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ABSTRACT: The thermal history and organic matter maturity evolution of the source rocks of
boreholes in the Puguang gas field were reconstructed. An integrated approach based on vitrinite
reflectance and apatite fission track data was used in the reconstruction. Accordingly, the geothermal
conditions of gas accumulation were discussed in terms of the geological features of reservoirs in the
northeastern Sichuan Basin. The strata reached their maximum burial depth in the Late Cretaceous
era and were then uplifted and denuded continuously to the present day. The geothermal gradient and
heat flow in the Late Cretaceous era were approximately 30.0 °C/km and 66 mW/m’, respectively,
which were both higher than those at present. The tectonothermal evolution from the Late Cretaceous
era to the present is characterized by denudation and cooling processes with an erosion thickness of
~2.7 km. In addition to the Triassic era, the Jurassic era represents an important hydrocarbon
generation period for both Silurian and Permian source rocks, and the organic matter maturity of
these source rocks entered into a dry gas period after oil generation. The thermal conditions are
advantageous to the accumulation of conventional and unconventional gas because the hydrocarbon
generation process of the source rocks occurs after the formation of an effective reservoir cap. In
particular, the high geothermal gradient and increasing temperature before the denudation in the Late
Cretaceous era facilitated the generation of hydrocarbons, and the subsequent cooling process favored
its storage.

KEY WORDS: paleogeothermal reconstruction, apatite fission track, vitrinite reflectance, thermal

evolution of source rocks, Puguang gas field.

0 INTRODUCTION

The thermal states of sedimentary basins affect hydrocar-
bon generation, migration, and accumulation processes, and
therefore reconstructing a basin’s thermal history is significant
for petroleum accumulation analyses. The maturity of organic
matter is primarily controlled by the temperature of the source
rock (Tissot and Pelect, 1987; Tissot and Welte, 1984). Given
the geothermal dependence of hydrocarbon generation, several
researchers consider the geothermal gradient (geotherm) to be
another significant controlling factor for oil and gas accumula-
tion, in addition to its role in the evolution of oil and gas in
source rocks. According to the “co-control by source and heat”
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theory of Zhang (2012), the type of thermal field determines
the intensity of heating in a basin and its source rocks. Different
thermal evolution histories of hydrocarbon source rocks are
controlled by the thermal setting of the basin and their burial
histories (Zhang, 2014, 2012).

Northeastern Sichuan produces a large amount of natural
gas from basins in various regions, including the Puguang and
Yuanba gas fields. The thermal history of these regions has
been investigated following their exploration and exploitation.
However, existing studies have mainly reconstructed the ther-
mal history of these regions using single methods such as vitri-
nite reflectance or thermophysical property data to simulate the
thermal history and/or hydrocarbon source rock history. The
results indicated that the paleo-heat flow reached its maximum
values of 62 to 70 mW/m? around 255 Ma, then began to de-
crease until the present. The greatest denudation of the basins is
marked by the Mesozoic—Cenozoic unconformity and reached a
maximum of approximately 2 100 m (Lu et al., 2005). Apatite
fission track (AFT) and (U-Th)/He radiometric dating methods
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have been used to study uplift and denudation history (Tian et
al., 2012, 2011; Mei et al., 2010; Shen et al., 2007) and suggest
three possible cooling histories, namely: linear cooling since
100 Ma, slow cooling since 100 Ma followed by enhanced
cooling since 40 Ma, and slow cooling since 100 Ma followed
by enhanced cooling since 30 Ma. The total post-Early
Cretaceous denudation of the northeastern Sichuan Basin is
estimated at 5 km (Tian et al., 2011). Only thermal history has
been emphasized in the literature although geothermal ther-
mochronometry and vitrinite reflectance data were simulta-
neously considered in analyzing thermal history or thermal
evolution of source rocks (Qiu et al., 2008), and maturity has
also been forward modeled using estimated parameters (Wu
and Peng, 2013; Rao et al., 2011). Consequently, the denuda-
tion process (erosion thickness and periods) and the paleogeo-
thermal gradient before denudation, which are dominant factors
in the thermal evolution of source rocks, have not been dis-
cussed in detail. This study combines vitrinite reflectance and
AFT data to reconstruct the thermal history and evolution of
source rocks in boreholes in the Puguang gas field. Geological
features of oil and gas accumulation are discussed as well as
the geothermal conditions of natural gas accumulation.

