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Table 1 The information of shale samples and analysis from the Longmaxi Formation in the southern Sichuan Basin
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N213-1 | T 213 | BSR4 | 2231.1 | REBE@GUE Bok | #MEss | 51.2 3.1 -2.14 -13.28
N213-2 | T213 | IR | 2232.8 | REBETUA, Bk | Higk | 89.1 30.2 -1.05 -13.21
N213-3 | 9213 | R4 | 2234.2 | KBATUAE MR | 2888 | 0.0 0.1 -4.75 -10.21
N213-4 | T 213 | R4l | 2238.7 BT YUtk FisE | 39.3 13.4 -4.03 -10.13 vV
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Fig. 2 Petrographic characteristics of carbonate veins from the Longmaxi Formation in the southern Sichuan Basin
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(a) Orthogonal polarizing microscopic characteristics of carbonate veins from sample N215-8; (b) cathodoluminescence characteristics of carbonate
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veins ( corresponding to Fig. 2a); (c¢) Electron probe backscattering map of sample N213-5; (d) Scanning electron microscopy map

(corresponding to Fig. 2c red region)
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Table 2 Carbon, oxygen and strontium isotopic data of
calcite from the Longmaxi Formation in the

southern Sichuan Basin

P Kl 513C\—1’UB 5180\—1'05 51805\)&01\1 ﬂ(875f)
(%o) (%o) (%o) n(*Sr)
min 0.06 -13.21 17.30 0. 719366
Cal-1 max 4.53 -10.79 19. 80 0. 719689
average 1. 86 -11.97 18. 58 0.719528
min -6.93 -13.28 17.23 0.719378
Cal-2 max -0.08 -10.05 20. 56 0. 720688
average -3.45 -11.46 19.11 0.720033
min -19.00 -9.08 21.56 0.719855
Cal-3 max -12. 64 -6.65 24. 06 0.721342
average -15.54 -7.63 23.05 0. 720599

GPRFW], e HIR A vUE KA Z R TR &
2SR, A FEH Si Al Mg Fe fl Mn JCE
N, HAA AR T2 5 150 5 R 66.96% 9. 60% |
0.96% 0. 69%F10. 01% , b Si0, &5 5, 1M
k1A F % 1 Ca Mg Fe Mn 1 Al JTCEH K, H4A Mk
WS- 24 8 B 4 3k 56. 58% 0. 41% 0. 40% 0. 16%
F10.22% , Horpr CaO i i 5, HRLal A, vis
DALk 32, i BkAA i) 3= 220 W 140 i
£,

ARSI, =I5 A Dk R X 0 3 A 22
SR, HAPEE— (Cal-1) UG Fe Mg il Al JTGE
X Mn JCE AR, HAAY A 0 & 200k
0.40% 0. 41% 0. 98% F1 0. 01% ; 55 — W] ( Cal-2) LA
FHXTE Fe Mg Mn Fl Al JCZE WFHE, HALYIH 53
SR 0.37% 0. 40% 0. 22% F1 0. 31% ; 55 =
WI(Cal-3) I'E Fe Mg A1 Mn JCE, A& Al TR N
FRIE, HAALY A 50 & 591518 0.44% 0. 42%
0.30% bl (fIRTAEMIBR ) .
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[ o7 2 ML BR Ak 2% S AR IR 5 R A A )
FBZ—  JUHIRAE 7R B i A B T Ak Ty 1T A 34 B
B (XA 45, 1984 ; Emery and Robinson, 1993) .
Horp B SRRV RIS, 28 700 2 AR P I 45 1 R
AT LA A b T (B85 ,2007a) o
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[ R 2 TR BUA 0 W 0 A P o
4R A 28 78 43 U8 A L 5o ¥ LA o e 1 R
5 FHAE B IR B 31 ( Emery and Robinson, 1993
TIRAE,2018) , 3 i 28 M F 48 [R] 67 28 4 ok R
IR (Jrgen, 1988; T K 4145, 2001; H &1,
2007b) & B 5T IX D5 fife A0 Jok 26 B =Rl AL, X i
SRS FE PRI (K 3a, b)

S—W1(Cal-1) 77 A1 K= F e 20 8 3 S A
=, FEAR R IR T8 A A LI, %
ok ) e 48 ] A0 25 4 LA 8 Cy_ppyy = 0. 06%0 ~
4.53%0,6"0_pps =—13. 21%0 ~ —10. 79%0 , FE IR F 15
[l 2 5 B BUARRAE , LA A4 A SAE R R h
(K2, 3b) ., BLBY B R A HR R, i —
FAR T 75°C , A= (FRBEA ) 15 BR, oA I HL T
F AR RCE SR BERIR (0%0<8" Cy_ppp <15%0) , 55 H1)Z
AR ZE A VT T U A, FEHLH A0 (Luan

“HBA
Guoqiang, 2019)
2CH,0 ——CH,+CO0, (2)
CO,+H,0+Ca**——CaCO, | +2H" (3)

