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Abstract There are pervasive pore-filling bitumen found in the dolomite reservoir of the Member 4, Sinian Dengying Formation.
However, the high maturity of the source rocks and bitumen and the complex geological tectonic activities make it difficult to restore the
history of hydrocarbon accumulation. In recent years, the Re-Os radioisotope system has been increasingly used for the dating of the oil
and gas generation and oil-source correlation. The high-maturity bitumens (R, of ca. 1.4% ~2.5% ) from the Member 4, Sinian
Dengying Formation in the Kangjiadong paleo-reservoir, Ningqiang, Shaanxi have defined Re-Os isochron ages of ca. 260Ma, 60 ~
70Ma and 8 ~13Ma. The Re-Os ages of 60 ~70Ma and 8 ~ 13Ma may indicate the time of when the Re-Os system was closed at the
end of the crude oil being thermally cracked and the pyrobitumen forming process due to the uplift and temperature decrease. The older
Re-Os age of about 260Ma is consistent with the general view that the Permian is the main hydrocarbon generation period of the
Precambrian and Cambrian source rocks. It shows that besides the thermal cracking of crude oil, the Re-Os age defined by high-
maturity bitumen may also indicate the crude oil generation. Meanwhile, at 263Ma, most of the Kangjiadong bitumens are consistent
with the " 0s/"® Os range of the Qiongzhusi Formation source rock samples rather than the lower " Os/'® Os ranges of the Member 3 of
the Dengying Formation and the Maidiping Formation. The Qiongzhusi Formation may be the main source rock of the bitumen in the
Kangjiadong paleo-reservoir. These understandings are important for the evaluation of natural gas exploration in the Dengying Formation
in the northern margin of the Sichuan Basin.

Key words Kangjiadong paleo-reservoir; High-maturity bitumen; Re-Os dating; Oil-source correlation
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Geological map of the studied area ( modified after Sun, 2011)
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Fig. 2 The pore-filling bitumen in the dolomite reservoir of the Dengying Formation, Kangjiadong paleo-reservoir, Ninggiang

(a) visible bitumen filling the vugs and fractures of the Member 4 dolomites of the Dengying Fm. ; (b) micrograph of pore-filling bitumen of the
“bitumen dolomite” sample from the Member 4, Dengying Fm. with bitumen reflectance (R ) of 1. 6% ; (¢) micrograph of pore — filling bitumen of
the “Deng 4 dolomite 11” sample from the Member 4, Dengying Fm. with bitumen reflectance (R;,) of 1. 7%. The pores of the bitumen have also
been filled with calcites by later hydrothermal fluids; (d) micrograph of pore-filling bitumen block of the “Deng 4 dolomite 4” sample from the
Member 4, Dengying Fm. with bitumen reflectance (R,) of 1.9%

&1 TTRRAFHE Re-0s FHTHIE
Table 1  The Re-Os data synopsis of the Kangjiadong bitumen

FEfS K R, Re(x107°) 20 O0s(x1072) 20 "Re/'™0s 20 "0s/'®0s 20  tho '0s/"80s(263Ma)
210722  fTPU=A2 1.92 87.4 0.4 2510 5 233 1 3.11  0.01 0.28 2.09
1210723  TW=#H3 1.90 148.4 1.2 4986 21 200 2 3.17  0.01 0.18 2.29
210724  fTU=%H4 1.89 58.5 0.3 3517 6 120 1 3.89  0.01 0.23 3.37
210725  TWU=#AS 1.56 122.0 0.7 2420 25 323 4 2.66  0.03 0.50 1.24
T210726  fTU=#6 1.54 50.6 0.4 5382 18 62 1 3.01  0.01 0.12 2.74
T210727  fTU=#8 2.46 350.3 2.0 7455 38 350 3 4.33  0.01 0.17 2.79
210728 fTPUZA 10 1.72 117.8 0.6 4478 22 177 1 3.14  0.01 0.28 2.37
T210729  JTHUZ# 11 1.68 145.0 0.7 5012 30 192 1 3.04  0.01 0.26 2.19
T210730  ATPU=ZA 12 2.09 413.4 1.5 1826 2 1598 6 3.69 0.01 0.37 -3.32
1210731 WHEH=FITE  1.76 201.4 0.9 1745 7 751 5 2.82  0.01 0.29 -0.48
T210732 WiFH=ET B — 136. 1 0.7 1544 7 610 4 3.48  0.02 0.39 0.80
1210733 T DR — 0.21 0.02 269 1 5 1 2.78 0.01 0.02 2.76
T210735 ik eyt 1.36 522.1 2.0 2587 7 1324 6 2.91  0.01 0.29 -2.91
1210736  WHFH=A 1.57 131.1 0.5 1591 5 535 3 2.81  0.01 0.31 0.46
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B3 i U S e Ak s (PESRIRTHEE 2020 ; T ARMIE FE2 2011 &)
Hidr 239Ma 184Ma il 173Ma 4 Re-Os 4E51 [ Ge et al. (2018a) ;414Ma F11 78Ma i Re-Os 4E4#3 31 [ Shi et al. (2020)

