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Experimental simulation of thermochemical sulfate reduction in different sulfur-
bearing systems using crude oil from well Fengshen-1, Dongying Sag, Bohai Bay Basin
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Abstract: Thermochemical sulfate reduction (TSR) is a common secondary alteration occurring in deep carbonate
reservoirs. Earlier TSR simulation experiments have focused on reaction kinetics, gaseous product compositions, carbon
isotopes of individual gas components, and sulfur isotope fractionation in H>S, but the formation and evolutionary
patterns of TSR-sensitive molecular markers remain poorly understood. To address this gap, a condensate sample from
well Fengshen-1 in the Minfeng subsag of the Dongying Sag, Bohai Bay Basin, was selected as the study sample. Closed-
system simulation experiments were conducted for 80 h under three sulfur-bearing systems: CaSO,, MgSO., and
elemental sulfur. Quantitative analyses of gas composition, compound-specific carbon isotopes of gas components, and
liquid-phase products were then used to systematically characterize the alteration effects of TSR on liquid hydrocarbon
molecules. As indicated by the experimental results, all three systems generated both hydrocarbon and non-hydrocarbon

gases, and H»S yields increased in the order of CaSO4 system < MgSO4 system < elemental sulfur system. Methane
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carbon-isotope fractionation followed the sequence CaSO4 system < elemental sulfur system < MgSO4 system, whereas
CO; carbon isotopes showed the opposite trend, following the order of CaSO4 system > elemental sulfur system > MgSO4
system. Across all three systems, n-alkane concentrations in the liquid products decreased by 42% to 57%, with Pr/nC 7
and Ph/nCis ratios also decreasing markedly, indicating that isoprenoid alkanes degraded faster than n-alkanes. At the same
time, aromatic hydrocarbon concentrations, alkyl dibenzothiophene (DBT) series concentrations, and dibenzothiophene/
phenanthrene ratios all increased markedly, suggesting sulfur radical-mediated aromatization reactions. Diamondoid
concentrations and adamantane maturity indices also increased substantially, and a complete Co—Cs thiadiamondoid series
was first detected at Easy%R, of 1.21%, confirming the progressive enrichment of thiadiamondoids via sulfur-radical
addition. On this basis, this study establishes an evolutionary model for TSR-sensitive molecular markers, demonstrating
that the stability of the pristane/phytane (Pr/Ph) ratio, coupled with the contrast in degradation rates between n-alkanes and
isoprenoid alkanes, serve as two indicators for evaluating TSR alteration intensity. It also shows that the staged generation of
thiadiamondoids can serve as a new proxy for evaluating TSR intensity, while isotopic fractionation differences among the
three sulfur-bearing systems provide critical geochemical evidence for tracing TSR reaction pathways in hydrocarbon
reservoirs. These findings have significant implications for identifying TSR-induced secondary alteration processes in deep
and ultra-deep carbonate reservoirs at the molecular geochemical level.

Key words: n-alkane, diamondoid, thiadiamondoid, dibenzothiophene, thermochemical sulfate reduction, molecular

geochemistry, Dongying Sag, Bohai Bay Basin
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Fig. 1 Regional geology (a) and structural cross-section (b) of the Minfeng subsag in the Dongying Sag, Bohai Bay Basin""’
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Table 1 Experimental conditions for closed-system simulation using crude oil from well Fengshen-1 in the Dongying Sag, Bohai

Bay Basin, under CaSO,, MgSO,, and elemental sulfur systems
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Table 2 Gas yields and compound-specific carbon isotopic compositions obtained after 80 h of simulation experiments using

crude oil from well Fengshen-1 in the Dongying Sag, Bohai Bay Basin, under CaSO,, MgSO,, and elemental sulfur systems

