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Abstract: The Cambrian marine shales are currently over-matured in the Middle-Upper Yangtze region. Several phases of
geofluids are detected within these shale reservoirs. However, the impacts and relevant mechanisms of geofluids on the occurrence
of nanopores within these shale reservoirs are still unclear. A series of pyrolysis experiments were conducted on the highly matured
Cambrian shale from the Shuijingtuo Fm. in the Huangling anticline within a closed hydrous system. The measurements of C-S,
XRD, N, adsorption and FE-SEM were done on these pyrolyzed shale samples with thermal maturity of R,=2.26% —4.01%.
The results demonstrate no obvious change of TOC, continuous decrease of sulfur, inorganic carbon and clays and increase of
feldspar throughout the experiments as well as the significant decrease of quartz and increase of diopside at R,=2.7% with
increasing thermal maturity, which indicates the slight hydrocarbon generation and expulsion, the dissolution of pyrite, carbonate,
clays and quartz to varying levels and the formation of feldspar and diopside under the experimental conditions. The nanopore
formation within highly matured shale reservoirs is regulated mainly by the mineral dissolution with the addition of geofluids, it is
feasible for the occurrence of mesopores and macropores as indicated by the strong negative correlations between the mineral
contents versus the total pore and macropore volumes; the formation of feldspar and diopside restricts the occurrence of micropores
and promotes the development of mesopores and macropores, further implying the predominant effects of mineral dissolution on
nanoporosity under the experimental circumstances; hydrocarbon generation and expulsion have the minor impacts on nanopore
development due to the limited capability of petroleum generation and expulsion at the over-mature stage. With increasing mineral
dissolution or thermal maturity, the abundance, volumes and specific surface areas of micropores gradually decrease and evolve
into mesopores and macropores subsequently as suggested by the negative correlations of pore volumes and specific surface areas of
micropores versus those of mesopores and macropores. This study should be helpful in the better understanding of the occurrence
mechanisms and relevant controlling factors of nanopores within highly matured shale reservoirs with the presence of geofluids in
nature.

Key words: shale reservoir; pyrolysis experiment; nanopore; geofluid; mineral dissolution; petroleum geology.
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Fig. 1 The C-S and mineral compositions of unheated and pyrolyzed samples
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Fig. 2 Plots showing gas adsorption and pore size distribution within the unheated and pyrolyzed shales
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Fig. 3 Plots showing pore volumes and specific surface areas of different nanopores within the unheated and pyrolyzed shales
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Fig.4 FE-SEM observation showing various nanopores within the unheated and pyrolyzed shales
a~c. A HLFLER s d~g. BB A i ] FL AP Dok L 5 i B IR 2R 5 VA Dl AL 5 j~o. Al 0 W J2 ) FLAME P AL s p. A7 38 AL s . KRATRE A AL 5 7
Wy R 3 % W 4 4

2.70%0 WHFEE R, R,=2.7000 WHFEBU/N s AL 2.4 FHEEREDN

A FR5 RAL F 2 T AR AT R ] A R, R R P4 SR T U N9 K L B 31 A R 0L T &4

FREL e 3, BTG 0 9.9 m*/g &2 5.3 m?/ SR BEA DL AL TR B 39 I, A7 UL B e 25 52 ¥ 4

g. LR T AR AL A AL BT R AL ST A AR K A (B da~de)  BERDTIB A KR
TR AR G TR N B R R B AR A AL



2166 HiBR B 27

http://www.earth-science.net

45 %

K PR R BB R RRIR R B R
PRI 8 A7 75 ik, 7E R,2=3.0%0 I, B Ak ks 3= 1
CBE M, 2 R=4.006 I, B> 3 Bk o™ J0RE # % 1ok
UL, HORE A ) SE LAY SR (8] 4d~4g)  BRRER
R LS ) LB R S k7 (] 4h~41) . i
i UL RS BUA R B N R B DR A kR A TR ]
AL, BE AT P38 A0 e B 0 R, K i )2 T £L
B [RGB R0 A S MUK T 0R AR T kR
DAL B K ik B (E 4j~4p) s K A RN FL R0 9 ik
Gl se m B R E (K 4q,41).

