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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
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Abstract: Granular calcite is an authigenic mineral in fine-grained sedimentary rocks. Core observation, thin section observa-
tion, 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 dolo-
mite). 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 re-
crystallization 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 tem-
perature, 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 condu-
cive 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

Introduction and enrichment of oil and gas, metals and other mineral
resources . Volcanic-hydrothermal activity is an im-

As controlled by multiple factors, including provenance, . . . .
portant geological event for the formation of fine-grained

climate, hydrodynamic conditions, tectono-sedimentary
setting and events, the rock composition and deposition
process of fine-grained sedimentary rock are always
complicated "3, In particular, the geologic events that
occurred during the deposition of the fine-grained sedi-
ments exerted an important influence on the formation
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sedimentary rocks. Its products can result in an abrupt
change of geological environment, influencing the for-
mation process and composition of fine-grained sedi-
mentary rocks . Also, the products may lead to biologi-
cal extinction, anoxic and other events which affect the
generation, preservation and evolution of organic matter
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and significantly control the development of high-quality
source rocks % and may directly affect the geological
mineralization to positively drive the development of
high-quality reservoirs and the accumulation of hydro-
carbons 7. Various sedimentary records in the forma-
tion generated by volcanic-hydrothermal events, includ-
ing abnormal changes of Sr, Ba, V and Eu contents,
anomalies of C, O and S isotope compositions, and
anomaly of magnetic susceptibility, occurrence of fluorite,
pyrite, calcite, analcime and other special minerals, tuff
and other sedimentary rocks of volcanic origin, and
ball-and-pillow structure, all of which provide the theo-
retical support for the research on sediments of these
events @ 89 The fine-grained sedimentary rocks origi-
nated from volcanic-hydrothermal activity are mainly the
products from airfall deposition and subaqueous hydro-
thermal-volcanic eruption deposition . Airfall deposi-
tion is controlled by the intensity and duration of vol-
canic eruption around the basin, forming widely distrib-
uted volcanic tuff in the formation "?2. Subaqueous
hydrothermal-volcanic eruption deposition mainly occurs
in the pulsatile eruption and effusive eruption, under the
control of ejection and high pressure of thermal fluid .
Most of the products are intensively fractured and mixed
with the sediments at the lake bottom to varying degrees,
forming the fine-grained sediments with thin laminas
well developed ¥,

Volcanic materials are widespread in the fine-grained
sedimentary rocks of the Permian Lucaogou Formation in
the Jimusar Sag, Junggar Basin. However, no obvious
crater has been found within this sag. Thus, it has been
agreed by most studies that these volcanic materials are
the products of airfall deposition, and this sag has been
structurally stable and never experienced massive vol-
canic-hydrothermal activity 8. However, some scholars
reported that there were deep-source tuffaceous materi-
als originated from volcanic eruption and exhalative
hydrothermal deep-source materials developed in the
Lucaogou Formation ), and explained it as the result of
multi-stage volcanic-hydrothermal activities in the lacus-
trine basin during the sedimentary period of the Lu-
caogou Formation, which allowed the participation of
abundant deep-source materials in the deposition of
fine-grained sedimentary rocks "°\. At present, the main-
stream view is that the granular calcite developed in the
fine-grained sedimentary rocks in the Lucaogou Forma-
tion, Jimusar Sag was formed from the evaporation or
diagenesis process ™ 8. Some scholars have put forward
the opinion that this type of calcite may be associated
with the exhalative hydrothermal activity at the lake
bottom ¥, However, most of the previous studies were
based on the geochemical data obtained by whole-rock
analysis, but rarely involved direct petrographic data and
geochemical data obtained from in-situ micro analysis.
Thus, there still exists a dispute on the existence of vol-

canic-hydrothermal activity in Jimusar Sag during the
depositional period of the Lucaogou Formation, which
restricts the understanding of shale oil development and
formation in the area. In this paper, by integrating pet-
rographic and geochemical analysis methods with
high-precision observation and in-situ micro analysis, the
genesis and formation mechanism of the granular calcite
were clarified. The results provide a direct evidence for
further understanding of volcanic-hydrothermal event
deposition and have some reference significance to the
study on formation of source rock and accumulation of
shale oil in the Lucaogrou Formation.

