeo.2019.08.053
https://doi.org/10.1016/j.marpetgeo.2019.08.053

53785 4 5 W SRR, A TREPTURY A B ILH SC R IETE fe 13

PROGRESS IN EXPERIMENTAL RESEARCH ON RESISTIVITY
EVOLUTION OF HYDRATE BEARING SEDIMENTS

GUO Yangl’z, HU Gaoweil’z’s*, LI Yanlong2’3, CHEN Qiang“, BU Qingtaom,
WAN Yizhao™, MAO Peixiao’, CHEN Jie’, WANG Zihao
(1 China University of Petroleum(East China), Qingdao 266071, China;
2 Laboratory of Gas Hydrate of Ministry of Land and Resources, Qingdao 266071, China;
3 Laboratory for Marine Mineral Resources, Pilot National Laboratory for Marine Science and Technology(Qingdao), Qingdao 266071, China)

Abstract: Electrical resistivity is extremely sensitive to the composition and microstructure of hydrate-bearing
sediments, and is often applied as a key parameter reflecting the evolution of physical properties during the
formation and decomposition of hydrates. However, due to the complexity of influencing factors, the variation of
resistivity with the formation and decomposition of CH, hydrate is still unclear. Based on the research progress of
resistivity experiment of hydrate-bearing sediments, the evolution of resistivity in the hydrate forming process in
different systems, such as pure water, saline water and unsaturated water, is studied in this paper. The results show
that in the sediments saturated by pure water, the hydrate develops gradually from contact mode to cementation
mode; in the systems filled by saturated brine, hydrate occurs in a suspension mode and Ostwald maturation
occurs; in the sediments with unsaturated water, hydrate occurrence changes from suspension mode to cementa-
tion mode. Based on the above analysis, a model of hydrate formation process is proposed by the authors, and the
future development trend of experimental research on electrical characteristics is discussed. It is confident that the
results have certain reference significance for hydrate electrical research.

Key words: nature gas hydrate; electrical resistivity; experimental simulation; growth model
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