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Abstract

Junggar Basin is one of the largest sedimentary basins in Northwest China. Carboniferous oil and gas fields have been
found in different areas in the eastern part of the Junggar Basin on a large scale, indicating that the Carboniferous rocks
of the Junggar Basin have a huge potential for oil and gas exploration. This study focuses on the Batamayineishan Forma-
tion in the eastern part of the Junggar Basin, which contains volcanic rocks and pyroclastic rocks, aiming to investigate
the reservoir characteristics and to identify the formation mechanism of the rocks of this formation. The majority of the
existent reservoir space in the volcanic rocks of the Batamayineishan Formation is dominated by secondary pores and
fractures. Using the methods of petrography, pressure-controlled mercury injection (PMI), and electron probe microa-
nalysis (EPMA), the reservoir characteristics and diagenetic history of the volcanic rocks of the Batamayineishan Forma-
tion in the Shuangjingzi area were studied. A theoretical framework is established to provide favorable guidance for ex-
ploring Carboniferous volcanic rocks in the Junggar Basin. The results of mercury injection indicate that the average pore
throat radius and porosity of the volcanic rocks are 0.068 pm and 6.62%, respectively. Permeability remains stable and
does not show a significant change with an increase in porosity. Despite the high porosity, the permeability is relatively
low, reflecting isolated and non-connected primary pores. The average value of permeability is relatively low (0.424x107
pum?), which typically suggests narrow micro-throats. Primary gas pores fill and develop amygdales on a large scale. In
addition, the dissolution pores developed by dissolution and alteration also compensated for the decrease in the original
gas pore volume.
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2018; Sun and Cao et al., 2018; Zheng and Sun et al.,
2018). Reservoir volcanic rocks range from basalt to an-
desite or rhyolite formed over different geological ages
(Zou, 2013; Wang and Chen, 2015). Volcanic oil and
gas reservoir research focuses on reservoir types, forma-
tion mechanisms, and the main controlling factors
(Zheng and Sun et al., 2018). Previous studies have
suggested that primary and secondary pores typically
control the reservoir space in volcanic rocks. Primary
pores formed by welding, volatile outgassing, deuteric
recrystallization, and autoclastic brecciation may en-
hance the porosity and permeability (references). Sec-
ondary processes, such as compaction and alteration,
could destroy primary pores; however, several second-
ary processes may contribute positively to enhancing
reservoir quality by generating secondary pore systems,
such as dissolution during the burial period, weathering,

1. Introduction

Volcanic reservoirs have been found in many loca-
tions worldwide (Nakata, 1981; Petford and McCaf-
frey, 2003; Sruoga and Rubinstein et al., 2004; Sruo-
ga and Rubinstein, 2007; Lenhardt and Gotz, 2011;
Barreto and de Lima et al., 2017; Navelot and Gé-
raud et al, 2018). Volcanic reservoirs are a common oc-
currence in the sedimentary basins of China, and the first
volcanic hydrocarbon reservoir was discovered in 1957,
the northwestern periphery of the Junggar Basin (Zou
and Zhao et al., 2008). Since the discovery of the first
volcanic reservoir in the northwestern margin of the Jun-
ggar Basin, volcanic oil and gas reservoirs have gained
significant attention and have been reported in many
petroliferous basins in China, such as the Junggar, Si-
chuan, Bohai Bay, Santanghu, Songliao, and Hailer ba-

sins (Yang and Hou et al., 2017; Sun and Zhong et al.,
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and leaching. Fractures and cracks coupled with pores
play a key role in developing oil and gas reservoirs on a
large scale (Sruoga and Rubinstein et al., 2004; Chen
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Figure 1: Simplified structural map of Junggar Basin showcasing the distribution
of different tectonic units and major faults, as well as the location of the study area
(modified from Tang et al., 1997; Xu et al., 2001; Bian et al., 2010)
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Figure 2 Simplified geological map of the Shuangjingzi area
showcasing the distribution of Carboniferous volcanic rocks
and samples at the location.