SRR mmol/g) 33C/%o
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MgSO, k5 1.21 1.67 1.21 0.02 3.92 13.54 -31.36  -25.87 -25.88  -25.12  -24.62  -29.51
TCEGER 1.21 0.81 0.98 0.22 2.63 2505 -39.65 -29.39 -28.17 -27.55 — -21.81
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Fig. 2 Gas yields obtained after 80 h of simulation experiments

using crude oil from well Fengshen-1 in the Dongying Sag, Bohai

Bay Basin, under CaSO4, MgSO., and elemental sulfur systems
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3. MgSO, K& £ 80 h 1Y TSR B LI 45 5 /s, 1E A e
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AL T B R U ER S, Pr/Ph > 1 U SR R IR A Ak T
SRS S FETR L IEEENTIH Pr/Ph Ry 0. 77, VDY
BE R W BRI A Al R DU RS . 3R R T,
B A TRORE 7 0 4 Pr/Ph 43 A Y LR 0. 80 ~ 0. 82(5R 3),
EJEENTIH Pr/Ph LA 2248 K, R IIFE TSR i f2 v, P/
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{EL43 504 0. 73 F10. 97, & B R U A HF B 2 AL 11 Al
A UL B B RC5R o 3 Fh AR ZR R A VROAH 7 1) P/
nC,, F1 Ph/nC. s 1 LUAE 534 36 ] 43 1) 4 0. 07 ~ 0. 38 il
0.10 ~0.51(F3) , NS HI Z I TR, X
AR A A X L AR L R S BT AR . 3
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(LN

S A T T IE A B kR R/ EE b T R o
BUBT R FE AT A BT AT, T m/z 85 it it (815 141
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Fle kR R . SRV IHEENTIH nC,y/nC,, F(nC,, +
nCy)/(nCos+ nCoy ) JEIE T i LU 431 R 2. 17 F12. 99,3
PR R T nC, /nCo Sr TG H A 2. 93 ~ 9.42, (nC,, +
nCy,)/(nCos + nCy) LLAEL 23 41 Y8 il R 2. 99 ~ 9. 00, 3 B {4
2 N nC,, /nCo 1 (nC,, + nC,,)/(nCog+ nC,y) HLAEIE I
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Fig. 4 Whole-oil gas chromatograms (a—d) and m/z 85 mass chromatograms (e—h) of the original crude oil and residual liquid products
obtained after 80 h of simulation experiments using crude oil from well Fengshen-1 in the Dongying Sag, Bohai Bay Basin, under CaSOy4,

MgSO., and elemental sulfur systems

(Pr ISR s PhoR A LS snC A IE T4 )

®3 HEEAMFEMBERIFFEBRREEREELZERERT 80 h - KERRE~WHERESH
Table 3 Alkane parameters of liquid products obtained after 80 h of simulation experiments using crude oil from well

Fengshen-1 in the Dongying Sag, Bohai Bay Basin, under different sulfur-bearing systems

R Easy%R /% nC,,/(mg/g)*  Pr/Ph Pr/nC,, Ph/nC,, nCy nC,,,  (nCy+nCyy)/(nCypy+ nCyp)
Jh (R AR ) — 175.58 0.77 0.73 0.97 2.17 2.99
FRATIFI (CaSO, A 5,80 h) 1.21 144.33 0. 80 0.38 0.51 2.93 4.22
AR (MgSO, A % ,80 h) 1.21 18.33 0. 80 0.07 0.10 9.42 9.00
FRAREIN (TR KR ,80 h) 1.21 83.33 0.82 0.25 0.33 4.21 5.25

TE: =" R ICHE s 2 E m/z 85 Bk (3 &) g i I IE I BE IR« Basy%R, Ak TAL 23l ) A R A B B AR SR % R 5nC o, K € AEFAI B
JE 5 Pr/Ph N B fe AR ot 5 ek HUAEL s Po/nC A 8 B/ 10 - e 25 ek AL s Ph/nC AR/ I/ \ e &5 Bk HUAEL s nC,, /nCy,  MBREL < 21 H’JHJJ&*&/&%
B> 22 IR BEIE S i BUAE 5 (nCy, + nCy,) 1 (nCog+ nCog) N (Cy IEFIRERE + Cp IEFIRENE )/ (Cog IERIBEIE + Cop IERENE) S 82 LUAH

