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Abstract: Natural gases accumulated in volcanic (VR) and sedimentary reservoirs (SR)
within a Neogene sedimentary basin in northeast Japan were measured for chemical (C, to C,
hydrocarbons, carbon dioxide, nitrogen, and helium) and isotopic compositions (*He/*He
and ¢"°C of methane, ethane, propane, and n-butane) to investigate their origin, with special
emphasis on a possible biogenic origin for the hydrocarbons in the VR gases.

In all of the samples irrespective of their reservoir type, the major components are
hydrocarbons, accounting for more than 90 % . The concentrations of methane to butane show
similar range in both the VR and SR gases. VR gases are not necessarily enriched in carbon
dioxide relative to the SR gases, which may be used to argue against an abiogenic hypothesis
that methane in the VR gases was formed via the reduction of magmatic carbon dioxide.

The 3He/*He ratios of the VR gases are distinctly higher than those of the SR gases. The
maximum value of 7.8 R, is equivalent to that of MORB-type helium, suggesting that the
helium in the VR gases is mostly mantle-derived. However, the concentration and isotopic
data of the helium in the VR and SR gases can be consistently explained by a mixing model
between two end-members: biogenic methane (CH,/?He=2x%10%, 3He/*He=0.02 R,) and
mantle helium (CH,/*He=0, *He/*He=8 R,.), which does not assume the presence of
magmatic methane.

The carbon isotopic data of methane (6'C,) in the VR gases scatter within the range of
those of the SR gases.. In a plot of C,/(C,+C;) [=methane/(ethane+propane)] vs. ¢3C,
for the genetic characterization of natural gas, VR gases fall into the field of either ther-
mogenic origin or a mixture of thermogenic and microbial origin. There was another trend
observed in the VR and SR gases in that ¢°C, rises and C,/(C,+C,) lowers with increasing
depth of the gas horizon, which is consistent with a model of mixing between microbial gas
of shallow origin and thermogenic gas of a deep origin.

The carbon isotopic relationship in methane, ethane, propane, and z-butane can be
represented by 61°C, < ¢813C, < 6**C; < 6*C,, which may be used to argue against a scenario that
C,+ hydrocarbons in the VR gases were formed via the polymerization of abiogenic methane
(Gold and Soter, 1982). A remarkable correlation between 8'3C,— §3C, and 6°C;— ¢13C, was
observed in the samples, which reflects an isotope effect in the reaction of thermal cracking
of high molecular weight hydrocarbons like petroleum. The ¢'*C,—¢"**C, values measured for
the gases are similar to, or lower than those expected from the same isotope effect. This can

*HiE{bFEE (Geochemistry Department, GSJ)
EUEHER (Environmental Geology Department, Keywords : geochemistry, natural gas, volcanic reser-
GSJ) voir, sedimentary reservoir, biogenic origin,
=7 ) v 7 IRES (Engineering Advance-  abiogenic origin, chemical composition, isotopic com-
ment Association of Japan, 1-4-6, Nishi-shinba- position, hydrocarbon, helium, northeast Japan,
shi, Minato-ku, Tokyo, 105 Japan) Neogene
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be explained again by assuming an addition of variable amounts of microbial methane to
thermogenic hydrocarbons. The abiogenic methanes known so far are enriched in **C relative
to regular thermogenic methanes, thus our data supports the argument against a significant

contribution of such methane to the VR gases.
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#) AR ELSR C#EREMEREE) BEhTh
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5,

Map of northeast Japan showing the
location of the sampling sites. VR
(volcanic-reservoir) and SR (sedimen-
tary-reservoir) gases are represented by
solid squares and open circles, respec-
tively. Locality numbers correspond to
those in Tables 1 and 2.

Table 1  Description of gas samples I. VR (volcanic-reservoir) gases

No.  Field Well Depth Producing Formation Reservoir Accompanying
(m). unit name rock type’k1 oil’(2

1 Sarukawa SK-76s/s 960 \% Funakawa tuff crude

2 Sarukawa SK-76s/s 960 \% Funakawa tuff crude

3 Yurihara SK-9 2,190 B3 Nishikurosawa  basalt crude

4 Yurihara SK-9 2,190 B3 Nishikurosawa  basalt crude

5 Shiunji SK-23 2,790 2950+3100m Nanatani tfbr, cond.

6 Shiunji SK-23 2,790 2950+3100m Nanatani tfbr. cond.

7 Kumoide SK-20 2,240 Fujikawa | Shiiya tfbr. cond.

8  Fujikawa SK-11D 2,430 { Shiiya tfbr. cond.

9  Mitsuke SK-40D 1,610 Gl Nanatani tuff crude
10 Mitsuke SK-24a 1,780 Gll Nanatani dacite crude
11 Minami-Nagaoka  Jurakuji-1 4,520 GT Nanatani rhyolite cond.
12 Minami-Nagaoka  AD-5 4,570 GT Nanatani rhyolite cond.
13 Katakai - SK-22 4,480 Gl Nanatani rhyolite cond.
14 Higashi-Kashiazaki AA-1 2,500 GT Nanatani rhyolite cond.
15 Higashi-Kashiazaki AA-1 2,500 GT Nanatani rhyolite cond.
16 Yoshii : SK-7D 2,540 [¢] Nanatani rhyolite cond.

.
! tfbr. = tuff breccia;
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Table 2 Description of gas samples II. SR (sedimentary-reservoir) gases

No.  Field Well Depth Producing Formation Reservoir Accompanying
(m) unit name rock type,r1 oi|*2
17 Sarukawa MP-5 680 ! Tentokuji tfss. crude
18  Fukukawa SK-178B 820 900A Tentokuji tfss. crude
19 Nishi-Ogata SK-7 800 900A Tentokuji tfss. crude
20 Nishi-Ogata SK-7 800 900A Tentokuji tfss. crude
21 Sotoasahikawa SR-22 980 Vil Onnagawa tfss. crude
22 Sotoasahikawa SR-114 1,740 Xl Onnagawa tfss. crude
23 Yurihara SK-5 790 Vfg Tentokuji tfss. cond.
24 Yurihara SK-5 790 IVfg Tentokuiji tfss. cond.
25 Shintainai NS-17 1,940 | Shilya tfss. cond.
26 Shiunji SK-25 520 520m Nishiyama ss. no oil
27 shiunj k1™ 1130 b Nishiyama ss. no oil
28  Higashi-Niigata MG-22 120 120m Uonuma ss. no oil
29  Higashi-Niigata K6-2 570 G6 Haizume ss. no oil
30  Higashi-Niigata K6-1 1,000 1000m Haizume ss. no oil
31 Higashi-Niigata NG-5 1,440 1450m Nishiyama ss. cond.
32  Higashi-Niigata NG-5 1,440 1450m Nishiyama ss. cond.
33 Higashi-Niigata MS-24 2,090 2100m Nishiyama ss. cond.
34 Higashi-Niigata MS-31 2,410 2340m Nishiyama tfss. crude
35  Higashi-Niigata NS-13 3,050 2900mD Shiiya tfss. cond.
36  Higashi-Niigata NS-13 3,050 2900mD Shiiya tfss. cond.
37  Higashi-Niigata NS-10 2,930 3100m Shiiya tfss. cond.
38  Higashi-Niigata MS-22 3,570 3500m Teradomari tfss. cond.
39 Matsuzaki AB-4 2,960 Id Shiiya tfss. cond.
40 Katakai sk1p™® 3210 3200m Teradomari tfss. crude
41 Amaze R-1 1,010 - Teradomari ss. cond.
42 Kubiki CH-93 1,870 hef Teradomari tfss. no oil

*
1 tfss. = tuffaceous sandstone; ss. = sandstone

*® Nagashima SK-1
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*2 -
crude = crude oil; cond. = condensate

* Nakahara SK-1D
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Fig. 2 Schematic representation of the gas chromatograph used for the collection of specific
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Fig. 3 Schematic representation of the vacuum line used for the preparation of carbon dioxide

FUEMEANY Y ARFEL, FRZ7u< NI 705
RO F vV 7 ADEGRFE, r v 1, b
Sy 72 BRALTY—7 2 XS haREIz T
3, BERFEZ900CIcEy bL, b Y1, 2 BEHE
EZTHHTSE, I THRAZu N5 7ns Rk
B ABRTA VCEBATDE, TP TR
AR BSTEMLRR KB RN, T 7 v 71,
2 (IFEAERNT Y1) kBWTIALHEINS,

V11EV2%EAL, VIR, ¥V 7 FAOHO%Y) —
725 )—7 1LIYINEZ B, F4 VHONY 7L
0—F Y —R>72, TR AL > THRLEBESE
(<3 X107%torn) WEREE, VT v 71 2REERPS
RIATAR-LY ) —NZYIVEZ 3, 2D L EZfb
REDHDI T v 7228, KIbTvF1LiIEsh
B RZA—IVET 4 VA —RREERTHRL, Ty
T2EFIATAR-LF )Moz, “B{LRE

— 624 —




KILMERPE R CER T 2 RALT A DRICGKROEIR (RH

BPa—VR7 4 AT, VIOERAU s a—V
CRT 4 A —DRBERRIITL, KB/ A5 —T
TEMLRROENE R FAINS, ®EC NIy 73
EH AR BHRABETHR L TH S, VIOERTTZ
BLIRR B EE T ABRRICHET 5,

MEDOFIEI & - THEINE h b ZBBRBROIEE (R
BAROEAED SEHEE N E 20T 2 H3) 1395%
PUETH S,

c) BENHH

TEMbRFDOBC/ 2CEDHEIE X Varian MATH:250
# L < ixFinnigan MAT#H251BVEESHEHC LD
1Tolz, HIESE - EHESEL R AT 8 BT DHEEL,
Z DIFEHHE D & IBHESF DRI LI T 5 TH IR
=1

oBC %) = (Rsample/Rstandard— 1) %1000
72720,

R= 1sc/12C

PRDT-, EHESELE U Tk E$NBS-21 (9t
75774 b, 63C=—28.03%vs. PDB) %iRHIiE»

(1994) OHFE> TRILRRICEAL Iz b D2 —
WY Uiz, e d L CTHROSME_BLRED
SUECIE 2 HlE UMERAERESREL & UYe, e DRI
iz ofeEErEsRlc g % o CiEREEL, FTEIC
Y 5 TPDBAR T —VIZEHAL T,

FIERE IR RAEE D FO TA Y 9310, 2%,
I ~n-TF D3 +0. 5% AN TH 5.