1. Geological setting

The Jimusar Sag is a secondary sag located in the
southwestern margin of the eastern uplift of the Junggar
Basin. It is bounded by Jimusar fault, Santai fault, Xidi
fault and Laozhuangwan fault to the north, south and
west respectively, and transits as a gradually rising slope
to the Guxi bulge in the east (Fig. 1a). The Jimusar Sag is
generally developed in half-graben shape which is faulted
in the west and overlapped in the east on the Carbonif-
erous fold basement, and has relatively gentle structure
with a formation dip of 3°-5° ™ ®, It has experienced
multiple tectonic movements, including Hercynian
movement, Indosinian Movement, Yanshan Movement
and Himalayan movement that occurred successively ™.
The Hercynian period is considered as the major stage for
its formation, when intense tectonic subsidence during
the late Early Permian led to deposition started in the sag
as an independent unit. With the intensifying faulting
activities around the sag, Fukang fault in the south, Shaqi
bulge in the north and Guxi bulge in the east were up-
lifted to different degrees, and the sag began to take
shape in the late Permian. Influenced by the Indosin-
ian-Yanshan movements, the Jimusar Sag and its sur-
rounding structural units were subjected to different
degrees of transformation. A slope higher in the east and
lower in the west was formed in the Paleogene period,
when the eastern part was generally uplifted higher than
the western part. During the Himalayan period, the con-
tinued subduction of Bogurda Mountain in the south and
intense uplifting of Fukang fault enabled the sag to
uplift as a whole and form its present-day structural
framework ", The Lucaogou Formation was deposited in
the Hercynian period, when the Junggar Basin and its
adjacent regions were dominantly in a tectonic setting
of extensional rifting, resulting in frequent massive vol-
canic activities in the Jimusar lacustrine basin and its
peripheral areas in a long time "2 The strong volcanic
activity provided abundant volcanic materials for the
formation deposition, forming a set of fine-grained
sediments composed of volcanic materials, endogen-
ous carbonates and terrigenous clasts (Fig. 1b),
containing multi-source components characterized
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Fig. 1. Location and stratigraphic column of Jimusar Sag, Junggar Basin.

with great complexity and variation in the vertical direc-
tion -1,

2. Methodology

The samples for this study were collected from cores of
the Lucaogou Formation in the Jimusar Sag. Calcite was
analyzed using a Zeiss polarizing microscope and a
Cambridge CL8200 MK5 cathodeluminescence detector,
and the calcite development stages were identified ac-
cording to the luminescence colors. The formation tem-
peratures for calcite of different stages were determined
by using a THMS Linkam-600 heating-cooling stage. For
the large inclusions (size greater than 8 um) within cal-
cite, the Renishaw in Via Laser Confocal Micro Raman
Spectrometer with 532 nm laser as an excitation light

source was applied to clarify their compositions. The
grating period for laser beam was set as 5 um, and the
acquisition range was 100-4000 nm. Minerals identifica-
tion was performed by a Zeiss Crossbeam 550 focused ion
beam scanning electron microscope (FIB-SEM) equipped
with an automated mineral identification and charac-
terization system (AMICS). Combined with the element
analysis carried out by a Bruker M4 Tornado high-per-
formance micro area X-ray fluorescence spectrometer
(XRF), the distributions of minerals and elements around
the calcite were determined. On this basis, the genesis of
calcite that shows good crystal morphology was ascer-
tained by analyzing its in-situ elements and isotopic
compositions by different stages. Measurements of the
major, trace and rare earth elements in calcite and its
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associated minerals were conducted using a JEOL-
JXA-8230 electron probe microanalyzer, with a beam spot
diameter of 1 um, and a GeoLasPro 193 nm ArF excimer
laser combined with an Agilent 7900 inductively coupled
plasma mass spectrometry (ICP-MS), with a beam spot
diameter of 32 um. Sampling from the core of calcite was
completed using the Bright MS-p120wh micro drill (bit
size of 2 um), and isotopic compositions for these sam-
ples were analyzed by the aid of a Thermal-Finnigan MAT
253 isotope ratio mass spectrometer. Finally, organic
matters and oil-bearing property were analyzed using a
VINCI Rock-Eval7 pyrolyzer with multistage pyrolysis
technology.

Cathodeluminescence testing, temperature measure-
ment of inclusions, XRF element analysis, SEM and AM-
ICS analysis of minerals, micro-drill sampling, Raman
spectral imaging and pyrolysis experiments were per-
formed in the Key Laboratory of Deep Oil and Gas of
China University of Petroleum (East China). Electron
probe microanalysis was carried out in Ocean University
of China, measurements of trace elements were con-
ducted in State Key Laboratory of Mineral Deposit Geo-
chemistry, Institute of Geochemistry of Chinese Academy
of Sciences, and isotopic tests were performed in the
State Key Laboratory of Oil and Gas Reservoir Geology
and Exploitation, Chengdu University of Technology.