1 GEOLOGICAL BACKGROUND

The northeastern Sichuan area is located to the south of
the Micang Mountain bulge in front of the Micang-Daba
Mountain arcuate tectonic zone in the northeastern part of the
Sichuan Basin (Fig. 1). The eastern Sichuan foreland
fold-thrust belt is the main structure in this region (Zheng et al.,
2008). Marine carbonates were primarily deposited during the
Neopaleozoic era, and thick foreland basin sediments were
deposited during the Mesozoic era. Devonian—Lower Carboni-
ferous strata rarely formed in this region as a consequence of
Caledonian earth movements, and Middle Jurassic strata were

subsequently uplifted to the surface.

The strata in northeastern Sichuan include many combi-
nations of potential reservoir rocks which provide advanta-
geous conditions for hydrocarbon accumulation. Four sets of
marine source rocks were developed, including the Lower
Cambrian Niutitang Formation, Upper Ordovician Wufeng—
Lower Silurian Longmaxi Formation, Lower Permian Forma-
tion, and Upper Permian Formation (Tenger et al., 2012; 2010;
Liang et al., 2008; Huang et al., 1996). The hydrocarbon of the
Puguang gas field mainly originates from Permian and Silurian
(mostly Permian) source rocks (Tenger et al. 2012; Ma, 2010;
Ma et al., 2007a; Cai et al., 2005).

The reservoir strata of the Puguang gas field are mainly
combinations of flat reef dolomites at the margin of the Per-
mian Changxing Formation (Pch) platform and grain shoal
oolitic deposits representing beaches of shallow to open sea
platform facies in the Triassic Feixianguan Formation (T f).
Gypsum salt rocks were developed during the Mid-Triassic era
in sections 2 and 4 of the Lower Triassic Jialingjiang Forma-
tions (Ty) and in Section 2 of the Leikoupo Formation (T,/)
and served as seal rocks of the natural gas reservoir in the
Changxing-Feixianguan formations of the Puguang gas field
(Ma et al., 2007a, b, in Fig. 2).

2 DATA AND PALEO-THERMAL RECONSTRUCTION
2.1 Paleogeothermal Indicator Data

Vitrinite reflectance (Ro) and AFT are the most commonly
used indicators for paleotemperature reconstruction. Ro is the
most commonly used indicator for organic matter maturity and
can reveal the maximum paleotemperature. Although the an-
nealing kinetics of various apatite grains differ slightly from
one another, the annealing threshold is set to ~60 °C, while the
full annealing temperature ranges between 120 °C and ~150 °C
(Armstrong, 2005; Ketcham, 2005; Ketcham et al., 1999;
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Figure 1. Distribution of boreholes, sketch of basement structures, and stratigraphic column of the northeastern Sichuan Basin (modified from Rao et al., 2011).
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Figure 2. Cross-section of the Puguang 2 gas reservoir (modified from Ma
et al., 2007a).

Green et al., 1986, 1985; Gleadow et al., 1983). Given this
annealing behavior, AFT data can be used to reconstruct the
thermal evolution of individual samples, especially the paleo-
temperature history in the AFT partial annealing temperature
zone (PAZ) which ranges between ~60 and 125 °C (Gleadow et
al., 1983).

The AFT data (Table 1 and Fig. 3) of Puguang boreholes
were mainly sampled at depths greater than 3 500 m. The AFT
age of a shallow sample from well PG2 (PG2-5, depth=370 m)
is 70.2+5.1 (10) Ma and probably represents its depositional
age. Remembering that depth increases with age, the fission
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track age of sample PG2-4 of 8.5+1.1 (10) Ma at ~3 500 m and
the AFT ages of samples from well PG5 lie in the same range
(Fig. 3), showing that the fission track ages of deeper samples
are less than their deposition ages, indicating that the tracks of
deeper samples have experienced annealing. The present geo-
thermal gradient in this area (~20 °C/km) suggests that the
present temperatures of samples PG2-5, PG2-6, and PGS5-1
with mean track lengths of 12.10£1.8, 12.0+1.65 and 12.1+1.9
um, respectively, are lower than the threshold temperature of
~60 °C at which apatite fission tracks commenced annealing.
By contrast, the temperatures of samples PG5-8 and PGS5-9
with mean track lengths of 10.3£2.2 and 11.2+2.0 pm, respec-
tively, were in the range of the partial annealing zone of the
current AFT.

