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Noble gas isotopic characteristics and helium dilution of coalbed methane from the third coal
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Abstract: Helium is a crucial strategic resource with very limited reserves, but its enrichment and dilution mechanisms in gas reservoirs
remain unclear. Noble gas isotopes play an important role in characterizing the interactions between gas and groundwater. In this study, noble
gas compositions and isotopic signatures of coalbed methane (CBM) from the third coal seam in the southern Qinshui Basin were analyzed to
determine the isotope composition characteristics of noble gas and to establish a helium reservoir formation model. Gas samples were
collected from 13 CBM production wells. The results showed that the helium (He) content in CBM was generally one order of magnitude
higher than in the atmosphere. The *He/*He ratios were 0.002 9-0.021 8 R,, with a very low mantle source contribution (0-0.31%). The
*Ne/*Ne ratios (10.09-10.43) and *'Ne/*Ne ratios (0.029 6-0.031 9) were slightly higher than those in the atmosphere, reflecting an excess
of *'Ne relative to the atmosphere. The “Ar/**Ar ratios (295.23-779.44) were overall higher than the atmospheric values, suggesting a

significant influence of crustal *’Ar accumulation over time. The isotopic signatures of krypton (Kr) and xenon (Xe) were similar to those of
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the atmosphere. Quantitative calculations of helium production revealed an external *He flux into the self-generating and self—preserving

CBM system. The linear relationship between ‘He and *’Ne indicated that helium dissolved in groundwater before degassing into the gas

reservoir, while methane desorbed from coal seams diluted helium (as well as neon and argon) in the groundwater—associated gases.

Therefore, gas reservoirs with lower grades were more likely to accumulate helium. Helium was mainly distributed in areas with effective

helium source rocks, ancient groundwater systems, efficient migration channels, and appropriate hydrocarbon generation intensity, providing

a theoretical basis for exploring helium resources in CBM. Rayleigh fractionation, dilution modelling, and gas production quantification

showed that the water output per well during gas production was 8.03%10°-1.63x10° m’. CBM exploration affected only the local water

around each well, offering a basis for optimizing well spacing design.

Keywords: Qinshui Basin; coalbed methane; helium; noble gas isotopes; Rayleigh fractionation
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Fig. 1  Structural outline and coal measure stratigraphic column of Qinshui Basin (modified from reference [21])
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Table 1 Gas composition and carbon-hydrogen isotopes of coalbed methane from the third coal seam in southern Qinshui Basin
3R = H 7K 4t /m® H A /m? Fit At /m’ [Py 8C,/%0 8Dy /%0
N, €0, C, C,
23MCQ-02 ITPLECN 0.01 140 0.13  0.03  99.69 0.10 -32.7 -183.7
23MCQ-03 i 0.10 185 0.22 0.05 99.62  0.04 =334 -189.0
23MCQ-11 1PEae 3.20 663 2417 819 0.31 0.02 99.63  0.01 -39.8 -200.5
23MCQ-13 AR 0.40 450 2675283 0.48 0.01 99.42  0.01 -38.8 -197.8
23MCQ-17 IR 1.20 101 261 325 0.19 0.01 99.75  0.02 -34.9 -196.6
23MCQ-20 IR 1.00 9429 12 728 142 0.23 0.01 99.72  0.01 =355 -182.0
23MCQ-23 1754 15.00 3161 4610224 0.41 0.03 99.48  0.01 =342 -185.3
23MCQ-25 PR 2.50 4220 5638917 0.24 0.02 99.72  0.00 =327 -177.9
23MCQ-28 PR 5.20 3188 9053 788 0.59 0.03 99.31  0.00 -36.9 -181.6
23MCQ-29 PR 0.01 11159 17 522 610 0.40 0.03 99.52  0.00 -36.0 -185.1
23MCQ-35 DR 16.10 6166 16 528 352 0.40 0.09 99.36  0.02 =31.7 -175.4
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Table 2 Noble gas composition of coalbed methane from the third coal seam in southern Qinshui Basin
. s SR o 2
FE = = = - T .y
He/10 Ne/10 Ar/10 Kr/10 Xe/10
23MCQ-02 67.40+4.75 2.30+0.03 1.41+0.01 8.50 + 0.49 5.30+0.34
23MCQ-03 50.11+0.95 2.66+0.03 1.94+0.02 12.32 £ 0.45 8.94+0.50
23MCQ-11 25.03+1.27 7.44+0.11 15.41+0.15 111.50 + 4.99 24.86+0.82
23MCQ-13 39.20+0.46 9.50+0.10 19.00+0.19 139.73+10.79 28.28+1.52
23MCQ-17 27.22+0.41 6.46+0.07 6.75+0.07 41.07 £ 0.88 16.07+0.56
23MCQ-20 34.82+2.49 18.87+0.20 17.09+0.17 104.94 + 3.80 35.18+1.37
23MCQ-23 106.10+7.41 12.81+0.49 14.53+0.15 85.42 +2.83 14.11+1.22
23MCQ-25 16.68+0.21 4.41+0.05 10.110.10 85.78 + 4.04 4.25+0.26
23MCQ-28 18.98+0.23 6.07+0.07 25.69+0.26 163.92 +5.13 14.51+0.60
23MCQ-29 8.83+0.17 4.32+0.07 16.96+0.17 129.57 + 4.83 12.96+0.56
23MCQ-35 25.03+0.33 2.27+0.03 4.91+0.05 26.43 + 0.69 6.71+0.39
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Table 3 Noble gas isotope ratios of coalbed methane from the third coal seam in southern Qinshui Basin