and Wang et al., 2017; Huang and Hu et al., 2019).
The Shuangjingzi region of the eastern Junggar Basin
contains numerous Carboniferous volcanic rocks, and
outcrops which are well exposed along this area (Du
and Han et al., 2017). The Carboniferous volcanic
rocks of the Batamayineishan Formation in the Dixi area
contain various types of fracture fillings. A model has
been developed that presents different stages of forma-
tion and evolution of fracture fillings (Feng and Liu et
al.,, 2019). The volcanic reservoirs of the Batamayi-

neishan Formation in the eastern part of the Junggar Ba-
sin have been studied using different methods and from
different perspectives, such as lithology, lithofacies, res-
ervoir space, and diagenesis, achieving fruitful results
(Xiao and Zhang et al., 2011; Su and Zheng et al.,
2012; Yang and He et al., 2012; Cui and Zhang et al.,
2013; Zhang and Guo et al., 2015; Shi and Sun et al.,
2017). This study focuses on the lithology, physical
properties, reservoir space type, pore structure type and
pore infilling of the Carboniferous Batamayineishan
Formation in the Shuangjingzi area of the Junggar Ba-
sin, eastern China. The main objective of this study is to
investigate the lithological characteristics by petro-
graphic and outcrop observations and describe pore
types and pore structures controlling reservoir space.
This study provides new insights for understanding vol-
canic reservoir spaces and improving the quality of the
Batamayineishan Formation volcanic reservoir.

1.1. Geological setting

The Junggar Basin is located in the north of the Xin-
jiang Uygur Autonomous Region, northwestern China,
with a basin area of approximately 136,000 km?. Geo-
logically, the Junggar Basin is located in the central part
of the Central Asian orogenic belt between the Tarim
Craton and the Siberian Craton (Chen and Pirajno et
al., 2011). It is surrounded by the Tian Shan (Boro Horo)
and the Bagoda Mountains in the south, the Zaire and
Halalate Mountains to the west, and the Qinglid Moun-
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tains and the Karamaili Mountains in the northeast (see
Figure 1). The Junggar Basin is sub-divided into four
tectonic units from south to north: piedmont depression,
central depression, Luliang uplift, and Wulungu depres-
sion south of the Qinglid Mountains (see Figure 1). The
maximum thickness of the sedimentary filling is 14 km,
formed since the Permian and is located in the south of
the basin (Zhaohui Tang and Fre, 1997). The age and
nature of the basement in the Junggar Basin have been
studied from the differing perspectives of geology, geo-
physics, and geochemistry, but these aspects are still un-
der debate. The basement of the Junggar Basin consists
of crystalline rocks (Xu and Li et al., 2015), comprising
Paleozoic oceanic crust and island arc systems (Carroll
and Graham et al., 1995; Chen and Jahn, 2004; Xiao
and Windley et al., 2009). The study area is in the east-
ern part of the Junggar Basin, bounded by the Karamaili
Mountains in the north, the Bagoda Mountains in the
south, and connected with the central depression and
Luliang uplift in the west (see Figure 1). The Lower
Carboniferous Kalamaili Formation, the Tamugang For-
mation, and the Songkarsu Formation; the upper Car-
boniferous Batamayineishan Formation and Shuangjin-
gzi Formation, and Permian, Triassic, Jurassic, and Qua-
ternary strata are widely exposed in the study area (see
Figure 2). The Batamayineishan Formation has uncon-
formable contact with the underlying Tamugang and
Songkarsu Formations and crops out on the northern
side of the Karamaili Ophiolite belt. The upper contact is
conformable with the Shuangjingzi Formation. The vol-
canic rocks of Batamayineishan Formation are mainly
composed of intermediate to acidic volcanic lava and
corresponding pyroclastic rocks and vary in thickness
from hundreds of meters to several kilometers. The
Batamayineishan Formation is the main development
horizon of volcanic rocks in the Junggar Basin. At pre-
sent, the Carboniferous volcanic oil and gas reservoirs
are mainly concentrated in this horizon.

2. Methods

Thin-section microscopy, petrophysical properties,
and pressure-controlled mercury injection (PMI) on
samples were used to analyze the Batamayineishan For-
mation volcanic reservoir.

Thin-section observations were performed on 42
samples taken directly from outcrops of the Batamayi-
neishan Formation in the Shuangjingzi area: 16 basalt
samples, 11 rhyolite samples, 10 breccia samples, and 5
andesite samples were obtained. Microscopic studies
were conducted on these thin sections using a petro-
graphic microscope (Olympus BXS51) to identify the
mineral composition and textural characteristics of dif-
ferent minerals. The thickness of the thin section was 0.3
mm, and the size was 25 mm X 25 mm. Then, 25 thin
sections were impregnated with blue dye resin to assess
the different types of pore spaces.