3. Results

3.1. Occurrence characteristics of granular calcite in
fine-grained sedimentary rocks

The fine-grained sedimentary rocks of the Permian
Lucaogou Formation in Jimusar Sag are composed of
pyroclasts, terrigenous clasts and endogenous carbonates,
and they are various in types vertically, such as dolomitic
mudstone/tuff, limy mudstone, tuffaceous mudstone,
micritic dolomite, silty dolomite, tuffaceous (argillaceous)
dolomite, tuffite and etc. (Fig. 1b). This set of fine-grained
sedimentary rocks, where cyclic development of granular
calcite was observed (Fig. 2), shows laminated character-
istics in distribution, with thickness of single layer of 1-15
mm (Fig. 3a). The surrounding rocks at the top and bot-
tom are dominantly clay minerals and micritic dolomite,
within which, quartz and feldspar particles in the shapes
of sharp corner and chicken bone and with bay-like dis-
solution edge are commonly developed (Fig. 2). Vertically,
the fine-grained sedimentary rocks that contain granular
calcite were mainly developed in the first member of
Lucaogou Formation (P.li), concentrated in the black
shale in the lower sweet spot, and rarely detected in the
second member of Lucaogou Formation (Pals). The dom-
inant lithofacies of the lower sweet spot includes tuffite,
dolomitic tuff, micritic dolomite, tuffaceous dolomite

5 Sr/er00 5 S/ZEOO o V/iZr

Depth/|, .

r$1 Lithology[ Baszr Cuizr ZniZr
0[2 0|2 0

N

calcite [0

Strata

Granular | Calcite/% | TOC/%
60|0 12

Depth/| Core
m photos

Thin section

Lithology| characteristics

50

PN

MM

=

i

Lu 1 Member

—

= >

3306

3307

3307.2m

;:{ Dolomite I:'Granularcalcite -Dolomitictuff -Tuffite

Fig. 2. Distribution of granular calcite of fine-grained sedimentary rocks of P,l;, Jimusar Sag.
- 618 -



LI Ke et al. / Petroleum Exploration and Development, 2023, 50(3): 615-627

O O m m O =

Quartz Albite Calcite Dolomite Illite Magnesian calcite

Saddle

o $7Q§%';

| S—

TSI L
™y S b S
‘mj‘l Jrregulafedge

m B = = -

Diopside Pyroxene Pyrite Biotite Organiccarbon

Fig. 3. Development characteristics of granular calcite in fine-grained sedimentary rocks of Permian Lucaogou Formation
in Jimusar Sag. (a) Core photos with granular calcite, Well Ji174, 3302.5 m; (b) Plane-polarized image of the yellow box in Fig.
a, showing calcite grains in bed-parallel distribution; (c) Plane-polarized image of calcite grains showing subhedral rhom-
bus—xenomorphic texture, Well Ji-174, 3302.5 m; (d) Plane-polarized image of saddle calcite, Well Ji-31, 2896.1 m; (e)
Backscattered electron image showing types and features of the minerals around granular calcite, Well Ji-174, 3302.5 m; (f)
AMICS scanning image of Fig. e, Well Ji-174, 3313.8 m; (g) Backscattered electron image of fluorine-containing minerals

around granular calcite, Well Ji-174, 3302.5 m.

and siltstone (Fig. 2). Closely related to the volcanic ma-
terial-enriched intervals, the granular calcite generally
distributed in tuffite zones or the transitional zone be-
tween tuffite and micritic dolomite. Extraordinarily high
contents of Sr, Ba, S, V and other elements that are re-
lated to volcanic-hydrothermal activity were found in
zones where a large number of fine grained sedimentary
rocks were developed (Fig. 2).

As observed under a microscope, the calcites exist with
subhedral rhombus-allotriomorphic texture, and have
large grain sizes in the range of 0.2-1.0 mm (Fig. 3a-3c).
Multiple calcites may constitute a saddle aggregate (Fig.
3d). The results of AMICS analysis show that the calcites
are mainly surrounded by illite, illite-smectite mixed
layer and organic matter in layered distribution, and de-
velop xenomorphic quartz, albite, micritic magnesium
calcite, ankerite and other minerals rich in iron, silicon
and magnesium, such as diopside and mica (Fig. 3e-3f).
Calcite associated with pyrite, with silicon carbonate and
fluorine-bearing minerals developed outside, is observed
in some samples (Fig. 3f-3g).

