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Abstract: Coal seams, organic shale, and sandstones undergo vertical interbedded development in coal-bearing
strata of Upper Paleozoic in Ordos Basin. Based on the sedimentary background analysis of research areas, and
in combination with comparison of gas isotope, gas measurement and hydrology, the paper comprehensively
analyzed the gas-bearing system classification for unconventional natural gas of Upper Paleozoic in Ordos
Basin. Through an in-depth analysis of gas-bearing property and reservoir physical property of various gas-
bearing systems, the paper also expounded gas reservoir formation characteristics for unconventional natural gas
of Upper Paleozoic in the research areas. Results showed that the gas-bearing systems of Upper Paleozoic in
Ordos Basin were divided into the shale gas-bearing system in Member 1 of Taiyuan Formation and the mixed-
source gas-bearing system in Member 2 of Taiyuan Formation ~ Member 1 of Xiashihezi Formation. The shale
was the type of gas source rock of the shale gas-bearing system in Member 1 of Taiyuan Formation, with an
average organic matter content of 3.3% and an average gas amount of 5m*/t. There was a high content of brittle
minerals in the reservoir and a relatively developed micro-fracture. It was characterized by “low porosity, low
permeability, and low gas saturation” on the whole. Coal seams and shale were the main types of gas source
rock of the gas-bearing system in Member 2 of Taiyuan Formation ~ Member 1 of Xiashihezi Formation, of
which the coal seams had an organic matter content of 22.32%~81.51% and a gas amount of 17 m’/t, and the
shale had an organic matter content of 0.04%~2.73% and an average gas amount of 3 m*/t. The main reservoir
contained coal seams, dark shale, and tight sandstones, and was characterized by “low porosity and low
permeability” on the whole. The shale in Member 2 of Xiashihezi Formation and in Shangshihezi Formation
presented itself as regional cap rock that had a continuous planar distribution and a good sealing ability, and
whose thickness was from 50m to 200m. The unconventional natural gas reservoirs in the research areas were
mainly divided into the in-source combination gas reservoir in Member 1 of Taiyuan Formation and the mixed-
source combination gas reservoir in Member 2 of Taiyuan Formation ~ Member 1 of Xiashihezi Formation.

Keywords: Unconventional natural gas; gas-bearing system; gas reservoir formation characteristics; Ordos
Basin

1. Introduction geological recognition degrees and that the
distribution rules and exploration directions of
unconventional natural gas remain unclear. In light of
previous studies and the author’s preliminary studies,
a great deal of research work has been conducted on
unconventional natural gas reservoirs in northern areas
of the Ordos Basin [2-8], which emphasizes on
analysis of typical tight sandstone’s gas reservoir
formation characteristics, gas reservoir formation
conditions, and predominant factors of gas reservoir
formation, and on resource potential evaluation of
shale gas and coalbed gas. However, there still lacks
comprehensive research on the shale gas reservoirs,
the coal seam gas reservoirs, and the tight sandstone
gas reservoirs as a whole according to the
characteristics that the three of them are considered as
one continuous gas accumulation. Therefore, on the

The shale gas reservoirs of coal measures, the coal
seam gas reservoirs, and the tight sandstone gas
reservoirs are subordinate to continuous gas
accumulations [1] that are characterized by in-source
or near-source gas accumulations, vague boundaries
of traps, and development in large-area
unconventional reservoir systems as well. The Ordos
Basin is one of the crucial bases for exploration and
development of energy mineral sources (such as
petroleum and coal) in China. Among state energy
basins, the Ordos Basin has the maximum amount and
highest degree of exploration and research in terms of
coals, coal measures and other unconventional natural
gas reservoir. However, such problems still exist in
the northern areas of the Ordos Basin that there is
great heterogeneity in present exploration degrees and

#02090251 Copyright ©2016 CAFET-INNOV A TECHNICAL SOCIETY. All rights reserved.



HAIPENG YAO AND YANMING ZHU

basis of existing exploration discovery and the in-
depth research on the gas reservoir formation
conditions and gas accumulation processes for
unconventional natural gas, the paper undertook
systematic analysis and summarization on both the
development intervals and gas reservoir formation
characteristics of unconventional natural gas in
northern areas of the Ordos Basin. This is of great
significance to deep recognition of distribution rules
of unconventional natural gas in the research area and
to identification of the next advantageous exploration
direction as well [9].

