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Fig.1 Impact of physical-chemical factors on different carbonate minerals (modified from reference [25])
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Fig.2  Differential cementation in the pore space of carbonate reservoirs

(a-c) show the penecontemporaneous karst reservoir in the 6th layer of the 5th member in the Majiagou Formation in the Ordos Basin; (d-f) show the tight carbonate reser-

voir in the Upper member of the Xiaganchaigou Formation in the Qaidam Basin; (a) is a plane-polarized light photo of a casting thin section; (d) is a scanning electron mi-

croscopic image of the Ar ion polished reservoir sample taken in the backscattered electron model (BSE); (b, ¢, e, f) show the image segmentations of the cement and pores

FNA T ¥ LG I 53 38 3 26 LU AR —d v 5 ad it
F—1d Ve LG B8 1L (R A0 BE (1) 2 T 2% 1 LA
Xof AR AT I B E B 2 BRAE AR P R, 7
W, AR ) SR AR 2 R AR R R R R BT A%
128 A AR R (X — I I LAl R R T2
IRV IFANTE 3, XE LA b R S8 0 A AR A 4 S 50 ok 42
TR W AT i AR K SR 3 )l 2
ELH 19 20K, Py b2 Be i Do & e e 3h 145
A A% AN A A BB A 2D 53X — I SIS R S X
T AR S IX (G v R AT A D
F T A BB AN EOL A E e R
fift L PR SCR— PP HOR S, Z 5 Nernst 857 T
B AR K EORALE R, T AR ) vk B2 1 284k
X i A AR HR A SR X SRR B T SR
X A K A AR J) L 80 S5 e B8 A1 0 25 SR SR
20 22w, £ IR R R TR A 25 5 S 5
JR 3 AR O ARG R 2 0 AR S X B i
S8 i AR A E R A% A R A AR R 4R
il FHRE— 25 B

Kossel ™ t} B i AR A ALY J5L 7158
B & 1H— 5 Br—HL 3T (terrace-step-kink ) , 1575
K AR TR R Sy th 5707 BRITAR I, IX S8 BT P L
BT B Y 32 6 B EGA 2R BRI Y JZ o Stranski et

al P 2 B U K (Stranski-Krastanow, SK) £5%
T LA 8 W BRF S5 & A 2 S i s Ak
L S NAZAE I Z TR DG 28, AT 61 1 it A
BB B . 1958 47, Bauer'7E H R R T (k224
ARV A4 10 S R TETFI LI PR RE fA RE S 45 AN
JE SCT 3P B AR A KA, B2 8 A R
T (Stranski-Krastanow, SK) . “ &k 4 K 7 # 5
(Volmer-Weber, VW) £ “ % JZ A= K " # 2 (Frank-van
der Merwe , FVM) (& 3) , I f LB T A 2R A1
P FREEACTIS

T4 R 2 B0 i WA e A, PR R 2R
KIS VT2 Mo BT 58 TAESE AL T 3SR IR , SEPR
A HE N L 5 A R A AR 2 A ok R R
WA AEDUR B E RIS T S5 8 A
F AT 0 A A2 Rk ] A e o B B3 o A )
SRR, OB ST 50 e UL ) J LR A A A
BUALHE : 1) DU ZE K AR 28 A W 4 45 db i A2 5 2) TUAR
PrFLBR R GE b AR S S TTVE ; 3) DU — L i 19
W) 5 AR 2 ) PR 7K —25 7 S g T A i e ol A2
MELE . X — RIS PR E RV 5%
P BRI AR IR T SR R Bl g 2 e A
FR A, TR AR A2 A ) 500 W) AR 25, an
FE AR SRR T SRR R SOR A VE RSN T



1000 A

S

5404

4
S Wx

| {3
i, 00000 %f.

| 2

2 00000

A,

(a)

(¢)

B3 ] i A B (18 2 B SCik[40])
(a) “BPRAER BN (VW) 5 (b) “B2A KB (FVM) ;5 (o) 25 204 KB (SK)
Fig.3 Different models of crystal growth (modified from reference [40])
(a)Volmer-Weber mode (VW); (b)Frank-van der Merwe mode (FVM); (c)Stranski-Krastanow mode (SK)

b KA A B A i A BE T AN ot R A R
= Uil VT L NG SR SR TR S 3PS % DN
PR AR AT R S b A HE AR 28 T M DURUZ s A 1L
Z N AERCE PR TR AR 2R S SR
T A A= 245 I, 47 00 i S DU A 58 A 8 ) A A
R BN AT W) T (A AR i st 2
XIS S RE RS S AR A Rl DL,
B RS AR A R AR AR A DR L B
AR R P AR B2 AR E A AT

