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Calculation of Gas Hydrate Saturation Within Unconsolidated Sediments
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Abstract: The purpose of this paper is to review several different methods calculating gas hydrate saturations. There
are three methods using downhole log data, core data (including pressure core), and seismic velocity data. Archie's
equation using electrical resistivity of downhole log data is widely used for saturation calculation. In this case, Archie's
parameters should be defined accurately. And the occurrence types of gas hydrate significantly affect to saturation
calculation. Thus saturation calculation should be carefully conducted. The methods using chlorinity and pressure core
data are directly calculated from core sample. So far, the saturation calculated from pressure core gives accurate and
quantitative values. But this method is needed much more time and cost. Thus acquisition of the continuous data with
sediment depth is realistically hard. The recent several results show that the saturation calculated from resistivity data
is the highest values, while the value calculated from pressure core is the lowest. But this trend is not always absolutely.
Thus, to estimate accurate gas hydrate saturation, the values calculated from several methods should be compared.
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Fig. 1. (2) An idealized continental margin showing the gas hydrate
stability zone (GHSZ) in light grey (Kvenvolden and Barnard,
1982). (b) Diagram showing an arbitrary gas hydrate stability zone
controlled by depth and temperature (Kvenvolden, 1993). BGHSZ
= based of gas hydrate stability zone; mbsf = meters below sea
level.
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Fig. 2. Gas Hydrates Resource Pyramid (left). To the right is an
example gas resources pyramid for all non-gas-hydrate resources.
(Boswell and Collett, 2006). TCF = trillion cubic feet of gas.
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SEubete 19964 A AR A AT AN T2sto| =8
olE FALE I3t A=A Ao s FYEHAL, 2000
| o] Fel= AEe BARIS] "l 2855 o]8ste] F9A
A 712EAPL gt IohEE AR A T4, 1999). 2000
Z &3 FSEANA ] TiAste|=dlo|E ER7Fs A S AA
she Ardskse] ¥R HALEHEH 5, 2001; 514 7,
2004; Lee er al., 2005), 2005\ AAAAF(E, A4 5=
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T} shselsalolE Zahe ANe] e AT F9)
o] A AR gA EEEHIL YO (Hyndman er al., 1999;
Cook et al., 2008; Lee and Collett, 2009, 2011; Shankar and
Riedel, 2011) =X e =EH(HZY &, 2010, Kim ef al.,
2011) HEH =EE2 U] THslelERo| Bl BES

Bolut F& 7 52 AMShE =] tiF-Eelth. uEhA

rr

ey 7ksste| Ego| ES Edtele A5 ¢ ol
Algde] BHERZ 245 e 497 B7] wiol] A
o] EAS st AfA128 29 (petroleum system
modelyS ZtHZ F-&3P7ldl= og) 7HA] Fe7) Jde s
g A AUnk EFF TRAEo|EYo|ES] REYHE 35571
P el (pore-filling type) ¥RF of} kgt 7t=e] &
(fracture)dioll 7= 739 B1% ofHr}h Aw7H] ESEAE
Fokste] wAERE Q% thEFHE FolA HEIUY 49
A= ol d Aeje] 7t2sko] =8 o] E(fracture-filled gas
hydrate)7} &31A] 27 (Collett et al., 2008; Cook, 2010; Kim
et al, 2011)S1 32 o] E3F= AlAkA o] F=o]71 & @ 5t}

uebs o] mEoMe AF7HA| ThAste| Yo E Eshe
Azt #ES s WEES AR, 53] #88 Age
Fejo] 7kistol =0l E st Atk thate] o AE
A2 alste] &5 E58A 0 FEske 7kasto| =0 E
2% AL Al 85 BRE AlFetalal gtk

7IASI0|=R|0|E ZESIE AlAt

I o7 nu A SYEHES] 79 gl X3
AT FGEETF E=2 =70 R 781X &2 1 ohm-m
Ulgje] vk 718 R oF=v|(Hyndman et al, 1999) 3=
o] 7¥xzslol=go|ETF HE8 7 7hAsto| =g EVE A A
A &S s7] "ol A7|v|Ade A F7tsHl €t

A 7Ees) e AR E AR A5 =
X3} (water saturation, S,)E AlAFS=U] Archie (1942)2] &
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Aoz I EAlshs fAld Gt e 35S
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Fgtoll J&FS Fof. b BXeE +
el Z3tso] e g2 Ede 4T 4 o oA
Archie (1942)7} AFet Exst= Axbgoly 1 AAka
ofef o} 7t}

s, [T
R x¢"
S,, = water saturation of the uninvaded zone
R, = resistivity of formation water at formation temperature
R, = true formation resistivity
¢ = porosity
a = tortuosity factor
m = cementation exponent

n = saturation exponent

|49 sFEAE 2ol Aoy FEZF F5-g E4
Eo] A FEo|(clay ion)o] AAHQ] H7|HEEd J&
S F7] ujiZol|(Waxman and Smits, 1968) Archie?]S U=
A gsler] F27h AT FFEC] S (> 30%) ol e
W7HEE §4o] A7MA el FA FEFe FA= Bk
Aoz e UtH(Erickson and Jarrard, 1998).