Ro values in PG 2 and PGS are between 1.3% and 2.5%,
and Jurassic Ro values are between 1.3% and 2.0%, which
indicates that the Jurassic Ro is in a high maturity stage. Trias-
sic Ro values are all >2.0%, which suggests that the Triassic Ro
is in a post-maturity stage. Furthermore, at a depth of ~2 500 to
3 500 m, the Ro values and increasing thermal gradients of PG2
and PGS become consistent (Fig. 3).

2.2 Paleogeothermal Reconstruction Methods

Thermal history can be reconstructed using paleogeother-
mal indicators, such as low-temperature thermochronologic
data such as AFT and (U-Th)/He, and organic matter maturity
indicators (Ro), by employing stochastic inversion (Gallagher,
1995; Corrigan, 1991; Lutz and Omar, 1991), paleotemperature
gradient-based inversion (Hu et al., 2007; O’Sullivan, 1999;
Bray et al., 1992; Duddy et al., 1988), and paleo-heat
flow-based inversion (Lerche et al., 1984). We employed a
stochastic inversion for the AFT data and the paleotemperature
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Figure 3. AFT and Ro data of the samples of the Puguang boreholes.



Paleogeothermal Reconstruction and Thermal Evolution Modeling of the Source Rocks in the Puguang Gas Field

799

Table 1  Apatite fission track data from boreholes PG2 and PG5*

No. Depth Strata NG Ps pi Pd P () Central L (pm)
(m) (10°/em?) (10°/em?) (10%/em?) (%) agetlo (Ma) (NL)
(Ns) (ND) (Nd)
PG2-2 3025.9 Tax 20 1.758 4429 16.48 99.9 12.7+1.9
(50) (1260) (3 125)
PG2-3 3247.1 Tax 21 0.667 17.54 15.39 96.2 11.4+1.5
(65) (1710) (3 041)
PG2-4 34155 Tax 20 0.761 32.78 14.80 77.7 6.7+1.0
(44) (1 895) (2 988)
PG2-5 370.0 Ip 21 4.82 19.82 14.92 83.8 70.245.1 12.10+1.8
(257) (1057) (2 988) (104)
PG2-6 1590.0 Ix 22 4.903 38.69 15.04 99.7 37.043.0 12.0+1.65
(182) (1 436) (2 988) (106)
PG5-1 1972.0 Jog 19 2.435 3.932 2.113 79.0 2443 121+£1.9
(192) (310) (3 144) 19)
PG5-6 2792.0 Iz 21 1.713 4.131 2.113 11.3 1742
(199) (480) (3 144)
PG5-7 30135 Tax 10 2.422 5.062 2.029 24.5 1743
(100) (209) (3 144)
PG5-8 3350.0 Tax 28 0.640 3.880 2.134 44 7.040.8 103+22
(138) (836) (3 144) (30)
PG5-9 3508.0 Tax 27 0.733 3.189 2.008 2.7 9.441.0 112420
(191) (831) (3 144) (16)

*Notes: No.. sample number, N. number of dated grains, Ns. number of counted spontaneous tracks; Ni. number of counted induced tracks; p;,

density of spontaneous tracks; p;. density of induced tracks; Nd. number of tracks on standard glass(CN-5); pq. density of tracks on standard glass

(CN-5); L. mean track length; NL. number of measured track lengths. The ages of PG2 samples were analyzed in the University of Melbourne

(Tian et al., 2011) and calculated using a zeta value of 389.3+5.0 for CN5 with 12.2 ppm, while the ages of PG5 samples which were analyzed in

China University of Geosciences, Beijing used a zeta value of 385.0+12.0.
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gradient-based inversion for the Ro data to reconstruct the pa-
leogeothermal history and determine the denudation thickness.
We then modeled the thermal evolution and hydrocarbon gen-
eration history of the source rocks using these inverse results

and other geologic parameters, such as the geochemistry of the
source rocks and the thermal properties of the strata (Fig. 4).

The principles and modeling of low-temperature ther-
mochronologic methods have been widely introduced and con-
tinuously developed (Ketcham et al., 2007; Armstrong, 2005;
Fitzgerald et al., 1993; Fitzgerald and Gleadow, 1990; Gleadow
and Fitzgerald, 1987; Gleadow et al., 1983; Gleadow, 1981;
Naeser, 1979). The thermal histories of the samples have been
reconstructed via a stochastic inversion method (Corrigan,
1991) and a Monte Carlo method based on an AFT annealing
model (Ketcham et al., 2007) using the HeFty v1.7.4 software
(Fig. 4, Step 1).

