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Abstract The study and exploration practice of shale gas
accumulation has focused on the static system comparison,
key parameters analysis, reservoir characteristics, enrich-
ment mode etc. However, the research on dynamic
recovery from the original hydrocarbon generation of
shale gas to the present gas reservoir is still lacking. The
burial history of shale gas reservoir can reflect the overall
dynamic process of early formation and later transforma-
tion of shale gas reservoir. It controls the material basis of
shale gas, the quality of reservoir physical properties,
preservation conditions, gas content and formation energy,
which is the core and foundation of shale gas accumulation
process research. Herein, based on the five typical wells
data in the Northeast Yunnan, including geochronological
data, measured R, values, core description records, well
temperature data, paleoenvironment, paleothermal, etc.,
the burial history, thermal evolution history and hydro-
carbon generation history of the Lower Silurian Longmaxi
Formation were systematically restored via back stripping
method and EASY %R, model. The results show that 1) the
differences in the burial history of marine shale in
Longmaxi Formation can be divided into syncline type
and anticline type. 2) The shale gas accumulation process
can be divided into four stages, namely the source-
reservoir-cap sedimentation period, initial accumulation
period, main accumulation period, and adjustment period.
3) Based on the characteristics of burial history and
preservation conditions, the areas with wide and gentle
anticline, far away from the denudation area, and buried
deeply with good fault sealing ability are priority structural
locations for the shale gas exploration in northeast Yunnan.
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1 Introduction

The shale gas reservoir formation is closely related to the
shale thickness, burial depth, organic carbon content, and
organic matter maturity (Zhang et al., 2019; Yang et al.,
2020). The burial history, thermal evolution history, and
hydrocarbon generation history (hereinafter referred to as
“three history”) of source rocks control the hydrocarbon
generation process of shale gas by changing the sedimen-
tation-diagenesis, burial depth, and thermal evolution of
the formation via tectonic movement; thus, affect the shale
gas accumulation process (Luo and Vasseur, 1992; Wu
et al., 1993; Luo, 1998; Zhu et al., 2014; English et al.,
2016; Chen et al., 2017a; Gottardi et al., 2019; Pang et al.,
2020; Zhang et al., 2020a). The macroscopic fracture fold
structure and microscopic pore and fracture system formed
by the late tectonic deformations affect the reservoir
characteristics, enrichment mode, and migration methods
of the shale gas. Therefore, apart from being related to the
early construction process of the shale gas accumulation,
the “three history” also has a profound impact on the later
transformation process.

The study area, namely Northeastern Yunnan, is located
in the upper Yangtze region. In the long geological history,
it has experienced several periods of tectonic movements
with different properties, which had a great impact on the
generation, migration, and preservation of oil and gas
(Yuan et al., 2010; Cao et al., 2018; Feng et al., 2019). The
sedimentary history and tectonic history of the Sichuan
Basin have been reported by the analysis of denudation at
any point on the profile (Liu and Chang, 2003; He et al.,
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2020). Yang et al. (2020) calculated the paleoproductivity
and major limiting factors of Longmaxi Formation (Fm.)
through the zircon U-Pb dating, principal trace elements,
and spectral analysis (Yang et al., 2020). By verifying the
burial history data, Zhang et al. (2019) concluded that the
drilling depth for good shale gas production capacity
should be at least 1019-1529 m. By the restoration of
burial history, Wo et al. (2007a) divided the multi-phase
subsidence and uplift of the marine strata in southern China
since the Indosinian movement into two major types and
six types of burial, namely “early subsidence and late
uplift” and “early uplift and late subsidence”. Yuan et al.
(2010) reconstructed the burial history of the middle and
upper Yangtze region by the back-stripping method, and
divided it into three main types: the early uplift sustained
type, the early uplift and then descend type, and the late
uplift persistent type. Northeast Yunnan is located on the
south-west edge of the Sichuan Basin. There are great
variations in the tectonic evolution and less attention has
been paid toward the difference in hydrocarbon accumula-
tion process in different structural positions. Therefore,
herein, based on the data of geochronology, R, measured
values, drilling core description records, logging curves,
well temperature measured data, paleoenvironment, and
paleotemperature data, the “three history” of Longmaxi
Fm. shale in northeast Yunnan was reconstructed via the
basin simulation technology. Also, the differences in “three
history” evolution and accumulation process of different
structural units were compared. The favorable structural
positions of shale gas enrichment were selected with
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regards to the accumulation process and preservation,
which can provide guidance for the efficient exploration of
shale gas in this area.

