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The Permian tight clastic reservoir and Ordovician carbonate reservoir were developed in the central-southern Ordos Basin. This
study investigated the fluid inclusion petrography, diagenetic fluid characteristics, formation process of natural gas reservoir,
source rock characteristics, and reservoir accumulation characteristics of these Paleozoic strata by petrographic observations,
scanning electron microscope imaging, fluid inclusion homogenization temperature, salinity, laser Raman spectrum, and gas
chromatograph analyses. The results have suggested two phases of fluid inclusions in both the Permian sandstone and the
Ordovician Majiagou Formation dolomite reservoirs, and the fluid inclusions recorded the history from the early thermal
evolution of hydrocarbon generation to the formation, migration, and accumulation of natural gas. The early-phase inclusions
show weak yellow fluorescence and recorded the early formation of liquid hydrocarbons, while the late-phase inclusions are
nonfluorescent natural gas inclusions distributed in the late tectonic fractures and recorded the late accumulation of natural
gas. The brine systems of the Permian and Ordovician fluid inclusions are, respectively, dominated by CaCl,-H,O and MgCl,-
NaCl-H,O. The diagenetic fluids were in the ranges of medium-low temperature and moderate-low salinity. The natural gas
hydrocarbon source rocks in the Ordos Basin include both the Permian coal-bearing rocks and the Ordovician carbonates. The
process of the early-phase liquid hydrocarbon formation and migration into the reservoir corresponded to 220 Ma (Late
Triassic). The late large-scale migration and accumulation of natural gas occurred at 100 Ma (early Late Cretaceous), which
was close to the inclusion Rb/Sr isochron age of 89.18 Ma, indicating that the natural gas accumulation was related to the
Yanshanian tectonic movement.

1. Introduction

The Ordos Basin is one of the most important natural gas
resource exploration and development bases in China. At
present, most discovered natural gas are stored in the Upper
Paleozoic Permian clastic rock reservoir and the Lower
Paleozoic Ordovician carbonate reservoir, and their natural
gas accumulation theories have been established based on a
large number of studies. In the Upper Paleozoic, the exten-
sive hydrocarbon generation and continuous charging of
coal source rocks provided high-quality gas source condi-
tions. The large-scale delta distributary channel sand bodies,

spreading from north to south and stacking vertically, com-
prise the reservoirs. Natural gas migration and accumulation
in a close range formed the large tight gas reservoirs [1-3].
The Lower Paleozoic Ordovician natural gas reservoirs are
mainly karst cavernous reservoirs and dolomite reservoirs,
and the gas accumulation was mainly controlled by karst
paleogeomorphology [4-6].

However, both the Permian tight gas reservoirs and the
Ordovician carbonate gas reservoirs discovered in the Ordos
Basin are mainly distributed in the northern part of the
basin, while the exploration progress in the vast southern
area is relatively slow. Previous studies on the southern part
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of the basin mainly focused on the characteristics and evalu-
ation of hydrocarbon source rocks, the genesis and source of
natural gas, clastic rock reservoirs, karst paleogeomorphol-
ogy, characteristics, accumulation, and evolution of the
carbonate reservoirs [7-17]. Some scholars [18-20] believe
that the natural gas in the northern part of the Ordos Basin
originated from the southern region, and the natural gas
migrated and accumulated on a large scale from south to
north. The natural gas in the early Paleozoic gathered
around the old central uplift in the form of liquid hydrocar-
bons, which then became gaseous due to thermal cracking.
These gaseous hydrocarbons then migrated northeastward
from the central uplift and accumulated in the northern res-
ervoirs. Wang [12] proposed three stages of oil and gas fill-
ing in the Shanxi Formation of the Lower Paleozoic at the
end of Triassic, middle and late Jurassic, and the end of Early
Cretaceous, respectively. Wang [13] believed that the “self-
generation-self-storage” and the “lower-generation-upper-
storage” were the main types of source-reservoir-cap assem-
blages, and the regional uplift movement around the end of
the Early Cretaceous was the key period for the large-scale
migration and accumulation of oil and coal gas in this area.
Wang et al. [14] argued that the oil generated from the Pin-
gliang Formation hydrocarbon source rocks accumulated in
the weathering layer of the Lower Paleozoic at the central
paleo-uplift, which was then transformed into a gas reser-
voir. Despite the abundant studies, many problems still
remain unsolved concerning the Paleozoic gas reservoirs in
the southern Ordos Basin, such as the diagenetic evolution
of reservoirs, gas accumulation phases, and the diagenetic
fluid characteristics.

This study investigated core samples from exploration
wells by petrographic observation, scanning electron micro-
scope imaging, fluid inclusion homogenization temperature,
salinity, laser Raman spectrum, and gas chromatograph
analyses. The investigation will not only better characterize
the petrography of the fluid inclusions but also reveal the
source rock characteristics, diagenetic fluid characteristics,
isotopic dating, the natural gas components, gas accumula-
tion characteristics, and phases.

