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Fig. 1 Distribution of sedimentary systems of the second member of Oligocene Dongying Formation (E;d,) and Cenozoic comprehensive stratigraphic

column in southern Bozhong Sag.
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Fig. 2 Sedimentary characteristics of the sublacustrine fans of the lower section of E;d, (E,d,") in Well A3, southern Bozhong Sag
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Fig. 4 Microscopic characteristics of reservoir space of the E;d,' sublacustrine fan sandstone in southern Bozhong Sag
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Fig. 5 Porosity—permeability crossplots of sandstone reservoirs of the E;d,' sublacustrine fans in southern Bozhong Sag
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Fig. 6 Diagenetic evolution and influence on sandstone reservoir of the E,d,! sublacustrine fan in southern Bozhong Sag
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Fig. 7 Burial history, thermal evolution history and hydrocarbon generation history of E3d2l in southern Bozhong Sag
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Fig. 8 Microscopic characteristics of diagenesis in the sandstone reservoir of the E;d,' sublacustrine fan in southern Bozhong Sag
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Fig. 10 Variation of interval transit time in mudstone with depth in Well A2 and pressure evolution history of E;d,! in Well A3, southern Bozhong Sag
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Table 1 Quantitative calculation formulas for porosity evolution of sandstone reservoirs of the E;d,' sublacustrine fan in southern Bozhong Sag
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Table 2 Parameters of sandstone reservoirs of the E;d,' sublacustrine fan in southern Bozhong Sag
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Table 3 Parameters of porosity evolution of sandstone reservoirs of the E;d,' sublacustrine fan in southern Bozhong Sag

LBEREASE FLERE/% [ZEL5R/%] FLEEASH FLBREE/% [254b3/%] || FLBREILSE  FLBREE/% [4e4b%/%]
T IE IR FLIS L 30.05 i SR 15.36 [-51.11] AL 9.55[31.78]
JEIZAL 13.64 [-45.39] SRt I R AR FLBSUEE 1.05 e s 2 i AL 7.12 [-23.69]
FES2 R RIAA LB 16.41 T R 48 U AL 8.24 [-27.42] LA FLBREE 10.60

VAT« e S AL AR, 45 70 B SRR e A
A AL

(2) 4 A AL

TENEASVE i FE i, A J2 DL A L] AL A= AL
B BRIV S5 ) AN BRI S ) SE R TR I R & 4
PR AL B R B T A IR A & . W

A b A A 2 2 TR AR S IS5 E T Z 5 R R A 1
FLBREE (@,) , Fp s AR AL T o5 4l LB . T
i EWORSE (3R 2) , MR R 1 AHDC A A HEAR 21
JIE 8 0D 5 )2 48 e SEAE 5 I 45 4 T 22 0 P e
MIFLBREE A 1.05% , e 25V FH AL 0 15.36% , K4
VEFISALF A 51.11% (%K 3) .



12 i Em S &

BEAN 3 T R A R A P 8 A, AR
e (SRR N (S N O = E NI B = 1) i
SEVE T B ask B3 4 kg 5300 e 45 A D R e 30 Jee 45
Mo RS TRl EYRy e . Haf
UL AR5 (5 IR ES ) & 51 25.76% , R
S5 0E DAL il 8.24% ; W WA e 245 1) = BEAL 5 2K 1
AT T AT R e A B 0 A DR A A R
FH W, 5 RSP T4.24% , W 15 45V AL
BHNT712%(3%3),

(3) ¥ A E AL

FERIRVERT , DRI B3 D 6 2 N I 45
S ) UKL & A T R AR LB, T8 2 AL

B RE S0 o S ok T 88 1) U A LR R R R
AL UKL N LA B o T2 O S 5 (R
2)  MRAE R 1 AH G TR B IS I fitt )2 VS e 4
LN 9.55% , G L3 31.78% (3K 3) .

