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Abstract: The microbial dolomite reservoir in the Middle Triassic Leikoupo Formation, western Sichuan Basin, has
been one of the exploration targets with a buried depth excessing 5 000 m and it serves as an excellent object of study for
diagenetic fluids and pore evolution that are probably accountable for the formation of deeply-buried microbial carbonate
reservoirs. Samples and data from more than 10 wells and several outcrops and seismic sections were studied with multi-
technical methods, such as cast thin section observation, cathodoluminescence microscopy (cL), scanning electron
microscopy+energy-dispersive X-ray spectroscopy (SEM-EDS) , fluid inclusion microthermometry, carbon and oxygen
isotope analysis via microsampling, carbonate clumped isotopes thermometer ( A47), U-Pb dating of calcite, FIB-SEM

and so on. The results show that there are three early diagenetic subsystems: open, closed and semi-open (transition) ,
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which respectively correspond to the intensive meteoric water influx in algal dolostone in intertidal-subtidal zones under
humid climate, the weak meteoric water influx in evaporate rock-algal lamellated micritic dolostone in supratidal-
intertidal zones under arid climate and the interaction between bacteria & microbial and carbonate mud druing an early
supergene-shallow burial period. Large-scale dolomitzation and de-dolomitization during the burial-tectonic epochs are
believed to take place repecitvely in the Carnian (226. 50 + 9. 68 Ma) and Norian (211. 50 + 1. 50 Ma) stages of Late
Triassic, with temperatures of 43 “C to 54 ‘C and 50 “C, respectively. Four to five successive dolomitization and calcite
(PDB%o ) of parent fluids varies between —0. 83 %o

and 9.70 %o for dolomite, and between —1.16 %o and 12.94 %o for calcites, while with the enlargement of cement

cementation stages have been identified, showing that the 80

water

crystalline, the overall 8"°0,,,, slowly reduces, indicating an increase in temperature and fluctuationg salinity. Statistics

water
reveal that vugs and solution-enlarged fractures (43.69 %), framework pores (32.38 %) and micro-poros are the major
pore types of microbial carbonate rocks. The micropores are well connected as organic acid-rich pore fluid inhibiting large-
scale cementation and result in the partial preservion of pores with a good connectivity. Thereby, the shallow subtidal to
supratidal zones with a development of shallow-up Mirokovich sedimentary cycle for microbial carbonate rocks, combined
with the open to semi-open early diagenetic system, are the basis of reservoir porosity development and preservation, and
the superposition and transformation of burial diagenetic fluids leads to the overall reduction of porosity.

Key words: pore evolution, diagenetic fluid, microbial carbonate rocks, Leikoupo Formation, Middle Triassic,

western Sichuan Basin
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Sampling locations(a) and stratigraphic colomn(b) of the Middle Triassic Leikoupo Formation in western Sichuan Basin
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Fig. 2 Micrographs showing the major diagenesis of microbial carbonate rocks in the Leikoupo Formation of the Middle Triassic in western Sichuan Basin
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Table 1 Characteristics of cements (calcites, dolomites and quartzes) in microbial carbonate rocks and their vugs and fractures

in the Middle Triassic Leikoupo Formation, western Sichuan Basin

18 18
Bz ;;;/,\ PCen(PDRI%e ij e e ’ﬁ;f HRIE W%
PEE RAE RUME FHEIE /M R TR R fe/ME Y RFERD
Dyt 42 1.95 310 030 — — —  -1.67 -1.10 -6.60 — —
Digpsesritseer 21 2.08  2.80 0.40 — — —  -2.28 -1.00 -5.80 —