3.3 FH REAHFER

HAZ7T= b7 7 THELIA) Y LBEDT -5
B &I, 9107 5ccSTPONY T AWEGEN S X 51H]
BREARAET IV (TVv— T NVF2—7) 15
L, EENSET LRERERORAT A NEREES
et (Takaoka, 1976), %7z iXREAILAEHERPIREER
MR OB REEE EOHET (VGEES4008Y) ] D> 1
VIR L, HZHESRT VIV OENE 2o CERE
PREET A VBA LT, RIGKRDARE R EOPER
5B FI600°ClThEy R Ti-Zry vy & —F (9
750°CITINEY ThER, WEERTHAL TSGR &
DEFEHFATNTY, ZVT Y, T/ DB
FLI. SRS Te~Y T A, 34 Y BEERSETNC
AL, *He/*Helt U He/* NebtbDHlE 2170 72, /&
EDF v ) 7Vv—y a VR OENIREEZEREIRORIE
IZVEREN R (ZBERUANY 7 LARHHRESSRED 2 H
U7z, *He/*HethOPIERE X 5 AN TH 5.

1)

4. BERCEE

4.1 FRH ROLEHARAEE
RARA A DA DO EREE 3% (VRFR) &
545 (SRYR) wRL7z, VRI R ESRAADILERE
BRIZELLTHB Y, WwihdRIGKEBERS TEED
UV LERED TS, RILKEDRES T L DEEDS
MEEEEDY A TRICE KR LIz, ¥y, =¥
Y, TNy, TF 2 REEDHEZ 5 ONTEED
BT 2 EANH 5, VRIADES T & DEEHEFIT
AZ 9370.1-90.2%, 5 > 554.78-13.3%, T8
731.68-8.57%, 7% »930.85-4.95%, SC.. (=x.%
v+ FaN+i-T Y n-TF V) 37.31-26.8% T
HY, TN DSRATADMIET %737 X —F — D53 H
BH(X % > 5%63.1-98.7%, =¥ »»30.01-15.8%, 7o
2> $30.00-14.6%, 7 & > $%0.00-5.90%, SC,i¥
0.01-30.2%) wasENTWw3, VRIRESRTAD
SCo DI ZNFN12% £ 9.3% T, VRAAMWSRA
AW HEB L T8 Y EDRIKROBE L EV MBS
b5, LpLigssSRYADH, HEFHk (FLof A B
HEYVIZET 5 HDDIC, 1T FH11% T, VRIADEC,,
OFHIE L FTMERTLTWS, VREIZRBSWTFR ST
FRCETA I B2EET L, VRIADIC, 1SR
HADZEST LW E 5, THOHMBIZEST S
AFEELY YA EDRAKROBELE < 7 HHM I,
LR TR HIBIC % { RS A RA A
(7 VL EORILAZERIZEAEEERY) &, BV
HBIZ % { RS DEMEL A (8 VLA EDFAbAE
WEB)DESW L > THHET 5 2 &23T& 5, VR, SR
HACKT 2 ZDETNVOBEABICDWTIE, XD
REENALLD T — 5 L TAITHEE KT 5.
TR A DRALAKRDFHFIC DOWTIE, 2
hE CHEATEER21N (EPR) OBUKFEREYS 2 (Wel-
han and Lupton, 1987), ZambalesEE#d 7 4474 b
(ZO) »oDBHA X (Abrajano et al., 1988), 7
VA KEEEOTEEY) (FD oA A (Konnerup
-Madsen et al., 1979; Petersil’ye and Pripachkin,
1979), =—F V> EE (MM) »50OHEA R (Yuen
et al., 1984) L EDT—IBWEHNTBD, Ihd
PEEOTE SRR L, TITRC-CDRILAKSE
DEENR Y NGT B UTHERRENLT RS, =¥
v, Tany, 78 OBERFRICRLUI A ADHET
KELEeo>TEY, IO X > THREMZED A
A EE—HNEO T 5 2 L3 TERY, ZOFTIRFL
DH ABVROA A LIFBOBEREELTHY, EPRE
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Table 3 Chemical composition I. VR gases*!

No.  Field CHy  CoHg  GCsHg i-GCaHio n-Cabo 3G, 2 c,® CO, N,
(%) (%) (%) (%) (%) (%) (G (%) (%)
17 sarukawa 63.1 9.70 14.6 2.16 374 30.2 26 15 0.3
18 Fukukawa 76.0 10.8 5.46 0.75 0.97 18.0 47 48 0.1
19 Nishi-Ogata 78.1 9.63 6.37 1.01 1.84 18.9 49 28 0.2
20  Nishi-Ogata 77.8 8.79 4.96 0.91 1.82 16.5 57 28 0.3
21 Sotoasahikawa 78.4 511 7.46 1.48 2.85 16.9 6.2 2.2 0.3
22  Sotoasahikawa 71.2 15.8 10.0 1.01 1.26 28.1 28 0.0 0.1
23 Yurihara 90.1 351 0.56 0.30 0.18 455 22 5.0 0.3
24 Yurihara 86.7 355 1.01 0.38 0.38 5.32 19 5.1 0.3
25  Shintainai 87.3 5.66 2.40 0.49 0.82 9.37 1 27 0.3
26 Shiuniji 96.1 0.09 0.001 0.000 0.000 0.09 1.1x10° 0.7 0.1
27 Shiunji 98.7 0.13 0.08 0.07 0.11 0.39 4.7x102 08 0.1
28 Higashi-Niigata 95.5 0.008 0.000 0.001 0.001 0.010 1.2x10* 16 1.2
29  Higashi-Niigata 94.1 0.008 0.002 0.001 0.006 0.017 9.4x10° 35 03
30 Higashi-Niigata 90.3 0.013 0.008 0.006 0.021 0.048 4.3x10° 6.3 0.6
31 Higashi-Niigata 94.1 211 0.1 0.18 0.08 248 42 09 0.1
32  Higashi-Niigata 96.3 2.01 0.10 0.14 0.05 2.30 46 09 02
33 Higashi-Niigata 90.0 482 211 0.44 0.61 7.98 13 04 0.4
34 Higashi-Niigata 88.6 5.42 2.30 0.46 0.62 8.80 11 06 05
35 Higashi-Niigata 85.7 6.49 2.59 0.55 0.74 10.4 9.4 0.7 05
36 Higashi-Niigata 85.8 6.32 242 0.51 0.62 9.87 9.8 03 0.4
37  Higashi-Niigata 86.8 7.00 2.69 0.48 0.66 10.8 9.0 0.4 03
38 Higashi-Niigata 87.8 6.09 2.41 0.61 1.02 10.1 10 1.8 0.1
39  Matsuzaki 88.6 6.57 273 0.56 0.79 10.7 95 05 0.3
40  Katakai 83.0 5.44 1.99 0.37 050 8.30 11 47 1.8
41 Amaze 91.6 234 0.63 0.13 0.12 322 31 2.0 32
42 Kubiki 90.4 4.90 1.29 0.38 0.42 6.99 15 05 0.6
*1 Compilation of the data from Sakata et al. (1986, 1989) and Sakata (1991)
"2 $Cp, = CoHg + CaHg + i C4Hyg + n- C4Hyg
"3 C4/(C+Cs) = CHy / ( CoHg+ CaHg)
4R BEEMERI. SRR
Table 4 Chemical composition II. SR gases*!
No.  Figld CH, CoHg CqHg i-CqHio N~ Cahyo 3C,, 2 c,? CO, N,
(%) (%) (%) (%) (%) (%) (C2+Cy) (%) (%)
1 Sarukawa 87.6 6.58 3.79 0.43 1.46 11.9 8.4 0.1 0.5
2 Sarukawa 84.7 6.09 3.81 0.47 1.10 115 8.6 0.0 05
3 Yurihara 81.6 107 5.36 071 1.20 18.0 5.1 0.0 05
4 Yurihara 81.2 10.6 5.18 0.72 1.11 176 52 0.0 06
5  Shiunji 87.0 7.44 2.82 0.54 0.85 11.7 8.5 06 0.4
6  Shiunji 83.8 7.48 3.21 0.67 1.09 125 7.8 05 0.6
7 Kumoide 90.2 6.00 203 0.40 053 8.96 11 0.0 0.4
8 Fujikawa 70.1 13.3 857 2.49 2.46 26.8 3.2 0.1 05
9  Mitsuke 87.5 6.34 262 0.55 085 10.4 9.8 0.0 22
10 Mitsuke 88.0 6.26 2.48 0.48 066 9.88 10 0.0 15
11 Minami-Nagaoka 845 4,78 1.68 0.41 0.44 7.31 13 58 2.4
12 Minami-Nagaoka 81.8 4.99 174 0.42 0.49 7.64 12 6.3 2.3
13 Katakai 81.1 5.00 1.81 0.48 0.55 7.84 12 6.4 28
14  Higashi-Kashiazaki 87.8 5.51 2.44 0.81 0.78 9.34 11 0.0 2.8
15 Higashi-Kashiazaki 86.7 5.15 2.09 0.46 0.54 8.24 12 0.0 24
16 Yoshii 78.3 6.33 432 1,52 2.05 14.2 7.4 0.0 2.1