3 fLEIRGEES DU MO AR

31 FEIUEERXRES
LA A g LA AT E o S
55 0 1) 2 TR AR R 52 W B 40 o I ik N U 1) R 8
1AL PR 2R G0 L 3R T AR5 AL U L, BRI e HAth
SRAFARFI G LT, B 2R 1T S 33 20 il L A7 Dk
AN AIRRE, (S R e FeaX BE A 4, JUFLAE 40N
A ROKR—2 KL, BRALAR D HA PR 28 2552 M Ji
PR SZ LB BTN AR — A R P Rk A o
P2, g E LR R BN S AT WA R
%, BE S R A S 45 I 2 B A /INL T 4
DUEVE I SZ AR NLIC a4 IR, Bl 4 o
JURhFLBR A T B 25 A DT B X B, R [R] B =%
LB R G G50 2 77 AR B 52 ), 17 3 BCFL R A
JoT B FL R R RIS a8 R R A AR | T I — R AN ARk 4
A FEALBRA T i S B B AR Flis B i R AR K
A%, Freeze et al. “TER BRI Z MK R RE 5B E

R AR, BAELLBRA BB 1% R 5 A N0
HEARME 7 BIE E, BP0k K, FLAR IR BB &
M. HL Rl UL, Y8 ST E AR e & AR A 2
40 PR A R ) DX IS, o 3 A 358 35 53R 11 2 W) 5 K
(&l 4c) s AH R, An SR UTTE P 5 & A AE i/ N FLBR
V) X} 8 {95 475 2 1A 5 ) AT BBAR /DN, (H 25K — i i 2
BH ZEFLBRME A I, 7™ R B S R (K 4d) o IEAF,
MGE RUTTE N Y)Y S A AE At 2 0 W ORL 2 T
B 5 245 Sl FE AT FLIGERE SR O , A X
SR N RE LI A (], (H X R R 2 1998 B
W55 B E RIS, B S BHMR 2 R (K 4b) .
32 FLERZG R R RN FE

M 45 i TTE R R A B U A A LB R G4
Fa , i T LR ARG S5 RS B i 1 7= A RS
LB R G P AR B ok B A, 2
ZH AT BRI BR B, K LORARME AN A s e R
AR R B0 LI A & A B AR, SRR R
FH R 57 45 Tl ] 322 W0 2 BORHE W AR DT TE FP S K
FLoy A 0 5 e LA R BRI I 75 R, B 4K R
F &R AR TE L FEEZE S B H AR IS T BRI
HE, AR S AARAIFZ Hh kil B it T ASORLAR T2
FH 4 28 0] LG 3% (UV - vis)™ | 3% 5 1 52 10
(TEM)®Y /N £ BE/HE 7N ff1 BE 80 533 B AR (SANS/
USAN) 2R 45 85 A 9 9 H 455 iR (FIB-SEM) A% 1
IR B % (NMR) Fit 2 B 3 8 0L )2 B il 1%
(Multiscale CT)FEARZE ) X EEH A H B KHE =
T2 A A LB R G A F AN NS A AR AR A I 1 U



A5 AR ZFLBR R G K —& 7 IOV 45 sh 1 b o b 1001

SLBR AR R 1]
4 ALBR ARG P4k TUEE R

Fig.4 Models of mineral crystal precipitation in the pore system

DK EE (RIS 20 B3 S T MR R B 9K R 5
BR(ELS) , Rl B g it 747 SCALBR AR LS R AR £L
PR 2 AR BIRR) i A 1) sh 2 W - B, i3 A2 AR
FHBLL S B AF 7% Hh (14 FL BT A i e R AR Ty
B, U TR RIS — R S PR
AEoE & 56 A A A FLARIX ] A3 HER 5L E .
(B AR JE S5 ), DR A SEBRF o TAE AL
18 2R AT el 4n Clarkson et al "1 Swift
et al SR EIRIE (MIP) FU/INFA BEGER /N BE A L%
(SANS/USAN)HZE G AT FLBRZE A T , X PP iA
5 B RG AREE A LB B S s M AR T T
SPESA T ORI AL RS oA A e,
DL B SANS/USANS 7E R GERAEAL R FLBREE LK
LR AR A TR AR A5 T T KAk, SEBE T FLBR
F GO R Y 4 i 2 i H S PR T AR AR
J7 UL 2 B — 2 ] |, 1R SANS/USANS 2
FRALARFUBE AT T FLAR A I 5 2% R AL R A I
RAF, RO LR TRy 22 7 2%
SALB/ABRE B S TEARAE AR, TR 3| S R
FIREIE . ARG AR S (NMR) 2 RS HRALZHT
HUZ (Multiscale CT)BAREZE G 4k SEM & nT Ly fiF
H A AT FLBR A A 2 i A P AR B AR A, A LB

