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Fig. 1 Sedimentary environment and well location map of Longmaxi For-

mation in Sichuan Basin and surrounding areas
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Table I TOC, R, and mineral composition of shale samples of Longmaxi Formation

REEE  T0C%  R% VYL % Rt VXS R %
AE HKE $KE RE AnA BT vy Haey #RRE e kA

WA-3 254 258 24.7 0.4 2.5 143 141 29 40.7 0.4 50 39 11
NA-8 2.39 269 250 0.5 2.8 9.7 2.4 2.0 53.5 4.1 35 43 22
NA-13 356 323 439 0.2 2.0 112 153 2.8 24.4 0.2 0 92 8
JYB-26 294 310 361 1.6 53 3.7 7.0 25 433 0.5 33 53 14
JYB-30 2.42 3.33 29.9 3.0 8.2 5.3 5.9 2.9 44.1 0.7 39 48 13
JYB-49 3.05 3.02 31.1 0.9 3.5 6.4 12.2 3.0 41.9 1.0 30 53 17
JYC-19 5.79 2.64 66.3 1.3 3.1 2.2 4.0 2.9 20.2 0 41 57 2
JYC-20 330 270 282 3.5 12.0 3.7 9.3 2.3 40.3 0.8 35 57 8
JYc-21 340 260 447 1.6 45 2.0 9.3 4.2 33.7 0 37 58 5
JYC-30 070 246 14.0 1.9 5.7 48 506 3.6 18.5 0.9 25 69 6
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Fig.2  Microscopic pore structure characteristics of Longmaxi shale (SEM photo)
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Fig.3 Schematic diagram of nuclear magnetic resonance cryoporometry

(cited from reference [ 19],modified)
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Fig.4 Nuclear magnetic resonance 7, spectrum curve of shale samples

2.2 JETHMEERILRM LIS M

R I AR A [0] st B o 1) 7, T AR 28 X (5) #%
AL B AR . TEA ST , p, = 10 pm/s,
F,o= 2, BOHRT DUAR 9 A L AR i 25 R T S AL AR
Gy o TR R A B Y DU RE S FLAR A0 AR
WME S LB R, WA-3FE 5 1 FLA3E 5 i 5
F17E 2~100 nm F110.5~2 wm (& 5a),2~100 nm fL4%
AFLBR B KT 0.5~2 pm FLAE R FLIR AR . NA-8

FESRIFLAR A S TP AE 2~100 nm #10.3~5 pm([&]5b),
HHPFLAETE 2~100 nm Z [A] A FLBRECR KT 0.3~5 pm
LR LB R . FESY NA-13 . JYC-19 i1 JYC-30
1 FLAE 23 ) T 4 P AE 2~400 nm , 2~250 nm Fl 2~
80 nm I Bl N (E 5¢—5e) . FEM TYC-21 BYFLIZ 311
FEHPTE 2~200 nm Al 1~5 wm B (& 5) , HpfLAEE
[l 2~200 nm AYFLBR BRI 2 TFLE R 1~5 pm 19
FLBR%

KEBOGUEFE R A FLAR T E A AE 1~100 nm

~ 005 - 0.08 =~ 004
ﬁ ——NMR ﬁ —— NMR ﬁ ¢ —— NMR
= L — = —— & | =
Bl 0.04 ] NMRC Bl o006} ‘L NMRC Bl oo 4“ NMRC
il e \ e \
= E = £ [l &= |
KT {(\ﬂw?ﬂ 0.04 | \H {@w?ﬂ 0.02 F
i 3 e ! P
Dexil =] g \‘ | g ‘ |
B 2 i EE 1
=4 =4 0.02 | | =4 0.01 \‘
& & - &
— — P |
Mo Mo 0 Mo 0
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
FLiEMmm LA /m FLiE/mm
(a) WA-3FE (b) NA-8EE (c) NA-13EEN
<~ 003 - 0.03 ~  004r
i{," ——NMR ﬁ"g —— NMR ﬁ"g ——NMR
= ”
B H —e— NMRC Q _ —e— NMRC Q o . —— NMRC
BT 0021 T ‘ =g 0021 ]8T Il
Tt | 0 . g |t
ks “ | ‘ A T 0.02 +
W ¢ \\ My Ty © +
BE AL BE = \|
g 001 _#“,Y‘ \ g5 oor g3 1
= | o4 =4 :
= = He
= & =
o | = | Sk §
= 0 L L [ 0 L L = 0 L
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
A2/nm A2/nm A2 /nm
LA/ FLiZ) L