2 Geological framework

The study area is located in the northern part of the
Diangianbei sag, the southwest margin of the Sichuan
Basin, and the eastern edge of the Kangdian uplift. The
area exists in the Leibo syncline and Daguan-Junlian
anticline in the first-level structural unit of the Diangianbei
sag (Fig. 1). The tectonic features in the area are mainly
NE, NW, and nearly NS directions, the folds are primarily
composed of micro-trough type, and the faults are mainly
thrust and strike-slip (Chen and Xiao, 1992; Yang et al.,
2010; Qin et al., 2020). The structure of the area is
complex, anticline area is strongly eroded, faults are
intensively developed, and strata are integral. From the
bottom to top, the strata are Upper Proterozoic Sinian,
Paleozoic Cambrian, Ordovician, Silurian, Devonian,
Carboniferous, Permian, Mesozoic Triassic, Jurassic, and
Cretaceous. The Paleozoic marine strata and Meso
Cenozoic continental strata are widely distributed. How-
ever, due to the influence of late structure, some strata
suffered different degrees of denudation; therefore,
Devonian, Carboniferous, Triassic, Jurassic, and Lower
Cretaceous strata were all denuded. Taking Huayinshan
Fault as the boundary, and a total of five wells with the
most complete information were selected on the northwest
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and southeast sides, namely the, YD2, ZD1, XD2, ZD2,
and YD3 wells.

3 Methods and modeling parameters

3.1 Basic simulation method

Herein, we used the basin simulation software PetroMod
2012 and paleo-heat method. The average temperature of
paleo-surface was 24°C. The EASY%R, model proposed
by Sweeney and Burnhan was employed for the thermal
evolution model of organic matter (Sweeney and Burn-
ham, 1990). The measured vitrinite reflectance was taken
as the calibration value, and the denudation amount and
paleogeothermal gradient of each period were coupled to
restore the burial history. The thermal maturity (i.e.,
vitrinite reflectance) was consistent with the measured
value in order to recover the thermal evolution history and
hydrocarbon generation history. The simulation process
was consistent with the reported works (Waples, 1980;
Burnham and Sweeney, 1989; Sweeney and Burnham,
1990; Morrow and Issler, 1993; Chen et al., 2017b).
Herein, the compaction model was used to restore the
geological history. The back stripping method was
selected, i.e., starting from the present situation of the
study area, the original sedimentary thickness of each
stratum in different geological history stage was deduced
in order to restore the original appearance of the stratum.

Using this model to restore the subsidence history of the
formation is essential to restore porosity evolution in the
formation. Therefore, the ancient thickness could be
restored by using the relationship between the porosity
and depth. It is assumed that the lateral position of the
stratum remained unchanged in the process of subsidence
and only the longitudinal position was changed. Therefore,
the decrease in formation volume can be considered as the
decrease in formation thickness. Under normal compac-
tion, the relationship between the porosity and depth
follows an exponential distribution as follows (Qiu et al.,
2015; Zhang et al., 2016):

D = Do, (D

where @ is the porosity at depth z, %; @, is the surface
porosity, %; c is the compaction coefficient, and z is the
depth corresponding to porosity @. Using surface porosity
@, arbitrary depth z, and its corresponding porosity @, the
compaction constant ¢ at the well was calculated.

The thickness of the rock skeleton was obtained by using
the compaction constant and the depth of top and bottom
boundary of each layer was calculated as follows:

@
Hy = (z—7)) —TO[e"’z‘ —e ], 2)

where H; is the thickness of the rock skeleton, and z; and z,

are the depth of the current top and bottom boundary of
each layer, respectively.

D
n=(H+z)+—e-e ] 3)

Using the above steps, the skeleton thickness was
calculated according to the current thickness of each
stratum. Then, layer by layer was stripped back according
to the sequence of the geological age from the latest to
earliest, and the thickness of each stratum was recalculated
for the each stripping layer. Finally, the thickness of each
stratum in each geological period was calculated in order to
complete the burial history restoration.

3.2 Selection of main parameters

3.2.1 Stratum

The study area is located in the southwestern margin of the
Sichuan Basin, and the main body belongs to the Emei
stratigraphic division of the Upper Yangtze stratigraphic
division with well-developed strata. The Paleozoic marine
and Mesozoic Cenozoic continental strata are widely
distributed, but due to the impact of the late structure, some
strata suffered different degrees of denudation in a few
areas. In combination with previous research (Xu, 1981;
Ye et al., 1983; Fang, 2000; Zhou et al., 2018), this article
considered that the lack of Devonian and Carboniferous
strata in the study was not due to the sedimentary
interruptions, but to the denudation after deposition.
There were two denudation processes in the area. The
first occurred at 350-250 Ma, which denuded the
Devonian and Carboniferous strata with maximum denu-
dation amount of about 1300 m. The second occurred
around 130 Ma, which eroded the Triassic, Jurassic, and
Cretaceous strata with the erosion thickness of more than
4000 m.

3.2.2 Paleo-heat flow

The terrestrial heat flow in the research area was
investigated (Yuan et al.,, 2006; Lu et al., 2007; Liu,
2008; Wang et al., 2011; Straka and Sykorova, 2018;
Zamansani et al., 2019). The results show that although
there were clear differences in the paleogeothermal flow
and its variation (manifested in the peak value of
geothermal flow, ascending and descending rate of
terrestrial heat flow value, and duration of high value of
terrestrial heat flow), there was a common change trend. In
other words, since the Late Paleozoic, the terrestrial heat
flow value of the area changed from low to high, and then,
lowered again. From the early Paleozoic to early Permian,
the northeast of Yunnan displayed the characteristics of
low geothermal field, corresponding to the geothermal
value of about 60 W/m?. Xiaojiang fault zone, adjacent to
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the research area, is the eruption channel of the Emeishan
basalt. During the eruption period, the heat flow response
of the study area was relatively strong (Fig. 2, Table 1), and
the geothermal flow value may have exceeded 85 W/m?.
After Permian, the terrestrial heat flow value decreased
gradually, but it was still at a relatively high level
compared with that before Permian.
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Fig. 2 Terrestrial heat flow value of research area (Jiang, 2016).
3.2.3 Paleo-environment

