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R T B A5 R 2 ] AR ER 2538 IR (thermochemical sulfate reduction, TSR) &
SWIRIEM, AR oSy CO FEA T, A 5L it o PR 190,

WH NN, B TSR [N —FER AN ) N7 Al RA IR AE AR I S . BT, B
TR W A RSB Biln, HaSPO221. Wemy K al iR A 4 Wt 45 & R A ML 2329
v O 5 e A L T [ A 7 303 1A% o T b o U 5 AN FABL DL 0] I 8 R AT A
W, HECA MR TSR RN ATRI AR BL: B —Br BOVIREAL R N B, 46T HaS 1)
HIL, 2T HaoS MIBEAERG: 35 I BOS MR B B, HaoS SR A FaE S iad
(labile sulfur compounds, LSC), 74 FARL, I R SdEA7TE, )5, Amrani et al 1!
F Meshoulam et al.P4%f T TSR e Bt 2 H 2R 31 2K (benzothiophenes, BTs) #1283
WEWy KL &%) (dibenzothiophenes, DBTs) [ [ 3 % 57, $2H H AG**S(BTs-DBTs)K 1
TSR R MLHEATHIBTBL. TREVERMSE, i iabn & BN H AT 2 T R i & AL & ) # 2
TSR [ BB BR Eh 8 55 2 5 [ BT 1 724 o

SR, TESS AR B, BRIR RS E L IIBVE T, XA LR AR A (2 kAR F 13335,
ZOS R FEE R, JB TR E T IR £ S IRV MUTUE BRI R, R
FEPICA AT A WL R 3, SR Z2ARAIC, RN 2 42 oA AL 3 ik & 4 Corganosulfur compounds,
OSCs)o HI T BUR FOTRER £h 4 R JF AR S 1 S, A 225 0SCs A iId 2. ik,
FERN FJBARI, BRI 65 YURUE WU (¥ ke ELAE F 7 2 R AN ] A 48 v I 1 S AL
B, XPRifF) OSCs MM AT A AN o A FE I8 I SV SEEG, BF 508 A A LB & =4
o T AR AR A = A vh BB 55 R A o3 A (RIS, B T 7E 5 A AR Y BE R B S S5 0T
AHUT MR, R E T LB AR BLAE R BRI 23 B 7 =K

=

}

1 FEAATT

1.1 HmKIFERAAIE

SIS IR 2 W 2 TG i 2P A B B RURE o X BT ER AT SR U R 65.5%
TEAE . 333%E B 0 LI%EGN F 0.5%F 5% FiifE 100~200 H G, M2 R
IRALER, B A A RS ST . B K BRRIARM R, JRTE 80°C R HE
B, 93 CUREAE N A RR A, VRS T AR F AR 1 A R TR SRS
FRCEE Do RS ARAE S el A A R R A SRR 4, 3 TOC K 70.48%, &
B BN 3.94%. A B R AR AT 5 I S A HCN 482 mg/g TOC, Tmax A 432 °C,
TN 1T AT AR .
1.2 ARSI

AT E T AR RS . I A RIS B A S T IR AR & 1 R & O
w11, H TOC N 43.78%; L6 B 4NN IR, DU ISP i 240 T BEAR AL i o
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KT 8 /K B S0 S 7E T AW S RN L ) s &, SR A ST-120-11 %
P B e . A K 60mm, W4E5.5mm, BEJE 0.25mm. &8 T Hi—2
HInFE 800 °C AR LA RESE RIMAA MR, FH PUK U4 B EIIENL (Lampert
Werktechnik) #4—sifjdsf 1. 51256 it FHRE 50RN 25 B9 1 /K (Al o Bl A7 RSP AR 19 21
MEFEEAN 1 mg.