3 e

U0 B3 A W B 0 41 v 5 00 D0 45
SR b BT AE TR, B A B BT A AR RS,
T Ak TUE AR AE AL ) A LR 2% AL AL IR 42 5 v T
RIUEMEZ LR R & 22 A0 kTR 3 A kG
T R S S v ek A R T v kR £ B
B0 W) 2 O A LB R B WA B KR
A AHE 2 R AR XS 3255 PRI E
31 WAL

AH OGR4 B 45 2R R vUs S AL IR R B2 A
FLAN 7 LA i, b 2% T AR A7 L RN FL AR A
AL RS AL AR R 3 M OGS A AL, R
FUARR 3 TE A OC , R BAL & B A A F T LB K
RS s A AL, JE AL & & A AT LB AR B
(F2). JUA e R AR5 AL b 2 1w AR 35 IEAH G,
55 AL Fe 2 T AR 58 TEAH O, 5 2 AL e R T AR W R
FHOG (R 2) , F B U be 2 1 AR 3 2 A7 AL R AL
W AL R B A R T 00 L3R T R, 2 L)
R LGB R R FLB R B ¥ oA R T LB R
FEURIT BE e T ARG 0, 22 U 1 36 B 00 R L AR B

bt 2 17 AR LA B AN 7] 256 0 AL B 44 FRURIT EL 36 1 AR 2 [
HIE A KK & (Tian ez al., 20133 Yang et al., 2016).
SRNT , T AT S 56 45 % ) by B0 AR 2 e A, 1)
FLAR TR AL AR R AR AR G, 5 A FL A FLAR BUE AR
K(FR2). 3% HHb BT AR T, i Ak DUS gk
FLBR B RE XL R %Y

TR AAE N A LT A AR L R
B REAR A LA AL R T (2 F3) X
B ARG A R LR R A
22 10 RS A LA AL AR BRI L 2% T FR A S R A
AH OGO Z L X AR AT BE U I FA A DU R AL AE R B A AL
LAY TR I, 34 S L AL AR K, AR B T A LA
T AL 3K — B AE T SE 5 ik B A IE 52 (Chen
and Xiao, 2014; 47 4 ¥ %5 , 2016 ). 5t 5 2L 7 & ] L
M5, B ok W AF 8 B2 9 A TR AL, T Bk
W ORE S Tl VAR T A LR AL (B 4d~4g) |, TR
£7 T HoAb 25 A W) A 455 A BIL ST o AL N 3 TR A
A7 AE R AL RRAIE
32 HYHANTEILKAETNZMN
320 HERH B M GUSFE M AE TOC Mt o 72 v 4B
23 2 it R AL AL B, N 22 D IR DU R A R R
Ho G L AL A B A AR, PR e — B )
D Y 2 A et 3 R DL B BR R SAF A Y 38 D P
B (S). SEue 45 S WoR S F ik B A HILJSE 10 AR 3 18 n
B AR (B 1a) , UG SRR & A2 1 W il A OGPk
ST AR R, TUA NS & i 5 R AL RN FLIR R Y
5 A OC, 5 LR AR 85 B ARG, 5 A fLIR R
55 A OC (£ 3). X R W I 4h 50U I BBk N &
B REAL, BT A R T A AL, L HE LB
A 3K AR 0L 25 SR A — B (R 4d~4g) A
B A, 5 i A S 56 23 SR 0 5 S B UL 25 SR AH W) A
(HE AR5, 2013 MRZA 4145, 2018 1 A 5 45, 2018) .

x2 RERNAEHERMABHERILEEREREREXESFEIT

Table 2 The correlations between pore volumes and specific surface areas of the unheated and pyrolyzed samples
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FLIR 1 —0.73 0.55 0.94 —0.72 —0.82 0.09 0.97

LA —0.73 1 —0.59 —0.64 0.71 0.92 —0.35 —0.62

LR 0.55 —0.59 1 0.23 —0.05 —0.63 0.88 0.35

FALIEF 0.94 —0.64 0.23 1 —0.84 —0.71 —0.25 0.98
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S fL L R TR 0.09 —0.35 0.88 —0.25 0.31 —0.33 1 —0.14
AL R TR 0.97 —0.62 0.35 0.98 —0.79 —0.75 —0.14 1

E a. MG R EEE 0.5 LA F 5 SCH B 35 A0 6
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AR AT gl 1 20 (1) & 4 A 4k (Chiritd and Schle-
gel,2017) , 2k A R 2 itF — D AR R R 8 5 5 0 )
RAHM

