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Abstract: Tarim Basin is the largest Petroliferous basin in China, while its shale gas development
potential has not been fully revealed. The organic-rich black shale in middle Ordovician Heituao
Formation from Tadong low uplift of Tarim Basin has been considered as an important source
rock and has the characteristic of large thickness, high organic matter content and high thermal
maturity degree. To obtain its development potential, geochemical, mineralogical and mechanics
research is conducted based on Rock-Eval pyrolysis, total organic carbon (TOC), X-ray diffraction
(XRD) and uniaxial compression experiments. The results show that: (1) the TOC content ranges
between 0.63 and 2.51 wt% with an average value of 1.22 wt%, the Tmax values are 382–523 ◦C
(average = 468.9 ◦C), and the S2 value is relatively low which ranges from 0.08 to 1.37 mg HC/g
rock (averaging of 0.42 mg HC/g rock); (2) the organic matter of Heituao shale in Tadong low uplift
show poor abundance as indicated by low S2 value, gas-prone property, and post mature stage
(stage of dry gas). (3) Quartz is the main mineral component in Heituao shale samples, accounting
for 26–94 wt% with an average of 72 wt%. Additionally, its Young’s modulus ranges from 20.0 to
23.1 GPa with an average of 21.2 GPa, Poisson’s ratio ranges between 0.11 and 0.21 (average = 0.15);
(4) the fracability parameter of brittleness index (BI) ranges between 0.28 and 0.99 (averaging of 0.85),
indicating good fracability potential of Heituao shale of Tadong low uplift and has the potential for
shale gas development. This study reveals the shale gas accumulation potential in middle Ordovician
of the Tarim Basin, and beneficial for future exploration and production practice.

Keywords: Rock-Eval pyrolysis; total organic carbon; thermal maturity; fracability evaluation

1. Introduction

Shale gas is a kind of unconventional natural gas existing in the reservoir rock mainly
organic-rich shale with the characteristics of clean and efficient [1,2]. The breakthrough
of shale gas exploration in North America has made research on shale gas increase all
over the world [3–5]. With the successful commercial development of shale gas in Sichuan
Basin [6,7], scholars have been studying its accumulation and exploitation mode and
looked for the possibility of shale gas development in other basins of China [8–10]. Tarim
Basin is the largest Petroliferous basin in China, while its shale gas development potential
has not been fully revealed [11,12]. The organic-rich black shale in Heituao Formation
of middle Ordovician in Tarim Basin has been considered as an important source rock
in the field of conventional oil and gas exploration [13,14], and that in Tadong low uplift
is characterized by large thickness, high content of organic matter and high degree of
thermal maturity [15]. In addition, Heituao shale in Tadong low uplift shows similar
geological conditions and geochemical characteristics with Wufeng Formation shale in
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Sichuan Basin [16,17], which suggests the potential of shale gas exploration in this area.
Therefore, it is very important to carry out good research on Heituao shale to provide
theoretical guidance for shale gas exploration and development in Tadong low uplift. As a
key factor affecting shale gas accumulation, total organic carbon (TOC) content not only
determines the amount of hydrocarbon generation, but also provides important storage
space for oil and gas formation [1,18,19]. In addition, the mineral composition determines
the fracability effect of shale reservoir, which is an important influencing factor of shale
gas development [20,21]. However, there are few studies on the organic geochemistry and
mineral composition of Heituao shale in Tadong low uplift, and the understanding of the
area is insufficient [13–15].

Therefore, this study takes the middle Ordovician Heituao shale in the study area as
the research object, carries out organic geochemical, mineralogical and mechanics studies,
aiming to reveal its organic geochemical, mineralogical and mechanical characteristics, and
clarify the main control factors of shale gas development in the area. The above studies are
beneficial for future exploration and production practice in the study area.

2. Geological Setting

The Tarim basin is a superimposed composite basin with rich oil and gas resources in
western China (Figure 1a), which are divided into seven tectonic units (three uplifts and
four depressions, i.e., North Tarim uplift, Central uplift, Southeast uplift, Kuqa depression,
North Tarim depression, Southwest depression and Southeast depression) according to
its structural features [22,23]. The uplift and its slope belt are rich in oil and gas resources,
which is an important target for oil and gas exploration in Tarim Basin [15,24]. The Tadong
low uplift is a secondary positive tectonic unit located in the east of the Central uplift,
which is adjacent to the North Tarim depression in the north, the Southeast uplift in the
south, and the Tazhong local uplift in the west. It is occupied by a NWW inclined slope
belt with a small dip angle of 1~5◦ (Figure 1b).

