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Abstract: The microscopic pore structure of organic-rich shale is an important factor affecting the enrichment of shale gas, but
the characteristics of pore structure change during thermal evolution are not clear. which is difficult for the current research.
Taking the low-mature oil shale samples of the Middle Permian Lucaogou Formation in the Santanghu Basin, Xinjiang as an ex-
ample, a high-temperature and high-pressure semi-closed pyrolysis experiment was carried out, and the thermal simulation
samples at various temperature stages were extracted, using low-temperature adsorption technique to characterize the pore
structure of the un-extracted and extracted sample and to reveal the pore evolution characteristics of the low mature to over ma-
ture shale samples. The results show that in the low-mature to mature stage, the content of mesopores decreases with the in-
crease of thermal simulation temperature, and the micropore content decreases first and then rises. High pressure and residual
oil/bitumen have certain inhibitory effect for all pores. While at the high maturity stage, the pore content increases significant-
ly, and the micropore and mesopore are generated in the residual bitumen. It indicates that temperature and pressure conditions
have important influence on pore structure in thermal simulation experiments. The thermal evolution of organic matter and its
evolution products are closely related to the evolution trend of shale pores.
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Table 1 The basic geochemical data of the sample from the Santanghu Basin

5 TOC(%) R, (%) T ax (T S1(mg/g) S (mg/g) S;(mg/g) HI(mg/g TOO OI(mg/g TOC)
WA 10.67 0.52 436 0.57 53.08 4.84 497 45




55 3 4] OB TR TR LB AL S 8 ) DT L B AL R 985

77 KA EE R 5 A 8] s g T A U B R AR
A e W T 52 356 U 12— 4 Al e by W B B 7 0 °C R oK
IR A W) ORI A5 4 TR T AN TR ) R /9 — AR Ak
W BfE i AR AE DEFT 338 A P 52 56 00 2K 1 1 R 540
TR T AL fi B3 1E (Zhang et al..2017) Ho/,
CO, W B 52 50 FAE AL L N, W B 5236 3= R AE 1L
FER 5y KAL.H/ RAL I FLAR BUAR 4 Gurvich 2233t
B/ RALAUAAR TR = A AR O T R B A i 4k T
1) Fe KW B CERAE R em® /@) X AR HER O N AR
JECRRAL R g/1) /77 K I WA % B (B Ry g/ 1),
th/RAL R B BET J7 B F 5 5L i FLAR R
51 ZF | A DR (Dubinin-Radushkevich) ¥ i 32
ik GEAR 45, 2015).

2 LR 58

2.1 BHREMEUIALBRESTHEIE

ATAHEZE £ B, FLBR 3 K £ 2 5 & A PR
T2 I A AL B AT O (W et al.,2015; B |
G5, 2017) AEAR A L A B B, A 1 T 6 AL B Y
KEH — & WK 24176 (35555, 2014 ; Zargari
et al.,2015) , M 7E & b LA BT B, DU Hfof £L Bt Y
FRAE O KW /AL E 1 5T R (Chen and
Xia0,2014 ;Loucks and Reed, 2014).
2.1.1 BHREXF=YXIBEEETNRL AR
S0 4 3k TR 34 AT DA AL 5T T Ak kL BR 6 A 7 A
R R B ZE R FE 320 CHE.E L IHA
Wi 7™ 425350 “C I, i 7 & 38 B o K1{E ;380 °C
IF X6 I8 R 7 I B B 5420 °C IF, 77 i B R 0D
I 243 R 450 “C I, FEAR A 0 A A%

&1 FIE 2 43 5 k2 DET %0 4b 345 31 1) o
FL KL B AL FLAR A3 AR X L Forp dV/dW LA
BEFL AR A5, V O  mm® /) AL IR B, W
(AR nm) Ry FLAR AR 40 [ B 20K 55 07 F Ak 27 3K 6
2 (TUPAC) X LB R /NBY 4325, FLAE /N T 2 nm 1Y
FR R AL FLAR K T 50 nm BIFR Jy KL FLERFE2~
50 nm Z [B) B R R A AL (R AL . 5 S B HlL S 4%
PF R VR B AR A 2SR PRORE AL 5 3 3 R T
R A 7 A T AR 7R A AE (2014) X AL
2 Jof A PR ADL S 50 AR 7 W) i F ST R W - AE 320 °C
B, T AR 32 2 R AR BRRAE . AR B CO, 1 3 7E L
Wy BE e 22 A ML I 16 1) U 7 % Ak 70 % B B il 4R
S A R AL B, i R /U AR IR TR
o RALCE D) 5 6] B oLt 28 b 48 5 o 15 (I

2) , R WY v R ER A AL 3 2E T .350 C
IF 7 R A s B BE A AR A2 AL 320 TC i
AL i R/ W S T AR A LB Y A AL T Y
T EE B 2 380 °C I, it Kt A B, 8 doe BRIl R By
Bol 2 ANWrA U5 A2 8 B U0 Ak s o i B A
TR A0 77 45 (R A AR L 2017) L R L 7E L B B
Wi K 2SR a R L AR T b A Gl R
S A LR L FL (Loucks and Reed, 2014) 1 £ %%
SEAECIEL D L B /W0 5 IR o R AL 3R ZE AR
M8 2) S Eh 5 b R AL R 3 .