FeS, + 7/20, + H,O = Fe*' + 250, +
2H". (1)
3.2.2 B ER ER A M S0 U0 HI UL A N A TE ML Ak 35 2 DA
T 1R 6 5 A A, oLk & fe AR S g i B b Rl A
BIL 5T A b A B 3 3 R AIG (18] 1), WE 52 DU N
WRIREh A A Tl AR G PE e BT 45 R B,
BBk & 1t 5 S LR FL AR R 2 3 5 A O, 5 A LK
FRUES B AH 56, 5 S AL AR B ES I A G (36 3) . X R I IR
A R IR R A N R B R L kR Eh i oA
AT A AL, U H R AL R B (B 4h~40) . 1L Ah , TEHL ik
5 TOC 55 1E A, X 5 52 5 aof 78 v B 25 A4 il HE
5 b 1R £ 5 53 1 [R) B 4R A7 i 3805 T HLBR 5 38 B Pk S
RS kit B 3 OE A DG, 3X 0] e 3R W Bk o0
b T8 A B R ) BT E — 2D 0 T B R ER T
P, an = (2) fir 7R

CaCO, + 2H" = Ca®" + CO, + H,O.  (2)
323 M A K L0 YR A sk e A
Bifi A7 AL 5T AR T8 A0 PR B 1S i i W FE AR (I 1b) , BT S
SAL A AL RE FLR R B B B i R ek,
Tl AL AR BR 5 B  1) TE A DG G &R (3R 3) . iX R W] I 4y
U R R Y LA & L R i
FIF AL ZFLIE B K 20 & a5 TOC % &t
FOCPEAN A &, 5 SR T MUK & 2 B 3 IE A O (%
3), XTI AE R Wk IR ER S RURE - W e Ak
) g A A0 EAR BE DR R SR8 A T i
2 (3) A1 (4) 43 # 47 (Milliken, 2003) :

Ky 65Nag (AL ssF e 1:Mg ) (Si; 1Al 59O (OH), +
8.22H" + 2.69H,0 = 65K" + 0.08Na" —+
0.14Fe*" + 0.2Mg*" + 3.4H,SiO, + 2.27A1", (3)

(Al Fe;sMgogs) (ShgAly) O, (OH) ¢ +
17.1H" = 2.88AI"" + 3.27Fe*" + 0.96Mg’" +
2.89H,Si0, + 6.72H,0. (4)
324 AXEBEM AEEFEER<S2.7% ZHIEL
ANKLIER =270 Z 5, A1 9 & i b 35 B A% (&
1b) , 3% U W I B B A 0 e A 7 R R ol . 5% 3
FEoR A e i 5 Bl R LR TR ARG, 54
AU AL A R DGR AS B B, 3K 3R B 0 I ol i
THERAKE ;5 TOC & it 3 EAHK, R A J T
B E T A AR R R, X 7E 36 [F Barnett SUE N
% K Canada U4 FI 3 [H G B R e R 4 A ol

2 g 3iE 52 (Jarvie er al., 2007 ; Chalmers ez al., 2012;
Tian ez al.,2013) ; 5 S ToHLEK gkl A % i 3% 1F
AHOC, R WA D o 5 BB kR Eh Ak e A
WA TR 5SEEA TR D E ML, &
WA B Tl A ) T 38 0 A B A i ka2
(5) #47 (Milliken, 2003) :

Si0, + H,0 = H,Si0,. (5)
325 EBERER BEMATER=27%ZIEFG
KRB (B 1b) , & &5 B Z LR % E
AHOC, 5 LR R 55 IE A0 O, 5 Bl LA R 5 67 A oG
(% 3), RPBEAIE AR AF T RILKE B
AEaE TOC &FEAMACHANE, 5 S Thlax . Jt
FlA U6 A R A e o 5 0 AR R OG |, iX SR W AE
R, =2.7% ZJ5 BURE™ B R 25 A 9 5 1l DA R Al
Wy e AR T O R AR R i R A ] i o
(6) 4 B :

Ca”" + Mg’" + 2H,Si0,> = CaMgSi,0; +
2H,0. (6)

TEIZ XK P 4 0 M s e i Wy b B T
A T fRA L R AR T E A, BB A SR
A e A AR, R W HOE R TR K IR
32,6 KEER K45 &AL LR
iz LTt (K 1b) . KA & i 5 8 AL Z LR
FIEA K, A LIRSS 1EAH G, 5 AL IR R 55 1
A (3R 3) , X R A 4 WA R T A fL, JoH 2 AL
KB ARFHIIER GEE 0 WEmT LBk &
HA i AR S5 1R F i 9 Az i) £L BRI i A Rl
(Hunt, 1996) . A 5255 2 5 1A $A A7 AR R 2 T4
i I A A AR A AT R LB i DA A 9E B R
W B TR £h e Kb T W ok e A TR L 0 P i ik
T RAE MR A K ) ), X R KA &S S oL
fie PRI SR A o R A DG AR AR
AR G A A ) A) B8 78 45 1 AL B b 2 i 20U AL
ANkE KA AR (7) #F 17 (Milliken,
2003) ;

K" + A" + 3H,Si0, = KAISi;O + 4H".