Many scholars have studied the model dynamics of vitri-
nite reflectance evolution to obtain the activation energy dis-
tributions of different types of kerogen (Sweeney and Burnham,
1990; Burnham and Sweeney, 1989; Burnham et al., 1989,
1987; Larter, 1989; Braun and Burnham, 1987; David and An-
tia, 1986; Tissot and Espitalie, 1975). The EASY Ro% model
(Sweeney and Burnham, 1990) is currently the most widely
applied method for inverting the maximum paleotemperatures
using Ro data, because of its maturity and conciseness (Fig. 4,
Step 2).

The model proposes that a series of successive sedimen-
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tary strata reach their maximum temperatures simultaneously
under steady-state heat conduction conditions. Therefore, a
paleogeothermal gradient upon reaching the maximum paleo-
temperature can be obtained, based on the maximum tempera-
tures of a series of samples (Ro or AFT) at different depths (Fig.
4, Step 3). The paleo-heat flow and erosion thickness can be
determined similarly (Fig. 3, Step 4).

In contrast to the paleotemperature gradient-based me-
thod, AFT modeling can directly estimate the time at which a
sedimentary section began to cool down from its maximum
paleotemperature. Therefore, combining Ro with AFT provides
a consistent integrated interpretation of the reconstructed ther-
mal history of the boreholes, the paleogeothermal regime evo-
lution (maximum paleotemperature gradient and heat flow),
and the denudation process (uplift period and erosion thickness)
(Fig. 4, Step 5).

Combining the burial and denudation information from
the samples’ thermal history obtained from AFT and consider-
ing the current heat flow as a constraint, the heat flow history
of a borehole can be reconstructed using the paleo-heat flow
method (Lerche, 1990; Lerche et al., 1984). The geothermal
history of the strata is then reconstructed from the heat flow
and strata burial histories (Fig. 4, Step 6). Based on the Ro
evolution dynamic model (i.e., the EASY% Ro model), the
maturity evolution and hydrocarbon generation history of the
source rocks can be modeled (Fig. 4, Step 7).

2.3 Paleogeothermal Evolution and Denudation in
Puguang Area and Thermal Evolution of Source Rocks
2.3.1 Thermal history and erosion thickness

Figure 5 shows the thermal history modeling results for
samples from PG2 and PG5 computed from AFT data. The
results for the PG2-5, PG2-6, and PGS5-1 samples indicate that
after the burial of these samples and allowing for possible
slight cooling between 140 to 130 Ma, the entire process was
continuous burial up to 90+10 Ma. After reaching the maxi-
mum paleotemperature at 90 Ma, cooling commenced and con-
tinued, indicating that uplift and denudation of northeastern
Sichuan has continued since the Late Cretaceous era. Samples
PG2-6 and PG5-1 and the other deeper samples cannot be used
to reveal their exact maximum paleotemperatures upon entering
the full annealing zone, although approximate maximum pa-
leotemperatures can be estimated because these samples are
located within the AFT full annealing zone. The samples expe-
rienced their maximum paleotemperatures at ~90 Ma. The
maximum temperature of PG2-5 is ~90 °C, lower than the full
annealing AFT temperature and indicated by excellent traces.
On the basis of the combined results a relatively accurate burial
and denudation history can be revealed. The strata reached their
maximum paleotemperatures, indicating maximum burial depth
under normal thermal evolution, in the Late Cretaceous era and
were then uplifted and cooled continuously until the present.

The denudation processes can also be revealed by the
cooling history, but the thickness of eroded strata cannot be
accurately determined from low temperature thermal chronol-
ogy modeling because the paleotemperature gradient cannot be
constrained by a single sample. Assuming that the cooling re-
sulted from denudation and occurred under a constant paleo-

thermal gradient of ~20 °C/km similar to that of the present day,
Tian et al. (2011) estimated the total post-Early Cretaceous
denudation of the northeastern Sichuan Basin as ~5 km. Lu et
al. (2005) considered the maximum erosion in the northeastern
Sichuan Basin indicated by the Mesozoic—Cenozoic unconfor-
mity and obtained a mean value of ~2 100 m. However, our
paleo-heat flow-based modeling results show that the erosion
thickness of PG2 is 2 750 m, thereby indicating a huge differ-
ence between the results from low temperature thermal chro-
nology modeling and paleo-heat flow-based modeling. Given
that these two studies and other previous works have not ob-
tained paleogeothermal gradient results, the accuracy of erosion
thickness could not be evaluated.