The Tadong low uplift has experienced multistage tectonic movements [25–27]. Dur-
ing the early Sinian period, the Tarim block was formed, where rifting was weak and
depositions were received only at the edge of the basin [25]. At the end of the early Or-
dovician, the Tadong low uplift began to form with the collision of Tarim block and the
Central Kunlun-Qiangtang block in the south, and the thick overburden basin sandstones
and mudstones deposited rapidly in the middle and upper Ordovician [26]. During the
period from Silurian to early Triassic, the study area was uplifted and eroded in different
degrees many times, after which the Tadong low uplift is basically formed. From the
Late Triassic period, the study area became an intracontinental basin sandwiched by two
orogenic belts from the north and south [27]. From the Paleogene period, the northern
part of the basin uplifted and the sedimentary center moved southward, thus forming the
present tectonic features.

The strata exposed by drilling of Tadong low uplift from top to bottom are Ceno-
zoic Quaternary, Neogene and Paleogene; Mesozoic Cretaceous and Jurassic; Paleozoic
Ordovician and Cambrian. Shale in the area is mainly distributed in the lower Cambrian
mohershan Formation and Xidashan-Xishanbulake Formation, middle Ordovician Heituao
Formation and upper Ordovician quekerke Formation. Among them, the Heituao shale
(Figures 1c and 2) is characterized by large depth (4100–5100 m), large thickness (50–200 m),
wide and stable distribution in the study area, which has good shale gas generation condi-
tions [24].
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Figure 1. Geological overview of the Tarim Basin and of the study area: (a) the location of the Tarim 
Basin [13]; (b) tectonic units of the Tarim Basin and location of the study area [13]; (c) stratigraphic 
column of the Ordovician Heituao formation in the Tadong low uplift. Where GR stands for the 
natural gamma ray logging and API is the unit of GR. 
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units of the Tarim Basin and location of the study area [13]; (c) stratigraphic column of the Ordovician Heituao formation in
the Tadong low uplift. Where GR stands for the natural gamma ray logging and API is the unit of GR.
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Figure 2. Vertical trends of the TOC content of different wells (TD2, YD2, and ML1) from Heituao
shale samples in Tadong low uplift.

3. Materials and Methods

A total of 45 shale samples were collected from Heituao Formation in wells TD2,
ML1 and YD2 of the Tadong low uplift (Figure 1c). All the shale samples were numbered
consecutively from wells TD2 (sample TD2-1 to TD2-7), ML1 (sample ML1-1 to ML1-19)
and YD2 (sample YD2-1 to YD2-19) with depth.

After the hydrochloric acid solution, shale samples were crushed to powders (~180 mesh),
and a CS744 carbon/sulfur analyzer was used based on the Chinese National standards
GB/T19145-2003 to measure the total organic carbon (TOC) contents of shale samples. The
Rock-Eval pyrolysis was performed on shale powders (~180 mesh) using a YQ-VIIA
(Haicheng Petrochemical Instrument Company, Anshan, China) rock pyrometer mainly
to obtain the geochemical parameters of shale samples. The samples were pyrolyzed
up to 540 ◦C for 2 h, following the Chinese National standards GB/T 18602-2012. Thus,
pyrometer parameters of soluble hydrocarbon content (S1), pyrolytic hydrocarbon content
(S2), pyrolysis temperature (Tmax) corresponding to the generated maximum hydrocarbon,
production index (PI) and hydrogen index (HI) were characterized.

