$30%5 Ea B VN N S R G Vol.30, No.4
202347 H Petroleum Geology and Recovery Efficiency Jul.2023

SIAAET: AR, MG, XX, 45 . GUEHM )2 GIOULFL B 45 A4 0 AiE B AL B A4l (9], il SO B 5 2Rl %, 2023 ,30(4) < 46-
54.

WANG Jichao, CUI Pengxing, LIU Shuangshuang, et al. Microscopic pore structure characteristics and pore fluid division of shale
oil reservoirs[J]. Petroleum Geology and Recovery Efficiency,2023,30(4): 46-54.

UL i = UL FL PR S5 A AR A FLBR A A X 47

YRR M XN, A WL R 2%
(1. B8 KA T (FE P B IR ST AL BEPE PE42 7100755 2. P9 26 A M ASE Al TSR, BEPE PH*4C 710065)

E U E ML A S B B R FLBR R AR . B X TSR R 2 b aE K 41K 7 Be iU R AR R IR S R
H B0 5 AL B I RIS A UMK 43 1 3 20U h 2 AL BRI AR I T, 5t B st () BRI, O B RAE T B AR DU 1Y LR
OMRRIE . BTSSRI, AR DA FLBREE M AT K400 T, IR 2, HE iz A9-F- 4 FLBR AR A AR A7 AR O/, 1, 1
AN 28 T 09 0T Sl PR R (520500 0 1,10, 1.24 711,92 ms, AR R AR R 4304 0.20,0.30 F10.54 ms., 1 ZETUA Ay ]
FRARIRAT T LR K T 24.8 nm A KFLER , S BIHR FIEE A7 30.5% ; AN 1] R AR IR AR TFLAR /D T 4.5 nm A9 TRFLEBR , 349460
R 35.3%, M 2ETTA T shii R AT T LA KT 41.9 nm B9 K LR, FH 100 AE R 26.6% ; A 1T % AR AT TFLAE /N T
10.3 nm L /NFLBR , IR Ry 40.7% . T 285U 1] Sh AR IRAE T AL KT 93.6 nm 19 KFLER P EIMRAIE N 17.2%; K
AR AR I AE TALAR /N T 26.3 nm 9 /AL, SEE5 10 I EE 3K 50.1%.

SRR : TUA LIRS s AL LR MRS AR 5 Hp 2

XERES:1009-9603 (2023 )04-0046-09 DOI: 10.13673/j.pgre.202108045

FE %S TEI22.2 XERFRIRAG : A

Microscopic pore structure characteristics and pore fluid
division of shale oil reservoirs
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(1. Shaanxi Yanchang Petroleum (Group) Co., Ltd., Xi’ an City, Shaanxi Province, 710075, China; 2. College of Petroleum
Engineering, Xi’ an Shiyou University, Xi’ an City, Shaanxi Province, 710065, China)

Abstract: The complex pore structures of shales lead to a variety of pore fluid types. Taking the shales of Chang 7 Member of Yan-
chang Formation in Ordos Basin as the research object, the low-field nuclear magnetic resonance (NMR) technology was adopted,
and the 7, relaxation time limits of multiple types of pore fluid in three types of shales were identified by combining centrifugal test
with heat treatment test. The full pore size distribution characteristics of the target shales were quantitatively characterized. The re-
sults show that the pore structures of the target shals can be divided into three types: I , I, and Il , and their corresponding aver-
age pore radii and fluid accumulations decrease successively. The cutoff values of movable fluid in the three types of shale are 1.1,
1.24, and 1.92 ms, respectively, while those of non-recoverable fluid are 0.2, 0.3, and 0.54 ms, respectively. The movable fluid in
type I shale occurs in medium and large pores with a diameter of larger than 24.8 nm, and the average saturation is 30.5%; the
non-recoverable fluid occurs in micropores with a diameter of less than 4.5 nm, and the average saturation is 35.3%. The movable
fluid in type I shale occurs in large pores with a diameter of larger than 41.9 nm, and the average saturation is 26.6%; the non-re-
coverable fluid occurs in micro and small pores with a diameter of less than 10.3 nm, and the average saturation is 40.7%. The mov-
able fluid in type Il shale occurs in large pores with a diameter of larger than 93.6 nm, and the average saturation is 17.2%; the non-
recoverable fluid occurs in medium and small pores with a diameter of less than 26.3 nm, and the average saturation reaches 50.1%.
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Tablel Basic parameters and mineral compositions of shales with three types of pore structures