The porosity and permeability were measured by pe-
trophysical analysis of 15 volcanic rock samples. The
sample was prepared in a small cylindrical shape with a
length of 50 mm and a diameter of 25 mm. Porosity and
helium permeability were determined using an automat-
ic permeability analyzer instrument. Test standards (SY/
T-5336-2006), used in the oil and gas industry of China,
were followed. These measurements were conducted at
a temperature of 20°C and humidity of 45%.

PMI was used for 17 samples to characterize different
pore structures and pore throat analyses. The equipment
used for PMI was an AutoPorelV9505 mercury poro-
simeter following the SY/T 5346-2005 standard of Chi-
na. The test temperature was 19.3°C, and the humidity
was 24%. Mercury was injected into all the available
pore spaces using a mercury porosimeter. Based on the
pore volume percentage of injected mercury and the cor-
responding pressure, various key results were obtained
regarding pore characteristics, such as mercury intrusion
and extrusion curves, average pore throat radius, maxi-
mum pore throat radius, and maximum mercury satura-
tion. Capillary pressure curves reflecting several param-
eters were utilized to study pore throat structures.

After petrographic analysis, the samples with devel-
oped amygdales were selected. A JXA-8230 electron
probe instrument was used to analyze the mineral com-
position of different fillings of amygdales and determine
the type and composition of the filling minerals. During
the test, the accelerating voltage was 20 kV, and the elec-
tron beam current was 2x10% A,

3. Results
3.1 Lithology

The lithological characteristics of the volcanic rocks
of the Batamayineishan Formation were determined
through outcrop sample description and thin-section ob-
servations. The volcanic rock types in the study area in-
clude lava, volcanic breccia, and volcaniclastic rocks.
The lava has been further divided into basalt, andesite,
rhyolite, and dacite in proportions of 39%, 12%, 23%,
and 7%, respectively. Volcanic breccia includes basaltic
breccia and rhyolitic breccia in proportions of 14% and
5%, respectively. Based on the textural structure, vol-
caniclastic rocks consist of variegated agglomerates and
conglomeratic basaltic breccias. Basalt exhibits the
overall porphyritic texture and can be divided into tra-
chybasalt and vesicular basalt. Andesite exhibits a por-
phyritic texture with interleaved structures and argilliza-
tion of plagioclase phenocrysts. Rhyolite presents spher-
ulites and flow structures and can be divided into
vesicular rhyolite and granulated rhyolite. In terms of
rock types, lava is widely distributed in the observed
thin sections, accounting for 81% of the composition,
while the abundance of volcanic breccia is 19%.
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3.2 Petrophysical characteristics

Generally, different rock types exhibit different phys-
ical properties owing to variations in their structures and
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Figure 3 Cross-plot of porosity vs. permeability, showing
the volcanic reservoir property of the Carboniferous
Batamayineishan Formation in the Shuangjingzi area.
For samples of analysed lavas and volcanic breccias.

textures. The volcanic rocks of the Batamayineishan
Formation are characterized by low porosity, as the
measured helium porosity of rock samples is distributed
between 0.03% and 18.18% with an average value of
5.82%; the measured permeability ranges as 0.004—
19.7x103 um? with an average value of 1.437x107 um?
(see Figure 3).

To evaluate the reservoir potential of volcanic rocks,
it is a prerequisite to identify different lithological types
and various reservoir spaces as well as the set of geo-
logical processes they have undergone (Sruoga and Ru-
binstein, 2007). Thin-section observations indicate
three types of pore systems in the Batamayineishan For-
mation, including primary pores, secondary pores, and
fractures. The primary pore system includes gas pores,
corrosion pores, intergranular pores, and shrinkage
cracks. Dissolution pores and intergranular micropores
dominate the secondary pore system, while fractures are
generated by dissolution and tectonics.

Gas voids are widespread in basalt, rhyolite, and brec-
cias infilled with calcite, zeolite chlorite, and other min-
erals. These pores are of different shapes and sizes, rang-
ing from round, elongated, and other irregular shapes.