The X-ray diffraction experiment was performed on shale powders (~120 mesh) using
a D/max-2200 (Rigaku, Tokyo, Japan) X-ray diffractometer at 40 kV and 40 mA with a
Cu radiation to determine the mineral contents of shale samples. The scanning speed and
frequency was 2◦/min and 0.02◦ (2θ), respectively, over a long angular range (5–80◦ 2θ).
The quantitation for the mineral composition was carried out based on the curve area of
the major peaks.
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The porosity and permeability tests were undertaken on shale core samples (~φ
25 mm × 50 mm) based on the Chinese Industry standard SY/T 5336-1996 and using a
DZSY-002 (Haian Petroleum Instrument Company, Nantong, China) rock permeability
tester to obtain the porosity and permeability of shale samples. Then, the shale core samples
were reused to perform the uniaxial compression experiment with a servo universal testing
machine to obtain the Young’s modulus and Poisson’s ratio of shale samples. Both end
faces of the samples were smoothed with abrasive papers (roughness less than ±0.05 mm)
and were perpendicular to the sample axis (discrepancy less than ±0.25◦). The axial
displacement rates were 0.05 and 0.1 mm/min, respectively, to control axial load increase
in the pre-failure stage and after exceeding the peak strength, respectively.

4. Results

4.1. Geochemistry

The geochemical results of 45 shale samples of the Heituao Formation are shown
in Table 1, including the total organic carbon (TOC), soluble hydrocarbon content (S1),
pyrolytic hydrocarbon content (S2), pyrolysis temperature (Tmax), production index (PI),
and hydrogen index (HI).

Table 1. The geochemical results of Heituao shale samples in the Tadong low uplift.

Sample No. Well No. Depth (m) TOC (%) Tmax (◦C) S1 (mg/g) S2 (mg/g) PI (mg/g) HI (mg/g)

ML1-1 ML1 4930 1.11 437 0.37 0.36 0.51 32.53
ML1-2 ML1 4940 1.06 500 0.19 0.33 0.37 31.19
ML1-3 ML1 4950 1.00 512 0.14 0.27 0.34 27.13
ML1-4 ML1 4960 1.05 503 0.16 0.32 0.33 30.34
ML1-5 ML1 4970 1.50 506 0.18 0.39 0.32 26.08
ML1-6 ML1 4980 0.82 506 0.17 0.35 0.33 42.52
ML1-7 ML1 4990 1.14 504 0.15 0.40 0.27 34.98
ML1-8 ML1 5000 1.02 509 0.11 0.38 0.22 37.19
ML1-9 ML1 5010 1.98 500 0.15 0.48 0.24 24.21
ML1-10 ML1 5020 0.84 506 0.08 0.26 0.24 31.02
ML1-11 ML1 5030 1.25 516 0.09 0.31 0.23 24.90
ML1-12 ML1 5040 1.15 523 0.05 0.20 0.20 17.41
ML1-13 ML1 5045 0.75 513 0.09 0.08 0.51 11.00
ML1-14 ML1 5050 0.94 522 0.03 0.14 0.18 14.83
ML1-15 ML1 5060 0.84 517 0.06 0.17 0.26 20.33
ML1-16 ML1 5070 1.63 492 0.06 0.20 0.23 12.25
ML1-17 ML1 5080 1.36 508 0.07 0.22 0.24 16.15
ML1-18 ML1 5090 1.26 500 0.06 0.27 0.18 21.35
ML1-19 ML1 5100 1.90 498 0.07 0.38 0.16 20.04
TD2-1 TD2 4517 2.02 411 0.23 0.20 0.53 9.89
TD2-2 TD2 4527 2.29 419 0.08 0.08 0.50 3.00
TD2-3 TD2 4530 1.20 421 0.11 0.13 0.47 10.71
TD2-4 TD2 4545 2.25 429 0.25 0.33 0.44 14.52
TD2-5 TD2 4550 2.51 447 0.56 0.50 0.53 14.26
TD2-6 TD2 4555 1.11 425 0.26 0.25 0.51 23.00
TD2-7 TD2 4560 2.23 442 1.07 1.11 0.49 49.67
YD2-7 YD2 4200 1.00 399 0.62 0.96 0.39 96.18
YD2-8 YD2 4210 0.73 399 0.63 0.94 0.40 129.60
YD2-9 YD2 4220 0.86 382 0.75 0.95 0.44 110.84