B, BB WM 8 R EE N R
fxem TN SRy qlpuges mEEmD G ARG BKG RG Baf BEew U
1 1.66 14.6 0.165 18.9 7.7 46.3 104 73 6.0 34
2 2.33 9.3 0.146 343 14.4 31.2 8.2 2.2 33 6.4
R 3 3.02 16.2 0.112 14.4 4.8 47.5 21.6 6.6 34 1.7
[ 4 1.22 14.5 0.182 27.4 6.0 37.4 14.3 4.3 32 7.4
5 2.46 9.5 0.100 419 14.2 29.0 4.8 3.2 4.8 2.2
S 2.14 12.8 0.141 27.4 9.4 38.3 11.9 4.7 4.1 4.2
6 1.95 12.1 0.029 39.0 19.1 17.3 0 11.3 13.3 0
7 2.74 15.2 0.048 9.5 0.5 4.9 0 81.1 4.0 0
% 8 3.07 10.4 0.027 18.7 18.6 27.2 26.2 3.8 2.8 29
9 2.14 14.6 0.042 26.8 4.8 46.8 0 18.9 2.8 0
10 3.26 13.1 0.045 243 14.9 25.7 17.4 8.0 6.4 34
SEI{E 2.63 13.1 0.038 23.7 11.6 24.4 8.7 24.6 5.8 1.2
11 3.76 6.3 0.008 26.1 11.6 393 2.2 7.4 8.6 4.7
12 2.28 5.7 0.009 16.6 59 452 10.3 8.0 11.5 24
2% 13 4.16 5.0 0.012 22.5 17.5 40.9 0 52 6.5 7.3
14 2.83 52 0.009 18.2 13.7 44.1 1.8 6.7 9.0 6.5
15 3.59 4.4 0.003 31.5 2.7 27.8 15.6 4.4 13.7 4.4
SEI(E 3.32 53 0.008 23.0 10.3 39.5 6.0 6.3 9.9 5.1
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Fig.1 T, spectrum distribution of shales with three
types of pore structures
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Fig.2 T, spectrum distribution of shales with three types of
pore structures under different centrifugal forces
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Fig.4 T, spectrum changes of shales with three types of pore
structures after heat treatment at different temperatures
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Table2 NMR parameters of shales with three types of pore structures
FLEREE A B2 T, # ik ff/ms R RE% Pl 280 wTEkALR AFEREIKAL
, 15 = 4
gy T Tyer WEK Bk ATRHDK (mems) FRUamo 42 ERUnm
1 1.22 0.23 28.4 33.2 38.4 243 29.6 5.6
2 0.87 0.14 36.8 32.6 30.6 26.8 233 3.8
R 3 1.36 0.28 253 38.2 36.5 18.6 253 5.2
1%
4 0.95 0.20 31.6 34.0 34.4 20.5 19.5 4.1
5 1.08 0.16 30.4 32.8 36.8 24.6 26.6 3.9
T 1.10 0.20 30.5 342 353 23.0 24.8 4.5
1.22 0.28 30.8 32.1 37.1 26.5 323 7.4
7 1.46 0.32 24.4 35.0 40.6 38.1 55.6 12.2
% 8 1.04 0.24 28.3 329 38.8 31.2 32.4 7.5
9 0.95 0.26 26.8 30.9 423 28.8 27.4 7.5
10 1.52 0.42 22.6 32.8 44.6 40.6 61.7 17.1
SFI{H 1.24 0.30 26.6 32.7 40.7 33.0 41.9 10.3
11 1.84 0.46 19.6 28.7 51.7 61.6 113.3 28.3
12 2.16 0.62 12.7 39.0 48.3 422 91.2 26.2
R 13 1.68 0.54 21.5 323 46.2 52.2 87.7 28.2
IS
14 2.27 0.68 14.6 34.8 50.6 44.7 101.5 30.4
15 1.64 0.41 17.7 28.7 53.6 45.4 74.5 18.6
SEHAH 1.92 0.54 17.2 32.7 50.1 49.2 93.6 26.3
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Corresponding relationship between 7, spectrum and pore radius distribution of shales with three types of pore structures



F30E A4l

FYRHE A TUA AR RO LR 4G A

S R AL BRI 4 53

600
— SEAMIAIK
500 —— 5.36 MPa@ 0 i
— 100 CH#JE
400 1 | EEIFTIPIN
Bl gk
= Bl AR K
iz 300 F

200

100

000 10000

R,,=4.5nm R,.,=24.8 nm
8 3KFBEMTAELILESH

Fig.8 Full pore size distribution of shales with three
types of pore structures

PRALAE LR (Ryc,) P BEFLBR A4 2 KO P 1) 2 22
AW R 3 — 7 T2 T AL A 72 22, 3K
FLARANIGE A28 /N F A A AR 5 5 — D7 I e
T2 TR A AL & I L) & e, &
BOALMGE b R - AR K R TR

