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Fig. 1 Tectonic location and units of Subei Basin (modified from Zhang et al. , 2014; Liu Jingshou et al. , 2018;
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Fig. 2 Core photos and thin section images of various lithogies of the Second Member of

the Paleogene Funing Formation in Subei Basin
(a) JRBATUH,Ji-19 JF,3865.28 m; (b) KRBT, Ji-19 JF,3865. 28 m; (¢) KB = HIRA,Ji-19 JF,3903.22 m; (d) KA
=, 11 19 ,3826.22 m; () Vs , K B MBS () Jeh , KRB MREE; (g) KEVE,Ji-19 H,3825. 15 m; (h) UBRIESE, @U:'EE/EJ\\
ORI G F ER AURCAA B, B0 5 (i) SUZIRIE S, BUZ PR BT IS BTRUR RIBR FR £ URLAG I, IESOOL; (j) KB O = B b BT

%,Ji—19 I,3878.19 m; (k) KBE T BPFIEH , BOG, Ji-19 HF,3878. 25 m; (1) KRGS AN R, E306,Ji-19 JF,
3878.25 m; (m) KRG LTI, Ji-19 IF,3879. 5 m; (n) KBGLUZRE TR i BB 2 A7 450 TTREUZ IR, Ji- 19 JF,3879.
5 m; (o) KBODSUZREAFIEE , BT BRI H 24 4 nT A BEUZAR, Ji-19 H,3879.5 m

(a) grayish black shale, the Well Ji-=19, 3865.28 m; (b) grayish black shale, the Well Ji=19, 3865.28 m; (c) gray black dolomitic mudstone,
the Well Ji-19, 3903.22; (d) gray mudstone, the Well Ji-19, 3826.22 m; (e) gray mudstone with micro-fracture; (f) mudstone with micro-
fracture; (g) gray mudstone, the Well Ji-=19, 3825. 15 m; (h) laminated mudstone, and the lamina are characterized by argillaceous, felsic and
carbonate, plane polarized light; (i) laminated mudstone, and the lamina are characterized by argillaceous, felsic and carbonate, cross polarized
light; (j) grayish black dolomitic and silty mudstone, the Well Ji=19, 3878. 19 m; (k) grayish black dolomitic and silty mudstone, plane polarized
light, the Well Ji—19, 3878. 25 m; (1) grayish black dolomitic and silty mudstone, cross polarized light, the Well Ji-19, 3878.25 m; (m)
grayish black dolomitic mudstone, the Well Ji-19, 3879.5 m; (n) grayish black laminated dolomitic mudstone,silts and microcrystalline dolomite
can form lamina, the Well Ji-=19, 3879.5 m; (o) grayish black lamina dolomitic mudstone, silts and microcrystalline dolomite have no laminated

structure,, the Well Ji=19, 3879.5 m
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FAE (¥ ¥ ¥ %, 2013; Zhao Xianzheng et al. (1981)%'JFHXTJ¢W?E7EME&“HH Hed R B 9%
2019) . {HAZ 2 530 b7 B i ECER: R BAS 1) BRI ﬁ# Ay % B AR I 2 A i Ze i vy TR IR E PR
i FEZEM TOC B TARE B MELIIF I, A 551, Passey 55 (1990) 4 H 1 75 I B 22 il
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Fig. 3 Porosity—permeability crossplot, NMR T, spectrum and SEM images of various pore spaces

of the Second Member of the Funing Formation in Subei Basin

(a) FRAbAEH LR BT H BB (b) BBEIHR T, 1% (o) MORDRLE] L ; (d) R ABURLA OB OB A AL (o) B L0 9 b i)