2. Geological background:

The integrity of asymmetric and monoclinal structure
and formation of the northern areas of the Ordos Basin
has a nearly SN trend and a W tendency. The main
bases of the research in the paper are relative
experimental data (Organic carbon content test,
Organic matter maturity test, High pressure mercury
intrusion test, Low temperature liquid nitrogen test,
Scanning electron microscope test, Water quality
analysis test), borehole logging (SY/T°6161-2009),
and logging data (SY/T°5788.2-2008) from EY-1
Well that is located at Yishan Slope in the northern
areas of the Ordos Basin (Figure 1). The borehole
logging reveals that the main developments of the
research areas from bottom to top are in Ordovician,
Carboniferous, Permian, Triassic, Jurassic,
Cretaceous, and the Quaternary period, when the
development of coal seams is mainly in Permian-
Carboniferous and Jurassic. The research objective in
the paper is coal measures and adjacent to the oil and
gas storage set layer in Permian-Carboniferous.
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Figure 1: Location and regional structures of the
north of Ordos Basin

The coal-bearing strata of Permian & Carboniferous in
research areas have a stable development and a
continuous planar distribution. Taiyuan Formation has
a depth of 40~80m and a burial depth interval of
2800~3500m; the depth of Shanxi Formation is
50~100m and the depth of Xiashihezi Formation
40.7~71m. The three groups of reservoir have
complicated lithologic components, the main of which
are pebbly sandstone, grit, fine sandstone, silt
mudstone, mudstone, and interbedded coal seal
compositions with different thickness. With No.9 coal
seal floor as the boundary, Taiyuan Formation was

divided from bottom to top into Member 1 of Taiyuan
Formation (C,t') and Member 2 of Taiyuan Formation
(Cot%). With No.5 coal roof mudstone as the boundary,
Shanxi Formation was divided from bottom to top into
Member 1 of Shanxi Formation (Plsl) and Member 2
of Shanxi Formation (P;s?). The marker bed that was
characterized by the combination of the bottom pebble
sandstone with the thickness of 10m and the top
mudstone with the same thickness, the Xiashihezi
Formation was divided from bottom to top into
Member 1 of Xiashihezi Formation (P,x') and

Member 2 of Xiashihezi Formation (P,x%) (Figure 2).

SW

Figure 2: The sketch map of the lithologic
combination in Permian-Carboniferous in the north of
Ordos Basin

3. Unconventional gas-bearing system partition of
coal measures:

Based on the concept of independent petroleum
system that was proposed by Ulmishek in 1986 [10],
Qin Yong et al. put forward the concept and
connotation of multiple superimposed CBM system
[11]. Conditions were good for source rocks, reservoir
rocks, traps, and regional cap rock composition of the
coal strata in Permian-Carboniferous in the research
areas [12-14]. Controlled by multi-phase tectonics and
lithologic combination, the generated unconventional
natural gas under such conditions was trapped
effectively by the regional cap rock in Member 2 of
Xiashihezi Formation and the bottom of Xiashihezi
Formation and thus formed a gas-bearing system with
multi-layer coupling gas reservoir [15].

From the perspective of sedimentary environment,
Taiyuan Formation in the research areas was a set of
marine-terrestrial depositional system, where Member
1 of Taiyuan Formation was a tidal-flat depositional
system of dark shale and sandstone. As seawater
continued to regress out of the research areas, the
depositional environment transited gradually from
marine-terrestrial transitional facies to continental
facies. This was the reason why the delta-plain facies
depositional system was the main feature of Member 2
of Taiyuan Formation ~ Member 2 of Shanxi
Formation, with a development of coal seams, dark
shale, and sandstone. Till middle Permian, the
research areas were mainly featured by continental
facies depositional system, and the Xiashihezi
Formation was the braided delta-plain facies
depositional system with an interbedded development
of thick mudstone and sandstone (Figure 3).

