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Abstract Unconventional natural gas in deep coal
measures has become an exploration and research hotspot
in recent years. The exploration breakthrough of deep
coalbed methane and tight sandstone gas in Daning-Jixian
Block in the eastern Ordos Basin has revealed huge
resource potential and commercial prospects in the deep
Upper Paleozoic Carboniferous-Permian coal measures.
However, the ambiguity of gas accumulation in deep coal
measures has restricted exploration and development.
Based on a series of tests for fluid inclusions, including
petrographic observation, Raman spectroscopy analysis,
and microthermometry, combined with the burial-thermal
evolution history recovered from basin modeling, this
study aims to clarify the timing of gas accumulation in
deep coal measures. The results show four types of
secondary fluid inclusions in the deep coal measure
sandstone layers of Daning-Jixian Block, including CH,-
rich inclusions, C,, hydrocarbons-bearing inclusions, CO,-
bearing inclusions, and aqueous inclusions. The main
formation stage of fluid inclusions corresponded to the
mesodiagenesis stage of the deep coal measure sandstone,
and the coeval assemblages of fluid inclusions vary due to
the recording of gas charging in different maturity stages
of coal measure source rocks. This study suggests that tight
sandstone gas accumulation in deep coal measures was a
continuous charging process with one period-multiple
episodes in Daning-Jixian Block, and occurred mainly
during the Early Cretaceous (137—127 Ma BP). The results
of this study contribute to further understanding of gas
accumulation mechanisms in deep coal measures.
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1 Introduction

With the increase of energy demand and exploitation,
over-utilization and consumption of shallow high-quality
oil and gas reserves, coal measure gas (CMS) with huge
resource potential in deep coal measure strata, including
coalbed methane (CBM), shale gas (SG), tight sandstone
gas (TSGQG), etc., has attracted increasing attention (Bustin
and Bustin, 2016; Qin, 2018; Ouyang et al., 2018; Zou
et al., 2019; Shen et al., 2021; Tang et al., 2022). There is
a significant amount of deep CMS resources in China, of
which the CBM resources buried at 1000-2000 m
account for 62.81% of the total 30.5 x 10!2 m? of CBM
resources buried above 2000 m (Zhang et al., 2018; Tao
et al., 2019), and the resources of TSG and SG in deep
coal measures are at least 1.5 times of CBM resources,
which is a realistic choice for increasing gas reserves and
production as well as ensuring energy-supply (Qin et al.,
2022). Multi-stage and multi-cycle coal-mudstone-
sandstone interbed sediments of the Carboniferous-
Permian (C-P) coal measures in the eastern margin of
Ordos Basin are favorable for the extensive development
of CMS, thus becoming one of the hot areas for
exploration and development in recent years (Zhao et al.,
2014; Tang et al., 2018; Kuang et al., 2020; Zhang et al.,
2021; He et al., 2022).

As one of the key CBM development blocks with
abundant resources in the eastern margin of Ordos Basin,
Daning-Jixian Block has achieved large-scale exploration
and development of CBM with burial depth above 1500 m
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with over 20 years evaluation (Lietal., 2018a; Zhang
et al., 2022a) and several years production of TSG in the
C-P coal measures with burial depth below 1500 m (Guo
et al., 2018). Simultaneous studies on SG were carried out
as well (Zeng etal.,, 2022; Zhang et al., 2022b). During
the progressive exploration and development after the
breakthrough of TSG exploration, several completed
wells revealed multilayer gas-bearing tight sandstones in
the C-P coal measures achieved commercial gas flow,
with the maximum daily single-well gas production
reaching 2 x 10* m3 after fracturing (Li et al., 2018b),
which demonstrated the great commercial prospects of
the Upper Paleozoic tight sandstones. In recent years, a
series of trial production tests of deep CBM with burial
depth below 2000 m have been conducted in the deep
joint exploration and development area of the block based
on a number of old TSG wells, achieving a maximum
daily gas production exceeding 2 x 10* m3 from vertical
wells and exceeding 10 x 10* m? from horizontal wells
after fracturing, and proved the first 100 x 10° m3 class
deep CBM field with cumulative proved geological
reserves of 112.1 x 10° m3 in China (Yan et al., 2021; Xu
etal.,2022). However, the overall exploration and
understanding of deep CMS in Daning-Jixian Block are
still premature, and the gas charging time and
accumulation period in deep coal measures are not clear,
which further limits exploration and development.

Fluid inclusions (FIs) are independent closed systems
formed by capturing the original sedimentary and
diagenetic fluids during the growth of mineral crystals
and sealing them in diagenetic authigenic mineral cavities
or diagenetic healing fractures (McLimans,1987,;
Goldstein, 2001; Munz, 2001). They directly recorded the
history of rock-forming and reservoir-forming fluids, and
could be used as a reliable tool to study the period and
process of hydrocarbon accumulation in hydrocarbon-
bearing basins (Pedersen and Christensen, 2007; Volk
and George, 2019). In addition, Laser Raman micro-
spectroscopy (LRM) has been widely used for the
qualitative and semiquantitative analysis of the composi-
tion of individual FIs, especially gaseous hydrocarbon-
containing inclusions (Burke, 2001; Frezzotti et al.,
2012). Thus, it has been well accepted to determine the
hydrocarbon charging time and accumulation period
according to the homogenization temperature charac-
teristics of aqueous inclusions associated with hydro-
carbon inclusions in combination with the regional burial
history and thermal history based on the types and
assemblage characteristics of FIs (Xuetal., 2011; Fall
etal, 2012; Bourdet et al., 2019; Shuetal., 2019; Cao
et al., 2022).

In this study, the characteristics and types of FIs from
different Upper Paleozoic sandstone layers in Daning-
Jixian Block were defined based on detailed observation
and analysis of the petrographic characteristics of FIs and
component analysis of individual FIs by LRM. Analysis
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was further carried out for microthermometry of FIs and
the burial-thermal evolution history of one typical well
reconstructed through basin modeling to clarify the
charging time and accumulation period of TSG in deep
coal measures in the study area.