Fig. 3 The schematic evolution history of the Kangjiadong paleo-reservoir, Ningqiang ( modified after Guo et al. , 2020; Wang and

Wang, 2021)

Data sources; The Re-Os ages of 239Ma, 184Ma and 173Ma from Ge et al. (2018a); and the Re-Os ages of 414Ma and 78Ma from Shi et al.

(2020)

FRALFFAE (2020) AR T 3R 5 S AN b X 5 A7 S 20 44 5 A AR
AR (29 420Ma) JE AWIIA I B AR B 2R TE I R B
BRI T HIRHA T, R A Aol A s B2 X
IRYTRE AE B 28K (260 ~ 250Ma ) 6547 35 41 J U5 i vE A=
I 0, DL EH AN 1732 #% 24T 5 4145 )2 08 BT TG ; 7E
th =&t (247 ~ 237Ma) I 5 A MU AL A A AR
WA B, M =S - TR 2 i (237 ~ 174Ma) v 9980 S
S WG EHEZE 4 (100 ~0Ma) | KA LB 1 3 T34 ik
A R BRI JTRIAAT R AT BRI i
At B 20 R - v = St O B Y T R G, L T g
=R B = B LR B Y R A T LUE B R
PEEUIT , R 4 ARG (2t 2 A B 5 TR AT AR I
S 2 R R R B AL AR ) I AR S R R (A
3), AT NP B = A B OB R AL U-Ph A7 2E0KS
BAE ISR R0 2 (A, ) MR T kg R IT A 2D T
LR (2 482 ~468Ma) (A THRE . —BL K- A =Sl
(%) 250Ma) B AR A M L-B S H R (29 115Ma F1
41Ma) RIRTRE =AM (LA, 2021) , fEH Re
M Os FEHARBWIT I (Selby et al. , 2007) , H F TR A i
W BB B 40 R (260 ~ 250Ma) 19 Az i & W B B, 1 7 B8
AR A iR = Bt R L B4 R B B B A B A
i P RER D s BB RR T B rp K AR W R TR N A W
fife X Wit o e Re-Os A& R FZ A B, M HA M7 7] BEEE B Re-
Os HF 4 (Lillis and Selby, 2013; Ge et al. , 2016) &AL 7] [E

T2 Re Al Os [ 3 2% ( Peucker-Ehrenbrink and Hannigan,
2000; Jaffe et al. , 2002)

Re-Os 25 I 25 4F ZEOR 2% R il 75 2278 4F 19 b 0 e vh
KF) 0s WA ZE AL ('Y 0s/'™ 0s) Y3 — B WL 5 K 1)
TRe/"™ Ot il (LR RE 9" Os/"™ Os B I 1) 359 1< 107 i 25
A ), I H Re-Os 1K & 75 i BT iof 2 45 oK J5 08 45 &f /4
(Mahdaoui et al. , 2013) , F|H] IsoplotR ( Vermeesch, 2018)
FEST. Re-0s S5HF4R, JTURTARE AR L5 T 5.7 £16. 1Ma
AR (18] 4 2 2) (BB il O A, 247 I 7T REAS B4
MBS, T B TR R B R B R AL
PEULIH BT BEIE AT 2 Re-Os ZERT LR 4E 1 451, F1 5 AT
REASZAE [F] — b 5T A2 T O B A B AR R 390 4R ™ 0s/
" 0s BRI Re-Os R R AE ],