L5 () ZRE AL (2) AHLBAL; (h) B4

a) Ccross ot o orosity an ermeabilit H nuclear magnetic resonance S| ectrum; ¢ ) 1nterparticle ore ; mtragranular pores forme
plot of porosity and p bility; (b) nucl gneti T, sp interparticle p d) intragranular pores formed by

dissolution of feldspar particles; (e) intercrystalline pores of clay minerals; (f) intercrystalline pores of pyrite; (g) organic matter pores; (h)

microfracture
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Fig. 4 Oil-bearing property of various pore spaces of the Second Member of the Paleogene Funing Formation in Subei Basin
(a) ¥ A AT YER ST, WAV, & E —42448%,1i-19 3 ,3828. 5 m; (b) § Y006 10 5% 43 B0 B 0O L RRAE , a #LIR9EE
B 5 (¢) > T REIRER 0™ (Ve ) S Js it Ax AT LS B, R T R4 0i- 19 I, 3847 mis (d) Bl IR S B IR €.
O, A HLBTNTRTO L S HOIR ¢ MIBETOEIRA 5 (o) ASERASFIHUMG , AV B, KT — 4 M38E  Ji-19 HF,3833 m; (£) AL

JRPECLEBERUR , HOREE N 2 5 i, K R (O, e UIEO LI

(a) quartz, dolomite mineral particles are scattered distributed, and containing bioclasts, there is a microfracture, the Well Ji-=19, 3825.5 m; (b)

the edges of particle emit blue fluorescences, the same filed view of a under ultraviolet (UV) light; (c¢) the composition is dominantly detrital clay

(mudrocks) , microcrystalline calcite, and the organic matters are scattered distributed, there is a microfracture, the Well Ji-=19, 3847 m; (d) the

detrital clay emit scattered blue fluorescences, and there are scattered blue fluorescences in organic matters, the same filed view of ¢ under ultraviolet

(UV) light; (e) the quartz and feldspare as well as the organic matters are scattered distributed, and there is a micro-fracture, the Well Ji-19,

3833 m; (f) there are scattered blue fluorescences in organic matters, the edges of the microfractures are fluorescent ( dark blue), he same filed

view of e under ultraviolet (UV) light
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Fig. 5 Crossplot diagram of K element of natural gamma

ray spectrum and the measured TOC
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2012;Lai Jin et al. , 2019) . Schlumberger B {H#% 7
I DSI Fl Baker Hughes [ Z 1 + 75 % XMAC ¥ 7]
FHTF R o] A B[R] B AT SRk sl AR O i
M QA A IS OR AR HZ R T
i KI /K 0 7 (BE BT 42,2012 Lai Jin et al.
2017 ;Igbal et al. , 2018)

ARG I DSI 4 B M2 4% 1] R R R B
L & O 5N Y A I 0l o N o A (SR N
et T A R AE AR —1d PG 7 1], A L 3 2R 75 ] 7K P o
RER S Tim (K 6)
3 BT

20 fit2 60 AR, Jpi HIE T I e 51, 6
X R AR 2 RS T OO R Ak,
Yk Eh PER L) S KT Y M2 DA Ok (v
W5, 2013) o GnA S g T AR R R A ke BT e L
LR A0S T2 AR HOR I D BUR I TUCE I
B R AR T K ) 2 H bR (fF AR5, 2019)
B B 0 72 DA R AR 5 S R B8 i W A 4
ARGE TR ER B R 1 < TP OC R WF 5T
e ) LR DG FR ISR TR I R R BBURE SC I - T
PEAME S, SR AL RIS B PP T B
MHTEREHE R R, B UK E SRR S
AT PRS2 B SR A% 55 22 R
PR, g7 2 BORGES (27 91 1 At
T AR IAE R A R LR R 4GS
PROT (FEAR S, 2019) o HIHERE K 23 7% K 5/ 11
BT RO A TUA I 174 IF (E L%, 2015) (56
IRZ W A M IE R A 7 BETUA MY IR 96 JF (1115
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85,2016) LA K v NES SR 23 3 25 30 [T 56 DUk 21 1T A 7
T 1 JF:( Wang Song et al. , 2021) %,

CERRETIE B W S SCRD S A S — T
AT AL BG4 | ]I SR 45 7 81 L fid 2
FIBRFT I, ST T 5 85 S A B AR 42, WA wf i
SR B L (R e R AE | I S 14 B - e R
AR BRAE I 48 5 R ik AT, ke IR S ]
SRR R | TR I PR AN 5 T R
R AR, F AT 4R R LA BRI B R TS
R =B VAL TAE(E S B4 ,2015) . ARSCE
ZEATRFE, BSEBE T s E Wbk i | et E
P VR R R MY T A e S Ji- 19 JRERAE
THAL(E6),