2 Geological setting

The Ordos Basin is a multi-rotation superimposed basin
in western north China, and it can be divided into six
primary tectonic units (Fig. 1(a)), including the Yimeng
Uplift, Western Margin Thrust Belt, Tianhuan Depres-
sion, Yishaan Slope, Jinxi Flexural Fold Belt, and Weibei
Uplift (Shen et al., 2021). The Daning-Jixian Block is
located in the southern part of the eastern margin of
Ordos Basin, with a total area of 5648 km?, with the
Huang He (Yellow R.) flows through the block from
north to south along its western side. The block straddles
the Yishaan Slope and Jinxi Flexural Fold Belt, showing
the structural pattern of “one uplift, one depression and
two slopes” (Zhang et al., 2022a), with the eastern slope
belt (Mingzhu slope belt), Puxian depression belt,
Taoyuan anticline belt, and Western gentle slope belt
(Daning slope belt) successively distributed from the east
to west (Fig. 1(b)). The localized north-eastern-orienting
associated faults are widely developed between the
Puxian depression belt and Taoyuan anticline belt, which
increase the complexity of the local tectonic conditions
(Li et al., 2019a). The joint exploration and development
area of deep CBM and TSG is located in the Daning
slope belt, characterized by a broad and gently west-
dipping monocline, simple tectonics, undeveloped faults,
and a stratigraphic dip angle of less than 2° (Yan et al.,
2021).

The main strata revealed by field outcrops and drilling
in Daning-Jixian Block are shown in Fig. 2, and the main
coal-bearing strata are located in the Upper Carboniferous
to Lower Permian Taiyuan Formation (C,-P,t) and Lower
Permian Shanxi Formation (P,s). Due to the long-term
regional uplift, the thickness of sedimentary strata is
relatively thin in Daning-Jixian Block, the average
thickness of the C,-P,t and P;s is about 80 m and 120 m,
respectively.

During the Late Carboniferous to Middle Permian, the
sedimentary environment of Daning-Jixian Block
changed from marine-continental transitional facies to
continental facies, forming the offshore-type C-P coal
measures (Lu et al., 2012; Shao et al., 2018, 2020), where
CBM, TSG, and SG are developed in multiple layers (Li
etal., 2019b; Kuang et al., 2020; Yan et al., 2021). The
widely distributed, thick coal seams and organic-rich
mudstone/shale of the C-P coal measures are important
hydrocarbon source rocks for deep CMS in the block
(Zeng et al., 2022). The total thickness of the C-P coal
seams ranges from 6.8 m to 22.8 m, of which No. 8 coal
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Fig. 1 Location and structural pattern of Daning-Jixian Block, south-eastern Ordos Basin. (a) Tectonic units of Ordos Basin and
location of Daning-Jixian Block. (b) Structural pattern distribution map of Daning-Jixian Block (modified from Zhang et al., 2022b).

seam of the C,-P,t with a thickness of 2.4—12 m and No.
5 coal seam of the P;s with a thickness of 1.5-12.3 m are
the main coal seams as well as the targets for CBM
exploration and development in Daning-Jixian Block
(Yan et al.,, 2021). As the target layer of deep CBM, the
main body of No. 8 coal seam has a burial depth of
2000—2520 m, with an average depth of 2130 m, while its
thickness ranges from 5.2 m to 12.9 m, with an average of
7.8 m (Yanetal., 2021; Xuetal., 2022). The dominant
tight sandstone reservoirs in the deep Upper Paleozoic in
Daning-Jixian Block consist of the C,-Pt, Mbr (Member)
2 of the P;s (P;s,), Mbr 1 of the P;s (P;s;), and Mbr 8 of
the Xiashihezi Formation (P,hg) sandstone layers from
bottom to top (Fig. 2). These reservoirs are all dominated
by ultra-low porosity with an average porosity lower than
7.0% and poor formation properties with average
permeability in each layer ranging from 0.2 mD to 5.15
mD (Guo et al., 2018).

3 Sample preparation and methodology

3.1 Sample preparation

Well D6 was drilled through the Upper Paleozoic strata
and completed in the Middle Ordovician Majiagou
Formation (O,m) at a depth of 2300 m. It is a typical TSG
exploration well located in the deep joint exploration

area, north-west of Daning-Jixian Block to identify the
development layers and gas-bearing properties of the
Upper Paleozoic sandstone reservoirs and to get core
samples for the gas-bearing layers. In this study, over ten
borehole core samples were collected from Jinci
sandstone of the C,-P,t, Beichagou sandstone of the P s,,
Tiemogou sandstone of the P;s;, and Luotuobozi
sandstone of the P,hg, which are the main gas-bearing
layers in the C-P coal measures of well D6. Doubly
polished thin sections (~300 um) were prepared from the
six representative collected sandstone samples with burial
depths ranging from 2011.7 m to 2210.9 m (Table 1), by
cutting in a perpendicular direction to the bedding plane.

3.2 Methodology

3.2.1 FIs analysis

In this study, the measurement of FIs under optical micro-
scope, LRM, and microthermometry were conducted in
the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences.
The analysis and operating procedure for petrographic
microscopic observation and microthermometry are
outlined by Goldstein and Reynolds (1994).
Petrographic microscopic observation The 18 dou-
bly polished thin sections were systematically observed
under the transmission light of a Leica DM2700P optical
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Fig.2 Comprehensive stratigraphic column of the C-P coal measures in Daning-Jixian Block. Red boxes indicate selected sampling

strata. Stratigraphic symbols refer to Zhao et al. (2014).

microscope to clarify the petrographic characteristics of
the Fls, e.g., host mineral, occurrence, distribution, size,
morphology, color, phase, and to select areas that
contained more stable distribution, relatively regular
morphology, and high abundance of inclusions.

Laser Raman micro-spectroscopy Raman micro-
spectroscopy was performed on individual inclusions
within the screened flake area with high-abundance using

a LabRAM HR Evolution confocal laser Raman
spectrometer (produced by HORIBA France SAS) to
qualitatively identify the gaseous composition of FIs
based on Raman spectrum characteristics and locate the
effective mineral particles containing gaseous hydrocar-
bon inclusions and their coeval aqueous inclusions. The
light source of the Raman spectrometer is a solid-state
laser with a wavelength of 532 nm, power of 100 mW,
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Table 1 Sample information of the Upper Paleozoic sandstones in Daning-Jixian Block.

