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The Lower Paleozoic reservoir in the Micangshan tectonic zone is a new shale gas exploration area
with excellent potential. However, the hydrocarbon migration and accumulation histories of this
reservoir have not been thoroughly elucidated and urgently require further research. Fluid inclusions
offer a unique and useful method to test for hydrocarbon migration, accumulation, composition and
timing. This study integrated the hydrocarbon charge history using fluid inclusions in the Lower
Cambrian to Neoproterozoic reservoir from the Micangshan tectonic zone. This work involves the
delineation and analysis of fluid inclusions using the petrography, spectroscopy and microthermometry
of fluid inclusions. Based on the fluid inclusion analyses combined with reservoir thermal history,
timing estimates and charge models of the hydrocarbons were obtained. The formation of natural
gas was multifactorial in the Lower Cambrian to Neoproterozoic petroleum system, and the gas in the
Niutitang (e1n) and Dengying (Z,d) reservoirs was mainly from oil cracking and dry gas, and gas in the
Xiannvdong (€1x) and Canglangpu (e;c) reservoirs was abiogenic and formed in hydrothermal fluids
by regional tectonothermal events. Three well-defined stages of hydrocarbon charge were identified
in the petroleum system in the Micangshan tectonic zone. The stage of oil charge first began before
the Early Permian (~277 Ma); the stage of gas charge from oil cracking occurred in the Late Triassic
to Early Jurassic (212 Ma-198 Ma); and the stage of gas charge from dry gas occurred in the Middle
Jurassic (173 Ma-166 Ma). The gas of mixed origin from the Niutitang reservoir was stored in the

nanoscale pores as a self-reservoir, rather than as an effective gas source for the overlying reservoirs.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

than those in the Sichuan Basin (Xu et al.,, 2009). In recent years,
commercial volumes of shale gas have been found in the Niuti-

Considerable shale gas and natural gas exploration and devel-
opment work has been completed in South China, and previous
work suggests that the Lower Cambrian to Neoproterozoic gas
reservoirs played an important role in gas production in the
Sichuan Basin and its peripheral regions (Dong et al., 2016; Gao
et al., 2015; Huang et al., 2012; Liu et al., 2013; Xi et al., 2016; Zou
et al,, 2015, 2016). The Micangshan tectonic zone is in the transi-
tional area between the Sichuan Basin and the Qinling Orogenic
Belt, whose distinctive geological conditions are more complex

* Correspondence to: Department of Geology Northwest University, Taibai
Road No.229, Beilin, Xidn, 710069, China.
** Corresponding author.
E-mail addresses: p.yang@nwu.edu.cn, 13909263435@163.com (P. Yang),
renzhanl@nwu.edu.cn (Z. Ren).
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tang Formation (e;n), and the latest research suggests that the
Lower Cambrian and Neopoterozoic in the Micangshan tectonic
zone may contain new and ideal exploration target reservoirs (Fu
et al.,, 2018; Tian et al., 2019a,b). Understanding the hydrocarbon
migration and accumulation histories of the above two reservoirs
are of great significance for guiding future shale gas and natural
gas exploration in the Micangshan tectonic zone.

Fluid inclusions are entrapped during primary mineral growth,
as well as during the healing of later microfractures, which can
provide accurate information on the pressure and temperature
of mineral growth and the of fluids compositions involved in
diagenesis (Barona et al., 2008; Bhattacharya et al., 2014; Dol-
son, 2016). In particular, hydrocarbons entrapped within fluid
inclusions can provide conclusive evidence that hydrocarbons
migrated and accumulated in the rock (Barona et al., 2008).

2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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Placing the occurrence of hydrocarbon fluid inclusions in a para-
genetic sequence allows relative dating of hydrocarbon migration
in relation to reservoir diagenesis and tectonic events (Jensensuis
and Burruss, 1990). Parnell (2010) discussed the importance of
fluid inclusions in assessing the burial history of a petroleum
system in terms of the timing of oil migration, the occurrence
and distribution of different pulses of oil migration and reservoir
compartmentalization. Fluid inclusions have become one of the
most important tools for investigating the histories of hydro-
carbon migrations and accumulations (George et al., 2004; Jonk
et al, 2005; Jiang et al., 2016; Kempton et al.,, 2017; Parnell
et al., 2001; Schubert et al., 2007; Song et al., 2018; Yang et al.,
2018). The Niutitang Formation of the Lower Cambrian (eqn) is
the main shale gas reservoir in the Micangshan tectonic zone
(Tian et al,, 2019a,b). Previous reports of hydrocarbon migration
and accumulation histories in shale reservoir by using fluid in-
clusions are not a frequent as those for sandstone petroleum
reservoirs, given that the grain sizes of the diagenetic minerals
in mudstone are too small to trap fluids and form inclusions
during diagenesis (Gao et al.,, 2015; Shang et al., 2016). However,
shale reservoirs are often interbedded with mudstone, siltstone,
fine sandstone and sandstone layers. A type of fracture-fill is
commonly found in many mudstones in the form of fibrous veins,
such as those composed of calcite, dolomite, quartz or sulphate,
where abundant fluid inclusions are found (Gao et al., 2015; Liu
et al.,, 2009a; Ni et al., 2016; Parnell et al., 2000). Therefore, shale
samples with inclusions interbedded in calcite and quartz veins
and interbedded sandstone samples have become the preferred
objects for determining the hydrocarbon migration and accumu-
lation histories in shale gas reservoirs (Gao et al., 2015; Liu et al,,
2013; Xi et al.,, 2016).