3 e

Hir vt fLBR gt ar ks 3261, A
28, HX R - 3438 33 3 S AL B AR RN, F
BB B B i MUK K, AL B A A AR IR
Bl e SR HTEG 03200 S A AR 25 5 19 J s vl LIAT
RO B A vOE LR R AT SRR B R A A
KA R AR, Hop ) T, AR GUE Y T, 53
gl A 1.10, 1.24 1 1.92 ms, Ty, 53 % 4 0.20, 0.30 Fl
0.54 ms, | KTUAWF S mikRAETAREKT
24.8 nm [ RALBR, SF- 3440 TR Ry 30.5% 5 AN ] R
WA AE T LA/ T 4.5 nm AYBLFLER , 24160 F
JEHN35.3%, I 2E0UA AT Sk AE TR KT
41.9 nm [ K ALBR , VIR R 26.6% 5 A 1] R
TARIAE T LA/ T 10.3 nm (5 /NFLER , SF 218
FEE R 40.7%, M2 T8 0] sl i AR AE TfLAR
KT93.6 nm By KALEE, VB FIEE Ry 17.2%; A AT
K B AR AE T FL A2/ T 26.3 nm By H /LB,
A IR $] 50.1%

S 30k

[1] BEEHE BOF, KR, 5 . DR R T84T B

it 2 AL BRES R AE B2 4 1 N3 (0], R PRAT BB 5 97 4, 2021,
40(2):20-29.
LU Guoqing, YANG Shaochun, ZHANG Yifan, et al.Pore struc-
ture characteristics and their controlling factors of sandstone res-
ervoirs in the Lower Xiaganchaigou Formation in Mahaidong ar-
ea[J]. Petroleum Geology & Oilfield Development in Daqing,
2021,40(2):20-29.

[2] XUEE, B4 T0, PhERI, 55 5% BRI RG DU g = FLBR 25 1 5%
PRI, il TS 5 2R, 2021, 28(1) - 106- 114
LIU Li, MIN Lingyuan, SUN Zhigang, et al. Pore structure and
percolation characteristics in shale oil reservoir of Jiyang Depres-
sion[J]. Petroleum Geology and Recovery Efficiency, 2021, 28
(1):106-114.

[3] BYEIE, KISLZ, W5 NI, 45 . AT 42 00 2 3 A BURR fiE
5 G0 R W LA IR 5 4 9 AR 1T oy il AR AL 2
BB 9] A il RS T %, 2018,45(3) :361-372.
ZHAO Xianzheng,ZHOU Lihong, PU Xiugang, et al. Geological
characteristics of shale rock system and shale oil exploration
breakthrough in a lacustrine basin: a case study from the Paleo-
gene 1st sub-member of Kong 2 Member in Cangdong Sag, Bo-
hai Bay Basin, China[J]. Petroleum Exploration and Develop-
ment,2018,45(3):361-372.

[4] M0, A EERR AT DE &, A8 AR U8 0 )2 R A R AR AR S B
BAEFM—UMI A M AR T IS A
HLBIE T B[] AR5 7T %, 2018, 45(5) - 828-838.
LIU Bo, SHI Jiaxin, FU Xiaofei, et al.Petrological characteristics
and shale oil enrichment of lacustrine fine-grained sedimentary
system:a case study of organic-rich shale in first member of Cre-
taceous Qingshankou Formation in Gulong Sag, Songliao Ba-
sin, NE China[J]. Petroleum Exploration and Development,
2018,45(5):828-838.

[5] FELLME, WA, FPR A, 55 U I I 0 P 2R fidt 22 SO FL R 45 4

SRR TR R (0], R ATl 5T 5 9T %, 2021, 40(2)
50-59.
WANG Hongmei, HUANG lJie, GUO Fajun, et al. Micro pore
structures and the influences of the diagenesis on these structures
for Guantao - Formation (Ng) reservoir in Shulu Sag[J]. Petro-
leum Geology & Oilfield Development in Daqing,2021,40(2) :
50-59.

[6] YANG Feng, NING Zhengfu, WANG Qing, et al. Pore structure
characteristics of lower Silurian shales in the southern Sichuan
Basin, China: insights to pore development and gas storage mech-
anism[J]. International Journal of Coal Geology, 2016, 156: 12-
24.

[7] XK. & T AL GRG0 1T HY USSR AL B2 R 437
IE[D] AL vh R (FEnT) ,2018.

LIU Yong. A study of shale pore size classification by using low
field nuclear magnetic resonance fluid typing method[D]. Bei-
jing: China University of Geosciences (Beijing),2018.