Sample number  Depth/m  Formation

Lithology

Depositional environment

1 2011.7 P,hg
2 2072.8 Ps,
3 2076.5 Ps,
4 2140.8 Ps,
5 2149.8 Ps,
6 22109  C,Pt

Grey fine-grained quartz sandstone
Gray fine-grained arkose sandstone
Gray fine-grained arkose sandstone
Grey fine-grained subarkose sandstone
Grey medium-grained subarkose sandstone

greyish white coarse-grained lithic quartz sandstone with gravels

Delta-front underwater distributary channel
Delta-front underwater distributary channel
Delta-front underwater distributary channel
Delta-front underwater distributary channel
Delta-front underwater distributary channel

Barrier bar

and linewidth of less than 1 nm. The output power of the
laser beam on the sample surface is generally 25 mW, and
the confocal effect can reach a spatial resolution of 1 pm.
The spectrum was collected in the range of 100-—
4000 cm™!, with an acquisition time of 10 s, and each
spectrum was accumulated twice to improve the signal-
to-noise ratio. The FIs with a size of 10—15 um were
screened, and the Raman spectrum was tested using a 600
grid/mm grating with a spatial resolution of 2 pum at
laboratory temperature of 22°C and 65% humidity. To
maintain the accuracy of the testing, the Raman spectrum
was calibrated with a single crystal silicon standard
sample before testing.

Microthermometry The homogenization temperature
(T},) and final ice melting temperature (7,,) of aqueous
inclusions associated with hydrocarbon-bearing inclu-
sions in the selected grains from thin sections were
measured by using a calibrated Linkam THMSG600
heating-freezing stage (temperature range: —196°C to
600°C) in an environment maintained at 22°C with 60%
humidity. The temperature control rate during 7,
measurement was 1°C/min with a measurement precision
of £ 0.2°C, while during 7, measurement, 0.1°C/min
with a measurement precision of = 0.1°C was applied.

Recording 7} from low to high in microthermometric
analysis to avoid overheating or stretching of FIs. To
avoid the effect of later tectonic evolution on inclusions
deformation, such as necking down, leakage, or stretching
(Goldstein, 2001; Xu et al., 2016), 162 coeval aqueous
inclusions, with small sizes (ranging from 4 pmx 3.1 pm
to 32.7 umx 5.1 um, mostly concentrated under 15 pmx
10 um) and low gas-liquid ratios (< 10%), were selected
for microthermometry from thin sections of the Upper
Paleozoic sandstone samples in Daning-Jixian Block.

3.2.2 Basin simulation analysis

One-dimensional (1-D) basin modeling was performed
using PetroMod (version 2016) to reconstruct the burial-
thermal history of well D6 in Daning-Jixian Block. Key
input parameters are detailed in Table 2 as outlined by Yu
et al. (2020). The model’s geological time scales were
derived from the chronostratigraphic framework of Ordos
Basin combined with the stratigraphic chart of nearby
regions (Yanetal.,2015; Heetal,2021), providing
temporal constraints for depositional and erosional
events. Data on geological stratification, lithologies, and
present thicknesses were obtained from drilling and

Table 2 Key input parameters for 1-D basin modeling of well D6 in Daning-Jixian Block

Layer/Events From/Ma To/Ma Base depth/m Thickness/m Erosion/m Lithology

Q 2.58 0 60 60 Shale (sandy)
ER, 125 2.58 1820

ER, 161 145 300

ER, 170 168 180

ER, 213 202 100

Ty 230 213 510 450 Sand & shale

T,z 242 230 970 460 Sand & shale

T/h 247 242 1104 134 Shale & sand

Tl 251.9 247 1429 325 Shale & sand

Pss 254 251 1678 249 Sand & shale
P,x-Pys 283 254 2051 373 Sand & shale

P;s 295 283 2165 114 Coal & sand and shale
C,-Pt 307 295 2216 51 Coal & limestone &sand
C,b 315 307 2257 41 Shale & limestone




Zhanwei LI et al. Gas charging and accumulation in deep coal measures of Daning-Jixian Block

logging activities. Notably, at least four erosion events
occurred post the deposition of C-P coal measures, with
the erosion thicknesses determined by referring to prior
studies (Chen etal., 2006; Yuetal.,2017) and using
mudstone acoustic travel time calculations (Yuetal.,
2020).

The 1-D model’s boundary conditions, including paleo-
water depth (PWD), sediment-water interface temperature
(SWIT), and heat flow (HF), are essential for basin
modeling and must be determined in advance. PWD is
primarily influenced by the paleo-sedimentary environ-
ment and can be estimated from the sedimentary
sequence structure and sedimentary facies (Guo et al.,
2022). SWIT was calculated using the global mean
surface temperature model (Wygrala,1989) integrated
within PetroMod software based on the location of the
block (Eastern Asia, 36°N) and combined with PWD. HF
in different geological periods were obtained from the
results of previous studies in the literature (Wei et al.,
2010; Yu et al., 2017; Ren et al., 2020).

In addition, the thermal history and organic matter
maturity history of the C-P coal measures of well D6
were simulated by using the EASY%R  model (Sweeney
and Burnham, 1990). The 1-D model incorporated
measured thermal metrics including vitrinite reflectance
(R,) of No. 8 coal seam, the 7} of FIs in the Upper
Paleozoic sandstone samples, and the logging-derived
temperature of well D6. During the modeling process, HF
input values were continuously adjusted to obtain an
optimal model with simulated values matching measured
thermal metrics (Fig. 3). To estimate the peak palaeote-
mperature (7 peak) of the C-P coal measures in Daning-
Jixian Block, a simple empirical correlation method
(Tpeak = [InR, + 1.68]/0.0124) proposed by Barker and

Vitrinite Reflectance/(% R,)
0.50 1.00 1.50 2.00
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Pawlewicz (1994) was used. Based on the measured R of
No. 8 coal seam and the maximum 7, of aqueous
inclusions  associated  with  hydrocarbon-bearing
inclusions in Jinci sandstone of the C,-P\t, it suggests that
the maximum burial temperature of the C-P coal measure
source rocks is not exceeding 230°C of well D6 in
Daning-Jixian Block.