3.2. Development stages of granular calcite in fine-
grained sedimentary rocks

Cathodoluminescence (CL) images show that the cal-
cite grains have obvious cathodoluminesence zone tex-
ture, and can be divided into at least three stages ac-
cording to the characteristic luminescence colors, ele-
ment characteristics and homogenization temperature of
inclusions (Fig. 4a-4d). The core of calcite (Stage-I calcite)
is bright white, and shows non-luminesence or

Multiple-
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Fig. 4. Characteristics of granular calcite of different
stages in fine-grained sedimentary rocks of the Permian
Lucaogou Formation, Jimusar Sag (Well Ji-174, 3302.5 m).
(a) Plane-polarized image of granular calcite; (b) CL image
with the same field of view as Fig. a, showing calcite
characterized with CL zonal texture, which can be divided
into three stages; (c) Plane-polarized image showing
characteristics of three stages of calcite; (d) CL image with
the same field of view as Fig. c, showing CL characteristics
of three stages of calcite.

very dark red colors, various shapes dominated by dia-
mond and irregular polygon, and clear and straight
boundaries (Fig. 4b, 4d). It is predominately composed of
CaCOs, with a content higher than 99.2%, and contains
few Al, Si and other elements. Among the trace elements,
Sr exhibits the highest content (avg. 2.578 mg/g), while Fe,
Mg and Mn are rare (less than 0.35 mg/g in total). The
content of rare earth elements (REE) is low, with an
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Fig. 6. Inclusions of granular calcite in fine-grained sed-
imentary rocks of the Permian Lucaogou Formation in
Jimusar Sag. (a) Distribution of homogenization temperature
of inclusions in granular calcite; (b) Homogenization tem-
peratures of inclusions of calcite of different stages; (c)
Location of the area selected for laser Raman spectro-
scopic analysis; (d) Laser Raman spectrum for the inclu-
sion in Fig. c.

average of 0.030 3 mg/g. The average values of
LREE/HREE (the ratio of light to heavy rare earth ele-
ments) and (La/Sm), (the ratio of lanthanide elements to
samarium elements after normalization) are 0.9 and 1.11,
showing a slight abundance of LREEs (Fig. 5). The value
of #Sr/¥Sr ranges from 0.705 6 to 0.705 9, 5“C ranges
between 2.73%o0 and 7.10%o, with an average of 4.76%o,
and 6™0 varies from —16.14%o to —11.40%o, with an aver-
age of —14.00%o0. The measured data of fluid inclusions
show that the homogenization temperature of inclusions
in the core is higher than 170 °C, suggesting as an ex-
traordinarily high temperature with great difference from
normal formation temperature (Fig. 6a-6b).

The inner zone of calcite (Stage-II calcite) has greyish
white color and indistinct edges, contains a large amount
of inclusions, and shows bright yellow luminescence (Fig.
4a-4d). It has significantly increased contents of Mg, Fe
and Mn, with an average of 6.348 7 mg/g, and relatively

high contents of Cu, Zn, As, Ni, Mo and other elements.
The averages of total REEs content, LREE/HREE and
(La/Sm), are 0.133 8 mg/g, 2.7 and 3.6, suggesting LREE
enrichment (Figs. 5 and 7a). The measured data of fluid
inclusions show that the inner zone has generally lower
homogenization temperature of inclusions than the core,
varying from 110 °C to 170 °C, concentrated in the range
of 140-170 °C, also suggesting an extraordinarily high
temperature (Fig. 6a-6b).

The outer zone of calcite (Stage-III calcite) is relatively
clean as shown in the plane-polarized image, and char-
acterized by dark orange luminescence (Fig. 4c-4d). Most
of its edges are unsmooth, and partially even hackly or
embayed (Fig. 3g). This zone also has high contents of Mg,
Fe and Mn (avg. 4.476 mg/g), which are slightly lower
than the stage II calcite, and relatively high contents of Mg,
P, V and other elements (Fig. 5). The averages of REEs
content, LREE/HREE and (La/Sm). are 0.137 5 mg/g, 0.75
and 1.03 respectively, suggesting LREE enrichment. The
outer zone has lower homogenization temperature of
inclusions, mainly ranging from 54 °C to 85 °C (Fig. 6b).