* Compilation of the data from Sakata et al. (1986, 1989) and Sakata (1991)
2 5Cp, = CoHg+ CqHg + i C4Hyo + n- CHyg
" C1ACy+Ca) = CHy / ( CoHg + CaHg)
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Fig. 4 Variation in the hydrocarbon concentration of the VR and SR gases

ok FEAMEIES X D RILKRHER

Table 5 Hydrocarbon composition of abiogenic gases

CaHe/CH4 C2H4/CH4 CsHsg/CHa4 CaH1e/CH4

(10-2) (10-2) (10-3%) (10-2)
East Pacific Rise®! 0.04 ~ 0.1 0.03 ~ 0.07 0.6~ 0.9 0.7
Zambales Ophiolite®? 0.2 ~ 0.3 0.07 ~ 0.13 - -
Fluid Inclusion®3 1.6 ~ 8 -#8 4~ 9 -
Fluid Inclusion®? 6 ~ 37 -us 6 ~ 82 2 ~ 30
Meteorite®*® 96 15 1000 1100
VR gases 5.7 ~ 19 <0.001 20 ~ 122 10 ~ 71
1 Hydrothermal fluids from the East Pacific Rise 21°N (Welhan and Lupton,

1987) .

#2 Gas seeps from the Zambales Ophiolite (Abrajano et al., 1988).

#3 Fluid inclusions in minerals from the alkaline rocks of the Khibiny
massif (Petersil’ye and Pripachkin, 1879).

¥4 Fluid inclusions in minerals from the alkaline Ilimaussaq intrusion

(Konnerup-Madsen et al., 1979).

Murchison meteorite (Yuen et al., 1984).

not reported.

ne
e
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ZODH A VROH A AT 3 RO DEEIMEL,
MMOAF A Em W EERRLT WS, £72EPR,
ZO, MMODOAF A ix iy > L[F%, 27 Td
I¥ D1/ REDEBETCIFLVYNEENTED, &
DEIBWTVRF R ERFlEND, LHrLaBsFID
HFARZEEZF VY DEENRE SNLTHWEREWED, 0
HTHFITRAEVRTRAERBT 2 2 B8 TER, L
F2 235 TVRA R & SRA R D R-{bKSEHRHEBLL
WA ELTH, FNIETTVRY A3 3 IELYREIE
DPALKRDFGIVNE W EBIET 5 Z LIZTERY,

BRACKZRELIST RN B R B R R L 53R
THB., —MRICKRY A DO B(LRBIIEE ORIz
KBS I DR R, HBWIET T DR
BIC Lo CREBIEEWHET 2 ik D dizb3nd
ZEDBHEES N TS (Urabe ef al., 1985). %77
Wakita and Sano (1983) &~ ~EiRO_EIbLKE
LAFEDORIGIZ &> TVRY RAD A F o h3EEK, L7 TTRE
HERELTWS, bLZ3 THNEVRY ADEL
RBEDWEEEIZSRAY AR TEWEASENE DD &
FRRENE, EEONTER CTIIVRIT XA DZBMbKRER
DEREEIFIZ0.0-6.4% TSRA R DEREEF0.0-6.3%
EEBRTHY, VRAADFHEL. 2% SRY A DfE
2.0%&ED b UAEDTH S, ZIEICHAL AHOHD
VRH R £ SRA ADEHETY, HBHFEON03, 4(0%)
ENo23, 24 (5%) D& S, VRIZABSRIZA LD b
TBRERBEMESEE L H B, IO LIITRBbE
FHT LS VR A BRI Tl nw I EBR
LTw3,

RKARH ADERIZ DOV TITRTAFELSND b D& F
NTaBT7r—AWBHGNTEY, <7 <EHEECTCTE
HHR E 7213 B~ > b v s bie 5 IR T wW B alReE
eI NTWw3 (Matsuo et al., 1978; Urabe et
al., 1985; Jenden ef al., 1988a). VRZ ADEZDIE
FEEERHIZ0.4-2.8% TSRA A DEEFH0 . 1-3.2% L 1ZIEH
UTH 35, VRYADEHEL. 4%IXSRA A DIEE
0.57% & 0 bEAIEVWERY D S, A CHT AH
OHOHETH, FEF AHODNI3 (2.8%) &
Nod0(1.8%) D& 312, VRAAMNSRY R LV el
ESEEAPRD 56hd, DI Lh5ERIIVRY
AR D 1 D TH S Z EHMEEENS, 2D
AL TRANY TADT —F LR T42C BV TH
EERT 5.

4.2~V LGB & RGHEL

A~V 7 ADEE L RNk CHe/*He) RUNY & 4/
F4 Vi (‘He/*Ne) OHEREE 63K (VRFR)

EETER (SRYR) R LIz, e~V 7 ADMEELE
RSS2 F N ENE 5 L 55 6 BIiTR Lz,

—RICFKIRAT A DN ¥ DBEEIIEHERAY R >PER
HA>FERT X L WIBRT, HOMBET 20D
1Z EBESEWERS D S, FIZ LT 2 Y BEOFRR
HADD B, HERDOHF A TIF104ppm (=1%) A —
F—DNY 7 LABRWEZENTWBE—F, BZROHF A
T & A X 100ppmeigiz e > T3 (Katz, 1968 ;
1EH, 1983), ARFFFEDRARA A DY 7 LB <2-61
ppmTHLT AV A DEZRDOKAT A LEETH S, i
BEDY 4 TRITIE, VRARDANY &7 AEE 22
ppm I O FHES 9 ppml ETH B DT L, SR
HADNY 7 AEE T 4 ppm T 9 ppmBL EOSE
2 oU»%<, 98BI 9 ppmkiTh % (B 5 ),
F72[F Uiy REOFEOVRY X £ SRA ADHEETS,
HFIEDON0.3, 4 (9 £721310ppm) £No23, 24 (5 %
72ix 3 ppm), HBWIiFHFEDN13 (30ppm) &Nod0 (19
ppm) DX 52, VRIAMBSRA A LD A 7 AEREE
PEWVERSRD 55, Lo TAY T ARES »
WVRY RIS RS EEZ oD,

KIRA ADFDAY 7 ADFEIRE LU TIERKDIENIZ
< MV EHERSSEET 5D, 20D BHERDAY 7 A
BEELTU, ThZ EOBENELZIc k> Th iz b33
ZEhs, ‘HelcEH He/*Helhid0.01-0.04R, (Ral
AED*He/ Helt:T1.4X 10°8IHIY T 3) LHEES R
Tw% (Mamyrin and Tolstikhin, 1984), Z#uizxt
LT= > bVEIEDAY 7 AP Hell B S iGIRR 2~ Y
7 (100-500R,: Mamyrin and Tolstikhin, 1984)
EREHHEEIRDANY 7 ADEE LT b DT, BRFHE
&7 & DBIHPFEOBKS A (8R,) BENTART A
ATV RREDEY PARY b (>35R,) K23 % TlE
BhbbDD, RKLD B> THEWELHEL2E T
3 LHEETH S (Lupton, 1983). ZDl=H~Y
LEGHRE = v S VRS OB RERT L —Y—
ELTIRBERENTWS,

FKERH A D~V 7 AFENHERLEL (CHe/*Hebt) 22T
BINETRE L DFESH Y, KEOHEEHS
VAT DI A ECITA CRETERIED Y 7 A
W3 2 EWFEHE SRS Z & (Oxburgh et al ., 1986;
Xuet al., 1995), ZI-RiNER, HINER, V7 ME
B/IEEDQTV— b OEFHAFRICAIE T 28 AHDOH A
oY MVED ORWEEZET S 2L (Wakita and
Sano, 1983; Poreda et al., 1986, 1988; Wakita et
al., 1990) L EPHISNTWS,

AEDFTRRY A D~V 7 ARGHELE, VRAAD
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Table 6 Isotopic composition I. VR gases*!