BRAE I 9T 3 B RS W S Y
SRR, B B T 1) U8 1 B R U e 8
NSy A BRI S AR A LB A
1K (3% ~4%) ,MFH3E TOC(1. 5% ~2. 5% ) Fllfa
FEEIHAR (<40%) AR T 25 M HoAth 75 1 1
il o T\ S5 B LA T AR L P08 RN PO g e B Ay i
T2 0 UL AN g e BEL 23R 0 R AE 0 3153 A
ST TOC 4% | S0 A5 G FL B RE A g, TR
FAGEE R B LT, L BRI 5 G 5 R AR
BAZE(E6), il HriliFFF i+ Bt Ay i
Ml s Stk s 8 kTR, P mminD &
L BHZ B M IR A 2, AN = | rh—m s B, L
TR L BB 5 B 43 SRR R 1 J2 B, WAt 4R )2
RHEZE AR BN RE(F6), Bk
L Ji-19 BV ) 45 1] S PR R AR AR, T LR
52| I G o N Y VA 9 [ i 3 O N i S P (E DS
RLGEI AR —RE P I 2 (& 6)

4 “ =T PESY
4.1 =Z@REHERIRE

BEXF A HLI0 A« = R YR AL R TR
W RPEANY A2 S SRR TR B . Hob R
PR S SR 7 6 TR A5 IX A 2 o SR 7 0 P i
DX, TR il J5 6 by T R A DX (AR S KA, 2019)
T M /1 | B U KW 71 9 E el ERT D
R A 1t B0 i A PR TR <R A A A
(IEMRARAE 2014 ; FEHR 2455, 2019; 22665, 2019
i EE 20205 F/NEESE 2019, [E ST H45,2021)
4.1.1 RBEESR

SRR S O EEARIT LR R k&
TR R . IR S TTPCE T A & R

PR TR AP R Al (AT RS, 2016) , Ahdbddiit
BTBRFEAAYURER Gy, DL T RUA T A A PLRR
h AL ERE &, W TOC TR AT LUE H R
B TOC JEAERK T 1%, i P AR 4 U5 A 0 S hm it
PR IX B B TE A R 4o 3 A A o i
RIRAH TOC S8 KT 2%, W5 R TOC &
1% ~2% , 214 TOC /N 1%,
4.1.2 fEEmMRA

(DTN A M= SN 7/ NS Y S U ey
WE” (TP 05 A5, 2017) o AR SCHE R il )2 AL B
SEFYRREAE R AFSE X B B UUA R A S ny 5
SO SHCHE MO TUE AR R A S T Y . BT
JONNSLE W E 1 R T 1 31 o R N =
ZFLBREE AR TS A h 4 S LS8 REILR T, 1%
DL AR AT B AR FL S0 BV SR ALK 0 R ) 5 i
JEEAIR) 43 A P02 (£ 1) (Liu Xiaoping et al. |
2020) . [Fl A A% H i 00 - AT B AR A AL R RS L R
S K FE SE S 80 (Lai Jin et al., 2020; Wang
Guiwen et al. , 2020) , K AT F 228850 43

Horb 12X A 2 LR EE > 4% , 838 R R T
0.02x107 pwm® , A%t FL B e i AT 36 6%  FEAE—3E
()L T FLBR , 5553 & B RLIRIFL AN 44, | A nT it
U REK AR A AT EAR(<75%) (% 1),

11 265} 6 2 LR 2% ~ 4% , 35 %R 0. 002 %
107 um®~0.02x107° wm®, HAF 0 9 i A FL A
TORLIS T FLIE B0 52 2 AL B 45 A R AE , i ] L 2 22
T AR Bk il =2 KA 1
2 A TR 32 S THOY B AS R RN B IR FLBR . A%
WAL IR BE RT3k 5% LA b, BA v 45 o Sl K i B
(%£1),