The maximum gradients (Gm) shown as dashed and dot-
ted lines in Fig. 6 are calculated using the maximum paleotem-
peratures reconstructed from Ro and AFT data, and the present
temperature gradients (Gp) are calculated measurements in the
Puguang area (Xu et al., 2011; Lu et al., 2005). The erosion
thickness (£) above PG2 has been
E(PG2)=[Tm(PG2)-10 °C (paleo-surface tempera-
ture)]/Gm(PG2)= ~2.5 km. The erosion thickness of PG5 is
computed as E(PG5)= [Tm(PG5)-10 °C (paleo-surface tem-
perature)]|/Gm(PG5)= ~2.9 km. Heat flow (g) values are calcu-

computed as

lated from the temperature gradients (G) and thermal conduc-
tivity (k) of the strata as g= Gxk. The present thermal conduc-
tivity (k) of the boreholes are the harmonic mean values (~2.31
W/(m-K)) calculated from measured values (Lu et al., 2005) of
the rocks and the component proportions different lithology in
the lithological column of the boreholes because paleothermal
conductivity can be inverted from its present value, and pa-
leo-porosity and paleo-heat flow can be determined accordingly.
Paleotemperatures are reconstructed using Thermodeo for
Windows 2008.

The inversion results for Ro and AFT data obtained by the
paleogeothermal gradient method described in Fig. 6 reveal that
the paleogeothermal gradient before denudation was approx-
imately 30.0 °C/km and that the erosion thickness since the
Late Cretaceous era was approximately 2.7+0.2 km (mean
erosion thicknesses of PG2 and PGS5). The paleogeothermal
gradient was higher than the current values in the same geolog-
ical setting (~20 °C/km) thereby reflecting cooling and uplift
processes in the Puguang area since the Late Cretaceous era
(~90 Ma).

2.3.2 Thermal evolution of the source rocks

Figure 7 shows the reconstructed maturity history of the
source rocks of PG2. As a result of the Caledonian movement-
driven uplift from Late Silurian to Early Carboniferous eras,
the Lower Silurian source rocks only reached the hydrocarbon
generation threshold in the Late Carboniferous era. During the
high heat flow period in the Late Permian era (~260 Ma) (Zhu
et al., 2016, 2010a; Rao et al., 2013), the Lower Silurian source
rocks evolved further and entered the oil generation peak. The
Jurassic era was the most important hydrocarbon generation
period for the Permian and Silurian source rocks, and the ther-
mal evolution process entered a post-maturity state (dry gas
phase) after experiencing an oil generation peak in the Triassic
era. According to Ma et al. (2007a), the Silurian and
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Permian source rocks reached a hydrocarbon generation thre-
shold in the Early Triassic era, the oil generation peak occurred
in the Early Mid-Jurassic era, and the post-maturity evolution
state occurred either in the late Mid-Jurassic era or the Late
Jurassic era. Wu and Peng (2013) argued that the Permian
source rocks generated hydrocarbon rapidly during the Late
Triassic and Mid-Jurassic eras. Other studies identified the
Jurassic era as one of the main hydrocarbon generation periods
for the Silurian and Permian source rocks in this region. Given
these conflicting versions of the heat flow history and denuda-
tion process, our proposed time windows for when the source
rocks entered the oil threshold and when the hydrocarbon gen-
eration was terminated differ from those previously proposed
although our proposed main hydrocarbon generation periods
are somewhat in agreement with those of previous research.

3 THERMAL EVOLUTION CONDITIONS FOR
NATURAL GAS ACCUMULATION
3.1 Hydrocarbon Generation and Accumulation Period

Petroleum accumulation depends on the configuration of
hydrocarbon generation as well as migration, Formation, and
evolution of the reservoir and its sealing conditions. The Silu-
rian and Permian source rocks reached their oil and gas genera-
tion peaks in the Late Triassic era and in the Jurassic era re-
spectively (Fig. 8), both later than the formation of the reser-
voir and seal rocks. The hydrocarbon generation period pro-
vided favorable conditions for the accumulation of oil and gas
from these Silurian and Permian source rocks. Given the mul-
tiple phases of hydrocarbon generation, the Paleozoic source
rocks in the northeastern Sichuan Basin had more favorable
conditions for hydrocarbon accumulation than those in the
southwest and other regions (Zhu et al., 2010b).

