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The temperature-pressure fields within hydrocarbon-bearing basins are key geological factors controlling
hydrocarbon generation, migration, and accumulation. In this study, we focus on the Qingshankou
Formation in the northern part of the central depression of the Songliao Basin, China. A multi-
parameter weighted evaluation model was created using present temperature-pressure field character-
istics, with formation temperature-pressure as core variables, to evaluate shale oil resource potential.
In addition, we explored the control mechanisms of temperature-pressure evolution during geological
history on shale oil accumulation and further assessed the applicability of the proposed method. Our
results show that the geothermal gradient of the Qingshankou Formation decreases from Member 1 to
Member 3 (3.84 °C/100 m, 2.93 °C/100 m, and 2.49 °C/100 m, respectively). High-temperature zones
are widely distributed in the Gulong sag, with the average temperature of the Gulong shale exceeding
95 °C and reaching an average of approximately 115 °C. Overpressure in the Qingshankou Formation
exhibits a west-high to east-low trend. The overpressure zones of the Gulong shale are mainly concen-
trated in the Qijia-Gulong and Sanzhao sag, with average pressure coefficients of 1.52 and 1.36, respec-
tively. The Opc model identified Class I and II favorable zones, mainly located in the central and southern
parts of the Gulong Sag, as well as the central and southwestern Sanzhao Sag, with estimated shale oil
resources of 7 1 108 tons and 17 2 108 tons, respectively. Evolutionary profiles from representative
wells indicate that elevated temperatures enhance organic matter maturation and light oil generation,
improving shale oil mobility, while overpressure suppresses hydrocarbon dissipation and provides a suf-
ficient driving force for oil production. This study demonstrates that present-day temperature-pressure
fields effectively reflect the evolution trends of paleo-thermal and pressure regimes. The proposed eval-
uation method shows strong applicability and scalability, offering a new technical framework and theo-
retical foundation for the exploration of unconventional hydrocarbon resources.
© 2025 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introducton

Unconventional shale oil and gas resources are crucial in tack-
ling the global energy crisis. As China’s first shale oil demonstra-
tion site, the Gulong shale oil play in the Songliao Basin was
estimated in 2021 to have geological resources of 12 68 108 t
and proven reserves of 2 04 108 t. Characterized by in situ accu-
mulation and high-light hydrocarbon content, it has become a key
target for prioritized development (Cui et al., 2022, 2024; Meng
et al., 2022, 2024). With ongoing exploration and production activ-
ities, the evaluation of shale oil resource potential has been stea-
dily refined (Sorrell et al., 2010; McGlade, 2012; Cui et al., 2022;
Sun et al., 2024). However, issues like production variability and
spatial heterogeneity in hydrocarbon enrichment remain signifi-
cant because of the complex geological settings and strong hetero-
geneity of shale reservoirs, creating major challenges for accurate
resource prediction and evaluation (McGlade, 2012; Zhao et al.,
2020a; Hu et al., 2022). Currently, mainstream techniques for pre-
dicting and evaluating shale oil and gas ‘‘sweet spots” include the
comprehensive information superposition method (Jarvie, 2012;
Zhao et al., 2020b; Li et al., 2022; Sun et al., 2023b; Cui et al.,
2024), comprehensive evaluation index method (Zhao et al.,
g).
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2020b; Zhou et al., 2020), weighted factor method (Zhang et al.,
2019), and well-seismic integration method (Pan et al., 2018).
These methods usually include parameters like porosity, oil satura-
tion, organic matter quantity and maturity, shale thickness, oil
content, and fracture development. However, a major shortcoming
of existing studies is the common neglect of two key parameters—
formation temperature and pressure, which are vital for hydrocar-
bon generation, migration, and preservation (Niu et al., 2022; Xu
et al., 2022; Sun et al., 2023a). Omitting these factors can cause sys-
tematic bias in resource assessment and hinder a complete under-
standing of shale oil and gas potential (Dong et al., 2016; Niu et al.,
2022; Yuan et al., 2023).