Paleobathymetry can be estimated via sedimentary facies
analysis and paleontological assemblage data (Luo et al.,
2017; Nie et al., 2020; Zhang et al., 2020b). Some elements
are closely related to the environmental evolution of the
hydrocarbon source rocks and are widely used for the
paleo-water depth restoration. For instance, the ratio m of
the main element MgO to Al,Os; and the correlation
between CaO and Fe can be used as the indicators of
salinity in the environment where the sediment was formed
(Jiang, 1994). The value of m less than 1 signifies the
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freshwater sedimentary environment. The transition facies
of sea-continent sedimentary environment is 1<<m < 10,
while the marine sedimentary environment is
10 <m < 100. CaO/(Fe + Ca0O) < 0.2 denotes low salinity,
0.2—-0.5 is medium salinity, and greater than 0.5 denotes
high salinity (Jiang, 1994; Zhao and Yan, 1994; Teng et al.,
2004). The m value of siliceous rock series in Longmaxi
Fm. ranged from 4.96 to 36.88 with 11.75 as average, and
the CaO/(Fe + CaO) value ranged from 0.017 to 0.831
with 0.29 as average. The results indicate that the salinity
of the seawater in the study area during the deposition
period was low, and it was a medium-low salinity seawater
environment (Zhang et al., 2017). The paleo-water depth
value during the deposition of Longmaxi Fm. in the
Middle-Upper Yangtze region has not reached a consensus.
Some paleontologists believe that the black graptolite shale
and siliceous shale were formed at the depth of 30—100 m
(Xiao et al., 1996; Qiu et al.,, 2018), while most
sedimentary geologists believe that the black organic-rich
shale was formed in the deep-water shelf (Bai et al., 2019;
Pu et al., 2020) (according to the marine deposition model,
the water depth should be 50-200 m). In the early
deposition stage of Longmaxi Fm., a large-scale transgres-
sion occurred due to rapid melting of ice sheet. The
Longmaxi Fm. in the study area was deposited in the deep-
water shelf sedimentary environment. Several underwater
uplift zones appeared locally due to the intensification of
tectonic movements. These underwater uplift zones played
the role of a barrier to a certain extent, and forming a
limited stagnant sedimentary environment characterized by
the deposition of a set of black carbonaceous shale. During
the deposition of the Lower Silurian Longmaxi Fm., the

Table 1 Boundary conditions of terrestrial heat flow and ancient water depth

Boundary condition Time/Ma Well name
XD2 D1 D2 YD2 YD3
Ancient water depth/m 437 100 117 89 50 44
426 95 113 86 49 44
422 95 113 86 49 44
352 77 88 71 45 42
270 56 61 53 43 41
134 27 27 27 27 27
16 4 4 4 4 4
Terrestrial heat ﬂ0w/(mW~m’2) 450 52 62 62 62 62
439 44 54 54 54 54
360 45 55 55 55 55
290 65 85 80 100 100
260 69 100 110 108 114
240 63 92 90 100 105
130 59.3 82 63 79 83
0 55 63.1 63.1 70 63.1
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water body often formed a “double-layer water” structure,
which is conducive for the generation and preservation of
organic matter. The black carbonaceous shale deposited in
this period are an important set of high-quality source
rocks in the Yangtze area. Thereafter, with the gradual
decrease in sea level, the deep sea water mixed with the
surface seawater for a long duration, which destroyed the
anoxic environment at the bottom and deteriorated the
preservation conditions of the organic matter. Simulta-
neously, the supply of terrigenous clasts relatively
increased, causing a gradual decrease in the organic
carbon content of Longmaxi Fm. from bottom to top.
Herein, in combination with sedimentary facies, m value
and the relationship between CaO and Fe and paleobathy-
metry of Longmaxi Fm. were determined (Fig. 3). The
main body was located at 20—-150 m.
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Fig. 3 Sedimentary facies and paleobathymetry of early Silurian
Longmaxi Fm. (Modified from Bai et al. (2019)).

4 Results
4.1 Burial history

The simulation results of burial history show that the study
area experienced multiple tectonic evolution events since
the Cambrian deposition (Fig. 4), including the Caledo-
nian, Hercynian, Indosinian, Yanshanian, and Himalayan
movements, presenting a continuous traceable regional
unconformity. The Devonian and Carboniferous strata
were denuded under the influence of Hercynian movement.
From Triassic to Cretaceous, they were completely
denuded under the impact of Yanshanian movement and
Himalayan orogeny. During the Caledonian and Hercynian
movements, the strata were buried up to 2000 m, with the

deepest one being nearly 3000 m. Afterwards, owing to the
Yunnan Movement and the Dongwu Movement in the late
Hercynian Movement, the uplifting and denudation
happened, completely denuding the Devonian and Carbo-
niferous strata. During the early stage of the Indosinian
movement, the Emei tafrogeny movement and magmatic
activity widely covered the area with basalt. Later, under
the joint control of the Indosinian and Yanshanian
movement, the stratum continued to be buried. The stratum
reached its maximum burial depth of more than 6500 m at
the beginning of the Early Cretaceous. Since then, the
Indian plate continued to squeeze northwards, and the
Eastern Pacific plate subducted westwards. Under the
combined action of these two sets of compressive stresses,
the upper Yangtze region continued to rise, resulting in the
complete denudation of Triassic, Cretaceous, and Jurassic
systems. Therefore, most of the drilling strata in the area
are Permian, which directly cover the Silurian or Devonian
system.

