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The study of tectono-thermal evolution of sedimentary basins reveals both geothermal field
characteristics and hydrocarbon generation and expulsion in the basin. However, there are
only a few studies on the tectono-thermal evolution of the Fuyang Sag. This means the
hydrocarbon exploration in the study area is restricted and unable to be effectively
supported. Based on the geophysical exploration and drilling results, the tectono-
thermal evolution of the Fuyang Sag has been studied for the first time in this paper.
Using the organic geochemical data of the source rocks, the influence of tectono-thermal
evolution on hydrocarbon exploration in the Fuyang Sag was discussed. The burial history
of the Fuyang Sag since the late Paleozoic falls into four stages: stable sedimentation, rapid
subsidence and deposition, long-term continuous uplift and denudation, and
sedimentation. The heat flow evolution history of the Fuyang Sag since the late
Paleozoic is characterized by ascending first and descending afterward. The main
source rocks in the sag increased rapidly during the Permian and was gradually
finalized in the Yanshanian period. The Fuyang Sag was reformed after the early
hydrocarbon generation. The main source rocks with deeper burial depth, weaker
uplift, and denudation reformation have greater potential for hydrocarbon exploration in
the sag. The results of this study provide not only a scientific basis and important guidance
for hydrocarbon exploration in the Fuyang Sag, and but also effective geothermal
constraints for further geodynamics research in the Southern North China Basin.

Keywords: tectono-thermal evolution, hydrocarbon generation, Carboniferous-Permian source rocks, oil and gas
exploration, Fuyang Sag

INTRODUCTION

As a driving force of various geodynamic processes (Morgan, 1984; Wang, 1996), heat is also an
important influencing factor of oil and gas accumulation (Welte and Tissot, 1984; Tissot et al., 1987;
Qiu et al., 2004). In the geological history, the thermal state of sedimentary basin changed
dynamically with tectonic evolution, including the evolution of formation temperature,
geothermal gradient, and heat flow (Qiu et al., 2005). Therefore, it is of significance to study the
tectono-thermal evolution of sedimentary basin. On the one hand, the research reveals the
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characteristics of the geothermal field in different evolution stages
of the basin and illustrates effective constraints for the analysis of
dynamic mechanism and tectonic attributes of the basin in a
specific period of geological evolution (Hanks et al., 2006; Hu
et al., 2007; Qiu et al., 2014; Liu et al., 2016; Gao et al., 2018). On
the other hand, the research restores the thermal maturity process
and hydrocarbon generation and expulsion stages of organic
matter in source rocks, to provide a scientific basis for oil and
gas exploration in the basin (Zhu et al., 2010; Zuo et al., 2011; Li
et al., 2013; Zuo et al., 2013; Tang et al., 2014).

For a long time, many structural units in the Southern North
China Basin (SNCB) have been studied, including oil and gas
exploration potential (Wu et al., 1992; Wang et al., 1999; Zhao
et al., 2001; Xu et al., 2003; Xu et al., 2004; Yu et al., 2005; Xie et al.,
2006; Xie and Zhou, 2006; Liu et al., 2009; Zhao et al., 2010; Xu
et al., 2011), but the relevant research on the Fuyang Sag, one of its
structural units, was relatively scarce. The burial history, organic
matter maturity evolution history, and hydrocarbon generation
history of source rocks in the Fuyang Sag have not been studied
yet, which are vital to oil and gas exploration. The oil and gas
exploration in the Fuyang area was therefore restricted and
ineffectively supported. Furthermore, the SNCB is located at
the tectonic junction of the Dabie Orogenic Belt and the
Tancheng-lujiang Fault Zone. Its tectonic evolution history is
vital to understanding the basin-orogene coupling process in
eastern China. The Fuyang Sag is located in the middle of the
SNCB, which is a critical position for basin research. The lack of
tectono-thermal evolution of such a position cannot support the
geodynamics research of the basin-orogene coupling.

