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Abstract Extant research on Paleozoic mudstone is well
developed in the Tarim Basin, while the research on Carboniferous mudstone is relatively weak. Through systematic study of lithology, geochemical characteristics,
reservoir characteristics and gas–bearing properties of
Carboniferous mudstone in the Tarim Basin, this study
aims to provide a geological basis for the Paleozoic shale
gas exploration and development, favorable zone optimization, and resource potential evaluation in the Tarim
Basin. The results show that the sedimentary environments
of organic-rich mudstone in the study area were mainly
basin facies and slope facies. Lithology is dominated by
black carbonaceous mudstone, followed by calcareous
mudstone, siliceous mudstone, and siliceous rocks. Mudstone is mainly developed in the Kalashayi Formation,
which is located in the Bachu and Markit slope belt, with
the cumulative thickness of 30–200 m. The organic carbon
content is commonly more than 0.4%, and the organic
matter types are type II and type III. Thermal evolution
degree is widely distributed from a low mature to over
mature stage, and different tectonic units have a greater
difference. The contents of quartz plus feldspar are
between 12% and 82.5%, with an average of 45.8%. The
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content distribution of clay mineral is from 12% to 57%,
with an average of 38.2%. Carbonate minerals (mainly
siderite) content is below 50%. The brittle mineral content
of the mudstone is approximately 65%, with a strong
compressibility, and the mudstone has the material basis of
forming crack and natural fracture. Microscopic pores in
micro–nanometer level are well developed in the mudstone, including micro bedding joint, microcrack,
interbedded pores of clay mineral, nanoscale intragranular
or edge pores in the massive organic matter, bioclastic
micropores, and mineral dissolution pores, etc. According
to the standards provided by the Ministry of Land and
Resources in China, the Kalashayi Formation in Bamai
Area is a favorable area for shale gas development.
Keywords Hydrocarbon generation potential  Reservoir
characteristics  Shale gas  Mudstone  Carboniferous 
Tarim Basin

1 Introduction
Paleozoic mudstones are widely distributed in the Tarim
Basin, and they possess rich oil and gas resources. Among
these, the Cambrian and Ordovician mudstones have been
studied in detail in comparison to the Carboniferous
mudstone. In the past, oil and gas exploration mainly
focused on conventional oil and gas resources, which
mainly focused on geological characteristics of carboniferous mudstones in the study area. Zhang et al. (2007a, b)
and Zou et al. (2014) studied the sedimentary and tectonic
evolution of the Tarim Basin and found that the multiple
tectonic evolution controls formation of the superimposed
basin and the results showed that the basin has several sets
of hydrocarbon source rocks and source kitchens. Xiao
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et al. (2011) and Liu et al. (2012) studied the sequence
stratigraphy of the Carboniferous in the basin, and they
considered that Carboniferous mudstone has good potential
for hydrocarbon generation. Geochemical characteristics of
hydrocarbon source rocks were also studied to some
degree, but the results were limited to local areas. For
instance, Gao (2000) evaluated the organic geochemical
characteristics of hydrocarbon source rock in the Bachu
Uplift of the basin and found that mudstones in the lower
Carboniferous are the best option for hydrocarbon source
rocks, mudstones in the upper Carboniferous were the
second best option in the area, and the organic matters, the
organic matters of both the Upper and Lower Carboniferous are mainly of types II-III, and Ro is mainly of 0.6%–
1.1%. Tan et al. (2004) studied the Carboniferous mudstone in the southwest Tarim Basin, and the studies mainly
involved the thickness of mudstone and the organic matter
abundance; however, the organic matter types and maturity
were not discussed. Chang et al. (2014) studied thermal
evolution of Carboniferous mudstone in Tarim Basin and
found that maturity of Carboniferous mudstone in the
southwest depression and Awati depression is over 2.0%,
while that in the Manjiaer depression is 0.8%–1.0%.
However the exploration of shale oil was essentially not
considered in any of this scholarship. In this paper, mainly
the geological and geochemical characteristics, resources
distribution and favorable areas of Carboniferous mudstone
are investigated for shale gas. The results can not only
provide basis for future shale gas exploration, but they also
provide scientific data for shale gas accumulation mechanism research in the Tarim Basin.
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Carboniferous sedimentary distribution is relatively
wide in the Tarim Basin except for the U-shaped area of
Qiemo–Ruoqiang–Yingjisu–Yuli in the east. During the
Carboniferous period, there were two sedimentary centers
in the basin. One of them was located in the northern part
of the Manjiaer Depression, and the other one was located
between the southwestern Tarim Basin and Tangguzibasi
depression area, and its sedimentary thickness is more than
600 m. The sedimentary thickness was relatively thin in the
central Tarim Uplift between the two sedimentary subsidence centers with a thickness of 300–650 m. The Northern Tarim area is a denudation thinning area so the Keping
Area has basically eroded away. And at the same time, the
Bachu and Xiaohaizi Areas have the best exposed outcrop.
The formation in the coverage area of the basin is well
developed with obvious lithological characteristics and
stable transverse distribution, which make them easy to be
divided and to make tracking contrast.