55 I (Cal-2) J7 fif A1 k2 A LB BR A FH Y
TR RO IR TR IR AN, A I kA Y
WA RN RN 87 Cy_ppy = —6. 93%0 ~ —0. 08%o,
80y pps =—13. 28%0 ~ —10. 05%o, FE I Jg i [l {3 2%
TPRRFAE , A T A HL TR 1E FH filk R & A 4k
(%2, 3b), kFEM R = H T ae5 4 mE A pl

FIIEHRESRATEMEXEMTREFHSEHIER

Table 3 The average contents of in-situ elements of the Longmaxi Formation shale in the southern Sichuan Basin

- Sio, Ca0 FeO MgO MnO AL, 0, S0 TiO, Na,0 | Cr,0, K,O B
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
i3k 66. 96 0.41 0. 69 0.96 0.01 9. 60 0 0.92 0.99 0.22 2.85 83.61
Cal-1 0.11 56. 69 0. 40 0.41 0.01 0.98 0. 06 0.01 0.01 0.27 0.01 56.96
Cal-2 0. 06 56.57 0.37 0. 40 0.22 0.31 0.07 0 0.01 0.02 0.01 57.14
Cal-3 0 56.41 0. 44 0.42 0.30 0 0.02 0 0.01 0.01 0 56.61
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Fig. 3 Carbon—oxygen isotope and its comprehensive identification for fluid sources of calcite veins

from the Longmaxi Formation in the southern Sichuan Basin
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Fig. 4 Distribution of homogeneous temperature and salinity of fluid inclusions in calcite veins

from the Longmaxi Formation in the sourthern Sichuan Basin
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Fig. 5 Strontium isotopes and its fluid sources tracing of calcite veins
from the Longmaxi Formation in the southern Sichuan Basin

I —55—M77 i@ A1 (Cal-1) , I —55 —IIJ7 i A1 ( Cal-2) , —57 =WIT7 fif# 41 ( Cal-3)

RSB R AL 2 A
mean value of strontium isotopes

A Ji D] 3 S vl T T AR A AR )2
PMARMRA, Ak AN F R
FERTHL 55— Sr A A7 & L AE I
A fig A T R R R R AR
RTS8 = By S A
R AT R Z & Sr R FTEL,

4.2 HRTESHERERIE

I is the first generation calcite (Cal-1), II is the generation stage calcite (Cal-2) ,

and IIT is the third generation calcite ( Cal-3)

H I EAT B — 1 A3 22 3 BR BE 1520 TR T A
TN ER AR R 7 18 5 i #80U2% ( Emery and Robinson,
1993; B R 1997 ), BRAYR IR = B2 72 IR AT
P, AR FWE n (YSe)/n (USe) H &, FYWEN
0.7119 ( Palmer and Edmond, 1989 ), T % i
n(¥Sr) /n(*Sr){EAK, FXI{E K 0. 7035 ( Palmer and
Elder, 1985) . A YA 58 FF i 09 48 W] 07 & & &
0.719366 ~ 0.721342 (V¥ 0.720301; % 2) , ik
e T[RRI 2K Y B8 1) o 2R (L, R B 0 B ) o2 3R 4R
AREAE (P S) o

BN ol o A i AE =% S EREN T s e SR I R R
B 4% 1k ( Wignall and Hallam, 1992; Korte et al. ,
2004, 2006) , FJZIRKBE (Korte et al. , 2006) , VL
IR 85 19 A8 4K ( Tian Jing Chun and Zheng Yunfu,
1995; Hu et al. , 2009) FI4B2 & #F AR A (221
M5 ,2001) , BIFFEIX e By 4 00 3 b PR A4, %
JEIRIKACA G SRR 2 3G I ) 7T e AR AR ( Korte
et al. , 2004) . [A)#F, Jo Bh i 20 £ 35 B 0 B Ak T

TR DX TG AE 7 B AR TR o
5 A A T 2 3 B R 80
N, HE ]S Mn Fe Mg il Sr JLE J&
TR IARTE Bl B A AR bR (8 S14F 2007 a5 7K
4,2016) , WFFEIX A FI 07 ff A3 K% Fe, Mg, Mn
AL TR BA B ER 25 E SRR (E 6), [H
A (w-rock) & Al 7% Mn, Jk{& ( Cal) & Mn 7% Al, Mn
FAL TR B & = A, 2P XIFR AR, 1L,
FHAL AR, Fil 2 Fe Mg JUR & =B (Kl 6a, b)),
SR E RIS XA B i T B T LAY R =K

3 S I [ A6 2 T 4 7 1) = A7 A ik
S5 A KA & Fe Mg Fl1 Al ST, 1M
%X Mn JTCRFRIE, H Mn STR & &K 0.01%, H K
FIRASRIE T & AN A NLIRR, TESEwR
AR TR )2 13, LU Mg, Al i %X Mn ( <0. 1

ne/g) NRHIE X G AR T R — 2,

507 A K AR X Fe Mg Mn Al JTGE
SHFFAE , H Mn JTER &5 R 0. 22% , HAUA T Ak I
RS RIA AR, AU HEE R
A=A HURR FLA B0k A0 38 S5 KB A AL AR S