PR LB TR EE G, FHESWEEE NI Smin R LSS, ZEKESETT
Pl B ERSEBAAENE LSS, 0 EE5E7E 30 min AT 250 °C,
P2 °C/h A2 HARREE, fHiR 24 he SEERIE 4 A HARREE 5, IREERIG A 48 °C, IR
2 300 °C~444 °C. N T By 1548 PR SE B F vh 7= AR I SR = B IR A, f5
JE 28 (1 8 1R FFAE 30 MPas
1.3 HaRH =R AR

MR SIS, S E IR, ERFYRNER 4 mL & B USRI 9F
R REGABCE LR 10 mine 2EBUS 1= Yd i85 #T, EEIEANI R, HiECkid
TRV T, K bR 200 U RN R R RSB A2 b, R ik
A AR, ] & S A EE (V/V=2:D) TRAR I I, &R e
FA R e it L AR AR 3670,

1.4 FRIBSPLEMEETH

AU EE RS (GC-MS) RLlFE A E AR (s BRSSP0 [ 5K R
HIE, ANER B N Agilent 6890GC-59751 MS SR FIAX, Ml E HP-SMS (5% 2K 3 H 3
BEEAD) ML BAR (60 mx0.25 mmx0.25 pm). {0373 B R T THE, GC MR E
WILE R E N 80 °C, fHIE 1 min, LA 3 °C/min [THEIEZTHE 310 °C, FHIHIE LR KR 20 min,
AN He, WEN | mL/min, “FEIFEREEN 26 cm/s; BERES sSCRFAA D FRHERE, HERE 1R
FELRRFAE 300 °Co UG T s FIRR A T &d (ED /X, HEE 70ev, BT RR
£ 230 °C, JFiEAAHER m/z=50~600, HfKAELLETH# (SCAN) HEFEE T (SIM) J5
RN R4

2 4R

2.1 FLRBHRMFEERTL

M 300 °C %] 348 °C, BHERETE, S8 SANARES T A AT E A YU 2= R84 BTy
(R 1D, HMHSTIATE 348 °C B AIVEA HUR = 31k Bl K ME, (HE B HHTTIEANLR
FERERE (A 4237 mg/g TOC) BAEFERH (B4 167mg/g TOC) . M 348°C %
396 °C, BHZHSEIRIRIVEA LT 2 PEAC, HAEEA M A HIRKIREETE K. 444°C I, ¥
HSLIR IR PTVE A LS Rk B BRI AE

A HEE ST, TR RIE 348 °C Wik F K1H 63 mg/g TOC, 2 J&FEiIRET;
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PR, F 444 °C I FFRZE 33 mg/g TOC; 1MifE B HAANESEENSLIRT, FFR/RIAE

396 °C I Ak B K1H 62 mg/g TOC, 7E 444 °C 5}, FHHBEHMME TR R (8 D.
F1 AEMIBREEHRETMREAIR,. BFRIEES =R

Table 1 Experimental conditions and yields of soluble organic matter and aromatic hydrocarbon fractions

LI WRE Easy%Ro TR HE AEANRE REENLTE ST E ISR A
EIRS) I'c 1% /mg /mg /mg /(mg/g TOC) /mg /(mg/g TOC)
Al 300 0.66 53 53 21 56 0.4 11

A2 348 0.94 52 52 8.7 237 23 63

A3 396 1.49 55 55 3.0 77 0.6 15

A4 444 229 34 34 1.0 42 0.8 33

Bl 300 0.66 54 / 15 39 — —

B2 348 0.94 51 / 6.0 167 15 42

B3 396 1.49 50 / 47 133 2.2 62

B4 444 2.29 49 / 1.7 49 — —

e RRAE, —RRARR.

22 PARIEHRE RO FRRS AL E T FE

PSR J5 (1075 KR8 4 4T GC-MS R o 38 6t B SRR AH DG AL A P A G £ B
(4R HOFIARAE IS, AR 70 O R e 4E 73 (1) — 2K F gy (DBT). 3E (Ph) F1% (FD #EAT
THEBY, Horh, FERUZEL (m/z) 184 (R GG K EYEE T DBT, fE m/z 4 178 1)
HEER F%ET Ph, 18 m/z h 166 Ff R AR FYEET Fl.