4 Results
4.1 Petrographic characteristics of fluid inclusions

Microscopic observations show a significant presence of
FlIs in the Upper Paleozoic sandstones in Daning-Jixian
Block, with the host mineral generally dominated by
quartz. The compaction was relatively strong in the Upper
Paleozoic sandstones, and siliceous cementation was
highly developed and quartz secondary enlargement can
be easily observed (Figs. 4(a)—4(e)), some of the quartz
grains even developed two-phase overgrowth rims (Figs.
4(c) and4(d)). These quartz clastic grains are typically
encased by quartz overgrowths in various forms, such as
semi-annular or annular shapes, and they generally
exhibit uniform thickness. FIs are predominantly secon-
dary in origin, as indicated by their presence in healed
micro-fractures within quartz grains, quartz overgrowths,
and micro-cracks cutting across quartz grains or their
overgrowth rims (Fig. 4).

The distributions of FlIs are diverse (Fig. 5), ranging
from isolated, sporadic, and clustered distribution within
quartz grains, to discontinuous bead and banded orienta-
tion arrangement along healed micro-fracture/crack, and
ring ribbon patterns along quartz overgrowth rims. The

0 TQ
(a)
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— i b
Modelled R - ®) The mdeasured map; T, of FIs
° 1
b 7 ) ==l Temperature at Mid of C,-P,t 1 sangsione samples
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Fig. 3 Calibration on the thermal metrics in restoring the thermal evolution history of well D6. (a) The best fit between modeled R

and measured R. (b) Variations of temperature versus time.
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Healed

micro-fracture

Fig. 4 Occurrence of FIs from different Upper Paleozoic sandstone layers in Daning-Jixian Block. (a) Healed micro-fracture and
overgrowth rim of quartz, P;s;, 2072.8 m. (b) Healed micro-fracture, micro-crack cutting overgrowth rim of quartz grain, P,s,,
2076.5 m. (c) Two-phase quartz overgrowth rims, P s,, 2140.8 m. (d) Two-phase quartz overgrowth rims, P;s,, 2149.8 m. (¢) Healed
micro-fracture, micro-crack cutting quartz grain and overgrowth rim, P;s,, 2149.8 m. (f) Reticulated healed micro-fracture within
quartz grain, C,-P,t, 2210.9 m.

Fig. 5 Distributions of FIs from different Upper Paleozoic sandstone layers in Daning-Jixian Block. (a) Isolated distribution within
quartz grain, P,hg, 2011.7 m. (b) Sporadic distribution within quartz grain, P,hg, 2011.7 m. (c) Discontinuous bead distribution
crosses the quartz grain and overgrowths, P;s;, 2072.8 m. (d) Discontinuous bead distribution along healed micro-fracture within
quartz grain, P;s,, 2072.8 m. (e) Clustered distribution within quartz grain, P;s;, 2076.5 m. (f) Discontinuous bead distribution along
healed micro-fracture within quartz grain, P;s,, 2076.5 m. (g) Discontinuous bead distribution along healed micro-fracture within
quartz grain, Ps,, 2140.8 m. (h) Discontinuous bead and nearly parallel distribution along healed micro-fracture within quartz grain,
P;s,, 2140.8 m. (i) Ring ribbon distribution along quartz overgrowth rim, Ps,, 2149.8 m. (j) Banded distribution along healed micro-
fractures within quartz grain, P,s,, 2149.8 m. (k) Clustered distribution within quartz grain, C,-P,t, 2210.9 m. (I) Discontinuous bead
distribution along healed micro-fractures within quartz grain, C,-P,t, 2210.9 m.
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shapes of these FIs are predominantly irregular, round,
elliptical, spindle-like, or elongated, with sizes mostly
between 6 and 12 um, occasionally exceeding 30 um. The
size of individual inclusions varies significantly between
and within sections.

At room temperature (22°C), the FIs exhibit diverse
phase states and filling characteristics. These include
vapor-liquid two-phase (vapor-rich or liquid-rich), pure
vapor, and pure liquid phase inclusions, and occasionally
three-phase inclusions. The most common are liquid-rich
two-phase inclusions with small bubbles, typically having
a gas-liquid ratio below 50%, and distinct gas-liquid
boundaries. Under transmitted light, the bubble edges
appear gray-black and thick, while the centers are
translucent and shiny. The pure liquid-phase inclusions,
generally smaller, appear lighter or colorless under
transmitted light. Pure gas-phase inclusions are less
frequent and less transparent, typically shiny in the center
with gray-black peripheries, and sometimes entirely dark
gray to gray-black. The vapor-rich two-phase inclusions,
with larger bubbles and a gas-liquid ratio usually above
50%, are mostly shiny in the center with gray to dark gray
edges under transmitted light. The three-phase inclusions,
relatively large and light gray, appear as one bubble
within another (Fig. 5(b)).

Generally, the petrographic characteristics of FIs in
different Upper Paleozoic sandstone layers in Daning-
Jixian Block show limited diversity. FIs can be generally
categorized into two stages based on whether the
secondary micro-crack containing inclusions cut through
the quartz grains and its overgrowth. However, accurately
categorizing the stages becomes challenging when
multiple healed micro-fractures and micro-cracks are
present.

4.2 Raman spectrum characteristics of fluid inclusions

The gaseous components of FIs were qualitatively
identified according to the characteristic Raman spectrum
(Xuetal., 2011; Frezzotti etal., 2012). High-intensity
Raman characteristic peaks of quartz as the host mineral
were visible in all measuring points. In addition, other
typical Raman characteristic peaks were also detected for
hydrocarbon gases including CH,, C,, hydrocarbons
(referring to hydrocarbon gas with carbon atom number
= 2, such as C,H,, C;Hg), non-hydrocarbon gases
(including CO,, SO,, N,, CO) and liquid H,O. All these
indicate that the gaseous components in FIs of the Upper
Paleozoic sandstones in Daning-Jixian Block are mainly
CH, and C,, hydrocarbons, followed by CO,, and some
even contain SO,, N,, and CO.

