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Genesis of granular calcite in lacustrine fine-grained sedimentary rocks and its
indication to volcanic-hydrothermal events: A case study of Permian
Lucaogou Formation in Jimusar Sag, Junggar Basin, NW China
LI Ke, XI Kelai, CAO Yingchang, WANG Youcheng, LIN Miruo

(Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China), Qingdao 266580, China)

Abstract: Granular calcite is an authigenic mineral in fine-grained sedimentary rocks. Core observation, thin section observation,
cathodoluminescence analysis, fluid inclusion analysis, scanning electron microscope (SEM), and isotopic composition analysis were
combined to clarify the genesis of granular calcite in the lacustrine fine-grained sedimentary rocks of the Permian Lucaogou Formation in
the Jimusar Sag, Junggar Basin. It is found that the granular calcite is distributed with laminated characteristics in fine-grained
sedimentary rocks in tuffite zones (or the transitional zone between tuffite and micritic dolomite). Granular calcite has obvious
cathodoluminesence band, and it can be divided into three stages. Stage-I calcite, with non-luminesence, high content of Sr element,
inclusions containing COS, and homogenization temperature higher than 170 ‘C, was directly formed from the volcanic-hydrothermal
deposition. Stage-II calcite, with bright yellow luminescence, high contents of Fe, Mn and Mg, enrichment of light rare earth elements
(LREEs), and high homogenization temperature, was formed by recrystallization of calcareous edges from exhalative hydrothermal
deposition. Stage-III calcite, with dark orange luminescence band, high contents of Mg, P, V and other elements, no obvious fractionation
among LREEs, and low homogenization temperature, was originated from diagenetic transformation during burial. The granular calcite
appears regularly in the vertical direction and its formation temperature decreases from the center to the margin of particles, providing
direct evidences for volcanic-hydrothermal events during the deposition of the Lucaogou Formation. The volcanic-hydrothermal event
was conducive to the enrichment of organic matters in fine-grained sedimentary rocks of the Lucaogrou Formation, and positive to the
development of high-quality source rocks. The volcanic-hydrothermal sediments might generate intergranular pores/fractures during the
evolution, creating conditions for the self-generation and self-storage of shale oil.

Key words: fine-grained sedimentary rocks; calcite origin; volcanic-hydrothermal event; event deposition; Permian Lucaogrou
Formation; Jimusar Sag; Junggar Basin

E10iE , , . -



542 - Vol. 50 No.3

[J1. , 2023, 50(3): 541-552.
LI Ke, XI Kelai, CAO Yingchang, et al. Genesis of granular calcite in lacustrine fine-grained sedimentary rocks and its indication
to volcanic-hydrothermal events: A case study of Permian Lucaogou Formation in Jimusar Sag, Junggar Basin, NW China[J].
Petroleum Exploration and Development, 2023, 50(3): 541-552.

[1-3]

[4-5]
1
[2]
4
[2,6]
la
[6-7]
- Sr Ba cc »>
V Eu C O S 30,.\,50[1, 8]
[11]
[6, 8-9] )
_ [2]
[1-2] i
[91
[9-10]
[11]
_ [1,8] [12]
91 1b
_ [1,11]
[10]
2
[1,8]
[9-10] . .
Zeiss Cambridge CL8200 MKS5

THMS Linkam-600



2023 6 - S 543

2 W /m o
- 3135 A
3155 A
3175
i) 3195 ==
3215
=
3235
% 3255 o
3275
3295 £=
4 3315
E
3335
E B’ T 3355
(a) 7 A B IR V185 A 3 o 8 57 2 90 4 TG0 A 4y s S5 (4% (b) PRI 4 R IE
o NN o e E E e e E B
fd —gtiE PR MR KR RKEL WE RBE O OKR ARl KR AR ORE OB®R RBRE Ass BER RE
L STV B i % {tZk/m WH WH OMEE BEE BEME  ORE OKEH Hzf Hat
Bl 1 HAFERUEEEMLESEERE
JEOLJXA-8230
8 um 1 um LA-ICP-MS GeoLasPro 193 nm ArF
532 nm Renishaw in Via Agilent 7900
32 um Bright MS-p120wh 2 um
5 pm 100~4 000 nm Thermal-Finnigan MAT 253
AMICS Zeiss Crossbeam
550 FIB-SEM Bruker M4 VINCI Rock-Eval7
Tornado X
XRF XRF AMICS
- LA-ICP-MS