Dy~ Dy oser g 24 2.46 290 1.90 —

— — -4.00 -2.70 -6.80 — —

Coromremprmppia . 14 2,12 269 1.70 — — — =322 120 -6.63 —

Coyeswupauna 15 —475 =346 -6.68 10 61.8 50.2 68.0 -2.32 -1.16 -3.70 8 21.9(19.21~22.78)
(- -8.13  -6.20 -10.60 78.9  66.0 91.0 -5.25 -3.31 -7.65 1.7(0.71 ~ 5.56)
26 48 21

oo -6.62  -4.30 -11.70 - - = — — — —
C oot it s g M0 680 1229 347 11L1 865 129.8 621 473 -10.52 65 15.2(8. 58 ~ 23.50)
Cop st sttt -7.70  -6.80 -12.29 176 116.6 76.0 165.9 -6.34 -4.24 -11.21 130 11.3(6.45~23.18)
(N — 11 -9.75 -7.20 -13.30 91 118.8 91.3 161.2 -8.08 -5.21 -12.06 77  2.2(0.35~5.71)
Coyosssr— i 8  -11.40 -9.40 -14.18 167 140.5 121.8 166.2 -10.00 -7.87 -12.94 58 12.4(6.74~19.29)
Dy cmre s 27 211 2298 190 — — — — 317 0.84 -5.8 — —
D ppsoer oo 12 -451 -394 -591 1 430 — — -0.83 — — —
Dypsorpamonse 11 —6.02  —4.41 -7.22 75 100.7 62.3 124.7 -4.46 -1.98 -5.96 13  5.0(0.35~9.73)
| T — 4 =597 -5.69 -6.77 156 115.6 92.5 143.1 -4.77 -3.98 -5.87 30 13.8(10.01 ~18.63)
) R 2 — — — 36 116.4 78.0 149.0 — — — 36 11.6(1.40 ~23.18)
I — 4 -8.55 -7.44 -10.45 94 138.9 124.6 164.2 -7.34 -6.14 -9.39 15  9.2(1.40~10.73)
Dyospsorsmmpsn 4 -8.55 =744 -10.45 138 148.4 125.7 192.5 -7.49 -6.16 -9.70 25 16.9(11.22~21.68)
Qs 8 — — —  — 156.8 140.0 168.0 — — — —  11.9(9.60 ~ 15.76)

T —. Josd



%1 Bk, A5 . RIS T AR MR AR A A R T S LB AL 61
2 aD-D, T N=92 20 O DD, Ty N=74
0 ; SOO rrrrrrrrrrrrrrrrrrrrrrrrrrrr : goo A
& Cy, IR geH OF ap,
8 Cy. i s 4D am
-2r E‘Cﬂz : Cl@.la:— : <>DU Dy a :
@BCW : ® K s @Dm :g‘ ﬁk
| V-1 B e ; v A LR
8 -4 *Cros c D@%%i’l.. s DmA@A
= IR T LI ES A M
@ | Wark+ L o ok = 4L AA VAR A
a -6 o 1 o WR ) A AP 2 AR
% KA Z Cis Dgg . E Dy §/ %%}‘5 77777777777
s gk . . ] g, ; B § o 7 AX TR
© Pl Py Vo, B % OT KA 0X ey A
XK - / o / | [9) HHNUSEER? o7 A Ay N
-10 = % % Cy/ B | o <§>// & & e
*mm // g | -8 - ° D]\// Dy
-2 1 e’ @ @ . e LB/ 5 5
e /
» Cva & Mtk LR+ _10k o
14 F ok AL (TSRY) ks a ) ) L% . . . 0
1 1 1 1 1 1 1 |
—~10 -8 -6 4 -2 0 2 4 -5 -4 -3 -2 -1 0 1 2 3

35C(PDB)/%o

31°C(PDB)/%o

3 NP =BG DA A MUK IR e S AR TR T OT A (a) (A1 (b) BR SRR 23 A Rl 2y
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B> 50 CHAFLRA FIMT, F 5 A0 R A i
N 50 CAA, 5RMBIH = A& IR (43 ~
54 °C) FEAKL SR =, B R AR A T A R
PR AR BT AR hn At s il Mgt [k RO = (1) B
(2) 1,54k Ca® /Mg HLBE AN, S EGR RS A T .

