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Abstract: The variations of shale gas occurrence and its relationship with hydrogen and carbon isotope of CH4
during shale gas release are studied based on a long-term canister desorption of gas shales at the reservoir
temperature. Results show that the 8D(CHy,) values of desorbed gas become lighter first then heavier as desorption
proceeds at the reservoir temperature, which is different from the variations of §*3C; values that keep unchanged
first and become heavier subsequently. Both the 8D(CH4) and &*3C; values become heavier from the same stage
that 40 to 50 percent of shale gas are desorbed. Based on the variation of 8D(CH,) values, shale gas-bearing and
seepage characteristics, the release process of shale gas can be divided into three stages: free gas seepage under
differential pressure, free gas seepage as well as desorbed gas diffusion and diffusion of desorbed gas. Stage I:
Released shale gas comes from the free gas stored in the matrix-associated pores and fracture, the 8D(CH.) and
513C; values of released gas remain unchanged. Stage 11: Both free gas seepage and desorbed gas diffusion exist,
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the extra supply of desorbed 2 CH4 makes 8Dcha of released gas lighter (decreased by 4%o to 10%o) while its §'°Cy
values change little. Stage I11: Desorbed gas comprises the released gas, both the 8D(CH4) and &3C; values of
released gas have increased by 21.9%o t0 32.9 %0 and 15%o t0 20%., respectively, which are controlled by the effect
of adsorption-desorption and diffusion. Our results show that the hydrogen isotope of CH4 is a more sensitive and
effective parameter responding to the shale gas occurrence during the release of shale gas than carbon isotope. It’s
promising to build a novel quantitative evaluation method to predict shale gas production based on the variation of
hydrogen isotope of CHa.

Keywords: shale gas; hydrogen isotope; carbon isotope; isotopic fractionation; occurrence
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WS AP A FE BRI 2A R SRR, KRR X —, H C. H R R BIE IR ISR AR
SURIAZEAL R AR AR e A R B R (B4 &2, 1990; Golding et al., 2013; Milkov et al.,
2020). 5 CIooZEAMLL, HIE R KRR Y —FEAMITER, 50 R R 2 S trhe R RR S, RO =B
TREERI B 2 . HETRRIASR H RIALR AR F L e AR IR L SR R . KA A AR
FAFFSHEPRRIE CEREESE, 2006), AL, WA TR EHMGE T RS A E S H R
A A, 2008; Li et al., 2011; JEIRE, 2015; Lu et al., 2021), i H Bix RN B A E S H [RA7
RO MR IH 55

L b, REEE RO I LR R I TUA B2 ST R e C R R EAT B AR
PG, HA3 R FE AT 3k 16.2%0~31%0(Zumberge et al., 2009; Wang et al., 2015a; ZE4£45 2016; #Fc414%, 2017;
R{E4E, 2017; Niemann and Whiticar, 2017; Ma et al., 2020), 34 SN P 0UA R BB S L 280
4284 A B¢ (Xia and Tang, 2011; Liu et al., 2016; Li et al., 2020; Ma et al., 2020), 5% #FIRIIBFES A
SRR BN, DUA R T WA AE R R 2 4 I Jo L Bt v 1R 8 ORI AL B 28 0 W Al L st 2 v %) e o
K4 (Ma et al., 2015; Wang et al., 2015b). TUAS A= H4, 7= HAAR LA A00 3 B TS SO S5 i
RAARR, R BT AT 2 58 BRSO R 2 0 1) 4 0, 1y 00 e SO b s Y BEASAROR U5 (Javadpour et al., 2007;
Javadpour, 2009; Sondergeld et al., 2010; Gensterblum et al., 2014) . HERABREIT 7 B0 25 < L1 2 50 &
A R B Eh AR, X S AR DS A A e B B SRS IR AT SRR R, A AR T UA IR AR B
HAHREE L,