&
&
HO
hrs
F
L
ﬁn%
a
=
=
=
o

A4

T3 A7 OB AR X 5 R S —— LA V)1 4t R v e o 3R 2 Ay 95

10007 (a) —_—Al  [30
== Mn
8001 |
—Cal——w-rock wl-roc'f : Cal -
600
F15

400

200

TEREEEYE (X10° pg/g)

1260 st 76 1op 124 151 176 201
120 1 ) SR ki) (XIIO pm) _IFC
| _—
Mg
100 - |
20
|

w-rockl

80 4
60

|
|
|
|
i |
|
|
|
|
|
|
40 |
|
|

TR R (X107 ng/g)

20

1 26 51 76 101 126 151 176 201
LS (X100
K 6 HLFAREFLIIHIITER Al—Mn Fe—Mg 7 it
WA AR Ak A
Fig. 6 Trend of peak variation of Al—Mn and
Fe—Mg contents in EPMA line scanning
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Data results of fig. (a), (b) from sample N215-9; Cal is a calcite
area and w-rock is a surrounding rock area; In fig. (a), the
principal coordinate axis (left) is the Al element content, and the
secondary coordinate axis (right) is Mn content;In fig. (b), Fe and

Mg share the same ordinate

FELA WSS, mT LUK B KL B & 1Y Fe
Mn JCZIRJE R Fe?* 55 Mn®", T A2 #E 78 2 1Y A6 L
550008 M Mo STE N E 4, R, AR EA
FEE—IARKAA 55 007 i BKCE s 4 Mn JG %R,

=W RA KL E Fe Mg A1 Mn JCER, A
Al JTZE FFFIE, H Mn TR E RN 0.30%, HAUH
ARG A & & A R e A B AR . i B SGT
WAL, 55 =5 A A ks [l 67 285 i dme h™ o,
FE R AL TR, SR, 2 R B TR
K, FERBONATIRET , Bt 1) S8 Ak 3 B Z0 7 1=

FALE T ke’ Mn®* B AR TR A RRIDUR 55 81
(Hu Wenxuan et al. , 2018), iy itk o] DLE6 = il A
TAEA B Mn SR S EEGS . R 7EX 5 — 2
J7 it ks rh R T R R AR N
Mn JCE 1) & E iR m .
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Genesis, diagenetic model and geological significance of calcite veins

in organic-rich shale: a case study of the Longmaxi Formation,

southern Sichuan basin, China
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Objectives: With abundant occurrence in organic-rich shales, calcite veins carry important information about

hydrocarbon migration and accumulation. This study aims to elaborate their formation process, reveal the behind

mechanism , and further reconstruct the hydrocarbon migration and accumulation history, with a case study in the

Lower Silurian Longmaxi Formation in the Southern Sichuan Basin, China.

Methods; The origin of calcite veins is analyzed by microlithofacies identification, cathodoluminescence
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observation, in-situ micro-electron probe analysis, isotope geochemistry characterization and fluid inclusion
measurement , accompanied by discussion on dynamic evolution of diagenetic fluids and its geological significance to
shale gas exploration and exploitation based on understanding of the overall geological background.

Results: There are mainly three generations of calcite veins, denoted as Cal-1,Cal-2 and Cal-3, respectively.
Specifically, Cal-1 is featured by its growth in the vicinity of surrounding rocks or independent growth ,abundance in
Fe,Mg,and Al and deficiency in Mn,its 8°C, _,,; range of 0. 06%o to 4. 53%c, 8" 0, _,; range of —13. 21%o to
—=10. 79%o¢, and strontium isotope range of 0. 719366 to 0. 719689. In comparison, Cal-2 is characterized by its
abundance in Fe, Mg, Mn and Al, 8"C,_,,, range of —6. 93%¢ to —0. 08%o, 8'0_,,; range of —13.28%0 to
—10. 05%¢, and strontium isotope range of 0. 719378 to 0. 720688. Cal-3 is featured by its growth far away from the
surrounding rocks , abundance in Fe,Mg,and Mn and deficiency in Al,8"C,_,,, range of —=19. 00%o to —12. 64%o,
3" 0y _ppy range of =9.08%o to —6.65%0,and strontium isotope range of 0. 719855 to 0. 721342.

Conclusions: Cal-1 is formed in the syngenetic to pene-syngenetic stage as product of microbial reduction;
Cal-2 is formed in the eogenetic stage as product of organic matter decarboxylation; and Cal-3 is formed in the
telogenetic stage as product of methane thermal oxidation. Through above investigation into origin and fluid source
of these three generations of calcite veins,their diagenetic evolution models are built in conjunction with knowledge
on the thermal evolution history. In general , presence of these calcite veins improves shale reservoir performance,
and thus is conducive to exploration and exploitation of shale gas.

Keywords: organic-rich shale; fluid source; diagenetic evolution; micro-area elements; carbon,oxygen and
strontium isotopes; the Longmaxi Formation
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