WK YUY CaSOL 1K 5 < TEEFIEER < MgSO, A% G R A Y () S) , ARl A % 5 5

HRTS21 Ko 9 4 B L4 2 O 91 9 2
3.3 ERIEREALE R ) 162.52 e U3 HIEC 5
W 4 Wl oe 22 50 AL & Wik Ji2 43931 A 155. 89 gl FlI
7.03 pe/g(FR4) o IFMARR A AENILE R 4 W% 7
VR IR B3 R RN R TR S AR AL A A A A K 167 17 ~

3.3.1 &RIkRE



53 4] 2o A5 RS S A E T R TR 1IN [ AR R B R ER AL S I AU S 0 1025

100 A
a. m/z 136
S
=
5 50 -
'
=
0
11 12 13 14 15 16 17 18 19
140 [8]/min
100 - 1-MA
C. m/z 135
o\\°
Y
=t
ey
o
0
11 12 13 14 15 16 17 18 19
FHIT 8] /min
1,3-DMA
100

z
>
Z
=
g
<.

1,4-DMA(trans)

11 12 13 14 15 16 17 18 19
FAH S () /min

< 2
100 =, 8
g. m/z 163 1,3,5-TMA = 3|2
S IE
i AN
= 50 | A%
z ==
=
0 1 1 ) —
11 12 13 14 15 16 17 18 19
FHH A 7] /min
1,2,5,7-TeMA
100 .
1. m/z 177
§
=
w50 |
b
=z 1,3,5,7-TeMA M
O 1 1 kl L L 1 1
11 12 13 14 15 16 17 18 19

FAHEIF [A)/min

—_

00

b. m/z 188
S
Eny
50 -
i;-(v
=
?U/\/\AA]\JU
0 ! N .
27 28 29 30 31 32
SIS (] /min
100
d. m/z 187

=
i
=
=y
=

0

27 28 29 30 31 32

FAH ] /min
A 48-DMD
100 = 3,4-DMD

f. m/z 201

S
1
= 50
=y
=
0 1 1
27 28 29 30 31 32
A 18] /min
100 1,4,9-TMD
h. m/z215
S
#
= 50
.'D'_('
EE
0 1 1
27 28 29 30 31 32

FAFEI ) /min

5 iy AR S TR R 1 IR TE MeSO, B SEIG AR 22T 80 h I FRATIRAH =40 Hh 4 Wt ot o (2133 ]

Fig. 5 Mass chromatograms of diamondoids in liquid products after 80 h of simulation experiments using crude oil from well Fengshen-1 in

the Dongying Sag, Bohai Bay Basin, under the MgSO, system
A PR NIBE MA. RGNS EA. ZHERA NI DMA. LG NISE ; cis. s trans. 30;3-M=1-EA. 3- 1 Bk-1-ZFE G MIKE TMA. =
F LB S WIHE s C3-A. CEsE—BA 4 NIkt 53, 5-DM-1-EA. 3,5- 3 1-Z FE A & NIkt ; TeMA. PUH BB 4 Ml GE D, XA RIE; MD. B4 Kl ;
DMD. ZHIHEXUERI5E ;s TMD. = Y REXL 8 WA

260.57,14.25 ~ 18. 24 1 181. 61 ~ 278. 81 pglg. TEA
RS 00 rr , JB T NSS40 S 580 YR A5 7 400 4 M e 2R 371 34
DB Wdse RS0 5 e X, 3FUR R T 4N
Tt 25 90 e By AR 0 7 00 A YRR MgSO, 1R & <
CaSO, /K& < TR R .