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



544 - Vol. 50 No.3

3a
2
3
3.1 ARCAFNE P RIS BRAMRFISE Pl
P212
2
/
1b Sr Ba S V
2 1~15 mm - 2
%2 FARERME-EBRASNE—ERMAITINE P RALS#EA S YT
— 3f— 3g
0.2~1.0 mm 3a— 3¢ 32 MR ER RN ABALBEKX
3d
AMICS
3 4a— 4d I

4b 4d CaCoO; 99.2%



2023 6

- — 545
Al Si Sr 5 RN VAN 0.705 6~
2.5784mg/g Fe Mg Mn 0.7059 ¢"C 2.73%0~7.10%o
0.35 mg/g 4.76%0 0"%0 —16.14%0~—11.40%o
0.030 3 mg/g LREE/HREE —14.00%o
09 La/Sm 170 C
1.11 6a— 6D
a 174 33025m b a c —
174 3302.5m d 31 2896.1 m e 174 3302.5m
f e AMICS 174 33138m g 174 3302.5m
B3 FARERMBZIERSERAMMTIRET RS RALXFIFE
6.348 Tmg/g Cu Zn As Ni Mo
0.133 8 mg/g
LREE/HREE 2.7 La/Sm , 3.6
5 7a
110~170 C 140~
170 C 6a— 6b
I
dc— 4d
3g
Mg Fe Mn 4.476 mg/g
Mg P V
. . . 5 0.137 5 mg/g
3 . 3 d LREE/HREE 0.75 La/Sm , 1.03
c 3
E 4 EARPRMKS 174 % 33025 m ZBRAERA 3485 € 6b
RS AN E ER R @R 5 R A HE 4
II 4.1 SBRFBATENE
da— 411 BORPOAS R AP R B S
4d Mg Fe Mn I Al



546

Vol. 50 No.3

Bl5 EARFERMBE-EBRAE

HERRITREFARANTEESHE T RAEAMIFE

—10.0%o0
[22]
170 C
[12]

COS 860 nm 6c—

6d

[23]

4.1.2 RRRFIRI 550 E Lk T R Ty R B AR

I
140~170 C
a b
¢ d ¢ 6a— 6b
Bl6 FAFERMBE-_ERABEREMITINE T HEAS I
B R
9a— 9b
Si Fe Mg Mn Mn/Sr
2 _
(131 [24-25]
Eu Ce 7a— 7b
[14-15] Sr 9 of
—
Tc 2 636.1 mg/g Sr
Sr 500~700 mg/g !¢ [26] S
Sr 470~550 mg/g [ Mn/Sr
Sr 800 mg/g Fe Mn Mg Si
Sr 1 000 mg/g [10. 18] Cu Zn V As 5
80Sr/*Sr 0.705 6~0.705 9 Te— Tf XRF
- 10
8a Sr
[19-21] 9b Fe
ot 2% 00 Mn Fe Pr/Yb Mg
~10%o 8b o"C Mn
~3%0~~9%o 5"%0 7d— 7e



2023 6 - S 547

10° ¢ 121
@) (®) N
= L1t
N A
pi 1.0}
3 = LRIE: .
=B D5 0.9 . HI%!? = -
2 o .« * - |
"JE _'\'/./j e 0.8 "
I N —
# [T 39— 108 -~ T —— B P e i | 071
100 1 1 1 1 1 1 1 1 1 1 1 1 J 06 1 1 1 1 1 1 1 J
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 0.60 065 070 0.75 0.80 085 090 095 1.00
i T3 EuSt#
160 - 150
(c) ()
140 Fa 13k . ATl
120 | o 114
AlH 1k = 1144
100 @ . H%E
s = 11 o
L i > L
5 80 £ 09 ‘\\R2=0.63
w2
60 |- N
07F o
L ¢ . m
0 " w 05k 4 S R=0T1
20 k- - u. . . o R . ] \\\\\!
1 1 1 I. 1 ol J 03 1 1 1 = 1 J
0 0.1 0.2 0.3 0.4 0.5 0.6 0 500 1000 1500 2000 2500
Mn/Sr Fe/(10*mg-g")
1200 - 6
(@) . ) >
1000 - R=0.69 " St n 7
~ ATl - R>=0.65 ~ e
w800 o 11 . _— o~ 4t - "
:én CRIIEE| . //// . 3 . e
< 600 | % N -
= % 27 R=072
T 400 - . . = 2f . ]
s n /“.»—R=0.55 o 114
200 | — 1t = 1114
s |
AA 1 1 1 1 1 1 J AA 1 1 1 1 1 1 J
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
i+t R M E/(10°mg-g™) i+t & ME/(10°mg g)
a [27] b Ce Eu c Sr Mn/Sr
d Pr/Yb  Fe e Mn f Mg
7 HARERMEBZEARBEWHEMKIINE P RALSEA TR
a [19-21] b [22]