In this paper, we tested the geochemical compositions and
the homogenization temperatures of the entrapped fluid inclu-
sions using microthermometry and microlaser Raman analysis.
We combined the dataset of the fluid inclusions with bitumen
vitrinite reflectance and tectonothermal history models to con-
strain the multi-staged accumulations in the Lower Cambrian
to Neopoterozoic petroleum system in the Micangshan tectonic
zone. This work will help to elucidate the hydrocarbon migration
and accumulation histories and guide future shale gas and natural
gas exploration and development.

2. Geological setting and field observations

The Micangshan tectonic zone lies on the northwestern mar-
gin of the Yangtze Plate and is a transitional orogenic belt be-
tween the Sichuan Basin and the Qinling Orogenic Belt, which is
located to the east of the Longmenshan thrust belt but west of the
Dabashan fold-thrust belt. This zone is an intraplate within the
Yangtze Plate and is south of the Mianlue Suture Zone (Xu et al.,
2009) (Fig. 1a, b). The formations of both limbs are composed
of Sinian-Triassic sediments, with the Carboniferous-Devonian
formations being absent. Overall, the study area was a passive
continental margin, and a series of black shales were deposited
in the Early Cambrian (Chang et al., 2010; Li et al., 2008; Tian
et al.,, 2019a,b). The black shale and its overlying strata experi-
enced deformation during subsequent tectonic movements. The
lithology of outcrops in the region is variable after uplift and
denudation. Numerous granitoids are distributed in the Micang-
shan massif and the Hannan massif, which formed during the
Archaeozoic to Early Proterozoic period (Chang et al., 2010; Tian
et al, 2010; Xu et al,, 2009). Abundant Lower Paleozoic marine
shales are mainly exposed on the western limbs of Micangshan.
Permian to Cretaceous strata and SN-trending sub-folds are well-
exposed in the eastern part (Fig. 1a). From north to south in
the Micangshan tectonic zone, a distinct succession of Neogene-
Quaternary sedimentary deposits (Hanzhong Basin), crystalline

basement (Hannan and Micangshan massifs), Sinian-Triassic sedi-
mentary deposits (Huijunba syncline) and Sinian-Cretaceous sed-
imentary cover (Norther Sichuan Basin) can be identified (Fig. 1c).
Faults that developed between the basement and sedimentary
cover are on a large scale and are oriented northeast-southwest
(NE-SW), and most are thrust and slip faults (Fig. 1a). At the
southern limb, a series of nearly latitudinally trending sub-folds
developed in the sedimentary cover. The Lower Cambrian Niuti-
tang Formation outcrops exhibit striped and irregular shapes, and
the thickness revealed by three shale gas wells ranges from 85 m
to 285 m. Moreover, the thickness of the Niutitang shales in some
measured outcrop sections is greater than 200 m.

The drilling data from the SND-1 well revealed a 595-m thick
marine sedimentary sequence from the Lower Cambrian, com-
posed of the Niutitang (ein), Shipai (¢;s), Xiannvdong (¢;x) and
Canglangpu (e;c) Formations from bottom to top (Fig. 1c). The
overlying Xiwangmiao Formation (e€,x) of the Middle Cambrian
and the underlying Dengying Formation (Z,d) of the Neopotero-
zoic are in unconformable contact with the Lower Cambrian.
The Niutitang Formation consists mainly of lime mudstone and
black/dark-grey organic-rich shale, which are considered to be
the major source rocks. The Shipai Formation is composed of lime
mudstone with thin siltstone interlayers. The Xiannvdong and
Canglangpu Formations are mainly composed of limestone and
mudstone with thin siltstone interlayers.