TUAAERSGZ R B b C RIS, HATIAH E2 3z 2 FE ¥ O /ER, hFml
B AR 22 5, BBCH4 AHXT T 12CHa DLW FT, Hir 5 MM, AT AE DL B — i Wi ot A v e Jig 1 [l 67 3R 43 1 ) 3
% QY HUER, BT 2CHa bt BCH.orF B/, A4 HURECE &, 2CH, R Se B 2 BUR S it 2
R BEfaE C [Alf 2% #7728 B (Prinzhofer and Pernaton, 1997; Zhang and Krooss, 2001; Strapo¢ et al., 2006:
BOMITAE, 2008; Bhoy B4, 2011; Xia and Tang, 2012; i, 2015), W M Fnd oy 2 R /E A S 8000
St AR B C R R FRELI i, X [ A7 A S g e s TR BE C TR 3% Rl i IR I () 4 2 A8 Hi A R — 3K
(Wang et al., 2015a; Ma et al., 2020), {H e L bRAE = i i U BE C (R 2R 1922 1k Ll 307 ik W 552 36488 7 1) 2%
AR T S S 4%, Qnpu 1| Z a1 7 i X HE A DA S A AR, 3.5 a e i AR B C [ R
A 1.1%0~2.5% M 8N, HIFAZII BASE YIS (Zhang et al., 2018), Xt E BRI T H BE C [l 2 5018
BT DU S A P 7 I ARAP RS IR B

52X, HAE R A R o — FEEAMOT R, HRIALER e vUE ST a7 b ) 23 TR 1
ANVEHE o ZRBFGEE X U1 A e SR A DUA R, RGN T U SR B it B B e H R 3R A2 fLRL
B, GG IUA R . T SRR & =, $2 i 1 OUA ST At B G H R 3R 0 o iR el S
U SRR N . B, 30T T A IR BE H RS2 B9 3 TR S CH M B

1 FEAAIJTE

A AT R, Mg EJE TR RBER & (K 1a), 2— 4 X B RS- PSR S
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T R AR — 1 WEBEE 1 /N2 (& 1b), 2Pk 43 70 A hd: J3 0 7 R S 0 0 R 0 o B3t I - 250 b /s
JEE XTI (R it 2R BE Sl 119 °C, HiL)Z e 1ok 76.24 MPa, Hb)Z2 R 71 RECH 1.8,

A A D R IR M T I, BEEUC 2 30 om Ay 5248 A 0, Zoad TR PR L 5, (58 U3k B T A R i o s o,
b 28 AR R T A S b 3 e DAB /D FEAR R . SR e e it S A A £E A A ) 4 1 Bl DA A,
I A2 BE (119 °C) o A MR roATT s A SO i 5 A8 1 AR AT I AN 7K 1 2 e 25 8 rh O P s R
t R R AN a2 A R AR R e 9 ARk BRI, DT BRAS: BT S R i s ) A )
Pt o BT HEKIE PR E A A T TUE R, SR M REAE T B B8 rh TR B RSK

TUASA C R R AHre AR F ) AR RS TR ERE S E 5w, SR 00T
i FH Agilent 6890 A A iS4 s, W ke e — 4 bk C Rl & FLfE R Trace GC S AH & 3% {3 N
ThermoFisher Scientific MAT-253 [a]4v; 2 B A I E, C IR 2 1 20k BE R £0.5%o, 1EAH I 7 kS R
Ma et al. (2020). H ¢ H R 220037 H [ i o o e Jeg o) . o S S ik b0 8 Al . RARAHLA H R 11
MR GCITCNRMS 43#ridk, FEH LT 34 OAgilent 7890B S AH i%1Y; @Elementar GC5 Z4fi#
%1, ®Elementar isoprime precision [FIy 2 FLRTEAL . RGR iR 9, SRR DR R 150 °C, 43 kb
J 13, {Ai%H PLOT-Q £ (30 m>0.32 mm>20 pm), Ph He J &5/, (3% 5101 AIEE K 40 °C, 1EIE 6 min,
L 30 °C/min FHE#E TR 150 °C, f£4F 1 min, AFE N 1.2 mL/min, FUAGE €% 3B 8 KK (CH.),
SRIGHEA 1450 °CHY R IR 24P rhols CHa 23k C Al Hy, CHFELEIR TP, 10 Ho AR 25 F RS SCGHEATI3R,
MITRAFHBE H RO ZRA . H RN E R — bR Y GBW04480(3D(CH4)=—167.6%0+1.0%o), 5
35 3 A B R 3%

(2) VU1 Rt DX B SUASHIE A SR L 1 (Rt X R 5 1 A S TH4%, 2020); (b) A J1HluJZFEIR 1A KBOREL

1 H@NHE

Fig.1 Location of the shale samples
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A-1 il A-2 TUARY TOC 505 4.06%F1 4.91%, S50 5% R S 5HR R 2.67%F1 2.56%, 575 bk i X 4=
W1 T H T TR AH DA B REE (EQVRe -2 2.65%) 8 ML (B LR FI X UK, 2013), M 5T AA ML
A T ad BB B o 2 BRTUS B PED P & 4, P A-2 TUR Y A 95 75 i 535 63.5%, W) 110 )1 35 b,
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Table 1 Organic geochemistry and mineral compositions of the two shales in Well A