3 Laboratory analyses
All analyses of hydrocarbon generation and reservoir
characteristics were performed at State Key Laboratory of
Petroleum Resources and Prospecting, China University of
Petroleum (Beijing), China. Gas-bearing abundance is the
most significant indicator for evaluation of shale gas
accumulation in mudstones, and it lays the foundation for
shale gas resources analysis, selection of favorable areas,
production prediction, economical evaluation and
exploitation design (Xing et al. 2014).
3.1 Analyses of hydrocarbon generation
characteristics

2 General geology
Tarim Basin, located between the Tianshan and Kunlun
orogenic belts in the south of Xinjiang Uygur Autonomous
Region (longitude 74°000 –91°000 , north latitude 36°000 –
42°000 ), has a total area of about 56 9 104 km2 (Fig. 1). It
is a typical superimposed basin developed on the base of
marine Paleozoic Craton in northwestern China (Gao et al.
2006; Hu et al. 2014a, b; Ma et al. 2006; Yang et al. 2004).
The Tarim Ancient Land began to subsidence and crack in
the Sinian Period and went into the craton marginal
aulacogen stage. Along with the change of continental
margin featurse and the tectonic stress field of the plate, the
basin has experienced several stages of evolution with
different basin types (He et al. 2000; Jia 1997; Wei et al.
2000; Zhang et al. 2007a, b). In Paleozoic, the Tarim Basin
experienced two tensile–compressive tectonic cycles,
which happened in the Sinian–Middle Devonian and Late
Devonian–Triassic.

The analyses of hydrocarbon generation characteristics
including type, abundance, and maturation of organic
matter were completed through using Rock–Eval pyrolysis
and the Petroleum System Modeling software.
Instrumentation of Rock–Eval pyrolysis was OGE-II.
The standard used was GB/T18602-2001 ‘‘Rock pyrolysis
analysis method.’’ The following were the testing conditions: the environment temperature was 10–30 °C; the relative humidity (RH) B80%; the high purity helium pressure
was 0.20–0.30 Mpa; the air pressure was 0.30–0.40 Mpa;
the hydrogen pressure was 0.20–0.30 Mpa; and the alternating current was 220 ± 10 V and 50 HZ ± 3 HZ.
Finally, the experimental temperature and humidity was
24 °C and 48%, respectively.
The Petroleum System Modeling software was used to
determine the maturation of mudstone in the study area,
which was based on the vitrinite reflectance (%) by considering the tectonic background of the Tarim Basin and
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Fig. 1 Division of tectonic units in the Tarim Basin, China

using EASY %Ro model. This model had been calibrated
to a more rigorous model of vitrinite maturation based on
the chemical properties of coal vitrinite and can be used for
vitrinite reflectance values of 0.3%–4.5% (Sweeney and
Burnham 1990).
3.2 Analyses of reservoir characteristics
In this study, the following methods were used to identify
reservoir characteristics: X-ray diffraction (XRD), Constant-rate mercury injection, Scanning electron microscopy
(SEM) and Isothermal adsorption simulation.
XRD was done by using a D/Max-3B X-ray diffractometer with Cu Ka-radiation (35 kV, 30 mA). Qualitative
phase analysis was performed by using standardized
powder diffraction data. These data were provided by the
Joint Committee for Powder Diffraction Standards–International Center for Diffraction Data (JCPDS–ICDD) to
determine the composition of the samples. Quantitative
phase analysis was performed according to Metal materialQuantitative phase analysis ‘‘Value K’’ method of X-ray
diffraction (GB5225-86) in China.
In the process of the test of Constant-rate mercury injection
with constant and very low speed (5 9 10-5 mLmin-1),
interfacial tension and contact angle were kept invariant.
The microscopic pores and particles of shale such as siliceous, clay and organism, were observed using a FEI Quanta
200F scanning electron microscopy (SEM). All samples were
cut into slides (approximately 1 cm 9 1 cm 9 2 mm) and
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initially polished to 1 mm by using dry emery paper. Then
they were prepared using a conductive coating device
(SCD500) and an argon-ion-beam milling device (Gatan
691.CS). The imaging process was conducted under a high
vacuum using a BSED detector, a working distance of between
10 and 12 mm, and an accelerating voltage of 20 kV.
The test temperature of Isothermal adsorption simulation was under the condition of constant temperature.
Experiment condition: the sample tested adopted isothermal adsorption instrument with high temperature and
pressure (HP-VA-200) which was developed by
Micromeritics Instrument Ltd. The process refered to the
standard SY/T 6132-1995 ‘‘Determination of adsorptive
capacity of coal for methane by volumetry.’’ The experiment temperature was 30 °C, the concentration of methane
was 99.999%, and the highest pressure to experiment was
14Mpa.
3.3 Selection and determination of evaluation
parameters
3.3.1 Selection of the evaluation parameters
According to the occurrence states, shale gas can be divided into adsorbed gas, free gas, and dissolved gas. Because
the content of dissolved gas is extremely low, the sum of
the contents of adsorbed gas and free gas could represent
the total resources of shale gas. The main formula of shale
gas resource calculation in this paper is as follows:
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1.