YD2-10 YD2 4225 0.8 487 0.24 0.62 0.28 78.00
YD2-11 YD2 4230 0.92 416 0.81 1.37 0.37 148.44
YD2-12 YD2 4240 0.89 475 0.19 0.24 0.43 27.47
YD2-13 YD2 4250 1.21 444 0.38 0.45 0.46 37.04
YD2-14 YD2 4252 0.7 456 0.27 0.35 0.44 50.00
YD2-15 YD2 4260 0.69 387 0.30 0.28 0.52 40.63
YD2-16 YD2 4270 0.83 403 0.21 0.21 0.50 25.18
YD2-17 YD2 4280 0.63 488 0.18 0.25 0.42 39.51
YD2-18 YD2 4291 1.18 467 0.52 0.84 0.38 71.31
YD2-19 YD2 4301 0.89 479 0.25 0.63 0.28 71.00

Note: TOC, Tmax, S1, S2, PI and HI stand for total organic carbon content, soluble hydrocarbon content, pyrolytic hydrocarbon content,
pyrolysis temperature corresponding to the generated maximum hydrocarbon, production index, and hydrogen index, respectively.
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The TOC content of Heituao shale ranges between 0.63 and 2.51 wt% with an average
of 1.22 wt%, that in well TD2 ranges from 1.11 to 2.51 wt% with an average of 1.94 wt%,
that in well ML1 is between 0.75 and 1.90 wt% (average = 1.19 wt%), and that in well
YD2 is between 0.63 and 1.21 wt% (average = 0.87 wt%). In addition, Figure 2 shows that
almost all TOC contents of the Heituao shale in well TD2 are higher than 1 wt%, and the
TOC contents in these three wells trend to increase with the increase of depth. Moreover,
the TOC contents of the Heituao shale gradually decrease northeastward according to the
relative position of the well in Figure 1b.

The Tmax values of Heituao shale range from 382 to 523 ◦C (average = 468.9 ◦C),
showing great variation between different wells. The Tmax values in well ML1 are the
highest, ranging between 477 and 523 ◦C with an average of 506 ◦C, followed by well YD2
(ranges from 382 to 488 ◦C, with an average of 437 ◦C), and well TD2 is lowest, the Tmax
values of which are between 411 and 447 ◦C with an average of 428 ◦C. In addition, it can be
seen from Figure 3 that the greater the depth, the higher the Tmax value of Heituao shale.
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The S2 value of Heituao shale is relatively low, which ranges from 0.08 to 1.37 mg
HC/g rock (average = 0.42 mg HC/g rock), indicating its current hydrocarbon generation
potential is low. Moreover, with the increase of depth, the variation of the S2 value is similar
between ML1 and YD2 wells: increase first, then decrease and then increase (Figure 4).
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Figure 4. Vertical trends of the S2 content of different wells (TD2, YD2, and ML1) from Heituao shale
samples in Tadong low uplift.

4.2. Mineralogy

The XRD experiments were conducted on 15 Heituao shale samples to determine
the mineral composition, which shows that minerals in shale samples are strongly het-
erogeneous and quartz, clay minerals, carbonates (the sum of calcite, dolomite, ankerite,
siderite and magnesite), pyrite and feldspar (including potassium feldspar and plagioclase)
are dominant (Table 2). The quartz content ranges from 26 to 94 wt% with an average of
72 wt%, the clay content ranges from 0 to 66 wt% with an average of 9 wt%. The content of
carbonate content ranges from 0 to 39 wt% (average = 8 wt%), that of feldspar ranges from 0
to 18 wt% (average = 6 wt%), and that of pyrite is between 0 and 19 wt% (average = 5 wt%).
Abundance of pyrite indicates a euxinic sedimentary environment, which corresponds to
the sedimentary indicator based on the carbon isotope parameters [28].

In addition, a ternary diagram [29] was used to plot the mineral composition of
Heituao shale, where the total contents of quartz, feldspar and mica (QFM), of calcite,
dolomite, ankerite, siderite and magnesite (Carbonates), and of kaolinite, illite, chlorite
and montmorillonite (Clays) are equal to 100%. The result (Figure 5) shows that Heituao
shale in the study area is relatively rich in quartz-feldspar-mica minerals and very poor in
carbonates and clay minerals, belonging to the silica-dominated lithotype. This mineral
composition may result from the burial diagenesis [30] and is very suitable for hydraulic
fracturing owing to the existence of a large number of brittle minerals [31].
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Table 2. Mineral composition and brittleness parameters of Heituao shale in the study area.