From the perspective of gas carbon isotope, the
abundance of gaseous methane carbon isotope in
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Member 1 of Taiyuan Formation was -15.453%o; the
abundance of gaseous methane carbon isotope in the
bottom of Member 1 of Taiyuan Formation was -
35.11; and the abundance of gaseous methane carbon
isotope in Member 2 of Taiyuan Formation ~ Member
1 of Xiashihezi Formation was -31.517%0~-43.929%0
(Figure 3). Due to the difference of prominent
between the abundance of gaseous methane carbon
isotope and depositional environment in Member 1 of
Taiyuan Formation and that in Member 2 of Taiyuan
Formation ~ Member 1 of Xiashihezi Formation, it
was considered that Member 1 of Taiyuan Formation
and Member 2 of Taiyuan Formation ~ Member 1 of
Xiashihezi Formation were two independent gas-
bearing systems [22, 23].
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Figure 3: Gas-bearing system partition and
characteristics in EY-1 Well

In the research areas, for Member 1 of Taiyuan
Formation, the PH value was 7.2, the concentration of
CI' 1690 mg/L, the concentration of K*+Na" 3213
mg/L, the concentration of Cca®* 371 mg/L, the
concentration of HCO; 21.66 mg/L, and the total
degree of mineralization 0.93 g/L; for Shanxi
Formation ~ Xiashihezi Formation, the PH value was
5.0~6.0, the general concentration of CI' between
18200~41109 mg/L, the concentration of K'+Na®
4540~9592 mg/L, the concentration of Ca®*
5780~13911 mg/L, the concentration of HCO;
76.9~201 mg/L, and the total degree of mineralization
29.12~65.34 g/L; For Majiagou Formation, the PH
value was 6.0, the general concentration of CI’
between 31376~32603 mg/L, the concentration of
K'+Na* 9075~9114 mg/L, the concentration of Ca**
6814~7615 mg/L, the concentration of HCO;5
578~1115 mg/L, and the total degree of mineralization
50.99~54.92 ¢/l (Table 1). On the whole, the PH
value of Member 1 of Taiyuan Formation was larger
than that of the aquifer systems in upper and lower
reservoirs, but the total degree of mineralization and
other ions concentration of Member 1 of Taiyuan
Formation were lower than that of the aquifer systems
in upper and lower reservoirs. Therefore, it could be
seen that Member 1 of Taiyuan Formation, Shanxi
Formation ~ Xiashihezi Formation, and Majiagou
Formation were subordinate to different underground
aquifer systems.

Table 1: Summary sheet of underground water quality characteristics of Upper Paleozoic in the research areas

[16]
Layer K'+Na®  Ca®*  Mg”®  Ba* cr so  Hco, ‘ol
Well No. posi};ion PH (mg/L)  (mg/L) (mg/L) (mg/L) (mgL) (mg/L) (mg/L) ?;Eegril;a
Ell Pox 6.0 6151 12115 60 207 31134 0 107 49.77
E6 Pox 5.0 9592 13911 612 0 41109 0 115 65.34
S57 Pox 6.0 8400 11900 110 326 34500 0 76.9 55.31
E12 Pis 6.0 7879 10058 484 0 30102 1531 201 50.26
S164 Ps 6.0 8340 10271 603 0 31536 1588 127 52.47
543 Ps 6.0 4540 5780 334 100 18200 0 165 29.12
EY-1 Cyt! 7.2 3213 371 54.77 0 1690 3968 21.66 0.93
S2 O,m 6.0 9114 7615 2473 0 32603 2001 1115 54.92
S2 O,m 6.0 9075 6814 2189 0 31376 961 578 50.99
Through a comprehensive analysis of the sedimentary System 1n Member 1 (?f Taiyuan F.O rmation and the
. he aseous  carbon  isotone ml?ced—source ga§—bear1ng system in Membpr 2 of
env1ronmeqt, .t & rop Taiyuan Formation ~ Member 1 of Xiashihezi
characteristics in EY-1 Well, and the regional

underground water quality characteristics in the
research areas, it could be found that Member 1 of
Taiyuan Formation was an independent underground
energy system with distinct characteristics from the
upper and lower reservoirs. Meanwhile, according to
the gas logging total hydrocarbon curve of EY-1 Well,
Upper Paleozoic in the research areas showed
apparent gas logging characteristics, denoting that
there was exceptionally abundant unconventional
natural gas resources. Therefore, the paper held it that
the unconventional natural gas system of Upper
Paleozoic in the research areas should be divided into
two independent systems: the shale gas-bearing

Formation.