4. Discussion
4.1. Formation mechanism of granular calcite

4.1.1. The core of granular calcite is formed from
deposition of calcareous mass precipitated by the
hydrothermal exhalative process

The characteristics of various shapes, regular edge, ex-
tremely low content of Al, Si, Fe, Mg, and Mn/Sr lower
than 2 indicate that the core of calcite (Stage-I) was
formed in relatively pure carbonate-saturated fluid and
underwent weak diagenetic reformation ", The REEs
distribution pattern characterized by slight enrichment of
LREEs, slight negative anomaly of Eu and slight positive
anomaly of Ce (Fig. 7a-7b) reveals the characteristics of
low temperature hydrothermal calcite "%, Stage-I calcite
has the high positive anomaly of Sr, with an average
content of 2.636 1 mg/g (Fig. 7c), which is remarkably
higher than that of carbonate formed in evaporative en-
vironment (Sr content of 0.5-0.7 mg/g) "% marine
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Fig. 7. Elemental composition of granular calcite in fine-grained sedimentary rocks of the Permian Lucaogou Formation in
Jimusar Sag. (a) REEs distribution pattern of granular calcite, the data of chondrite from Ref. [27]; (b) Anomaly characteris-
tics of Ce and Eu in granular calcite; (c) Sr anomaly and Mn/Sr characteristic in granular calcite; (d) Pr/Yb-Fe diagram of
granular calcite; (e) Relationship between Mn and total REEs content of granular calcite; (f) Relationship between Mg and

total REEs content of granular calcite.

carbonate (Sr content of 0.47-0.55 mg/g) ", biological
limestone (Sr content of avg. 0.8 mg/g) and carbonate
formed from burial diagenetic process (generally less
than 1 mg/g) "%, In addition, **Sr/¥Sr ranges from 0.705 6
to 0.705 9, which is generally close to the values of the
calcite influenced by volcanic-deep hydrothermal fluid
and the dolomite influenced by mantle-derived hydro-
thermal fluid (Fig. 8) in the underlying Carboniferous
volcanic rocks, indicating that the Sr-rich fluid was
sourced from deep hydrothermal fluids ™-2!. The analysis
results of micro-drill samples show that 6*C and &0 of
the core are generally greater than 2%o and smaller than
10%o0 respectively (Fig. 8b). In general, 6C of the
hydrothermal fluid derived from upper crust or mantle
varies from —-3%o to 9%o, and 60 of the carbonate rock
formed by hydrothermal fluid is less than —10.0%o. This

indicates that formation fluid of the calcite was derived
from mantle or upper crust ®2. What is particularly
noteworthy is that homogenization temperature of
inclusions in the core is generally higher than 170 °C,
which is far higher than the previously recovered highest
temperature that the Permian Lucaogou Formation in
Jimusar Sag has experienced "%. Moreover, carbonyl
sulfide (COS) was detected the inclusions in the core by
laser Raman spectroscopy, and the characteristic peak of
laser Raman spectrogram occurred at 860 nm (Fig.
6¢-6d). It has been known that COS is transported to the
earth's surface by gases spewed out from volcano 3
which further supports that the core of granular calcite
was formed from deposition of the carbonate mass
brought out by volcanic-exhalative hydrothermal activity
at the lake bottom.
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Fig. 8. Distribution of isotopes in granular calcite in fine-grained sedimentary rocks of the Permian Lucaogou Formation in
Jimusar Sag. (a) Distribution of Sr isotopes in granular calcite, data from Refs. [19-21]; (b) Distribution of C and O isotopes
in granular calcite, the base map modified from Ref. [22].

4.1.2. The inner zone of granular calcite is formed from the total REEs content increases with the increase of Fe
recrystallization of micritic calcium precipitated by the content in the inner zone of calcite. The particularly re-
hydrothermal exhalative process markable increase of LREE (Fig. 7a) is associated with the

REEs redistribution during the recrystallization process
of calcite as the result of the increased contents of Fe, Mg
and Mn in diagenetic fluid ®%.

The homogenization temperature of inclusions in the
inner zone of calcite (Stage-II) is concentrated in the
range of 140-170 °C. Although lower than the formation
temperature of the core, it is still generally higher than 4.1.3. The outer zone of granular calcite is formed from
the normal formation temperature, indicating extraordi- the post-depositional burial diagenetic process
narily high temperature as another factor influencing the
formation of the inner zone (Fig. 6a-6b). The results of
thin section observation show that the core (Stage-I) al-
ways has micritic calcite rim, fine grain size and dirty
surface (Fig. 9a-9b), which is resulted from adhesion of
the calcareous materials brought out by the hydrothermal
exhalative processes to the carbonate mass. After depos-
ited at the lake bottom, these micritic carbonate minerals
were prone to recrystallization under the continuing high
temperature provided by the volcanic-hydrothermal ac-
tivity ?*21. Micritic calcite was distinctly observed in the
intergranular pores within some incompletely crystal-
lized granular calcite and the surrounding matrix (Fig.
9c¢-9f), indicating the existence of recrystallization proc-
ess. As Sr is prone to be eliminated from carbonate min-
eral in its recrystallization process %! the significantly
declined anomaly of Sr and increased Mn/Sr value in the