3. Samples and methods
3.1. Samples

The Niutitang Formation of the Lower Cambrian contains the
most important hydrocarbon source rocks and shale gas reservoir
in Micangshan tectonic zone. In this study, fluid inclusion samples
were collected from eight outcrops in the Micangshan tectonic
zone. Two samples were selected from the Niutitang Formation
and the other six samples were selected from different formations
that overlie and underlie the Niutitang Formation, respectively.
The lithology of the samples are sandstone and shale with veins
and carbonatite (Fig. 2). Sample F-B-3 is sandstone from the
Canglangpu Formation. Sample F-B-4 is limestone with veins in
the Xiannvdong Formation. Samples N-14 and Z-14 are silty shale
and shale within calcite veins from the Niutitang Formation. Sam-
ples Y-10, C-09, F-B-2 and F-B-6 are dolomites from the Dengying
Formation.

3.2. Methods

The experiments on fluid inclusions, including microscopic
petrographic observations, microthermometric measurements
and micro-laser Raman analyses, were conducted in the fluid-
inclusion laboratory at the Xi'an Center of Geological Survey,
China Geological Survey (CGS). Thermal re-equilibration caused
by overheating and other post-entrapment processes always re-
sults in stretching, leakage and volume change of fluid inclusions
(Barona et al., 2008; Bakker and Jansen, 1990; Dolson, 2016).
Therefore, the smaller inclusions in well crystal form were se-
lected to measure homogenization temperatures (Ty,) values that
approach the temperatures of original entrapment in this study.
In view of the complex controls on fluorescence in hydrocarbon
inclusions (George et al., 1997, 2007), laser Raman analysis was
conducted instead of fluorescence colour studies under UV light
to identify the components of the inclusions.

The fluid inclusions were carefully observed to identify their
compositional types, gas-liquid ratios and spatial clustering using
a Leica DMR-XP microscope with 50x-500x magnification. The
petrography of fluid inclusion assemblages was first examined at
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low and then high magnifications. The selected samples were pre-
pared as 100-mm-thick double-polished wafers using standard
techniques for microthermometric measurements (Barona et al.,
2008; Shepherd et al., 1985). Measurements were then performed
using a Linkam TMS94 heating-freezing stage following standard
procedures under a Zeiss-Axioskop40 petrographic microscope
with a charge coupled device (CCD) camera. The of measurement
precision is estimated to be 41 °C for values between 25 °C
and 200 °C. Homogenization temperatures of both hydrocarbon-
bearing fluid inclusions and coeval aqueous fluid inclusions were
measured; the freezing points of the aqueous fluid inclusions (Tp,-
ice) were measured. The heating rate was 10 °C/min during the
initial stages of each heating run and was reduced to 1-2 °C/min
close to the phase change points. Salinity was determined by
freezing the inclusion with liquid nitrogen and then heating the
frozen inclusion until the last solid phase melted; the values
were calculated using the ice points of H,O-NaCl (Bodnar, 1993).
Micro-laser Raman analyses were performed using a Renishaw

inVia Microprobe to identify the components of the fluid inclu-
sions. The semiconductor laser source is green light Ar-ion with
A = 5145 nm, an exciting time of 2 s per spectrum with a
30-mW laser power, a 20-pm spectrograph slit and 2-cm™! res-
olution ratio. Based on the observations of the microlithofacies of
the inclusions, gas-liquid inclusions with complete shapes were
selected for the laser Raman experiments on the gas and liquid
phases. The relative molar fractions (mol %) of the components in
a gas mixture was obtained using the following Eq. (1):
Aq
Xa= 5% (1)
2 o

where X;, Aq, 04 and ¢, are the molar fraction, the band area,
the Raman cross-section and the instrumental efficiency for gas
a, respectively, while X'4;, o;, and ¢; represents the sum of values
for all gas species in the fluid inclusion (Beeskow et al., 2005;
Burke, 2001; Frezzotti et al., 2012; Morizet et al., 2009; Schrotter
and Kléckner, 1979).




724 T. Tian, P. Yang, Z. Ren et al. / Energy Reports 6 (2020) 721-733

Btack shale of Niutitang Formation

nformable surface

Fig. 2. Pictures of samples (a) The Niutitang Formation of the Lower Cambrian is in unconformable contact with the underlying Dengying Formation of the
Neoproterozoic; (b~c) Black shale samples from the Niutitang Formation with calcite veins; (d) Dark grey silty shale with thin siltstone interlayers from the Niutitang
Formation; (e~f) Corrosion holes and micro-fractures developed in off-white dolomite samples from the Dengying Formation and filled with black bitumen.