2.

3.

The resource quantity of adsorbed gas: QA = 0.01 9 A9h 9 q 9 qA. In this formula, QA is the resource
quantity of adsorbed gas, 9108 m3. A is the area of the
mudstone distribution, km2. h is the thickness of the
mudstone, m. q is the density of the mudstone, t/m3
(2.5 t/m3). qA is the adsorption gas content, m3/t.
The resource quantity of free gas: Qf = 0.01 9
A 9 h 9 Ug 9 Sg/Z or Qf = 0.01 9 A 9 h 9 Ug 9
Sg/Bgi. In this formula, Qf is the resource quantity of
free gas, 9108 m3. A is the area of the mudstone
distribution, km2 h is the thickness of the mudstone, m.
Ug is porosity, %. Sg is gas saturation, %. Bgi is gas
formation volume factor, dimensionless.
Geological resource quantity (Qt): Qt = 0.01 9
A 9 h(q 9 qa ? Ug 9 Sg/Z) or Qt = 0.01 9 A9h
(q 9 qa ? Ug 9 Sg/Bgi).
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2.

3.

4.
3.3.2 Acquisition method
In order to do the calculations above, the following
parameters must be obtained, and the parameter acquisition
methods are as follows:
1.

Area. Based on the standard of favorable area, and
making use of the effective thickness of dark

mudstone, the burial depth, organic abundance, and
maturity of dark mudstone to do comprehensive
analyses, the favorable area is determined as a fixed
value of area parameter in calculating shale gas
resources quantity.
Thickness. The flattening thickness of gas–bearing
mudstones in each section within the evaluation unit
being taken as the thickness of mudstone.
Total porosity. To determine the analytical porosity
data of mudstone samples from part of the outcrops in
the research area and the previous statistical analyses
of porosity, we used logging data to fit the main
porosity distribution of the mudstone core and to carry
out the probability assignment of the normal distribution of discrete data. Through this method, the
porosities under different conditions were obtained.
Total gas content. Based on the comprehensive comparative analyses of previous research results, we
simulated the correlation of the total gas content and
TOC/porosity of mudstone. Using the TOC and
porosity of dark mudstones in the evaluation unit, we
used the analogy method to estimate and get the
probability assignment of gas contents in different
target formations of different rock units.