2. Geological Setting

The Ordos Basin is one of the most important fossil-fuel
energy basins in west-central China and contains large
reserves of coal, oil, natural gas, and coalbed methane
[21-23]. It is a large intracontinental, superimposed, and
residual basin in the North China block [24-26] and is com-
posed of six subtectonic units, including the Yimeng uplift,
Western thrust zone, Tianhuan syncline, Yishan monocline,
Jinxi fold belt, and Weibei uplift [27, 28]. The main target
strata of this study are the Upper Paleozoic Permian and
Lower Paleozoic Ordovician Majiagou Formation. Late Car-
boniferous and Permian strata experienced a transition from
an epeiric sea to an inland lake basin. Sediments were mainly
developed in shallow shelves, shallow deltas, rivers, and lakes
[29]. The Majiagou Formation mainly contains limestone
and dolomite that were formed in a carbonate platform envi-
ronment [30].
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As a large sedimentary basin in the west of the North
China block, the Ordos Basin has gone through five
tectono-sedimentary stages, i.e., the Middle-Late Proterozoic
aulacogen stage, the Early Paleozoic shallow marine plat-
form stage, the Late Paleozoic littoral plain stage, the Meso-
zoic hinterland basin stage, and the Cenozoic peripheral
faulted basin stage [31-33]. From the Middle-Late Protero-
zoic to Early Paleozoic, stable carbonate rocks of several
kilometers’ thick were deposited. During the early Ordovi-
cian, the uplift and depression patterns were formed in the
Ordos Basin. The central paleo-uplift extended from
Qingyang to the southeast (Figure 1). The depressions on
both sides of the central paleo-uplift were characterized by
an evaporative saline lake system with thick argillaceous
dolomite, which was considered as the potential hydrocar-
bon source rock [34]. The slope belts on both sides of the
central paleo-uplift were broad areas of tidal flat dolomite.
Affected by the Caledonian tectonic movement, the Ordos
Basin uplifted together with the North China block in the
Middle-Late Ordovician, resulted in weathering and erosion
at the top of Middle-Late Ordovician for 150 million years
with well-developed dissolution pores and good reservoir
performance. It is therefore the most favorable layer of a
gas field and one of the main gas reservoirs found in the
Ordos Basin. This tectonic movement caused the absence
of the Late Ordovician-Early Carboniferous sediments in
the Ordos Basin and even the whole North China block. It
was not until the Middle-Late Carboniferous that the Ordos
Basin and the North China block began to subside again.
The seawater invaded from northeast to southwest, and the
Ordos Basin and the vast areas of North China block as a
whole exhibited a paleogeographic pattern of coexisted epei-
ric sea and delta, forming the coal-bearing deposits mixed
with carbonate rocks and terrigenous clastics. In the regres-
sive environment, the Permian sediments gradually evolved
into lacustrine delta with thick deposition of dark organic-
rich mudstone and coal-bearing sediments. These deposits
are good natural gas source rocks and clastic reservoirs,
which are the most important natural gas reservoirs that
have been discovered by exploration so far [1].

During Triassic, the Ordos Basin became a large-scale
depression basin dominated by river-lake delta deposits,
which constituted the major low-permeability oil and gas
system in the Ordos Basin. At the end of the Late Triassic,
due to the Indosinian movement, the collision between the
North and South China blocks formed the Qinling Central
Orogenic Belt, resulting in the uplift of the North China
block. Hence, the Upper Triassic strata in the Ordos area
experienced a long period of erosion, forming a wide range
of valleys filled with Jurassic glutenite. The Yanshan move-
ment at the end of the Jurassic led to the formation of
large-scale nappes and thrust uplifts in the western and east-
ern margins of the basin. The main body of the basin formed
an asymmetric east-west compressive syncline. The northern
Ordos Basin remained as an uplift for a long time and was
higher than the southern Ordos Basin. At the same time,
the southern margin and eastern part of the basin uplifted
as a whole. From the Cenozoic, the Paleozoic strata at the
edge of the basin were exposed to the surface, while the fault
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1. Cenozoic depression; 2 Ordos basin; 3. Upper paleozoic fluvial sand bodies;
4. Upper paleozoic sandstone gas reservoir; 5. The dolomite gas reservoir of
Ordovician Majiagou Formation; 6. Central palaeo-uplift; 7. Orogenic belt;

8. Boundary line; 9. City; 10. Exploratory well

YB-Yinshan orogenic Belt DB-Daqingshen orogenic Belt HTG-He Tao Graben
HLS-HeLan Shan YCG-YinChuan Grabe QLB-QiLian orogenic Belt
QB-Qinling orogenic Belt WHG-WeiHe Graben FHG-FenHe Graben

i s 10 NCB-North Chine Block

(a)

Figure 1: Continued.
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FIGURE 1: Structure and gas reservoir distribution of the Ordos Basin.

depressions around the basin formed a series of fault basins, in
which the thickness of the Cenozoic strata exceeds 5000 m.
There are two sets of gas-bearing layers in the middle
and southern part of the Ordos Basin, namely, the oil-type
gas system of the Lower Paleozoic Ordovician marine car-
bonate rocks and the typical coal-derived gas system of the
Permian mudstone and coal seam. The Upper Paleozoic

coal-bearing source rocks have diverse material sources
and kerogen types. Generally, the coal seam has organic car-
bon content of 70.8%-83.2% and chloroform bitumen “A”
content of 0.61%-0.80%, while the dark mudstone has
organic carbon abundance of 2%-3% and chloroform bitu-
men “A” content 0.037%-0.120%. Most hydrocarbon source
rocks were in the high/over mature stage with Ro > 1.5%.
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The Lower Paleozoic Ordovician hydrocarbon source rocks
belong to type I and type II organic matter types, with mod-
erate to good abundances and Ro >2.0%. The Ordovician
system mainly consists of weathering crust type, dolomite
type, and karst fracture-cavity type reservoirs, which can
be divided into three major gas accumulation assemblages,
the Ordovician weathering crust, the dolomite on the east
of the paleo-uplift, and the karst fracture-cave type gas reser-
voir on the west of the paleo-uplift. The effective hydrocar-
bon source rocks in the Upper and Lower Paleozoic strata
provided rich gas sources for the karst fracture-cavity traps
and formed a good source-reservoir configuration.