Figure 4 Photomicrographs of primary pores from thin sections of the Batamayineishan volcanic reservoir.
A Gas voids in rhyolite, PPL; B Corrosion pore in plagioclase phenocrysts of andesite, PPL; C Intergranular pore
in basaltic breccia, PPL; D Cracks in pyroxene phenocryst of basalt, XPL.
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Figure 5 Photomicrographs of secondary pores and fractures from thin sections of the Batamayineishan volcanic reservoir. A
Intercrystalline micropore in andesite, PPL; B Dissolution pore in feldspar phenocryst of basalt PPL; C Amygdaloidal
dissolved pore in rhyolite, PPL; D Amygdaloidal shrinkage pore in basaltic breccia, PPL; E Dissolution fissure in andesite,
PPL; F Tectonic fracture in rhyolite, PPL; G Calcite filled fracture in basalt; H Pore in amygdaloidal basalt, PPL.
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Figure 6 Three types of capillary pressure curves for the Carboniferous volcanic rocks of the Batamayineishan Formation
in the ShuangJingZi area, eastern Junggar.

Figure 7 Type I pore structures. A Amygdaloidal shrinkage cracks in basaltic breccia, PPL;
B Dissolved pore in rhyolite, PPL; C Fracture in vesicular basalt, PPL.

When connected with shrinkage cracks, dissolution oc-
curs and can form a potential reservoir space (see Figure
4A). Corrosion pores primarily occur in andesite and
rhyolite, especially within the feldspar phenocrysts of
andesite (see Figure 4B). Intergranular pores formed in
basaltic breccia and volcaniclastic rock (see Figure 4C)
cracks mainly develop in basalts, especially in pyroxene
phenocrysts (see Figure 4D).

Intercrystalline micropores are commonly observed
in andesite and rhyolite; they are formed as a result of
devitrification of volcanic glass during the process of
vitrification. Although the pores are irregular and small,
they are clearly visible as indicated by the blue areas
(see Figure S5A). Dissolution pores are widely devel-
oped in volcanic rocks of the Batamayineishan Forma-
tion, and according to differences in development posi-
tion, can be divided into phenocrysts dissolution pores
(see Figure 5B) and solution pores in amygdales (see
Figures 5C, 5D). Gas pores develop and are filled with
secondary minerals to form amygdales. A portion of the
amygdales dissolve and form a secondary reservoir

space. Vesicles infilled by minerals condense and con-
tract after infilling, and amygdaloidal shrinkage pores
form between the filling and pore wall (see Figure SH).
Dissolution fissures are developed in basalt and are char-
acterized by jagged and irregular surfaces (see Figure
5E). Tectonic fractures with lengths of several millime-
ters to a few centimeters (see Figures SF, 5G) pass
through the amygdale (see Figure 5F) or parallel to each
other (see Figure 5G).

3.3 Pore structure of reservoir rock

In volcanic reservoirs, variable pore and throat struc-
tures are key factors in controlling the migration and ac-
cumulation of hydrocarbons and determining the reservoir
potential of volcanic rocks (Huang., 2019; Zhang, 2017).
The results of mercury injection indicate that the average
pore throat radius and porosity of the volcanic rocks are
0.068 um and 6.62%, respectively. The average value of
permeability is 0.424x107 pm?, which typically suggests
narrow micro-throats and contributes significantly to low
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Figure g Type III pore structures. A Matrix intergranular pore in basalt, PPL;
B Devitrified micropore, dissolved pores in andesite, PPL.

reservoir permeability. The displacement pressure and
mercury withdrawal efficiency are considered important
parameters for controlling hydrocarbon migration and
evaluating reservoir quality. The displacement pressure
varies from 0.466 to 68.913 MPa, while the mercury with-
drawal efficiency varies between 14.375% and 93.708%,
with an average value of 50.57%. The capillary pressure
curves of the Carboniferous Batamayineishan Formation
can be classified into three types (see Figure 6).