There are some variations in the gaseous components of
FIs from different Upper Paleozoic sandstone layers in
Daning-Jixian Block. For FIs in Jinci sandstone of the C,-
P,t, along with the narrow and high-intensity characteri-
stic peak of quartz, narrow and relatively low-intensity
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Raman characteristic peaks of CH, at 2913.1 cm!
(Fig. 6(a)), CH, at 2917.1 cm™! and SO, at 1159.7 cm™!
(Fig. 6(b)), and a gaseous mixture consisting of CH, at
2917.1 cm™!, CO at 2133.4 cm™!, SO, at 1158.5 cm™! and
N, at 2329.6 cm™! can be observed (Fig. 6(c)), broad and
variable intensity Raman peaks of H,O were collected in
all of them (Figs. 6(a)—6(c)). While for FIs in sandstones
of the P;s,, single narrow and high intensity Raman
characteristic peak of CH, occurred at 2911.4 cm™! (Fig.
6(d)), the coexistence of relatively low intensity Fermi
double peaks of CO, at 1281.0 cm™! and 1385.5 cm™! and
lower intensity Raman characteristic peak of SO, at
1159.4cm™! (Fig. 6(e)) or the hybrid gases of CH, at
2913.5 em™!, CO, at 1282.5 cm™! and 1385.0 cm™!, and
SO, at 1156.5 cm™! were detected (Fig. 6(f)). In sharp
contrast to the P;s,, narrow and relatively very low
intensity Raman characteristic peaks of C,Hy at 2950.7
cem™!, CH, at 2917.6 cm™!, and SO, at 1161.3 cm™! were
observed together in FIs in sandstones of the P;s; (Fig.
6(g)), narrow and lower intensity peak of CH, at 2918.3
em™!, SO, at 1159.7 cm™!, and wide stretching region of
H,O were also visible (Fig. 6(h)). As regards the FIs
within sandstones of the P,hg, the results show that
narrow and low intensity Raman characteristic peaks of
CH, at 2917.1 cm™!, relatively wide but lower intensity
Raman characteristic peaks of C,, hydrocarbons
including C,H, at 2964.2 cm™! and other hydrocarbons at
1595.5 cm™!, 1723.0 ecm™!, and 3072.2 cm™!, respectively
(Fig. 6(1)). Narrow and low intensity Raman characteri-
stic peaks of C,, hydrocarbons containing C,H, at
2955.8 cm™! and others at 1601.1 cm™!, 1723.0 cm™!, and
3075.0 cm™ !, respectively (Fig. 6(j)).

4.3 Microthermometry of fluid inclusions

The T, of coeval aqueous inclusions is often regarded as
indicative of the trapping temperature (Munz et al., 2004;
Xuetal., 2011; Guo et al., 2022). Because aqueous inclu-
sions coexisting with hydrocarbon-bearing inclusions in
hydrocarbon basins have relatively low formation
temperatures and stable components. Consequently, the
T, values of coeval aqueous inclusions do not signifi-
cantly deviate from the trapping temperatures of FIs. The
initial melting temperature values of these coeval aqueous
inclusions measured were higher than —20.8°C, indicating
that the saline solution in aqueous inclusions of the Upper
Paleozoic sandstones in this block belongs to NaCl-H,O
system (Cao et al., 2022). Therefore, after removing a
small portion of data with 7, exceeding 0°C due to the
dissolution of light hydrocarbons and CO, (Chen
etal.,2003), microthermometric data of the coeval
aqueous inclusions (7, between —21.2°C to 0°C) were
interpreted using HokieFlincs H,0-NaCl Excel sheet
(Steele-Maclnnis et al., 2012) to obtain the salinity values
of saline solution, which was estimated as wt.% NaCl
equivalent (wt.% NaCl eq) (Bodnar, 1993).
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Fig. 6 Typical Raman spectrum of vapor bubbles in FIs from different Upper Paleozoic sandstone layers in Daning-Jixian Block.

(a) Spectrum of CH, and H,O collected in quartz, C,-P,t, 2210.9 m. (b) Spectrum of CH,, SO, and H,O collected in quartz, C,-P\t,
2210.9 m. (c) Spectrum of CH,, CO, SO,, N, and H,O collected in quartz, C,-Pt, 2210.9 m. (d) Spectrum of CH, collected in
quartz, P;s,, 2140.8 m. (e) Spectrum of CO, and SO, collected in quartz, P;s,, 2140.8 m. (f) Spectrum of CH,, CO, and SO,
collected in quartz, P;s,, 2149.8 m. (g) Spectrum of CH,, C,H collected in quartz, P;s;, 2076.5 m. (h) Spectrum of CH,, SO, and
H,O0 collected in quartz, P;s;, 2076.5 m. (i) Spectrum of CH,, C,, hydrocarbons collected in quartz, P,hg, 2011.7 m. (j) Spectrum of
CH,, C,, hydrocarbons and H,O collected in quartz, P,hg, 2011.7 m. The solid green points represent measurement points of LRM.

Overall, the coeval aqueous inclusions of the Upper
Paleozoic sandstones in Daning-Jixian Block exhibit a
broad range of T, distribution, ranging from 110°C to
280°C, with three approximate peak temperature intervals
of 130°C—160°C, 170°C—-190°C, and 200°C—230°C, and

mainly concentrated between 130°C and 160°C (Fig.
7(a)). T;, of a small number of aqueous inclusions exceeds
the 7)., (~ 230°C), which could be explained as follows:
(i) belong to primary inclusions, reflecting the tempera-
ture when the parent rock minerals were formed in the
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(b) Salinity.

provenance area; (ii) affected by the mixing of deep
hydrothermal fluid; and (iii) re-equilibration had occurred
after the inclusions formed resulting in an increase in
volume and 7, (Baronetal,2008; Falletal., 2012).
Similarly, these aqueous inclusions also have a wide
distribution of salinity between 0 and 22.0 wt.% NaCl eq.
This salinity can be categorized into two peak intervals of
1.0—4.0 wt.% NaCl eq and 4.0-6.0 wt.% NaCl eq (Fig.
7(b)), respectively. Only two tested inclusions from the
samples exhibited have salinity levels exceeding
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20.0 wt.% NaCl eq, presumably due to the mixing of
exotic high salinity fluids. Therefore, the data with T}
above 230°C or salinity over 20.0 wt.% NaCl eq (7 data,
accounting for 4.3% of the total) were excluded during
subsequent analysis.