A SCHRIE BB =) GC-MS K ISE B, i R FEmEmy . 36, 25T TR, iHEAE
FIA [ A T 2K ey /3E (DBT/Ph) A1 1M/ (DBT/FD HIHLEAAL LR 2.
BE LIRS TN, S B A A A58, DBT/Ph A 1.05 J6i8/N 4 0.02, 7E Easy%R,
IEE] 2.71%0 XK ZE 0.26; ANEE AN B AL, DBT/Ph B RGN 1.05 FF4Lm
/NE0.02. ZRT, XFRZF) DBT/FL 7E A HSEEe P HF2L 38 (18.64~3.12), TfE B A%
SetRIEIE R, 5 X MROE PR

T2 SRS R IR LAY EL(E

Table 2 Ratios of aromatic molecules in products of thermal simulation experiments

S W EasyR, ORFRME ORI ME AR
% Ic 1% (DBT/Ph) (DBT/FI)
Al 300 0.66 1.05 18.64

A2 348 0.94 0.08 18.49

A3 396 1.49 0.02 15.40

A4 444 2.29 0.26 3.12

Bl 300 0.66 1.04 283

B2 348 0.94 0.08 21.59

B3 396 1.49 0.04 41.90

B4 444 2.29 0.02 9.57

3 e
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3.1 FREREX TR BNRR I R HRE 57 =R A

A IR R PR YR A TREAAE . Horp, AR IE IR, TERE SR
HR et AR P R R o DRI, AREIEFE Hr BT SR IR AN R I IR R - B TR R 5 R . 7
JEHEAER B0 (Easy%Ro=0.66%~0.94%), B & FIfEENRH RN AR, SEOTHRA
PUS= A B i (& 1a). 31X 580 N SERRT 7T 45 B — 5. LK IFHUA A H, Rock-Eval
R 225 SR AR R £ AN 22 A3 T IR ARFE S IR So 30, Tonax FEARI. ZE B /KT SUA
R, AEHR SIS RN T R A 2 S EUE RIE A B A AR, AR R R
(33.35.39-40] 2k & AHI FE (R 45 AT, IR TE TR A R b, BRER ER A0 AT LA T B AR AR A 12
LT PR R A% T R 5 AR 2 T [ B S L, b SR S S S I 4 7 A 2 2L g o

BT 00 A LR S R R AR A Rl BRI A B B AR e 0 AT
(Easy%R,=0.66%~0.94%) FIE =145 (Easy%Ro=0.94%~1.49%). X154l FIETE Ry~
1.0%PRIT AR BN R AE T o FE A I i EEHT , PN RASES P 105 e R W B3 72 7 . (2,
B ZH 5206 55 8 P 2R R I AR I AE Easy%Ro=1.49%72 47, T A 45256 ) 55 18 7= SR I AR HE Al
% Easy%R,=0.94%1 i .

K1 PR S SR S R
(a) AIPEAPLL (b) FFRRIRA T
Fig.1 Yields of products vs. thermal maturity

(a) soluble organic matter; (b) aromatic hydrocarbon fraction

XX 2 S5 Y R T O S5 DR — g T S 5 IR AR 43 TR WL LE SRS A R A A
FEHRFEAR T 350°C TSR RNV AR R AR AR, Ao BEHFETEE IR PR S, &
BRI = M AR E . 24 TSR RMLRFE RS, ATEANUR RIS, &
R 2H 43 7 Fe At — R R 53— D7 T, 7 AR T v e Tt A7 T B T 3k S PR A LR ) S
Rz e d a8 ED, 3T IR AR B & R R 5, BT LART I LS = 2248
R B R ZE A S NS, 25 b, AL S0 4 FUE SERR IR #h R TRRA ML 1]
(1 S5 AR B 55 A i R VAP AE — R R SRIBE M, DA HoS AR G A RR R 73 16 TSR ISP Bl
TEAE I e 2 J5 o IX 5% )2 TSR A K HaS IR EE T THEYE 100 °C~120°C 2 1 (1) Hb 5 A 52