The Type I capillary pressure curve is platform-
shaped, which shows a low displacement pressure (3.79
MPa) and narrow pore throat sorting (see Figure 6A).
The average pore throat radius varies between 0.016—
0.143 pum, and pore throats are well connected. There is
high-maximum mercury saturation with an average val-
ue of 84.20% and mercury withdrawal efficiency of
70.66%. Type I is mainly distributed in basaltic breccia,
rhyolite, and vesicular basalt. The combination of amyg-
daloidal shrinkage pores with phenocryst solution pores
(see Figure 7A) occurs in basaltic breccia. In contrast,

primary gas voids and secondary amygdaloidal dissolu-
tion pores can be found in rhyolite (see Figure 7B), and
fractures dominate the vesicular basalt (see Figure 7C).
The average porosity and permeability of the corre-
sponding volcanic rocks are 10.60% and 0.661x10
um?, respectively, representing the optimal pore struc-
ture type for oil reservoirs.

The Type II capillary pressure curve shows no obvi-
ous platform, with medium to high displacement pres-
sure (34.44 MPa), and the sorting of pore throats is poor
and not well connected (see Figure 6B). The median
maximum mercury saturation is 50-64%, and the mer-
cury withdrawal efficiency is 39.07%. Type II is com-
monly found in basaltic breccia and rhyolite. Basaltic
breccia is dominated by dissolution pores and fractures
(see Figure 8A), whereas rhyolite encompasses dissolu-
tion cracks and tectonic fractures (see Figure 8B). Type
II volcanic rocks are characterized by medium to high
reservoir quality, e.g., porosity is 1.84%—6.29% with
permeability varying as 0.014-0.635%10 um?,
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Figure 10 Single component amygdale; composition of each filling phase, which is SiO2, is consistent

The Type 11 capillary pressure curve is slope shaped,
with high displacement pressure (68.90 MPa) and the
worst pore throat sorting (see Figure 6C); the mercury
withdrawal efficiency is 16.95%. This pore structure
type corresponds to poor reservoir quality with porosity
and permeability of less than 0.84% and 0.016x10 pm?,
respectively. Type 11l is developed in basalt and andesite.
Basalt comprises a matrix of intergranular pores with
poor connection (see Figure 9A), while the pore sys-
tems in andesites comprises devitrified micropores and
matrix dissolved pores (see Figure 9B).

4. Filling of reservoir spaces in the
Batamayineishan Formation

The amygdale is formed because the primary reser-
voir spaces (vesicles) in volcanic rocks are filled with
secondary minerals. According to the difference in fill-
ing mineral composition, amygdales can be divided into
single component amygdales and complex component
amygdales. According to the different filling minerals,
the single component amygdale can be divided into sili-
ceous amygdales and zeolite amygdales, while the com-
plex component amygdale can be divided into several
types according to the different mineral assemblages.
Different researchers have studied amygdales and have
presented different genetic theories regarding filling pat-
terns (Gilg and Morteani et al., 2003; Duarte and
Hartmann et al., 2009; Triana R and Herrera R et al.,
2012). As one of the main factors determining the char-
acteristics of volcanic reservoirs, diagenesis includes
early and late-stage diageneses. Early-stage diagenesis
occurs before the condensation and consolidation of
rocks, which mainly affects the development of primary
pores. In contrast, late-stage diagenesis occurs after con-

densation and consolidation, which affects the develop-
ment of secondary pores. The diagenesis of volcanic
reservoirs in the Batamayineishan Formation and filling
of reservoir spaces have an obvious destructive effect on
the physical properties of volcanic reservoirs (Sruoga
and Rubinstein, 2007). Therefore, the study on the ori-
gin of the amygdale in the Batamayineishan Formation
is not only theoretically significant, but also has practical
significance for petroleum exploration.

4.1 Reservoir space filling types

Based on the hand specimen identification, thin-sec-
tion observations, and electron microprobe analysis, it is
determined that the volcanic rock pore filling is widely
developed in the volcanic rocks of the Batamayineishan
Formation, and the filling types vary. The filling prod-
ucts include a single component amygdale and a com-
plex component amygdale. The main filling minerals are
quartz, zeolite, calcite, chlorite, saponite, etc.

4.1.1 Single component amygdale

Quartz is present in single component amygdales.
The quartz amygdale can be filled in many stages. Two
filling phases can be identified according to the different
colors of filling materials in the vesicle, and the compo-
sition of each filling phase, which is SiO,, is consistent
(see Figure 10).