4.2 Thermal evolution history

Based on the shale maturity parameters, the simulation
results were calibrated with the measured data and were in
good agreement with the measured data, which verifies the
reliability of the model and simulation results (Fig. 5). As
per the maturity evolution curve, the period from Triassic
to Cretaceous was the period with largest maturity
variation range. During this period, the depth of the
formation increased sharply, ground temperature rose
rapidly (Fig. 6), and maturity also amplified accordingly.
The measured data demonstrates that the maturity of the
Longmaxi Fm. reached up to 3.5% (Fig. 5). The results of
the geothermal simulations show that the temperature of
Longmaxi Fm. had an overall upward trend before
Permian (Fig. 6). Based on the analysis of regional and
research area burial history, there were significant
geothermal anomalies around the Permian because of the
Emei tafrogeny and magmatic activity. The rate of
geothermal rise in the early Triassic accelerated and
reached maximum in the early Cretaceous strata. Accord-
ing to the simulation results of the maturity evolution (Fig.
5), the paleogeothermal and maturity evolution of the
Longmaxi Fm. in the study area were controlled by the
multi-stage tectonics and thermal activities. Also, the
maturity evolution of organic matter could be divided into
three stages. In the first stage (late Caledonian and
Hercynian), the maturity of organic matter was in general
not high, and most of it had not entered the low-maturity
stage. In the second stage, Indosinian and Yanshanian, with
an increase in the burial depth, the maturity increased and
entered the stage of high maturity or over maturity,
respectively. In the third stage (late Yanshanian and
Himalayan), the stratum began to rise and maturity did
not increase.
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Fig. 4 Five typical well simulation results of burial history of (a) XD2; (b) YD2; (c) YD3; (d) ZD1; (e) ZD2.

4.3 Hydrocarbon generation history

Comparing the results of hydrocarbon generation history
of each well, the hydrocarbon generation history of each
well in the study area is both consistent and different
(Fig. 7). The consistency was present in the hydrocarbon
generation stage, i.e., R, reached 0.7% in the early and
middle Triassic, entering the middle mature oil generation
stage. R, reached 1.3% in the late Triassic, entering the
high mature gas generation stage, while R, reached 2.0% in

the early middle Jurassic, entering the peak stage of mature
gas generation. The thermal evolution was finalized in the
early Cretaceous, and R, no longer increased. The
difference is manifested in the time of each well entering
the hydrocarbon generation threshold. R, of YD2 well,
YD3 well, and ZD1 well reached 0.5% in the late
Carboniferous strata, R, of XD2 well reached 0.5% in
the middle Permian strata, and R, of ZD2 well reached
0.5% in the late Devonian strata. Owing to different
structural locations and burial depth of each wells during
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the first burial process, XD2 well displayed shallowest
burial depth and entered the hydrocarbon generation
threshold later. While ZD2 well had a large burial depth
and entered the hydrocarbon generation threshold at the
earliest. Also, the thermal evolution of YD2, YD3, ZDI,
and ZD2 wells during the hydrocarbon generation and oil
generation process (R, was between 0.5%—0.7%) was slow
and long-term. One possible reason for the phenomenon is
that at the beginning of the hydrocarbon generation stage
of these wells, the formation began to rise slowly and the
temperature and pressure of the formation gradually
decreased. Therefore, the organic matter hydrocarbon
generation conditions could not continue to be met,
resulting in a slower maturity evolution, or even,
stagnation. Later, in the second burial process, the depth
of the stratum increased, the temperature of the stratum
raised, and the organic matter displayed secondary
hydrocarbon generation.

5 Discussion
5.1 Reservoir thickness characteristics

The sedimentary sequence of the Longmaxi Fm. in the
research area transitioned from the middle and lower part
of the carbonaceous shale and silty carbonaceous shale to
the upper silty mudstone. There were numerous graptolite
fossils and bioclasts in the middle and lower parts of the
shale. There were more limestone lenses in the bedding
direction of the shale and pyrite nodules were found
locally. The stratum changed to light gray, grayish green,
and grayish yellow from the bottom to the top with a small
amount of calcareous. The top part could be distinguished
from Huanggexi Fm. by gray medium thick limestone
outcrop. The Longmaxi Fm. displayed a gradual thicken-

ing trend from the southwest to northeast (Fig. 8). The dark
blue part in the figure is the high-quality shale section of
Longmaxi Fm. with TOC > 2% and the thickness of 59—
120 m in EW section (Fig. 8(a)) and 27—78 m in NS section
(Fig. 8(b)). The burial depth of Longmaxi Fm. in the area
was generally between 1000 m and 2500 m. The southern
part was relatively shallow with a maximum depth of 2000
m, while the northern part was relatively deep with a
maximum depth of 3500 m. The thickness and burial depth
of source rocks played a vital role in controlling the
hydrocarbon generation and shale gas preservation. The
burial depth of Longmaxi Fm. was variable due to complex
tectonic background in the area. Determining the burial
depth conditions suitable for preservation is a useful index
to evaluate the current preservation conditions of gas
Ieservoirs.