B S0 R I028 24,

==t
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32 BEEMFRS FAREYS AR

BT AR 95 R A ARG R AT, BB AR R T 05 R G ) 3 AT A2 B RS R R
RPN Z R . IR A (DBTs) 1B N8R (S B0 T hn &, EHHL
JR B A AR AR R MRS . DBTs IR BT AL 75 BEOLIRIR, (H 2 ToN LA A A WL
FEEREH AN B s BB BSR AKAE AR (E A ) TSR, IX ANk 2452 TEAL
BRI £y DBTs S dlt 7 idal'™), i scse v e #h 20 B ] §E i i 22 o DBTs (19047 o
f&74 TSR (1 s RiAA 2 Al 2 DBTs AR AR 2 o (H2X T HAMA R, K DBTs ¥ 2 B
1, T EHERR AN TR 4 REHE B #E 7R DBTs 76 & BilR sh 14 & P (AR LR A

I RAEDY, 5 DBTs k80 7> Ths EVIEAAEIERNEY . iR EW. —
ARIFWRI A G o X LSS M AR P AT AT B A AR e e M. o, JESRANZ) 264k
B RIS, AN 52 H A A% S5 RS A REI , W] B AR 268 P S0 I 156 2B PR 0 o [R]85
Al LA 2R IFEEy/3E (DBT/Ph) A1 2R 31Ny /%5 (DBT/FD IR R EFFBR #8754
FG, BRER #howt SR 55 18 51 hn S IR AT N IR
32,1 ZRHE%»/3

DBT/Ph MU AE7EH2H SE 50 h (AR A5 R R R el (| 2. [HAEEME, £
Easy%Ro~1.0% §, DBT/Ph IR N I o 12 GAR K AT RE 2 R o =IME-& P A
HIF M G AT EAE BEB BOR B AR B, iy #2i] DBT/Ph HUE K. B DBT WK%
FIBRER EhAIREI , AHXT KIS K 3E S &, DBT IR TR BRI K.

B2 2R 3Rmemy/3E L 5 ORI AR A 6 R0 LL B
Fig.2 Ratios of Dibenzothiophene/Phenanthrene vs. maturity in two groups of experiments

Easy%R,=1.49%2 J&, TEAREEEH T DBT/Ph Qk4L4218 Rk, M, ESEEHS,
T TSR SHEZ), (3B RS R T — @ BIIEIRA S, HTRESEAEL G
RAAA N AR T HT ) DBTE45461, {§19 DBT/Ph 1 LU E /2 & & A 40P B 1 e SR 7
#io Kk, DBT/Ph 1 LGB AR AT DU B N TSR SN 30 J5 5t 75 1 40 1 o A it s, (B
X R AL R A fa s E R
322 ZRHEWR/Y
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£ Easy%Ro,=1.49%2 Hi ) B 41524674, DBT/FI EL{EIE K, 78 A ASEied, ZEE

/No 1E Basy%Ro=1.49%2 J&, Bi/™SEBk 2 7 (1) DBT/FI FLAE Y KR T B 42 2 a4 — 2= (K7
( 3). X5 DBT %54 Sud #2 R 10 54T o %

MW T3, 28— MRETLES SR ESHER o, SERR eI T3E. 2k
SeER) 5 DBT M, Rt =& G e MR AT, S22 s A M H . 53 4h, DBT
(R EY¥5& OSCs, 125 IRHT B2 K7, PR ET S I S TR AN ), O A6 2 R B 1
M 7 A 2 R

B3 o 2RIRmEmy/ 2 HAE 55 ORI AR A 6 R % L ]
Fig.3 Ratios of dibenzothiophene/fluorene vs. maturity
XF A HIK, Easy%Re=0.66%~1.49% 2 [6], BRER LS 1EH N /E N A A MR,

HARESWMA N (LSCs) B 5 SHEREh RN, Ik T 5 4aE HUR - LSCs LR
fitto 1F2% DBT JERUIHT S, LSCs & &1 T P& %M Bt DBT AR )% />, DBT/FI L
EIR/N o Xk LSCs SR At S 07 ot it P 34 I m inai,  5:3507E Easy%Ro=0.94%~1.49% [i],
B R Eh0S DBT A= BB E I SE Oy .35, DBT/FI EUfE 3 — P BRI

1E B 45280, YIEAE R &H 3.94% M08 MLt . Bt R, YA HUm
] OSCs 2= & #i 2% DBTs, 53 Easy%Ro=1.49%2 Hi, DBT {545 pl i 7E [ — Hm oK1
_380m, DBT/FI EL{E3E 0. Easy%Re=1.49%2 J5, DBT/FI & MJRE KSR Z DBT M=FE T
BERTEL Hoh A 15250 DBT/FI FRRIERER /N, 2R TSR RN JEZITE L T —36 58 #i i)
DBT.