Sample No. Depth (m)
Minerals (%)

BI BM
Quartz Feldspar Carbonate Pyrite Total Clays

ML1-4 4960 85 0 4 11 0 0.94 0.71
ML1-7 4990 91 8 0 0 1 0.98 0.71

ML1-12 5040 79 6 0 14 1 0.98 0.71
ML1-16 5070 88 4 0 7 1 0.98 0.71
ML1-19 5100 94 0 3 3 0 0.95 0.71
YD2-3 4160 60 0 37 3 0 0.99 0.83
YD2-6 4190 81 0 8 2 9 0.91 0.72
YD2-9 4220 79 0 15 6 0 0.83 0.71

YD2-13 4250 75 0 6 19 0 0.91 0.71
YD2-17 4280 26 5 0 3 66 0.28 0.26
TD2-1 4517 88 10 0 0 2 0.96 0.69
TD2-3 4530 70 15 6 9 0 0.98 0.73
TD2-4 4545 37 17 0 0 46 0.43 0.35
TD2-6 4555 89 0 8 0 3 0.96 0.72
TD2-7 4560 42 18 39 0 1 0.69 0.75

Note: BI and BM stand for the brittleness index and brittleness of minerals, respectively, both showing the fracability of shale samples.
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4.3. Porosity and Permeability

Limited by the coring samples, four shale core columns were used to carry out
porosity and permeability tests. The results (Table 3) show that the porosity of the Heituao
shale in the study area ranges from 0.067% to 1.304% with an average of 0.404%, and the
Permeability ranges between 0.0010 and 0.0026 mD with an average of 0.0016 mD. The
above results suggest that Heituao shale has the characteristics of ultra-low porosity and
permeability, which purport the necessity to transform the shale reservoir by means of
hydraulic fracturing before shale gas exploitation.
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Table 3. Porosity and permeability of Heituao shale in the Tadong low uplift.

Sample No. Depth (m) Diameter (mm) Height (mm) Weight (g) Porosity (%) Permeability (mD)

ML1-7 4990 25 55.3 72.8 0.144 0.0014
TD2-3 4530 25 55.64 59.4 0.067 0.0012
TD2-4 4545 25 45.7 73.6 0.102 0.0010
TD2-6 4555 25 36.12 50.4 1.304 0.0026

4.4. Rock Mechanics

Followed by porosity and permeability test, four shale core columns were used to
carry out uniaxial compression experiments [32]. The results (Table 4) show that the
Young’s modulus of the Heituao shale in the study area ranges from 20.0 to 23.1 GPa
with an average of 21.2 GPa, and the Poisson’s ratio ranges between 0.11 and 0.21 with
an average of 0.15. This shows that the mechanical properties of Heituao shale have the
characteristics of high elastic modulus and low Poisson’s ratio, which is conducive to
hydraulic fracturing. In addition, through the observation of the sample morphology after
the uniaxial compression tests (Figure 6), it is found that the shale samples are penetrated
by cracks perpendicular to the direction of the maximum principal stress, and the crack
surface is smooth and straight. The high elastic modulus, low Poisson’s ratio, long-straight
crack formation and high contents of brittle minerals of the shale samples have a good
corresponding relationship to indicate a perfect fracturing potential of the Heituao shale in
the study area.

Table 4. Mechanical parameters of Heituao shale in the Tadong low uplift.

Sample No. Depth (m) Diameter (mm) Height (mm) Young’s Modulus (GPa) Poisson’s Ratio

ML1-7 4990 25 55.3 21.864 0.12
TD2-3 4530 25 55.64 23.144 0.11
TD2-4 4545 25 45.7 19.996 0.21
TD2-6 4555 25 36.12 21.324 0.15
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5. Discussion

Organic geochemical characteristics and mineral compositions are very important for
shale gas exploration and development, which determine the exploration potential and
development difficulty of shale gas [18–20]. Therefore, it is necessary to conduct a further
analysis in order to reveal the abundance, type and maturity of organic matter, as well as
the hydraulic fracturing ability of Heituao shale in the study area.