4.1.2 Compound amygdale

Compared with the single component amygdale, the
compound amygdale is more common in the volcanic
rocks of the Batamayineishan Formation. According to
the different mineral compositions, the compound amyg-
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Figure 13 Compound amygdale. Filling minerals are quartz, saponite, and quartz
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Figure 15 Compound amygdale. Filling minerals are turquoise and saponite

dale of the volcanic rocks of Batamayineishan Forma-
tion is divided into the following five types:

1) Quartz — Analcite

From the amygdale wall to the center, the filling min-
erals are quartz and analcite. The quartz is microcrystal-
line and grows close to the pore wall, whereas the anal-
cite is radial (see Figure 11).

2) Calcite — quartz

The filling minerals are calcite and quartz. Calcite has
a darker color, which may be due to a small amount of
Mn and Fe. Quartz can be divided into two phases ac-
cording to color, and both phases are composed of SiO,
(see Figure 12).

3) Quartz — saponite — quartz
The colorless microcrystalline quartz grows close to
the amygdale wall, the soil gray radial quartz grows in

the middle of the amygdale, and the yellow aggregate
saponite grows between these (see Figure 13). Electron
microprobe analysis shows that quartz contains a small
amount of Al, Ca, and Fe.

4) Saponite — zeolite

Saponite grows along the amygdaloid body wall, and
its interior is a zeolite. The color of saponite is brown,
and the zeolite is dense (see Figure 14).

5) Turquoise — saponite

The amygdale wall is a radial turquoise, and the inte-
rior is filled with saponite, which is in the form of ag-
gregates (see Figure 15).

5. Discussion

Previous research has documented that pore networks
developed in volcanic rocks by a combination of differ-
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ent pore spaces and generally present no obvious rela-
tionship between porosity and permeability; thus, it is
difficult to predict the porosity and permeability of vol-
canic reservoirs (Fisher and Smith, 1991; Jinglan and
Chengli et al., 1999). The heterogeneity in the pore
throat of volcanic reservoirs can be reported using vari-
ous parameters (Sruoga and Rubinstein et al., 2004;
Feng, 2008). Numerous investigations on volcanic rocks
reveal a wide range of porosity and permeability 3%—
90% and 107-10""®* m?> (Mueller and Melnik et al.,
2004; Wright and Roberts et al., 2006; Bernard and
Zamora et al., 2007; Sruoga and Rubinstein, 2007;
Bouvet de Maisonneuve and Bachmann et al., 2008;
Gaunt and Sammonds et al., 2014; Heap and Kolzen-
burg et al., 2014; Heap and Lavallée et al., 2014; Far-
quharson and Heap et al., 2015). The reservoir space
in volcanic rocks is greatly influenced by a combination
of primary and secondary processes. The primary pro-
cesses mainly involve gas expulsion and compaction.
Secondary processes generally include alteration, frac-
ture development, cementation, etc. (Zheng and Sun et
al., 2018; Huang and Hu et al., 2019). The measured
porosity and permeability values reveal that the volcanic
rocks of the Batamayineishan Formation are medium-
high porosity and low permeability reservoirs. Complex
geological factors can result in a severe change in the
porosity and permeability of volcanic reservoirs; it is
difficult to observe these changes at the microscale
(Chen and Wang et al., 2016). The reservoir space in
the Carboniferous Batamayineishan Formation is divid-
ed into four categories owing to the heterogeneity of vol-
canic rocks. These rocks are dominated by isolated
pores, connected pores, microcracks, and fractures. The
connected pores formed effective migration pathways
and storage space, while mutually unconnected pores do
not allow oil and gas to flow and accumulate.

Outgassing of volatile compounds from magma leads
to large-scale development of vesicles in volcanic rocks
(Barreto and de Lima et al., 2017). Vesicles in basalt
and rhyolite significantly contribute to the development
of primary porosity (see Figure 4A). Previous studies
(Lenhardt and Gotz, 2011; Lenhardt and Gotz, 2015)
have proposed that volcaniclastic sediments are gener-
ally subjected to severe diagenesis that can affect the
quality of reservoirs. Several processes, such as dissolu-
tion and fracturing, are considered as secondary controls
in the reservoir space. Dissolution is an important sec-
ondary process involved in enhancing the reservoir
space. Dissolved pores are formed by the dissolution of
a matrix or phenocrysts when volcanic material under-
goes compaction, crystallization, and dissolution (see
Figures 5B, 5C), whereas precipitation of secondary
minerals in open space to form amygdaloidal structures
results in a reduction of reservoir space. Saponification,
silicification, and argillization are commonly observed
in the volcanic rocks of the study area. Volcanic glass is
unstable, and with changes in pressure, temperature, and

moisture content, it will automatically be transformed
from glassy to microcrystalline and crystalloid; it is
mainly found in rhyolite (see Figure 5A).