PA_ER AR5 1A ST A AR, #8781 BRIR St B AR 2R T I AR s A i R R 5
Je R AEA R EE B Bt S RRAk & (DBTs) {125 BT 77 28 30 ) A 2k 0 9 5 Tl A P - 7
RIRPY BERR T DBT MIRT 54 LSCs, TEmM B th TiEJEA S (I, {43 DBT =%/
k. Bk, F RS S MU HUTAR R, B IR SR AR R 2R 10 5 i)t B3 2 8/ A8
TR FE .
3.3 AS**S(BTs-DBTs)AE TSR {hZF2E B FRME
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Amrani et al PR T ANE EIHTE CaSO4 & R S /KR SLLS, R AR S B A
PIfE TSR S L R b (e E i FIAL 3R A I G . L SEIR 25 R 8], TSR R BAIIA BTs Al
DBTs Z [A]f¥] AS™S MEAHZHCR, BE%& TSR RMNFZFE IR, 1ZEE#E/N. #tk, Amrani
et al P ) BTs 1 DBTs - [ [F) A2 28 22 7 R A i€ TSR B A AL FIFE L . [RI#¥ , Meshoulam
et al PATEAE FHAS IR F R IR BR SR A B Ak B9 nC o BEADL TSR S ML 5 I, 15 S 56 i 14,
IR R FER T BT M1 DBT, FFHILHK S FARZME S TSR &N HIFEE L8 — &
AR AL .

T EE R /2, 7£ Meshoulam e al PR UF [ ORI e, AN A8 AT PR R 2R 10E4T TSR
SN, FESEIGHH (<10h, Easy%R,<0.9%) B, Fe#HpJoiktail ] BT A1 DBT2Y, {H M
BT <10 h B G BRER S AR B, 2 R A R AR R Sh V= 2R T — e S S A
Yo, 5i4h, BT Meshoulam et al PYR) S0 48 FH B B4 S W0 & IR 4R LSCs, X —Ff
BAR 2774 BTs M DBTs. H4 , & 1772 1¥) DBTs HfH o & HAE K B TR 25 M #08 J5

SR, BTs Al DBTs 7E #Gs A2 A4 i 458 2 Fh . TSR B2 THUIR S 5 4
A NIRNEE L — o AT Y& AP HLBR D, 8Ll ZEAR HE P& i LSCs 22
ZHPAEH, BT EY IR, F7 4R BTs Al DB, iZid et & Kk BB R A K 1)
SIS AN L BTN LB . A HF 7T I Chatom JEHIE 5% 7 &2 ) TSRESS!
520, {H AS**S(BTs-DBTs)IMH £ T/~ H ARG TSR FERE), 3 e do ol 22 S P 00 52 14 i [R1 4R ]
e 52 3 T HsE A A HLORUE BTs A1 DBTs 520 .

(A, dF TSR ZE R BTs A1 DBTs 2540 A6**S(BTs-DBTs), 7EA# FliZf&H5i#E4T TSR 2
JOLFE WIS, BN R S A& TR OSCs S BRI, HAEMZ il
[ TSR AR 5885 ] LLR AS**S(BTs-DBTs)EAT HIWT . 1Mixd T B4 & OSCs HIfil )2 WK
Kii, BTs F1 DBTs H S GG 7 A HATCHIARIE, BiBREL S5 A HUS AR BLAE R BB B e A
AR FAIAFIE NG 4. AS™S(BTs-DBTs) R feidE Al T-ilid TSR RSB B it A8 2 FE 1 4 87
TSR PERAEMIHTEA, BB EXHTAE MU AR i F8 ( 5OE A2 B2 A Rt BTs A DBTs 2
[F1) Pt ) 8 2 225 S5 AT T
3.4 T X TSR JREZRIMrEXI 5y