No.  Field He ‘HefHe ‘Ho'Ne ‘HelHe™ CH,He  8'%c;  8'%,  #'%; 8%,
pm) (109 (1) BRY (10 (%) (%) (%) (%)
1 Sarukawa 4 6.6 240 47 33 -52.8
2 Sarukawa 4 -53.9 -325 -27.7 -25.3
3 Yurihara 9 9.3 72 6.7 9.8 -36.4
4 Yurihara 10 -36.5 -25.6 -24.0 -22.9
5  Shiunji 3 6.7 200 4.8 43 -38.9
6  Shiunji <2 -37.5 -22.7 -21.8 215
7  Kumoide 2 71 85 5.1 64 -35.0
8 Fujikawa <2 -34.7 -22.9 -21.3 -20.8
9  Mitsuke 25 109 810 7.8 3.2 -34.7
10 Mitsuke 31 10.5 42 7.5 27 -35.0 -28.5 -22.2 -21.7
11 Minami-Nagaoka 28 9.5 1100 6.8 3.2 -33.2
12 Minami-Nagaoka 28 9.4 68 6.7 3.1 -33.5 -22.0 -20.8 -20.6
18  Katakai 30 9.2 15 6.7 29 -33.7 -22.4 -21.0 -20.5
14 Higashi-Kashiazaki 58 9.0 2000 6.4 17 -33.3
15 Higashi-Kashiazaki 61 -33.3 -24.1 -22.0 -21.1
16  Yoshii 56 9.2 220 6.6 1.5 -33.1
" Compilation of the data from Sakata et al. (1986, 1989) and Sakata (1991)
*2 Corrected for air contamination after Jenden et al. (1988a)
H1%  FARBHRI. SRAZ
Table 7 Isotopic composition II. SR gases™*!
No.  Fieid He °HefHe ‘HeP°Ne MMefte? cHHe  o'%, 8'°c, 8'%cy 8%,
(ppm) (109 (10  (RRY (109 (%) (k) (k) (%)
18  Fukukawa <2 -46.2 -31.1 -26.6 -24.2
19  Nishi-Ogata 4 7.2 21 52 27 -51.1
20  Nishi-Ogata 3 -51.6 -30.1 -26.4 -245
21 Sotoasahikawa <2 -63.6
22 Sotoasahikawa <2 1.6 156 1.2 -49.8 -29.8 -26.0
23  Yurihara 5 -47.5
24  Yurihara 3 27 75 1.9 110 -47.2 -24.1 -23.2 -22.6
25  Shintainai 2 4.2 12 3.1 100 -42.3
26 Shiunji <2 -59.8
27  Shiunji <2 -54.8
28 Higashi-Niigata < 13 40 09 -58.0
29 Higashi-Niigata <2 -66.1
30 Higashi-Niigata <2 -64.5
31  Higashi-Niigata <2 22 7.8 16 -54.9
32 Higashi-Niigata <2 -54.4 -22.8
33 Higashi-Niigata <2 3.0 43 22 -50.4 -23.5 -22.0 -21.4
34 Higashi-Niigata <2 -48.6 -23.6 -22.1 -21.4
35 Higashi-Niigata 2 4.2 6.6 3.1 100 -40.2 -23.1 -22.1 -21.4
36 Higashi-Niigata <2 4.4 15 3.2 -40.9
37 Higashi-Niigata 4 -39.5 -23.9 -22.7 -22.0
38 Higashi-Niigata 2 5.9 63 4.2 75 -35.1
39 Matsuzaki 2 4.3 96 3.1 100 -41.7
40  Katakai 19 -34.3 -23.9 -22.5 -21.7
41 Amaze 38 9.1 38 6.6 27 -32.0
42  Kubiki . 3 4.1 13 3.0 72.0 -35.7 -26.0 -21.8 -22.3

“ Compilation of the data from Sakata et al. (1986, 1989) and Sakata (1991)

"2 Corrected for air contamination after Jenden et al. (1988a)
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4.2X10°4TH Y, Wakita and Sano(1983), Wakita
et al. (1990) DIEWET 3L D, VRYAMBSRA RIZ
He TR B ERISSERSD 5B, 727 LSRA Z Ot
12 ERENo4L (9.1X107°) D & 5 iZfEd THE RN
PRIy —AbHD, BEOEION2FHRZREUT
¥ MVIEERDANY U ADFSNH 5 LHEE SRS,

Z DEEEE S A TRIDANY 7 AENEREOHLEDRE
ZHUEY 272012, *He/*Helb& ‘He/*NetbOB8fR %
FEIMTR L, ZOROBIRAIIARTAY 74 (PHe/
*He=1.4X10"%, *‘He/**Ne=0.318) & <> hIVEEIE~
V7 (*He/*He=1.1X10"% *He/**Ne=10°) DiE&
%, BEBIZATAY ¥ b LHEHRIEAY v A (He/
‘He=2.8%107%, ‘He/>*Ne=10") DIBEERL T 5,
ZZTOY MNVEREOANYV AL LTRALTF VIR
B, —a—Y—FUF, Iver =2y, BXE
PEHBIR T DR AR KILERD 7 —% (Kamenskiy
et al., 1976; Craig et al ., 1978; Nagao et al ., 1981;
Torgersen et al., 1982; Sano and Wakita, 1985;
Sano et al., 1987) OREEN»SHEESNE T TS
Yavy A4 TON) T LOERER Uiz, FFEORS
HAFEeEE LT He/®NebtbpSE £ 22 312D T3 He/
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EFFEDOFRRYT A DV T HeDEE (AU 7 LAJEE
&3He/‘Helbp SEHETRONAHE) 28R L bR
ROEEWH LTy bLTzDOESKEEINTH
%, Urabeetal. (1985 AU &S 3HelZEBRED
TERSESSE {, TEMbRR L OFBEIEMEL, 2oz
PORFEDOVRY A EEN TV BT Y MVEEDA~

V7 A0AT L HEDTBBRER B Tl L3R
SRNVWEEZ LI ENTES,

AV ENY T LOEE, RUANY Y ARAHELD S
CH,/*HelbZF1EL, 6% (VRFR) LE 7% (SR
A R) R LI, VR X OCH,/*Helkix1.5%10°
~6.4X10"THY, ZNEXY UBEYEEREE SRS
Guaymas BasinD#KEERES A DEILL (3.2X10°:
Welhan, 1988) izl THEIZES L IX 1HTH L, A5V
PIEEWRTIR & & 2 A TFEER OBVKRERES A DFE]
H (3.5~6.5%10°: Welhan, 1988) XD % 3-4#75

VWETH S, 2D Eid, VRA A ICERTERAERO#K
REfEA A & [F CHER%E b DFREMRIRO N A58 ¥ T
W Z L EBEETSE, VRIRDAS 250 5%
PIREIED X 7 > DHERIZ 1 %I bl en I L 2ERL
TWw5,

CH,/*Helt & *He/*Hetb DEBfR 2 EE10BIT R LTz,
SFE 2B U CHe/*Heltb28E < 2 5 D2 TCH,/
SHetb2SIBA 4 BIEMDTEEL, VRA R LSRRI ADS
Oy MI—EObDE L TR S ZEHTE S, F10
W EREOAN) Y AR S EYEEA 7 >~

(CH,/*He= 2 X10%, *He/*He=0.02R,) L A ¥ > %
EHEROTY MY Y A (CH,/*He=0, *He/*He=
8 Ry D 2 DD % HE LIRS OESHEERL
7z. VRHF R ESRAADWTIDED Oz & <
74w LTED, Z02RMEEETNVIEHGEDOY
AWRBEAING ZENFREINTVWS, ThbbVRH A
DAY VBT RTEYREREERELTH, ~VTADE
& L AR D 7 — 5 7 G { BT % Z L WIERET
B, I IHEEDRA Y ERET 2RI,
4.3 A4 nRFERRFL
A% v DRERAELL (613C,) ONERZ2E6E
(VRHR) L8735 (SRFR) ITRTELEHITEDS
R EIRZFE LT, VRA R D 68C,id—53.9~—
33.1%T, SRH AD[ESIEHEIFH (—66.1~—32.0%0) iZ
EFh T3, VRARIZSRY R 2 e~ TR Iz

T ITINT |

VR gases (Miocene)

= o tHH IJ!H H+H—HH—! SR gases (Miocene ~ Pleistocene)
Il l¢ Il 1 i
| } HHHH—HH— SR gases (Miocene)
} { Thermogenic Methane
f T T T I T T 1
- 80 -70 - 60 =50 - 40 -30 - 20 -10
88 C1 (°/o0)
BIIK R COREBERMBHONFH. REZFEYOMERZRT. RUCHERRMO o
Y x v ORBFEIGEH D SHE S W2 BNERIED A ¥ > O *CIEOHE % 6f
ol e,
Fig. 11 Variation in the carbon isotopic composition of the methane. Arrows

indicate the average for the gases of specific groups. The ¢'*C range of
thermogenic methane estimated from that of kerogen in the Green Tuff

basin is shown for comparison.
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SBCHFWb DL L, FHEEZH~NS EVRAA

(—37.2%0) 1ZSRH A (—47.6%0) £ D H10%l% EH
v, VREZZO T b e s EHENTED, L
SRAAZDWT b HFFHErSEHT 2 bORETH
1E, 6BC,DHFEIE—53.6~—32. 0% (I —40.5%0) T,
VR R L DEMNS 2D EEIXD.