4. Results
4.1. Microlithofacies of fluid inclusions

Microlithofacies of fluid inclusions is the important evidence
for confirming the phases and textural relationships between the
fluid inclusions and host minerals. Three fluid inclusion types
were identified based on the phases by microscopic observa-
tions at room temperature (25 °C), and they were gas-liquid
inclusions, gas inclusions and solid bitumen inclusions. The gas—
liquid phase inclusions were abundant and were recorded in all
samples, with the gas-liquid ratios ranging from 20% to 80% with
clear boundaries. The gas-liquid inclusions were translucent and
mainly distributed in the large calcite and quartz particles with
oval, quadrate and irregular shapes of different sizes ranging from
1.8 wm to 8.1 wm. High-density methane inclusions in shale
reservoirs have been found in the Sichuan Basin with a light
grey to dark grey colour in transmitted light (Gao et al., 2015;
Liu et al,, 2009a,b). Only one gas phase (or close to) inclusion
with similar optical characteristics was found in Sample F-B-3
from the Canglangpu Formation (¢;c), and none was found in the
other samples. The opaque semi-solid or solid phase inclusions
occurring within individual fluid-inclusion assemblages in dark
grey or black colours probably were bituminous inclusions with
coatings of solid bitumen after oil cracking (Fig. 3).

4.2. Raman spectroscopy

Raman spectroscopy is a versatile non-destructive technique
for fluid inclusion analysis, with a wide range of applications
ranging from qualitative detection of solid, liquid and gaseous
components (Frezzotti et al, 2012). The characteristic Raman
bands for most important geological fluids are reported in previ-
ous research for qualitative identification of major fluid inclusion
components (Azbej et al., 2007; Brunsgaard et al., 2002; Davis

and Oliver, 1972; Dubessy et al., 2001; Guillaume et al., 2003;
Zhang et al., 2007). The Raman spectroscopy results of the host
minerals show that the Raman peaks for quartz and calcite are
evident in all samples (Fig. 4). The Raman spectroscopy results
for the gas phases show that Raman peaks for CHy4, N, and CO,
were identified. The Raman peaks for CH4 were clear in most
samples and were not apparent in some samples due to back-
ground fluorescence. The Raman spectra of CH, in samples from
the Niutitang and the Dengying Formations range from 2915.87
t0 2916.49 cm™"', which approximate the typical Raman spectrum
of CH4 (2917 cm™'). However, the Raman spectra of CH4 in sam-
ples from the overlying Xiannvdong (e1x) and Canglangpu (€;c)
Formations ranges from 2908.25 to 2909.1 cm~! (Fig. 4), which
has similar spectral characteristics of high-density methane in-
clusions and indicated high internal pressures in those inclusions
(Lu et al., 2007; Liu et al., 2013). The main gaseous components
of the fluid inclusions in the Niutitang Formation were CH, and
CO,, and molar proportions of CH, ranged from 19.4% to 81.2%
with an average of 47.1%. Different from the Niutitang Formation,
the main gaseous components of fluid inclusions in Canglangpu
(€1¢), Xiannvdong (e1x) and the Dengying Formations (Z,d) were
CH4 and N,, the molar proportions of CH; were over a broad
range, extending from 27.1% to 92.8% with an average of 67.5%. N,
in inclusions from the Dengying Formation were more frequent
than those in the Canglangpu and Xiannvdong Formations with a
range of 26.6%-72.9%. Moreover, some H, at 0.8% proportion was
observed in Sample F-B-3 (Fig. 5). The main components of the
liquid phase were almost entirely H,O and small amounts of CHy4
with a range of 0.03%-0.13% that was dissolved in water. There-
fore, all gas-liquid inclusions could be divided into CH4~N,-H,0
and CH4-CO,-H;0 systems based on the main components.

4.3. Fluid inclusion microthermometry

The homogenization temperatures (Ty) of eight gas-liquid in-
clusions were measured, and the microthermometric data for
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Fig. 3. Photomicrographs of typical fluid inclusions in transmitted light. (a) An oval gas-liquid inclusion measuring 3.7 wm long and 1.8 pm wide and some black
irregular bitumen inclusions was entrapped in a calcite grain in a dolomite sample from the Dengying Formation (Z,d); (b) A dark grey gas inclusion with 8.1-um
length and a gas-liquid inclusion with 7.0-um length and 60% gas-liquid ratio were entrapped in quartz in a siltstone sample from the Canglangpu Formation
(e1¢); (c) A quadrate gas-liquid inclusion with 6.3-pm length and a 20% gas-liquid ratio and black irregular bitumen inclusions was entrapped in a calcite vein in
a limestone sample from the Xiannvdong Formation (e;x); (d) An oval gas-liquid inclusion with 4.4-um length and a 20% gas-liquid ratio and dark grey bitumen
inclusions was entrapped in quartz in a dolomite sample from the Dengying Formation (Z,d); (e) Several small and near round gas-liquid inclusions were entrapped
in quartz particles as linear forms in a siltstone sample from the Niutitang Formation (e;n); (f) A rhombic gas-liquid inclusion with a 4.5-pm length and a 20%
gas-liquid ratio and an inorganic mineral inclusion were entrapped in calcite particles in a dolomite sample from the Dengying Formation (Z,d).