5.2 Classification of regional burial history

Several regional tectonic movements occurred in the
southern China, including Caledonian and Hercynian
movement during the construction period of marine
sedimentary basin (Sinian to Triassic), and Indosinian
movement, Yanshanian movement, and Himalayan move-
ment in the continental basin construction and marine
basin reconstruction stage (Triassic to Quaternary) (Fig. 4).
The different forms and intensities of tectonic movements
in different areas led to different types of burial history of
sedimentary strata in different structural parts (Gao et al.,
2001; Wo et al., 2006, 2007a; Xiao et al., 2006). The uplift,
deposition, and denudation because of varied tectonic
movements in different regions were clearly dissimilar,
resulting in different hydrocarbon generation evolution.
According to whether the hydrocarbon generation process
was continuous and if the mature evolution had reached or
exceeded the peak period of hydrocarbon generation
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Fig. 7 Simulation results of hydrocarbon generation history and division of hydrocarbon generation stages. First line at the bottom of
figure is division of hydrocarbon generation stages and second line is period of tectonic movement.

before the clear pause, the predecessors classified the included Sichuan type and Diangiangui type (Fig. 9). The
burial history of the southern marine strata into “early  similarities between the Sichuan and Diangiangui type lie
subsidence, late uplift” and “early uplift, late subsidence” in the early subsidence and late uplift, while the differences
types (Wo et al., 2006, 2007b; Xiao et al., 2006; Yuan exist in that the subsidence period of the Sichuan type was
et al., 2010). The “early subsidence and late uplift” type long and the uplift period was short, and the accumulation
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occurred in the late stage. Compared with Sichuan, the
Diangiangui type had a shorter subsidence period and a
longer uplift period, and the uplift mostly occurred after the
late Yanshan period. According to the results of the burial
history restoration and structural locations, five typical
wells in the area are divided into two types: syncline type
(YD2, XD2, and ZD1) and anticline type (YD3 and ZD2),
which belonged to the comprehensive Sichuan and
Diangiangui type (Fig. 9). They are characterized by
continuous hydrocarbon generation, long sedimentation,
and late accumulation of Sichuan type, and the uplift after
the late Yanshanian period of Dianqgiangui type. Huaying-
shan fault was first formed in the Lvliang movement of the
Jinning period (Yang et al., 2010). The division between
syncline and anticline type is based on the location of the
well on the one hand. The syncline type was located in the
Leibo Syncline in the northwest of Huayingshan fault,
while the anticline type was located in the Daguan-Junlian
anticline belt in the southeast of Huayingshan fault. On the
other hand, it is divided according to the difference of the

deposition-uplift process between the Hercynian and
Indochina in the burial history curve. The anticline type
can be clearly divided into two subsections during this
period, while the syncline type is generally one deposition-
uplift process.

5.3 Influence of tectonic movements for two types

Due to different structural positions, the controlling effect
and manifestation of tectonic movements in different
periods on the burial history of syncline and anticline types
were also different. The result comparison is presented in
Table 2.

5.3.1 Caledonian

The Caledonian movement in the study area was
manifested as the changes of sea and land and originated
from the horizontal extrusion of the Cathaysia Plate to
Yangtze Plate in the northwest direction. Northeast Yunnan

Table 2 Comparison of similarities and differences between syncline and anticline type affected by tectonic movements

Period Differences and reason
Syncline type Anticline type

. Unconformity surface between the formation of Unconformity surface between the formation

Caledonian o . . .
Silurian and Devonian of Devonian and Carboniferous
. Dominated by extrusion stress, forming an . ne
Hercynian Y ext J Shows the two subsidence uplifting process
unconformity contact surface
Indosinian Formation temperature rise rate was relatively slow Formation accelerated heating rate and
and entered stage of medium maturity later entered stage of medium maturity earlier