4. Characteristics of the unconventional
bearing system in coal measures:

4.1. The shale gas-bearing system in Member 1 of
Taiyuan Formation:

gas-

(1) Gas source rock

The organic shale constituted the gas source rock in
the shale gas-bearing system in Member 1 of Taiyuan
Formation. Vertically, it was located at the bottom of
No.9 coal seam floor of Taiyuan Formation, with the
maximum single-floor thickness of 14m and the
accumulated thickness of 30m. According to the test
results of EY-1 Well, the general type of Kerogen in
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dark shale was Type III; the vitrinite reflectivity (R,%)
was between 1.30%~1.66%, with the average value of
1.52% [17-19] (Figure 4), denoting that the vitrinite
was at the mature ~ highly-mature stage; the organic
carbon content of dark shale was between
1.45%~7.33%, with the average value of 4.73%
(Figure 5). The gas logging results showed that there
was a high hydrocarbon gas content, and that the
measured total hydrocarbon value was between 2.6%~
12.1% under the coring state, whose value was
generally above 7% [20]. The on-site desorption test
showed that the gas content of dark shale was between
3.8~6.9m3/t, with the average value of 5mit.
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Figure 4: Thermal evolution characteristics of the
organic matter in the gas source rock
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Figure 5: Characteristics of the organic matter
content of the gas source rock

(2) Reservoirs

The organic shale is both the gas source rock and the
reservoir, where the gas occurs in the shale mainly at
the absorption state and the Free State but slightly at
the dissolved state; and the gas occurs in the tight
sandstone mainly at the Free State. The reservoir
lithologic composition is a set of black carbonaceous
shale, black silt sandstone, and siltstone, with a local
mixture of pebbly sandstone. Brittle minerals in the
shale are in high content: the content of quartz is
6.4%~55%, with an average value of 25.79%; the
content of clay minerals is around 42.44%~84%, with
an average value of 62.63% (Figure 6) , where illite
and kaolinite account for 76%~83% as the
predominant components, with an average value of
80% (Figure 7). According to the results of mercury
intrusion porosimetry [21], the main pore sizes for this
formation in the research areas are either less than

100nm or above 10000nm to the advantage of gas
occurrence at the absorption state and the free state
[22, 23] (Figure 8). The average porosity of the
reservoir is 0.45%~0.92%; the fairly developed micro
crack has a width of about 175.0~439.1nm; the main
types of micro pores contain intercrystalline pores,
corrosion pores, and organic pores [24, 25], at the pore
size of 64.35~375nm (Figure 6). The permeability is
0.02x107°~0.41x10™ pm®. The general gas saturation
is between 1%~ 52.5%, with the average value of
21.9%. The reservoirs in this formation in the research
areas are characterized by “low porosity, low
permeability, and low gas saturation” on the whole
[26].

Figure 6: The development characteristics of shale
pores in the research areas

(3) Cap rock

The 10-meter-thick shale at the upper areas of
Member 1 of Taiyuan Formation was integrated by
gas source, reservoirs and cap rock typically. The fact
that the gas carbon isotope values in this formation
(namely 3"C, at -15.453%0 and 8'"°C, at -16.544%o)
are different from those at the upper areas of Member
2 of the Taiyuan Formation (namely 8°C, at -
36.125%0 and 8"°C, at 25.124%o) demonstrates that
there is strong sealing ability for the top shale in
Member 1 of Taiyuan Formation.

4.2. The mixed-source gas-bearing system in
Member 2 of Taiyuan Formation ~ Member 1 of
Xiashihezi Formation:

There is general isotopic reversal of ethane and
propane carbon in Member 2 of Taiyuan Formation ~
Member 1 of Xiashihezi Formation in the research
areas, namely 8"3C,>8"C;, from which it can be
deducted that natural gas in this formation is
characterized by mixed sources [27, 28]. This shows
that the poor sealing ability for thin mudstone in this
formation fails to help form effective separate
blockage, thus different reservoirs connecting to each
other and becoming a unified gas-bearing system [29].
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(1) Gas source rock