(7)
33 BREERFAHHNTEABELAENF N

TOC AR TT A 28 A il A HE ) e B IR
#i& (Hunt, 1996) . TOC 045 3R 7, BEA HL 5T 1k
FEEEHE N, TOCHE R,<<2.7% Mr B b A RN &,
TER>2.7% Wy Bt 255 B 55 (1 1a) . X R W]
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Table 3 The correlations between pore volumes and C-S and mineral compositions of unheated and pyrolyzed shale samples

KR ALAR ﬁ;: g;: ii TOC S Thlex  BPFRAE glA BEA A KA
fLIRFR .00 —0.73 0.55 094 —029 —0.67 —068 —049  —0.83 0.56  —0.52 0.69
MALAER 073 1.00 —0.59 —0.64 0.19 0.29 0.37 0.36 042  —0.21 0.04 —0.43
A LA 0.55  —0.59 1.00 0.23 0.58 —0.19  —0.11  —040  —047 0.10 0.27 0.40
PRI 0.94  —0.64 0.23 .00 —0.59 —0.69 —075  —0.40 —0.76 0.60  —0.70 0.64
TOC —0.29 0.19 0.58  —0.59 1.00 0.41 045  —0.01 0.17  —0.37 0.75 —0.17
S —0.67 029 —0.19 —0.69 0.41 1.00 0.89 0.79 0.91  —0.96 082  —0.91
TeHLA —0.68 0.37 —0.11 —0.75 0.45 0.89 1.00 0.84 0.88  —0.94 071  —0.94
CiwiIket —0.49 0.36 —0.40 —0.40 —0.01 0.79 0.84 1.00 081  —0.88 0.34 —0.95
sl f —0.83 042 —047 —0.76 0.17 0.91 0.88 0.81 .00 —0.87 0.63 —0.94
WA 0.56  —0.21 0.10 0.60 —0.37 —0.96 —0.94 —0.88 —0.87 .00 —0.75 0.94
A% —0.52 0.04 0.27  —0.70 0.75 0.82 0.71 0.34 0.63 —0.75 .00 —0.55
KA 0.69  —0.43 0.40 0.64 —0.17 —0.91 —0.94 —095 —0.94 0.94  —0.55 1.00

TE a A OC R ETE 0.5 LA S8 SO B8 AH G

o Ak DA TR B B B A HE R R T AR 855 . TOC
5 RFLR R 5 A G, S ALIR LSS IE A G, 54
LR 2 IEAH G, 5 2 AL FR B 2 Tk 56 (% 3).
X 2% W b ot s N A AILFL R DL RLAL , JE A Lo
F LA T UUA AR HER T S A R A N AL
RE AT TUE SRR IS N . {H 32 & Ak DU
A R B AR HE KRG B RE 01 29, 8 8 A ORTHE H X
BTUA LR R B 5T R R A LR B — IR A
2% (Curtis et al.,2012; Lohr et al.,2015;Sun et al.,
2015; Guo et al.,2017).

4 Vi R4

S 5 7 S P BB UL S 06 AR e ok A
1 B B RS IX i AL S R K e L sl
TFRE T it 2B BEAE KRB UL 52 36, 3 T A7 BILAR — 4 A1
7 1y 2L 55 R il e R 2 0 A SRR AR T
BEF 01 4 R B O 4 O A 4 R R R T LR
AR T e 8 Ak BT 40 K LB T A B S
B B A T AR R AR R TR W DU B R 9 98K FL IR
KEKEZNR FET PR

(1) 7w 38 Ak 7€ B R R B A U (R,=2.2600)
e BB B AR HE IR RE D 88 , EEARIAE TS TOC
(B Bt A7 AL S5 35 Al i B 8 2 A A B SR 5 3t B O AR A
MR BRA BREREL A RS £ S R T
AN T R ik TR SR TR A L A S
E R A BAE TUA N T HLRR R LT 4 A
AR A A T R R ARG, TR A R R A
.

(2) i B (A T, e 8 1k 0 6l 2 LB &
A A G B 2 S Yy ] ) v b e ik
T AL A fLAE AL EL A A M T A SL AR LA
B 50 W AR A 0 A R A ALK E
ANH, A HE R I 36 s AL TUA 8 R OR LA
BN
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