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Abstract Thermochemical sulfate reduction (TSR), which is a complex organic-inorganic interaction in reservoirs, can not only
generate H,S-bearing gas but also reform reservoirs by its sour gas products. This paper firstly studied the influence of TSR on the
occurrence of oil-cracking gas by gold-tube pyrolysis. It was revealed that the redox reaction can evidently decrease the thermal stability
of oil and accelerate the generation of natural gas with H,S and high dryness. It was confirmed that contact ion pairs ( CIP) should be
the most feasible oxidant in initiation reaction of TSR collectively by in situ Raman technology and pyrolysis experiments. The potential
factors, which can dominate TSR reaction, were thoroughly discussed. It was found that the salts type and concentration in addition to
oil compositions, labile organosulfur compounds (LSC) content should be the critical factors for occurrence of TSR. On the other
hand, TSR was demonstrated to play an important role in the reformation of carbonate reservoirs on the basis of detailed geological
observations. The corrosion mechanism by sour fluid was also revealed with the assistance of corrosion model experiments. Moreover,
there was a secondary porosity zone formed by TSR in deep carbonate reservoirs. It is suggested that, the redox reaction involving
hydrocarbons and sulfate and the reformation of reservoir should be two closely related and dependent processes induced by whole TSR.
Key words TSR; Reaction mechanism; Contact ion pairs; Carbonate reservoir corrosion; Organic-inorganic interactions;

Sichuan Basin

i = FLBR 3k #4032 3% B AE A ( Thermochemical sulfate reduction, TSR) # X A A AR P A I AI-L A EAER,
TALA 51 A A H)S RAR A G &, 3L 7= Ay b AR a5 ik 2 5 4k B E B ) B a9 I8k B i 1E A 771’\5(}%?%/\%*“*%#»1
S8, AR T TSR B Ad R o B A0 £ A v, R ILIXAF BACIE R B 09 B 15 fe I B AR R b e A2 2 b (it B TR
AL H,S RAAW AR, SOREBAEE FHER GEFET FIRb M F B30 TSR B 64 & 7T 47 09 B AL A 5 1% T B BR
H B EF(CIP) , 2@ T ®em TSR R R R AL F B &, B R T 4 Rib e 0 4 RAE A B &4
(LSC) th -2 o1 W Bk ey 3k R RV R 3h JE RIAF 45 4) TSR R e X4k W&, Rl B, A T R Z 4 4 47, LI TSR s 2% 8k 3
B BB RIS ARBGEAE R %é\rziﬁz#%ma—h PR T B R AR AT B B B B s Ak B ey AU LIR B AR B 3 8 B A
E—Ad TSRERAH R R AEILRE T W, RN, BREERR LT W8 BACE R RS L 7= 4y sF ok 85 3 8 ik B o it
A TSR AE A o B AR T - El W93 5, Em#aimﬁﬁu%’l 4,

KR TSR RS AU Mk 5 F % AR ER 3k 8 A R TR AR A AL AR E AR w)l Ak

hEESES P59

w ARICZ MK A RPIEEESIA (40773032) F A fy 2 B RHIT &5 H (2008 A-0607 ) 154 %5 B).
E—ERE N OKEB B, 1961 44 4, BURIGR S LRI, 2N IHH BT S # R AL =T TAE , E-mail : sczhang@ petrochina.

com. cn



810

1 515

Pl PA] P 2 I A 1% 2 1l A b s e R R 2 o R A
(BB P IE R SR AP HEAR R I3 ], A DX 56 R 4 AR
SRALE A TA TR LA B %o vty A S 199 T30 2 1 7 e S R e 3R
P B R, X R AR R T BAS U, T AEOR,
S 22 1 IR AL 2 G AR TATR B R BRI A A B A SR A Tk
ARSI B h i E R A, TR
— LT BEUK W%, 25 LU W) sl AR B X &
SR A BN GE RS R o Hp SR R Pk 2 I
JEAE T (TSRO B 2 — i ¢ A TEBR R 8 5 T =0 o DL iy HL
T EEAAPL-TCHUR EAE T, X AR iR L 5 k2R i A ik
SR A SRR T R IR IR M e E MR A