Tectonic-induced fractures in volcanic rocks play a
crucial role in controlling the effectiveness of storage
space in volcanic reservoirs; these fractures are typically
characterized by long extensions with straight fracture
planes. Tectonic fractures in the Batamayineishan For-
mation are filled with calcite (see Figures 5F, 5G) and
chlorite. The generation or healing of microcracks con-
tributes positively to the evolution of permeability of
volcanic rocks with low porosity (Heap and Farquhar-
son et al., 2015; Heap and Reuschlé et al., 2018). Dis-
solved fractures, formed by the later-stage dissolution of
infilled minerals, play a crucial role in enhancing reser-
voir quality by providing pathways for hydrocarbon mi-
gration. The reservoir space of the fracture type includes
structural fractures, filling residual structural fractures,
and dissolution fractures. In addition, there were a small
number of condensation and shrinkage cracks (see Fig-
ures 5D). The effective reservoir space of the volcanic
rock reservoir of the Batamayineishan Formation is
dominated by a secondary reservoir space. Matrix corro-
sion pores and porphyry corrosion pores are the most
common reservoir spaces, and secondary minerals par-
tially or completely fill primary pores. The remaining
reservoir space includes the inner pores of amygdales.

The formation process of the volcanic rock amygdale
can be divided into two stages: the formation of vesicles
and the precipitation and crystallization of fluid in the
vesicle (Gilg and Morteani et al., 2003; Duarte and
Hartmann et al., 2009), which is the filling process of
the vesicles to form the amygdale. Vesicles are formed
when the volatiles of molten lava escape with a decrease
in temperature and pressure (Gilg and Morteani et al.,
2003; Proust and Fontaine, 2007). When the molten
lava is ejected to the surface, it is often distributed in the
upper part of the lava flow and is accompanied by many
volatiles (Aubele and Crumpler et al., 1988). Gas
voids provide space for the formation of the amygdale,
while microcracks can serve as a material transport
channel for forming the amygdale.

There are several opinions regarding the formation of
the amygdale. The amygdale is formed by magmatic-
hydrothermal precipitation and crystallization in a closed
system. The required ions are derived from the migra-
tion of elements under the high temperature and high
pressure of the amygdale host rock. Alteration halos are
usually observed at the edges of the amygdale (Proust
and Fontaine, 2007). According to (Gilg and Morteani
et al., 2003; Duarte and Hartmann et al., 2009), the
amygdale is formed by precipitation and crystallization
of the epigenetic fluids, with the dissolution or erosion
of the host rock by the epigenetic fluids providing the
various ions required.

In the geological history of more than 300 million
years, different degrees of alteration have occurred, and
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the occurrence of alteration is accompanied by dissolu-
tion (Sruoga and Rubinstein, 2007). This is consistent
with the characteristics of the host rock of the amygdale
in the study area, that is, a large number of alterations
and dissolutions occur. Several alteration phenomena,
such as plagioclase claynization, pyroxene chloritiza-
tion, and olivine saponification, can be observed under
plain polarized light.

The porosity of the Carboniferous Batamayineishan
Formation is not positively correlated with permeability,
and the relationship between them is not obvious. The
permeability remains stable and does not show a signifi-
cant change with an increase in porosity (see Figure 3).
Despite the high porosity, the permeability is relatively
low, reflecting isolated and non-connected primary
pores. Samples with directly related changes in porosity
and permeability indicate good sorting and the develop-
ment of microfracture/cracks. This shows a good con-
nection between the pores and fractures.