o)k R
(d)
/LAY R
(%) -
L ULTET Y

FHIE S50 = 4 nT AL FLIBR AR S AR LR M A K AL
BRI RIS AL AR B PR . {25 6 )y ik 22 ] 4
PRI B0 AE BT A 2 ()4 AT RE B
IR ZE (B BEFIT A NIRRTy 2
T B TAATE R BB A TR

JRAE K71k Z R AE — 2 B i1 22, DT
S OV B L5 SRS — S, (H PR T AR X 2
B & J o # H AR A GE A S X o T AR 5]
TERMESNEN, B T IF 28 35 AR .
Wang et al.™ >R F/INf BEGER /N A BE R U3 (SANS/
USANS) X SR80 (SAXS) 51& % 44 v 5 15 1k
S5 (SEM-BSE) 8 AR AHZS &, Xk be A8 i il 72 op
FAOFLBRE A BTG o 107 VAT AR G K
A2 R AL A I P (™ 4 25 b S5 FLBR 5 A8 R GE b
AR B AT AL R, AR T AR A TP OR R BOR Z
FLARZS 1A 0 A S H G b, IR R T AR AR S AL
Z IR SAAEDROCZR , BB 2 A8 ST AR FE 3/ N LG AL
B 114 STRRAE TR/ N | 3 A 7Rk — S R /N
FLBRAEAE &S A, M Anovitz et al.™ [R1FER FH /N
A BE /R /N B v U (SANS/USANS) R4 il L 45
5 B A% (SEM-BSE ) £ A X B 8 5 == JH 9 St.
Peter b7 41 BE YR A NS B0 30 47 LI, %) e 285 490 14



1002 TR SR 55 40%
IUPAC bk
8 | fkas W T R —
] ST % | il Je A
100 um|
ﬂ;lg
=
10 pm e
7l ¥ :
(>50 nm) 5
: = 8 2 ” u
e 2 e . B« =
g~ i B
E'? = = = ® =
5 og £ ® E = &
0.1 yum B | &l = &
M . = o &
A i b » s " X
. = = N
o n= E g
10 nm (2~50 nm) b _%Eg § g
& = -
v & Z B
A F S
AL =
1 nm (<2nm)
v
5 it 2 fLB &R G 3 200 B (& [ SCik[14])

Fig.5 Main investigation technologies for a pore system in a reservoir (modified from reference [14])

S5 RSO SCTTVE TR, AT HI, S5 R R WA
T T O e (A, ML BRI 4R A e AT
RIS R TR SRR R EOR A AL 45 LT -
X PSS P Ae N L R IR R RALP DL IR S
Wang et al. ™ (UL NG AR B , 205 &1 2 o/ NFLER A%
RALRE R —E dnl W k2 LB R Geh
DRSS FhAT AR 35 00 22 Sk, SR WA ] A 3R
SRR ) )l R A T S

4 45 5B 1AL

45 i Bl 1 2 BRI ik nT LI 6 2 R b ik
A% E R B — RPN I i R R 4
WSS, N 1 gL B A g — 4t (D0 ) Pl i 7
A B A B P o R R D7 58 0 ALl , A& i 3l
J17F 2 O BRI AR A= AL B R G A T A i
VEIBERT RGN SORAT B T 1k — 20 R i i A it
REH B K—2 AR . 8 S i (D0 ) 2
B T A SN 7 A M BN I AR R ) A
P R R IR AR U R . A
WA THULTE R — 20, T A% (A ) 34 i (A A
B AR . FEAR BB AR 5T N 2R B A
Rl 45 S22 A7 00, 25 AR IR B A P 2 208
T, 2 A A A I, AR S5 RN 5 (A5t | b
PRGUE | SRS AL A ) Ab 2 AR B A U™ TS
P i A A R RIS A A5 R v 2 70 BT V511 v B 78 T