The outer zone of calcite (Stage-III), with the homog-
enization temperature of inclusions in the range of 54-
85 °C, shows significantly different characteristics from
the core and inner zone (Fig. 6a-6b), and is formed
diagenetically from fine-grained sediments during the
burial process. AMICS analysis reveals that the granular
calcite is surrounded by widely distributed Mg-rich mic-
ritic calcite (Figs. 3e-3f and 9e). During the burial process,
the micritic calcite was prone to recrystallization as ex-
posed to organic acid ®, and evolution into the calcite
with better crystal morphology. It is also observed that
the micritic calcite grows around the granular calcite,
forming the irregular edge of outer zone (Fig. 9f). In ad-
dition, the relative high abundance of Mg in the outer
zone (Fig. 5) also suggests that recrystallization of the
micritic calcite is a contributor to its formation. The high
Mn/Sr value, low anomaly of Sr, high contents of Fe, Mn

inner zone also support the recrystallization of micritic and Mg, and high total REEs content (Fig. 7c-7f) also
calcite. Different from the core, the inner zone has gen- support recrystallization of the micritic calcite. The outer
erally increased contents of Fe, Mn, Mg, Si, Cu, Zn, V and zone is also rich in the corresponding elements contained
As (Figs. 5, 7e-7f). The results of p-XRF scanning show in the matrix, and excellent correlations is also observed
that the surrounding dark matrix of calcite grain is between Fe and Pr/Yb contents, Mg and total REEs con-
abundant in the corresponding elements (Fig. 10), which tents, Mn and total REEs contents (Fig. 7d-7f), indicating
indicates the influence of the surrounding matrix on the an influence of the surrounding matrix on its forming
formation of the inner zone. In the CL images, Stage-III process. A massive amount of illite-smectite mixed layer
calcite shows dark orange luminescence (Fig. 9b), owing and illite are developed around the calcite grains (Fig. 3).
to the mixture of Fe, Mn and other elements in the sur- In the process of illitization, Mg?**, Fe* and a large
rounding matrix. Moreover, good correlations between Fe amount of adsorbed cation would be released into the
and Pr/Yb, Mg and total REEs content, Mn and total pore fluid ® and mixed into the outer zone. Previous
REEs content are observed (Fig. 7d-7e), suggesting that experiments have shown that the calcite that grows
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Fig. 9. Characteristics of calcite-containing sedimentary rocks of the Permian Lucaogou Formation in Jimusar Sag. (a)
Plane-polarized image of massive calcite, Well Ji-31, 2896.1 m; (b) CL image with the same field of view as that in Fig. a,
showing calcite mass composed of non-luminescence core and dark red luminescence rim, and recrystallized part charac-
terized with bright yellow luminescence, Well Ji-31, 2896.1 m; (c) Backscattered electron image of micritic calcite in incom-
pletely crystallized calcite, Well Ji-174, 3302.5 m; (d) Enlarged backscattered electron image of the red box in Fig. ¢, Well
Ji-174, 3302.5 m; (e) Backscattered electron image of showing micritic calcite in matrix, Well Ji-174, 3302.5 m; (f) Backscat-
tered electron image, showing micritic calcite composing the rim of granular calcite, Well Ji-174, 3302.5 m.

Fig. 10. Element distribution of granular calcite-containing sedimentary rocks of the Permian Lucaogou Formation in Ji-
musar Sag. (a) SEM image of core sample, Well Ji-251, 3768.8 m; (b)—(i) Distribution of Ca, Mg, Cu, Zn, V, Mn, Fe and As
illustrated in Fig. a, showing dark matrix surrounding calcite rich in corresponding elements.
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under appropriate conditions tends to form similar
growth zones %,