Gas strata in Member 2 of Taiyuan Formation have a
wide and stable distribution across the research areas.
There are generally 4~10 coal seams, all of which are
medium-to-high-rank metamorphic coals with the
total thickness of above 12m. The maximum thickness
for a single seam is 7.8m. There are 1~3 coal seams in
Shanxi Formation with the thickness of between
4.5~10m. The maturity of organic matters in gas
source rock is between 1.00%~2.28%, with the
average value of 1.42% (Figure 4), and most of the
organic matters have entered the mature ~ highly-
mature stage; the content of organic matters in gas
source rock is between 1.00%~62.71%, with the
average value of 10.36% (Figure 5), where the main
gas source rock is organic carbon in the coals with the
content as high as 62.71%. The gas logging results
showed that there was a high hydrocarbon gas content,
and that the general measured total hydrocarbon value
was above 10% under the coring state. The on-site
desorption test showed that the content of coal seam
gas was between 11.4~26m’/t, with the average value
of 17m3/t, and that the content of shale gas was
between 1.2~5.5m3/t, with the average value of 3mt.

(2) Reservoirs

The main reservoir types for this formation include
coal seams, dark shale, and adjacent tight sandstone.
There are two combination patterns for the reservoirs,
namely the pattern of “self-generation and self-
accumulation” and the pattern of “lower-generation
and upper-accumulation”. Lithologic combinations for
the reservoirs are dark carbonaceous shale, sandstone,
and coal seams. For mineral components in the
reservoirs, the content of clay minerals is between
18.7%~67.7%, with the average value of 48.7%,
where illite and kaolinite account for 47%~97% as the
predominant components, with an average value of
73% (Figure 8); the content of quartz is between
30.5%~79.2%, with the average value of 46.6%
(Figure 7). The main pore size in coal reservoirs is
less than 100m to the advantage of gas occurrence at
the absorption state. There are also general pore
developments at the size of 1000nm or above
10000nm to the advantage of gas occurrence at the
Free State. The porosity of the reservoir is
1.00%~6.79%, with the average value of 3.17%. The
main pore sizes in shale are either less than 100m or
above 10000nm; there is basically no pore at the size
of between 100 ~ 1000nm (Figure 9). The porosity is
between 0.51%~1.51%, with the average value of
1.02%. The general pore size for sandstone is between
5~15um. Overall, the porosity of the reservoirs in this
formation in the research areas is between 1.3%~20%,
and the permeability 0.01x107~42.7x10”um*. The
reservoirs in this formation in the research areas are
characterized by “low porosity and low permeability”.
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Figure 7: Rock mineral component characteristics for
the reservoirs in this formation (DW-167:coal)
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Figure 8: Clay mineral component characteristics for
the reservoirs in this formation
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Figure 9: Relation map between mercury intrusion
volumes and pore sizes for the reservoirs in this
formation in the research areas [30]

(3) Cap rock

The main regional cap rock of the unconventional
natural gas system in coal-bearing strata in Permian-
Carboniferous is found to be the continuously
distributed regional shale in Member 2 of Xiashihezi
Formation and in Shangshihezi Formation, whose
thickness is between 50~200m. According to
measured data in EY-1 Well, the specific surface area
of the shale in this formation is between
2.06~8.74m*/g and the breakthrough pressure between
9.01~10.61Mpa. During the drilling, gas logging
characteristics in the strata above this formation are
insignificant. After breaking through the regional cap
rock, the gas logging value increases rapidly, and the
total hydrocarbon value/ basic value rises from 1 to
above 60, demonstrating strong sealing ability.

5. Gas reservoir formation characteristics of the
three types of gas reservoirs:

Given the wide and large-area hydrocarbon generation
of Upper Paleozoic in the northern areas of the Ordos
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Basin, it is inevitable that there is planar difference in
terms of hydrocarbon generation strength. With the
low permeability of lithologic strata, it is mainly the
distribution of source rock that controls the
distribution of unconventional natural gas [31]. In
combination with such characteristics as geological
structures in the research areas develop poorly, the
paper conducted comprehensive analysis and research
on gas reservoir formation characteristics on the basis
of the shale gas-bearing system in Member 1 of
Taiyuan Formation and of the characteristics of gas
source rock, reservoirs, and cap rock in the mixed-
source gas-bearing system in Member 2 of Taiyuan
Formation ~ Member 1 of Xiashihezi Formation. On
the foundation of the relations between lithologic
trapping of the two gas-bearing systems and spatial
positions of source rock, the coal-bearing strata of
Upper Paleozoic can be divided into two types of gas
reservoir characteristics: the in-source one and the
near-source one. Both of them demonstrate
longitudinal spatial positions and characteristics on the
one hand, and the distribution relations between
lithologic strata and source rock on the plane on the
other hand.