The separate statistical analysis of 7} and salinity data
of coeval aqueous inclusions from different Upper
Paleozoic sandstone layers in the block are shown in
Fig. 8. In the C,-Pt, T} of coeval aqueous inclusions is
continuously distributed between 142°C and 224°C with
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Fig. 8 Histogram of T and salinity of coeval aqueous inclusions in different Upper Paleozoic sandstone layers in Daning-Jixian

Block.
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the mean of 182°C and median of 181.5°C, which can be
divided into two peak intervals of 170°C—180°C and
220°C—230°C, respectively, with the high-value interval
is less pronounced. Its salinity is concentrated and
continuously distributed between 1.6 and 4.3 wt.% NacCl
eq with the mean of 3.1 wt.% NaCl eq and median of 3.1
wt.% NaCl eq, respectively. The approximate peak
interval is 2.0-4.0 wt.% NaCl eq. In stark contrast, 7} of
aqueous inclusions in the P;s, is non-continuous
distributed between 110°C and 223°C with a mean of
156°C and median of 147°C, as well as a well-defined
peak interval between 140°C and 150°C. Similarly, its
salinity is between 1.4 and 9.9 wt.% NaCl eq, with a
mean of 5.2 wt.% NaCl eq and median of 5.4 wt.% NaCl
eq, and a distinct single peak interval appears at 5.0—
6.0 wt.% NaCl eq. For the P;s,, 7} of its aqueous
inclusions is intermittently distributed in the range of
125°C-219°C, with a mean value of 149°C and median
value of 143°C, identifying a definite peak interval of
140°C—-150°C. While its salinity is continuously ranging
between 1.6 wt.% NaCl eq and 7.6 wt.% NaCl eq with a
mean of 3.9 wt.% NaCl eq and median of 3.7 wt.% NaCl
eq, and two peak intervals in the ranges of 2.0—-3.0 wt.%
NaCl eq and 4.0-5.0 wt.% NaCl eq. Compared to the
P;s,, the P,hg has a continuous 7}, distribution of aqueous
inclusions ranging from 126°C to 175°C with a mean of
151.3°C and median of 148°C, respectively, along with
two peak intervals 140°C—150°C and 160°C—170°C.
However, its salinity is intermittently spread in the range
of 0.7-9.2 wt.% NaCl eq with a mean value of 3.8 wt.%
NaCl eq and median value of 3.95 wt.% NaCl eq,
presenting two peak intervals of 1.0—2.0 wt.% NaCl eq
and 4.0-5.0 wt.% NaCl eq, of which the former is not
significant.

Regarding the correlation between 7} and salinity of
coeval aqueous inclusions from different Upper Paleozoic
sandstone layers in Daning-Jixian Block, the data exhibit
a dispersed and irregular distribution (Fig. 9). Taking T,
of 150°C and salinity of 5.0 wt.% NaCl eq as the
boundary, the coeval aqueous inclusions were grouped.
They were called into one group characterized by high-
temperature and low-salinity (zone IV) in the C,-P,t, and
two combined groups for the other three layers. For the
Ps,, they belong to mid-high-temperature and high-
salinity (zone I) and high-temperature and composite-
salinity (zone II and 1V), and that of the P s, pertain to
medium-high temperature and low-salinity (zone III) and
high-temperature and composite-salinity (zone II and IV).
Regarding the P,hg, they fall into medium-high tempera-
ture and low-salinity (zone III) and high-temperature and
low-salinity (zone IV) .

4.4 Burial-thermal evolution history

Utilizing geological parameters such as drilling litholo-
gies and erosion thickness, the burial-thermal evolution
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history of the C-P coal measures of well D6 in Daning-
Jixian Block has been reconstructed (Fig. 10). According
to the simulated burial evolution history of well D6, the
burial evolution of the C-P coal measures can be divided
into five distinct stages, including coal measures
deposition, rapid subsidence, fluctuating uplift, secondary
rapid subsidence, and continuous uplift, with the overall
burial history curve that approximates an irregular “W”
shape. The organic matter maturity within the C-P coal
measures varied with their burial-thermal evolution
history evolution.

I) Coal measures deposition stage

The Hercynian orogeny in the Late Carboniferous
period turned the eastern Ordos Basin into a subsidence
state and sedimentation began (Yan et al., 2015). Until
the Early Permian, continuous sedimentation formed the
C-P coal measures and the buried depth slowly increased.
At this time, the shallow coal measures buried with
temperature below 50°C, thus organic matter in the coal
measures was immature.

IT) Rapid subsidence stage

From the end of the Permian to the middle Late
Triassic, rapid subsidence led to the deposition of
continuous sedimentary strata of about 1800 m, and the
burial depth of the C-P coal measures significantly
increased, reaching a maximum depth of about 2500 m at
the middle of the Late Triassic. Due to the long-term
continuous burial, the temperature of the coal measures
gradually increased and experienced long-term normal
burial metamorphism. When the maximum burial depth at
the middle Late Triassic is reached, the temperature of the
coal measures was 90°C—96°C, R, reached 0.5%—0.6%,
and the coal measures entered the hydrocarbon generation
threshold and began to generate hydrocarbons.
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Quaternary.

IIT) Fluctuating uplift stage

During this stage, influenced by the Indosinian orogeny
and the Early Yanshanian orogeny, the C-P coal measures
presented an uplifting trend, and the maximum burial
depth reaching to about 2350 m, although it experienced
two deposition and three erosion events during the period.
The temperature of the coal measures varied with the
burial depth during this stage, and the thermal evolution
of organic matter was comparatively slow. By the end of
this stage, in the Early Cretaceous, the temperature of the
coal measures was between 93°C to 100°C, and R,
reached 0.6%—0.7%.