FE S (*He/*He)/107 *He/*Ne »Ne/*Ne *'Ne/”Ne A Ar FArOAr
23MCQ-02 1.59+0.72 3224.67 10.27+0.18 0.031 0+0.001 1 779.44+7.80 0.173 0+0.008 2
23MCQ-03 1.62+0.55 2 069.52 10.34+0.17 0.031 9+0.000 9 651.35+6.52 0.190 7+0.004 3
23MCQ-11 3.05+1.23 370.47 10.19+0.27 0.030 9+0.001 0 295.23+2.96 0.180 3+0.003 3
23MCQ-13 1.51+0.21 454.38 10.13+0.15 0.030 6+0.000 6 295.51+2.96 0.180 3+0.003 4
23MCQ-17 1.68+0.34 463.34 10.33+0.15 0.029 6+0.000 7 325.06+3.25 0.183 6+0.002 7
23MCQ-20 2.54+0.36 202.98 10.32+0.15 0.030 2+0.000 7 317.94+3.18 0.187 4+0.003 5
23MCQ-23 1.68+0.29 912.33 10.13+0.43 0.030 6+0.001 0 305.26+3.05 0.178 6+0.002 7
23MCQ-25 2.24+0.59 416.22 10.18+0.17 0.031 3+0.000 8 306.39+3.07 0.180 1+0.005 3
23MCQ-28 1.62+0.35 344.49 10.09+0.16 0.030 5+0.000 7 295.53+2.96 0.182 5+0.003 0
23MCQ-29 0.79+0.21 224.50 10.43+0.20 0.029 9+0.000 7 298.56+2.99 0.185 9+0.004 8
23MCQ-35 0.40+0.12 1216.20 10.16+0.16 0.031 0+0.000 7 425.31+4.25 0.184 4+0.002 8

12.16x107°, “Ar/ °Ar{lis T 295.23~779.44 3 /3 #E dh 5
KA AP Ar {H (298.56+0.31) A WL #F 22 F, pE
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23MCQ-03 >4 800 m;23MCQ-11.23MCQ-13.23MCQ-17.
23MCQ-20.23MCQ-23.23MCQ-35 JJ 700 m;23MCQ-25,
23MCQ-28.23MCQ-29 4 450 m. I J¥ FlJE J1 4% - 24 i
TR 3.53 “C/hm" VRSP 24 e J) 6 & 6.4%10° Pa/hm*!'}
MR KA LA Na—HCO, B 3, Ak B 4941
1.3 o/LM* % NaCl 3 0.022 mol/L. R4 iR S8,
WU T R T A0 B R () R B R A (o) 1B
EN B K A SRR REUK) (2 4) .

®4 KPBESBZ=FEREY

Table 4 Henry’s law constants of noble gases in water

VR /m i Ak K,
Ne 89.673
Ar 30.808
450
Kr 17.814
Xe 11.705
Ne 90.571
Ar 34.189
700
Kr 20.428
Xe 14.057
Ne 90.521
Ar 35.366
800
Kr 21.387
Xe 14.948

B S T A A ARTE R - KA R o
B T KBS o BT Ne 76 7K rf A0 75 i 2 4 IG, T LA
Ne [ Ar BE25 55 AL T K6, R A 7KAR 5 7K 1 <
FAR B , BLA 1 1 °NePAr fl . S AH H P Ne A {1 i
SOKARFR LI AN FAR , AETFCR Ge b 453 0, 7B &
4t JG BR 422 30 JR i A5 AU AR (ASW) A9 (0.143) o &
[ 2 4 v - £l SR 19 5 IR Ne/ P Ar {H 55 T ASW 1 8]
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16 *°Ne/Ar {1 (0.143) , &5 T8 3% il S 119 *°Ne/°Ar fH
(0.064~1.154) , (R , HA FF 7002 G2 43 PR AR A0 ] filf e i
Bl R KRR, R AL TR S B A = 18]
FEFEA H B 38K 3 P —TF I8 /K SCHB B A, TF
i Z S, 800,700,450 m it )2 S AH AT BE H B A
75 °Ne/°Ar {8 3 %] 4 0365, 0.378., 0.415, JC ¥k fit B
23MCQ-02,23MCQ-03 # fify 1y 52 I *Ne/*Ar {8 (1.154 F1
0.814) . M, ZBALAIE T 23MCQ-02,23MCQ-03
FE i B R RS