S G . - TOC EGVR, W Y, (%)
o JA0L REE (m) o o — -
& (%) (%) beE BKA MG HEG BT B
A-1 —i 4318.3 491 2.67 53.7 49 57 14.2 2.3 19.2
A-2 T 4321.8 4.06 2.56 63.5 1.8 13.6 10.1 25 8.4

A S AHZ RS T (119 °C)MBLZ i W ih ANl 2a, b Fis . TUAS BT B e W e ] S X 5o
R fRWCHT 10 h, TUASRIC RN K, 10 h 225, M R IR AR RO R WA . TUA AL A A-2 i
JERE R AR S 0 ) 5867.2 A1 9351.5 mL, bR A AR I < 4 2.23 A1 3.02 m3t(F 2).

DU AW G 4 BT S T B S0t DL il W A SRR, B0 mL/(min k), AR R T AR
FIPAS R . DUASRMCTIE, ff I R R - R Kk, I 255 4 h 2GR ERKR, 20k
6.66 1 5.14 mL/(min kg); ML), TUA AR A RFEE FRE, i 15 h 5 fNGE R O K% 0.5 mL/(min kg), Z
JE BT o(F 2¢. d).

TUHSR A BENRE S (TUA &R BN ITE) (SYT 6940-2013) 1k AnifEdid T, Hh, 4515t E
BB TA] ) — 2 O B RERT ] . RS TR SEE LR (USBM) BLEE L, 1207 R0 8 SR ]
5 R ) 2 R0 8 D AR R R AR AR I, A 45 R RS R ARG, L S A AR ARl g R B R R R
(&l 2e. f). USBM [HIH FL 2k 5 I W 45 UL & A BE A4, AHOC R 2K R3320 0.9995 Fil 0.9994, 4 145 5]
A-1 Fl A-2 GUATOIIE R4 9 0 6406.1 F1 10903.0 mL(&l 2e. f), XA & 2091k 2.44 1 3.52
met(F 2).

DU )1 300 2 P b X T ¥R 40 DU SR AY R IIEN 0.10 m3/t(JEl 1 304, 2022), {UhIX 2 BRI Al <
AR R Z M 2% 2547, T 2T P, AR50 TUA A R B S iR S S R I 2, i it
A A-LFT A-2 B B4 5k 4.67 Fil 6.54 m3t(ER 2). SRAE LM HHCIIAE A-1 R A-2 DU 2 IR
T (119 °C) il 22 FRARFL (V) & 22 R S (PO 209 4 1.83 F1 2.47 m3/t. 2.40 1 2.63 MPa, #R 4 B #& 2 /K
(Langmuin) 22T A-1 K A-2 TURHBZ RS T (RE 119 °C, H)Z 5 71 250 1.8) M b i 43k 1.77
1 2.39 m/t, 435 RS S 38.02%F11 36.52% (£ 2).

*2 DHBRIREFEWRMILRBHIEBRRSSERNMSEE
Table 2 Desorbed gas content and adsorbed gas content of the two shales based on canister desorption and Isothermal
adsorption experiments

e o pkaR mmss MRS iR AR Vi P MR g g
5 (9) (mL) (mL) H(m3t) Tt (m3/t) (m3/t) (mdh) (MPa) H(m3) (%)

A-1 2630 6406.1 5867.2 2.44 2.23 4.67 1.83 2.40 177 38.02

A-2 3095 10903.0 9351.5 3.52 3.02 6.54 2.47 2.63 2.39 36.52




(3). (b) A-1 Fl A-2 SUE SN, (c). (d) A-1F1 A-2 TUA SRR BEIN R 197 4L; (e) . (F) A-1 Rl A-2 TUESBURTIRINE

B2 TTESIMABRERIASERE
Fig.2 Desorbed gas volume curves versus time and the recovery of lost gas volume

22 TIESHBRIBRPSEAS REMEHABNEN

2 BUE R AR S S BT s R R, fRCR AL BRSO, CHa i e 90% L I, &/
N2 Fll COx(# 3).  A-2 TUEHFENE 928 min LA CHa fr s B HiRFAIR, No friid il 22, nl RS i WS I i A R
Gi A 2 SR AH X (Ma et al., 2020), f# S H CoHe & AR, el 0.26%., LAk, KK E] Cabt
SRR MM SR 53 R DU 1| b g 0 e IR 2H DU S A P I USSR 53 —3, LA CH4(90.1%~99.6%) 4
F, &/ hE CoHe(0.2%~0.8%) K AR F2 44K (Dai et al., 2014; Zhang et al., 2018).