JEI R (4—+3-) F R4 W e (MD) 25 28 & R AF

JEUI S AR B I AR SE IR 1 I (4-+3-)MD i
JE 1. 58 pg/ge 3FPELILSLG 1A & 80 h B W AH ™ 1)
Hr (4—+3-) MD Y& B2 434 J5 L 4. 09 ~ 8. 94 pg/g, 3 Fl
KRR T (4—+3-)MD ¥ B2 i A 31 &5 U 4371 - CaSO,
KRR < MgSO MR R<TTEMMKR ., FIRGERFEN A
[6] TSR {4 & H | YR AR Bl — o e B 1) 4 M o
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Table 4 Concentrations and ratios of diamondoid and thiadiamondoid series compounds in the crude oil and in liquid products

obtained after 80 h of simulation experiments using crude oil from well Fengshen-1 in the Dongying Sag, Bohai Bay Basin, under

three sulfur-bearing systems

) Fasy% B v BE (glg) 1,3-/(1,3—+  1,3,5-/(1,3,5-+
T MAI% MDI%
R /% Ds As Dias  (4-+3-)MD  TAs 1,4-)DMA 1,3,6-)TMA
TR (R LGHE ) — 162.92 155.89  7.03 1.58 0 61.76 19. 56 0.29 0.43
BRI
1.21  238.60 224.36 14.25 4.09 0.02 65.03 34.19 0.30 0.44
(CaSO, 1A% ,80 h)
BRI
181.61 167.17 14.43 4.91 0.24 73.57 51.75 0. 45 0.48
(MgSO, k% ,80 h)
B i
278.81 260.57 18.24 8.94 0.27 69.71 70. 61 0.37 0.45

(JCRBIAEFR,80 h)

" RETCEE . Easy%R A HE T 2h J1 2R BRI I AR R 5 Ds A A WIlE RINEA W) 5 As B B4 RIGE 2R HNEA ) 5 Dias SR04 Ml BE 5 51
& W05 MD R H ZEL 4 Wt s TAs At 4 KIS s MAT R H 25 B0 W Ge F8 55, MAT=1-MA/(1=+2—)MA X 100%; MDI R H 50 4 Wl ke $8 50, MDI=4—/
(4=+1-+3-)MD x 100%; DMA & — F FL AL Wil g s TMA Sy = J B4 W

3.3.2 AR R E A%

FH 3L B0 4 W e 48 B0 (MAT) A1 H 356 X4 M Joe 38 %%
(MDD JEAf 5 iR R 5 J B s S0
TG HJEIM AN 3 PR R R B4 W oe 5 AR,
FH L 004 W 1 2 /N TF 9 glg, m/z 187 Jiii i £, 335 £
e, B3O 4 W e 0 YO A5 MIDI AT AE — 32 IR 22 .
MAT e AN ) Ae 78 — I .4 Wil Joe (DMA ) % 12 FL B FIAS
[ ) 75 = P R BA G e (TMA ) 55 2 LU A AT ISR o T
TP REASE TR M EE 5 MAT R 61. 76%,3
PRSI0 R 2 F MAI 3 A YL 65. 03% ~ 73. 57%, MAI
FE 3FPAR R T B RS R AR VR CaSO MK BR<ot
AR R < MgSO, &R . FR 1 1,3-/(1,3-+1,
4-)DMA H11,3,5-/(1,3,5-+1,3,6-)TMA & & A8 4
H1240. 29 F10. 43, 3 FALALL S B AR AR ) h 1k
PR A BE B 1Y 43 A i ] 43 01 24 0. 30 ~ 0. 45 F110. 44 ~
0. 48, ¥ 5 L5407 B T3l BU (08 i A e o o 3 R 0
SRR 80 hif K T, LR IA HL(E Y E B CaSO,
ER<TTRIIAFR < MgSO KR EFRE

3.4 FRIREMELESWILE

3.4.1 FIRRIE

FI I TT A S WU N 22. 82 mg/g, 1E
3R R 80 hIH T, T8 1 ISR ™ W05 ke
b v BE 43 A 5 L Ry 28,12 ~ 37. 68 mg/g (R 5) ,
3B R T WA b 7 A G W B o R v DU
WU MgSO MR < CaSO MR < JTURBUAR . FHR 1