El 8 FARFERME_EARMERHEMRITIE T R HEA R EER S BT

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



548 - Vol. 50 No.3

31 2 896.1 m c 174 3302.5m d c
174 33025m e 174 3302.5m f 174 3302.5m

9 FHARFERME-EBZRASERESHBANRERE

a 251 3768.8 m b — i a Ca Mg Cu Zn V Mn Fe As

10 BEARFRMB-IEAFERNESRNSRANRKRETESHHHE



2023 6 - — 549
Fe Ilc Si Mg Fe
Ta Fe Mg Mn Mn Cu Zn V As I
11
[28]
4.1.3 ARG LB BN AT R 1F A 9 IR 11d
il -
54~85 C 6a— ©6b
AMICS
Mg 3e— 3f
3e— 3f 9e -
[29]
9f Mg 5
Mn/Sr Sr Fe Mn
Mg Tc—
7f
Fe Pr/Yb
Mg REE Mn REE
7d— 7f
3
Mg2+ Fez+

[29]

[30]

4.2 @A ABRAX K- BREHEREX

[12]

[31]

[91

1la— 11b
[9]

= e
(8] E3 I
Wi TR T RG TR fea T s Ik

[ ] [=]

PRz PRA BRI Kl W R R

Cb— Poj— Pyl—
Piwt— T—N— —

Bl 11 BEAFERMB-ERSEMNARNSRAMKRIE

4.3 N-HRIETEIFH X TUE BB E X

174 TOC
0.53%~11.63%
TOC

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



550 - Vol. 50 No.3

- 12g —
12h—  12i
12,6, 8]
12a— 12b 12b
1 -
) (32]
12i
13.0~25.9 mg/g
2 14.21 mg/g
12 -
12c—
a 174 33059m b a 174 33059m
c 174 33069m d 174 3305.6m e
174 33138m f 174 3296.5m g 174 33138m
h 174 33138m i 174 33138m

B 12 HARFERME-ERSERAMERTRE PREETELBHIE



2023 6

— 551

II

1T

SE

(1]

(2]

(3]

(4]

-

> 5 JL,

[J71. , 2021, 48(1): 26-37.
JIANG Zaixing, KONG Xiangxin, YANG Yepeng, et al. Multi-source
genesis of continental carbonate-rich fine-grained sedimentary rocks
and hydrocarbon sweet

Development, 2021, 48(1): 26-37.

spots[J]. Petroleum Exploration and

[J1. , 2022, 49(2):
224-237.
HU Suyun, BAI Bin, TAO Shizhen, et al. Heterogeneous geological
conditions and differential enrichment of medium and high maturity
in China[J].
Development, 2022, 49(2): 224-237.

continental shale oil Petroleum Exploration and

[J]. , 2022, 49(1): 106-115.

PENG Jun, ZENG Yao, YANG Yiming, et al. Discussion on classification

and naming scheme of fine-grained sedimentary rocks[J]. Petroleum

Exploration and Development, 2022, 49(1): 106-115.
1. ( ), 2021,

45(2): 51-62.

WANG Pengwan, ZOU Chen, LI Xianjing, et al. Geochemical

characteristics of element Qiongzhusi Group in Diangianbei area and

paleoenvironmental significance[J]. Journal of China University of

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Petroleum (Edition of Natural Science), 2021, 45(2): 51-62.
OHKOUCHI N, KURODA J, TAIRA A. The origin of Cretaceous
black shales: A change in the surface ocean ecosystem and its
triggers[J]. Proceedings of the Japan Academy, Series B, 2015, 91(7):
273-291.