Table 1 The comparison of Carboniferous stratigraphic classification scheme in the Tarim Basin (with modification) (modified from Guo et al.
2014)
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4 Hydrocarbon generating potential of mudstone
4.1 Distribution characteristics of mudstone
The thickness and distribution range of shale (mudstone) are
the prerequisite to determine whether shale gas has any value
in commercial development, and it is also the key indicator
of hydrocarbon potential analysis of shale and favorable area
selection of shale gas. Since the distribution range of the
Tarim Basin is large and the stratigraphic divisions are not
consistent, in order to facilitate the research of the hydrocarbon–generation potentials of shale (mudstone), the strata
of Carboniferous in the Tarim Basin were re–divided in this
paper on the basis of previous studies by stratigraphic correlation and drilling well correlation analysis (Table 1).
According to this division criterion, the Carboniferous
strata in the study area were divided into Bachu Formation,
Kalashayi Formation and Xiaohaizi Formation from lower to
upper parts. The Bachu Formation was further divided into
the lower-part mudstone section, bioclastic limestones section, middle-part mudstone section and the standard limestone section from lower to upper. Among them, the lower–
part mudstone section was mainly red, brown, purplish red
mudstone and lime mudstone with thin layers of siltstone and
limestone, no hydrocarbon source rock. The Bioclastic
limestone section contained brown and gray bioclastic
limestone, marl and grey calcareous mudstone, and as marine debris piled up rocks, they were often formed in the
oxidizing environment, and hydrocarbon source rocks usually were poorly developed. The middle–part mudstone
section was mainly light brown, brown gray and gray mudstone, calcareous mudstone and gypsum mudstone with gray
and white gypsum mudstone on the top and at the bottom.
According to the strata sedimentary environment evolution
of its underlying and overlying sections, the middle-part
mudstone section should be comprised of sediments of
gypsum mud flat on the clastic tidal facies, formed in lower
sea water level period between two higher water levels of
bioclastic limestone and standard limestone section, and
therefore the middle-part mudstone is not conducive to the
accumulation and preservation of organic matter. The
thickness of the standard limestone section is not large,
between 10 and 60 m, only 10 m with some wells, and its
organic carbon content is mainly between 0.08% and 0.33%,
being non source rock (Qiao et al. 2016; Zhang et al. 2009).
Generally, Kalashayi Formation had sedimentary environment of barrier mixing type shelf controlled by eustatic
sea level and terrigenous supply, and different areas have
exhibited different sedimentary characteristics. In accordance with the characteristics of lithology combination, the
Kalashayi Formation can be divided into three intervals
from the bottom to the top, which are the Upper Mudstone
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Section, Sandstone-mudstone Section, and Limestonebearing Section. The Upper Mudstone Section is mainly
clastic deposition on the tidal mudflat facies formed during
the low sea level period. The thickness of the strata is relatively large in Hetian 1 Well, Ma 5 Well and Macan 1 Well
(up to 80 m) and is thinning from the center to south and
north. The rock types are celadon dolomitic mudstone, dark
gray—brownish red mudstone and silty mudstone. The
upper part of the Sandstone-mudstone Section mainly
contains dark grey mudstone, silty mudstone and marl
interbedded with coal seam, and the lower part deposits
normal cycle of this section were formed by brown fine
conglomerate, gravel sandstone, pebbly sandstone, gray fine
sandstone, sandy mudstone, gray mudstone, and calcareous
mudstone interbedded with dark grey carbonaceous mudstone. This section was mainly of lagoon or limnetic facies
with abundant organic matter, and mainly functioned in a
reducing—weak oxidation environment that is conductive
to the preservation of mass organic matter. The Limestonebearing Section mainly contains grey muddy limestone,
micritic limestone, bioclastic limestone interbedded with
lime mudstone, silty mudstone and siltstone.
The Xiaohaizi Formation mainly contains grayish white
and gray limestone, marlite interbedded with thin layer of
calcareous mudstone and mudstone, a little yellowish gray
dolomite, and dolomitic limestone. The sedimentary environment of the Formation was a barrier carbonate platform
and was relatively closed with weak waterpower. The main
rock types are aphanitic limestone and a little bioclastic
limestone interlayer, and the effective hydrocarbon source
rocks were not well developed.
Based on the analyses of connecting well sections and
sedimentary environments, the Carboniferous mudstone
with rich organic matter in the Tarim Basin is mainly
developed vertically in the Kalashayi Formation across the
Lower Carboniferous and Upper Carboniferous. The
Kalashayi Formation is mainly distributed in the southwest
area of the Tarim Basin horizontally with the thickness of
40–180 m (Fig. 2).
4.2 The geochemical characteristics
of the mudstones
4.2.1 Type and abundance of organic matter
The organic materials of mudstone in the Kalashayi Formation of Carboniferous contain aquatic organisms and
have also been influenced by the mixture of terrestrial
plants. The type of organic matter changes greatly from
mixed type to humic type. The kerogen types of carbonate
and pelite are type II and type III (Fig. 3; Table 2) and
possess good potential of gas generation. As for the
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Fig. 2 The thickness distribution of the Carboniferous mudstone in the Kalashayi Formation of the Tarim Basin

Fig. 3 Organic matter type by H/C–O/C of the Carboniferous
mudstone in the Kalashayi Formation of the Tarim Basin

samples that came from the Kalashayi Formation, the
reasons for them to be beyond the plate of H/C–O/C may
be because they were collected from geological sections
and might have undergone weathering and oxidation, or
may be because of the high maturity of the samples (Meng
et al. 1999).
In this study, 18 samples from the Batan 5 Well coring
section (2077.5–2084 m) of the mudstone section of the
Kalashayi Formation were collected, which were mainly

composed of mudstone and carbonaceous mudstone. Tatal
organic carbon (TOC) of the Batan 5 Well was from 0.19%
to 1.42%, with an average of 0.92%. The organic carbon
content obviously increased from the bottom to the top
parts. Except for 2 pieces from the top section, the organic
carbon contents of the samples were more than 0.4%, and
they were medium to good hydrocarbon source rocks
overall (Fig. 4).
7 mudstone samples of the Kalashayi Formation were
also sampled from Yubei 1 Well (5110–5285 m), and the
TOC values are from 0.51% to 3.22%, with an average of
1.52%, which shows that Yubei 1 Well area also has good
hydrocarbon source rocks (Fig. 5). This time only one
piece of sample was taken from the Kalashayi Formation
from Shun 1 Well, and the content is coal and carbonaceous mudstone with an organic carbon content of 5.77%.
The average organic carbon contents of this formation in
Shan 1 Well, Macan 1 Well, Badong 2 Well, He 4 Well,
and Ma 4 Well are more than 0.4%. From all the organic
carbon data obtained to date, we know that the organic
carbon contents of most grey mudstones are over 0.4%
besides coal and carbonaceous mudstones, and only quite a
few samples possess TOC less than 0.4%. Thus, the
mudstones of the Kalashayi Formation Mudstone Section have high abundance of organic matter (Table 3). The
TOC data show that the dark mudstones in the southwest
depression shelf–open sea platform facies, the central uplift
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Table 2 Geochemical characteristics of the Kalashayi Formation of source rocks in different parts of the Tarim Basin
Tectonic unit