In recent years, based on the drilling and geophysical
exploration carried out by the Oil and Gas Survey, China
Geological Survey in the Fuyang Sag, the stratigraphic
development in the sag was revealed (Gao et al., 2021), and
many types of geological data in the sag were obtained. Based on
these basic geological data, the tectono-thermal evolution of the

Fuyang Sag is studied for the first time. Combined with regional
geological background, two-dimensional seismic survey, and
drilling data, this study reconstructed the stratigraphic burial
history of the Fuyang Sag, restored heat flow and formation
temperature evolution history of the Fuyang Sag by using vitrinite
reflectance measured from drilling cores and cuttings as paleo-
geothermometers. Furthermore, the maturity evolution and
hydrocarbon generation history of the main source rocks in
the Fuyang Sag was reconstructed. Combined with source rock
organic geochemical data, this study discusses the influence of
tectono-thermal evolution of the Fuyang Sag on oil and gas
exploration in the study area. The results of this study are
significant for guiding the hydrocarbon exploration in the
Fuyang Sag and can also provide effective constraints for
further geodynamics research in the SNCB.

GEOLOGICAL SETTING

The Fuyang Sag belongs to the SNCB tectonically (Figure 1). It is
regionally controlled by the Dabie Orogenic Belt in the south and
the Tancheng-lujiang Fault Zone in the east. It is a secondary
tectonic unit developed and formed on the basement of the North
China Craton, with an area of about 10,000 km2 (Lu et al., 2011).
The regional geological background shows that the Fuyang Sag is
located at the junction of the North China Block and the Dabie
Orogenic Belt, and the basin evolution since the Paleozoic has
different features, which can mainly be divided into two stages:
Paleozoic stable subsidence and Mesozoic-Cenozoic deformation
and transformation (Xu et al., 2003; Sun et al., 2004; Huang et al.,
2005; Yu et al., 2005; Kuang et al., 2009; Yang et al., 2012).

According to the drilling strata of WFD-1 (Figure 2), the only
geological survey well in the Fuyang Sag, the strata developed
from the top to bottom are Quaternary, Neogene, Paleogene,
Permian Shangshihezi Formation, Permian Xiashihezi
Formation, Permian Shanxi Formation, Carboniferous Taiyuan
Formation, Carboniferous Benxi Formation, and Ordovician
Majiagou Formation, respectively. The Permian Shangshihezi
Formation (P2s) is dominated by mudstone and sandstone,
with coal seams concentrated in the middle, and its
sedimentary environment is dominated by the delta
sedimentary system, interspersed with the coastal system. The
Permian Xiashihezi Formation (P2x) is characterized by the
interbedding of sandstone, mudstone, and coal seams, which
belongs to the distributary channel deposition of the delta plain.
The Permian Shanxi Formation (P1s) is interbedded with
sandstone and dark mudstone and intercalated with several
thin coal seams, which is a delta sedimentary environment
formed during regression. The Carboniferous Taiyuan
Formation (C2t) is composed of epicontinental sea carbonate
rocks and coastal clastic rocks, and the main sedimentary
environment is lagoon facies and marsh facies. The
Carboniferous Benxi Formation (C2b) is a set of purplish-red
ferric aluminum mudstone, and its sedimentary environment is
the lagoon and epicontinental sea. Ordovician Majiagou
Formation (O2m) mainly developed limestone formed in an
epicontinental sea sedimentary environment (Gao et al., 2021).

FIGURE 1 | Map showing the location of the Fuyang Sag and the main
structural subdivisions of the Southern North China Basin.
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The 2D seismic profile (Figure 3) across the Fuyang Sag
depicts the east-west structural pattern, fault characteristics,
and stratigraphic distribution of the Fuyang Sag. The Fuyang
Sag is a dustpan-shaped fault depression with east-west
distribution formed by the influence of the Cenozoic regional
extensional tectonic environment. The sag presents a structural
form of steep in the west and gentle in the east. A series of normal
faults dipping eastward are developed on the west side of the sag,
while a series of normal faults dipping westward are developed on
the east side of the sag. All faults in the sag developed before the
Neogene and ended up below the Neogene. The Carboniferous-

Permian strata in the sag are continuously deposited, the Permian
Shangshihezi Formation is in unconformable contact with the
overlying Paleogene, and the strata inbetween are missing due to
structural denudation (Liang and Liu, 2014). There is little
difference in thickness between the Carboniferous-Permian
and the Neogene in the east and west of the sag. The
Paleogene is thinner in the east and thicker in the west of the sag.