fluid inclusions are summarized in Fig. 6 and Table 1. The results
show that the homogeneous temperatures of (Ty) fluid inclusions
in the Niutitang Formation (eyn) ranged from 157 to 197 °C and
the corresponding ice-melting temperatures (Ty,-ice) ranged from
—5.1 to —3.0 °C (from 4.9 to 8.0 wt% NaCl.eqv). The Th of fluid
inclusions in the Dengying Formation (Z,d) showed two intervals
that ranged from 226 °C to 235 °C and from 295 °C to 336 °C
and yielded Tp,-ice from —21.6 to —12.7% °C (from 16.7 to 24 wt%
NaCl.eqv). We observed the highest T}, ranges, that is, from 368 °C
to 399 °C, in the Canglangpu Formation (e¢;c) and from 364 °C
to 465 °C in the Xiannvdong Formation (e;x), but their salinity
and ice-melting temperatures differed in that the T,-ice ranged

from —12.8 to —11.6% °C (from 15.6 to 16.8 wt% NaCl.eqv) in the
Canglangpu Formation (e;c¢) and ranged from —1.7 to —1.3% °C
(from 2.2 to 2.9 wt% NaCl.eqv) in the Xiannvdong Formation (e€1x).

The results of microthermometry show that the Ty, salinity
and Ty-ice of the fluid inclusions in different formations ex-
hibit significant differences. The Ty, values for fluid inclusions are
higher in the Xiannvdong and Canglangpu Formations and are
lowest in the Niutitang Formation. The Ty-ice of the Dengying
Formation was lowest but had the highest salinity. Oppositely,
the Ty,-ice in the Xiannvdong Formation was highest but with
the lowest salinity. The distributions of Ty and salinity and their
relationships may indicate that fluid inclusions were entrapped
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Fig. 4. Typical Raman spectral images of gas-liquid inclusions in the Lower Cambrian to Neopoterozoic.

in a separate, closed fluid environment, which can be inter-
preted as multi-staged hydrocarbon filling and accumulation in
the Micangshan tectonic zone.

5. Discussion
5.1. Fluid inclusion entrapment

Homogenization temperatures and salinities imply the source
information of aqueous fluids in reservoirs, which can be used
to define trapping conditions and fluid migration routes (Dolson,
2016). In this study, the relationship between homogenization
temperatures and salinities is nonlinear; the salinity first in-
creased and then decreased with increasing Ty and a Ty value
of approximately 250 °C is the change point (Fig. 6¢), which is

consistent with previous research (Wang et al., 2000; Yang et al.,
2013a; Zhang et al., 2014).

The Ty, recorded from many fluid inclusions hosted in quartz
and calcite are greater than expected for a typical sedimen-
tary basin (Walderhaug, 1994), indicating that the temperatures
during diagenesis were higher than the expected temperatures
during the maximum burial history (Barona et al., 2008). Fluid
inclusions were usually produced in areas where active min-
eralization occurred, such as systems of geothermal fields and
hydrothermal ore deposits (Okubo, 2005). Therefore, an alterna-
tive mechanism of heating by high temperature fluids circulating
in the sequence was used to explain the abnormal high T}, values
(Barona et al., 2008; Wycherley et al., 2003).