BAE] g5 7hadto| =0 Evt RES AL, ALskakg-
(consolidation)?} F&E3} Z-8-(mineralization)id2 /3 2-8-0]
WA 739 38 7AaS A7mAR e SUHE doTA
Hr}. o] Aol 7hzslol=go] B &gt JFS et
7] $18IAM =5l ER 23bE 59 78] A S (resistivity
of water-saturated sediment, R,)S AlXksto] A Z7|H])# g}
I HWEO 2] TkAEto| Bl Ee] RERTE AT

ATk R LEZHE] AL F=E(density porosity, duen)2

Archie's parameter (a, myg ©]8-3to] oo} do] ALk}

R = arR,,

T
579 A7MAR R= A%H(in situ)] 259} o= 18
I PEE o AlitE thFofonoff, 1985). 2, A&

(formation water)2] €=} HEEE 4 Arp (1953) 21S 9]
L350 Ak 4= ot Ak oo} o)

(T+21.5)
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(T,421.5)

oA71M Ty = olm| <AL e S4H E(ﬁﬂxiﬂffoﬂ*i-J =),

T, = AA| AF ZoloMe] 2%, R, Rpe 1 2 T, =9
Aol XF2] A7H|AEelt), R, 2 T <=4 €3 =

A7MA golth, webA sS4 2 2 olst 54 Zlole] A&
257t A=A X]i‘ﬂii}gr(geothermal gradient)S A4k}
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Archie parameter?l a9} mS EHF A5 T &5
E20 23S Aom A7tEe e dAste] A4St
= R, R7F AR & dA|ehe 7lo] 5T =R E3hd
Ao 7hd. S2YAF ARE o8 45 e 7]
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Aalfof gtk 2euh o] 3k el b E A7 o
27] wiZe] g A|FFer = A= Tt i
B gAlsE ooz o] F
gttt & RS AlAtele RO AN EAE & R HETE
e BoF= o] E0]9]9 E;d & 7tzstol=go|EV}
FE1AL Qe AR Y

7}23lo| =0l E J:ti}J‘(Sh)— Archle 2o 2 RE )R]
£ R,9 R 8] 283 E3ME A|F p O RRE oo} 72
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28 #8319 OL}(Pearson et al, 1983) H g FHE &
Zahe sfolmdolEe] A% BEEH @I, 34, vy

v)"ﬂ ugt g=27] w & ne] e 059004 47k thFst 3t
S AAIEHF A TH(Spangenberg, 2001). Santamarina and
Ruppel (2008) w324 sjSE A==, AE, HE)9] 4
- ngrel 1.60] 7P A o= A v Qv 22y
Malinverno et al. (2008)2 7}27}t]o} FHYE] n| A% 5
GEH o ok 7o =2 p=24 + 0.3 AASAH. Collett
and Lee (2011)2 nzke] W97} 1.715(7 222 E HZH E)ollA
2.1661(AF)e] ML= AP A %ksfnt 1.9386S A|AI8
th ngko]l AW 7iEslo|=go|E 3l e WA ﬁ]*}ﬂ—tﬂ
AF7HA] 7tssto| Eglo|E X3kw At e tii-E n=
£ FE Agsto gt
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three-phase effective medium theory (TPEM) (Ecker et al,
1998; Helgerud et al., 1999; Ecker et al., 2000), three-phase
Biot theory (TPB) (Carcione and Tinivela, 2000; Gei and
Carcione, 2003), self-consistent approximation-differential
medium theory (SCA-DEM) (Jakobsen e al., 2000)2} weighted
equation ¥ (Lee et al, 1993; Lee et al, 1996; Lee and
Collett, 2006, 2009) 5] 3t} o]Fo| A weighted equation

W2 BGTL (Biot-Gassmann Theory by Lee)Z B & &2 &

Fujo] 71229} 7}sjol=alo|Ee] @e FA sk ol gHE
WHolt), AlME £k 2A4E SE3(EFE acoustic log

o i

s LAt Z3leE Febe WHolth & 7hAstol =glo]
Ev 7kt gls 7] e8RS ol&ste] Sk
AAkste] 7154 (baseline) 22 Stth. BGTLe] BGT (Biot-
Gassmann Theory)¢} TF2 & %39 HA & ATA S
(shear modulus)E 7A4FeH= Zlo|t}. o] ML Iupduds