There were oil and gas displays shown in the structural units in
the adjacent area of the Fuyang Sag, and in different strata such as
Paleogene, Lower Cretaceous, Permian, Upper Carboniferous,
Ordovician, and Cambrian (Wu et al., 1992; Xu et al., 2004; Xie

FIGURE 2 | Carboniferous-Permian stratigraphic column revealed by WFD-1.
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et al., 2006; Xie and Zhou, 2006; Zhang, 2016). The geochemical
analysis shows that all the liquid hydrocarbons have the
characteristics of high saturation hydrocarbon and low
asphaltene and belong to coal-derived oils from the
Carboniferous-Permian system. Previous studies on reservoir
forming conditions and geochemical characteristics of source
rocks suggested that the main source rocks in this area are the
Carboniferous-Permian coal-measure source rocks, with source-
reservoir-cap assemblage, but the reservoir physical property is
poor (Ma, 2006; Zhu et al., 2006).

PALEO-GEOTHERMOMETERS AND
THERMAL HISTORY RECONSTRUCTION

The research of basin-scale tectono-thermal evolution is to use
the paleo-geothermometers that record paleo-temperature
information in the basin to inverse the thermal history of
sedimentary strata (Price, 1983; Hu et al., 2001). There are
many types of paleo-geothermometers, among which the
vitrinite reflectance (Ro) is a well-developed paleo-
geothermometer recording the highest paleo-temperature. In
addition, a variety of dynamic models have been established
for using vitrinite reflectance to reconstruct thermal history
(Waples, 1980; Lerche et al., 1984; Tissot et al., 1987). In this
study, “EASY%Ro” model, a widely used and simplified model
(Burnham and Sweeney, 1989; Sweeney and Burnham, 1990), was
adopted as the dynamic model of vitrinite reflectance.

The 40 vitrinite reflectance data of the Fuyang Sag were
obtained from the test results of cores and cuttings drilled by

WFD-1. The tested samples were all from the Carboniferous-
Permian strata, with depths ranging from 1500–2000 m and Ro
ranging from 0.86 to 1.27%, with an average of 1.05% (including
23 core samples with an average Ro of 1.06%, and 17 cutting

FIGURE 3 | 2D seismic profile across the Fuyang Sag. Its location is shown in Figure 1. Different color lines refer to different formation bottom interfaces. The blue
curves represent faults. The yellow straight line shows the location and depth of well WFD-1 on this seismic profile.

FIGURE 4 | Plot of measured vitrinite reflectance (Ro data) vs. depth
from WFD-1. The circles represent core samples, and the triangles represent
cutting samples. The red dashed line refers to the average Ro value of 1.05%.

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 7868494

Gao et al. Tectono-thermal Evolution of Fuyang Sag

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


samples with an average Ro of 1.04%). The Ro values both from
cores and cuttings show no significant change with the increase of
depth (Figure 4). This indicates that the Carboniferous and
Permian vitrinite reflectance data were generally more
consistent and had experienced the same thermal evolution
history. Combined with the current geothermal gradient of
25°C/km in the Fuyang Sag, the measured Ro values of the
Carboniferous-Permian were higher than that of the formation
temperature at the current buried depth, indicating that the
formation had experienced higher paleo-temperature. This
situation may be caused by early geothermal events or later
uplift and denudation.

The software used in this thermal history modeling was the
Thermodel for Windows. Default parameters in the Thermodel
for Windows were used for the initial porosity, matrix density,
and heat capacity. The paleo-surface temperature was set as 10°C
during the geological evolution. Mechanic compaction coupled
with the reciprocal porosity-depth relationship (Falvey and
Middleton, 2005) was used to model the burial history. The
effect of compaction was accounted for using Sclater and

Christie’s model (Sclater and Christie, 1980). According to
previous studies on denudation in the Fuyang area (He, 2009;
Yang, 2017), the amount of denudation between the Permian and
Paleogene in the Fuyang Sag was about 2500 m. Based on regional
geological and geophysical data, drilling results, and previous
research, the burial history of the Fuyang Sag was reconstructed.
With vitrinite reflectance as paleo-geothermometer, the thermal
history of the Fuyang Sag was studied using the paleo heat flow
method. Based on the above study, the maturity evolution history
of the Carboniferous-Permian source rock in the Fuyang Sag was
modeled by the “EASY%Ro” dynamic model.