5.1. Organic Matter Evaluation

5.1.1. Organic Matter Abundance

The abundance of organic matter is one of the main factors affecting the hydrocarbon
generation intensity of source rocks [33]. Organic matter not only provides the material
basis for gas generation, but also serves as the carrier for adsorbed gas which has a close
positive correlation with the gas content of shale [1,18]. In addition, the distribution of the
TOC versus S2 for the Heituao shale based on a plot [34] was analyzed to reveal the organic
matter abundance of Heituao shale in the study area (Figure 7). It indicated that all of the
samples can be regarded as having “poor” generative potential, with TOC values ranging
from 0.63 to 2.51 wt% (average = 1.22 wt%) and S2 values ranging from 0.08 to 1.37 mg
HC/g rock (average = 0.42 mg HC/g rock). Although the TOC values are at a high level,
the low S2 values reduce the hydrocarbon generation potential of shale samples, that is to
say, the “poor” generative potential mainly results from the S2 values of Heituao shale.
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5.1.2. Thermal Maturity

In the process of rock pyrolysis, the maximum pyrolysis temperature corresponding
to the highest peak of S2 is the Tmax, which is also a commonly used index to judge the
thermal maturity of organic matter [31]. Generally, the Tmax is a very good maturity
index for types II and III kerogen and there exists a positive correlation between Tmax and
Ro [35,36]. In the process of burial, the organic matter will start to generate hydrocarbon
with the increase of thermal evolution degree, while the organic matter with low activation
energy will be cracked first, the activation energy of the remaining organic matter is higher,
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and the energy required for hydrocarbon generation of the same quality organic matter will
gradually increase, so the corresponding Tmax for hydrocarbon generation will gradually
increase. Previous studies [37,38] have shown that the Tmax values less than 435 ◦C
represent the maturity level of immature; the Tmax values ranging between 435 and 475 ◦C
indicate mature level, among them, 435–455 ◦C is associated with the oil window and
455–475 ◦C is the condensate (wet gas) stage; the Tmax values above 475 ◦C reflect post
mature, which is the stage of dry gas.

Moreover, the thermal maturity of organic matter of Heituao shale in the study area
was evaluated based on the Tmax values in Figure 8. It indicated that the maturity of
Heituao shale varies from immature to post mature, and there exists great difference
between different wells which result from different depth (Figure 8a): the shale in well
ML1 has experienced post mature with the Tmax values ranging from 477 to 523 ◦C with
an average of 506 ◦C, that in well YD2 are immature stage maturity with the Tmax values
ranging between 382 and 488 ◦C (average = 437 ◦C), that in well TD2 are from immature to
post mature stage (ranges from 411 to 447 ◦C, with an average of 428 ◦C).
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In addition, the thermal maturity of organic matter affects hydrocarbon generation
potential of residual organic matter which is indicated in Figure 8b–d. There is a negative
correlation between Tmax and TOC, S2 and HI. With the increase of Tmax value, TOC,
S2 and HI values show a gradually decreasing trend, and the decreasing degree of S2
and HI is greater than that of TOC. Additionally, with the variation of thermal maturity,
the evaluation the abundance and type of organic matter may result in difference. As
for the abundance of organic matter, with the maturity of organic matter in shale, a part
of hydrocarbon is produced and discharged, which makes the S2 value of the remaining
organic matter lower. Therefore, the abundance of organic matter can only indicate the
current abundance of the remaining organic matter. Moreover, the higher the maturity
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is, the more obvious the difference is. Therefore, when evaluating the abundance of past
mature organic matter, the lower S2 value results in the lower evaluation result. Relatively
speaking, the TOC value changes less with the increase of thermal maturity [39]. Therefore,
it is more appropriate to evaluate the abundance of over mature organic matter by a single
TOC value.