4.2. Indication of granular calcite to volcanic-
hydrothermal activity

The granular calcite was widespread in the fi-
ne-grained sedimentary rocks in the lower Lucaogou
Formation, and formed multiple cycles with tuffite and
micritic dolomite (Fig. 2). Different from the carbonates
formed by diagenesis during the burial process, granular
calcite exhibits a formation temperature decreasing from
the core to the margin, which provides a direct evidence
for volcanic-hydrothermal events during the sedimentary
period of the fine-grained sedimentary rocks in the Lu-
caogou Formation. Under the regional tectonic setting of
extensional rifting, volcanic-magmatic activity occurred
violently in the Junggar Basin and its neighboring areas
during the end of Late Carboniferous-Early-Middle
Permian period ", fault systems were developed in the
underlying strata of the Lucaogou Formation in the Ji-
musar Sag as the joint result of the compressional stress
that dominated the basin and the extensional stress that
dominated the central part of the sag . During the
sedimentary period of the Lucaogou Formation, these
fault systems connected the heat source from deep
magma, allowing for the convective circulation of hy-
drothermal fluid and lake water along basement faults of
the lacustrinebasin . When the hot water was saturated
with calcium carbonate, calcite mass would be pre-
cipitated. The carbonate masses (Stage-I calcite) were
migrated upwards by upwelling hydrothermal fluid along
the fault to the surface (Fig. 11a-11b), and scattered in
sediments at the lake bottom by the exhalative hydro-
thermal process . The generated massive amount of
micritic carbonates adhered around the carbonate masses,
and underwent recrystallization after deposited at the
lake bottom under the influence of the residual heat (Fig.
11c), forming the inner zone (Stage-II calcite) by captur-
ing Si, Mg, Fe, Mn, Cu, Zn, V, As and other elements from
the surrounding sediments. The outer zone (Stage-II1
calcite) was formed from the surrounding micritic calcite
after experiencing recrystallization around the inner zone
under the action of organic acids and illitization (Fig. 11d).
The existence of granular calcite provides direct evi-
dences for volcanic-hydrothermal events during the
sedimentary period of the Lucaogou Formation. The
hydrothermal activity also influenced mineral composi-
tion of the sedimentary rock, and generated pyrite, fluo-
rine-containing minerals, carbonate silicon and other
low-temperature hydrothermal minerals (Fig. 3e-3f). The
granular calcite arises in the vertical direction regularly,
suggesting the cyclicity of volcanic-hydrothermal activity
during the deposition of the fine-grained sedimentary
rocks in the Lucaogou Formation. It is of great signifi-
cance on the generation of shale oil.

(a)

Lake level

C=] B

Fault Stage-lcalcite Stage-Ilcalcite Stage-lll calcite Micritic calcite Mud
[ N [==+] E=
Argillaceous lllite Tuff Volcanic Sandstone Conglomerate Mudstone

dolomite rock

i

Fig. 11. Formation process of granular calcite in fine-grained
sedimentary rocks of Permian Lucaogou Formation in Jimusar
Sag. C;b— Carboniferous Batamayineishan Fm.; Pjj—
Permian Jingjingzigou Fm.; P.l—Permian Lucaogou Fm.;
Ps;wt—Permian Wutonggou Fm.;T-N—Triassic—Neogene.

4.3. Implications of volcanic-hydrothermal activity to
accumulation of shale oil

During the sedimentary period of the Lucaogou For-
mation in Jimusar Sag, the volcanic-hydrothermal activ-
ity formed multiple intervals of sedimentary rocks com-
posed of granular calcite and volcanic materials. The
sedimentary rocks are mainly distributed in P.li, espe-
cially the black shale in the lower sweet spot (Fig. 2). The
TOC value of the fine-grained sedimentary rocks in Well
Ji-174, ranging from 0.53% to 11.63%, shows strong het-
erogeneity in vertical direction. In the granular cal-
cite-containing rocks, the TOC values are commonly ex-
traordinarily high, and present the same variation trend
as the calcite content (Table 2), suggesting an obvious
influence of volcanic-exhalative hydrothermal materials
on organic matter enrichment in the Lucaogou Forma-
tion. Studies have shown that the abundant nutrient
elements and heat carried by hydrothermal fluid at the
lake bottom could create a suitable environment for algae
and other aquatic organisms to flourish, through convec-
tion circulation of bottom water and upper water, thus
improving the original productivity. Also, the oxy-
gen-deficient environment generated by hydrothermal
activity is also conducive to the preservation of organic
matter %%, These sedimentary rocks, where the organic
matters (mainly Type I) occur in continuous laminated
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Fig. 12. Characteristics of reservoir space in fine-grained sedimentary rocks of the Permian Lucaogou Formation in Ji-
musar Sag. (a) Plane-polarized image of sedimentary rock with granular calcite, showing the characteristics of organic
matters and microfractures, Well Ji-174, 3305.9 m; (b) CL image with the same field of view as that in Fig. a, showing organic
matters present yellowish white luminescence, Well Ji-174, 3305.9 m; (c) Plane-polarized image of feldspar dissolved pores
in tuffite, Well Ji-174, 3306.9 m; (d) Plane-polarized image of feldspar dissolved pores in dolomitic tuffite, Well Ji-174, 3305.6
m; (e) Backscattered electron image of intergranular pores of clay minerals in tuffite, Well Ji-174, 3313.8 m; (f) Backscattered
electron image of intergranular pores in micritic dolomite, Well Ji-174, 3296.5 m; (g) Backscattered electron image of inter-
granular pores of pyrite in tuffite, Well Ji-174, 3313.8 m; (h) Plane-polarized image of calcite intergranular pores filled by
hydrocarbons, Well Ji-174, 3313.8 m; (i) Backscattered electron image of calcite intergranular pores filled by hydrocarbons,