4.2 2 fLBEAEESX

F R T B T AR T BT JEE o it = A SR
R T — RIDICAE A o @ 7 i 4R
T B B 2 SR AU SR S S
A, BRIt )= FLBR AL i 7 (B 6) , 4l e
AR LB R E BT RS R (3R3) T
filt ZFLBR A £ E AR (B 1) o

E11 BHhMEESE-TRARBUEEELRESSELKER

Fig. 11 Comprehensive evolution model of reservoir space of the E,d,' sublacustrine fan sandstone in southern Bozhong Sag

RN BOW R B b i IR LB EE & 5 AR
AL B (6, K 11) : Q% B /KT 40 m (1)
RACGHIIA TR IR v, 4332 v 85 i e 140 0 )1 o it )22
WIUAFLBRE 4 30.05% . @ AA A W], it PLd 3
S I) G 8 i S22 22 D7 1 e e SEAE LB B 4 2K B
B QFBUAE B, fEP R SLE H Z A0, F

W T A AR UL 8.24% , i) 2 £L
BB — 20N . @ s A R BRI S
HEAARBUA Y B, R0 5 I b AR 01 T 16.8 Ma &
B W 7R MUSBRAE T KA PLEREA
it 2, T TR R ER IS 25 0 R AT 5 T A5 e g ke
TR FL R 9.55% . FEBLBY Bt PN (5% 13 Ma) 3L



XU« ol e I 6 e AR T BB Bt S 4 o PR 2R B AL B e F T AL 13

TR 2 700 m, G202 15 SR 32 362 57 i e
BT HCA B B A IR, G Bt i 2 FLBRURE K
F17.72% , I d 78 1 U . G ECE AL 7
S R SAE I Z A0, TR A ST i KR
TG S T B i 0 A A5 B T e ) A SR A Tk
SERETURES Y, Fn D K A LB . Z 5
F H W IHEAER CO, 20 T3 &, b JZ2 /K pH (3 K, 5%
75 A i B P ) RS FR A, M2 K RS Ca®t  Fe? A
Mg 5 UL FLEREE v = 5 79 CO, 45 A LT A A A
AE R RGN A A T A SRR R R
S50 5 Y 2 A5 1] S e A R A UL N 7.12%
ZE I (RR2E 12.7 Ma) fift 2 ¥R IR IR 5] 4 500 m, )%
S A S L B R /N 32 10.60%

5 #& &

CL) Il HP IR g AR 28— B 7 10 G B b i
JZ )2 LTSS T IO (8] 35 1AL AL P L 27 IR
AEFLBR N o IR B 2 MR | SR A TR
TLIE M T 2 B AR R 5 35552 1) T S A P A B
PR AE AV R il 2 LR R A 2 2 3R 5 2R el
He o S e B LR, B A o i 2= e v £
P AELDR S5 g B ST 1) B, PR AL e A
A BR A HLUTUBE R A A ML P2 T AL o 1A
JEG B 2 F) O B

(2) AR =1 Bl i bl 0 ff = A Ll A v
LT IRSEAE R A VR RIAA HLIR I AR A
Ak OSCE B BE AT FOSCE AR S R
LUIROSRS T ¥ 7RI SR MDY e = Pap el ¥
— A AR SRR ER R A iR - A R A
I P A AR S0 - A AR R A1 B R A -
A SR TR - A LR DA A SES- IR Bk B 2 A A
BT A 4

(3) AR T B i bl £L B s fE £ 22y e
A S PR e S AL Rl B Y PR o T S LA
W A5 DAL, PO A, 393 s S AL R e A P 4
AL, PR A, 39 S DAL R GG S0 2 DAL 452 4 B
Beo Horr, sl A IR I SO 46 FEEE I H A FLERE
BERT 17.72% AW R 45 1 Tk FL I 2. o

2 %

[1] XUE Yongan, WANG Deying. Formation conditions and explo-

ration direction of large natural gas reservoirs in the oil-prone

(6]