WL/ IN B IOR G, LAt B AN SO IRLE 1 bR B, 38
SRR A RREL . 2 S FREA T A AR KRR 1R
P S AZ I RN TS A BE 2 AR K I ks
JEE B A AR AR NI SR DU A, 45 I SR
B R A A R DRI, DRSO AZ 42 il it A A K B
AT LATA A A 28 108 JA% S A 235 o R A A A K
T BRI Z LR — IR R G Pt RN
WPV i —UTUE , B RS R KT s R B )
A0 RS RS AT L R 2 W i . X 5 4
BB AZ S BT SR R 1), 7 A% RE I8 B R (2 1, 9
TR AT B I S 2k A0 0 E 1 X0 s — 3, IR A5 2 45
BN ) AT AR SR

g b dh 12 BRI Tl AR A A AR DT R A
F B A8 Ak S X fib A R/ IN B A b of e Al i i —
T AREY AR RAZAE AT UIA R 242 R (I ERTE
e AR BUE W T B (1 6a) , Hipli ks A i BEZE 1k
(AG) HAFLH HHAE (AG,) M1 A HAE(AG,) ZFl,
24 dAG/dr=0 B 3 P 0 A e ALEL A e R E (& 6b) L I
IR sRAF SRR R A AR r (R 1) o 2R it
ATV T 0 S AR RO AR A 0 75 2%
JEEAST— AR TR AR — R AR R AR — )RS A Z 1] ) 3 Fh A
1 A AT AE (Bl 6c) o M EbiA—JCAT Bim iy A tag /N T
JFEAT—AAR AL 0 At BERT, R bR ARk
F A IRA R () HS% A AR TR
S AE RO B R RERIIE (R 1)



TIN5 AR ALBR R G OK—A " RS S sl 2B se i 1003

AG,+AG,

Bl6  H A5 Al A0 pA% 3 g = A (A6 SCRRIS8))
() WM M2 A (ORI B S0 el R s (o) PSS o BT 1 ol R3S SR (043 T RS2 (AG, ) 5 (o) XM BAE I

SRR T R R

Fig.6 Models of homogeneous and heterogeneous nucleation dynamics (after reference [58])

(a) Homogenous nucleation in the liquid forms spherical nuclei with a radius of r and trigger the change of free energy; (b) the free energy barrier (AG,) caused by the

intersection and opposition of their symbols of the volume free energy and surface free energy; (c) heterogeneous nucleation forms semispherical nuclei on the substrate
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Table 1 Crystal nucleation and growth dynamic model (after reference [58])
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Fig. 7 Models of the electrical double layer (EDL) structure at the boundary between grain and liquid

(modified from reference [63])
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Table 2 Electrical double layer models (after reference [63])
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Study of the Crystallization Kinetics for “Water-Rock” Interactions in
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Abstract: The “water-rock” interaction is an important part of the study of reservoir diagenesis, and its research re-
sults are of great significance in explaining the genetic mechanism of reservoir heterogeneity and the comprehensive
evaluation of reservoir quality. In recent years, with the progress of basic theory, analytical testing methods, physical
experiment methods, and simulation technology, much progress has been made in this field. For example, the im-
provement of physical modeling experiments of diagenesis has realized the macroscopic observation and research of
the “water-rock” interaction process of the fluid-host rock/mineral system and clarified the influence of various physi-
cochemical parameters on the mineral dissolution-crystallization process that take place in the system. However, the
low resolution of physical modeling experiments on diagenesis limits its application in explaining the genetic mecha-
nism and constraints of many phenomena on the micro (nano) scale. The establishment and development of crystal
growth theory has laid a foundation for explaining the crystallization kinetics of the “water-rock” interaction process
in the reservoir pore system. In particular, various on-line and off-line measurement techniques developed with nano-
technology in recent years have greatly improved the observation accuracy of the reservoir pore system structure and
internal crystal growth, enhancing the resolution of “water-rock interaction” research to the nanometer level. This im-
provement provides a basis for understanding the dissolution crystallization (precipitation) phase equilibrium process
and its mechanism of the fluid mineral system in pore system from the microscopic scale. The crystallization kinetics
of fluid in the reservoir pore system is closely related to the pore medium system and fluid properties, which is the re-
sult of the comprehensive action of nucleation free energy, surface electrochemical characteristics of the mineral ,
mass transfer rate, and other factors. A systematic study on pore fluid crystallization kinetics in different diagenetic
environments and pore systems is helpful in understanding the effects of the pore system spatial structure, surface
chemical properties of the substrate,, and surface energy on the nucleation and growth process of mineral crystals, lay-
ing a theoretical foundation for further understanding the crystallization kinetics principle of reservoir heterogeneity.

Key words: reservoir; pore system; diagenesis; “water-rock” interaction; crystallization kinetics