Evaporites and deeply buried, highly evolved mudstones

are the most important oil and gas cap rocks (Zhou et al., 2013).
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In the Puguang structure well-developed gypsoliths are ob-
served in sections 2 and 4 of the Lower Triassic Jialingjiang
Formation and in Section 2 of the Middle Triassic Leikoupo
Formation (Fig. 2), thereby constituting high-quality regional
seal strata for the Changxing-Feixianguan formations gas re-
servoirs. These gypsoliths possessed great plasticity and main-
tained lateral continuity under the influence of tectonic stress,
giving them a remarkable sealing capability (Ma et al., 2007a)
to protect the petroleum reservoirs from uplift and deformation
since the Late Cretaceous era. In this case, hydrocarbon gener-
ation from source rocks has a well-configured relationship with
reservoir-seal evolution for petroleum accumulation. In addi-
tion, crude oil cracking gas in the Lower Triassic reservoir
resulting from the formation of gypsolith seal rocks (Lu et al.,
2005) reached its production peak during the Cretaceous era.
All these conditions were favorable for the preservation of
cracking gas.
3.2 Thermal Regime Changes during Hydrocarbon
Generation and Preservation

The end of the Cretaceous era saw uplift and denudation
in the Puguang area as well as a reduced geothermal gradient to
cause complex processes of uplift, denudation, and basin cool-
ing (Figs. 5 and 6). Consequently in the Triassic, strata temper-
atures decreased between 80 and 120 °C (Fig. 7). The relatively
low temperature and geothermal gradient in this area with an
average value of ~20 °C/km (Xu et al., 2011; Lu et al., 2005)
favored the preservation of gas reservoirs and ensured the sur-
vival of hydrocarbons in deep strata. In terms of geothermics,
either the configuration of the hydrocarbon generation timing
in source rocks and reservoir cap development or the low geo-
thermal field background after the formation of cracked gas
provided favorable conditions for hydrocarbon accumulation in
the northeastern Sichuan Basin.
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Figure 8. Thermal evolution and hydrocarbon generation history of the Permian source rock of PG2.
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The Silurian and Permian shale gas and source rock gas
resources in this region have also attracted attention over recent
years (Gong et al., 2014; Liu et al., 2013; Huang, 2012). Tem-
perature evolution affected the development of organic matter
pores in strata and their gas adsorption capacity. In sum, a
higher temperature and a greater extent of thermal evolution
should have resulted in highly developed organic matter pores
(Schieber, 2011; Loucks et al., 2009; Jarvie et al., 2007), whe-
reas a lower temperature should have enhanced the gas adsorp-
tion capacity (Feng et al., 2012; Ross and Bustin, 2007). As
shown in Fig. 7, the high temperature of the Permian source
rocks, which may be attributed to the high temperature gradient
and deep burying level of these rocks before their denudation in
the Late Cretaceous era, was highly favorable for the maturity
of organic matter and the development of their pores, whereas
the cooling process after the main hydrocarbon and oil cracking
gas generation periods benefited the preservation of source
rock gas (shale gas).

4 CONCLUSIONS

(1) AFT modeling results indicate that except for slight
cooling at approximately 140 to 130 Ma, the Puguang area has
experienced continuous burial and warming from the Jurassic
era to 90+10 Ma. After this maximum paleotemperature at ~90
Ma, cooling commenced and continued, indicating lasting up-
lift and denudation of northeastern Sichuan since the Late Cre-
taceous era.

(2) Maximum paleotemperature reconstruction indicates
that when the strata reached their maximum temperature, the
geothermal gradient was approximately 30 °C/km and the ero-
sion thickness approximately 2.7+0.2 km. The paleogeothermal
gradient and paleo-heat flow were higher than their current
values, indicating continuous uplift and cooling in the basin
since the Late Cretaceous era.

(3) The Jurassic era was the most significant hydrocarbon
generation period for Silurian and Permian source rocks during
which the thermal evolution entered into a post-maturity phase
(dry gas stage) instead of the oil generating peak in the Triassic
era. The thermal evolution process (warming and hydrocarbon
generation followed by cooling after the formation of a reser-
voir cap system) of the source rocks in the northeastern
Sichuan Basin provided the necessary geothermal conditions
for the accumulation of conventional oil-gas and of unconven-
tional hydrocarbons such as shale gas.
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