Tiig 1) 43 18 72 A T RS HLOT R 4 1 SOKOT i
SR A

MR = R A, A P A R B 00T i R
CRCER

36 36Ar,\SW Ar
; Argas=7ZfK (2)
2 A R A P O A R BN A R RLIR 2
SRR H B O A AR FR3H; £ T KR TR 4 A 1Y 43
B K, HLT K A 9 R 28 Z B ERZS (STP) —
it IR (RTP) YRR, AR
_ 273.15p,
10°T,,

Ko WABZE ST, BT Pas T A B2 RS, B07 K.

i WAG Iy —Fp s SOR IR A AR i 5 A 1Y A
i Ar, 1 KR FR R 4% A 20 A AT 1 B R 4318 R 2 (4) —
X (6) I

(3)

(i Ar),, = (i"°Ar),,. (4)

(i7°AT) e = (i Ar) yy S (5)
KL'

T (6)

S (P5Ar) PR ST iAAr (i A%AY)  H
A7 5 4R AR R iPOA 18 5 GP%AY) o IR BR 28 S M
FIA R i Ar 5 0 /-4 F K RGEI M R B K N
H R K R AT R SRR AL

HRAE(2)—30(6) , AT i AURE 5200 11 *°Ne/*Ar {H
SR IR Ar PR FR 3 H, TS 20 A PR B0
Rl F (1.018~9.467)x107, KRR H SAr BB
0.66~6.20 iF , H A H 20 A i 1 FE R TS E (£ 5) .
THAE 5 SEME 22 BE R N RE &, P8 2 IR R
K H R AKER BE A 2 Ok FID K G- 31, 5462 Kot
IR SEBRE OUARAE— IR ZE R . B R T EEAE ]
e T HSTME R, R L, SR SE S i S mT REAEE o) —
i FERR RS SOR IR A SR, BV SRR b R K s
SOREFRAT SRYHG B, 5SROV Ja i 2 M A
IEFEARE . MHE T K B E A AR SR & R 18
i AT SR TS J2 A 1) R e ok 2 5 K- 1l T KO A 2ot
T2 EURE Ay 1l R 7K B8 0 S 5 0 23 M 0 FE e (TR
Yo DRI, 2 AT SR Aok R O 2 At WO Y o 1 o A
T 5 MR KA S A A R0 R R oA
AR/ T 1 1A A AR i, PO A PR B3 Bt/ | 3
A E SR SN O Ar I A 58 J2 A IR PR o 2
£ S Ar R BEVE AR . PRIUE, I /K A )2 R P as
SRR A SR AR AT UE DN T I SR a2 v M2 i i
BERIMA o ZHOU SF WG itk B 1 288 2 2 2 <
TR R AR AT SR R R BOC R el kA T8k

WK A2 S TF R R 2 A I e BT A
S AR A SRR . T AR R D %
Tz B AR R R B, HL o O 28 AR IR A SRR TR
A3 ACHTINAE 5 A L (A AR G R ) o BT
SR 3eb X 2% 25 AR TR AR AT MR B B B — 34, DL A
J AR E] D R 0.16~1.00,

BEAWFZERS AN 76 5 SR fil AT, *He 5 *°Ne B
RIS , B 3 AR K i A B AR, RO , R
il “He 55 °Ne W 52 RLEFAOLRMESE 2R L DK 22
FE i *He 5 Ne 1 26 R R (B 4) , *He 75 1 Fifi Ne 75
R FAb S, HEA e MR R AR
R KL RIE R I A S 45 A RS ORI A R
AT BRSO RS B AR B 2 ORI A R

®5 SKFEHHEER

Table 5 Calculation results of gas—water balance

FE 2Ne/1078 OAK/107 2Ne/*Ar SAriTEAE/107 SArHRE/SSNE
23MCQ-11 6.76 5.20 0.130 5.893 1.13
23MCQ-13 8.63 6.40 0.135 6.023 0.94
23MCQ-17 5.87 2.07 0.284 9.467 458
23MCQ-20 17.16 5.36 0.320 1.018 1.90
23MCQ-23 11.63 4.74 0.245 8.662 1.83
23MCQ-25 4.01 3.29 0.122 8.071 2.46
23MCQ-28 5.51 8.66 0.064 5.743 0.66
23MCQ-29 3.93 5.66 0.069 6.013 1.06
23MCQ-35 2.06 1.15 0.179 7.148 6.20
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