TECTONO-THERMAL EVOLUTION
MODELING RESULT

Tectonic Subsidence Analysis
The reconstructed burial history and deposition (erosion) rate of
the Fuyang Sag are shown in Figures 5, 6 respectively. The burial
history of the Fuyang Sag from the Late Paleozoic to the present
day can be divided into four stages. Before the Middle Permian,
the Fuyang Sag was in a stable sedimentation stage, with a
deposition rate of about 3–36 m/Ma. After the late Permian,
the Fuyang area experienced the peak of the Indosinian
movement. Influenced by the convergence and collage of the
North China Block and the Yangtze Block, rapid sedimentation
occurred, with a deposition rate of about 82–277 m/Ma. This
rapid sedimentation lasted for a short period, only about 18 Ma.
Subsequently, the Fuyang Sag entered the Yanshan Movement,
with a long-term continuous uplift and denudation until the
Cenozoic, and the erosion rate was about 14 m/Ma. In the
Cenozoic, the Fuyang Sag turned into a sedimentation stage.
The Paleogene deposition rate was about 12 m/Ma, and the
Neogene deposition rate was about 34 m/Ma.

Thermal History Reconstruction Result
Based on the present-day geothermal field and paleo-
geothermometer data in the study area, the heat flow evolution
history of WFD-1 since the late Paleozoic was systematically
reconstructed (Figure 7). The evolution history of heat flow in

FIGURE 5 | Burial history of the Fuyang Sag. Different color lines refer to
the modeling results of burial depth evolution path of different formations with
geological time.

FIGURE 6 | Deposition (erosion) rate of the Fuyang Sag. The broken line
represents the deposition (erosion) rate of the Fuyang Sag in each geological
time. The dashed line refers to the deposition (erosion) rate of 0 m/Ma. It
means deposition when the rate is greater than 0 m/Ma, and it means
erosion when the rate is less than 0 m/Ma.

FIGURE 7 | Heat flow history of the Fuyang Sag. The line shows the
modeling result of heat flow evolution path in the Fuyang Sag since 306 Ma.
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the Fuyang Sag since the late Paleozoic was characterized by rising
first and falling afterward. The terrestrial heat flow in the Fuyang
Sag was about 53 mW/m2 in the late Paleozoic. At the end of the
Indosinian period, due to the tectonic background of the collision
and compression of the North China Block and the Yangtze Block,
the terrestrial heat flow rose slightly to about 56 mW/m2. Since
then, the Fuyang Sag continued to be in the uplifting and cooling
stage, and the terrestrial heat flow slowly dropped to about 50mW/
m2. In the Cenozoic era, the terrestrial heat flow in the Fuyang Sag
tended to be stable and maintained at about 50 mW/m2. The
temperature evolution of strata in the Fuyang Sag is influenced by
tectonic subsidence and terrestrial heat flow simultaneously. There
was no significant thermal event disturbance, and the change of
heat flow was relatively moderate in the Fuyang Sag, making the
burial and denudation of the formation the main controlling
factors of the formation temperature evolution. The formation
temperature history (Figure 8) shows the same trend as the burial
history.

Source Rock Maturity Modeling Result
According to the research results of the thermal history of
WFD-1, the maturity evolution histories of the main source

FIGURE 8 | Formation temperature history of the Fuyang Sag. Different
color lines refer to the modeling results of temperature evolution path of
different formations with geological time.