JEGH C—C, A IFWENY 241 (DBTs ) HE A 172. 18 pgfe,
3FRALIAR 25 80 h KR, C—C, DBTs ¥ 5 4341 5 [l
41 229.56 ~ 1381.67 pe/g (£ 5),3 Fiik &2 F C—
C,DBTs i [ 2 B CaSO, 1A R < TEEBAR < MgSO, 14
F AL

3.4.2 RRZFBRAETIA

TIRIFEWY/AE S A (DBT/P) & A &) 43 i
F AR IR WU RS 208 1 L0 DBT/P FLfA
0.05, 3FAZR 80 h K AH ™1 DBT/P HLAE 53
AL B4 0. 05 ~ 0. 43 (& 652 5) , DBT/P LbAE 434 it
JPARIR R CaSO KR < TTEBIAR < MgSO KR . 1
CaSO, BLIUAR 2, DBT/P HUAE 5470 Uf AR A B 3
AT

HILEFE B (MPL) FAR ] B SR i OB (F )
FHA DO T i A AR U5 0 B 7 R 1 ST
MPIFF, B 70 9 4 0. 82 F10. 62 (£ 5) , 3 Fl ik &
80 h ABLLL R I AR 7= 9 b ML A F, HGAEL AR 4 A 118
391 0.54 ~0.82F10.50 ~ 0. 61, CaSOMKZR T, 4
U= 09 MPL AN F, HAE 500 16 R 3L A A 4], 3 i
2T MPI 1)K /IMEIR H CaSO MK R < TLRRA R <
MgSO, /& & | 1fij F, HCAE K /NIF AR K R MgSO, 7K & <
CaSO, A& < TTEBMAK R

AN TRl g e — I HE Wy (MDBT) 75 & He AR 4 4-/1-
MDBT Fil(2—+3-)/1-MDBT R LA FH > 5 2 J5 i Al 5
F R A U B PN T, 4-/1-MDBT ££
YRR -BENTIM B BEOR KA R . IR 1 IR 4-/1-
MDBT H1 (2-+3-)/1-MDBT 43 %] 24 28. 38 # 15. 55,
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Table 5 Concentrations and ratios of aromatic compounds in the crude oil and in liquid products from simulation experiments

under three sulfur-bearing systems for well Fengshen-1 in the Dongying Sag, Bohai Bay Basin

B YR (/)

§ Easy% 4-/1- (2-+3-)/
G Cy—Cy C,- DBT/P MPI, F,
R/%  Jik C,~DBT 4-MDBT 1-MDBT MDBT  1-MDBT
DBTs MDBTs
J5i3ih
o — 22824  172.18  26.22  58.49  36.94 .30 0.05 0.82 0.62 28.38 15.55
(WIEERERD)
FRARIEI
1.21 30708  229.56  29.71 73.16  45.95 4.59  0.05 0.82 0.59 10. 00 4.92
(CaSO, A% ,80 h)
FRAR Rt
1.21 28117 1381.67 382.09 552.65 552.65 172.46  0.43 0.54 0. 50 0. 74 0.62
(MgSO, &% ,80 h)
BRAR I
1.21 37681 1106.18 375.98 316.56  112.88  111.43 0.42 0.73 0.61 1.01 0.83

GURBAR,80h)

TE:“—" R ICE . Easy%R R T2 3 07 AR A B8 1A S 50 238 5 5506 D T A 7 (1 5 0 A5 ) 5 Gy~ C,—DBTs S JJod BE U R — A8 F ey = C, b
FEBUR I EEMME G 5 C TR A € S H AR s DBT S 45Ty -MAL; MDBT Sy H B 2Ry ; DBT/P Sy — 2RIy /Al & ik 1L
{8 s MPI R BEE(MP) 85K, MPL=1. 5X(3—+2-)MP/(P+9-MP+1-MP) ; F A ILFELLAE, F =(3-+2-)MP/(3—+2-+9-+1-)MP,