Bohai Bay Basin, East China [J]. Petroleum exploration and
development, 2020, 47(2): 280-291.
XURR, AR, 50, S5 oy [ AR F i AT B A 4 A ¢ X
B R HT B 2 T (0] o M B S AR, 2022, 24(5):
871-893.
LIU Zhen, ZHU Maolin, LI Jin, et al. Analysis of new fields for
oil and gas exploration in mature exploration areas of continen-
tal rifted basins in eastern China[J]. Journal of palaeogeogra-
phy, 2022, 24(5): 871-893.
B, IEGHE, B, 55 i R AR R — IR R
Joi 5 i S AR BRSO B 2 AR DR E S e [T ], A
. 2022, 43(1): 112-140.
CAO Yingchang, YUAN Guanghui, YANG Haijun, et al. Cur-
rent situation of oil and gas exploration and research progress
of the origin of high—quality reservoirs in deep—ultra—deep
clastic reservoirs of petroliferous basins[J]. Acta petrolei sini-
ca, 2022, 43(1): 112-140.
ZHANG Qin, WU Xinsong, RADWAN A E, et al. Diagenesis
of continental tight sandstone and its control on reservoir quali-
ty: a case study of the Quan 3 member of the Cretaceous Quan-
tou Formation, Fuxin uplift, Songliao Basin[J]. Marine and pe-
troleum geology, 2022, 145: 105883.
P /N, KL, e R, 45 s T 19-6 f4) 3 A [
DCIR)Z AL ARk 0 B it 2 1 PR B LAk [ ). Bk
2%, 2023, 48(11): 4153-4174.
PANG Xiaojun, DU Xiaofeng, WANG Guanmin, et al. Genetic
mechanism and pore evolution of high—quality glutenite reser-
voirs of deep Kongdian Formation in BZ19-6, Bohai Sea[J].
Earth science, 2023, 48(11): 4153-4174.
KRA K L, QIU Longwei, YANG Yonggiang, et al. Sedimento-
logical and diagenetic impacts on sublacustrine fan sandy con-
glomerates reservoir quality: an example of the Paleogene Sha-
hejie Formation in the Dongying Depression, Bohai Bay Basin
(East China)[ J]. Sedimentary geology, 2022, 427: 106047.
MA Benben, CAO Yingchang, Eriksson K A, et al. Burial evo-
lution of evaporites with implications for sublacustrine fan res-
ervoir quality: a case study from the Eocene Es4x interval,
Dongying Depression, Bohai Bay Basin, China[J]. Marine and
petroleum geology, 2016, 76: 98-114.
TAYLOR T R, GILES M R, HATHON L A, et al. Sandstone
diagenesis and reservoir quality prediction: models, myths,
and reality[J ]. AAPG bulletin, 2010, 94(8): 1093-1132.
CUI Xinying, RADWAN A E. Coupling relationship between
current in—situ stress and natural fractures of continental tight
sandstone oil reservoirs [ J ]. Interpretation, 2022, 10(3): SF9-
SF21.
WANG Jingyi, JIANG Fujie, HU Qinhong, et al. A quantita-
tive model and controlling factors of secondary pore develop-
ment for tight sandstone reservoirs in the Carboniferous

Benxi Formation, Ordos Basin, China[J]. Marine and petro-



14

i Em S &

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

leum geology, 2023, 148: 106034.

NIEGEL S, FRANZ M. Depositional and diagenetic controls
on porosity evolution in sandstone reservoirs of the Stuttgart
Formation (North German Basin)[J]. Marine and petroleum
geology, 2023, 151: 106157.

BRI, M3, sk, S5 il b T EE AR = B A UL
B K it 22 R A AR AE [T ], PYZ AR A4 (A AR
i), 2022, 37(5): 21-28.

JIA Haisong, YANG Hongfei, ZHANG Wen, et al. Sedimenta-
ry mode and reservoir distribution characteristics of Ed3 sub-
lacustrine fan in Liaozhong Zhongwa of Bohai Sea[J]. Jour-
nal of Xi’an Shiyou University (natural science), 2022, 37(5):
21-28.

YU Yixin, ZHOU Xinhuai, XU Changgui, et al. Architecture
and evolution of the Cenozoic offshore Bohai Bay Basin, East-
ern China[J]. Journal of Asian earth sciences, 2020, 192:
104272.

SUN Hefeng, LIU Lifang, JIANG Xue, et al. Distribution
characteristics and its controlling factor of lacustrine high—
quality source rocks in the Bozhong Sag, Bohai Bay Basin
[J]. Petroleum research, 2019, 4(3): 227-237.

LIU Puyu, GONG Chenglin, GEARON J H, et al. Increased
sediment connectivity between deltas and deep—water fans in
closed lake basins: a case study from Bozhong Sag, Bohai
Bay Basin, China [J]. Sedimentary geology, 2024, 460:
106561.

AR M, XU bR, e, I A M AR A
FEURE HU R 2P R IE S 2R [T ] A 2A i, 2022, 43
(11): 1568-1584.

LI Guoxiong, LIU Chenglin, WANG Feilong, et al. Geochemi-
cal characteristics and hydrocarbon generation mode of
source rocks of Dongying Formation in Bozhong Sag, Bohai
Bay Basin[J]. Acta petrolei sinica, 2022, 43(11): 1568-1584.
XU Changgui, HUANG Lu, SONG Zhangqgiang, et al. Se-
quence stratigraphy of the lacustrine rift basin in the Paleo-
gene system of the Bohai Sea area: architecture mode, deposi-
tion filling pattern, and response to tectonic rifting processes
[rl. Interpretation, 2020, 8(2): SF57 - SF79.