—Riz X 5 BB TRICKREEMOB SR L -
THERT 2856, %0 CERERIGORERERMA
ZN5E (Sackett ef al., 1968) D=z, b rOELT
RALKZDSBCEL D b 0~25%{EL 2 Z L BET
MEEY) (n-octadecane) REHE, Yo=Y, AH,
BREOIBEERRIC X > THS IS TWS (Sack-
ett et al., 1968; Sackett and Menendez, 1972; Sack-
ett, 1978; Chung and Sackett, 1980; Rohrback et
al., 1984; McCarty and Felbeck, 1986), FdtHZH:
B E=HBEEM0r oYy 0 CHEIE—29~
—20%0 (Sakata et al., 1994) ThHV, D7y =
VOB Lo THERT % A5 D PClEIZ—20~
—54%DEFANIZ H 5 Z LB TFEINS (F1IK). Zh
BN EBEIN T BB EERO X 5 > De*C
{EDOHH (Fuex, 1977; Schoell, 1988) & —&L T

E)

W3, BEENIVRAADSEC IV S Z DEFIZ
EENTEY, A EROEEFREEZ DI ERAY
> DRFERNE» 5 A TEENTH 5.

FEEMICIRD A & ORFFSHELLE LTl chET
WEA 21N (EPR) OBVKEEES X (Welhan
and Craig, 1983) ®7 4 U ¥ > (D ZambalesfEA 7 4 &
F4 b (ZO) &5 DEHA A (Abrajano ef al ., 1988,
1990), 2 FHER TV =T ¥ OT VA Y KEEOH
Y (FI) o4 A (Petersil'ye and Pripachkin,
1979; Konnerup-Madsen ef al., 1988) 7z & D 13C,
PR LHNTBD, BL2HIcE L TRLE., bl
W b R 5% RS BB B TRWE
ENTWB I Lhs, RICGEEYRREEZONS b
DTH5B, ZD3CH1E—20~ 0 %oDEFHIZHHLTH
D, VRAZAD A » L IZHRCHEL T3,

A YV DRFENIELL &~ 7 ARRHEELORR %58
13 R L7z, VR A £ SRA A D LB U T He/
‘Helt 3 E 2 5 1EN T o1C b B & 2 B EAIDTRD
5, —IROERSITIC & BHEEHRED0. T4LEEE 1
%, Wakita et al. (1990) 3 Z OFEERME% < 7 < #CE
EHEYREIRD 2 RS THEAL, ZOETVEL-T

b | VR gases
—— EPR
Apiogenic i 2o
Methane
j—— FI
Microbial {mixture) Thermogenic - .
| Biogenic Methane
(Schoell, 1988)
| | | | 1 | | |
- 70 - 60 -50 - 40 - 30 -20 - 10 (o]
613 C1 (o/ oo)
B2 FEEWRED A YV EVRAAD A ¥ v ORBEEMELO L, EPRIZEAT#H

YER21"N O #kBEfE # % > (Welhan and Craig, 1983), FLiZ7 V% Y KB
OFEaEYHhd X ¥ > (Petersil'ye and Pripachkin, 1979; Konnerup-Mad-
sen et al., 1988), ZOWR7 4 Y ¥ DZambalest 7 4 474 b »SBHT 2 X
# > (Abrajano et al., 1988, 1990) %7

Carbon isotopic composition of methane from the VR gases in comparison
with abiogenic methanes as follows: EPR, methane associated with hydroth-
ermal fluids at the 21°N East Pacific Rise (Welhan and Craig, 1983); FI,
methane in fluid inclusions of alkalic igneous rocks (Petersil’ye and Pripach-
kin, 1979; Konnerup-Madsen ef al., 1988); ZO, methane issuing from the
ophiolite at Zambales in the Philippines (Abrajano et al., 1988, 1990) .

Fig. 12
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FI3K  o8C,k°He/*HeD PR, /87 A —F —

I IEOERSME (r2=0.74) 8D 55,
Plot of 62°C, vs. *He/*He. A positive
correlation (r?=0.74) is observed
between the two parameters.

Fig. 13

VRAR KT B/ 2BEDOXAY v DESEE
0~40% E B> T3, UL Lo ZoMEEER
SHe L HrE R ELMARE 4% Z & (Lupton, 1983; Por-
eda et al., 1986) ®EFETIIE, *He/*HeSE\k Z
2 CTHIE SR { HRE B O BRSO SR T
3BT, BEYREIED X & s % BOMERSIRD
A DHENEL D, FOBEAY > DSPCHEL
BolebBEZBILEHTED, Thbb~/<iEEDA
¥ v BTRERTEMEED A F VIR TCHAT LD
TEETH D, ZOBRIBEES N BCHBRETH
—30%KTH T, BEOENEEIROA S >~ OHECH 5
LW ETHRBETH S, X ¥ v-Taxr DIEEE
B L oBC, DR QARB) ®, A5, zF v, TuxN
¥, n=7% > D ¢*COEAR (4.528) » & b Z DFFFRYS
TEEN5,
44 AE2rDRFAMGLLE X2 -T O ot
SR OB
Ci/(CoHCy) [=xF v/ (mFv+Fan)i] &
OBC,OBRESIURIZR LT, DAY I
Bernard et al. (1977) W &> TRESNI2HDTHD,
—fic 7S5 7 DEE [6°C,<—58% C,/(C,+Cs)>
10%], AT [6"3C,>—52%, C./(C,+C3)<10%], £TF
[0%3C,<—5%2%0, C./(C,+C;) <10°] O, Zh
ZHREYRDIR, EOER, XU Z OMEDREAER
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§19C1 (°/o0)
B : VR gas
O : SR gas
%14 C)/(C2+C3) [EX b4 ‘//(I§7 v+7arx

)] & 6%C, D% (Bernard Diagram).
WMEDEEBELASBEFEROEFRI
Claypool and Kvenvolden (1983) iz L 7z
Mo TEDI.,

PlOt Of Cl/(C2+Cs)
ane+propane)] wvs. ¢%C, (Bernard
Diagram). Boundaries of microbial
and thermogenic methanes are drawn
after Claypool and Kvenvolden (1983) .

Fig. 14 [=methane/ (eth-

ST 3 LRSI Tw3 (Claypool and Kvenvol-
den, 1983; Schoell, 1984), ARKITVRY X 3B EE
I8 L IEGTRIEOSERIC, £7-SRY A REOHEIE, BE
I, MR OSBRI E-> T 7y PENTV S,
OBC, =—T0~—50%cDFEIR TI&, SRHF X DC,/(Cy+
Cs) 12104~ 10°DEEH T o3C, DI & & b 12 FAT 3
ERHEED b, %7263C,=—50~—30% DI T
IXSRA A DRI 10 ~10°DEIFR CHBHVNE £ 613C,
L OMEREESIZ L ARSIV, VRERAIZIDSR
HAD V> ¥ EFHIT, SRY ADNEIC 7Ty b &
nTtna,

BT T 5 7 DIEES AHOEROBED
YA T ENT A AD T —5 R BemardDiagram
Loy NUIOBEIKTH S, FHFES AHO—
HOSRA A [HNG (28—38)] I2iEET 2 LB BHED
BRI YREIROMERIZ, TOBH¥EOY A BT
EOMERIC oy FINTW3, LaHEVEBEDH
FEEBCHEL, C/(CoAC) pMEWERDTED 5
3, WEBOIEBIRONR L U CEENSHA A HOR
LFEWBED S A [HNG (38)] OF—F %&b L™
Ci=—35%0, C,/(C,+Cs)=10 (15 © “THER-
MOGENIC”) L{RE L, MEMRIRDRS & LT
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¥ [613C, = —35%0, C./(C,+Cs) =101 @
2 WHER S DIRE B R T,
Plot of C,/(C,+Cs) vs. 6%C, for gas
samples from different horizons in spe-
cific fields. HNG, SUJ, YRH, and
KTK represent Higashi-Niigata,
Shiunji, Yurihara, and Katakai,
respectively, with the numbers in par-
entheses corresponding to those in
Tables 1 and 2. Curve A represents
mixing between thermogenic [83C=
—30%o, C./ (C,+C;) =8] and microbial
[683C= —65%o, C,/(C,+C;) =10%] end-
members.

Fig. 15
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CROBIAL”) LIRET % &, WmRAOESHERIIE D
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013C, £ C,/ (Co+Cy) DBERAIIEESF [SUT (26)—
SUJ (27)—SUJ (5, 6)], EflE [YRH (23, 24)—
YRH 3, 4)] &7 4+ -V FEBWTLERESh, L
hIhSOBELS A [SUT (26), SUT (27), YRH
(23, 24)] WSRF Rz, EEH A [SUJ (5, 6), YRH
G, DRI VRIRACESENZBDTHS, ZOILR
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Igneous rock fluid inclusions (Petersil'ye and Pripachkin, 1979)

Murchison meteorite (Yuen et al., 1984)
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e RREOBER
Fig. 16 ¢*C distribution among C, to C, hydro-

carbons of various origins and forma-
tions.

5,

ZDETFNI X DEPEEOH AD SPCEHLB5D
IBAMERTIR DA A DHERDE L 2 570 LIRS h,
Z OFERETHRO He/*He & 813C, DHEEEM: b ~ 7/ < K
DAY EBELRL TH, EWEEROF CEEm
SEER NS Z 2B (4.3818).