The equivalent vitrinite reflectances (VRequ%) from bitumen
vitrinite reflectances (Ry%) (Table 2) and basin modelling data
(Fig. 9) indicate that the higher T, values recorded in the fluid
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Table 1
Microthermometric data of the fluid inclusions.
Sample Location Formation Host Th/°C Tm-ice/°C Salinity
number mineral /wt% NaCl. eqv
o 168 5.1 8.0
N-14 106 2,7 34'3 E €n calcite 166 —4.8 7.6
32°5745.0°N 157 -48 7.6
197 -36 5.8
e 195 —34 5.5
Z-14 N32°29 /24 ” €n quartz 190 —3.4 5.5
E107°56 52.1 189 -3.1 5.1
189 -3.0 49
o 226 —20.4 23.0
106°59'50"E Z,d ) 235 -216 24.0
Y-10 32°42'40.0'N calcite 228 —20.1 225
226 —188 21.8
o 336 —145 18.3
C-9 1OZ 1,6 13',(,) E Z,d quartz 333 —14.1 18.0
32°4436.2 N 332 —~14.0 17.9
i 318 —157 19.4
F-B-2 103 1,4 59, E Zd calcite 315 —14.8 18.6
32°4984 N 315 —146 183
399 —-126 16.6
o 399 -128 16.8
107°15'05"E €rc 391 —122 16.2
F-B-3 32048/ 48N quartz 391 ~118 15.8
371 —~116 156
368 —-116 15.6
o 465 -17 2.9
F-B-4 107°15 23 E X calcite 368 —14 24
32°48 56 N 364 -13 22
oa sl et 305 —145 18.3
F-B-6 IOZ 1452 E Zd quartz 300 —14.0 17.9
32°4984 N 295 —127 16.7
100 for which oil inclusions failed to be entrapped. (2) The oil inclu-
EcH.MCO.0IN.HH, sions were entrapped in the stage of oil generation, and the oil in
ry 80 the inclusions had been cracked into CH,4, H,0, bitumen and other
90-; components (Okubo, 2005); the colour of the oil inclusions turned
< 60 fuscous (Liu et al., 2009b; Suchy et al., 2010; Zhang et al., 2009)
= in the post-entrapment process. The occurrences of black solid
9 40- bitumens in some inclusions are typical products of degradation
o of reservoir oils (Rogers et al.,, 1974). In the Micangshan tectonic
20 zone, abundant black residual solid bitumen can be seen in the
a bundant black dual solid bit b th
% dissolution pores and micro-fractures in dolostone in the Dengy-
£ o ing Formation (Fig. 3) and bitumen inclusions were also found in
c1c | e1x €1n Z2d the €;n and in other formations (Fig. 3). Therefore, our preferred
hypothesis explaining the lack of oil inclusions in the Niutitang
Overlying i Source rock Underlyling Formation in the Micangshan tectonic zone is that the oil in the

Fig. 5. Gaseous components of the fluid inclusions.

inclusions of the Canglangpu (e¢;c), Xiannvdong (e;x) and the
Dengying (Z,d) Formations were not related to the burial his-
tory. Moreover, the Ty, values of the overlying Canglangpu and
Xiannvdong Formations were considerably higher than those un-
derlying the Niutitang to the Dengying Formations. These data
may provide evidence for hot-fluid migration events in associa-
tion with magmatism during depositional stages of €;c, €1x and
Z,d when the inclusions were entrapped.

The kerogen type of the organic-rich matter in the Niutitang
shale in the Micangshan tectonic zone is dominated by Type
I (Fu et al, 2018; Tian et al.,, 2019a,b), which indicates good
potential for oil generation, but no oil inclusions were found in
this study. The absence of oil inclusions can be interpreted as
follows: (1) Mudshale was the main lithology of the Niutitang
Formation, and the fine diagenetic particles were thought to be
disadvantageous during diagenesis and for inclusion entrapment

inclusions was cracked.

The frequency of CH; Raman spectroscopy may change as
a function of the composition and density in a fluid inclusion.
Utility of the shift of the peak positions for gas species can be as
a sensitive monitor for pressure and density, and peak position of
CH,4 shift to lower relative wavenumbers as density or pressure
increases (Fabre and Oksengorn, 1992; Hansen et al., 2001a,b,
2002; Seitz et al., 1993, 1996). Some systematic research has
been conducted to determinate the internal pressures of fluid
inclusions by analysing the Raman characteristics of CO,, Ny, CHy
and their mixtures changing with pressure, and the methods of
pressure determination by Raman spectral parameters in CHy-
CO, and CH4-N, systems were proposed (Chen et al.,, 2005; Lu
et al., 2007; Roedder and Bodnar, 1980; Seitz et al., 1993, 1996). In
this study, the Raman results show that the gaseous components
of the two-phase aqueous inclusions were CH4-CO, in the Niuti-
tang Formation and that was CH4-N, in the other formations. Five
samples have clear CH, Raman peaks, and their internal pressure
of the two-phase aqueous inclusions in the Niutitang and Dengy-
ing Formations were less than 5 MPa and considerably larger than
70 MPa in the Xiannvdong and Canglangpu Formations (Fig. 7).
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Therefore, the model of the fluid inclusion entrapment process
can be explained by the data from Raman spectroscopy, Ty, and
salinity in different formations.

5.1.1. Fluid inclusions entrapped in the Dengying Formation

The organic-rich shale of the Niutitang Formation began to
generate oil when the temperature rose to the “oil threshold”.
Part of the oil migrated into the underlying Dengying Formation
along the micro-fractures and was stored in the dissolved pores.
The oil in the pores was then cracked with the increase in temper-
ature and black solid bitumen was a residual component in those
dissolved pores (Fig. 2e, f). Upwardly migrating invasive fluids
with inhomogeneous, circulating high temperatures occurred in
the Dengying Formation during oil cracking and the gas from py-
rolysis was entrapped as fluid inclusions. The temperatures at the
bottom of the upward invasive fluids was greater (295 °C-399 °C)
with salinities ranging from 16.7% to 19.4% (I) and temperatures
near the paleosurface were lower (226 °C-235 °C) with salinity
ranging from 21.8% to 24.0% (II). The N, in the inclusions of the
Dengying Formation may have been derived from rainwater in-
filtration along the unconformable contact between the Dengying
and the Niutitang Formations (Fig. 8).