3. Samples and Experiments

In this study, more than 50 sandstone core samples of the He
8 section and Shan 1 section were collected from several
exploratory wells in the central paleo-uplift of the Ordos
Basin (L1 well, Xt 1 well, Yt 1 well, U1 well, F1 well, F2 well,
F3 well, Y2 well, S139 well, and S15 well). A total of 50
representative Paleozoic core samples around the central
paleo-uplift of the basin were selected for analysis of fluid
inclusions, including the core samples of the Permian sand-
stone reservoir and the Ordovician Majiagou Formation res-
ervoir [35]. Firstly, the samples were made into 50 polished
double-sided rock slices. A Leitz microscope was used to
observe the petrographic characteristics of fluid inclusions,
including color, size, occurrence, host minerals, and the
gas-liquid ratio of fluid inclusions, with a lens combination
of 10 times eyepiece and 50 times objective lens under the
laboratory temperature of 26°C. The brine composition
types of fluid inclusions were determined by measuring the
initial melting temperatures of the inclusions. The fluid
inclusions were placed on a heating and freezing stage until
frozen and then slowly heated to record the initial melting
temperature at the appearance of the first drop of the liquid
phase. The initial melting temperature is related to the
chemical properties of the saline system of the inclusion
fluid and thus could reflect the properties of the ancient
fluid. Different brine systems have different initial melting
temperatures. The initial melting temperatures of the com-
mon NaCl-H,O system, CaCl,-H,O system, and MgCl,-
H,O system are —20.8°C, —49.8°C, and —33.6°C, respectively.
Secondly, laser Raman spectrometry analyses on fluid inclu-
sions were conducted using a Ramnor-ul000 laser Raman
molecular microprobe manufactured by Jobin-Yvon Instru-
ments, France. The experiment used an Ar+ laser with a
wavelength of 514.5 nm and a power of 300 mW. The double
monochromator slit was 450 ym, and the dispersion was
9.3cm™/mm. The high voltage of the photomultiplier tube
was 1530 V. The laboratory temperature was 22°C, and the
humidity was 65%.

The compositions of natural gas in hydrocarbon-bearing
inclusions of Permian sandstone and Ordovician carbonate
rock samples were analyzed by a thermal explosion method.
Firstly, the samples were crushed through 100-80 mesh
sieves and cleaned repeatedly with alcohol and benzene-
methanol mixed solution to remove surface-adsorbed
hydrocarbons. After drying, the samples were put into a

quartz furnace and vacuumed and heated to 300°C causing
the explosion of the inclusions and the release of the gas in
the inclusions. The compositions and relative content of nat-
ural gas were analyzed by an HP 5890 GC gas chromato-
graph, and they were compared against the natural gas
compositions obtained by gas logging. At the same time,
CH, was separated, and §'°C, carbon and 6D were, respec-
tively, determined, which were compared with the isotopes
of natural gas collected from the natural gas layer. The
compositions and source characteristics of natural gas in
the inclusions were therefore determined.

4. Results
4.1. Fluid Inclusions

4.1.1. Inclusion Types. Through microscopic petrographic
observation, fluid inclusions in both the Permian sandstone
and Ordovician Majiagou Formation dolomite reservoirs
can be divided into two phases. The early-phase inclusions
are gas-liquid two-phase inclusions containing liquid hydro-
carbon and showing fluoresce, indicating that petroleum
entered the reservoir in the early stage of the reservoir for-
mation. The late-phase inclusions are gas-liquid two-phase
inclusions containing gaseous hydrocarbons, recording gas-
eous hydrocarbon entering the reservoir in the late stage of
reservoir formation. In the Permian sandstone reservoir,
the early-phase gas-liquid two-phase inclusions containing
liquid hydrocarbons are small and distributed along the
early fractures of clastic particles and in the irregular disso-
lution pores at the edge of particles. In addition, many gas-
liquid two-phase inclusions containing liquid hydrocarbon
are in the dissolution pores of quartz particles. The liquid
hydrocarbon phase emits weak yellow-green fluorescence
under the fluorescence microscope (Figures 2(a), 2(b), 2(d),
and 2(e)), but the gaseous phase does not emit fluorescence
(Figures 2(c) and 2(f)). The late-phase gas-liquid two-phase
inclusions containing gaseous hydrocarbons are distributed
in a bead-like direction along the late-diagenetic fractures
that cut through the particle boundary. The gaseous bubbles
are grayish-black, and the gas/liquid ratios are generally
about 20%. These inclusions do not emit fluorescence
(Figures 2(c) and 2(f)).

The early-phase inclusions in the dolomite of the Middle
Ordovician Majiagou Formation are gas-liquid two-phase
inclusions containing liquid hydrocarbons and distributed
in the dissolution pores of dolomite. The sizes of the inclu-
sions are mostly 3-5pum, and the gas/liquid ratios are 5%-
10%. There is no fluorescence in the bubble center, whereas
the liquid hydrocarbon phase distributed around the inclu-
sions shows weak yellow-green fluorescence (Figures 3(a)
and 3(b)). The late-phase inclusions are gas-liquid two-
phase inclusions containing gaseous hydrocarbons and dis-
tributed in sparry calcite filled with dissolution pores. The
bubbles of the inclusions are light gray, and the inclusions
are large with sizes of 10-30 ym. These inclusions have var-
ied gas/liquid ratios and do not emit fluorescence. Inclusions
filled the cleavages of the calcite and showed angular shapes
(Figures 3(c)-3(f)).
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FIGURE 2: Microscopic photographs of Early and Late Paleozoic Permian sandstone inclusions. (a) Liquid hydrocarbon inclusions in early
fractures and enlarged edges of quartz grains, F3 well, 2958.61 m, P,, (-); (b) the same field of view as (a), fluorescence; (c) gaseous
hydrocarbon inclusions in late fractures of quartz grains, F2 well, 2753.87 m, P,, (-); (d) quartz particle dissolution pore fractures contain
liquid hydrocarbon inclusions, F1 well, 2708.4m, P,, (-); (e) the same field of view as (d), fluorescence; (f) gaseous hydrocarbon
inclusions in late fractures of quartz particles, F2 well, 2753.87 m, P,, (-).