Yanshanian

Himalayan

Sedimentation-uplift rate, temperature rise rate, and maturity evolution process were similar,
and the slight difference was mostly due to difference in maximum burial depth
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is an episodic uplift area of the Caledonian movement,
wherein the Yunan movement unconformity between the
Cambrian and Ordovician, the Duyun movement uncon-
formity between the Middle Ordovician and Silurian, and
the Guangxi movement unconformity between the Silurian
and Devonian were formed by the Caledonian movement.
The Diangiangui ancient land was formed after the Yunan
movement in Cambrian and Duyun movement in Ordovi-
cian. Although transgression still occurred in the north, it
did not cause a large-scale change. From the late
Ordovician to Silurian, the earlier extensional plate
boundary evolved into the collision plate boundary and
the Diangiangui ancient land finally evolved into the
Diangiangui basin at the end of Silurian (Zeng et al., 1994;
Zhao and Ding, 1996; Mei et al., 2003). At the beginning
of Devonian, the transgression from south to north caused
the Devonian to deposit a set of transgression clastic rock
series. The Ziyun movement in the transition period
between the Devonian and Carboniferous strata led to the
uplift of the crust, causing the Upper Devonian to
regressively pinch-out from the south to north. During
the Caledonian movement, regional transgression
occurred, resulting in the deposition of Longmaxi Fm.
The impact of Guangxi Movement on the study area
weakened from the south to north. The anticline type in the
south of the study area was affected by the Guangxi
movement, forming unconformity between the Silurian
and Devonian (Figs. 4(c) and 4(e)), while the syncline type
in the north was generally unaffected by the Guangxi
movement. The absence of Devonian and Carboniferous
strata was primarily due to long-term effects of the
Hercynian movement (Figs. 4(a), 4(b), and 4(d)). In the
Caledonian period, the formation temperature slowly
increased, and the maturity also gradually increased with
the temperature. However, due to the shallow depth of
strata in this period, the organic matter was in the immature
stage (Fig. 5 and Fig. 6).

5.3.2 Hercynian

The Hercynian movement in the study area is primarily
represented by a series of tectonic movements under the
tectonic background of Guangxi movement at the end of
Caledonian movement. All the Ziyun, Yunnan, Qiangui,
Dongwu, and Emei tafrogeny movements took place in the
continuous uplift stage of the Yangtze platform in the
Hercynian period (Fig. 4). During the period of Dongwu
movement, the syncline type was mainly impacted by the
compressive stress, and the strata were uplifted and eroded,
forming an unconformity contact surface. During the
period of Caledonian movement and Hercynian move-
ment, the anticline type generally demonstrated two
subsidence uplift processes (Figs. 4(c) and 4(e)). In the
Hercynian period, the strata of Longmaxi Fm. of synclinal
and anticlinal types entered the stage of low maturity in

succession except for the XD2 well. This is due to the
difference in depth of strata because of different tectonic
locations (Figs. 5(b) and 5(e)).

5.3.3 Indosinian

The Indosinian movement in the study area as a whole is
characterized by a short uplift and denudation with a small
amount of erosion, which had a little impact on burial
history of the marine strata (Fig. 4). At this stage, the
marine sedimentary history ended and the foreland basin
sedimentary stage began. As a result of the Indosinian
movement, the region was in a tension rifting environment,
and the intracontinental rifting activities gradually intensi-
fied. At the end of the middle Permian, the Emei tafrogeny
opened up the paleo Tethys Ocean and uplifted the thermal
mantle column. Large scale basaltic magma erupted in the
early stages of late Permian, resulting in the erosion
discontinuity between the late Permian and middle
Permian and the unconformity contact between the
Maokou Fm. and overlying Longtan Fm. In the late
Triassic, the Pacific plate subducted to the Yangtze block,
paleo Tethys Ocean were closed, and Yangtze and
Cathaysia plate were completely merged. Under the
combined action of these factors, the passive continental
margin evolution stage ended and the continental deposi-
tion stage began. During the Indochina movement, the
depth of formation was rapidly deepened, and the heating
rate of the anticline type formation accelerated (Fig. 6).
The organic matter gradually entered the middle maturity
stage, reaching the peak of oil production (Fig. 5), which
was accompanied by the generation of pyrolysis gas. At
this time, the formation was still in the initial accumulation
stage. The syncline type had a slower heating rate than the
anticline type; hence, its organic matter entered the middle-
mature stage slightly later (Fig. 5).

5.3.4 Yanshanian

During the Yanshanian period, the Yangtze plate was
dominated by the intraplate deformation, and the strata in
the area continued to be deeply buried. The Yanshanian
movement to the west of the Qiyueshan fault was weak and
maintained subsidence and burial from the late Jurassic to
the early Cretaceous. The stratigraphic contact relationship
was mainly conformable contact or parallel unconformity.
The strata under the unconformity of the Yanshan move-
ment were well-preserved and basically not denuded
(Fig. 4). By the middle of the early Cretaceous, the
stratum burial depth reached its maximum value. At this
time, the stratum temperature reached its maximum value,
in general above 200°C (Fig. 6). Also, the organic matter
entered the high-over-mature stage (Fig. 5), which was
dominated by the generation of dry gas. Thereafter, the
burial depth became shallower, the maturation process of
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organic matter terminated, and the maturity no longer
changed, while the geothermal decreased with the
shallowness of burial depth. The uplifting process of the
late Yanshanian movement eroded all the Upper Jurassic
and Cretaceous strata, and the gas reservoir entered the
adjustment period. As the XD2 well was located at the
junction of two major faults, both the burial history and
thermal evolution history were different from those of the
other wells. Also, the sedimentary uplift rate, heat rate, and
maturity evolution process of the anticline and syncline
type were extremely similar in the Yanshanian period.