5.1.2. Fluid inclusions entrapped in the Niutitang Formation

Only a few oil inclusions were formed in the “oil thresh-
old” because of the fine diagenetic particles in the Niutitang
Formation. Subsequently, the oil inclusions cracked into gaseous
hydrocarbons and were destroyed with the increasing temper-
atures and pressures, the hydrocarbon migrated out and solid
bitumen remained as bitumen inclusions, especially in calcite
particles (Fig. 3). With the thermal evolution, abundant CH4 and
some CO, were formed at “dry gas stage” in the Niutitang For-
mation, when the organic-rich shale was in a highly overmature
state, and the gaseous components were entrapped during the
diagenetic process and were ultimately preserved in quartz and
calcite veins distributed in the shale lamellations. The entrapment
conditions were reflected by the salinity and Ty values of fluid
inclusions at temperatures of 157 °C~197 °C and with salinities
ranging from 4.9% to 8.0% (Fig. 8).

5.1.3. Fluid inclusions entrapped in the Xiannvdong and Canglangpu
Formation

The Raman spectra of CH, in samples from the overlying
Xiannvdong (e 1x) and Canglangpu (e 1c) Formations ranges from
2908.25 t0 2909.1 cm™!, which has characteristics similar to spec-
tra of high-density methane inclusions. The appearance of high-
density methane inclusions often reflects a special geological and
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geochemical environment. The high-density methane inclusions
could have been caused by cracking of oil inclusions, serpen-
tinization and hydrothermal fluids (Chen et al., 2007; Horita and
Berndt, 1999; Hurai et al., 2006; Liu et al., 2013). The oil inclusions
entrapped in the quartz and calcite particles were buried in the
early stage and then started to crack into gaseous hydrocar-
bons and solid bitumen with the increasing temperatures of over
180 °C, while the products of oil cracking were retained in the
unbroken inclusions that lead to a high internal pressures in the
inclusions. Based on the process of oil cracking, the Raman peak
for bitumen should be visible in Raman spectroscopy. In this
study, the Raman peaks for bitumen in the inclusions were invis-
ible, meaning that high internal pressures may be not have been
caused by cracking of oil inclusion. Moreover, the overlying Shipai
Formation provided a good cap rock, composed of mudrock and
silt, and it appears that oil from the Niutitang Formation did not
easy migrate upward to Xiannvdong and Canglangpu Formations.
Hurai et al. (2006) suggest high density methane inclusion as
important information to reflect a tectono-thermal event. Abio-
genic CH,4 could have been formed from dissolved bicarbonate
(HCO>~) under hydrothermal conditions and serpentinization at
temperatures below 400 °C (Chen et al., 2007; Horita and Berndt,
1999). The Micangshan tectonic zone is located on the coupling
part between the Sichuan Basin and the Qinling orogenic belt. The
transitory high temperature fluid events may have been caused
by regional tectonomagmatism since the Early Cambrian (Chang
et al,, 2010). The abiogenic CH4 may have formed in hydrothermal
fluids at temperatures ranging from 364 °C to 399 °C and with
salinities ranging from 2.2% to 2.9% in the Xiannvdong Formation
and salinities of 15.6% to 16.8% in the Canglangpu Formation, with
CH4 migration being synchronous with these high-temperature
fluids (Fig. 8).

5.2. Hydrocarbon migration, filling and accumulation
The ages of hydrocarbon migration, filling and accumulation

can be evaluated by combining the Th data with the correspond-
ing burial-thermal evolution model (Dolson, 2016; Yang et al.,

2020). To better understand the relationships between the fluid
inclusion data and thermal history and to clarify the hydrocarbon
migration of the Lower Cambrian, we modelled the burial and
thermal history of the SND-1 and HY-1 wells using Platte River
BasinMod™ software (Fig. 9a and c). The thermal history used to
model the vitrinite reflectance data are shown in Fig. 9b and d and
Table 2. The data used for burial history modelling, such as uplift
periods and erosion thicknesses, were referenced in previous
research (Chang et al., 2010; Shi and Shi, 2014; Tao et al., 2009;
Tian et al, 2012; Wang and Xiao, 2010), and the stratigraphic
modelling was based on the SND-1 Well and HY-1 wells. The high
Ty, of the fluid inclusions in the Canglangpu, Xiannvdong and the
Dengying Formations conflicted with their burial temperatures.
Therefore, the Ty, data of inclusions in the Niutitang Formation
were used and combined with burial-thermal histories.