4.1.2. Inclusions Homogenization Temperature and Salinity.
Homogenization temperature and other parameters of fluid
inclusions in the central-southern basin were measured by
a heating and freezing stage. Both the Permian sandstone
inclusions and Ordovician Majiagou Formation dolomite
inclusions have two peak ranges of homogenization temper-
atures. The homogenization temperature peak ranges of the
Permian sandstone inclusions vary from 110°C to 120°C and
from 160°C to 170°C. The homogenization temperature peak
ranges of the Ordovician dolomite inclusions are 120°C-
130°C and 170°C-180°C (Figure 4), slightly higher than those
of the Permian sandstone. Through microscopic observa-
tion, the low-temperature inclusions from either the
Permian sandstone or the Ordovician carbonate rocks are

mostly early-phase liquid hydrocarbon inclusions with fluo-
rescence, corresponding to the early formation of liquid
hydrocarbon and migration into the reservoir. The high-
temperature inclusions are mostly late-phase gaseous hydro-
carbon inclusions without fluorescence, formed during the
large-scale migration of natural gas into the reservoir.

The fluid salinity of fluid inclusions was then calculated.
The salinity of fluid inclusions in the Permian sandstone
varies from 0.2wt% to 15.0wt% but is generally low and
concentrated in the range of 0.0-5.0wt% (Figure 5). The
salinity is generally low, and relatively few are higher than
5.0wt%. The salinity of dolomite fluid inclusions in the
Ordovician Majiagou Formation ranges from 1.0wt% to
20.0 wt% with the peak interval from 1.0 wt% to 11.0 wt%,
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F1GURE 3: Microscopic photographs of early and late-stage inclusions in Ordovician Majiagou Formation dolomite. (a) Liquid hydrocarbon
inclusions in dolomite dissolution pores, F6 well, 2770.9 m, O,, (+); (b) the same field of view as (a), fluorescence microscope; (¢, d) gaseous
hydrocarbon inclusions in late bright crystal calcite filled with dissolution pores, Xt 1 well, 3297.5m, O,, (+); (e) gaseous hydrocarbon
inclusions in late-stage calcite filled with dissolution pores, Y2 well, 2528.7 m, O,; (f) methane-rich gas inclusions in bright crystal calcite,

F6 well, 2770.9 m, O,, (+).

which is generally higher than that of the Permian sandstone
fluid inclusions. Combined with the petrographic observation,
most fluid inclusions with high salinity are early-phase liquid
hydrocarbon fluid inclusions, while most late-phase gaseous
hydrocarbon fluid inclusions have relatively lower salinity.

4.1.3. Inclusions Composition. Through laser Raman micro-
probe analyses of fluid inclusions from the Permian and
Ordovician Majiagou Formation, the contents of H,O are
generally between 50% and 70% in liquid inclusions and
from 0% to 30% in gas inclusions, with CH,, CO,, H,S,
and other trace hydrocarbons. CH, content is the highest
among all hydrocarbon gases, and its content in the gas

phase is obviously higher than that in the liquid phase. A
comparison shows that the CH, contents and the CH,/total
hydrocarbon () CH) ratios in the late-phase inclusions are
significantly higher than those in the early-phase inclusions,
indicating that the late-phase inclusions mainly recorded the
organic matter composition during the main period of
organic fluid migration. CH, contents in the gas phase of
late-phase inclusions account for more than 92% of the total
hydrocarbons, indicating that late-phase inclusions recorded
fluid composition during the main accumulation period
(Figure 6). The gas and liquid phases of the early and late
inclusions of the Ordovician Majiagou Formation contain
a certain amount of H,S. The CH, contents in gas and liquid
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phases show a positive correlation with the total hydrocarbon
contents in the inclusions. With the increase of total hydrocar-
bon contents, the content of CH, also increases accordingly
(Figure 7). It also proves that hydrocarbon-bearing inclusions
are signs and records of hydrocarbon fluid migration.

The hydrocarbon components of the fluid inclusions
were examined by thermal explosion of the fluid inclusions,
and the results are shown in Table 1. The CH, contents in
the hydrocarbon gases of the inclusions in the three carbon-
ate samples of the Majiagou Formation are between 65.79%
and 84.66%, while those in the two Permian sandstone sam-
ples are between 49.15% and 73.31%. In general, the charac-
teristics of gaseous hydrocarbon compositions and contents
in the inclusion samples analyzed by this method are gener-
ally consistent with those of individual inclusions analyzed
by laser Raman (Figure 7), i.e., the methane content is the
highest in all gaseous hydrocarbons.