[ 8] YAO Yanbin, LIU Dameng, CAI Yidong, et al. Advanced charac-



*54- (I

R oMo

202347 H

[9]

[10]

[11]

[12]

[13]

[14]

[15]

terization of pores and fractures in coals by nuclear magnetic res-
onance and X-ray computed tomography[J].Science China Earth
Sciences,2010,53(6) : 854-862.

KUILA U,PRASAD M.Specific surface area and pore-size distri-
bution in clays and shales[J]. Geophysical Prospecting, 2013, 61
(2):341-362.

MORRISS C, ROSSINI D, STRALEY C, et al.Core analysis by
low-field NMR[J].The Log Analyst, 1997,38(2) :84-93.

SUN Junchang, CHEN lJingping, YANG Zhengming, et al. Exper-
imental study of the NMR characteristics of shale reservoir rock
[J].Science & Technology Review,2012,30(14) :25-30.
RAT5, BRE, KR 55 A T IR S B 8Os il b 4 it
JEFLBRES AR R e —— VSR 2 0 G S R 4 7 B I [0, A1 i
*#42,2016,37(7):887-897.

DAI Quangi, LUO Qun,ZHANG Chen, et al.Pore structure char-
acteristics of tight-oil sandstone reservoir based on a new param-
eter measured by NMR experiment: a case study of seven Mem-
ber in Yanchang Formation, Ordos Basin[J]. Acta Petrolei Sini-
ca,2016,37(7):887-897.

LIU Yong, YAO Yanbin, LIU Dameng, et al.Shale pore size clas-
sification: an NMR fluid typing method[J].Marine and Petroleum
Geology,2018,96:591-601.

Ho, HAMIN, 5275 B4 CAIHZ R A2 RO AR Y Bt
A B 7 i PR R ——— LA AR B 2K M R LA B[], 0 0
A BRI AEE R, 2021,40(1) : 115-123.

DONG Yan, XIAO Dianshi, PENG Shouchang, et al. Heterogene-

ity of microscopic pores in shale oil reservoir and its controlling
factors: taking the Lucaogou Formation in the Jimusar Sag as an
example[J].Bulletin of Mineralogy, Petrology and Geochemistry,
2021,40(1):115-123.

sl DU, AN, 55 R E BUA I CO, - Akt IF R AL
FRS KT RAFAE[I]. 45l “C, 2022,29(1) : 121-127.
ZHANG Chong, XIAO Hanmin, XIAO Pufu, et al. Experimental

[16]

[17]

(18]

[19]

(20]

study on development mechanism and production characteristics
of CO,-pure water stimulation of inter-salt shale oil[J]. Special
0il & Gas Reservoirs, 2022,29(1):121-127.
B, XS 6, =T S COL B TUA W B RO S5
VLSRR 2 07 AR A 7 TOA SO B[] KPR A il ot 5 9
%,2021,40(2) : 153-159.

JIA Lianchao, LIU Pengfei, YUAN Dan, et al. Experiment of en-
hancing the recovery of the shale adsorbed gas by CO, injection:
taking Yanchang-Formation Chang-7 shale gas in Ordos Basin as
an example[J]. Petroleum Geology & Oilfield Development in
Dagqing,2021,40(2):153-159.

TEEIT, RAL 3 TH I 22 57 10 DA AL R4S
FE[D). Wb <, 2022,29(1) : 95-100.

YU Wenting, WU Yahong.Characteristics of shale pore structure

CEL PR S

and adsorption capacity based on tectonic difference[J]. Fault-
Block Oil and Gas Field,2022,29(1):95-100.
A, X% B kT, A SR TE T B M X TR R DUA LIRS R R
TE BT TR [T] il BT 5 2R3, 2018,25(6) 1 16-23.
LI Hai, LIU An, LUO Shengyuan, et al.Pore structure character-
istics and development control factors of Cambrian shale in the
Yichang area, western Hubei[J]. Petroleum Geology and Recov-
ery Efficiency,2018,25(6) :16-23.

R ith IR i FEBR TR +h & UL B 45 44 R AiE B g B T 6 L
A F RPN SO, 2022, 29(5) - 80-87.

CHEN Jianxun. Pore structure characteristics and natural deple-
tion law of deep high-pressure carbonate gas reservoirs[J]. Spe-
cial Oil & Gas Reservoirs,2022,29(5) :80-87.

ZRIEAR AR, X Se B, A U DOl B TR )2 DU AL
SEFIERHELD]. W A, 2022,29(5) £ 584-590.

LI Yanran, HU Zhiming, LIU Xiangui, et al. The pore structure
characteristics of deep shale in Longmaxi Formation of Luzhou
area[J].Fault-Block Oil and Gas Field,2022,29(5) : 584-590.

iR AR BER