DODD T J H, MCCARTHY D J, CLARKE S M. Clastic injec-
tites, internal structures and flow regime during injection: the
Sea Lion Injectite System, North Falkland Basin [J]. Sedi-
mentology, 2020, 67(2): 1014-1044.

GARZANTI E. Petrographic classification of sand and sand-
stone[J]. Earth—science reviews, 2019, 192: 545-563.
AKINLOTAN O O, HATTER S J. Depositional controls on
diagenetic evolution of the Lower Cretaceous Wealden Sand-
stones (Wessex Basin, southeast England)[ ] ]. Marine and pe-
troleum geology, 2022, 146: 105948.

ALTI A, GABR M, HASHEM M, et al. Sandstone reservoir
quality in light of depositional and diagenetic processes of
the Messinian Qawasim Formation, onshore Nile Delta, Egypt
[J7]. Journal of Asian earth sciences, 2022, 223: 104992.
TR R, BV, 55 AL W M L R R
FLBRE AL S A AL B 23 BT [ ] b2 2%, 2021, 28(1):

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

190-201.

ZHANG Qin, ZHU Xiaomin, MAO Ling, et al. Pore evolution
and genesis of secondary pores in the Paleogene Dainan For-
mation, Jinhu Sag, Subei Basin[J]. Earth science frontiers,
2021, 28(1): 190-201.

MORAD S, AL-RAMANDA K, KETZER ] M, et al. The im-
pact of diagenesis on the heterogeneity of sandstone reser-
voirs: a review of the role of depositional facies and sequence
stratigraphy[ﬂ. AAPG bulletin, 2010, 94(8): 1267-1309.
B, 248, 0255, 45 BRI =M N S 8o mh s
it 2 5 I D A Bt J2 2 1 R R - L9 AR TP R A
G SBOAMIL) ], A =4, 2019, 40(3): 279-294.

CUI Mingming, LI Jinbu, WANG Zongxiu, et al. Characteris-
tics of tight sand reservoir and controlling factors of high—
quality reservoir at braided delta front: a case from Member 8
of Shihezi Formation in Southwestern Sulige Gas Field [J].
Acta petrolei sinica, 2019, 40(3): 279-294.

[ RV R 522 D2 . R 5 B BER 43 SY/T 5477—
2003[S]. dtxat: il Tollh ik, 2003.

National Economic and Trade Commission. The division of
diagenetic stages in clastic rocks: SY/T 5477-2003 [S]. Bei-
jing: Petroleum Industry Press, 2003.

EIE, RAEL KB T, A SRME MG v i 2 = B
b J= AL B AL B [T ] A 2441, 2020, 41(6):
671-690.

WANG Tong, ZHU Xiaomin, ZHANG Zili, et al. Quantitative
pore evolution model of sandstone reservoirs for Member 3 of
Shahejie Formation in the northern subsag of Laizhouwan Sag
[J]. Acta petrolei sinica, 2020, 41(6): 671-690.

LUO Chengfei, CHEN Xiaojun, SHI Zhiqiang, et al. Effects
of precipitation and dissolution of carbonate cements on the
quality of deeply buried high—temperature and overpressured
clastic reservoirs: XD 10 block, Yinggehai Basin, South Chi-
na Sea [J].
105591.
BN, W I, R IIK, 45 BlRE I8 B 0 A0 B W s 2 it
JZE R B KR i V2 B AL A BH 380 B R 8 TR oty i
ZONBILI]. AIhAFEAR, 2018, 39(7): 727-743.

CAO Yingchang, YANG Tian, SONG Mingshui, et al. Charac-

teristics of low—permeability clastic reservoirs and genesis of

Marine and petroleum geology, 2022, 139:

relatively high—quality reservoirs in the continental rift lake
basin: a case study of Paleogene in the Dongying Sag, Jiyang
Depression[ J ]. Acta petrolei sinica, 2018, 39(7): 727-743.
i, WISCHT, B A, A R A 22 R I S R
T I ZR: LAY NES 7% F S P 10 R 2 A LT ]
AR, 2016, 37(11): 1381-1393.