4.1.4. Inclusions Isotopic Characteristics. The inclusions were
opened to analyze the carbon and hydrogen isotopes of the
wrapped methane, and the results are shown in Table 1.
The methane gas 8"°C, and 8Dy of the inclusions in
the Permian sandstone reservoir are significantly lower than
those of the dolomite inclusions in the Majiagou Formation.
The methane gas §'°C, of the inclusions in the Permian
sandstone reservoir is between —30.22%o and —29.63%o,

Geofluids

and the corresponding 6Dgyow Varies from —96.37%o to
~102.78%o. The 8'°C, of methane gas in dolomite inclusions
of Majiagou Formation ranges from -33.29%o to —37.76%o,
and the corresponding §Dgy,ow is between —128.3%o0 and
—132.19%o.

4.1.5. Comparison of Gas Composition between Inclusions
and Natural Gas in the Natural Gas Layer. The natural gas
found in the Ordos Basin is mainly composed of methane
(CH,), and the content of heavy hydrocarbon (C,,) is gener-
ally low, with a small amount of carbon dioxide, nitrogen
and trace hydrogen [36, 37]. The Lower Paleozoic generally
contains trace hydrogen sulfide gas. The methane (CH,)
content of natural gas in the Permian reservoir is between
85.619% and 98.62%, concentrating from 92% to 96% with
an average of 93.82%. The methane content in the Ordovi-
cian Majiagou Formation is between 87.38% and 98.37%,
mainly from 92% to 97% with an average of 94.39% [36, 37].
Since natural gas inclusions were captured during the
large-scale migration and accumulation of natural gas, the
gaseous hydrocarbon components in these inclusions should
be similar to those in the natural gas reservoirs. This study
analyzed and compared the gas composition of the gas layer
of the Ordovician Majiagou Formation in the F6 well, the
gas composition obtained by gas logging in this gas-
bearing interval (2770.07-2770.89 m), and the gas composi-
tion of inclusions in this layer obtained by thermal explosion
method (Table 2). The results show that the main hydrocar-
bon gas composition of the three is CH,, and the content of
heavy hydrocarbon gas is very low (Figure 8). The natural
gas layer has the highest (>94%) CH, content. The CH, con-
tents of natural gas measured by gas logging and of the
same-layer inclusions are relatively low (less than 80%),
and heavy hydrocarbon gas is more than 20%. These indi-
cate that the compositions of natural gas in the inclusions
are different from those in the natural gas layer. The reason
is the natural gas compositions captured in the inclusions
represent the compositions of the original natural gas during
the large-scale migration and accumulation period, in which
the gas-moisture differentiation was incomplete and the
inclusion compositions remained unchanged after being
captured. Comparatively, natural gas in the gas layer experi-
enced complex changes in the later period, including sec-
ondary differentiation of gas and water after accumulation.

5. Discussion

5.1. Analysis of Natural Gas Source Rock. The hydrocarbon
source rocks and genesis of the natural gas in the Ordos
Basin are controversial. It is generally believed that the
coal-bearing rocks in the Upper Paleozoic are the main
hydrocarbon source rocks [29, 36]. Natural gas exploration
has been carried out around coal-bearing rocks for a long
time, and several large natural gas fields have been found
around the hydrocarbon generation center of the Upper
Paleozoic coal-bearing rocks in the northern basin. In recent
years, many scholars have noticed the contribution of Ordo-
vician marine rocks to hydrocarbon generation. Through the
study on the distribution of Ordovician marine rocks,
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organic geochemistry of rocks, natural gas composition, and
isotope geochemistry, it is considered that the dark strati-
form mudstone, dolomitic mudstone, and argillaceous
dolomite of the Ordovician Majiagou Formation are also
effective hydrocarbon source rocks [38].

The carbon and hydrogen isotopes of methane in natural
gas inclusions in different layers are different. Methane iso-
topes of natural gas inclusions in different layers in Table 1
show the methane 8'°C, in the inclusions of the Permian
sandstones varies from —-30.22%o0 to —29.63%o, and the
methane 8"°C; in the inclusions of the Ordovician Majiagou
Formation dolomite ranges from —33.29%o to —37.76%o.
Compared with the methane §'°C, in the natural gas, the
gas layer of weathering crust, and the gas layer beneath the
weathering crust of the Ordos Basin (Table 3) summarized
by Dai et al. [39], the methane §"°C, in the inclusions of
the Permian Shanxi Formation sandstone is consistent with
that in the Carboniferous-Permian gas layer of the Ordos
Basin, while the methane §'°C, in the Ordovician Majiagou
Formation is consistent with that in the gas layer of weath-
ering crust in Ordos Basin.

The natural gas 8"°C, of the inclusion from Majiagou
Formation dolomite in F6 well is much closer to that of
the Majiagou Formation compared to that of other different

gas layers in the well area (Table 4), indicating that the
inclusions recorded the characteristics of the natural gas
accumulation.

On the genetic discrimination diagram of natural gas
8"°C,-6D of Schoell [40] (Figure 9), the natural gas inclu-
sions from different wells and different layers plot in differ-
ent genetic fields but all in the dry gas field, corresponding
to a thermal evolution degree with Ro greater than 2.0%,
which is consistent with that of the natural gas hydrocarbon
source rocks in this region. Inclusions in the Permian sand-
stone of the Shanxi Formation are located in the dry gas area
of humic pyrolysis, indicating the natural gas wrapped in the
sandstone was derived from the Carboniferous-Permian
coal-bearing strata. Inclusions in the Ordovician dolomite
fall in the mixed dry gas area, suggesting the natural gas
was derived from the Upper Paleozoic coal-bearing strata
and the Lower Paleozoic carbonate rocks. Therefore, the
inclusion isotopes show natural gas originated from both
Permian coal-bearing rocks and Ordovician carbonate rocks.