B HIRG 15 SRR BB TV E T s i a2
Bl R B, 5N RO R AL 38 T 52 8 A b T 2 R AN
B, AR AR E (B 2k) 5 5 H A RS R
SARIKAVEFAEAEME T X oo (HAERCE T A, 45T
() 5 fif A B T 38U 45 0 1 Cnrp —HEL S 1 A A
) MR AR I K ORI & B CO, IR T 2
A 8°C 3R BB M (<—11 %o, £k JFi 43 T Schizohaline B
5500 WA ST R R R A8 SRR G ) Bl 8180 fH 1
PR IEAT IX 40 (K 20) o ATIBER R F 2N T 5
AR BV 7K 5 RATR K 1 3l ) b 2 AR, 1 AR
BE HA B A R E o A AR (& 2a,k) 5
Je B T BB o 7 A 0 i A R E R )
Wi (&l 20, q) 5 308 0] WLE [ 19 11 2 A0 Ko 92284
TR ER A M A (E 21, w) .

T $0H L B A A 1 FH VI 24 B - i i F LR R A s
fife A1 K e R B0 R A 00, 8 C (. T i, "0 {EL M
G (B 2n) , 878 18R I R sk B, 9T I 3]
SRR TR WAL ZE IR SRR

2) MUECAER . Y (B BB S
JEA ) S 5 RCAE R, BRI A ML LA N 1)
WY UTTE A AE Py s ORER TH A T FRVE T . 5 4
WA T BS54 FIDGA 20 €O, HCO; , 1558t T &
RS E I ES AL , At DR 4R 20 PR 2o 4R TR oK A AL
Yo ICHL AR e i, R e 2 DR R £ I

PR AR A AR RN R o 2 i) FR 2 SR R Sl A FH AT
B A SRR ORR - Bl o U D R A 3 AN BB
DU B, & B R SUZ NS Z A s s
AR SIIE RCBEARZEAE , A R Hp ARG R RN A K 4
PRI S AL AR DU - R i U B B, 2ok
POTBUKHE M S A0 T FE R T IRl il R A e A
A1 25 (0 40 P BB R R RN A DL PR A YR A, X iz ]
Hu BRIk 2216 B KR AR S R Y Dl s . 1
MR T EOCATER & AL SRR R A IR A 2 T kiR
LA BIUIE ; Sk B IR AL R BE (L RESE) O Ak Ek
R IR R A 30T AR . A BB ARG TR T
SAE T WFLBR IR A A A FUE B, B R A LT SR
TR IR B AR RS BT R B B85 L TR K
FLBR AL BT A, R AR HEE Bk CO,.
AR B 2 A URR I IZFET IR A HLLER

e =S5 T DAL U E DR R LA P e Y S
H5WFEER EEAMWE . ORMBE 5842 TE ik
KL B ERRL BE AR - 22 R AR N R S5 4 | 3 B
ChD) SF R A2 S5 01EH BB T h R B E
BV IR 25 Y IR W B A Bk 2R A K A B
Rz s Q@ui ANE &I TERR SRR R S5 5
W0 A = A (EPS) SIS AR R B T 43
SCIRA WAL -5 A 2 RA VLB 2 AR,
B b ALy RERRE A AT (KA KA A
L) (B 2f) , S AP (C,S) A Y e ARG B
B (Fe,S) BiRER (SO.) (R 7+ (NaCl) (8 A7 (F7) 55
(I 2e,g,h, k) s 678 T H1E K A9 55 10— 55 18 SR 4%
A 22 50 8aER . KIKARIRER ik
MR ALY s ALK A Ak R



62 A 5K AR R R

Fa4 B

A% £ OZIREERRER) A7 JEARGRDTTE , I T BB 2 A
N2 IR EE A SRR ORI A LR AR 2645, A
BT AR E M BRIRER A, ER A= M B A
PR L 22 AR B B o A

