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Abstract: Geochemical parameters serve as important indicators for shale oil enrichment and mobility evaluation. Using
pyrolysis experiments of minerals/post-extraction shale residues mixed with oil/alkanes, as well as the comparison and
forward modeling of pyrolysis parameters of oil-generating shales before and after shale extraction using organic reagents, we
perform a case study of the oil-generating shales in the Bakken Formation of the Williston Basin and the Paleogene Shahejie
Formation of the Jiyang Depression in the Bohai Bay Basin. Accordingly, the characteristics of shale oil enrichment and
corresponding responses of geochemical parameters are analyzed to investigate the lower limits of the oil saturation index
(OSI) and productivity index (PI) as indicators of shale oil enrichment and mobility. The results reveal that conventional
Rock-Eval pyrolysis on oil in rock generates both free hydrocarbons (S,) and pyrolyzed hydrocarbons (S,) , affecting the S,

curve’s peak style and peak temperature for hydrocarbon pyrolysis (7,,.). Crude oil enrichment in shales, thereby, leads to
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anomalously high values of OSI and PI and anomalously low T, values, with these three parameters in coordinated
variation. Oil-rich shales with a low organic matter content exhibit more pronounced anomalies in pyrolysis parameters. In
contrast, for organic-rich shales, their OSI and PI values tend to stabilize after the total organic carbon (TOC) content
reaches a specific threshold. The liquid-solid interactions in shales affect the lower limits of indicators for hydrocarbon
mobility. A systematic analysis of the Bakken Formation in one well in the Williston Basin and the Shahejie Formation in
three wells in the Jiyang Depression indicates that the lower limits of OSI for the enriched shale oil and its mobility fall below
50 ~ 75 mg/g, corresponding to PI values of 0. 12 ~ 0. 20. The lower limit of OSI for the enriched shale oil and its mobility
is closely associated with shale lithology and crude oil properties, with carbonate-rich shales exhibiting lower limits of OSI/
for shale oil mobility.

Key words: oil saturation index (0SI) , hydrocarbon productivity index (PI) , shale oil mobility, Bakken Formation,
Williston Basin, Shahejie Formation, Bohai Bay Basin
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Table 1 Basic information about the Rock-Eval pyrolysis experiments on mixed minerals/post-extraction shale residues along

with oil/alkanes

TR B AT [ {4% 8 /g JE (AR ENR ) 5 /g

%51 e S DG daRss B R Gy G G, G Gy Gy Gy
1-1-1 RET Y+ 9 21 20 50  0.0203 — — — — — — —
1-1-2 AW+ 9 21 20 50  0.0592 — — — — — — —
1-1-3 RET Y+ 9 21 20 50 0.1054 — — — — — — —
1-1-4 RAT W)+l 9 21 20 50  0.2501 — — — — — — —
1-1-5 RAT W)+ 9 21 20 50  0.5055 — — — — — — —
1-1-6 RA Y+ 9 21 20 50 1.0071 — — — — — — —
1-2-1 V=B yUH kit +ih — — — 40 0.3262 — — — — — — —
1-2-2 V=B AR+ — — — 40 — 0.0514 0.0466 0.0598 0.0485 0.0484 0.0532 0.0446
1-3-1  UPPUB DUk -+ — — — 40  0.3645 @ — — — — — — —
1-3-2 PR iCsaaiikis e — — — 40 —  0.0465 0.059 0.053 0.0585 0.0592 0.048 0.049
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Table 2 Experimental results of pyrolysis of minerals/post-extraction shale residues mixed with oil/alkanes
S IR JF 24 IR T 24
B 2R s, @S, T/ TOCI 0SI HI wgs, sy T,/ TOCI OSII HI
w1 (mg/g)  (mglg) C % (mg/g) (mglg) (mg/g)  (mgfg) C % (mg/g) (mg/g)
1-1-1 RET Y+l 0.04 0.04 358 0.05 80 80 0.50 — — — — — —
1-1-2 BET Y+ 0.11 0.10 359 0.1 110 100 0.52 — — — — — —
1-1-3 TRAET Y+ 0.25 0.22 364 0.13 192 169 0.53 — — — — — —
1-1-4 TRET Y+ 0. 65 0.63 364 0.24 271 263 0.51 — — — — — —
1-1-5 RET Y+ 1.58 1.64 394 0.47 336 349 0.49 — — — — — —
1-1-6 AT+l 3.11 4.16 319 0.90 346 462 0.43 — — — — — —
1-2-1 W =RBoUahiEas 1.18 18.80 443 3.18 37 591 0.06 0.05 17.06 443 2.78 2 614
1-2-2  PEBRUAREERIE R 5,68 20.09 442 3.48 163 577 0.22 0.05 17.06 443 2.78 2 614
1=3-1  VPPUB G ARG E + 1.49 12.44 444 2.31 65 539 0.11 0.06  9.02 445 1.89 3 477
1-3-2  PIUBIUAER kB HRE 6,13 13.42 446  2.64 232 508  0.31 0.06 9.02 445 1.89 3 477
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3 PRI RE LA F184 015 — S R kTihiR Al S (L 204
Table 3 Geochemical data of shale samples from well F184 in the Dongying Sag, Jiyang Depression before and after