5.2. Fluid Characteristics. Fluid inclusions are widely distrib-
uted in petroliferous basins. The fluid system in inclusions is
used to trace the ancient fluid migration as it is the only
observable primary fluid sample for hydrocarbon migration
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TaBLE 1: Results of gaseous hydrocarbon composition and methane isotope analysis of inclusions analyzed by inclusion opening method.

Sample  Lithology Stratum/depth Composition  C,; G, (ON C, C; YC,  8"C, SDgyow
. . a 0.8132 0.4051 0.2071 0.143 0.086 1.6544
Sandstone  Shanxi Formation/3424.08 -29.63  -102.78
L1 well 49.15 2449 1252 864 520 100
we
. . . a 1.9616 0.6461 0.1664 0.1172 0.0905 2.9818
Dolomite Majiagou Formation/3563.50 -33.29  -128.3
b 65.79 21.67 5.58 3.93 3.04 100
. . a 1.8946 0.1947 0.1007 0.0568 0.0118 2.2586
Xt 1 well Dolomite Majiagou/ -37.76  -132.19
b 83.88  8.62 4.46 2.51 0.52 100
. . a 2.0206 0.4514 0.1621 0.1074 0.0146 2.7561
Y2 well  Sandstone  Benxi Formation/2503.1 -30.22 -96.37
b 7331 1638 588 390 053 100
. . a 1.8991 0.2191 0.1434 0.0861 0.041 2.3887
. Majiagou Formation/2770.9 -33.35 -111.03
F6 well Dolomite b 79.51  9.17 6.01 3.60 1.72 100
2770.17-2770.89 c 7749 21.77  0.37 0.37 0.00 100 —_— —

Note: a: gas content, unit: m?/t rock; b: relative content, Ci/Ci (x100%

~

; ¢: relative gas content, %, obtained from gas logging in well section 2770.17-2770.89 m.

TaBLE 2: Comparison of hydrocarbon composition (%) of natural gas inclusions and gas logging in Majiagou Formation of F6 well.

Depth (m) PN C, C, C, C, C, YC,
Gas layer 2770.07-2770.89 Composition (%) 94.26 3.57 1.74 0.43 0 100
o . Gas content (m3/r0Ck) 1.8991 0.2191 0.1434 0.0861 0.041 2.3887
Dolomite inclusions 2770.9 .
Relative content (%) 79.51 9.17 6.01 3.60 1.72 100
. Content (%) 1.121 0.126 0.055 0.002 0.002 1.326
Gas logging 2770.07-2770.89 .
Relative content (%) 77.49 21.77 0.37 0.37 0.00 100
il 100
) % L4 _
.
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Ficure 8: Comparison of gas compositions among Majiagou Formation gas layer, gas logging, and the same-layer fluid inclusions.

and accumulation. The common fluid inclusion brine sys-
tems are NaHCO, type water, CaCl, type water, Na,SO,
type water, MgCl, type water, and NaCl type water.
NaHCO, type water is a common type of semiclosed oilfield
water, and it is a direct sign of oil when the total salinity of
the water is high and CI" and HCO®" are dominant in water.
CaCl, type water is also common in oilfield water. Generally,
in a reservoir with a stable geological structure of good seal-
ing and interlayer separation, CaCl, type water is dominant
and directly signifies oil. Na,SO, type water is rare in oilfield
water, and the oil-bearing prospect is not ideal. In the gas
field, Na,SO, type water is hardly seen and NaHCO, type

water is predominant. MgCl, type water has marine geo-
chemical characteristics and is not an oil-bearing marker
under normal conditions. NaCl type water is widely distrib-
uted in oilfield.

Fluid inclusion analysis shows that the peak homogeni-
zation temperatures of the Permian sandstone inclusions
are 110°C-120°C and 160°C-170°C, while those of the Ordo-
vician dolomite inclusions are 120°C-130°C and 170°C-
180°C. The peak salinity of fluid inclusions in the Permian
sandstone is from 0.0 wt% to 5.0 wt %, and that of the fluid
inclusions in the Ordovician Majiagou Formation dolomite
is between 1.0 wt% and 11.0 wt%. The diagenetic fluid is in
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TABLE 3: Statistical values of natural gas methane isotopes in different layers of the Ordos Basin [39].
8"C, (%o)
Stratum Range Average value (amount)
Carboniferous-Permian gas layer -37.3~-25.5 -33.4 (44)
Gas layer of weathering crust -36.9~-29.0 -33.6 (90)
The gas layer beneath the weathering crust -40.8~-37.2 -38.9 (7)

TaBLE 4: Comparison of carbon isotopes of inclusions in Fugu 6
well in different gas layers in the well area.

Sample Stratum/depth (m) 8"C, (%o)
Dolomite inclusions ~ Majiagou Formation/2770.9 -33.35
Gas Shanxi Formation -31.8
Gas Majiagou Formation -34.4

8D 1y, (%0, SMOW)
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FIGURE 9: Genetic map of natural gas inclusions in the study area.

the range of medium-low temperature and moderate-low
salinity [41]. According to the varying characteristics of fluid
inclusion brine systems in the Permian and Ordovician
strata of different wells in the study area (Figures 10 and 11),
the fluid inclusion brine system in the Permian sandstones is
mainly MgCl,-NaCl-H,O and subordinate CaCl,-H,O. The
brine system of fluid inclusions in the Ordovician dolomite
is mainly CaCl,-NaCl-H,O, followed by the CaCl,-H,O brine
system, and rare MgCl,-H,O system. In short, the brine sys-
tem of fluid inclusions in the Ordovician is mainly a CaCl,

brine system, indicating the hydrogeological stagnant condi-
tions of the Ordovician were conducive to the existence of
oil and gas. The brine of fluid inclusions in the Permian is
mainly MgCl,-NaCl-H,O, which was not conducive to the
existence of oil and gas. The formation and migration condi-
tions of natural gas in the Lower Paleozoic were better than
those in the Upper Paleozoic.