6. Conclusions

The lithology of the Carboniferous Batamayineishan
Formation in the Shuangjingzi area, eastern Junggar,
predominantly consists of lava with volcanic breccia and
volcaniclastic rocks. Three distinctive pore types were
recognized: primary, secondary, and fractures. Primary
gas vesicles are abundantly developed in volcanic lavas,
such as vesicular basalt and vesicular rhyolite. These
vesicles are gradually filled to form amygdaloidal struc-
tures. Secondary porosity, especially dissolution pores,
dissolution fractures, and tectonic fractures, enhances
and modifies the petrophysical properties of volcanic
rocks. The average values of porosity and permeability
were 5.82% and 1.437x10 um?, respectively. The vol-
canic rock samples with the highest porosity were main-
ly volcanic breccia (average: 11.69%), followed by an-
desite (average 8.78%) and rhyolite (average 4.64%).
Basalt exhibits the lowest porosity and permeability,
with average values of 3.38% and 2.83x107° pum?, re-
spectively. Three major types of pore structures were
identified by examining the capillary pressure curves.
Type I pore structure is mainly distributed in vesicular
basalt, basaltic breccia, and rhyolite. Capillary pressure
curves are characterized by a low displacement pressure,
high mercury saturation, and high mercury ejection. The
average throat radius was 0.052 um and showed a good
correlation with permeability. Type II pore structure is
commonly found in basaltic breccia and rhyolite. The
corresponding capillary pressure curves are character-
ized by medium- to high-performing pore structure
types. Type III pore structures are commonly developed
in basalt and andesite. Unlike Type I and Type 11, Type
III capillary pressure curves display a high displacement
pressure with the lowest maximum mercury saturation
and mercury ejection.

The pore-filling minerals of volcanic rocks in the
Batamayineishan Formation include quartz, calcite, zeo-
lite, chlorite, and saponite. It can be divided into single
component amygdales and complex component amyg-
dales, with complex component amygdales as the main
component, while single component amygdales are rare.
The development of microfractures provides space and
material migration paths for the formation of the amyg-
dale. Filling worsens the quality of the volcanic reser-
voir, and the majority of the original gas reservoir space
is lost. After the pores were filled, the remaining pores in
the amygdale, such as the shrinkage pores, retained the
ability of storage. In addition, the dissolution pores pro-
duced by dissolution and alteration compensated for the
decrease in the original gas pore volume.
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SAZETAK

Struktura Supljina i svojstva lezista u vulkanskim stijenama karbonske formacije
Batamajinejsan u podrudju Suangdingzi, isto¢ni dio bazena Junggar (zapadna Kina)

Bazen Junggar jedan je od najveéih taloznih bazena u sjeverozapadnoj Kini. Karbonska lezita nafte i plina otkrivena su
u razli¢itim dijelovima na istoku toga bazena te pokazuju kako karbonske stijene i dalje imaju velik potencijal za istrazi-
vanje ugljikovodika. Studija je usmjerena na isto¢ni dio toga bazena i formaciju Batamajinejsan, koja je izgradena od
vulkanskih i piroklasti¢nih stijena. IstraZena su njihova leZi$na svojstva i nacin oblikovanja tih stijena. Najvedi dio lezis-
noga volumena obiljezen je sekundarnom $upljikavosc¢u i pukotinama. Tijekom istrazivanja koriStene su petrografske
metode, utiskivanje volumena Zive pod kontroliranim tlakom, mikroanaliza elektronskom sondom. Na taj su nacin ispi-
tana dijagenetska povijest i svojstva vulkanita formacije Batamajinej$an. Time je postavljen teorijski okvir svih istraZiva-
nja karbonskih vulkanskih stijena u tome bazenu. Utiskivanjem Zive izra¢unan je prosje¢ni promjer $upljina od 0,068 pm
i Supljikavost 6,62 %, medutim propusnost je opcenito niska (0,424 x 103 pm?) jer je dominantno rezultat male primarne,
efektivne Supljikavosti te se znatno ne mijenja s pove¢anjem ukupne Supljikavosti, koja i dalje upucuje na mikropore.
Sekundarna Supljikavost takoder je oblikovana i otapanjem, $to je, uz pukotine, povecalo dostupan volumen za nakuplja-
nje plina.

Kljuéne rijecdi:
bazen Junggar, formacija Batamajinej$an, vulkansko leZiste, $upljikavost, dijageneza, nakupljanje
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