KAIRFNPE (W=Co-5/Cr-s) J& R ALLE IR LA LA 19— AT EAG AR, — A 5 R 2 A &2 1A
KK F(Dai et al., 2014; #i4: 555, 2016). 2 BLTUAFISAY W 2 0~2.11%, “F-34 0.29%(3 3), J& T M T
oo FRMCATHA, MU W BEE T 0; BEE S B ASBTIEAT, MR Wi R, 2 ilis®] 0.27%
Al 2.11%(& 3a. b). DUAFEIAN W BRI BRI ETE R, FTRES TUAXT CHa Ml CoHe RFfHRE S 1022 54
Ko HFIUAMR P ARKINE] Co ik (F 3), LI W=C,He/(CH4+CoHe), fftI<H CHy S iIER
F CoHe, FTLA W U CoHe/CHao TUA 240 535 G W M S50 22 B, CoHe I E 1 K F CH4(Wang et al.,
2015b), MIfiE L IUA ST B CH, ISR, CoHe i 5 WL . BilE il VE FH A EAT, MR G CoHe 1B
Wi 2, i CHa RHTIE/D, 15 CoHe/CH4 (B M A, M S0 A L WK TG K .
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Table 3 Composition and isotopic values of the desorbed shale gas

oy b U e % CH,
T o e DB o o co ® cn co,  cw s
A-1-1 0.75 410 6.99 6816.1 5554 9927 000 073 000 000 -309 -12.7 —-145

A-1-3 1.30 820 13.98 7226.1 58.88 99.32 0.06 0.62 0.00 0.06

A-1-6 2.13 1450 24.71 7856.1 64.01 9825 010 165 000 010 -30.1 9.0 -152

A-1-7 2.37 1662.4  28.33 8068.5 65.74 -30.1 -116

A-1-9 2.67 1899.5  32.37 8305.6 67.67 9833 012 155 0.00 0.12 -151

A-1-11 3.02 2217 37.79 8623.1 70.26 -32.3 938

A-1-12 3.43 26045 44.39 9010.6 7342 9819 014 167 000 014 -322 -104 —-155

A-1-13 3.88 3034 51.71 9440.1 76.92 -320 -99

A-1-16 5.43 4127.7  70.35 10533.8 8583 90.65 018 109 808 020 -281 -129 -152

A-1-18 6.43 4570 77.89 10976.1 89.43 9848 022 130 000 023 -249 -152 -151

A-1-20 7.42 4867 82.95 11273.1 9185 98.07 024 170 000 024 -225 -146 —-149

A-1-22 8.92 51743  88.19 11580.4 94.35 -19.1 -135

A-1-23 9.64 5293.6  90.22 11699.7 9533 9815 025 159 000 026 -17.3 -133 -143

A-1-24 9.83 5326.3 90.78 11732.4 95.59 -13.6 -14.0

A-1-25 13.08 5636.5 96.07 12042.6 98.12 9731 026 243 000 027 -115 -153 —140 -142
A-1-26 1542 5798.1 98.82 12204.2 99.44 -9.0 -157

A-2-1 0.50 410 4.38 11313 5585 9852 004 145 000 004 -318 92 -151 —-150
A-2-3 0.75 606 6.48 11509 56.82 90.12 003 138 847 0.04

A-2-5 1.01 820 8.77 11723 57.88 9476 0.06 150 3.68 0.07 -150

A-2-7 1.50 1280 13.69 12183 60.15 98.61 0.09 093 037 0.09 -151

A-2-9 2.00 1670 17.86 12573 62.08 98.65 0.09 126 0.00 0.09

A-2-10 2.23 1803 19.28 12706 6273 9799 010 191 000 010 -31.2 -86

A-2-11 2.53 2090 22.35 12993 64.15 -316 93

A-2-13 2.92 2380 25.45 13283 65.58 -31.2 97

A-2-15 3.66 2964.6 3170 13867.6 68.47 -315 -93 —154

A-2-17 4.83 3990 42.67 14893 73.53 -30.7 -13.2

A-2-18 5.52 4479 47.90 15382 75.94 -29.3 -121

A-2-19 6.18 4887.8  52.27 15790.8 77.96 -28.1 -—11.9

A-2-20 6.80 5205 55.66 16108 7953 9219 017 139 626 018 -27.3 -10.7 -152 —-152
A-2-21 7.10 5326.7  56.96 16229.7 80.13 -271 127