dichloromethane extraction

Fedh PRI ARG AT/ ATOC/ AP/
iy Wi 10¢/ S/ S/ Tl HI o OSU o T0Cu Swl Sl Tawd  H N (mgjg)
% (mgg) (mgle) C  (mglg) (mgg) % (mg/g)  (mg/g) C (mg/g)

1 3462.83 1.51 0.98 3.08 450 203 0.24 65  1.35  0.06  1.66 454 123 -4 0.17  2.34
2 3466.47 1.61 1.44 3.16 453 196 0.31 89  1.29  0.09  1.47 458 14 -5 0.33  3.04
3356795 1.46 1.26 3.64 443 249 0.26 86  1.20  0.12  2.00 454 167 -11  0.26 2.78
4 359038 1.64 2.20 433 441 263 0.34 134 127  0.08 1.5 457 119 -16  0.38  4.94
5 359590 1.70 1.96 3.62 362 213 0.35 115 145  0.29 171 440 118 -78  0.25  3.58
6 353530 1.62 1.71 3.51 452 216 0.33 105 1.39  0.22  1.90 452 137 0 0.23  3.10
7 359115 1.78 1.22 3.31 458 186 0.27 68 164  0.29 224 458 136 0 0.14  2.00
§ 358417 2,93 1.20 5.02 459 172 0.19 41 238  0.11  3.57 455 150 4 0.55 2.54
9 3544.30 2.13 2.80 4.53 456 212 0.38 131 2.00  0.21  1.84 450 92 6 0.14 528
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Fig. 4  Pyrolysis curves of pre- and post-extraction shale samples
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Fig. 5 Virtual pyrolysis curves of oil in shale samples
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Table 4 Virtual pyrolysis parameters of oil in shale samples from well F184 in the Dongying Sag
e RG] H i /m Sl (mg/e) S, J(mglg) (S+S,)  /(mg/g) Pr, (51/5,) pren 70C,, /% 0sl . /(mg/g)

1 3462. 83 0. 89 1.45 2.34 0.38 0. 61 0.17 528
2 3 466. 47 1.36 1.68 3.04 0. 45 0.81 0.33 417
3 3567.95 1.12 1. 66 2.78 0. 40 0. 68 0.26 430
4 3590. 38 2.11 2.83 4.94 0.43 0.75 0.38 560
5 3595.90 1. 67 1.91 3.58 0.47 0.87 0.25 679
6 3535.30 1.50 1. 60 3.10 0.48 0.94 0.23 644
7 3591. 15 0.91 1.09 2.00 0. 46 0. 84 0.14 655
8 3584.17 1. 06 1.48 2.54 0.42 0.72 0.55 194
9 3544.30 2.58 2.70 5.28 0.49 0.96 0.14 1885

FLAR 2 A PR I 26 00 S, TS AR S, SUAIR S BCRA BER 09 PHIECRT OSIHE, TR, U N

T, 5% T 4 CRLERZ R SR S R 5 b B2 sl ) 11 AR 23 i
DU T 5 TOC B 2 (H (ATOC=TOC-TOC OME  JRUUEFE HABE 1 OSHEF PHE.. 1% T 204 Bl