In recent years, advances in unconventional oil and gas explo-
ration technologies have offered new insights into how shale oil
and gas accumulate, mainly through studies of temperature and
pressure (T-P) field distributions (Ma et al., 2017; Xin et al.,
2019; Wang et al., 2023b). The T-P field not only explains the con-
trols of subsurface thermal and pressure regimes on hydrocarbon
generation, migration, and retention but also provides a scientific
basis for precisely defining hydrocarbon enrichment zones (Sun
et al., 2015; Qiu et al., 2018; Sun et al., 2021a; Zhang et al.,
2022). Studies have shown that the T-P field directly influences
the occurrence states of shale oil and gas; high-temperature and
overpressure zones tend to exhibit a higher proportion of free
hydrocarbons, enhanced fluidity, and increased reservoir mobiliza-
tion potential (Wang, 2018). However, most current studies still
regard the T-P field as a supplementary element in accumulation
analysis or hydrocarbon migration modeling, without fully explor-
ing its potential in quantitative resource evaluation. As a result,
methodologies that incorporate T-P variables into resource assess-
ment remain in the early exploratory stage (Jia and Pang, 2015;
Sun et al., 2015, 2021b, 2023a; Qiu et al., 2018; Wang et al.,
2022). At present, only the TSM basin modeling approach explicitly
accounts for T-P field controls in determining the effective thick-
ness and spatial extent of shale oil zones (Wang et al., 2022), while
some laboratory-based methods have attempted to adjust
adsorbed oil estimates using formation temperature and pressure
constraints (Li et al., 2023a). Nevertheless, these approaches have
not yet been practically adopted in real-world field development
zones (Chen et al., 2019; Hu et al., 2021). Given that hydrocarbon
mobility is a fundamental determinant of shale oil recoverability,
the prediction of shale oil sweet spots should prioritize this aspect,
with the T-P field serving as a dominant geological factor influenc-
ing hydrocarbon composition dynamics and ultimate recovery effi-
ciency (Jarvie, 2012; Zhang et al., 2014; Yang et al., 2015; Lu et al.,
2016; Akkutlu et al., 2017; Chen et al., 2019; Li et al., 2020; Wang
et al., 2023b). High formation temperatures are essential for
enhancing thermal maturity and hydrocarbon fluidity, while for-
mation overpressure supplies the necessary driving force for mobi-
lizing retained hydrocarbons, both serving as critical geodynamic
controls on shale oil enrichment and production (Zou et al.,
2016; Soeder, 2018; Wang et al., 2019b; Cui et al., 2020, 2024;
Wei et al., 2021; Zhang, 2021; Zhao et al., 2023, 2024). Therefore,
optimizing sweet spot prediction strategies based on T-P field
characteristics represents an urgent and promising research fron-
tier (Xu et al., 2022).

This study focuses on the Qingshankou Formation in the north-
ern part of the Central Depression of the Songliao Basin. A total of
759 wells were analyzed using comprehensive well-logging data,
including 211 wells with formation temperature measurements,
215 wells with drilling mud density data, and 279 wells with inte-
grated well-logging datasets. Based on these data, the present-day
temperature and pressure (T-P) field distribution across the study
area was systematically characterized. A sensitivity analysis was
then performed on key parameters, formation pressure, formation
temperature, effective shale thickness, organic matter maturity
2

(Ro), and oil production to establish a T-P field-based resource eval-
uation framework and assess the shale oil potential. On this basis,
the study further investigates the differential enrichment mecha-
nisms of shale oil under the control of the T-P field, and evaluates
the applicability of the proposed method. The results underscore
the critical role of the T-P field in governing shale oil enrichment
patterns and guiding resource potential assessment.

2. Geological setting

The Songliao Basin is located in northeastern China. It is struc-
turally divided into six first-order tectonic units: the Northern Sub-
sidence Zone, Central Depression Zone, Northeastern Slope,
Southeastern Uplift, Southwestern Uplift, and Western Slope
(Fig. 1). The northern part of the Central Depression, bounded by
the Songhua River in Zhaoyuan County, forms the main
hydrocarbon-rich area of the Daqing Oilfield. This region trends
northeast and can be subdivided into seven second-order struc-
tural units: the Heiyupao Sag, Mingshui Terrace, Longhupao-
Da’an Terrace, Qijia-Gulong Sag, Daqing Placanticline, Sanzhao
Sag, and Chaoyanggou Terrace (Liu et al., 2019; He et al., 2022).
From the basin center to its margins, depositional environments
transition from deep to semi-deep lacustrine facies into deltaic
facies, displaying typical lacustrine sedimentary characteristics
and complex hydrodynamic conditions (Sun et al., 2022, 2024;
Wang et al., 2023a). During the depositional period of the Qing-
shankou Formation, the basin was in an expansive phase, marked
by the continuous development of deep-water lacustrine sags
(Chen et al., 2016; Kang et al., 2023). The formation exhibits a vari-
able thickness ranging from 20 to 550 m, with lithologies primarily
consisting of black and gray shales interbedded with oil shales, silt-
stones, and thin ostracod limestones. Locally, fine sandstones and
thin-layered siltstones are also developed. The sediments are rich
in microfossils such as ostracods, conchostracans, and bivalves
(Wang et al., 2019a; He et al., 2021; Bai et al., 2024).