5.1.3. Organic Matter Type

Due to the great difference of hydrocarbon generation potential of organic matter from
different sources and compositions, it is necessary to reveal the type of organic matter of
Heituao shale [40]. The type of organic matter can be classified as type I kerogen, type II
kerogen, type II-III kerogen, and type III kerogen based on the HI values of shale samples.
Previous studies [37,38] have shown that type I kerogen is oil-prone, usually associated
with lacustrine environments, with HI values above 600 mg HC/g TOC; type II kerogen
is also oil-prone mostly associated with marine environments, with HI values ranging
between 300 and 600 mg HC/g TOC; type II-III kerogen is the mixture of types II and III,
which is prone to produce oil and gas and associated with the HI values of 200–300 mg
HC/g TOC; HI values less than 200 mg HC/g TOC are associated with type III kerogen,
which is prone to produce gas and represent the deposition of higher plants. Based on
above studies and the plot [37] of HI versus Tmax (Figure 9), it is obvious that all of the
shale samples have HI values of less than 200 mg HC/g TOC, showing the type III kerogen
type with the characteristic of gas-prone of Heituao shale. However, the results are quite
different from the current understanding of the Paleozoic shale [41,42], where only lower
organisms exist in its depositional setting, so the organic matter type is unlikely to be
classified as type III kerogen which represent the deposition of higher plants. That may be
caused by the thermal maturity of organic matter [39,43]. For the type of organic matter,
the HI value of past mature organic matter is low, and the classification of organic matter
types cannot reflect the original sedimentary environment and materials of organic matter,
but only reflect whether organic matter is oil-prone or gas-prone at present. Therefore, it is
obvious that organic matter in Heituao shale from Tadong low uplift is gas-prone and has
the advantage for shale gas accumulation.
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5.2. Fracability Evaluation

Fracability refers to the property that reservoirs can be transformed by hydraulic
fracturing to form effective fractures and increase fluid flow capacity, which is a compre-
hensive reflection of shale geology and reservoir characteristics. Previous studies [44–46]
have proved that the main influencing factors on shale fracability are shale brittleness,
mineral composition, natural fracture, diagenesis stage, and in-situ stress. In addition,
recent studies have shown that diagenetic quartz, not detrital quartz, controls the brittle-
ness of shales [47,48]. At present, the current methods to evaluate shale fracability are
mainly mineral composition method and rock mechanics method, and the brittleness index
(BI) based on mineral composition method has been proved to be a comprehensive and
applicable method to evaluate the fracability compared with that based on rock mechanics
method [49,50], which is widely used [51] with the Equation (1).

BI =
Vquatrtz + Vdolomite

Vquartz + Vdolomite + Vclay + Vcalcite + Vtoc
(1)

where, BI is the brittleness index, 0~1; Vquatrtz is the content of diagenetic quartz, %;
Vdolomite is the content of dolomite, %; Vclay is the content of clay minerals, %; Vcalcite is
the calcite content, %; Vtoc is the TOC content, %.

Obviously, the larger the BI value, the better the fracturing effect of shale. The BI
values of the studied shale samples are determined based on Equation (1), which are shown
in Table 2. From the result we can see that the BI values range between 0.28 and 0.99 with
an average of 0.85, which is higher than 0.5 and other shales, indicating the good fracturing
potential of Heituao shale in the study area.

In order to ensure the accuracy of BI value, it is necessary to compare and verify the
results by the fracability evaluation based on rock mechanics method. At present, the
brittleness average (BA) value is used with the Equation (2) to evaluate shale compressibil-
ity [31].

BA =

(
E − Emin

Emax − Emin
+

Vmax − V
Vmax − Vmin

)
/2 (2)

where, BA is the brittleness average, 0~1; E is the Young’s modulus of sample, GPa;
Emax and Emin are the maximum and minimum Young’s modulus, respectively, of the
formation in the vertical direction, GPa; V is the Poisson’s ratio of sample, Vmax and
Vmin are the maximum and minimum Poisson’s ratio, respectively, of the formation in the
vertical direction.

However, it is difficult to obtain the maximum and minimum Young’s modulus and
Poisson ratio of the formation in vertical direction in the study area, so the above method
is not applicable in the study area.