FIGURE 9 | The three color lines refer to the maturity evolution modeling
results of the three main source rock formations with geological time in the
Fuyang Sag.
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rocks (P2x, P1s, C2t) in the Fuyang Sag were simulated
(Figure 9). Before the Middle Permian, the three sets of
main source rocks in the Fuyang Sag were buried and
matured slowly under the influence of stable subsidence
and sedimentation of the regional tectonic environment.
After entering the Late Permian, due to the convergence
and compression of the North China Block and the
Yangtze Block by the Indosinian movement, each set of
strata in the Fuyang Sag began to settle and bury rapidly.
With the slight increase of heat flow and geothermal gradient,
the maturity of the three sets of source rocks increased rapidly.
Ro reached low maturity stage (0.5%) at 247–246 Ma, early
maturity stage (0.7%) at 244–243 Ma, and late maturity stage
(1.0%) at 240–236 Ma. During the Yanshanian period, the
Fuyang Sag continued to uplift and cool, and the formation
temperature continued to decrease. Under this influence, the
maturity of each set of source rocks gradually finalized. In the
Himalayan period, although the Fuyang Sag was deposited
and buried again, the maturity degree did not increase again
because the formation temperature experienced by each set of
source rocks did not exceed the previous maximum formation
temperature.

DISCUSSION

The Influence of Tectono-Thermal Evolution
of the Fuyang Sag on Oil and Gas
Exploration in Terms of Hydrocarbon
Generation
The Fuyang Sag experienced rapid subsidence and deposition
during the Indosinian tectonic period, which provided a favorable
structural environment for the development and maturity of
source rocks. According to the formation drilled by WFD-1,
the thickness of the Carboniferous-Permian in the Fuyang Sag is
about 737.6 m, of which the thickness of organic-rich mudstone
(TOC > 1%) is about 101.25 m. The Carboniferous-Permian
hydrocarbon organic geochemical experimental test results of
WFD-1 is shown in Table 1. The experimental test results reveal
that the maturity of the Carboniferous-Permian source rocks in
the Fuyang Sag was relatively consistent, which generally reached
the late maturity stage (1.0%). The organic kerogen types of the

Carboniferous-Permian source rocks in the Fuyang Sag are type
III or type II2 (Table 2).

The source rocks of the Carboniferous-Permian marine-
continental transitional facies are mainly type III kerogen in
coal measure organic matter. The hydrocarbon generation
mechanism of this kerogen type is mainly the thermal
degradation of organic matter under the action of
temperature. The main products are small molecular
hydrocarbons (such as methane and its homologs) (Fu et al.,
1992). Therefore, the hydrocarbon products of the
Carboniferous-Permian marine-continental transitional shale
are mainly gaseous hydrocarbons, and the yield of liquid
hydrocarbons is relatively low. As a result, the marine-
continental transitional source rocks of coal measures do not
show an obvious gas generation peak of liquid hydrocarbon
cracking to generate gaseous hydrocarbon, but a long-term
continuous generation of gaseous hydrocarbon (organic matter
directly generates small molecule group gaseous hydrocarbon)
(Cao et al., 2014). Type III kerogen enters the gas generation
window earlier than type I and type II2 kerogen.With the increase
of thermal evolution of source rocks, gaseous hydrocarbons are
generated continuously, and the range of the gas generation
window is larger (Figure 10).

According to the gas generation efficiency of type III kerogen,
the total gas generation is less at a relatively low maturity of
source rock (about 1.0%). The total gas generation of marine-
continental transitional coal measure source rock continues to
increase when the thermal evolution degree rises, which is
favorable for type III kerogen to directly generate gaseous
hydrocarbons. In addition, high maturity organic matter forms
abundant organic dissolution pores in the thermal evolution
process, which improves the porosity and provides space for a
hydrocarbon reservoir. Therefore, the higher the maturity of the
Carboniferous-Permian source rocks with high TOC in the
Fuyang Sag, the stronger the adsorption capacity of shale gas,
so that the high maturity source rocks have higher shale gas
accumulation capacity (Bowker, 2007; Robert and Stephen,
2007).

According to the thermal history modeling result, the main
hydrocarbon generation period of the Fuyang Sag is the
Indosinian-early Yanshanian. The hydrocarbon accumulated
before the tectonic events, which indicates that the Fuyang Sag
is an early hydrocarbon generation sag. The present-day average

TABLE 2 | Kerogen types of Carboniferous-Permian source rocks in the Fuyang Sag.