5.3. Accumulation Characteristics. The process of hydrocar-
bon accumulation is the formation and continuous injection
of oil and gas fluid into the reservoir, displacing the primary
pore water in the reservoir and finally accumulating [35].
Before oil and gas were injected into the reservoir, the reser-
voir pores were mainly occupied by the primary formation
water. With the formation and entry of oil and gas into the
reservoir, the primary fluid in the reservoir pores was dis-
placed and replaced by oil and gas fluid. The fluid inclusions
formed during this process contained oil and gas. Mean-
while, there was a coexistence of brine inclusions and liquid
hydrocarbon inclusions [35, 42, 43]. Previous studies have
shown the Upper Paleozoic coal-bearing hydrocarbon
source rocks in the Ordos Basin produced mainly natural
gas but no liquid hydrocarbons [44, 45]. This study has
found that the early-phase inclusions in the Permian and
Ordovician reservoirs contain liquid hydrocarbons with
weak fluorescence, confirming the natural gas in the Ordos
Basin experienced a liquid hydrocarbon formation stage
[18]. It is consistent with the thermal evolution process of
kerogen hydrocarbon generation of hydrocarbon source
rocks. Liu et al. [29] and other studies have also found liquid
hydrocarbon inclusions in the Paleozoic of the Ordos Basin
and proposed that the formation of natural gas in the Ordos
Basin experienced a process from liquid hydrocarbon to gas-
eous hydrocarbon. They believed the central-southern
regions of the basin entered the oil generation stage in the
Middle-Late Triassic, and the crude oil filled the central
region in the early Middle Jurassic, forming liquid hydrocar-
bon inclusions with blue fluorescence and minor yellow
fluorescence. However, at this time, industrial reservoirs
were not formed. A large number of natural gas was gener-
ated in the middle of the Early Cretaceous and filled from
south to the northern part of the Yishan slope and continued
to form large-scale reservoirs before the uplift in the late
Early Cretaceous. In this study, the inclusion lithofacies
and compositional analysis have further proved that the nat-
ural gas reservoirs in Ordos Basin experienced an early lig-
uid hydrocarbon formation stage, and the large-scale
migration of natural gas was related to the development of
late tectonic fractures.
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TaBLE 5: Rb/Sr isotope ratio analysis of the Permian fluid inclusions in F1 well.
Position Depth (m) Sample Rb (ug/g) Sr (ugl/g) Y Rb/*Sr 37Sr/%0Sr Precision
Upper Shihezi Formation 2708.40 F2-1 0.008 0.122 0.1896 0.7154 +0.000027
Upper Shihezi Formation 2711.20 F2-2 0.005 0.081 0.17834 0.71275 +0.000034
Upper Shihezi Formation 2712.13 F2-3 0.005 0.075 0.18457 0.71454 +0.000015
Shanxi Formation 3016.86 F2-4 0.006 0.168 0.17371 0.71266 +0.000023
Shanxi Formation 3017.11 F2-5 0.006 0.08 0.19474 0.71593 +0.000043

The Rb/Sr isotope method was used to date the age of fluid
inclusions. The hydrocarbonaceous inclusions in the Permian
sandstone of the F1 well are well-developed and dominated by
the late gaseous hydrocarbon inclusions filled in fractures. The
Rb-Sr isochron age of fluid inclusions represents the isotopic
homogenization age of fluid and surrounding rock when the
inclusions were formed, that is, the formation age of inclu-
sions. To determine the age of fluid inclusions by Rb/Sr dating,
the prerequisite is synchronous inclusions with the initial Sr
isotopes reaching complete homogenization. In other words,
the fluid in a group of fluid inclusion samples is homologous
and synchronous. After the formation of fluid inclusions, the
Rb/Sr isotope system should remain closed. The Rb/Sr ratios
in a group of fluid inclusions that meet the prerequisite should
be consistent and will plot on the same line in the Rb/Sr coor-

dinates. The slope of the line represents the change of the
Rb/Sr ratio, which can determine the reliable formation age
of fluid inclusion. The Rb/Sr isochron age of fluid inclusions
was analyzed by selecting the mineral fluid inclusions devel-
oped in late-phase gas inclusions at different depths of the
Permian strata in the F1 well. The results show the Rb/Sr
isotope ratios of the five samples are relatively uniform
(Table 5) with a good linear relationship (Figure 12), indicat-
ing the Sr isotopes of fluid inclusions in the selected samples
reached homogenization and the Rb/Sr isotope system main-
tained a good sealing after the formation of fluid inclusions.
The age of the determined fluid inclusions is 89.18 Ma,
which represents the timing of the inclusions capturing the
gas-bearing hydrocarbon fluids, namely, the age of natural
gas accumulation.
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According to the homogenization temperatures of fluid
inclusions, combined with the paleogeothermal and sedi-
mentary tectonic evolution history of the basin, the forma-
tion time of inclusions can be determined, and then the
formation time of natural gas reservoirs can be determined.
This method is also called the “fluid inclusion method” for
determining oil and gas accumulation [46-49]. According
to the tectonic evolution history of the Ordos Basin, the rep-
resentative Xt 1 well with complete stratigraphic data was
selected to establish the burial depth-thermal evolution

curve of the Permian and Ordovician in the study area
(Figure 13). The homogenization temperature method of
inclusions was used to determine the time of natural gas
migration and accumulation. Stratigraphic stratification of
the Xt 1 well was based on the stratification data from the
Changgqing Oilfield Research Institute, and the strata ero-
sion thickness and paleogeothermal gradient are based on
references [50].