IV) Secondary rapid subsidence stage

During the Early Cretaceous period, the study area was

deposited rapidly again due to the impact of the Middle
Yanshanian orogeny, which led to the significant
increasing of buried depth of the C-P coal measures to the
maximum burial depth of approximately 4000 m.
Superimposed on the influence of an anomalous high-
temperature field caused by a regional tectonic thermal
event (Yuetal,2017), the temperature of the coal
measures increased significantly. Meanwhile, the thermal
evolution of organic matter in the coal measures acceler-
ated rapidly and entered the secondary hydrocarbon
generation stage (Wei et al., 2010). When the maximum
burial depth was reached, the temperature of the coal
measures reached approximately 210°C—-230°C, while R,
reached 2.6%—2.8%.
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V) Continuous uplift stage

Following the Early Cretaceous, the study area
experienced strong uplift and erosion events due to
effects of the Late Yanshanian and Himalayan orogenies.
This geological activity prompted the continuous uplift of
the C-P coal measures. Despite some short-term
depositional episodes since the Quaternary, their impact
on the burial depth of the coal measures was minimal.
Currently, the maximum burial depth has stabilized at
approximately 2100—2215 m. The extensive uplift of the
coal measures, coupled with the massive erosion of the
overlying strata, resulted in a significant decrease in
formation temperature, and the termination of organic
matter maturation in the coal measures resulted in no
obvious change in R,

5 Discussion

5.1 Types of fluid inclusions

Based on a comprehensive analysis of the petrographic
characteristics and Raman spectrum characteristics, the
secondary FIs in the Upper Paleozoic sandstones in
Daning-Jixian Block can be subdivided into four distinct
types. These include CH,-rich inclusions, C,, hydrocar-
bons-bearing inclusions, CO,-bearing aqueous inclusions,
and aqueous inclusions. However, the difference in the
number of different types of FIs from the Upper
Paleozoic sandstone layers may not be fully reflected,
owing to the limitations in LRM measurements (Fig. 11).

CH,-rich inclusions These inclusions predominantly
contain CH,, with minimal or no presence of C,H,, CO,,
and SO, compared to the amount of CH,. Both
approximately pure gas phase and vapor-liquid two-phase
are available, with two-phase predominating and
individuals varying in size. The morphology of two-phase
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Fig. 11 Types of FIs from different Upper Paleozoic sandstone layers
of Daning-Jixian Block.
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CH,-rich inclusions is complex and dominated by
irregular shape, with gas-liquid ratio between 10%—30%.
Such inclusions are mainly developed along micro-crack
cutting quartz grain and/or its overgrowth rim and
distributed in discontinuous beads or belts (e.g., Figs. 5(c)
and 5(j)). This type of inclusion is found in all the Upper
Paleozoic sandstone layers, among which the C,-P;t and
Ps, are superior in number.

C,, hydrocarbons-bearing inclusions The gaseous
components of these inclusions are mainly C,,
hydrocarbons, and some of them contain small amounts
of CH, or SO,. The majority are in a gas-liquid two-phase
state, typically with the gas-liquid ratio of less than 10%,
with gray to gray-black bubbles under translucent light
(e.g., Figs. 5(e) and 5(k)). The morphology of individual
inclusions is predominantly irregular, and their size varies
considerably. These inclusions are discontinuous bead
distribution in healed micro-fracture within quartz grains
and ring ribbon distribution along the inner side of quartz
overgrowth rims. They are variably developed across all
Upper Paleozoic sandstone layers.

CO,-bearing inclusions These inclusions are mainly in
gas-liquid phase, with CO, as the dominant gas
component. Some also contain a small amount of SO, or
hydrocarbons. In general, the individuals are elliptical or
circular in shape, larger in size with an average diameter
of over 10 pm, and mostly are gray to gray-black under
transmitted light. Some inclusions occurred as three-
phase, consisting of gaseous CO,, liquid CO, and saline
solution, with relatively large individuals (e.g., Fig. 5(b)).
The CO,-bearing inclusions are mainly located in healed
micro-fracture within quartz grains and early quartz
overgrowths with low abundance in all the Upper
Paleozoic sandstone layers.

Aqueous inclusions This type of inclusion has the
highest abundance, mostly in the form of liquid-rich two-
phase, diverse in shape, varying in size and are relatively
small. These inclusions coexist with hydrocarbon-bearing
inclusions, which are colorless or light gray under
transmitted light. Such inclusions are distributed in quartz
overgrowths and healed micro-fracture within quartz
grains as discontinuous beads or clusters (e.g., Figs. 5(d),
5(i), and 5(1)). This type of inclusion is well developed in
all the Upper Paleozoic sandstone layers in the block.

5.2 Fluid evolution of fluid inclusions

Consistent with trends observed in the eastern Ordos
Basin (Suetal., 2021; Zhang et al., 2022c), the Upper
Paleozoic sandstones have undergone various diagenetic
processes. These processes include compaction and
compression, dissolution of unstable components, and
cementation of carbonate, siliceous, and clay minerals in
Daning-Jixian Block. Therefore, the sandstone layers of
the P,hy to the C,-P;t had successively experienced
multiple diagenetic stages, including eodiagenesis stage,
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mesodiagenesis stage A, mesodiagenesis stage B, and
now generally evolved into the late diagenesis stage in
accordance with the China petroleum and natural gas
sector standard of “The Division of Diagenetic Stages in
Clastic Rocks” (SY/T 5477-2003).

During the eodiagenesis stage (R, < 0.5%, paleotem-
perature < 85°C), compaction was the predominant
process in the target stratum of the block, with some
development of siliceous cementation. However, overall
cementation remained weak, which was not conducive to
the formation of FIs. From the Middle Triassic to the
Early Cretaceous, with the fluctuating increase in burial
depth, the target strata evolved into the mesodiagenesis
stage A (0.5% < R, < 1.3%, 85°C < paleotemperature <
140°C). During this period, the dissolution of unstable
minerals such as feldspar and rock debris in the acidic
fluid environment formed by the dissolution of organic
acids (carboxylic acid) and CO, generated during
hydrocarbon generation of the C-P coal measure source
rocks, provided large amounts of Si* * for the formation
of quartz secondary enlargement (Suetal., 2021).
Meanwhile, the organic matter in the coal measures
evolved slowly into the mature stage, thus the FIs
captured in healed micro-fractures and quartz overgro-
wths predominantly consisted of a paragenetic assem-
blage of CO,-bearing inclusions, C,, hydrocarbons-
bearing inclusions, and aqueous inclusions. Subsequently,
the target strata immediately progressed into the
modiagenesis stage B (1.3% < R, < 2.0%, 140°C <
paleotemperature < 175°C) during the Early Cretaceous.
During this period, the acidity of the fluid environment in
the coal measures became weaker and converted to
medium and alkaline, with diagenesis mainly manifested
by quartz secondary enlargement and microfracturing, so
FIs formed in the process are primarily a combination of
CH,-rich inclusions and aqueous inclusions. Up to the
late diagenesis stage (2.0% < R, < 2.8%, 175°C <
paleotemperature < 200°C), diagenesis was relatively
weak (Lietal,2020), and the thermal evolution of
organic matter in coal measures entered the over mature
stage. FIs captured at this period were predominantly
CH,-rich inclusions and aqueous inclusions, with
significantly increased levels of CH, content, which were
mainly distributed in micro-cracks.