I 28 3= 2 ol A LT AL RE P i £ L LA SO ] LA
B, FLBREE R 52 4, X Ny i 2 AL 1% ~ 2% , 1B 35
#0.0001x107° um?~0.01x107° wm?, 5848 7K 4 %
Be(#1),

VXt B FLBREE < 1% , 1B 1% % <0. 0001 x107°
pm® , FLERZER B A UL, BAR A PLTALEE R

F1ALBMHERE_BHEELRBRS
Table 1 Reservoir type classification of the Second Member

of the Funing Formation in Subei Basin

it 2 25 [ES |ES 2k \ES

FLEREE (%) >4 4-~2 2~1 <1
BIBER (%10 um?)  |>0.02(0. 02~0. 0020. 0001 ~0. 01|<0. 0001

WA KM BVI(%)| <75 | 75~80 >80 >80
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RH BHEE R, FEOLILBR A R B A 5
SR AR R, ME LR A RS2 (R 1)
4.1.3 IERRA

B 0 i 1 e o = X S Ve LA S LR
SR IR (ALY 5, 2017) TR AL T B
A0 B PR 2 0 b | TR S (RS
/NG, 2019) TR S XA T MR B B PE 55
SRIZEC(RHESE,2018) o BT IAR &, Ji-19 Hi koK
SF- 32 N F1 0 ) 3 SRy A AR —a P ] A A i

RBOEAIRK T 40% , B RN M T8 B mr . MR
PERSEOR T A TR A AT 4028, Hop T 8 TR
TS X P B> 60% , 125 T REE S X et T
40% ~60% , 2N ffgtEFe E0N T 409% 2B
4.2 BEF“=FRR"MHIEMR

VUM I X B W TR A X PR S,
& TR S X (Avanzini et al. , 2016; 7K % € 4%,
2019) , HA T = T PR R AR TR A
o 7 R e DX A 2 O I B DX, TR
JO R T A28 A5 X (Zhao Xianzheng et al. , 2019)
Xt BAH DA AR A RN I 7, 40P R A N TR A
AP e A B (A 45, 2020) , FE LA BBk
F B ERAE T ST R SR b X TR X A B
I, B AT SR = B P DL R AR =
w0 IR S IHERT SR F X L ( Kumar et al. |
2018) ,

PRUR A BT 5 AlgR 21 E SR B fE 5%
TFEIEZPEM TOC, It 3 4R TR IR A B /8 9%
PS5 DX (BRI 6 & 2019 1 4484 2019 15 81
BAE 2020) , fiF 2 50 PR A% O N % S 8
FGORALBRZE S, AT AR FE R0 L Bt 5 00 R A2 i
PRI T, 1A b E Wb o D () 4484 2019,
ZERIGAE, 2019 PB4 4F 1 2020) o AR BT E 13
W, I TFFEH 75 9 0 LA K i M 4y HeAE 25 (O R
PRI ) T A W 45 55, TR FE AR A 51
T B SR 7 4% 1) S PR RRAE (RS A ek
IR F2 8 177 18 ) BB B E TR X, N R
KA PR BB R S FF (Igbal et al. , 20185 F /)
ZELE 2019141855 2019, 22564 2019 {48
4 2020) ,

AR E BRI B R TOC, 23 T+
10 - BFFIR IR A S R0 5 R0 4, v LUR 3, 0
VR B A T IR T LRI RIG B T
W SERAE IR S (& 7) o 3l A LR
DL R ARG R T, SEARAE B T I AE AR 2 By 2 58

Xof IO R U A0 L A s [ e L A 5 )
BREAER T, 3% 5 2 R B e B4 . It
A1, 15 53 P B 51 3R I FH: ( M2R1—M2Rx & 51
) ARSI B 54, BIVRTER f B R 24
W3 5 A 2R B 2 (181 7) o SR DN R A
O T AR R 4y, A R AR S R B
AR N P FR B R 2 B (B 7)