FI I Orr (1974 ) e} 5215 Big Horn Z ity A= ARt i —
S BR AL A ST R B T, U R i AR T AR 2R
TR E S R AR SR SO 5 1 22 M IR AL E SR 5K
S I3 2 U0 DG T 35K i S B50R P MR B 1 S 2 9 A HIL-TE L
AREAE o AT TSRS T iy L BT W%, %) TSR AR TR
AR S A R IR S AL 53 RIS R R AR HEAT T 120
(3R (Orr, 1977 #i 4 KL, 1985 8 42 2 4%, 2004; Machel ,
1986, 1987, 1989, 2001 ; Krouse et al. , 1988 ; Worden et al. ,
1995, 1996, 1998, 2000; Anderson and Garven, 1987;
Sassen, 1988; 1989; Claypool and
Mancini, 1989; Rooney, 1996; Riciputi et al. , 1996 ; Heydari,
1997; Manzano et al. , 1997; Rickard and Luther, 1997;
Bildstein and Worden, 2001; Cai et al., 2003, 2004;
Desrocher et al. , 2004 ; Zhang et al. , 2005, 2007, 2008 ; Zhu
et al. , 2005¢c, 2010a, b; 7KK B 45,2006 ; 2 6 H 4F,2005a,
b, 2006a) , i iz 8 i AL S GG 7R TSR SR HLER (45
IR B SRS, LUK B3R 5 5 28 02 T 52 B b 5 2% 4
T TSR ) H Y ( Toland, 1960; Cross et al. , 2004; Tang et
al. , 2005; Ellis et al. , 2006, 2007 ; Zhang TW et al. , 2007,
2008 ; Amrani et al. , 2008 ; Zhang SC et al. , 2008) , X LLfff
FEMCRTEAR AR E 3G 3 7 AR i A5 b ik ik 2 s
EELEINDS

{E2, B T H 2 — B R A A DL-TCHLAH B4R
FAR AR 22 BRI 28 25 52 e B VR I 4B, % TSR (9 TR 2 20
TR B ARMILEE, T b B S 2 R 8 A ST, TR 1
SEHG AU SN R R AN BE 1K B 58 A A I B9 H B9 o AN [RF
FEARS TSR ML AP AEAEAR A S B A48, G s b
TSR 119 )3 AL a] &1, H T TSR A R 4 177 PRI BE R R, B e
S SR 43 2 7 ) ) [ AL, TSR S PR 7 A mC o [im) T 4 4
(Toland, 1960; Worden et al. , 1995, 2000; Machel, 2001 ;
Cross et al. , 2004 ;Zhang et al. , 2005, 2008 ; K745 ,2003 ;
THESR AR, 2005 5 45 47 O 22 ik, 2005 5 406 F 45, 2006b,
2007a;Zhu et al. , 2007h,2009) , 3 & [7] S (1 77 76, 1R K FREE

Heydari and Moore,

£L¥F| 2011, 27(3)

Acta Petrologica Sinica

b BHAS T S PRI R AR X TSR T DA K %k AR S A e A T
i o BEFRHLIX LE G, A S ELR AN TSR 1 AL il B He
MR %,

R TR AR Ok B 2 G B I R L, n
2205 TSR AR FH BB ER £ 0 /23 r 3 a7 S22 PRV 0ol 5 Il o
A Z 7 TSR AEFR KRR A& HyS 8 CO, 45 (Zhang et
al. , 2005; Machel, 1987, 2001; Ma et al. , 2007a; KH
4 2006 ; B FE #1145, 2006,2007,2009 ) . X SE L4 F I ik
FRAL 2 T Y TSR VR 4 3F 2 B4l i e 28 S am e 48 1 1k
2N R AR V] BEIE PR BEA Bk B2 EL A% )2 5 TSR S =y (8]
BAML-TEHLA TAE . SEPR -, TSR N Y 55 /R 1 7= 4
(CO, 1 H,S) ¥ fig Tk, 23 BO2s A i i 4 91 5 ik 4k
FR AL, DT | R it )25 ) 9K A A ( Seewald, 2003 ) T )2 Y
SR B s A F e 5 A 2 P Al 2K P 0T (g i s 7
i ZSRILL e pH AE) AR R 9 H,S Mk 1 AR 4k, 23T ok 5%
Wil 2 51l TSR SO A 4T . TSR SR Y AR 3 % At J22 el s
B 25 R AR KRR BE b PR RAR W Fe 2 it i A 53 e
[ ZRFAE . BRI, B4 TR TSR FEH, B 223 TSR 1k
2 SN S AR RN L7 ) %o} A J2 1) R SRR AE S — A LG —
HIRERE I, TP AN-TILS R R, BT
SEIEREHL T A E AR FIAL B R R 2