Overall, gas reservoir formation combination
characteristics for unconventional natural gas in the
research areas can be divided into the in-source
combination characteristics of “self-generation and
self-accumulation” in Member 1 of Taiyuan
Formation and the mixed-source combination
characteristics of both “self-generation and self-
accumulation” and “lower-generation and upper-
accumulation” in Member 2 of Taiyuan Formation ~
Member 1 of Xiashihezi Formation. The organic shale
is the hydrocarbon source rock of the shale gas-
bearing system in Member 1 of Taiyuan Formation in
the research areas. Most of the hydrocarbon gas that is
generated by the organic shale occurs in situ at the
absorption state and the free state, thus forming in-
source unconventional natural gas reservoirs. Coal
seams and the organic shale are the hydrocarbon
source rock of the mixed-source gas-bearing system in
Member 2 of Taiyuan Formation ~ Member 1 of
Xiashihezi Formation. A part of the hydrocarbon gas
that is generated by the organic shale occurs in situ at
the absorption state and the free state, thus forming in-
source unconventional natural gas reservoirs. This
kind of gas reservoir combination has high gas
saturation in areas such as Member 2 of Taiyuan
Formation ~ Member 2 of Shanxi Formation in the
research areas. With substantial increase of quantity of
generated hydrocarbon by organic matters, the rest of
the generated hydrocarbon gas occurs in the sandstone
system in this formation at the free state, thus forming
near-source unconventional natural gas reservoirs.
This kind of gas reservoir combination has low gas
saturation in areas such as Member 1 of Xiashihezi
Formation in the research areas (Figure 10).
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Figure 10: Gas reservoir formation combination
characteristics in Permian-Carboniferous

6. Conclusion:

(1) Through comprehensive analysis of the
sedimentary environment, the gaseous carbon isotope
characteristics, and the regional underground water
quality characteristics in the research areas, the paper
divided the unconventional natural gas system of
Upper Paleozoic in the research areas into two
independent systems: the shale gas-bearing system in
Member 1 of Taiyuan Formation and the mixed-
source gas-bearing system in Member 2 of Taiyuan
Formation ~ Member 1 of Xiashihezi Formation.

(2) Organic shale constituted the gas source rock of
shale gas-bearing system in Member 1 of Taiyuan
Formation, with the maximum single-floor thickness
of 14m. The organic carbon is of high content at the
mature ~ highly-mature stage. There was a high
content of brittle minerals in the reservoir and a
relatively  developed  micro-fracture. It was
characterized by “low porosity, low permeability, and
low gas saturation” on the whole. The 10-meter-thick
shale at the upper areas of Member 1 of Taiyuan
Formation was integrated by gas source, reservoirs
and cap rock typically.

(3) Gas source rock in the gas-bearing system in
Member 2 of Taiyuan Formation ~ Member 1 of
Xiashihezi Formation is mainly coal seams and
organic shale. The organic carbon in the gas source
rock is of as high content as an average of 10.36%,
whose organic matters are highly mature. Main
components of the reservoirs in this formation in the
research areas are dark carbonaceous shale, sandstone,
and coal seams, being characterized by “low porosity
and low permeability”. The shale in Member 2 of
Xiashihezi Formation and Shangshihezi Formation is
regional cap rock with strong sealing ability.

(4) The main unconventional natural gas reservoirs
of Upper Paleozoic in Ordos Basin can be divided into
in-source natural gas reservoirs and near-source
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natural gas reservoirs. Member 1 of Taiyuan
Formation has in-source combination gas reservoirs
with the pattern of “self-generation and self-
accumulation”; while Member 2 of Taiyuan
Formation ~ Member 1 of Xiashihezi Formation has
mixed-source combination gas reservoirs with the
patterns of “self-generation and self-accumulation”
and “lower-generation and upper-accumulation”.
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