Formation Lithology Sapropelite +
exinite (%)

Vitrinite (%) Inertinite (%) Index of
type (%)

Kerogen type

Shangshihezi Mudstone 10 90 0 −57.5 III
Carbonaceous mudstone 5 95 0 −67.75 III

Xiashihezi Mudstone 20 70 10 −50 III
Coal 20 60 20 −55 III

Shanxi Mudstone 60 30 10 2.5 II2
Coal 5 80 15 −72.5 III

Taiyuan Mudstone 40 40 20 −10 III
Carbonaceous mudstone 50 40 10 −15 III
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geothermal gradient in the Fuyang Sag is about 25°C/km, and the
average heat flow is about 50 mW/m2 (Zhang et al., 2007; He
et al., 2009). Both of them are lower than the average geothermal
values of eastern China (Hu et al., 2000; Jiang et al., 2019). Under
this influence, the Carboniferous-Permian hydrocarbon source
rocks with higher maturity in the Fuyang Sag are now buried at a
large depth. Therefore, hydrocarbon exploration in the Fuyang
Sag should target the Carboniferous-Permian with a buried depth
of more than 3500 m to the west of the sag (with higher Ro
values).

The Influence of Tectono-Thermal Evolution
of the Fuyang Sag on Hydrocarbon
Exploration in Terms of Hydrocarbon
Preservation
The Fuyang Sag is a reformed sag after the early hydrocarbon
generation. The Carboniferous-Permian formations in the
Fuyang Sag experienced the influence of Yanshanian and
Himalayan tectonic movements, and the main source rocks
experienced the process of sedimentary-uplift and
denudation-rebury (Yu et al., 2005; Lin et al., 2011).
During the Indosinian period, the Carboniferous-Permian
source rocks experienced rapid burial heating, and the
maturity of organic matter increased rapidly. When the Ro
exceeded 0.5%, source rocks entered the hydrocarbon
generation threshold and began to generate hydrocarbon.
Then the source rocks reached the late maturity stage
(1.0%). During the Yanshanian period, the maturity
evolution stagnated, and hydrocarbon generation ceased
after regional uplift and denudation. During the Himalayan
period, the whole area was deposited and buried again, but the
burial depth of the Carboniferous-Permian source rocks did
not exceed the maximum burial depth in the previous period,
the formation temperature did not reach the highest paleo-
temperature. Therefore, the maturity of organic matter could
not increase again to form secondary hydrocarbon generation
(Lin et al., 2011).

From the late Jurassic to the early Cretaceous, the tectonic
environment of the Fuyang Sag was in a stage of compression
thrust-strike slip pull basin evolution (Xu et al., 2004) under the
background of compression torsion. The fault-folding
reformation and uplift denudation in this period may have a
certain destructive effect on the hydrocarbon reservoirs formed in
the earlier and the same period. Therefore, hydrocarbon
exploration in the Fuyang Sag should be based on preservation
conditions (Zhao et al., 2011), and the areas with weaker uplift
and denudation reconstruction in the later stage, that is, the
favorable areas of residual Mesozoic strata, should be optimized.

First, the area with the remaining Mesozoic strata indicates
that the area experienced weak tectonic events during the
Yanshanian period. Since the upper Paleozoic formation was
not exposed, the marine-continental transitional shale itself is a
barrier for the preservation of self-generating and self-storing
shale oil and gas reservoirs. The upper Paleozoic strata have not
been damaged by tectonic events, which is conducive to the
formation of large area, widely and continuously distributed
unconventional oil and gas reservoirs, and it is favorable for
the preservation of oil and gas resources generated in the early
stage. Second, the lower porosity, permeability, and other physical
properties of the overlying Mesozoic strata can form favorable
caps for Paleozoic hydrocarbon accumulation and become good
caprocks for the Carboniferous-Permian shale oil and gas
reservoirs. Third, in the later re-burial process, the overlying
strata may have a certain hydrocarbon-generating capacity due to
the effect of burial maturation, which can not only seal the
Paleozoic oil and gas reservoir by the poor physical properties
but also produce the hydrocarbon concentration sealing effect
(Fu et al., 2008) due to hydrocarbon generation and expulsion. In
addition, the overpressure source rock even has the pressure
sealing effect, which is more conducive to the sealing and
preservation of the lower oil and gas reservoir. Fourth, the
thick overlying strata of shale oil and gas reservoirs are also
conducive to hydrocarbon accumulation and preservation.