BT BRI A SCE Je 46 8 & B S0 MRt
FIRIFSE , X TSR X [ i 2 i A 52 i TSR 1) 52 g A1 EEL
SO K R AT T IR ARG SR 05 LA )1 240 R ], % TSR
1 FA b DX A4t 2 5 e Bl s LG AT T 3E A0 09 23 B RTIe 5 45
BB (25 R BET T TSR VR =W Xt i i kh 5 i
JEV IS HLE, IFXF TSR AR X R b X A )2 ) i
TR BRI AEZ AT T W0 . A ey H 24 TSR /B
BN AIL-TCATL Ik A2 ( RI4R Ak 3 S S5 07 FXH i 25 B Ak 27
TVER) Bk R AR AT IS, #E T 4 TE DI AR TSR
1E LSO JZ B R £ A R AR AR AL A 4

2 TSR R BHZR RS R BT B
PN #

2.1 TSR 3EimIEEMREBFSHZM

AR 0, Bl T T 2 e LD B e R R N ML R
(Kissin, 1987), TSR Jz i i F2 /S48 1 Bt 45 i i 1) 24 i 2ok
B B G BRERER (W] ) Ak T S 7 AR AE , Fth 23 Bl AR
JE I AR P, I S EORIR RN i I 3 R AE AN [R) T 4%
S FIH RS . S TAFSE TSR AR FIXS R ibAR e 1 A R
SRARAIE RS, AR SC5 & PN S B0 25 BRI SE PR TSR il
F P R AR SRS HfE AT TR, B 1(a) , (b) 23l 45
T n-Co FI—FPI S 04 J it (35 B 23 LNS8 ) 724 [F]
FUTRESEPERIREE R, H,S BRI EE R R,
MgSO, 1 CaSO, A Z & AT TSR KN, 1M JE/K K LA B
Na, S0, 1 K,SO, & F ¥ H3E TSR fA %,



FROK 4 BRLER 35 AL 5B R AR R 2R i BLAR R AL B R 3 5 A B B 04 v B A L) 811
175
60  (a) ' (b)
0 | o LN58+H20
50 - —0—n-C16 —A— LN58+Na2504(1M)
—e— n-C16+H20 i —0— LNS58+K2504(1M)
_@ —A— n-C16+MgS04 % ) —4a— L N58+CaSOs(1M)*
é 40 | o —e— LN58+MgS04(1M)
= —
\E, g 100
g 30 | ]
£ £ s
b boss
b r
50 |
10 F
] ] 1 1 1 25 PR A P BT P IS R [
0 50 100 150 200 250 300 a0 50 80 100 120 140 160 180 200
HfRRIE] (h) RREFE] (h)
Bl 1 n-Cy(a)5 LN58 JFiH (b) 7N [F1E IS WA R H A0 =t Bl B4k s (] A A5 £k

FR A 360°C , (a) (b)) TR F K F143 5k 24. 1MPa F1 50MPa; 2 )i & & H n-C g \LN58 J5HH \H, O FNGEAR L (1M) (1153524 30mg |
30mg . 100pL Fl 100pL; # HiFR4EAZ M 0. Immol CaSO, - 2H,0 +100 pL H,0

Fig. 1 The dependence of gas yields from TSR involving n-C s (a) and LN58 oil (b) with MgSO, on reaction time
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Fig. 2 Composition characteristics of natural gas in marine formations in Sichuan Basin
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Fig. 5 The dependence of Raman spectrum in the v,-SO; ™ region (a) and CIP content (b) on temperature for 2. 0M MgSO,
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Fig. 8 Photographs of reservoir cores from Feixianguan and

B

Changxin formations in Northeast Sichuan
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in Northeast Sichuan
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Fig. 10 Porphyritic sulfur in core from Feixianguan and