1800 O JELit (WIBAFE )
1600 F A GRAJ5I (CaSO A %, 80 h)
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1400 7 o BARII CERBAR, 80h) O
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3 o s
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Fig. 6 Relationships between DBT series concentrations and the DBT/P ratio (a), and between DBT series concentrations and the 4-/1-

MDBT ratio (b), in the crude oil and in liquid products obtained after 80 h of simulation experiments under the three sulfur-bearing systems

for well Fengshen-1 in the Dongying Sag, Bohai Bay Basin

3Fh A Z T 80 h 4 4—/1-MDBT #1(2-+3-)/1-MDBT
FUAR 43 A 78 Bl 43514 0. 74 ~ 10. 00 F110. 62 ~ 4. 92, |
WA LU AE B R 2RI CaSO, K &R > ST R i ik
%> MgSOAZIK/%o

WX & Wbk B

R P @5 -/ B 7 i, AR 1 TR 4 78 X
Z5 PR 1C I SR A < I e €20 3% — Jo i/ Jo 3 43 L1 ek
[0 P AREADL S 0 R 28 WA 0 v B A W e 2R 57
a7 IR VBTl P A S A
GNILERII AW (R 4) 3 FMARR TRl LIS
B AR A WE , 32 2R AR W R A&
P (7)o BRACEA G Ml E 2R 504K 5 Wk JEE 24 0. 02 ~
0.27 pg/g(F£4),3 A ZR AT G MIGE I B /B RAK

3.5

YN CaSO KR < MgSO, R R<TLE AR
4 PHE

4.1 XRKRIHFERESFRXETSR

2 5 R e kg (Pr Al Ph) 78 TSR R 0 52 56 1ot
Hh 5 R N 2 R M R | Db R Ak 2 48 S0 (Pr/nC, AN
Ph/nC ) 5 TSR B 58 B St RGEPE A G R . &
K Alberta 73 #h Brazeau # X Nisku fif 2 JF I 22 51 22 05,
H,S A UMk B 4 48 i 1 %, Pr/nC,, HEH T B 0. 15 ~
0.22, 4878 T TSR XF 25 5 1% — M bt 2 19 AR 2 T #E AL
il 7o 4 Hp b X B P ZR AN TR) TSR el R B ST 19 2 At
FEIH B A Wbk BE B8N 1 pe/g 7T T8 Ph/nC  HUAE
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Fig. 7 Mass chromatograms of thiadiamondoids in liquid products
obtained after 80 h of simulation experiments using crude oil from
well Fengshen-1 in the Dongying Sag, Bohai Bay Basin, under the
MgSO4 system
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RE SR 24 52 N By ) 2 (0 R TR 3%

I 0 I 5 24 5 I8 U o SR A A o A AR AL TR L
(ki ki) 35 1.8 ~ 2.5, EEIH T : O3 5L FEAIR
C—H % f# 25 5E (Pr: 397 kJ/mol, nC,,: 410 kJ/mol) ;
()b e 2k iy 15 588 ) PR 56 v ) AR 1 5 B TRl v BHL
25 SRS MR R AR B B8 7 T ah oo

FESEIR SRR AL F TR, CaS045 MgSO4ik R
JREB M G35 25 5 0 TSR SN AIRE . VA5 A T A
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22%) , {H TSR F) 28 Jin A8 niy (o 32 b sk Ak 2 F5 4 7 AR 4 411
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SO, 1% BE R B0 1. 3 4%, B RS A 1Y) 42 fih 25 - %
([MgSO, ] ) , 1 3 —F 25 A6y 2ok 3 AT A P A At 2505 1
e (I FL AE AG 1 58 kJ/mol B 3 43 kJ/mol ) i 3 $2 T i
PR A I 2 N By ) 2 T e

4.2 TSREBEHERFTRER_EHEMRIIUEY

1E ¥4 Joe e CIE ke AIE + 75 e ) 15 Rk & W 7F
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LB 5 AR08 T s YRR P 0 v A 1 T A
R P i I E R AL P e A B A I e A% R Ak
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