45 Az, TR, TRV, n-TE v ORERAL

1AKEEnREGR

Iy, Ty, w-7Y rORIFRMEEL (FhE
NOBC, 68C,, 613C, L350 DATTEREE 6 Z(VR
HFR) LETER (SRFR) RLiz, VRIRADEST
v OB ERA &R IT 6°C,=—32.5~—22. 0%,
O1BC,=—27.7~—20.8%q 03C,=—25.3~—20.5%0
T, WIFNHSRAADHIET 5o (68C=—
31.1~—22.8%a, 613Cs=—26.6~—21.8%0, ¢:°C,=—
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24.5~—21.4%0) LiEWELHELERLTEY, i
FRHEDT 4 =V R TEESN T ERARY A DERZTD
B (613Co=—40~—20%0, ¢"3Cs=—235~—20%0 &*3C,
=—35~—20%o . Jenden et al., 1993) & bKFIZh
20,
16V - BERDREYR 3 FALKES X220,

AE v~n-TF > D SRCONE & RFF LT
oy LD THS G 7 —> Oz AR
T27:DIAT v DOCERELSIVIER L >TH
%), ZORIZVRAA (BH, Nol0) DiZd, 44
FEDOH A DE & L TGreen RiverE# & MontereyDA
WOESMEARY) (Chung ef al ., 1988) DT —% %,
F IFEEMREIRO RILAZOF L LT a T ED KBS
DOAIEY) (Petersil’yve and Propachkin, 1979) &
< —FV VREAEORHEA A (Yuenetal., 1984) OF—
FERLTCHSD, HELAMOBOMEERYD R
EEDBARI T — 13, §3C,<o1BC,<dBC,<oMC, k
W3 XD I RBEHSE 2 B W ER TRENRLLSE L 52 B
EEsRD o b, THIZESFRIGKEORESFERIG
WBWTEC-2CEENBC- 2 CIREG L D bERL T

W2t (Sackett et al., 1968) 55, HERNENIE
FRICE->THTo3NdbDEEBET LI LN TE
%, L CHEEYRER L ShAREEED L ER
DRALKZBBORY—ViF T D 0B3C,>83C,>
OBC; > OBC LWV IMDNRY — U ERL TS, Zhid
A UEHEMBLE L TR AV —vaitk>TR
(AEDSER T DA, HERAEAASIE (2CH, 28
BCH, L b KIGHEBHENWZ L) poFEINE N
F—2THD, ERIZ XY > OREEER (Des Marais ef
al.,198D) L k> T I D& D REMMA Y —HSHEFES
T3 (E17X). GoldandSoter (1980, 1982) @
FEEYHREESR T~ > VRO A Y DRY ) ¥—
Y a VI & o THIFRODEIH « RAKT ABER LTz & & 2
T3, L7eBoTH LEBC, > 013C,> 018C, > 03C, &
V5 28y — B & T % O R(AR I TREYHER
DORIREESE LT 5 Z L3 TE S,

KRR OFRRA AESRY A 15808 (E, Nod2) 2B
ZFWNFTND 03C, <oBC,<IBC;<IBC, e H /8y —
VIZETIRE B L5, BOTRIEKEOES I
o TER U T L HMEE S NAEYRSIROITREME SR

5
— - %\
3 4 ‘(\g‘b
oo‘) 3 #: VR gas
™
o O:SRgas
2 =
|
S 17
2 Oxidation
< ]
0-
O Kubiki (42)
-1 T T T T T T T
0 1 2 3 4 5 6 7 8
813C, — 813C, (%)
BITE  o0%Ci—61Cak 61C;,— oVC, 0 BAfh, ER B BEIE O RILARIZDOWT
Chung et al. (1988) DEF N5 6 FRIE N MHEEGEZRT. L -REIXME
Wiz k37 OE#{E (James and Burns, 1984) THFEEh B> 7 D HHE
BRT.,
Fig. 17 Plot of 6%C,—¢6%C; wvs. 6%Cs—0"C,. Solid line indicates a correlation

expected for thermogenic hydrocarbons according to the model by Chung e
al. (1988) . Arrow indicates the direction in which thermogenic gas would
be shifted by the microbial oxidation of propane (James and Burns, 1984) .
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ANb, EVRIADLY P EDRIEAKZESGold
and Soter (1980, 1982) DARERD & 5 W IEEYRZIFED
AT YDERY AV —y a2 k> TERLTRERZ
EEINSG, B—DFIHAE L TEHOS RIZDWT
OBC,> 6BC, L W I MEBRRMBR 5N 508, ZhidfE
MIOZTEVERIZ & 5 708> OEIREE(E (James and
Burns, 1984) ko> THEAT 5 Z &N TE B, O
FEUTWCHRUC o A BDERICORNERET V1S b
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Chung et al. (1988)1%, HRALKEYN AWHHLT O
Yz OB X o TERT 25, oC.(IKERE
n D FALAKSEY A DEMEL) 2Bl AN7 2V AD
K '

6BC,= [613Cqr+ (n—1)61C,]/n (1)
TERENBIELBRELL, 22T, oVCCLI3fERKER
E R TGO 1> C-CREESEHR L Tz
RE) OREIAHEL, 03C, XS (Z S DRR)

1E40)

ORI 2T, FRRBREONE (77 v ¥ )
B fED FINHES Rl DS R T 2—7, FefER
RIIEGET 2 UEIORSF (BlPruy ) Of
FRGHALEZ D% 25 EkWTW 2, ERRE L IR
ZURFEOENMELGE, RIGKES X D RRE &R <
—ETHY, AYY, T, Tuv L REEEZ
BIZDONT, BRRFEOZT RS RIORED, 18
WS N BIHEBURTRIC X > THEREhTWw L,
ZDETFMZHERIE, A ¥ -7 ¥ v DRERAHELD
RN IR OBURRDEE Y IO b D L HHFE NS ¢
S13C,— 673C;=0.50X (6'3C;— 613C,) 2
S1C;—013C,=0.33X (613C,—61°C,) (3)
EIFEOFTRRH ZAD 63C,— 1C3 & 683C— °C,D
BIREHBITRICR Uz, S8R 1 B 2R T XTeD
W, Hiy 8T 2 —5 — B RS S5, VR
HAESRA R & FLBOMER %S 2 T 5, KRR OER
{ZChung et al. (1988)EF Vi o&Ehh s HER()%E
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Chung et al. (1988) D& F o FHS W B HERFRERS. 3 DOREEZ

N2 NWDBES A i BRI B EMRIR 2 & 8L %4 (Mix-

ing 1), QENEYN X ZEMBIIZEOIEEYEIE A 5 VI 725E& (Mix-

ing 2), RUGHENZ X3 7 u x> OBt (James and Burns, 1984) 2%#A

72854 (Oxidation) KWFEENBZ Y7 bOFRAEZRT.
Fig. 18 Plot of ¢C;—d"C, vs. 6C,—0"C,. Solid line indicates a correlation

expected for thermogenic hydrocarbons according to the model by Chung ef
al. (1988) . Three arrows indicate the directions in which thermogenic gas
would be shifted by (1) mixing with isotopically light microbial methane
(Mixing 1), (2) mixing with isotopically heavy abiogenic methane (Mixing
2), and (3) microbial oxidation of propane (James and Burns, 1984),
respectively .
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%A ETHY, E7-Wakita et al. (1990) X VRH A
B 2 FREYREES O T, I EEDA Y D
SBCEZ —The EHEL TS, b LDHTDOEdEE
FEHALL DB IEEYHEIRD X 8 > SEOEFIRD AL
ABRESBZMIMLTWB E LIS, FOT—FI35E18
MizswikEAl (EED “Mixing 27 OFH) 1A
7L, BHROERIZ 9y 8NN3 2 ENTFHEX

N3, HEIZOFELER T2 5, VRV AIE
EYRTEFD X 7 V3% S EN TWBIREENTES R
5,

‘ 5. #

KR A DR ERSIERE 2 5 L &, F{bAREK
Sy DCHERR, & RERNAAIZEE T80 ) 21t
%, BALEAHIRORAY ADEE, A5, 17,
FTSy DRERE L X8 v ORFENHARLOBER, M
RF v, LY, Ty, n-7F v DRERNHELD
RS, ZORIREIITEEOEE (KLt os R
LIS L, AR uY v OBOSETE U R
KEENT T Y TEENCHERT 5 X5 28, HReichsE
TRALDDEHEI N, OEYRCESLIIR-> 72
EFNOIESME, HEEHOMBERE Ny 7 757
oo bEEINS, THhbbBOVMT ALERRNT >
¥y VEET B REHERE KU B LEe B
KELASMLTBY, WaEAMOEEIREEOHEIZL
7o TRILAKRWEEED & KB —REET 2 Z
RTINS BHEKTH S Komatsu ef al.,
1984). ko Thhbhii, ZOEYREESIIR->-IRE
ETNEHIBORINA AGEROTEEL % SRS
b0 LT 5, KBRS, S, RRTADNY 7
LARNHALEDSE W Z ki, v M VEEOANY 7 ADF
SRRTELTYH, FEEWRFEORIAROEEERT
SEHLE I3 BV E SR 5 T,

B

SR | AR ORITICY Y, EEHNLREATE RS
BT acE > THEE 22 & E Uz, IR
EEMERIE GHEINAEEE) 3 HmT Ao
DT, A FERFEANISERE  <PRISTATR
B RIKRORERNADIIIC OWT, SRRTTHI
By v ¥ —F GEEBRERNS), NEE
ZRRRE R B AR ESRC L TERTEHEE R D
& Ufz, KHMZIR UM ETEE), FEERT
(B EE RER, KGRI E—E RS E,
STEITHIERE, bR EESRE, B
BB 274 AA vy ¥ a v ERBUT, %D
HEERERPWELEE X Uk, EEF—ERERRER
1%, TEERMTEERIpTEE [BIBRILKRRT V¥ v
DT & FHIFHRCBET 209%] 0V —5— LT
WD SR W12 & % Uiz, REPE IR AT (R
BRI, BXOEEZBLTEREIA Y MRV
fel2& g Liz, BRI EEEL ZHEERL
7.