Well Ji-174, 3313.8 m.

distribution (Fig. 12a-12b) are dominantly composed by
algal and characterized by yellowish-white fluorescence
colors, are favorable source rocks in the study area.
Therefore, the volcanic-hydrothermal activity in the Lu-
caogou Formation in the study area has a positive effect
on organic matter enrichment, and is conducive to the
formation of high-quality source rocks.

The fine-grained sedimentary rocks in the lower sweet
spot in the Lucaogou Formation are mainly composed of
tuffite, dolomitic tuff, micritic dolomite and tuffaceous
dolomite that are vertically superimposed (Fig. 2), where
the reservoir space mainly includes microfractures, alu-
minosilicate dissolved pores, intergranular pores of clay
minerals, pyrite, dolomite and calcite (Fig. 12). In the
intervals without granular calcite, the reservoir space is
underdeveloped, except for a small amount of dissolved
pores and mineral intergranular pores (Fig. 12c-12g),

which are generally nanoscale to micronscale. In the in-
tervals with granular calcite, intergranular pores of cal-
cite and microfractures are commonly developed. The
intergranular pores are generally large (nanoscale to mi-
cronscale) and filled by hydrocarbons (Fig. 12h-12i). The
micron-size fractures generally occur between granular
calcite and plastic mineral grains, where crude oil occur-
rence is also observed (Fig. 12b), and act as the effective
reservoir space in the Lucaogou Formation shale. The
granular calcite formed by volcanic-hydrothermal activity
during the deposition of the Lucaogou Formation pre-
sents high instability due to lattice imperfection [,
where intergranular pores are prone to develop in the
process of recrystallization (Fig. 12i). Moreover, the exis-
tence of calcite increases the reservoir brittleness, and
fractures tend to develop between the granular calcite
and plastic minerals, thus facilitating the formation of
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effective reservoirs. In the study area, shale oil content is
relatively high in these rocks, ranging from 13.0 mg/g to
25.9 mg/g, with an average of 14.21 mg/g. In conclusion,
the volcanic- hydrothermal activity during the sedimen-
tary period of the Lucaogou Formation in the Jimusar
Sag is conductive to the enrichment of organic matter in
the fine-grained sedimentary rocks, and the volcanic-ex-
halative hydrothermal sediments might generate inter-
granular pores and microfractures during the burial
process, creating favorable conditions for the self-ge-
neration and self-storage of shale oil. The intervals with
granular calcite in the lower sweet spot of the Lucaogou
Formation are determined as the favorable zones for
shale oil enrichment.

5. Conclusions

The granular calcite in fine-grained sedimentary rocks
of the Permian Lucaogou Formation in Jimusar Sag is the
result of combined effect from volcanic-hydrothermal
events during the sedimentary period of the Lucaogou
Formation and diagenetic transformation during the
burial. Stage-I calcite (core) was directly formed from the
volcanic-exhalative hydrothermal deposition of calcite
mass at the lake bottom. Stage-II calcite (inner zone) was
formed by recrystallization of micritic calcareous materi-
als from exhalative hydrothermal zone under the con-
tinuous high temperature. Stage-I1I calcite (outer zone)
was originated from diagenetic transformation during
burial process.

The different stages of granular calcite provide direct
petrologic evidences for volcanic-hydrothermal events
during the sedimentary period of the Lucaogou Forma-
tion, and its cyclicity in the vertical direction indicates
the effect of frequent volcanic-hydrothermal events. The
fine-grained sedimentary rocks are a result of vol-
canic-hydrothermal events in multiple stages.

The volcanic-hydrothermal activity during the sedi-
mentary period was conducive to the enrichment of or-
ganic 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 and mi-
crofractures during the evolution, creating conditions for
the self-generation and self-storage of shale oil. The in-
tervals with granular calcite in the lower sweet spot of
the Lucaogou Formation are determined as the favorable
zones for shale oil enrichment.
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