KANG Xun, HU Wenxuan, CAO Jian, et al. Relationship be-
tween hydrocarbon bearing fluid and the differential corro-
sion of potash feldspar and albite: a case study of Baikouquan
Formation in Aihu Oilfield, Junggar Basin[J]. Acta petrolei
sinica, 2016, 37(11): 1381-1393.

PU Xiugang, ZHAO Xianzheng, WANG Jiahao, et al. Reser-
voirs properties of slump—type sub-lacustrine fans and their

main control factors in first member of Paleogene Shahejie



XGRS - 3P T R AR T Bt I b it 2 4 o DR 2 AL

Formation in Binhai area, Bohai Bay Basin, ChinalJ]. Petro-

leum exploration and development, 2020, 47(5): 977-989.

7 2

e AL 15

sults mean [J]. Journal of sedimentary research, 1995, 65

(2a): 369-379.

[31] TRASK P D. Recent marine sediments: a symposium [ M ]. [34] LUNDEGARD P D. Sandstone porosity loss: a "big picture"
Tulsa: American Association of Petroleum Geologists, 1939. view of the importance of compaction[J]. Journal of sedimen-
[32] BEARD D C, WEYL P K. Influence of texture on porosity tary petrology, 1992, 62(2): 250-260.
and permeability of unconsolidated sand[J]. AAPG bulletin, [35] HOUSEKNECHT D W. Assessing the relative importance of
1973, 57(2): 349-369. compaction processes and cementation to reduction of porosi-
[33] EHRENBERG S N. Measuring sandstone compaction from ty in sandstones[ J]. AAPG bulletin, 1987, 71(6): 633-642.
modal analyses of thin sections: how to do it and what the re-
B E R
Control factors and quantitative pore evolution
of sublacustrine fan reservoirs in lower section of the second member
of Oligocene Dongying Formation in southern Bozhong Sag
LIU Puyu'?, GONG Chenglin'?, PENG Yang'?, HUANG Xiaobo?,
WANG Qiming®, LI Dongwei"?, WANG Haiyi'?
1. National Key Laboratory of Petroleum Resources and Engineering;
2. College of Geosciences, China University of Petroleum (Beijing);
3. Bohai Oilfield Research Institute, Tianjin Branch of China National Offshore Ol Corporation Lid
Abstract: High—quality lacustrine source rock and extensive sublacustrine fans are developed in deep—lacustrine

depositional environment in lower section of the second member of Oligocene Dongying Formation (E,d,") in southern
Bozhong Sag, providing an exploration realm of lithological reservoirs. However, the generally poor porosity and
permeability of the deep reservoirs severely hampered the progress for oil and gas exploration and development. Thus,
there is an urgent need to elucidate the key factors and the pore evolutionary processes controlling the sandstone reservoir
quality of the sublacustrine fans. Based on comprehensive analysis of drilling and logging data, rock grain—size, thin
sections, scanning electron microscopy, and fluid inclusions, this study has successfully identified the key factors
controlling reservoir quality, and established quantitative models of pore evolution. The results show that: The
sublacustrine fan reservoir of the E.d,' is characterized by predominantly medium—fine grained lithic feldspathic quartz
sandstone with mainly dissolution pores. The favorable sedimentary units such as lobe axis and distributary channels in
sublacustrine fan are the basis for the formation of high—quality reservoirs. Persistent compaction and early / late
cementation are the main causes of continuous porosity loss. Organic acid dissolution and abnormally high pressure are
the key factors for improving reservoir quality. The sublacustrine fan sandstone undergoes four stages during the burial
process: rapid compaction in the early diagenesis A phase, rapid compaction and early cementation in the early diagenesis
B phase, slow compaction and organic acid dissolution in the middle diagenesis A1 phase, and slow compaction and late
cementation in the middle diagenesis A2 phase. During these phases the compaction and early cementation reduce
porosity by 13.64% and 8.24% respectively, and organic acid dissolution increases porosity by 9.55%. In particular, the
late cementation after the oil and gas accumulation results in a severe porosity decrease of 7.12%. This study will provide
a theoretical basis for the oil and gas exploration and development of sublacustrine fan reservoirs in the deep—lacustrine
basin of the Bohai Sea.

Key words: sublacustrine fan sandstone; diagenesis; controlling factors of reservoir; quantitative pore evolution; Oligo-
cene; southern Bozhong Sag
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