Section/well

Southwest depression

Aertashi
Aertashi, Qipan, Duwa, Qu 1

Lithology

Main TOC

Ro

Mudstone

1.0%–1.4%

1.3%–2.7%

Lime mudstone

0.4%–0.8%

Mudstone

2.5%–5.0%

Lime mudstone

Organic maceral
Mainly vitrinite

II–III

Mainly mixed group

II

Mainly vitrinite,
then mixed group

II–III

0.4%–1.0%

Lime mudstone
Central uplift

Ba 4, Xiaohaizi, Heshen 1,
Heshen 2, Tazhong 1
Ba 4, Xiaohaizi, Heshen 1

III

Mudstone

0.32%–0.86%

Lime mudstone

1.0%–2.0%

Mudstone

0.2%–0.5%

Lime mudstone
Northeast depression

Shaya, Manxi

Mudstone

II–III
Mixed group

II

Liptinite

II

II–III

0.4%–0.8%

Lime mudstone
Sha 32

Lime mudstone

Type

II–III
II

0.1%–0.2%

II

mostly under 50 m, and the TOC values are typically
between 1.0% and 2.0%. The Carboniferous carbonate
source rocks in the Kalshayi Formation are mainly distributed in open platform facies in the South–Western
Depression of the Tarim Basin with a thickness between
100 and 200 m, and the residual organic carbon contents
range from 0.4% to 0.8%. The thickness is thinning to
dozens and 100 m from the northeast to Awati and Manjiaer Depression with the organic carbon content between
0.4% and 0.8% (Fig. 8).
Fig. 4 Characteristics of the organic matter abundance of the
Carboniferous mudstones in the Kalashayi Formation in Batan 5
Well of the Tarim Basin

zone, and the Shen 2 Well zone of the lagoon–tidal flat
facies have high abundances of organic matter. These
zones are favorable areas to form shale gas in the basin.
However, the abundance of organic matter is low in the
Northeast Depression, and the Kalashayi mudstones there
cannot form a favorable area for potential shale gas
(Table 2).
Through the Organic Carbon calibration of Yubei 1
Well logging curve (Figs. 5, 6), it can be seen that the
logging curve and the distribution of organic carbon has a
good correlation. Based on the Yubei 1 Well data, we
calibrated the organic carbon distributions of Carboniferous sections of some wells. According to the distributions
of organic carbon in these wells, we described the distribution figures of organic carbon of Carboniferous mudstones in the Kalshayi Formation (Fig. 7).
Organic-rich mudstones of the Carboniferous Kalashayi
Formation are mainly distributed in the eastern region of
the Tazhong Area and Bachu Uplift with small thickness
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4.2.2 Maturation of organic matter
Overall, the maturity of the mudstones of the Kalashayi
Formation in the Southwest Depression has reached high
mature–over mature stages (Ro = 1.3% to 5.0%), and the
maturity of the central uplift belt is low, which is in the
immature–mature stages (0.32%–0.86%) (Table 2). From
18 samples of Batan 5 Well, the Ro values of the mudstones of this formation are from 1.2% to 1.49%, which
shows that the mudstones are in mature–high stages
(Fig. 9). The maturity of the mudstones in Ba 4 Well in
Bachu Uplift and Qu 1 Well in the northern end of the
Ramp of Maigaiti is still in low maturity (0.5%–0.6%)
stage. According to basin thermal simulation data, the trend
of oil and gas evolution in the two depo-center areas of the
southwest Tarin Basin ranged from mature around the
margins of the centers gradually to over-mature stages in
the depo-centers, and the over-mature area is relatively
large in the south of Yecheng Depression. Eastwards, the
evolution of source rock maturation also reaches low-mature to high-mature stages of oil–gas generation from
southwest Tarim to the central uplift and northeast of the
Tarim Basin based on the simulation data and buried depth
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Fig. 5 Geochemical sectional view of Yubei 1 Well

data. Only in the Awati Fault depression it reaches high
mature–over mature stages. Maturation of the Kalashayi
Formation just reaches low mature to mature in the Markit

Slopes and in the areas to its east (Fig. 10), and the
hydrocarbon generation history of the source rocks indicates that they entered low mature stage quickly in the
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Middle
Good
Excellent
Excellent

0.92 (18)

1.05
0.19–1.42

1.83 (35)
7.85 (32)

0.16–27.82
0.05–81.41

12.28 (18)

Grey
mudstone

0.39–77.43

2077–2084

Coal, carbonaceous
mudstone, grey
mudstone
Coal, carbonaceous
mudstone, grey
mudstone
Coal, carbonaceous
mudstone, grey
mudstone

early stage. The high mature and over mature source rocks
in Southwest Depression provided the necessary conditions
for generating shale gas.
Comprehensive analyses show that effective source
rocks of Carboniferous mainly develope in mudstones of
the Kalashayi mudstone section and sandstone–mudstone
section. Most favorable hydrocarbon-generation conditions
of this set of source rocks are in the Southwest Depression
of the Tarim Basin, which contributed to the formation of
oil and gas reservoirs in the northeastern slope areas. On
the other hand, the conditions of gas generation to the east
of the Bachu Uplift are favorable and contributed to the
formation of condensate gas reservoirs to east of the Uplift.