Considering the difference of micromechanical properties [52] between different min-
erals and the relationship between mineral composition and brittleness index, an improved
fracability evaluation model of Equation (3) is obtained based on Equations (1) and (2):

BM =
EM − EMmin

EMmax − EMmin
(3)

EM =
Vquatrtz × Equartz + Vdolomite × Edolomite + Vclay × Eclay + Vcalcite × Eclay + Vtoc × Etoc

Vquartz + Vdolomite + Vclay + Vcalcite + Vtoc
(4)

where, BM is the brittleness of minerals, 0~1; EM is the average Young’s modulus of
minerals in sample, GPa; EMmax and EMmin are the maximum and minimum Young’s
modulus, respectively, of minerals, GPa; Equartz is the Young’s modulus of quartz, GPa;
Edolomite is the Young’s modulus of dolomite, GPa; Eclay is the Young’s modulus of clay
minerals, GPa; Ecalcite is the Young’s modulus of calcite, GPa; Etoc is the Young’s modulus
of TOC, GPa. The Young’s modulus of minerals can be obtained by nanoindentation [53]
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and atomic force microscopy [54] and related data used in this study is shown in Table 5,
from that we can see EMmax and EMmin are the Young’s modulus of dolomite and clay,
respectively, of Heituao shale in the study area, thus Equation (3) can be transformed into
Equation (5):

BM =
EM − Eclay

Equartz − Eclay
(5)

Table 5. Young’s modulus of different minerals and organic matter based on previous studies.

Minerals TOC Quartz Clay Dolomite Calcite

Density (g/cm3) 1.23 2.65 2.7 2.84 2.71
Young’s modulus (GPa) 10.5 87.2 18.5 116.6 84.3

Sources [55] [55] [55] [56] [56]

The BM values of Heituao shale samples are evaluated based on Equation (5), which
ranges between 0.26 and 0.83 with an average of 0.67, indicating the good fracturing
potential of Heituao shale in the study area.

In addition, by comparing BI and BM values (Figure 10), it is found that BI value is
slightly higher than BM value, and there is a certain positive correlation between them.
Moreover, it shows that BI and BM values have a good positive correlation with the Young’s
modulus, and a good negative correlation with the Poisson’s ratio of shale samples. With
the increase of Young’s modulus and the decrease of Poisson’s ratio, BI and BM values
show an increasing trend, which shows the feasibility and accuracy of evaluating the
fracability of Heituao shale in the study area through these two parameters.
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5.3. Shale Gas Production Potential in Tadong Low Uplift

Heituao shale has great differences compared with others [41,42,57]. Firstly, in terms of
organic geochemical characteristics, its high Tmax value reveals a high degree of evolution.
In this high degree of background, TOC content is at a general level, and S2 value is
small. Although the current shale geochemical parameters are generally fair or poor, it also
shows that Heituao formation shale in the study area has generated a lot of hydrocarbons.
In addition, Heituao shale has the characteristics of ultra-low porosity and permeability,
which purport the necessity of hydraulic fracturing before shale gas exploitation. In terms
of mineral composition, Heituao shale shows ultra-high quartz content, indicating its high
fracability and good hydraulic fracturing effect, and the uniaxial compression test results
further reveal the characteristics of good fracturing performance. At present, the important
factor hindering the development of Heituao formation shale gas in the study area is the
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depth with almost 4000–5000 m, which is unattainable for the current shale gas production
technology. However, with the improvement of technology and methodology, the Heituao
shale gas in Tadong low uplift will become possible soon or later.

6. Conclusions

The geochemical, mineralogical and mechanical characteristics of Heituao shale in
Tadong low uplift were analyzed, together with the development potential of shale gas.
The following conclusions can be obtained:

1. The organic matter of Heituao shale in the study area show poor abundance and type
III kerogen type, which are mainly caused by the post mature organic matter; quartz
is the main mineral component in Heituao shale samples, and its Young’s modulus is
high and Poisson’s ratio is low.

2. Organic matter of Heituao shale in the study area has experienced post mature and at
the stage of dry gas, indicating the large hydrocarbons generation and occurrence. In
addition, Heituao shale shows ultra-high quartz content, indicating its high fracability
and good hydraulic fracturing effect.

3. The Heituao shale is characterized by large depth (4100–5100 m), large thickness
(50–200 m), wide and stable distribution in the study area. The depth of shale is a
challenge for current shale gas development, but Heituao shale gas in Tadong low
uplift will attract interest with the improvement of technology and methodology.
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