In summary, the evolution of fluid components in Fls
of the Upper Paleozoic sandstones proved that the
formation stages of FIs in Daning-Jixian Block
correspond to the hydrocarbon generation history of the
Upper Paleozoic coal measure source rocks (Fig. 12),
which is also consistent with previous findings in the
Upper Paleozoic sandstones from other regions in the east
margin of Ordos Basin (Xu et al., 2011; Shu et al., 2019;
Cao et al., 2022).

5.3 Gas charging history

The T, peak intervals were projected onto the burial-
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thermal evolution curve before the stratigraphic long-term
uplift in the Early Cretaceous (~130—125 Ma BP) (Yan
etal., 2015; Shuetal., 2019) for comparative analysis.
The results show that gas accumulation in Daning-Jixian
Block mainly occurred during the Early Cretaceous (Fig.
10). However, the timing of gas charging varied across
different sandstone layers, influenced by their respective
vertical distances from the coal measure source rocks
(Fig. 13). The main 7, peak interval of the coeval
aqueous inclusions in sandstone samples of the P;s, to
P,hy are all 140°C-150°C, indicating that the gas
charging time was approximately 137—135 Ma BP,
corresponding to the early Early Cretaceous. Meanwhile
R, was in the range of 0.9%—1.1%, marking the large-
scale charging of gaseous hydrocarbons generated from
the early thermal degradation of organic matter from the
Upper Paleozoic coal measure source rocks. In addition,
for the other 7}, peak interval of the P,hg at 160°C—170°C,
the gas charging probably occurred at 134—133 Ma BP,
corresponding to the middle Early Cretaceous. At this
time R, was 1.4%—1.6%, which was in the high mature
stage, marking the charging of gaseous hydrocarbon
mixtures generated by thermal cracking of the coal
measure source rocks. As for the C,-Pt, according to the
T, peak intervals of its coeval aqueous inclusions at
170°C—180°C and 220°C—230°C, it can be inferred that
the gas charging time was approximately 134—133 Ma BP
and 129—-127 Ma BP, corresponding to the middle to late
Early Cretaceous. In this process, R, was 1.4%—1.6% of
the high mature stage, marking the charging of gaseous
hydrocarbon mixtures generated by thermal cracking of
the coal measure source rocks. When R was 2.5%—2.7%
of the over mature stage, marking the large-scale charging
of CH,-dominated gaseous hydrocarbons generated by
thermal cracking of organic matter from the coal measure
source rocks.

Furthermore, the salinity of the aqueous inclusions
from the P,hg to the P;s, exhibits an increasing trend,
while their T, distribution remains relatively similar,
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with the same color as in Fig. 10.

suggesting that the fluid properties within these layers are
relatively homogeneous and well connected vertically,
capturing FIs during the gas charging from bottom to up.
Meanwhile, the lower layer captured the fluid with
relatively high salinity as a result of increasing salt
solubility in the formation water with temperature (Shu
etal., 2019). The case of the C,-P;t indicates the initial
formation water was a mixture of coastal saline water and
terrestrial fresh water with relatively low salinity, and the
injection of the compaction-released water of the coal
measures also reduced its salinity. In addition, the Upper
Paleozoic sandstone layers were compacted when the
inclusion was captured, and a closed system was
developed. The gas charging was achieved only when a
large amount of hydrocarbon was generated in the high-
over mature stages and accumulated near the coal
measure source rocks, making the inclusions of the C,-P,t
show low salinity and high 7} characteristics.

The 7}, of Fls in the Upper Paleozoic sandstone layers
in Daning-Jixian is continuously distributed without
noticeable sparks (Fig. 7(a)), indicating that TGS
charging in deep coal measures was a relatively
continuous process without significant interruption. In
view of the limited interval of charging time in different
sandstone layers, it suggests that TSG accumulation in
deep coal measures was a one period-multiple episodes
process as the close source charging type (Li et al., 2021)
in Daning-Jixian Block, and the main period of gas
accumulation ranges from 137 Ma BP to 127 Ma BP,
corresponding to the early to late Early Cretaceous.

6 Conclusions

Based on petrographic observations, Raman spectroscopy
analysis, and microthermometry for FIs from different
sandstone layers within the C-P coal measures (burial
depth > 2000 m) in Daning-Jixian Block, and combined
with the single well burial-thermal evolution history
recovered from basin modeling, several key conclusions
have been made.

1) The secondary FIs in the Upper Paleozoic sandstones
of Daning-Jixian Block are abundantly distributed in the
healed micro-fracture and overgrowths of quartz grains
and micro-cracks. These inclusions have been classified
into four types based on petrographic characteristics and
Raman spectrum analysis: CH,-rich inclusions, C,,
hydrocarbons-bearing inclusions, CO,-bearing inclusions,
and aqueous inclusions.

2) Currently, the Upper Paleozoic sandstones in
Daning-Jixian Block have reached the late diagenesis
stage. The formation of FIs predominantly corresponds to
the mesodiagenesis stage A and B. The coeval
assemblages of FIs differ across wvarious periods,
influenced by the varying maturity level of organic matter
in the C-P coal measures.

3) The coeval aqueous inclusions of the Upper
Paleozoic sandstones in Daning-Jixian Block present
wide and smooth variations in 7, and salinity distribution.
Distinct distributions of 7} and salinity are evident among
different sandstone layers. The FIs of sandstone samples
record the continuous gas charging process performed
with one period-multiple episodes in different maturity
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stages of coal measure source rocks. TGS accumulation
in deep coal measures of Daning-Jixian Block mainly
occurred in the Early Cretaceous (137—127 Ma BP).
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