Excellent
Min:Max:

It is commonly known that formation of industrial shale
gas reservoirs is affected by the development conditions of
mudstone’s sufficient thickness, distribution and hydrocarbon potential. In addition, this paper suggests that it is
also affected by the occurrence of shale gas, the development degree of porosity and fracture, and fracability of
mudstone (Chong et al. 2010; Zhang et al. 2009). The
fracability is mainly affected by porosity, permeability,
and the mineral composition of the mudstone reservoir
(Tang et al. 2012). Therefore, study of the mudstone
mineral composition characteristics and reservoir characteristics are important aspects of shale gas research as well.

AverageðSample NumberÞ

Middle
Excellent
Source rock
evaluation

Good

3.04(68)
0.89 (21)
1.52 (7)

0.02–72
0.06–2.51
0.51–3.22
5.77

Organic
Carbon (%)

3090–3460

Coal, carbonaceous
mudstone, grey
mudstone

4895–5506

Grey
mudstone
Lithology

Coal,
carbonaceous
mudstone

Depth (m)

4218.3

3076–3317

Coal, carbonaceous
mudstone, grey
mudstone

1310–1610
3635–4653.5

1216–1395

He 2
Batan 5
He 4
Ma 4
Macan 1
Shan 1
Shun 1

Yubei 1

Badong 2

Fig. 6 Correlation between Yubei 1 Well logging curve and
distribution of organic carbon

5 Characteristics of mudstone reservoirs

Well

Table 3 Organic matter abundance characteristics of the Carboniferous mudstones in the Kalashayi Formation

123

Good

Acta Geochim (2017) 36(2):260–275
Mudstone
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5.1 Characteristics of mudstone mineral
composition
In general, the range of mudstone mineral composition is
wide, including authigenic minerals, clay minerals (illite,
smectite, kaolinite, etc.), as well as detrital minerals
(quartz, calcite, feldspar, mica, etc.). Mudstones that have
different mineral compositions have different gas adsorption capacities (Zhang et al. 2010). Clay minerals have a
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Fig. 7 Organic carbon abundance of connected well section of the Carboniferous mudstones in the Kalashayi Formation in the Bamai Area
(Section position as shown in Fig. 1)

Fig. 8 Organic carbon abundance distribution of the Carboniferous mudstones in the Kalashayi Formation of the Tarim Basin
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Fig. 9 The Carboniferous organic matter maturity characteristics of
mudstone of Batan 5 Well in the Kalashayi Formation of the Tarim
Basin

strong adsorption capacity due to its large specific surface
area and large micropore volume (Ross and Bustin 2008).
Schettler and Parmely (1990) consider that methane
adsorbed by mudstone is preferentially adsorbed on the
surface of the clay minerals of illite, with the second best
option being kerogen. However, Lu et al. (1995) believe
that adsorption controlled by illite mainly happened in
mudstone with low organic carbon amount.
Brittle minerals like quartz and calcite in debris affect
gas concentration of mudstone in two ways. On the one
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hand, the increase of brittle minerals content would
decrease mudstone porosity, and as a result, the reservoir
space would be reduced (Loucks and Ruppel 2007). In
addition, mudstone’s adsorption would also be weakened
(Ross and Bustin 2007). On the other hand, with the
increase of quartz and calcite contents, brittleness of the
rock would increase, so it would be much easier for the
mudstone to form cracks with fine conductivity and permeability, which are in favor of the gas accumulation and
seepage (Nelson 1985; Zhang et al. 2004). The content of
the brittle mineral can also directly affect the effect of the
late fracturing of mudstone (Song et al. 2015).
From the analysis of the mineral content of mudstone in
the Tarim Basin (Fig. 11), we can see that the contents of
quartz and feldspar range from 12% to 82.5%, with an
average of 45.8%. Clay minerals are mainly kaolinite and
mixed-layer Illite/Smectite (I/S), then illite and chlorite
whose contents range from 12% to 57%, with an average of
38.2%, and also are lacking smectite. The contents of
carbonate minerals (mainly siderite) are generally below
50% except for the two samples whose contents are greater
than 50%. High content of siderite indicates that the study
area is mainly in a deep-water reducing environment. High
content of clay minerals provides material basis for the
adsorption-state shale gas.