The inclusions in the temperature range of 145°C-155°C
are the early-phase gas-liquid two-phase inclusions containing
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liquid hydrocarbons, indicating the thermal evolution of the
hydrocarbon source rocks was in the stage of liquid hydro-
carbon generation. At this time, the thermal evolution was
below the gas generation window (Ro=1.3%) (Figure 13).
The inclusions in this stage recorded the early filling of liquid
hydrocarbon-containing organic fluid into the reservoir. The
homogenization temperature of the inclusions in this period
intersects the burial section of the burial depth-thermal evo-
lution curve of the Permian strata at the Late Triassic
(220Ma), when the fluid containing liquid hydrocarbon
formed and began to enter the reservoir. The inclusions in
the high-temperature range of 160°C-170°C are gaseous
hydrocarbon inclusions. At this time, the thermal evolution
of hydrocarbon source rocks entered the gas generation win-
dow (Figure 13). The inclusions in this period were formed
during the large-scale migration and accumulation of natural
gas and were distributed in the late structural fractures. The
homogenization temperature of these inclusions intersects
the uplift section of the burial depth-thermal evolution curve
of the Ordovician strata at the early Late Cretaceous
(100 Ma), which is the time of natural gas accumulation in
the Ordovician.

Combined with the burial thermal evolution history of
the Xt 1 well (Figure 13), the gas accumulation process of
the Majiagou Formation in the Ordos Basin was analyzed.
Sedimentation occurred in the Middle and Late Ordovician,
and then the carbonate rocks of the Lower Ordovician
Majiagou Formation experienced a long period of weather-
ing and erosion for about 150 Ma. Hence, the weathering
crust reservoirs were formed [14]. Subsidence started in the
Permian and lasted till the Late Triassic, with the burial
depth increase of about 3900 m and the paleogeotempera-
ture up to 145°C-150°C. During this period (220 Ma), the
hydrocarbon source rocks of Majiagou Formation entered
the oil generation window and began to discharge hydrocar-
bons. The generated oil migrated along the weathering sur-
face. The Ro reached the lower limit of the gas generation
window of 1.3%, and thus, the oil began to transform into
natural gas. At about 210 Ma, the paleogeotemperature of
the strata reached 220°C, and a large quantity of oil and
gas were accumulated. Due to the Yanshan movement, the
strata were uplifted and resulted in a large number of struc-
tural fractures, which served as channels for oil and gas
migration and accumulation space. After that, the strata
were eroded due to the Himalayan movement. Till the
Cenozoic, the burial depth of the strata was about 3300
meters. During this period, the formed oil and gas escaped
along fractures, and the hydrocarbon generation gradually
weakened to the end. The karst paleogeomorphology res-
ervoirs of the Lower Ordovician Majiagou Formation in
central Ordos Basin provided a good space for natural
gas accumulation.

6. Conclusion

(1) There are early- and late-phase organic fluid inclu-
sions in the Upper Paleozoic Permian sandstone
and the Lower Paleozoic Ordovician Majiagou
Formation dolomite reservoirs. The early-phase
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inclusions are gas-liquid two-phase inclusions con-
taining liquid hydrocarbons with fluorescence,
recording the petroleum entering the reservoir in
the early stage of the reservoir formation. Late-
phase inclusions are gas-liquid two-phase inclusions
containing gaseous hydrocarbons, recording gaseous
hydrocarbon migrating into the reservoir in the late
stage of accumulation. Methane is the most abun-
dant gaseous hydrocarbon in the inclusion

(2) The Upper Paleozoic sandstone inclusions have peak
homogenization temperature ranges of 110-120°C
and 160-170°C, and the salinity peak range is 0.0-
5.0 wt%, while the lower Paleozoic dolomite inclu-
sions have peak homogenization temperature ranges
of 120-130°C and 170-180°C and the peak salinity
range of 1.0-11.0wt%. The diagenetic fluid was in
the range of medium-low temperature and
medium-low salinity. The brine system of Ordovi-
cian fluid inclusions was dominated by CaCl,-H,0O,
and the brine system of Permian fluid inclusions
was mainly MgCl,-NaCl-H,O. The conditions for
the formation and migration of natural gas in the
Ordovician were better than those in the Permian

(3) Methane is the most abundant gaseous hydrocarbon
in the inclusion. The formation of natural gas expe-
rienced a process from liquid hydrocarbon to gas-
eous hydrocarbon. The large-scale migration of
natural gas was related to the development of late
tectonic fractures. Both the coal-bearing rocks of
the Permian and the carbonate rocks of the Ordovi-
cian were hydrocarbon source rocks for natural gas
in the Ordos Basin

(4) The time of accumulation was determined by Rb/Sr
isotopic dating and the inclusion homogenization
temperature method. The analysis of the gas forma-
tion process indicates that the process of the early-
phase liquid hydrocarbon formation and migration
into the reservoir corresponded to 220 Ma (Late Tri-
assic). The late large-scale migration and accumula-
tion of natural gas occurred at 100 Ma (early Late
Cretaceous), which was close to the inclusion Rb/Sr
isochron age of 89.18 Ma, indicating that the natural
gas accumulation was related to the Yanshanian tec-
tonic movement
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