The Micangshan tectonic zone developed in a passive con-
tinental margin in an extensional tectonic environment in the
Early Cambrian (Chang et al, 2010; Li et al,, 2008; Tian et al.,
2019a,b). Water invaded the Micangshan area along the Long-
menshan tectonic zone and began organic-rich marine deposition.
The burial model shows that rapid subsidence started at 290 Ma
and the organic matter in the Niutitang Formation was into the
“oil threshold” at ~277 Ma. The oil then migrated to the Dengying
Formation and was stored in dissolved pores and micro-fractures.
The oil started to crack as gaseous hydrocarbons with the ther-
mal evolution of main gas stage, the CHy-bearing and bitumen
inclusions were entrapped in the Niutitang and Dengying Forma-
tions. Abundant CH, was formed when the organic-rich matter
attained the “dry gas stage” and was mainly stored in the micro-
nano pores and fractures of the Niutitang shales due to their
compactness and the good cap rock of Shipai Formation. There
may have been two gas accumulation events in the Micangshan
tectonic zone (Fig. 9): the inclusion samples collected from the
Niutitang Formation were emplaced at 212-198 Ma with burial
depths of 4898-5743 m and from 173-166 Ma with burial depths
of 5988~6310 m, respectively. The gas sources in the first ac-
cumulation stage may have mainly been from oil cracking and
those in the second accumulation stage may have been from dry
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Fig. 9. Thermal histories and hydrocarbon filling stages.

gas. The rapid uplift and denudation of strata started under the
influence of intra-continental orogeny in the Late Jurassic (Chang
et al,, 2010; Tian et al.,, 2019a,b; Yang et al., 2013b), and the
transitory high-temperature fluid events occurred and invaded
the Xiannvdong and Canglangpu Formations. Abiogenic CH4 then
formed in the hydrothermal fluids.

6. Conclusions

Abundant CHy4-bearing fluid inclusions were obtained in the
Lower Cambrian to Neoproterozoic petroleum system and pro-
vided direct evidence for hydrocarbon migration in the Micang-
shan tectonic zone. The characteristics of the petrography, spec-
troscopy and microthermometry of fluid inclusions in the
petroleum reservoirs are different from each other and show that
the formation of natural gas was multifactorial in this petroleum
system. The gas in the Niutitang (¢ 1n) and Dengying (Z2d) reser-
voirs was mainly from oil cracking and dry gas, and the gas
in the Xiannvdong (e1x) and Canglangpu (e1c) reservoirs may
be abiogenic and formed in hydrothermal fluids by regional
tectonothermal events. Based on the fluid inclusion analyses
and combined with the reservoir thermal models of the SND-1
Well and HY-1 Well, three stages of hydrocarbon charge were
identified in the Lower Cambrian to Neopoterozoic petroleum
system in the Micangshan tectonic zone. The stage of oil charge
first began in the Early Permian (~277 Ma); the stage of gas
charge from oil cracking occurred in the Late Triassic to Early

Jurassic (212-198 Ma); and the stage of gas charge from dry gas
occurred in the Middle Jurassic (173-166 Ma). The gas of mixed
origin from the Niutitang shale source occurred in the nanoscale
pores as a self-reservoir, rather than as an effective gas source for
the overlying reservoirs.
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Table 2
Bitumen reflectance and vitrinite equivalent reflectance data from SND-1 and
HY-1 Wells.

Well Depth (m) Formation Ry (%) VRequ (%)
593.0 2.95 2.30

SND-1 685.0 €1 2.97 2.30
755.0 3.02 2.40
674.3 1.77 1.52
674.7 1.78 1.53
677.0 1.81 1.55
677.9 1.87 1.59
679.7 1.84 1.57
681.6 1.89 1.60
682.2 1.81 1.55
683.2 1.72 1.49
684.6 O 1.81 1.55
691.4 1.92 1.62

HY-1 693.1 1.94 1.64
694.3 1.97 1.66
696.4 1.93 1.63
698.0 2.03 1.70
699.2 2.17 1.79
704.8 2.21 1.82
1800.2 2.47 2.00
1803.9 242 1.96
1806.8 €in 261 2.09
1807.2 2.56 2.06
1808.2 2.65 2.12

Note: Ry, bitumen reflectance (%); VReq, equivalent vitrinite reflectance
calculated by VReqy = 0.3195 + 0.679R;, (Feng and Chen, 1988).
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