Fig. 10 Thermal evolution degree of the Carboniferous Kalashayi Formation in Tarim Basin (Ro, %)
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and fractures, all of which are conductive to shale gas
storage and development.
5.2 Physical characteristics of reservoirs

Fig. 11 Mineral compositions of the Carboniferous mudstones in the
Tarim Basin

The brittleness is evaluated by the brittleness index of
mudstone. Because mineral compositions of the mudstones
are different in every region, the brittleness index calculation scheme is different as well. Usually in China, the
brittleness index is the ratio of the contents of quartz,
feldspar, calcite, and dolomite over the total contents of the
brittle mineral plus clay mineral (Chen and Xiao 2013;
Wang et al. 2013). Due to the existence of siderite,
hematite, and pyrite in the study area, when calculating the
index of brittle mineral of the Carboniferous mudstone this
time, siderite, hematite, and pyrite are also attributed to
brittle minerals.
Figure 11 shows that the Carboniferous mudstone
samples have a greater brittleness index, and the overall
content of brittle mineral is about 65%, of which the
average brittleness index of the Bachu Area is 52.76%
(Fig. 12a), and the brittleness index of Hetian 1 Well is
55.35% (Fig. 12b). The high brittleness index indicates that
Carboniferous mudstones in the study area have high
content of brittle mineral, excellent fracturing formation,
and the favorable material basis of forming natural cracks

Porosity and permeability are two important parameters in
evaluating the physical properties of conventional reservoir
characteristics, which are also applied to shale gas reservoirs. According to the average width of the pore, Crosdale
et al. (1998) divided porosity into micropores (\2 nm),
mesoporous (2–50 nm) and macropores ([50 nm).
Many scholars have found that when shale has a high
porosity, the total amount of gas contained in shale (mainly
free form) often has a positive correlation with its porosity
(Chalmers and Bustin 2008; Hu et al. 2007; Raut et al.
2007). Ross and Bustin (2008) presented this law quantitatively by case study, proposing that when porosity
increases from 0.5% to 4.2%, the content of free gas can be
increased to 50% from the original 5%. As for micropore,
since the micro channel and the distance between the hole
walls are very small, the interaction between the surface
and adsorbed shale gas is stronger compared to larger
pores, and the specific surface area and the total volume of
the micropore are positively correlated with adsorbed
capacity of gas molecules. Zhang et al. (2005) suggested
that the gas adsorption is affected not only by the micropore specific surface area but also by pore size distribution.
Although the relationship between shale gas absorption
effect and mesopore/macropore structures and total
porosity is not obvious, the free gases in the mesopore and
macropore of shale gas reservoirs have a large proportion.
Therefore, investigations on mesopore and macropore are
significant in being able to predict the total gas contents
(Ross and Bustin 2008).
Carboniferous outcrop samples from the Tarim Basin
were tested by using conventional reservoir porosity and
permeability testing technologies. The results show that the
mudstone porosity is mainly 3.68%–13.65%, with an
average of 8.43%, and the main types of pores are mesopores and macropores (Fig. 13), which possess favorable

Fig. 12 Carboniferous mudstone mineral compositions of the Kalashayi Formation in the Tarim Basin
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Fig. 13 Pore size distribution of the Carboniferous mudstones in the
Tarim Basin (TAT-5, TAT-9 and TAT-13 are outcrop samples, from
Aertashi geologic sections, see Fig. 1)
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conditions for gas storage. Because the samples were collected from outcrops for this study, secondary pores and
fissures developed in the samples due to weathering.
With the hydrocarbon generation process, shale’s
internal pressure will continue to increase, which leads to
the formation of micron and nanometer micro–cracks that
become new shale gas reservoir space. Ultimately a large
amount of hydrocarbons will discharge. Diagenesis and
tectonic activities can also form a large number of micro–
cracks. Cracks are often considered as an important
reservoir space and as migration pathways for conventional
oil and gas (Chen et al. 1985). For unconventional oil and
gas, the degree of crack development can directly affect oil
and gas production (Long et al. 2011).
By Ar ion polishing–scanning electron micrograph,
various micron–nanoscale microscopic pores can be
observed in the Tarim Basin mudstones (Fig. 14), including micro beddings, microcracks, pores between clay
mineral layers, nanoporous inside or around massive
organic particles, micropores within bioclastic body and
dissolved micropores. Furthermore, micro–cracks are
interspersed with each other, providing good storage space
and migrating channels for shale gas.