TG, TCGAR I 3 7 AT AR K IR T AN [R] Y R U
e 3T P 5H 22 300 ity 3ot KT D B v 38 it 2 0 55 ) KR U TT RE 2
JY =Bl i TOURS I 77 0 vT Rk [ SR AT S Y A (SR T
& 2020) , ANFEEE A Z Y'Y 0s/™ 0s 70 B AE AL 2 A
A REANIR], it B 7 PR T RE S AN R AT R ™ 0s/'™ O,
AN, R E A ) 3 T 2 1) 30 7 A il 22 1) T RE HL A AN [m) 119 4
b AT S BB AT REAN S A — S IR A, R, R
AN TRV IS 1 0 7 R i AN 3 B 3 ) — 2R S I 2 A7
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Fig. 4 The bitumen samples of the Kangjiadong paleo-reservoir, Ningqiang on the "' Re/™ 0s vs. " 0s/'"® Os space

The samples are scattered while showing three general trends with one of which define ages of ca. 263Ma

x2 RARAFEFARAHRAS Re-0s EREFREHETMRENMREY

Table 2 The Re-Os isochron ages of different subsets of the Kangjiadong bitumen samples and their possible geological implications

e B B b AEIY (Ma) R HI4R'S7 0s/ 158 Os ]
B b A4 B, T RE 55 RE S I B R TR, 40
16" 0s/88 0s A LB N AT K. A
3 AW A, A 22 B o A M R 2L R
B 14 ST R 6+16 .16 £0.17 T70s/'%80s 855 (2.66 ~4.33) , ZWTFHWA AT
A i BRI A R A (il AR ) . )
i, 3 Re il Os & AR , UL IR IR A T BE R 1
AR IR A
W ALAF WA T2 | EL R JIT A A U o e oty 8 114 5 AR 38
4 JT IO R TP =2 4.6.8 263 +59 .91 +0.19 S (B 3) AR T RS 7 A il e 3
ez A A SLES
3 JI P9 ST = 6 .8 270.7 £2.8 .74 £0.01
3 JTIUZE 46 .10 3 69.0£2.8 .94 +0.01 PIZHRE RS 2P AT AR B AR — B W RE R ERIE
TR AHFIEE'S 0s/'%8 0s R 22 51 P 2H
. FTUOR R TP 2 11, W O AR WS AR — AR ST A S i s
a2 4 Wi 2T P 68.1+3.9 .81 £0.02 TIERIBIAERS (AR 22 T8, WA 0s/™ Os
Rl X o
7 P 2 B ke 61.2+8.4 .89 £0.04
PHFHzA DEAD AT, AT REACFAE #6 T i A8 P IR P AIG L 75 Re-Os
3 Wi 7.98 +0.81 .73 £0.01 2 B T
3
4 ST S W H T 19.743.0 6540 04 A AEARRAE 4 TH o 72 P ML IR RS . I 75 Re-Os 14
PEASAT N Ui s A T U R J P s ]
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— SRR (Ge et al. , 2018b) , EEARTU SN AU ] RE
P B S0 R A i i M B B Sy 3 (R G R B A ) A A T i B
JNETRERETT S A i S 1Y Re-Os KRR E A=, TR, W
FEHIE B AT BE A 3K B RS 0s/'% 0s ¥ —, FBIE T 5§
(2020) & I Z I A P 095 A 5 % B Kwanza 75 Hb
B — W SRS AR AE , RIVZE by S 8 P 30 38 1) B 7 Y
FEERR W TN B LB ST R IR T
ST A SN SR IR Z Ak, P PO TR CO, JBTE
P P T SR A - [v) I FR R 14 3 8 v DA D o 390 3 DA IR A
SURIE IR W T Z B BA™ 05/ 0s 2253, W LIARYE i 75
Jo 3% A UUTE BY 4 5 ## B¢ ( Mahdaoui et al. , 2013 ; DiMarzio et
al. , 2018; Liu et al. , 2019) , T8 I il i <R W & O
ST R 2 HL IR b VLA R A U i G 1 AR 2L S (SR A
2020) , U AR 0 T T RE AR R A R0 T A
IR, ik, ZiFE b Re F1 Os AR 2P L] K
23] R EERRAN TG 48 H AR TR 0s/™* Os AN RETE T Z 1 5 il
ik PR S A 9 BUORE VI R PR B — A mT REE . e, g 4R
FHBrBL AT g i XAk A1 A AT BE S 3R 5 7 1Y Re-Os 44
F R Re-Os fEAF X & AP TTRUA BIBFFE R B, KALTT
LIS 3 UL A B Re 1 Os i 25 ( Peucker-Ehrenbrink and
Hannigan, 2000; Jaffe et al. , 2002)