Ul ox 1
-

A7t QolE FANLEEDN ASH BedS AR AL
A% A48 5 Qi Welr, 58] B FFEL /K 9
ST B90) bl AT HE S B 2
g Qe 4B 9L vt ek £F Archie 41 o131
e PHE fAE ARE At

Weighted equation (Lee ef al, 1993)2 Timur equation3}
Wood equation®] Z3¥l ]|t} Three-phase Timur equation
2 two-phase Wyllie's time average equation® ZHE 223
2lolth. Wyllie®] 21> EZA oM H+t GEE Fts o8-8
o #Ag FHES Sk Y-S o Ss= 2lo|th(Wyllie e
al., 1956; Timur, 1968). Timur equation< ¢} o] A 2]
Hrh

l — ¢den(1_ShT) + ¢denShT+ (1_¢den)
Vp Vw Vh Vm

37|14 Syr: gas hydrate saturation from the Timur equation
Vy: water velocity (1.5 km/s)
Vi: velocity of gas hydrate (3.35 km/s)
Vi :matrix velocity (3.3 ~4.65 km/s depending on
sediment type)

o, Timur equation P 24" HFHE, JES} AEA HFHE
7159 o] B2 ﬂa , T (fracture)o |t J-E(Vug)»}
72 olzHAQ FH0] e HAHE TolME ofF W e
THAAY 3& 2o E3}%(negative saturation)S X 1Th
(Cook, 2010). A 27k WA T Q= 7pasto|Sglo|ES o
okl e HAE] A4 difie] mydd JE 2 AE

Ao HAEo| oy T3 FEES = FEo] 7p2=3)

o|=golE A E 7t HAIAEE JIEHETHY, E5EA
SollA Z vepdth. wEbA FFE] =2 A FRAdEH
AAE9 S9EE 548 A|AS Wood equation (Wood,

1941)0] Q3 Aokstd L (Lee ef al, 1993, 1996), o1& 3H

AZol 7histol=glo]EVE HEHO S ¢ Wood
equation offj ¢} Zro] Aj2o] Ageojd = & AASIAT

1 a1 =Sww) |, BaenSir | (1= Pten)

pV[Z) pw V\fr phV}f pm Vj,

3714 S, gas hydrate saturation from the Wood equation
Oy: gas hydrate density (0.91 g/cm®)

Lee et al (1993)2 Timur equation3} Wood equation]
weighted mean ZHo2 7IAdlo|=do]E X3S A
fet 2g AASFA T Cook (2010)2 Timur equation}
Wood equation®l|X] A& EZ3I=E o]-83ke] weighted Timur
and Wood equation ©]&3}o] 7t2slo|=EgolE X35
AR adt e 2 235 J= 77 F S5, 709
TLIM ARSALL a+ f=1E 7stal 2 A2 ol el 2+
o] AeJaiich.

Sy = aSyr + BSuw

27| B FFEZNE ALt
8 2}7] &7 (Nuclear Magnetic Resonance: NMR)H-2 HE
o] A%d FHz SAlste HA=e ST =2A
FEYA(FIA ol FIskA dhsske A& o83t
U o2 NMRE H#E9] W5 45k Al ozt
SES AU 52719 EX 58 AR o o8y
+= ¥ olth(Luthi, 2001; Ellis and Singer, 2007). &2}7] 34
AL T,2} &2l NMR relaxation timeS =7 sfe] F=9]
715 AgsP Hevl AEY JERT 353707 2 2
= 4 7 T, E 7Ktk v HEA HHES Bo] JEZE
of Ag=o] o] &S T,& 7Kt HAZWeIA 7k2sto]
EYO|EZE F=55E tASRS 4 NMRE &2 T, 5 ¥
& 2382 /1%ap 93 ol ssol=dolEl Fage
Z-9-#=th(Kleinberg er al., 2003, 2005).

2] TS o]&3t 7iislol =0 E st ALk of
o} 72 2o o3| AL THMurray et al., 2006).

¢d en” ¢N1\/[R
¢d en™ A ¢NMR
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3714 C,: measured pore water chlorinity
Cy: estimated background chlorinity in situ
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AT ARE 0§53 7iEslo| =0 E X3l = 9ol
AAE vpe} o] EEHSA FH5E A7MAY, S5, Izt
718 A5} FFE ARE o83l ALkt 358 AR
= BE Wi o 2 %547] ufj 3 ] 1 Ag=rt v Fa8)
ot webs F5EC] 735 Sellx] AE vk} o] EEES
9] 42+ X}E—rﬁ € heu (neutron porosity) Hoie= o