(d) JYC—19FEfh
5 BT

(e) JYC-30KE

(0) JYC21KEHh
KBTS FLE S T 2k

Fig.5 Pore size distribution curve of shale samples based on NMR experiments



202

Z 6], 7 [6) Y B R i B A [R] R, 2 0 e A
[F] A FLAR A A R o AR b DU R i FL AR o3 A it
LG ALIR T35 M & B B 1) — Bk . HE
WA-3 F1 NA-8 1Y FLAE 73 A1 i 2 EA B0 1Y XU
fiE (&l 5a,5b) , HAS 1AW (I 5 T 55 24U, 136
HH K 20 FL R 43 A5 22 565 1 A4 DR JIr X 7 A9 FL A% X
(B PN, 5 4% 4 IR T, 3% ih 28 R fiF oA R — B0
(Kl 4a,4b) o FEGTYC-21 FIFLAR i ith £kt 2 AT XL
WERFAE , I H AL BRI 32 2250 A 7655 1 W4 i 0 i
AIFLAR X Y . FE S NA-13 F1 JYC-30 19 FLA2
A7 [ 2 P0G RRAE B 2 (18] Se,5e) , FLBR K 2 4 7
FLAR /T 500 nm (785 Bl Y, 2~5 wm FLAR X [E] (4 1
LA N O, (IR BE S AR AR /DN AT S 80 W
(R AE R AIE | X S5 A R LR T, 3% il 258 2 NI (E
A5 5 3 B A O (& 4e,4d) o TTFES JYC-19 4L
T2y A il 2 2 0 BRE RRAE (1] 5d) , FLAR S P o AR
£ 2~250 nm Y [, FLAR 53 A M 28 S5 A% AL IR 7,15 ih
ZEFFIE A — (B 46) .
2.3 HET B ER L fLAE 0 A

i o 28 3 (9) AR A% G L PR R il ik (NMRC) 1Y
MRS R LA A, S5 R a8 5 iy il
LT o %M LR VR AL T3S B A [F] DU R
i LA A A S B B 3 1 22 Sk, BB [R] L
FEM LB R B AR RGR AR it . FEA NA-8.,
NA-13 F1JYC-21 By FLAE 253 AR 7E 2~20 nm i1 [l
W, HARRKTF 20 nm B FLBECRE K . TUAAE
WA-3JYC-19F1]Y C-30[FLIE F B AR TE2~100 nm
JEHEIN . FEM WA-3F1TYC-19 iFLIR i th £k i 3
AR R, X A FLAEYE L5351 3~8 nm  11~18 nm
H130~60 nm, 55 3 14 % e {1 A v, 0 LU AR 93, 100
AH 320 AL AR 00 L BOG) LB R A s ik e K R
JYC=30 By FLAR 5 A R LA 4 WERRAIE , 43 391 XTIz A £L
VU 3~6 nm, 10~20 nm 30~60 nm 1 100~200 nm,
S5 LRIEE 3 I 2w , O HLB A 9, s
FLBRRE 3228 X P AR B A FLBR BTk

2.4 BRI I 2
241 NMRFINMRCILEARDFHILL

K6 J /R T B TR 3R (5] 6a) FIAZ G LR UK
ik (P ob) 2 RS 067 kA5 21 1 BUEAFE il AN R FL A
HFLATR P AL o P T 45 R A8 s < ALK

WA AT 2024 4F 4529 45 452 H

FUEZEl P L3R, O 2 AL, AL 3R A i FL A
R /N o B I B 6 I 0 A% o R v 72 33 )
oL AR AL B LR TR 1) o7 68.1% 1 84.3% , % L 4%
BB FLAR TS 90 5 29.8% F1 13.9% , 1 FL A AL Y L
PRBU 50 2.19% F11.8% ., K% L3R R il 5 L
R 3 PR 045 B FL AR 43 A5 A LE , LT & B 4]
o, AL B, BEFLIEA A S o A% R LR U il ik
XiF 2~100 nm LA AL R 43413 2] o 75 5 10k 240
WERAE B R o Q0PRSS , NMR FLAR o A it e L A%
2~100 nm 785 B 4 2 A S8 8L, 1] NMRC FLA 531 i
RN 2 WY DRI, ks 220 O LA TR A
WL T IUA FLBR S H B B i AR B

242 NMRILZRDMHTINRE

(D)z3

5% X g R A DUA 2 FA R F N2
X A% T A5 2R g s ), 6 B J Y C-21.JYC-30
PR G, R ] — A i 3 ) o A 2 L2 BRSP4 T
JEEPAARERRE . B 7 AR IR S50 AT B 1 4
A FERFLA A B2k, B fLAR o A B IR
ARARL, 27 A PR (] 7a) o X FAREAMERSD  TEM R FLAR
T, 3 H TR URRR R T AT T2 B
S FUARBYE. FEMIRFLAE T, EH TR AR R
FALBRARRE R TP TR B S (K 7h) .