, . : [7]. ,
2020, 38(1): 1-29.
QIU Zhen, ZOU Caineng. Unconventional petroleum sedimentology:
Connotation and prospect[J]. Acta Sedimentologica Sinica, 2020,
38(1): 1-29.
LI T J, HUANG Z L, CHEN X, et al. Paleoenvironment and organic
matter enrichment of the Carboniferous volcanic-related source rocks
in the Malang Sag, Santanghu Basin, NW China[J]. Petroleum
Science, 2021, 18(1): 29-53.
WU H G, HU W X, TANG Y, et al. The impact of organic fluids on
the carbon isotopic compositions of carbonate-rich reservoirs: Case
study of the Lucaogou Formation in the Jimusaer Sag, Junggar Basin,
NW China[J]. Marine and Petroleum Geology, 2017, 85: 136-150.

[J1. , 2018, 20(1): 49-63.

LIU Yiqun, ZHOU Dingwu, NAN Yun, et al. Permian mantle-derived
carbonatite originated exhalative in North
Xinjiang[J]. Journal of Palacogeography, 2018, 20(1): 49-63.
LI H, LIU Y Q, YANG K, et al. Hydrothermal mineral assemblages

sedimentary rocks

of calcite and dolomite—analcime—pyrite in Permian lacustrine
Lucaogou mudstones, eastern Junggar Basin, Northwest China[J].
Mineralogy and Petrology, 2021, 115(1): 63-85.
CAO Z, LIU G D, XIANG B L, et al. Geochemical characteristics of
crude oil from a tight oil reservoir in the Lucaogou Formation,
Jimusar sag, Junggar Basin[J]. AAPG Bulletin, 2017, 101(1): 39-72.
1. ,2012, 28(8): 2381-2391.
MAO Xiang, LI Jianghai, ZHANG Huatian, et al. Study on the
distribution and developmental environment of the Late Paleozoic
volcanoes Acta
Petrologica Sinica, 2012, 28(8): 2381-2391.
KUZNETSOV A B, KRUPENIN M T, OVCHINNIKOVA G V, et al.

in Junggar Basin and its adjacent areas[J].

Diagenesis of carbonate and siderite deposits of the Lower Riphean
Bakal Formation, the southern Urals: Sr isotopic characteristics and
Pb-Pb age[J]. Lithology and Mineral Resources, 2005, 40(3):
195-215.

[J1. , 2021,
57(4): 852-864.
LIU Jinkang, DENG Mingguo, MAO Zhengli, et al. Characteristics
and indication of carbon-oxygen isotopes and rare earth elements of
hydrothermal calcite from the Mengxing Pb-Zn deposit, western
Yunnan[J]. Geology and Exploration, 2021, 57(4): 852-864.
ABEDINI A, CALAGARI A A, NASERI H, Mineralization and REE
geochemistry of hydrothermal quartz and calcite of the Helmesi
vein-type copper deposit, NW Iran[J]. Neues Jahrbuch fiir Geologie
und Paldontologie-Abhandlungen, 2016, 281(2): 123-134.
ALIPOUR S, MOSAVI ONLAGHI K. Mineralogy and geochemistry

of major, trace and rare earth elements in sediments of the



552 - Vol. 50 No.3
Hypersaline Urmia Salt Lake, Iran[J]. Acta Geologica Sinica dolomite: An experimental study from[J]. Geochimica et
(English Edition), 2018, 92(4): 1384-1395. Cosmochimica Acta, 1996, 60(12): 2189-2207.

[17] , QING Hairuo, , . — [26] FANTLE M S. Calcium isotopic evidence for rapid recrystallization

[J]. of bulk marine carbonates and implications for geochemical
: , 2008, 38(3): 273-283. proxies[J]. Geochimica et Cosmochimica Acta, 2015, 148: 378-401.
HUANG Sijing, QING Hairuo, HUANG Peipei, et al. Evolution of [27] SUN S S, MCDONOUGH W F. Chemical and isotopic systematics of
strontium isotopic composition of seawater from Late Permian to oceanic basalts: Implications for mantle composition and
Early Triassic based on study of marine carbonates, Zhongliang processes[J]. Geological Society, London, Special Publications, 1989,
Mountain, Chongqing, China[J]. SCIENCE CHINA Earth Sciences, 42(1): 313-345.
2008, 51(4): 528-539. [28] R s ,