5.3.5 Himalayan

During the Cenozoic Himalayan tectonic period, the Indian
plate squeezed northward while the Pacific plate subducted
westward, causing the Upper Yangtze area to be subjected
to two sets of stresses. Under the action of strong
compressional stress, the strata continues to uplift until
now. Owing to the Himalayan movement, the Triassic to
Cretaceous strata in the area were completely eroded (Fig.
4). The uplift of the Yanshanian and Himalayan periods
inhibited the hydrocarbon generation ability of the source
rocks, and the secondary hydrocarbon generation capacity
decreased with the shallowness of the burial depth until the
end. Also, the difference in uplift was accompanied by the
pressure difference, which was manifested in the regional
differences. Thus, the existing gas in the formation migrate
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and accumulate in the favorable areas, and is destroyed and
dissipated under unfavorable conditions. After the syncline
and anticline types entered the Himalayan period, the
evolution of maturity had already stopped. Also, the
geothermal temperature also began to gradually decrease
due to the uplift of the strata until it reached the current
geothermal temperature. The syncline and anticline type
had a small difference between the uplift curve and the
geothermal curve in the Himalayan period. Overall, there
was not much difference and the subtle differences were
mostly caused by the differences in the maximum burial
depth.

5.4 Shale gas accumulation process

According to the burial history, thermal history, and
hydrocarbon generation history of five typical wells, the
shale gas accumulation process of Longmaxi Fm. in the
Northeast Yunnan can be divided into four stages (Fig. 10).
First stage is the “source-reservoir-cap” sedimentary
period. Affected by the Caledonian movement, widespread
transgression occurred and dark mud shale of Longmaxi
Fm. was deposited in the area. The burial depth continued
to increase but the organic matter had not entered the
mature stage. Second stage is the initial stage of the
hydrocarbon accumulation. Different structural parts were
impacted by varied tectonic movements, resulting in
different burial history, which can be divided into anticline
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and syncline type. In the initial stage of the hydrocarbon
accumulation, the geothermal field was in a state of thermal
anomaly due to the upwelling of thermal mantle plume.
The Longmaxi Fm. generally entered the low mature stage,
organic matter began to generate oil, which was accom-
panied by the biogenic gas. Third stage is the main
accumulation period, during which the Indosinian and
Yanshanian movements rapidly increased the depth of the
stratum, geothermal temperature increased, organic matter
maturated rapidly, and several hydrocarbon gases were
generated in this period. Fourth stage is the adjustment of
the accumulation period, which was mainly controlled by
the late Yanshanian and Himalayan orogenic movements.
Owing to the uplifting, the formation pressure was
reduced, resulting in the fluid migration and rebalancing.
The upper overburden of the Longmaxi Fm. was weakened
due to the denustrations caused by the Yanshan and
Himalayan movement, which may have damaged the gas
reservoir cover and led to gas leakage, and even, lose the
commercial value. Therefore, the thickness of the current
Triassic and its overlying strata had a critical influence on
the shale gas preservation of Longmaxi Fm.

The period from late Yanshanian period to late
Himalayan period was a key duration for the formation
of shale gas reservoir in Longmaxi Fm. and also for the
structural transformation of the shale gas reservoir. The
tectonic uplifting during this period may have led to the
fault cutting of reservoirs, cessation of hydrocarbon
generation process, destroying pressure system, and
changing sealing preservation conditions etc. Therefore,
later the tectonic uplift and denudation start, more
favorable was the shale gas preservation process. Notably,
due to an uplift between the Carboniferous and Triassic
strata, it is necessary to consider the dissipation issue after
initial hydrocarbon generation. During the first uplift, the
shale of Longmaxi Fm. was in the low maturity, gas
production was small, and uplift lasted for a short time.
After uplift, it rapidly recovered to the continuous deep
burial process. Therefore, the effect of this uplift on the
shale gas formation was essentially whether the source
rock was denuded and whether the material basis of gas
generation was affected. Also, the uplift may have led to
the development of pore fracture system, improve reservoir
characteristics, and provide better storage conditions for
the subsequent secondary hydrocarbons. Under the action
of Yanshanian movement and Himalayan orogeny, the
western area of Qiyueshan fault mostly formed barrier type
fold belt. After undergoing structural deformation, it
presented a structural combination of narrow anticlines
and wide synclines. The overall deformation was relatively
weak and the regional strata had good vertical and
horizontal continuity. Therefore, the current thickness of
overlying strata in the Longmaxi Fm. largely determined
the preservation conditions of gas reservoirs. Also, during
the evolution of geological history, the study area was
mostly in a state of compression and the developed faults

were mostly reverse faults. The fault zone was closed, fault
sealing was good, and shale gas mainly migrated along the
bed. Therefore, the transient uplift after the initial
hydrocarbon generation had a relatively weak impact on
the formation of gas reservoirs, and the vital controlling
factors of shale gas accumulation in this area were the
thickness of source rock, cap layer, and fault sealing