2.1.3 K& ARIEE

HRAE S e USRI & 5 D R B X e AR A7
RAEVORL R R S5  FLAETR A i 45 sl Fe i)
(A A=A A0 FEAT TR (R 1),

%19 D,(Anh) , D, F1 D,~D, 43 4% 3% & 8
mn e A R s A A R U RS P
K2, H . C/D, ., C/Dyypo.— T K B 25 774 (£F
AR FRIR R AR SCA B BT A R = A k) .
QC,~ R WIRAIRAKIELEY (T5 ) o @Dy 1% A
FRRBHS A @D -BBEE PGS AES
o OC, B3 N B A AL R T i
©C, h 7 e T o R AR 30 1 = A Ak sl & = AR B AR
BT fiA, XX €L 5 CyL, BT E S R HER A0
TR Eh I J5 (BSR) A LB 73 3 A IR IR 55 ™A
HUBR 2 T (8°C,, ) 5, 8C(PDB) 1 fii W . 1F Fifi %5 B
iR 8 K6 — B 7K — R 7 B — TR 24 B 5 LR Y
SOF — & il Fe—Hi IR £h 18 A0 B —ER AR Fe, S—FH
AN (H e 2B B ) — IR 4 i (pHL | 38 1) —CaCO, 1 i
(BSR) ; Ja # £ 22 T R m 75 ZEVE K,
80 .8"C(PDB) i ff# 5 . (DCy—5"C.8"0 i fi B .,
SVAFE R T IR AU T by 2R R ARIRK S
T IEAREAE . AR Cy MU I 4 Al 3y 2
—J&3"C(PDB) .8"0(PDB) fi i # WA . H. W & JCHI %
PE(Cy_), 5 B3R Cy AL B SBE 5 5 AL T R A —
PGR AR FA & (TSR) 5 3 4l A T 5 | s ih 2 ol i
ERFEDURAES A T B A )2 26 T 0 s ot
A, #R o Cas AR R A (TOC=0. 58 % ~ 1. 08 %, R =
2.36 % ~2.40 %), 52 SHGE A HEEAA G T
fif A7 DLTE H B A ALK §7C(PDB) (=24 %0 ) FIE AL IE 2K
BB I8 2 0 [ CO,: 8°C(PDB) = =7 %o " Cyy, W & T
PUL A DAL -5 [8°C(PDB) < -10. 25 %o, iX
WARTE T8 £ T e Bk iR £k s B i vl se i | 2k —
AW S IR Z IR, PR AR B K €O, & 7
FHOr g U, FIRHE BE A 2 A . R 8RC
(PDB) .8"0(PDB) i #% , i LA (Cy ) , FEE
55 R I AR AR I 308 N A8 BIL ISR R A FH A %
(F1;E3). SEAILENRS A A D, (Anh) (B4
6, CL) Z T L HA 3R 80 (PDB) , S22 K 52 25 & 1EH
FFEIR T Dy Dy Dy 43 AR R AL B 3 A | 4

TS INAE R TR R Ry 40 A L v A i s rFoRE A (i
TE) A5 G AR DRI 00 T 8 ) ok o i
1o @F T IAT A7 80 KDy e B Coc e
T4 D, (1.94 %0) > C (1. 12 %0) , LI 1 #ER) A
LUTESPIEY il & e sl A G EL il pap a1 )5 S O =
P 2Z [ ) 22 S 7E 0. 7% ~ 2.6 %o 3 AR g b3 48 iy
(Cy D) VAR BEEE Yy, Wi ToAR G, 5 s AR iy

2.2 HARMEHER.BERKR

B PSSR, TR DO AR 459 b R IR s 04
TR RE A RS R A 2 B ERR 0, B
A A SR WA R R0 W A 3 S AR B AL
LT ANNS & B, — IR LAAB IR B K IR P A I T
LB SRS A ER AR AL R R 2 H
TR (COMUBAN TR SRR LR, AT R0 7 B
e (DA ER K AL R (WL) 5 @R P AHER 7K
AR (WL + V) ;% CO,E KB R Z R (WL +
V +CO,) s DA (OL) ; @M AR
FEAR(OL + OV) 5 © % 12 2 1Y S0 A1 3R 7K A 35 4k
(OL +WL + V) FI/b s i 5 Bk (OA) . 2l
WIK B AR TR 2. 377, 1 H. Dy Dy A 5 R A 5
G IR Dy AT 5T