O e IIE =170 S R 51 I a3 D=l O
ARG AW F TR TR MR B 2B (o & 4%,
2020; 14545, 2020) , 3 R fif )2 5 BRD TORE i 5
FERBAY , e R0 1 Ji 10 FF B 3 ANFH 5 (B Fi
TRERH AR KB B, BN AERE T ER
W PUSRUERT Bl i B (| 7)o pPiik i
Py PE A T RREH A B S PR ORI A d e, B
TR BRI IE = /NE A, H R 1223
m®, I 123,52 m UESE T = 5 R A 25 S ) o
Bt 7)o BIaE AR B R T ST SR
= Syt 710 il O N B RS R R TNl O &2 S
b I =5 T R o3 P A T R A ik D) S ]
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5 4

AL R B T BeA Y BRI B AT
o ORI TV | = B sOB b BT e 4 45 , il 4R 25 1]
AL FERL AL JIURE 7 AL | b TR FL A AL ST FL DA R s 24
8 DG F A [R] A A [] FL AR L R 5 3
BIReht . IR T, 1% 53 A0 AR BN Btk | B
R B RIS . UL R 2R LU/ N AR XS
HESEFLER A 8] 3 A BB KAL) L4,
T ph £ b 01 5 230 = Ay (>60 APL) | &+
(>15%) ERE 25 (>250 ws/m) ARBE (<2. 55
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FAlgR #5371 TOC M AR 25 LRI B — Brfz
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Fig. 7 Three property division of the Well Ji-10 of the Second Member of Paleogene Funing Formation in Subei Basin
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to Analyze the Geochemical Characteristics. Well Logging

Well logging evaluation of seven kinds of relationships and three types
of properties of Paleogene Funing Formation oil shales in Subei Basin

LAI Jin""? | FAN Xuechun"?* | LI Yuhang” , ZHAO Xin” , LIU Shichen"? , LIU Xiaoping'’ ,
LI Dong” , PANG Xiaojiao” , LI Hongbin® | LUO Yufeng”
1) State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum ( Beijing) , Beijing, 102249;
2) College of Geosciences, China University of Petroleum ( Beijing) , Beijing, 102249,
3) Research Institute of Petroleum Exploration Development, PetroChina Zhejiang Oilfield Company, Hangzhou, 310023

Abstract: The interrelation between “seven kinds of relationships” and the characteristics of “three types of
properties” of the Second Member of the Funing Formation in the Subei Basin ( northern Jiangsu Basin) are
investigated by integrating cores, thin sections, scanning electron microscope (SEM) and other petrophysical
experiments, combined with conventional logs, image logs, and Nuclear Magnetic Resonance ( NMR) logging
data. The results reveal that the main storage spaces developed in the shale reservoirs of the Second Member of the
Funing Formation, which are mainly oil-bearing, are intergranular pores, intragranular solution pores, intercrystal
pores, organic matter pores and micro-fractures. Based on the physical parameters and pore spaces, the
classification criteria for the quality of reservoir are established. The value of irreducible water saturation increases
from type I to type IV. Tt is concluded that the source rock of the Second Member of the Funing Formation, which
TOC is basically greater than 1%, has good organic matter types. A well-log-based TOC calculation model is
established based on natural gamma spectroscopy log data (K) and AlgR method, the classification of source rock
quality is achieved based on TOC. The direction of in-situ stress is mainly NE—SW, and the brittle index of the
Second Member of the Funing Formation is basically greater than 40% , which means it can be easily fractured. The
engineering quality is divided according to the brittle index. On the basis of the research on interrelation between
“Seven Relationships”, by considering the reservoir quality, source rock quality and engineering quality, the
“sweet spot” of a single well is selected. It is concluded that the sweet spots are mainly distributed in the Nibozi,
Qijianfeng, Sijianfeng, Shangshanzi and Zhongshanzi sections, which is consistent with the oil test data. The
results can provide theoretical guidance and technical support for well log evaluation and sweet spot prediction of oil
shales.

Keywords: shale oil; seven kinds of relationships; three types of properties; well log evaluation; Funing
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