A-2-22 7.93 5640 60.31 16543 81.68 -255 153

A-2-23 8.33 5750 61.49 16653 82.22 —246 -125

A-2-24 883 59325 6344 16835.5 83.12 -239 136

A-2-25 9.38 6086 65.08 16989 83.88 —225 -149 —146

A-2-26 9.87 6191.1  66.20 17094.1 84.40 -21.7 -136

A-2-27 1158 6503.3 69.54 17406.3 85.94 -209 -15.7

A-2-28 1247 66533 71.15 17556.3 86.68 -20.1 -16.1

A-2-29 1357 6799.4 7271 17702.4 87.40 -19.4 -15.0 —148

A-2-30 1547 6960 74.43 17863 88.19 8319 020 137 1524 024 -178 -16.0

A-2-31  17.53 7116 76.09 18019 88.96 -154 -17.0 —-145

A-2-32  19.67 7260 77.63 18163 89.67 -142 -178

A-2-33  22.58 7415 79.29 18318 90.44 -12.7 -183 —142

A-2-34 2500 7566.9  80.92 18469.9 91.19 -9.9 -159

A-2-35  28.33 7715 82.50 18618 9192 215 008 131 7705 035 -91 -171 —-139 —-140
A-2-36  30.87 7866 84.11 18769 92.67 -59 -157 —134 —-135
A-2-37  36.90 8017 85.73 18920 93.41 -5.4

A-2-38 4163 81675 87.34 19070.5 94.15 11 -16.7

A-2-39  46.97 8315 88.92 19218 94.88

A-2-40  49.83 8460 90.47 19363 9560 3.97 004 141 9457 110



A-2-44 7046  9062.4 9691 19965.4 9857 138 0.03 184 9675 211

B3 TUESBRERPRASEE W, b). 8°C1 M 6D(CH4)(c, d)HENL
Fig.3 Plots showing variations in wetness (a, b), '3C1 and 8D(CH4) values (c, d) of the incrementally sampled gas
over desorption process

B A-1 TUATEMIE 2 30% ZEAT /S SBC A 1.4%/MEASFR IR AN, 2 HLbUA i<, 813C 78 i WAl
40%~50% B BeReRAR AN, B i 613Cy B e R RS i (18] 3c. d), X [ AR 2 2% 5 4 7 DU Uil
Wi A b 813Cy AR fL AL HE— 2 (Zumberge et al., 2009; &G40 %, 2017; Niemann and Whiticar, 2017; Ma et al.,
2020). #MORE, A1 TUAEWS 813C1 AN —30.9%07% 2 —9%0, M T 21.9%0; A-2 TUATHMS §*3Cy
—31.8% R 1.1%0, BT SEEIE 32.9%0, X [AIHFICLT A5 (2017) R IE T A Wt e 813C, fe i 4B (el
31%o LA .

SRIM SRR, SUCy A b/ . RIS AR 5 U RLAEAS ], f# IS, SD(CHa) 7R A2 i B Je A i
JEARFEMIG, B EN PSS §BC AR, ATl 2 40%~50%HI B B2 (K 3c. d). A-1 1 A-2 TUA
<. SD(CHa)TETF IR AL F 2 B, 23 I —145%0F1 —150%0Z W A8 52 2 —155%0Fl —154%0, 85T 10%0 1 4%o;
TE S 205, WK SD(CHa) A3 B T 3 140%0F1 —134%0, YT 1R 43 510 15%0F1 20%0, HY9/INTAlm <,
813C M4 T A IR BE (43 311M 21.9%0 1 32.9%0), 5 Wang et al. (2015a) %1 28/R Z B e 7 B A S 3037 i Wi i
AR 7N C (R ZR SR AR E (15.6%0~17.7%0) I R T H [R5 32 731 (12%0~15%0) U R — B, X 5 il
WX, SD(CH4) Y H A A 25 TR, 2 RAGIN 25 AT 2ETE 2%0 LA N (R 3), T2 H TR0 28 A9 ATAE B (3 %o),
W] SD(CHa) i B0 I 5E
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Fig.4 Plots showing variations in desorption rate with 8D(CHa4) (a, b) and 8'3C1 (c, d) values of the incrementally
collected gas over desorption process
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Fig.5 A schematic pattern showing variations in 83C: and 8D(CH4) values and gas occurrence during shale gas
release process
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Fig.6 Variations of 83C1 and 8D(CHy4) in 3.5 years of the produced Longmaxi shale gas in Weiyuan area, Sichuan
basin, China
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