[18] CORROCHANO D, ARMENTEROS I. Diagenesis of Pennsylvanian [9. ,2018, 34(3): 733-747.
phylloid algal mounds from the southern Cantabrian Zone (Spain)[J]. DENG Yi’nan, REN Jiangbo, GUO Qingjun, et al. Geochemistry
Arabian Journal of Geosciences, 2017, 10(1): 20. characteristics of REY-rich sediment from deep sea in Western

[19] JIAO X, LIU Y Q, YANG W, et al. Microcrystalline dolomite in a Pacific, and their indicative significance[J]. Acta Petrologica Sinica,
Middle Permian volcanic lake: Insights on primary dolomite 2018, 34(3): 733-747.
formation in a non-evaporitic environment[J]. Sedimentology, 2023, [29] LIANG C, CAO Y C, LIU K Y, et al. Diagenetic variation at the
70(1): 48-77. lamina scale in lacustrine organic-rich shales: Implications for

[20] 4 4 4 - hydrocarbon migration and accumulation[J]. Geochimica et

1. » 2017, Cosmochimica Acta, 2018, 229: 112-128.
91(11): 2573-2583. [30] SHAUN L L, BARKER, COX S F. Oscillatory zoning and trace
LIU Yong, YUAN Haifeng, GAO Yao, et al. Genetic mechanism of element incorporation in hydrothermal minerals: Insights from
calcite veins in Carboniferous-Permian volcanic reservoirs in the calcite growth experiments[J]. Geofluids, 2011, 11(1): 48-56.
Hashan area, Junggar Basin and its petroleum geological [31] ) , ,
significance[J]. Acta Geologica Sinica, 2017, 91(11): 2573-2583. 1. . 2022, 43(10):

(21] . HE s - 1383-1394.

91 » 2007, ZHI Dongming, LI Jianzhong, ZHANG Wei, et al. Exploration
25(5): 722-729. breakthrough and its significance of Jingjingzigou Formation in
CAO Jian, HU Wenxuan, YAO Suping, et al. Carbon, oxygen and Shuangji tectonic zone of Jimsar sag in Junggar Basin[J]. Acta
strontium isotope composition of calcite veins in the carboniferous to Petrolei Sinica, 2022, 43(10): 1383-1394.
Permian source sequences of the Junggar Basin: Implications on [32] NADER F H, SWENNEN R, KEPPENS E. Calcitization/
petroleum fluid migration[J]. Acta Sedimentologica Sinica, 2007, dedolomitization of Jurassic dolostones (Lebanon): Results from
25(5): 722-729. petrographic and sequential geochemical analyses[J]. Sedimentology,

[22] YANG Z, ZHONG D K, WHITAKER F, et al. Syn-sedimentary 2008, 55(5): 1467-1485.
hydrothermal dolomites in a lacustrine rift basin: Petrographic and
geochemical evidence from the Lower Cretaceous Erlian Basin, E—EEEN: 24 (19%-), B, 2#mEmA, AT E G HFE (L
northern China[J]. Sedimentology, 2020, 67(1): 305-329. F) it d, TE2RFEFTIHAMEENTFF MR, it

[23] MIBBACH H, DUDA J P, VAN DEN KERKHOF A M, et al. LWAEFLTRELRRIIES 665, TEHEMASE (BF) WA FEH
Ingredients for microbial life preserved in 3.5 billion-year-old fluid RFR, B %A 266580, E-mail: likea0619@163.com
inclusions[J]. Nature Communications, 2021, 12(1): 1101. BEAEEGN: BAK (1988-), B, HFATA, #Hit, YELHA

(24] ; . , ¥ (ER) RHAFEHAFRII, TERFFAL T UHEE

[25]

[J1. , 2015, 35(1): 79-86.
ZHANG Chengyong, NIE Fengjun, HOU Shuren, et al. Study on
hydrothermal alteration and relation with uranium mineralization of
the Tamusu exogenetic uranium deposit, Inner Mongolia, China[J].
Acta Mineralogica Sinica, 2015, 35(1): 79-86.
MALONE M J, BAKER P A, BURNS S J. Recrystallization of

o J % 7 @ A AR TR, sk LRSS H BT R ERKIIHA% 665,
FEGHRE (£KR) WkAFERRER, %A 266580, E-mail:
xikelai@upc.edu.cn

i HER: 2022-11-22

&= HEA: 2023-03-30

HER