M 320~380 “C FAAEE UL S 56 B i 1Y FL AR 20 A
OLAT LA Hh L 78 s PRl 1 IR B R B B, A
rh i LB By Bl B /T s T AR LA A L
fL(Loucks and Reed, 2014 )12 9% 3% € , 7 1L B Bt
UAE B 5 19 R0 A B I B 5 A X il 2 1 34
A —E R R, W AL R F A
R A A H.

212 AHRBEULFONALELZ R

WL A A B8 0 T S LB R LA A A
FH s BTS2 g0 0ok A% v s R By 52 e 7 9 46 B B ALK
FRURT bG 2 T BRI AR 52 °F B i 3 (3% 2) (HAE A LT #A
AL R b, R e 0 A W S 8T ) 3 U
LTI R WS 7St P = SR IN iR K iar 7/ L iRV = E &}
— & B FL B (Chen and Xiao, 2014; Tang et al.,
2015) . I YR AL 52 56 9 Gk B 380 °C I, X B BT
o AT A0 I B B B I B R A R R HE L A T
H P fLiE 0 (Katz and Arango,2018;Mastalerz
et al.,2018) , flAL b F T AR T 5 Sz Bt 1 Gl fL ik i 1
IR 2)  FRWITE LB B, A7 BB i Ak 77 W % LB
MR E A —E e V.

e T B, T g 0 B R 7 i
B AT, T 90 7 O o ) [ 44 90 9 | A 9T #% b (Katz
and Arango,2018).420 ‘CH}, FRIIF E VT Y
AL HREE BT g 2 05 L B R R RE (R 3D,
X5 A T BRI ] LR B LA —E 1R
% (Loucks and Reed, 2014), & H et B 7EF
O30 A L B AR I A A BIL . 2 AR DL B SR
F| 450 C I, R i 1] SRR L™ A0 F L R AL
FLABURIRLAL e 3% 1w AR 48 K 3 n (3R 2), W 7E
e 2 A B B LT A L i R 2 T, IR IR R
BAH—E®MHFL(Chen and Xiao,2014) . b # &
Tk s R R BRI RS S K SR
P10 RN T R 2 7 A K AU R AT R
Wi AR O B AT LA 0 ™ A AR R A FL B



986 HERBLY:  http://www.earth-science.net 44

@ -0=P(E)

dV/dW(mm®/g-nm)

1000

0.081 -=-350°C

ﬁ -8-350°C(E)

dV/dW(mm’/g-nm)

1000
W (nm)

dV/dW(mm’/g-nm)

dV/dW(mm’/g-nm)

0.101 —+-320°C
-9-320°C(E)
0.08}
0.06L ,,M.'@;@'
e 14 ¥
sy Y
0.04F 1% ¢ e
s % A
TR ) . ¢
0.02p ¢ % -
oLA ‘ ‘ ‘
1 10 100 1000
W (nm)
0.5¢ —4-380°C
-4-380 °C(E)

1 10 100 1000
W (nm)

BT B AR AR A R RAL AL AR 20 A X HE R 2 2 A B BEAE i)

Fig.1 The pore size distribution comparisons of the mesopore and macropore of the sample after the extraction (low to mature

stages)
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Fig.2 The pore size distribution comparisons of the micropore of the sample after the extraction (low to mature stages)
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Table 2 Shale pore volume and specific surface area of thermal simulation experiment

R CCH J s B il (P 320 350 380 420 450
R ALFLAR B CR IR (m? /) 0.015 1 0.007 6 0.006 1 0.004 7 0.004 4 0.009 2
o RAL R T A CRAMD) (m? /@) 1.542 8 0.519 7 0.548 5 0.644 8 0.601 1 1.454 4
TFLFLAR B CR ) (em® /@) 2.475 5 1.323 3 1.026 0 2.373 9 2.469 5 3.876 7
L e R T A CR A4 (m? /g) 11.31 6.04 4.69 10.84 11.28 17.71
o KLU Gl ) (m® /) 0.011 4 0.010 6 0.008 5 0.005 9 0.002 7 0.007 8
o KAL EE T A (D (m? /) 1.191 6 0.907 1 0.711 6 1.076 7 0.498 1 1.154 0
FLFLAR Bl ) (em® /@) 2.389 2 2.909 2 1.5715 2.944 9 1.853 8 3.442°5
L H R AL G R ) (m? /) 10.91 13.29 7.18 13.45 8.47 15.72

101 —420°C 16 450 °C
- 420°C(E) -—-450°C(E)

~ g ) _

g /7 by § 12}

T SN o

<\ £

£ /XX 0\ X £ 8t

s 4 X x5 g .

g 5 *,'* k\: - * § 4+

3 b3 :
0 x..X N | . 0 + N N " Gl
0.3 0.5 0.7 0.9 1.1 0.3 0.5 0.7 0.9 1.1
W (nm) W (nm)
B3 o AR B RE A 4R AT S AL FL AR o A X

Fig.3 The pore size distribution comparisons of the micropore of the sample before and after the extraction in high and over

mature stages
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Fig.4 The pore size distribution comparisons of the mesopore and macropore of the sample before and after the extraction in

high and over mature stages
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Fig.5 Mesopore and macropore pore volume (a) and micropore special surface area (b) changes with pyrolysis temperature

(extracted and un-extracted)
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Fig.6 Mesopore and macropore pore size distribution tested by nitrogen adsorption method (un-extracted)
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Fig.7 Mesopore and macropore pore size distribution tested by nitrogen adsorption method (extracted)
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Fig.8 Microporous pore size distribution of carbon dioxide adsorption method (un-extracted)
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Fig.9 Microporous pore size distribution of carbon dioxide adsorption method (extracted)
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