it , JUGRR Wi T FE SRS Re/ '™ 0s-" 0s/'™ Os A&
A=A R E T 2 260Ma 60 ~70Ma i1 8 ~
13Ma = MERY (14 £ 2) . H, 25 260Ma ) Re-Os 4%
SR A e w1 ol RS = A 8 OB R A U-
Ph [E)37 245 5 I 4F 1Y 248 + 27Ma 246.3 + 1. 5Ma ( Pk % 7T
&, 2021) i, TUR N BVE W Re-0s AFIRLLT- 5 R
AR B2 U0 75 — AR R K3k AR TR A Y 2 A R 30 RS
A ( EAREE 20165 Ge et al. , 2018b, 2020; Liu et al. ,
2018; Shi et al. , 2020), TidEME =ZH-FR T RS R
YR (K 3) , 25UH, Shi et al. (2020) PN FFERIE
2R ARG Re-Os 4R 3 (414 + 44Ma) 2y U 1] 70 3 Ao 358
KT 524 LA v U BE 1) 0 T R R ST Y AR R (BT 3)
UL (JUFIR ) A0 75 78 HOE B A rhon] R 52 3 Hh gk R T
JFIH Y Re-Os R Z AR & KA Re-Os BB EE, A
i FERTABEST 5 B W R () Re-Os 4R i — A K
a7 12 R AR A AR T 5 TR RS (Ge et al.
2016, 2018a, 2021; Shi et al. , 2020; Su et al. , 2020) , J5iih
B Re-Os & 2 7E A2 3 A2 o 22 BB IR IF H Re-Os B 430
HE, B A& E HA B —1" 05/ 0s FAFBA —&
JERB AR —19" Re/™ 0s, 45511, Ge et al. (2018a) X5
AT FE R TC S vy H e B R B R A KA 1L ¥
AR o0 ARFEI FLIE M JUWE A7 045 X AR DT Y Re-
Os WFFTLEH T 239 £ 150Ma(n = 11; MSWD =398) fJ Re-Os
RS MEF AN R4S (] 3) , Ge et al. (2016)
INHEEWE 1) Re-0s 1K R 585 KA SR 72500 4 30 ALY 31 1]
TREE L BD 120 ~60°C , AHEFEH 60 ~70Ma Fi1 8 ~ 13Ma [ Re-
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Os 4F¥4 5 101 b BRI 75 2 78 Ma [ Re-Os 4F 9% (Shi et
al. , 2020) 4b T 5 D hHEIA AL 3G 18 SR T AT A M iR 4R 2
REATR I J 30, AT RS 7 7E SR FE 52 PR R T i A 0 75 i AR 1
KEHETE Re-Os A RRJFEHARNZ, WAL
AHUBEEIMANPITT ) 1) Re-Os B BT EALHFI Re-Os HbER
e A7 A E— LR

3.2 Os AfIEANRERES

PN SR RS kK B R 2 A TR g kE e
M EREAGL =B FERREEFH. TERR DR
A HRAS P oSEF Y, L &S R HA R R
MRMEHE ZEMEER S (HEZL%, 2021), 2 A
R AL A R DL TR 47 2 S8 A s B S R TR A
R R L EFER R BH R4 = B R
AT RERAT A DY Bl < R E R IR A (4 AL, 2003; B
WLy, 2010 BLE ¢4 2015; A4, 2016; Bk B &,
2016; B9, 2020; FRIEFEE, 2020)

FHRLE (2010) TA R KA L P ke J) 2% B 77 38 U T i =
BRPIERA TERRBITFAHRE S5 5
M- NEB S DBRAREA ALY RS WL LR
AT TR R B IR R LRSS TRER R
AR — AR TS, A K E R E T — A e, F0
145 (2020 ) 3 32k A W br s A6 G 4 KR DL R 28 43 HTiA R
5 UER HE E AB A F T S A s ] R 2k A
T ) AR SR AT S AR AN HERR AT 4 = B R TR
AHUENTTRE, Hoh AT B R S ST S BRA A
AR, TS i SR ATSF A Ve A A X ek, B
(2020) TA A ZEA 1 V4 381 563 A0 BEAS 5] J2 28 AS TR AR 285 vy 3 98 7T
KA T — 32 FUHIR I Lty B o i e s R 4, T
SREA RN BV AT e AL 2 Wi o5 Aok B F N R G AT
FHIRWE A, KD (2013) AN B ea 0 AT A Wi &
K HT T IERGEHATFH (BEIMA) MERE BRI