Changxin formations in Northeast Sichuan
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Fig. 11  Features of sulfur in reservoir of Feixianguan Formation

in Northeast Sichuan
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Table 1  The porosity and permeability of reservoir rocks before and after corrosion
FLBRE (% ) BIEFE (x10 7 pm?)
75 = REE/m sk Ak HIK
T HihE Ui s
1 W2 4929.7 iR FL R A 2 3.7 5.1 0.038 0. 456
2 W2 4869. 39 fif Rz L B A A 2 3.9 4.8 0. 121 0. 502
3 2 5091.9 LB L i 2 7.4 9.4 0. 142 0.554 PR
4 2 5192 LR T ik )2 9.9 11.4 28.4 31.7 50°C,
5 %62 4537 BiDRAL B R 2 11.0 13.1 1.59 2.33 H, S H A i i
6 W2 4939.7 iR LR B At 2 11.4 13.6 15.5 2120
7 BR2 3256. 74 i R FL R 2 A 22 12.7 14.0 158 164
8 BR2 3304 SRR 0.9 2.1 0. 062 0. 746
9 FiRk 1 19 ~655 i 3.0 8.1 — —
10 WK1 3465. 32 o 4.7 4.8 0. 104 0.378
11 3| 3461.5 VR [ 25 1.4 2.2 0. 044 0. 659
12 R 3517.27 IR 1.9 2.4 0. 057 0.535 85— .
13 TSt 2 4537 i R FL R B At 2 13.6 13.6 0. 824 1.08 70C,
14 B2 3263. 85 AL B R 2 11.3 1.3 15.6 16.9 H, S H A i
15 BR6 3969 i R L B R K 2.2 3.0 0.051 0. 884
16 5 2 4872. 89 i R L R 2R i 2 6.5 7.0 — —
17 W2 5021. 76 i R L B A 22 9.6 9.8 0. 830 1.21
18 2 5100 i Rz L B A A 2 11.8 12.3 — —
19 Pl 3461.5 VR 2 1 252 2.4 4.0 0.041 0. 689
20 RF1 5578.7 EER = 4.9 6.5 0.076 0. 895
21 R 3285.53 IR 2.1 3.2 0. 044 0. 589
22 BRI 3465. 32 T 3.7 4.7 0. 065 0.578
23 LT3 3490. 71 M LR 1.5 3.1 0.043 0.921 ot
24 B 6 3939 fifpor FLBR 18 K A 1.4 2.9 0.043 0.788 90°C,
25 62 5122.7 iRz L B A i 2 9.8 10. 6 0.343 0.772 H, S 1A
26 W5 2 5091.9 i R FL R B £ 2 6.4 7.2 3.95 22.7
27 B2 3263. 85 i fr L B A A 2 12.1 12.5 18.5 20.5
28 W2 5192 iR FL R TR i 2 10.9 11.9 19.6 23.8
29 T2 4980. 4 i L B A A 2 13.9 15.7 75.5 79.7
30 UCE ¥ 3304 IR 1.2 2.4 0. 028 0. 207
31 BR2 3285.53 Hom R 2.4 3.0 0.058 0.413
32 =) 3350. 48 g 2.1 6.6 0. 142 5.60
33 ! 19-655 HE 2.6 5.9 0. 070 1.67
34 BR6 3939 R AL B Y IR 1.5 2.2 0. 045 0. 226 AL
90°C ,H,S.CO,
35 E 2 4929.7 i L B A A 2 5.3 6.0 — — A b
36 EI3 4369 i L B R £ 2 6.1 6.7 0. 066 0. 226
37 W2 5100 i F7 L B A A 22 9.5 9.6 — —
38 62 4939.7 iRz L B A A2 10.0 11.8 1.1 19.5
39 UE ¥ 3256. 74 i R FL R B 4t 2 12.5 13.2 223 227
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Table 2 Increased amounts of porosity and permeability by corrosion
EIVER7Ri e 2 e PNt
(R R MR AR FLIEE (% ) BiE#E (md)
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FH=41.90°C ,H,S 1. 80 0.40 1.20 39. 88 18.75 0.51 3.07 827.09
P4 . 90°C ,H,S.CO, 4.50 0.10 1.42 56. 06 8.40 0.16 2.54 1012. 86
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Fig. 12 Content (% ) distribution of pyrobitumens in gas reservoirs of Feixianguan Formation in Northeast Sichuan
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Fig. 13 Features of pyrobitumens from Feixianguan Formation reservoirs in Northeast Sichuan
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Fig. 14 Distribution relation between reservoir pores and bitumens in Feixianguan Formation
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Fig. 15 Carbon and oxygen isotope characteristics of carbonate
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2005a)
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Fig. 16 The correlation between porosity and permeability of

carbonate reservoir in three main marine basins of China
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Fig. 17  The relation schema between the redox reaction and the reservoir reformation induced by TSR
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