Although no magmatic activity was identified in the drilling
and geophysical exploration in the Fuyang Sag, igneous rocks

FIGURE 10 | Comparison of hydrocarbon generation features of different kerogen. The curve represents the change of gas-generating efficiency with the increase
of maturity (Ro value). Modified from Cao et al., 2014.
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were encountered in several drilling wells in the surrounding
tectonic units. Therefore, the impact of magmatism on oil and gas
reservoirs should be considered in hydrocarbon exploration in
the study area. On the one hand, the magmatic activity prior to
the mass generation of hydrocarbon is conductive to the process.
The high temperature, high pressure, and active chemical
properties of magma can promote hydrocarbon generation,
improve the reservoir property of surrounding rock, and form
abnormal high-pressure fields and various types of traps, which
are conducive to oil and gas accumulation (Wan et al., 2014). On
the other hand, magmatic activity after the mass generation of
hydrocarbon is destructive to the process. The newly formed
high-temperature geothermal field may destroy the reservoir and
its structure, causing oil and gas to escape upward. After the high-
temperature magma intrudes into the source rock, it will bake the
surrounding source material and generate hydrocarbon to
carbonize it (Zhang et al., 2016). The Yanshanian movement
peaked from the late Jurassic to the early Cretaceous, with
regional high geothermal anomalies caused by intense
magmatic and volcanic activities. Hydrocarbon had been
generated before the Yanshanian movement in the Fuyang
Sag, so the late magmatic activities are destructive to the early
oil and gas reservoirs. Therefore, in the hydrocarbon exploration
in the Fuyang Sag, the igneous rock development area should be
kept off to avoid the influence of magmatic activities on the
Carboniferous-Permian oil and gas reservoirs.

CONCLUSION

1) The burial history of the Fuyang Sag since the Late Paleozoic
can be divided into four stages. Before the Middle Permian,
the Fuyang Sag was in a stable sedimentation stage. After the
Late Permian, the study area experienced rapid subsidence
and deposition. Long-term continuous uplift and denudation
occurred in the Fuyang Sag during the Yanshanian tectonic
period. The sedimentation in the Fuyang Sag was recovered in
the Cenozoic era.

2) The heat flow evolution history of the Fuyang Sag since the
Late Paleozoic can be characterized by ascending first and
descending afterward. The terrestrial heat flow of the Fuyang
Sag in the late Paleozoic was about 53 mW/m2. At the end of
the Indosinian period, the terrestrial heat flow increased
slightly to about 56 mW/m2. After that, the terrestrial heat
flow slowly decreased to about 50 mW/m2. The terrestrial heat
flow tends to be stable in the Cenozoic era. The formation
temperature history of the Fuyang Sag shows the same trend
as the burial history.

3) The three sets of main source rocks in the Fuyang Sag were
slowly buried and matured before the Middle Permian.
During the Permian, the maturity of the three sets of

source rocks increased rapidly, with Ro reaching the late
maturity stage of 1.0%. The maturity of each set of source
rocks was gradually finalized in the Yanshanian period.
During the Himalayan period, the thermal evolution degree
of each set of source rocks did not increase again.

4) The organic matter type of the Carboniferous-Permian
source rocks of marine-continental transitional facies in
the Fuyang Sag is mainly type III kerogen. This kerogen
type generates and expels more hydrocarbon at high
maturity. Influenced by the thermal history of the Fuyang
Sag, the source rocks with deeper burial depth have greater
potential for oil and gas exploration. The Fuyang Sag is a
reformed sag after the early hydrocarbon generation. The
areas in the sag with weaker uplift and denudation
reformation in the later period are favorable areas for
hydrocarbon exploration.
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