DU 1| 235 1 b 2 J Vs AL LA 2 oty Sl I 7 R 434
BLA 5 A TS RIS R0 ML AE = 3 B B AR A
A YFRIE A ], 25 Tm VR B T X AR A i e I
XTI Os [Fl 2 20 B0 2k 7K O 3, — AT LA 2B il Bsf
SRR A AR 1Y Os R R AL AN LR 44 T s i 4
5 (Rooney et al. , 2012; Cumming et al. , 2014 ; Liu et al.
2018; Shi et al. , 2020) , 381 XF Lb I A Hh b IXCKT 52 4
HBRE T AE AR P FNE LR R RS AR A T Y Os Rl
RANL, Shi et al. (2020) A AIZHLIX A 7 AR IR A SR 28 AT
SR MAEZ PP . Shi et al. (2020) BFSE PRI %
R AT 5 4 = BB IR A 7F 263Ma BEAS™ 0s/'% 0s 4351
FE1.34~2.86.1.14 ~1.22 F10.91 ~ 1. 85 PIEFEN (F3),
BT IBE 14 AN TCHRIA WG R A 3 A 08/ 0s h it
{8, 4B AL, U2 B 15 75 A AR5 G /N T 263Ma (3R 2 Fa %
3) 38 3 MEEE 0s/™ 0s fIKF 2 (0.46, 0.80 1 1. 24)
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®3 WAtmIFE EMTFAMIZLE=ZRERS
(H Shi et al. , 2020 ##FIHHE ) 5STTKIE RS E 263Ma BH
Os B RE R KBS ITEIEXT L

Table 3  Comparison of the key statistical data of the Os isotope
composition at 263Ma of the Kangjiadong bitumen and the source
rocks of the Qiongzhusi Formation, Maidiping Formation and
Member 3 of the Dengying Formation ( data from Shi et al.
2020) of the Sichuan Basin

187 OS/188 Os

(263Ma) A BoME TE ROE PHAME PRiE 2

HATSRH 12 1.34  1.48 2.86 1.82 0.54
F A 6 1.14 1.16 1.22 1.17 0.03
ITRA=B 6 0.91 0.98 1.8 1.15 0.36
TERREE 1 0.46  2.29 3.37  2.10 0.90

di, A AERUAL, MR 1,20 YRR S AT RESK H F22 PR A
TR = BRI A 8 MREM™ 0s/™ 0s 7£ 2. 09 ~3.37 2
[, SERATSFAR IR 5 R F W, 34 T R 22 HPrd Fn kT
R = BraRE A E, PR IR P RER H TR AR IR
MRSV A AT IE B A ML ER (L2 25 A 48 AR, FHER
e AT AR D) A I — BRI A R E R,
7 100 ~300m Z[8] ;A ALB AL, DL T B0 £ B/ HUREE
A, B PR B (TOC) AT 3K 7% 5 A 5 ,50% DL I
FES I (S50 BERR R R R, Mt 2. 0% (#HLE, 2010,
XIRAREE, 2018; B, 2020; SHEZS, 2021),

4 g5

58 EL USRI v AL U A T 24 260Ma
60 ~70Ma Fl 8 ~ 13Ma = Re-Os ZEMf LR AR | 1 % 5 X I8
VA F B A5 T B PR T ) 2 R SR VR e 1 A 0 v M S AH W)
A JE P T REFS A8 SR T I Lt FE P Re-Os IR R J5 35 1A
PIRTZ, [RIRT, #E 263Ma BT S0R RH 4 i 5 58T < dl 4z
TEAERERH 'Y 0s/'™ 0s 43 B AL F 2.09 ~3.37 Fl 1.34 ~2. 86
BISEFIN, BE"™ 0s/"™ 0s 85— 30, 54T 4 A K T RE A
TURI T R B BRI . M R TR A B
22 W B4R 2 PR TR N 6 0s/ "% Os FL T 25 B4, AT BE AR
RICHEIRIIE G EEREA

E> 0 I e LU R o LU R P 50U Y L R N )
Ep R a7 DR B % S N RS € LT VARG TN
BRI,
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