H AT AT R ER 31 5 UTARA MUBUAE ELAE F AR AT B AE A= o, DA R B ER #hid J5 g
724 HaoS Al COp HIIEFE . Zhang et al PHil i 5256 FF Bott TSR 1 M ALEEHEAT T 58 In4nEL
X5y, B¢ TSR RBIFT BN 3 MBI BL. K11, IXFe TSR /RSB BLRI 2> R 25 18 3 T 6
g bRkt it HoS IR TSR [N FEE 17 208 1 i iRkt B 54
FURAPEF B E . ST, ORI TS, e MBS, BRI =2 b & E b & it
FAN LI 2 B A B R 265 6 LIS S B8 (388 o i 1 o497, i 3R B R #h 5 A WLBTE J
LS o R AR AR AR, DA B A L 3B,



R w e R EAE R RN IR A BRI Kt X

AT LT A I R b AT A LT 2 R 05 e 4y TR S IR AR, R s R IR Eh 5
VR BUBAH BLAE LA N = A B S — BB, iR #h B E L B TR LT, X B
Easy%R0=0.6%~1.0%, %M AT A WU =238 0, CLEE &Y (B, B RIRS WA
JH £ BRHE, FEBEE TR H0t LSCs R BEMRE T, FTRESX K B LSCs 43 8T B HaS
HIL, WS Fhr S ER. 8B, fE5E  ER TSR RNEBER % K
42, Easy%Ro /1T 1.0%~1.5%, il#h 5 a G ER, 1S s AL =2 N, =
AR T BT LSCs B A SEARKIBR YA . 55 = [ B, Easy%Ro KT 1.5%, £ LSCs Al HaS K]
MAPERTR, TSR RBSEFEMR, P4 KE HS (KBl 4).

K4 GRS UORA HLBAR EAE B Bl
Fig.4 Stages of the interaction between sulfate and sedimentary organic matter

HI T TR LT Pl A o B2 v J5 2R AR B BORIAS A AR R B 1 2 2208 T A fe #4877,
I, AR T B 5 IBR R #h 5 DURE HLTUHRS 8 T R S R R 3 S5 s B e s o JRAT
K HFRZ )™ TSR 2. TSR ML NTRAII A, 4R & T TSR SRId R A& 28 i T TR AT 2
IBREL, K TSR S AIRTFTE GG E S TR B T & B Ve s s AR IR A 1 2 . R
JSEH DX J5 AR AR FH I B, 5% VR PR AR R AL T At 1 380 4 8 7

4 25

(1) AHTFOEE AR SIRIESE, 5 A MR LR LSC 2 35 DBT & &4
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Abstract: The reactions between sulfates and sedimentary organic matter are typical organic—inorganic
interactions in sedimentary basins. Investigations of the thermochemical sulfate reduction (TSR) reaction are
normally limited in reservoirs, treating S-bearing products as research targets. However, this interaction also
exists in the early stage of catagenesis, where the chemical components are influenced by the presence of
sulfate. In this study, the effect of gypsum on the thermal evolution of kerogen was investigated using hydrous
pyrolysis. The source rock and corresponding sulfur-bearing kerogen were sampled from the Pingliang
Formation on the southwestern margin of the Ordos Basin. Based on the yields and distribution characteristics
of dibenzothiophene (DBT), phenanthrene, and fluorene after the experiments, the organosulfur compounds
(OSC), the precursors of DBT, were found to have been oxidized by sulfate during the early stage of
catagenesis. This result verified the reactivity between sulfate and sedimentary organic matter during this
process. Therefore, before H2S was generated during the process of TSR, there was a stage of oxidative
degradation between sulfate and sedimentary organic matter. In this stage, the majority of production is polar
organic compounds, such as oxygen-bearing compounds. The sulfur in DBT was derived from OSC. These
behaviors enlarged the interaction between sulfate and sedimentary organic matter from the high-temperature
reservoirs to the gypsum-bearing source rock during catagenesis with lower thermal stress.

Key words: thermal simulation experiment; organic-inorganic interaction; distribution characteristics of aromatic

hydrocarbon molecular markers; thermal sulfate reduction (TSR); Ordos Basin; Pingliang Formation