— 638 —




KUERFRECEE T 2 KRRV R OR{KROER (RE  13)

% TERIRY R RN T2 2 & & U AEERR
Fikatl, WEAMSRASHE, =Y RS
WL £ 5,

X B

Abrajano, T.A., Sturchio, N.C., Bohlke, J.K.,
Lyon, G.L., Poreda, R.]J. and Stevens, C.
M. (1988) Methane-hydrogen gas seeps,
Zambales Ophiolite, Philippines: Deep or
shallow origin? Chem . Geol., 71, 211-222.

Abrajano, T.A., Sturchio, N.C., Lyon, G.L.,
Muehlenbachs, K. and Bohlke, J.K.
(1990) Geochemistry of reduced gas
related to serpentinization of Zambales
ophiolite, Philippines. Appl. Geochem ., 5,
625-630.

Bernard, B.B., Brooks, J.M. and Sackett, W.M.
(1976) Natural gas seepage in the Gulf of
Mexico. Earth Planet. Sci. Lett., 31,
48-54.

Bernard, B.B., Brooks, J.M. and Sackett, W.M.
(1977) A geochemical model for character-
ization of hydrocarbon gas sources in
marine sediments. Proc. Offshore Tech.
Conf ., 435-438.

Bray, E.E. and Evans, E.D. (1961) Distribution
of n-paraffins as a clue to recognition of
source beds. Geochim . Cosmochim . Acta,
22, 2-15.

Brooks, J.M., Cox, H.B., Bryant, W.R., Ken-
nicutt, M.C., II, Mann, R.G. and
McDonald, T.J. (1986) Association of
gas hydrate and oil seepage in the Gulf of
Mexico. Org. Geochem ., 10, 221-234.

Chang, S., Des Marais, D.J., Mack, R., Miller,
S.R. and Strathearn G.E. (1983)
Prebiotic organic syntheses and the origin of
life. In Schopf, J.W. ed., Earth’s Earliest
Biosphere, Its Origin and Evolution, Prin-
ceton University Press, 53-92.

Chung, H.M. and Sackett, W.M. (1980) Carbon
isotope effects during the pyrolytic forma-
tion of early methane from carbonaceous
materials. Iz Douglas, A.G. and Maxwell,
J.R. eds., Advances in Organic Geochemis-
try 1979, Pergamon, 705-710.

Chung, H.M., Gormly, J.R. and Squires, R.M.
(1988) Origin of gaseous hydrocarbons in
subsurface environments: Theoretical con-
siderations of carbon isotope distribution.
Chem. Geol., 71, 97-103.

Claypool, G.E. and Kvenvolden, K.A. (1983)
Methane and other hydrocarbon gases in
marine sediment. In Wetherill, G.W. et

al. eds., Annual Review of Earth and
Planetary Sciences, 11, Annual Reviews
Inc., 299-327.

Clayton, J.L., Spencer, C.W., Koncz, I. and
Szalay, A. (1990) Origin and migration of
hydrocarbon gases and carbon dioxide,
Beke Basin, southeastern Hungary. Org.
Geochem ., 15, 223-247.

Craig, H., Lupton, J.E. and Horibe, Y. (1978) A
mantle helium component in Circum-Pacific
volcanic gases: Hakone, Marianas and Mt.
Lassen. In Alexander, E.C. Jr. and
Ozima, M. eds., Terrestrial rave Gases,
Japan Scientific Societies Press, 3-16.

Des Marais, D.J., Donchin, J.H., Nehring, N.L.
and Treusdell, A.H. (1981) Molecular
carbon isotope evidence for the origin of
geothermal hydrocarbons. Nature, 292,
826-828.

Fuex, A.N. (1977) The use of stable carbon iso-
topes in hydrocarbon exploration. J. Geo-
chem . Explor., 7, 155-188.

fEHE E (1983) A~V ULAEEME (Z01), #E
—a—2R, no. 348, 6—15,

Fukuta, O. (1986) Natural gas expected in the
lakes originating in the rift valley system of
east Africa, and analogous gas in Japan.
Amer. Assoc. Petrvol. Geol. Mem., 40,
445-456.

Gerlach, T.M. (1980) Chemical characteristics of
the volcanic gases from Nyiragongo lava
lake and generation of CH,-rich fluid inclu-

sions in alkaline rocks. J. Volcanol. Geoth-

erm. Res., 8, 177-189.

Giardini, A.A. and Melton, C.E. (1981) Experi-
mentally-based arguments supporting large
crustal accumulations of non-biogenic
petroleum. J. Petrol. Geol., 4, 187-190.

Gold, T. and Soter, S. (1980) The deep-earth gas
hypothesis. Sci. Amer., 242, no. 6,
154-161.

Gold, T. and Soter, S. (1982) Abiogenic methane
and the origin of petroleum. Energy Explor .
Eploit., 1, 89-104.

Gold, T. and Soter, S. (1985) Fluid ascent
through the solid lithosphere and its relation
to earthquakes. Pure Appl. Geophys., 122,
492-530.

Hilton, D.R. and Craig, G. (1989) The Siljan
Ring deep well: Helium isotope results.
Geochim . Cosmochim . Acta, 53, 3311-3316.

Hooker, P.J., O'Nions, R.K. and Oxburgh, E.R.
(1985) Helium isotopes in North Sea gas
fields and the Rhine Rift. Nature, 318,
273-275.

— 639 —




WMERETRAKR B4aE E12%)

Hunt, J.M. (1979) Petroleum Geochemistry and
Geology, Freeman and Company, 617p.

James, A.T. (1983) Correlation of natural gas by
use of carbon isotopic distribution between
hydrocarbon components. Amer. Assoc.
Petrol. Geol. Bull., 67, 1176-1191.

James, A.T. and Burns, B.J. (1984) Microbial
alteration of subsurface natural gas accu-
mulations. Amer. Assoc. Petrol. Geol.
Bull., 68, 957-960.

Jeffrey, A.W.A and Kaplan, I.R. (1988) Hydro-
carbons and inorganic gases in the Gravberg
-1 well, Siljan Ring, Sweden. Chem.
Geol ., 71, 237-255.

Jenden, P.D. and Kaplan, I.R. (1989) Origin of
natural gas in Sacramento Basin, Califor-
nia. Amer. Assoc. Petrol. Geol. Bull ., 73,
431-453.

Jenden, P.D., Hilton, D.R., Kaplan, I.R. and
Craig, H. (1993) Abiogenic hydrocarbons
and mantle helium in oil and gas fields. In
Howell, D.G. ed., The Future of Energy
Gases, U.S.G.S. Prof. Paper, 1570,
31-56.

Jenden, P.D., Kaplan, I.R., Poreda; R.J. and
Craig, H. (1988a) Origin of nitrogen-rich
natural gases in the California Great Valley:
Evidence from helium, carbon and nitrogen
isotope ratios. Geochim . Cosmochim . Acta,
52, 851-861.

Jenden, P.D., Newell, K.D., Kaplan, I.R. and
Watney, W.L. (1988b) Composition and
stable-isotope geochemistry of natural
gases from Kansas, Midcontinent, U.S.A.
Chem . Geol., T1, 117-147.

Kamenskiy, I.L., Yakutseni, V.P., Mamyrin, B.
A., Anufriyev, S.G., and Tolstikhin, I.
N. (1971) Helium isotopes in nature.
Geochem . Intl., 8, 575-589.

Kamenskiy, I.L., Lobkov, V.A., Prasolov, E.
M., Beskrovnyy, N.S., Kudryavtseva, E.
A., Anufrivev, G.S. and Pavlov, V.P.
(1976) Components of the upper mantle in
the volcanic gases of Kamchatka (accord-
ing to He, Ne, Ar, and C isotopy). Geo-
chem. Intl., 13, 35-48.

Katz, D.L. (1968) Source of helium in natural
gases. Helium Symposia Proceedings in
1968 —A Hundred vyears of Helium,
242-255.

SEH_-RENF -AHIHBE (1958)
FLFE—. FAEE, 361p.

Komatsu, N., Fujita, Y. and Sato, O. (1984)
Cenozoic volcanic rocks as potential hydro-
carbon reservoirs. Proc. 11th. World Pet-

KRV 2 —&

vol. Cong., 2, 411-420.

Konnerup-Madsen, Kreulen, R. and Rose-Hansen,
J. (1988) Stable isotope characteristics of
hydrocarbon gases in the alkaline Ilimaus-
saq complex, south Greenland. Bull. Min-
eral ., 111, 567-576.

Konnerup-Madsen, J., Larsen, E. and Rose-Han-
sen, J. (1979) Hydrocarbon-rich fluid
inclusions in minerals from the alkaline
Ilimaussaq intrusion, South Greenland.
Bull. Mineral., 102, 642-653.