TUAH TR K & 15 7KF M) 28 3
PR 25 5 KB I AT U )2 55 R R 2~
3B AR AR, 1 )2y
[i] A AT B 45 20 8 WO AR, TR R ) TR AR 1 K, 3K
e )27 7 ) A LT A T 2 B 5 1) R R B
AL B BRI R

(2)H FniEfA

SRR AS [R] 8 T AT A% 0 R S 56 45 SR 1
SER S O T i 43 0 AT A ROK MR IE =
ot 2 PR AR HEA T S50, (8] 8 b DU A i A RIS W] 3t
AT LR A it Ze o AR FK 54 A E -+ =
Jot JIT A5 1) 1) FLAR o A Hh 2 e R 0 {0 % Bz 19 FLAR R
FOME] , FLA2/NTF 100 nm () #h T2 S AL, FLAR K
F 100 nm J5 00 F1IE 1 —Be B RE S G FLAR B B iR
AR RN 7K B % B O v o PR (IE T+ ) AR 5
HEABEIFLB , (4500 2t 1) 7 FL A FLAR ARG o, v
PRI AR RN AR 1S 2] 1 BRRFLIR B A A Y . Fw
FUAZ W T4 B2 AR HEAT 5 FL PR 45 8 7 R AR,
TRL I B8 7K X FAE 25 3R 119 52 il AH XT3 /N o



Eaaggsr . LT RRGHR AR I TUA FLBRSE: H B 1 203

- e - 0.01
0007 ——— #fl2.1% + 1L68.1% : Ffl298% —> K—— TiL843% —— > #L13.9% >
0006 i — i | ALL8% — i
- i ] i OWA-3 DONA-8 [INA-13 ooost /[ O WA-3
— 000sF i E oJyc-19 OJyc-21 OJYC-30 . [ NA-13
m?ﬂ i [ e 0,006 0 Iyc-21
E o004f ! : = * O NA-8
= i i g L
& oot : | = _ = O re=19
= i L i % 0004 ] [ 0 JYC-30
= oo} ! ] -
1 by Mo — I
! 1 0.002 | -
=====cis) alzi=1= =
v 0‘.5_. l.ll ' 1.3 1.5 1.7 19 3 5 7 9 20 40 60 80 100 300 500 700 900 1000 0 2 3 45 6 7 8 9 10 20 3040 5060 70 80 9’(;00200
LR mm LA Mmm
(a) “HHUAZREHAR (NMR) (b) BRI (NMRC)
E6 NEHEMILESHEAE
Fig.6 Histograms of pore size distribution of shale samples
0.010 0.015 —
—— JYC-21 (FFT) —— JYC-21 (FAT)
—— JYC-21 (FEH) —— JYC-21 (3EH)
0,008 | JYC-30 (F47) 0.012 JYC-30 (FAT)
£ —— JYC-30 () = —— JYC-30 (T H)
kel =
=oE 0006 £ 0009 -
2o g
22 0004 = 0.006 [-
s >
= £ &
= Bk
= 0002 | 0.003 |-
- 0 - i AT B AT TTT B S AT T R ST TTT] R
0.1 1 10 100 1000 10 000 0.1 1 10 100 1000 10 000
fLi%/m fLi%/mm
(a) FLAR 3 AT ZR (b) SRBHLIATRINZL

7 EEMTTEEEHERERILESHRERILER L

Fig.7 Pore size distribution and cumulative pore volume curves of shale plunger samples being perpendicular and parallel to lamellation
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Quantitative characterization of shale pore structure

based on nuclear magnetic resonance
WANG Xingmeng', XIONG Liang?, ZHAO Yong', JIANG Zhenxue®,
SHI Hongliang?, DONG Xiaoxia'
1. Exploration and Development Research Institute of Southwest Oil & Gas Branch, SINOPEC; 2. Southwest Oil & Gas Branch, SINOPEC;
3. Unconventional Oil and Gas Science and Technology Research Institute, China University of Petroleum(Betjing)
Abstract: Nuclear magnetic resonance (NMR) and nuclear magnetic resonance cryoporometry (NMRC) experiments are
carried out to quantitatively characterize the pore structure of shale gas reservoirs of Longmaxi Formation in southeast
Sichuan Basin. The results show that: (1) Four types of pore are developed in the shale of the study area: organic matter
pores, intra—granular pores, intergranular pores and micro—fractures. The pore size distribution of the shale is widely
distributed, and the pore size is mainly between 1 and 100 nm. The reservoir space is dominated by mesopores, accounting
for 76.2%, followed by macropores, accounting for 21.9%, and micropores contribute the least, accounting for only 2.0%.
(2) The pore size distribution characteristics revealed by NMRC are more accurate, especially for the pore characterization
in the range of 2-100 nm, which is more advantageous for the pore characterization of shale reservoirs with strong
heterogeneity. (3) NMR characterization of reservoir pore size distribution is affected by many factors. The development
of shale lamellation and the properties of saturated fluid will affect the NMR experiment, and then affect the
characterization results of pore size distribution. The characterization of pore size distribution by NMRC method is
affected by the K, value of probe liquid and the size of the sample. It is necessary to calibrate the K, value of probe
liquid reasonably and select a suitable sample size to obtain reliable characterization results. The research results have
reference and guiding significance for pore structure characterization of shale reservoir.
Key words: shale; pore structure; nuclear magnetic resonance; nuclear magnetic resonance cryoporometry; Longmaxi
Formation; Sichuan Basin
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