NI TOCSH(TOC,,,) F184ITUAT I ol AR E AR 0, SR 2 LS 2 14 P,

A BRI PHE(PL,,) 3550 OSIE(0SL,.,) , P S,/S,F1OSHERY S5

{EH 0. 38 ~ 0. 49, ¥4 0. 44, 0SI{H 4 194 ~ 1 885 mg/g, AR HT 5 VUE Y T, B 3R O : OFh )5

FEIE N 666 mg/g(F4) . AR, th TGhE 7, BB, 15 SRR, AT, R ARTE L -4 ~
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PG ATV TR
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HE5ERN0.99 % ~14.91 %, FWENT. 17T %, T
Bakken Bt T B R EE & 5 0 1. 93 % ~ 12.59 %, V-1
{H 5 5.37 % ; " Bakken Bt ML E R IBEL S W H , N
24.28 ~61.65 %, - HJ{H 1 39. 89 %. |- Bakken BZ T
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FEA ML B R T R i 7o, s ik 2,
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FEOR A FREFIM P A T Bakken B GUA 1Y PI
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B2, BT F T Bakken B VU . | F Bakken B %
() PI{E 4 0. 03 ~ 0. 33, F¥{E 0. 13, 3F H LA &
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Bakken BE 95 A LT B, BA OSIA PLI &5 LT, FEAR Y
A Ak, I3 H 0SI. PI A T, B A T [F) B9 725 1k
(P 6f—h) . FRIHAEXT & A LT 0T T AR B i 1)
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b5 o
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8 v (& 6d) , & A ML 0L A N 5 HAT 7= g
DR I 17 DA AT ML 0T 5 R 6 A a2 A OSTE D 00
WO AR AT B . 0STS TOC X R E Bl TOC A%
T a2 Be iy OSIH 290 65 mg/g, 1% Fa i BE U A b
PR T s, B AR S 08 DA AT s R B AR T
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Fig. 6  Plots showing the geochemical parameter anomalies of shales in the Bakken Formation in well Braaflat 11-11H in the Sanish oilfield,
Williston Basin (data sourced from Jarvie et al'’)
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Fig. 7 Plots showing the geochemical parameter anomalies of shales in the lower submember of the 3" member of the Shahejie Formation in

well BYPS in the Bonan Sub-sag, Jiyang Depression
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5545 3%

F B TOC AT B I 398 ) R 34, ¢ BH G 40
A 55 2 TGS B TR REOR 1 LT L 2 YA A BT T
FH G ER Ay IR GE B AL A XS A ML U,
FOR XA A LT DU B 8 = 1 OSHE (K] Ta) |
S R I PHE (B 7)) F S 8 AR 7, B (B 7e) o AR
A, TOC KT 3 %l VUAFE ORIz B TUA 1 0k,
AR AR B TTA G OSTXEAR, I HoRf TOC 2R AL i AE
E /N e TR BUE R B OSTF¥{E R 48 mgl/g.
MS, 5 T0C X F MR, K& TOC M, S, Sk -1
3 (E 7d) , 5 TOC PR b HA T4 04 5 ik S mT
ST ST, BEZR DU Y E DR . R, K
AEXT AL B TOCHE S AR XA E B OSHEF TAF iz o8
Bl sl o AR i D = B U ]
B OSHE R BRI IZIET 50 me/g. MEUE L T145E
A OSTAT S SRR H 70 ~ 100 mg/g .

MITHM T, 5 PIEFR (K Te) \PTS 0SI X &
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Fig. 8 Plots showing the geochemical parameter anomalies of shales in the upper submember of the 4" member of the Shahejie Formation in

well FYP1 in the Boxing Sub-sag, Jiyang Depression
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Fig. 9 Plots showing the geochemical parameter anomalies of shales in the upper submember of the 4" member of the Shahejie Formation in

well N55-X4 in the Niuzhuang Sub-sag, Jiyang Depression
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