of

AR RFE AMNEE e, (density porosity)s T= ©]-8-5F
oh B3 352 AL e 2] 7kIA] fARIAE 4
ks 70BN T FFES ol&sIE Stk & ISl
FZ3elo] e =20l 7 B AT dien™ dhew TAY
TV Baen= thew bien < heu8l A7 HETF FHG ASES
ngch B2 BAREE BRI o] F3ke] Aozt vEhdth &
YAl SEE UEARERE AEE o= BEAR
o] A7t T3t} g s Atk D a3 BT
A Z78E Ero] 79 AF-37d 2] Wsk(washoutol] &J&F FaF)
o eJal] FA #9571 wiizol] o] ek 2] 7 o] I
Qajt), 3 Fo)E o] fsle] FA sk B YALEE F
[t SRR o] BRI EAZolox oF
(opal)®] gHeFo] ol YA =go] dukEel 712,65 glem®)E.
oF 22 325 gem’)yE BT AE 7] wwe] ol
et v desith R Z4Y 5 2010, Kim ef al, 2011).
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A7 A A7 E o]&3 T3t AN 71 dE] ARS-E]
o] Archie 2% ©]&3l= W 2ol aviE A7HIA %
o] A 3l(propagation)2} 7+4](attenuation)2] A A&
dielectricic log (Sun ef al., 2011)E ©]&3&= WHo] Ut}
Archie 212 71 2o X3 W a, m, n 7S AA9A HLJ3t
Wt 7P Fashh gk R RS Bl e st
th R, & ¥ av= AN TS5 (dien) 71014 7S O
H| =3 (crossplot)E THE0] 23127 100%8] 2 AdollA &=
& 100%sk 7he wjo] A7mA &gkl a x Ry frol™ the|=
39 A48 718717 makel Enk X3k= A9l n@tE o
A A=Y EstE FHAde oA AT o AHHt
(Fig. 3). ®5= n3ke] 79+ T slo|=olE X3l AlLhY
o] glo] HHAoE HAT 4 glth. T3t ne slo|=do|E
xshwof mE HslE 5 lth(Spangenberg, 2001). HT3tE
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Fig. 3. Pickett plot of porosity versus resistivity (Asquith and
Krygowski, 2004).
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Fig. 4. Crossplot of Formation Factor (FF) versus porosity. Left: Cascadia margin (Riedel ez al., 2005), right: Ulleung Basin (Kim et al., 2011).

& R ZA|4(formation factor)?} =52 WU =RAME T o] W= ghe] Rpolo] e I3l o] 2polE A HolFE = AT
3t 4= AuhkFig. 4). AZAT (F)= R0 972 7188 ZA3}thRiedel et al, 2005). A5 a & me] 7% 7t5sko|=
o Agem Frlele A& FAIE #elth= R,=F xR,). YolE - XZw i EE 3t ATo] gtk 2 ks
FTHEN ASATY A 2Y=EE 2aURE & Aee EEatet) ﬁXl Tt
Ahog AQFFR BAY A9 Fdoe wdse of AT ohrie] A WE o, m, 0 IS WA
o] 712719F WS ol&std Mg a B mks HA T YA ARE ol &ald AEE W2 Aol HEAAA A
g 4= Ut} Fig. 55 7k27he|o} M (Cascadia margin)ol Al Mete A97F gt 5] Fof Zod HAES f3o] tE
Hydrate concentration
-2 -15 -1 05 0 05
50 = Hyndman et al., 1999 ; a=1.4, m=1.76
—— Modified Hyndman et al., 1999; a=1.41,
m=1.76, n=1.94
—— Hyndman et al., 1999; a=0.967, m=2.81
100 —— Archie’s Law, a=0.967, m=2.81, n=1.94,
freshening of pore water
- Archie's Law, a=1.41, m=1.76. n=m,
freshening of pore water
= Archie's Law, a=1.41, m=1.76, seawater
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£
£
B
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Fig. 5. Gas hydrate saturations calculated from the downhole electrical resistivity log using different sets of Archie's Law parameters (Riedel
et al., 2005).
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1.0
—— From NMR porosity
—— From resistivity using full Archie
(a=1.7.m=1,R_=2.12 ohm-m)
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Fig. 10. Gas hydrate saturation offshore India (NGHP-01 Site 10) (Cook, 2010). Details are explained in the text.

Table 1. The relative comparison of gas hydrate saturations deter-
mined by various calculation methods for Ulleung Basin, Cascadia
margin, Off India, and Alaska. H = high concentration, M = medium
concentration, L. = low concentration, LL. = very low concentration.

Uél;:;r;g Cascadia Margin Off India  Alaska

(UBGHI) (Expedition 311) (NGHP 01) (ANS)
Resistivity log H M H L
Acoustic log M L M H
Chlorinity of core L H L LL
Pressure core - LL LL -
NMR - - - M
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