Fig. 14 Micropores of the mudstones of the Tarim Basin with Argon ion polishing–sem. a Mineral interlayer microcracks; b intergranular pore;
c organic pore; d microcrack between minerals; e dissolved pore
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6 Gas-bearing property and the distribution
of resources
6.1 Gas-bearing property
In this article, favorable zone optimization and resource
potential evaluation were carried out based on the study
results of the distribution of mudstone, geochemical indicators, drilling, and the limited parameters of gas bearing
property. The methods used included multi-factor prestack, geological comprehensive evaluation, and geologic
analogy, and the optimization and evaluation followed the

standards in ‘‘The Standards of Resource Potential
Assessment and Favorable Zone Optimization of Shales’’
published by The Ministry of Land and Resources in 2012
(Table 4).
From the parameters acquisition methods, resource
calculation parameters of different calculation units are
assigned (Table 5).
6.2 Distribution of effective resources
According to the mudstone special distribution in the
Tarim Basin, by combining geological conditions with

Table 4 Reference index for favorable area selection of Carboniferous shale gas in the Tarim Basin (Long et al., 2011)
Main parameter

Range

Lower limit of shale
area

It is possible to find the minimum area in the target (core) area, which may be distributed in the area of stableness or
transformation. Based on the surface conditions and the resource distribution and other factors, the area of the lower
limit is 200–500 km2

Shale (mudstone)
thickness

The thickness is stable and the monolayer is not less than 10 m

TOC (%)

1.5%–2.0%, the average is not less than 2%

Ro (%)

Not less than 1.2% for Type I kerogen, not less than 0.7% for Type II kerogen, not less than 0.5% for Type III kerogen

Buried depth

300–4500 m

Surface condition

Terrain elevation difference is small, such as plain, hill and low mountain, middle-height mountain and desert

Total gas content

No less than 0.5 m3/t

Preservation condition

Medium-good

Table 5 Parameters using volume method to calculate Carboniferous shale gas resource quantity of the Bamai Area in the Tarim Basin
Parameter
2

P5

P25

P50

P75

P95

Parameters acquisition and probability estimation method

Area (km )

934.56

Take a fixed value based on the organic carbon etc

Thickness (m)

160

Porosity (%)

3.91

3.68

3.53

3.38

3.16

Based on probability assignment of measured data

Density (g/cm3)

2.51

2.46

2.35

2.32

2.13

Based on physical property measurement

Total gas content (m3/t) 3.25

2.96

2.76

2.56

2.27

Based on the calculation of probability assignment of free gas and adsorbed gas

Take the flattening thickness

Fig. 15 The favorable area of Carboniferous mudstones in the Tarim Basin
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seismic data, drilling data and experimental measurement
data, with the parameters of sedimentary facies features,
structure model, geochemical indexes and reservoir features of mudstone, the favorable area in the Bamai Area of
prospecting Carboniferous mudstones in the Tarim Basin is
optimized based on key parameters like the development
patterns of mudstone, distribution rule and gas content
(Fig. 15). The surface condition is mainly Gobi with an
area of 934.56 km2, and the mudstone thickness is 180 m.
The resource quantity of P50 is 12466.27 9 108 m3. Taking the recoverable coefficient of 20%, the recoverable
resources are 2493.25 9 108 m3.

7 Conclusions
1.

2.

3.

4.

The depositional environments of Carboniferous
mudstones in the Tarim Basin are mainly basin facies
and slope facies. The rock types are mainly black
carbonaceous mudstone with a little calcareous mudstone and siliceous mudstone. The Carboniferous
mudstone is mainly developed in the Kalashayi Formation of the Bachu and Mengaiti Slope belts with a
total thickness of 30,200 m.
The TOC content of these Carboniferous mudstones is
mostly more than 0.4% in the Tarim Basin. The TOC
values in different regions are of large difference, but
generally they are good–excellent hydrocarbon source
rocks. The organic matter types are of type II and type
III. Thermal evolution degree ranges from low mature
to over mature stages and different tectonic units have
greater difference. The maturity in Southwest Depression has reached high mature-over mature stages
(1.3% \ Ro \ 5.0%), and that of the central area is
still at low mature stage.
The contents of quartz and feldspar of the Carboniferous mudstones in the Tarim Basin is between 12%
and 82.5% with an average of 45.8%. The clay
minerals are mainly kaolinite and mixed layer Illite/
Smectite (I/S), followed by illite and chlorite, ranging
from 12% to 57%, with an average of 38.2%. The
content of carbonate minerals is mostly less than 50%.
Various micro-nanoscale microscopic pores are developed in the Tarim Basin mudstones, including micro
beddings, microcracks, pores between the clay mineral
layers, nanoporous inside or around massive organic
particles, micropores within bioclastic body and
dissolved micropores. The porosity of mudstone is
mainly between 3.68% and 13.65%, with an average of
8.43%.
The favorable area of the Kalashayi Formation in the
Bamai Area for Carboniferous shale gas in the Tarim
Basin is optimized from the standards of favorable
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zone optimization published by The Ministry of Land
and Resources of China in 2012. The resources
quantity of P50 is 12,466.27 9 108 m3, and based on
the recoverable coefficient of 20%, the recoverable
resources are 2493.25 9 108 m3. The surface condition is mainly Gobi.
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