property.
5.5 Guiding significance for shale gas exploration

The uplift and denudation processes lead to low pressure,
which provides power for the oil and gas migration and
accumulation. Uplifting and denudation led to relief and
rebound of the formed reservoir pressure, which can
provide more storage space for the hydrocarbon accumula-
tion. The differential uplift of the strata may result in the
faults or decrease the positive pressure of the fault plane,
causing a weakening of the vertical closure. The capillary
ability of the caprock is enhanced and the sealing ability of
the pressure and hydrocarbon concentration are weakened
due to the formation of uplift. The uplift rate of Longmaxi
Fm. in the study area from the late Yanshanian period up
till now ranges from 27 m/Ma to 38 m/Ma (29.4 m/Ma for
XD2, 27.9 m/Ma for YD2, 27.5 m/Ma for YD3, 33.1 m/
Ma for ZD1, and 28.2 m/Ma for ZD2). The lift rate is
calculated by dividing the lift height by the lift time. The
uplift rate demonstrated a negative correlation with the
distance between each well and Huayingshan fault. The
last uplift of each well in the area can generally be
classified in three sections. The first section is after the
Yanshanian period and before the Himalayan period. The
second section is the early Himalayan movement, and
therein, the uplift curve was steepest, indicating that the
uplift rate was fastest during this period. The uplift rate of
the third section was significantly lower than those of the
previous two sections, suggesting that the tectonic move-
ment had begun to stabilize at this time. Lower the rate of
uplift formation, more was the time left for the previously
balanced gas reservoirs to adjust. With the relief and
rebound of the formation pressure, the reservoir perfor-
mance was improved, which was more favorable for the
integrity of the shale gas reservoir. Conversely, the faster
the uplift rate is, the faster the gas reservoir balance is
destroyed. The adjustment time is limited, and the
overpressured gas reservoir inevitably breaks through the
cap layer or escape along the bed, which is not conducive
for the preservation of gas reservoir. According to the
differences in the uplift curves of five typical wells, the
uplift rate of the XD2 well was lowest during the first
lifting process, which was most conducive for the gas
reservoir adjustment. While the ZD2 well had highest
uplift rate, which was most unfavorable for the preserva-
tion of gas reservoir. Since then, the uplift rate of each well
increased, but after entering the third stage of uplift, the
uplift rate of XD2 well slowed down first and maintained a
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stable uplift rate for a long duration. This phenomenon
provided sufficient time for the balance adjustment of gas
reservoir. Finally, the wells successively stopped uplifting,
forming the current state of the gas reservoir preservation.
Based on the thickness distribution of the target layer,
classification of burial history types, analysis of thermal
history and hydrocarbon generation history, and compar-
ison results of uplift rates, the following structural styles
are considered to be favorable for the shale gas preserva-
tion, i.e. the area with wide and gentle anticline, the area
with undeveloped faults or good fault sealing property or
the footwall of fault blocked by fault, and the area
relatively far away from the outcrop area or stratum
denudation area and with deep buried target layer. The
main body of the Changning Gas Field is a large saddle-
shaped structure in a broad and gentle syncline. Jiaoshiba
is a diamond-shaped fault anticline in the Wanxian
syncline controlled by two groups’ faults of north-east
and near-south-trending. The deformation of the main
structure is relatively weak. The seepage mechanism and
migration and accumulation process of the two are in line
with the regular gas accumulation law, that is, the positive
structure is conducive to the enrichment of natural gas
(Wang et al., 2016; Chen et al., 2017a; Liu, 2017). The
deposition and uplift history of the Longmaxi Fm. in the
Changning and Jiaoshiba areas is similar to that of the five
wells in the study area in geological history, but the rate of
that deposition-uplift process in the Permian to Cretaceous
is slower compared to that in the study area, and the uplift
rate in the last uplift process in the Changning area is also
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relatively slow, while that in the Jiaoshiba area is similar to
that in this area (Fig. 11). From the above analysis, it can be
concluded that the Longmaxi Fm. in the study area is
generally similar to the Longmaxi Fm. in Changning and
Jiaoshiba areas in terms of burial history evolution, and the
successful experience of Jiaoshiba and Changning areas
can be referred to for the drilling site selection.

6 Conclusions

This study focuses on the burial history, thermal evolution
history and accumulation process of the Longmaxi Fm. in
the Northeast Yunnan. According to the structural position
of each well, the burial history curve can be divided into
the anticline and syncline types. The Caledonian to
Hercynian was the normal geothermal period, Hercynian
to Indosinian before and after the Emei tafrogeny move-
ment was the abnormal geothermal period, and the
Indosinian period till now, the geothermal temperature
has been restored to normal geothermal. The period from
Indosinian to Yanshanian is the main accumulation period.
The strata experienced continuous deep burial from
Indosinian to Yanshanian and the geothermal temperature
reached highest in the late Yanshanian. The maturity of
organic matter reached highest at this time, generating a
huge amount of gas. The major preservation factors of the
shale gas reservoir adjustment period are the thickness of
source rock, uplift rate, cap thickness, and fault sealing
property. In combination with the structural positions of

Fig. 11 Comparison of burial history of Longmaxi Fm. with typical drilled wells in Changning and Jiaoshiba areas.
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typical drilling wells, the areas with wide and gentle
anticline, far away from the denudation area, and deeply
buried, with good fault sealing ability are priority structural
locations for the shale gas exploration in northeast Yunnan.
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