MR LA 4 a] UL, OB T 15 T 1K ek
KR IK PIA AL ZEAA A /A | S8 4 v ) FL B 3 A
FALT= P R+ 5 A K CRRIRAK LB
K B b FH R AR S 5 25 B — R A 3 T 1 ) — Il
(Th) =R BB s @ KAIRAK N ERY A 24
2 — R R AR R ARIRK IS I 45 502 5 1
ZA4E, Th < (50.2 ~ 66.0 “C)(Cy Dy ) ; A
FRAE T Th(124. 6 ~ 164.2 °C) fKERE (<6 % ~8 %)
FLBRFARAE T, A R AIR AR W M B8 15 2 T B 4
H(Cyy Dy VAR A3 Dy ) 3 S350 Th TH s i Ji A 4
Z, 2 5 R TR W2 2l DUBUBC T
R OARFET Y h & R AR A BTE Th
S BEA T 115 ~ 120 °C, 48R 1B R Ko
FESZ PG GREE ) IATTF ZEAE50 , B) % 8 i f 2E BR
RERFBCAABERIM; @F = A AR, Howt
ol Eh BE 5L A N 18 K B /Dy BB 43 AL A Th > (140 ~
150 °C), B4 /2 T TSR S N Jir it 1) A 45 i 2 — 1
5T P 8°C(PDB) i 2L i fm AL MW /5 © A ZE 0
P (Cy Cy Cyy; Dy Dy, KUK 2 Dy ) h R R I



B, A5 ML E N R E i R e A AR S AL AR

63

C,_ /347

-1

N=839

Cy /130

Cy /77

0
0 2 4 6

50 60 70 80 90 100 110 120 130 140 150 160 170 8 10 12 14 16 18 20 22 24
T,/°C R/ %
c d
35+ 9
30 - 8
7k
z 25 s
K20 - Z s
= ey
15+ a:3<\4
10 3
2
Srp,i 1
oML 0
40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 0 2 4 6 8 10 12 14 16 18 20 22 24

T,/°C

/%

K4 NP rh =F SR DU PIaRiR £ha S8 vh Z WSS Y O i B oA A5 W —IREE (CC) MR EE R E 7 K

Fig. 4 Histograms of homogenization temperatures (°C) and salinities (wt% NaCl eq) for multiple stages of calcite & dolomite cements in

vugs and fractures of microbial carbonate rocks in the Middle Triassic Leikoupo Formation in western Sichuan Basin
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Table.2 Stable carbon and oxygen isotopes, A47, T—/A47 values of carbonate rocks (fluids) in the Maantang—Leikoupo
Formations in the Middle and Upper Triassic, western Sichuan Basin
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Fig. 5 Carbonate precipitation temperatures (T—/A47) versus 8"”C,_,, (a) and 80, (b) of different microbial carbonate rocks and
cements, Middle Triassic Leikoupo Formation, western Sichuan Basin
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cementation stages of the Leikoupo Formation, western Sichuan Basin
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Fig. 10 Distribution of cements and pores in stromatolite calcareous dolomite (a—d) and foraminifera, pellet—bearing calcareous bounding

dolomite (e—f) of the Middle Triassic Leikoupo Formation, western Sichuan Basin
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Piecharts showing the proportions of different types of pore(a) and cements(b) in the microbial carbonates rocks of Leikoupo

Formation in three wells (YS1, PZ1 and YS1), western Sichuan Basin
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Formation, western Sichuan Basin
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Fig. 14 Diagenetic sequence and pore evolution constrained by cathodoluminescence microscopy, temperature and dating of microbial

carbnoates with cements, Middle Triassic Leikoupo Formation, western Sichuan Basin
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