Kreulen, R. (1987) Thermodynamic calculations
of the C-O-H system applied to fluid inclu-
sions: are fluid inclusions unbiassed samples
of ancient fluids? Chem . Geol., 61, 59-64.

Lupton, J.E. (1983) Terrestrial inert gases: iso-
tope tracer studies and clues to primordial
components in the mantle. In Wetherill, G.
W. et al. eds., Annual Review of Earth
and Planetary Sciences, 11, Annual Review
Inc., 371-414.

Mackenzie, A.S., Brassell, S.C., Eglinton, G. and
Maxwell, J.R. (1982) Chemical fossils:
the geological fate of steroids. Science, 217,
491-504.

Mamyrin, B.A. and Tolstikhin, L.N. (1984)
Heliyum Isotopes in Nature, Elsevier, 273p.

Matsuo, S., Suzuki, M. and Mizutani, Y. (1978)
Nitrogen to argon ratio in volcanic gases.
In Alexander, E.C. Jr. and Ozima, M.
eds., Terrestrial rave Gases, Japan Scien-
tific Societies Press, 17-25.

Mattavelli, L. and Novelli, L. (1987) Geochemis-
try and habitat of natural gases in Italy.
Org. Geochem ., 13, 1-13.

McCarty, H.B. and Felbeck Jr., G.T. (1986)
High temperature simulation of petroleum
formation—IV. Stable carbon isotope
studies of gaseous hydrocarbons. Org.
Geochem ., 9, 183-192.

Melton, C.E. and Giardini, A.A. (1974) The com-
position and significance of gas released
from natural diamonds from Africa and
Brazil. Amer. Mineral., 59, 775-782.

Melton, C.E. and Giardini, A.A. (1975) Experi-
mental results and a theoretical interpreta-
tion of gaseous inclusions found in Arkansas
natural diamonds. Amer. Mineral., 60,
413-417.

Nagao, K., Takaoka, N. and Matsubayashi, O.
(1981) Rare gas isotopic compositions in
natural gases of Japan. Earth Planet. Sci.
Lett., 53, 175-188.

Oremland, R.S., Miller, L.G. and Whiticar, M.J.
(1987) Sources and flux of natural gases

— 640 —




KILMEETEA W EE T 2 RAS ADRILAFROEE (RE 132)

from Mono Lake, California. Geochim .
Cosmochim . Acta, 51, 2915-2929.
Oxburgh, E.R., O'Nions, R.K. and Hill, R.I.
(1986) Helium isotopes in sedimentary

basins. Nature, 324, 632-635.

Petersil’ve, I.A. and Pripachkin, V.A. (1979)
Hydrogen, carbon, nitrogen and helium in
gases from igneous rocks. Geochem . Intl.,
16, 50-55.

Poreda, R.J., Jeffrey, A.W.A., Kaplan, I.R. and
Craig, H. (1988) Magmatic helium in sub-
duction-zone natural gases. Chem. Geol.,
71, 199-210.

Poreda, R.J., Jenden, P.D., Kaplan, I.R. and
Craig, H. (1986) Mantle helium in Sa-
cramento basin natural gas wells. Geochim .
Cosmochim . Acta, 50, 2847-2853.

Rohrback, B.G., Peters, K.E. and Kaplan, I.R.
(1984) Geochemistry of artificially heated
humic and sapropelic sediments—II: Oil and
gas generation. Awmer. Assoc. Petrol.
Geol. Bull., 68, 961-970.

Sackett, W.M. (1978) Carbon and hydrogen iso-
tope effects during the thermocatalytic pro-
duction of hydrocarbons in laboratory simu-
lation experiments. Geochim . Cosmochim .
Acta, 42, 571-580.

Sackett, W.M. and Menendez, R. (1972) Carbon
isotope study of the hydrocarbons and ker-
ogen in the Aquitaine basin, southwest
France. In von Gaertner, H.R. and Weh-
ner, H. eds., Advances in Organic Geo-
chemistry 1971, Pergamon, 523-533.

Sackett, W.M., Nakaparksin, S. and Dalrymple,
D. (1968) Carbon isotope effects in meth-
ane production by thermal cracking study.
In Hobson, G.D. and Speers, G.C. eds.,
Advances in Organic Geochemistry 1966,
Pergamon, 37-53.

Sakata, S. (1991) Carbon isotope geochemistry of
natural gases from the Green Tuff Basin,
Japan. Geochim. Cosmochim. Acta, 55,
1395-1405.

Sakata, S., Matsuhisa, Y. and Igari, S. (1994)
Organic geochemistry of petroleum from
the Green Tuff Basin, Japan. Org. Geo-
chem ., 21, 27-34.

EKH F-EF R-EH—5 (1986) EEAKLEE
DORAN A DRRR BT 5 B EHELE, H
M aRE, 51, 228—237,

Sakata, S., Takahashi, M., Igari, S. and Suzuki,
S. (1989) Origin of light hydrocarbons
from volcanic rocks in the “Green Tuff”
region of Northeast Japan: Biogenic versus
magmatic. Chem. Geol., 71, 199-210.

RHE FF - £FETT - AR - FBFR—ER - SR H—

BE (1994) KB ZREE L 2 AMORER
B S 5 ML RTTE. B AW, 45,
531—554,

Sano, Y. and Wakita, H. (1985) Geographical
distribution of *He/‘He ratios in Japan:
Implications for arc tectonics and incipient
magmatism. J. Geophys. Res., 90,
8729-8741.

Sano, Y., Wakita, H. and Giggenbach, W. (1987)
Island arc tectonics of New Zealand
manifested in helium isotope ratios. Geo-
chim . Cosmochim. Acta, 51, 1855-1860.

Schoell, M. (1983) Genetic characterization of
natural gases. Amer. Assoc. Petrol. Geol.
Bull., 67, 2225-2238.

Schoell, M. (1984) Stable isotopes in petroleum
research. In Brooks, J. and Welte, D.
eds., Advances in Petroleum Geochemistry,
1, Academic, 215-245.

Schoell, M. (1988) Multiple origins of methane in
the Earth. Chem Geol., 71, 1-10.

Schoell, M., Tietze, K. and Schoberth, S.M.
(1988) Origin of methane in Lake Kivu
(East-Central Africa). Chem. Geol., T1,
257-265.

Seifert, W.K. and Moldowan, J.M. (1981)
Paleoreconstruction by biological markers.
Geochim . Cosmochim . Acta, 45, 783-7%4.

Simoneit, B.R.T., Kawka, O.E. and Brault, M.
(1988) Origin of gases and condensates in
the Guaymas Basin hydrothermal system
(Gulf of California). Chem. Geol., T1,
169-182.

Stahl, W.J. (1974) Carbon isotope fractionations
in natural gases. Nature, 251, 134-135.

Sundberg, K.R. and Bennett, C.R. (1983) Carbon
isotope paleothermometry of natural gas.
In Bjorgy, M. et al. eds., Advances in
Organic Geochemistry 1981, Wiley,
769-774.

Takaoka, N. (1976) A low-blank, metal system
for rare-gas analysis. Mass Spectroscopy,
24, 73-86.

Tissot, B.P. and Welte, D.H. (1984) Petroleum
Formation and Occurrence, Springer-Ver-
lag, 699p.

Torgersen, T., Lupton, J.E., Sheppard, D. and
Giggenbach, W. (1982) He isotope varia-
tions in the thermal areas of New Zealand.
J. Volcanol. Geotherm . Res., 12, 283-298.

Urabe, A., Tominaga, T., Nakamura, Y. and
Wakita, H. (1985) Chemical composition
of natural gases in Japan. Geochem . J ., 19,
11-25.

— 641 —




WMEREFRAKR E4E 125

Wakita, H. and Sano, Y. (1983) °3He/*He ratios
in CH,-rich natural gases suggest magmatic
origin. Nature, 305, 792-794.

Wakita, H., Sano, Y., Urabe, A. and Nakamura,
Y. (1990) Origin of methane-rich natural
gases in Japan: formation of gas fields due
to large-scale submarine volcanism. Appl.
Geochem ., 5, 263-278.

Welhan, J.A. (1988) Origin of methane in
hydrothermal systems. Chem . Geol., T1,
183-198.

Welhan, J.A. and Craig, H. (1979) Methane and
hydrogen in East Pacific Rise hydrothermal
fluids. Geophys. Res. Lett., 6, 829-831.

Welhan, J.A. and Craig, H. (1983) Methane,
hydrogen and helium in hydrothermal fluids
at 21°N on the East Pacific Rise. Iz Rona,
P.A. et al. eds., Hydrothermal Processes at
Seafloor Spreading Centers, Plenum,

391-409.

Welhan, J.A. and Lupton, J.E. (1987) Light
hydrocarbon gases in Guaymas basin
hydrothermal fluids: Thermogenic versus
abiogenic origin. Amer. Assoc. Petrol.
Geol. Bull., 71, 215-223.

Xu, S., Nakai, S., Wakita, H., Xu, Y. and
Wang, X. (1995) Helium isotope composi-
tions in sedimentary basins in China. App!.
Geochem ., 10, 643-656.

Yuen, G., Blair, N., Des Marais, D.J. and Chang,
S. (1984) Carbon isotope composition of
low molecular weight hydrocarbons and
monocarboxylic acids from Murchison
meteorite. Nature, 307, 252-254.

(A 1 19964£10H 8 H ; =3 : 19965F11520H)

— 642 —