A wide maturity range and high-quality kerogen characterize
the Gulong Shale within the Qingshankou Formation. Vitrinite
reflectance (Ro) values range from 0.5% to 1.7%, and the organic
matter is predominantly composed of Type I and Type II1 kerogen,
indicating strong hydrocarbon generation potential (Liu et al.,
2023b). Regional tectonic activity and depositional variations have
resulted in significant spatial heterogeneity in shale thickness and
T-P field conditions. The basin center, in particular, is characterized
by thicker shale sequences and elevated formation temperatures
and pressures, creating favorable conditions for hydrocarbon gen-
eration, accumulation, and preservation (Zheng et al., 2009; Qiu
et al., 2018; Ren et al., 2020; Lu et al., 2024). These geological
and geochemical characteristics provide a solid foundation for
evaluating shale oil potential in the Qingshankou Formation and
offer necessary guidance for future exploration strategies.
3. Evaluation parameter data acquisition and methodology

3.1. Effective data screening for Qingshankou Formation shale
thickness

The thickness of shale in the Qingshankou Formation within the
Central Depression exhibits a decreasing trend from west to east
and from south to north. This formation is characterized by sub-
stantial thickness, strong heterogeneity, and a shale content
exceeding 95% (Sun et al., 2021a, 2023a; Wang et al., 2021; Li
et al., 2022). Previous studies have suggested that a TOC value
above 1.0% serves as the lower threshold for evaluating shale oil
resources in the Qingshankou Formation (Sun et al., 2024), and that
when TOC exceeds 2.0% in continental shale reservoirs, both the
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Fig. 1. (a) Location of the Songliao Basin. (b) Location of the Central Depression in the Songliao Basin and the Qingshankou Formation thickness. (c) Stratigraphic and
lithological characteristics of the Qingshankou Formation in the study area. (Note: this study label ‘‘Gulong Shale” refers only to the Gulong shale interval within the
Qingshankou Formation, specifically Member 1 and the base of Member 2; it does not include Members 1 and 2 of the Nenjiang Formation.)
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quantity of retained hydrocarbons and the frequency of high mov-
able oil index values increase significantly (Zhao et al., 2023).
Accordingly, in this study, high-organic carbon content shale inter-
vals are used to define effective shale. Due to limited core data,
accurately determining the spatial distribution of effective shale
thickness is challenging. However, compared to other lithologies,
shale exhibits distinctive responses in well-logging parameters,
which allow for accurate identification and estimation of thickness
and vertical characteristics based on well-log data and curve inter-
pretation (Chen, 1996; Hao et al., 2012; Chen et al., 2016; Li et al.,
2020; Tan et al., 2021).

The Qingshankou Formation shale generally exhibits higher val-
ues of natural gamma-ray (GR) and sonic transit time (t) compared
to other lithologies (Wang et al., 2021). Based on a comparison
between single-well lithological descriptions and well-log data,
intervals with t > 90 s/ft, GR > 120 API, and estimated TOC
> 2% (calculated via the D logRmethod) were identified as effective
shale layers (Fig. 2) (Huang et al., 2024). To reduce manual inter-
pretation errors, a Python-based program was developed to auto-
matically extract the thickness of high-organic matter intervals
in different submembers of the Qingshankou Formation and the
Gulong shale. Data quality was further ensured through multiple
rounds of cross-validation and geological consistency checks.
Effective shale intervals were calibrated using integrated well-log
data. For example, in Well X23, the well-logs result thickness of
high-organic matter shale was 119.8 m, while the processed result
was 117.9 m, corresponding to an absolute error of 1.9% (Fig. 2a
and Fig. 3). Similarly, in Well J54, the measured thickness was
56.2 m, and the processed result was 54.5 m, with an absolute
error of 1.7% (Fig. 2b and Fig. 3). This rigorous data acquisition
3

and processing workflow provides a robust foundation for subse-
quent resource evaluation and the delineation of favorable shale
oil zones in the Qingshankou Formation.

3.2. Screening of present-day geothermal field data

A total of 211 wells with well-logging temperature data and
512 steady-state formation temperature measurements from oil
testing were collected, including data from 12 horizontal wells tar-
geting the Gulong shale. For each well, stratified data from sub-
members of the Qingshankou Formation were filtered using
Python scripts. Duplicate entries and anomalous temperature
points were removed to ensure data quality. The arithmetic mean
of temperature values within the corresponding depth interval was
calculated to represent the formation temperature of each sub-
member. Additionally, geothermal gradients (GG) were derived
based on these intervals. The calculation method for GG is shown
in Eq. (1).

GG
Tbottom Ttop

D
1

In Eq. (1), Tbottom represents the temperature at the bottom of the
formation, Ttop denotes the temperature at the top, and D is the
thickness of the formation. GG stands for the geothermal gradient,
calculated as the temperature difference per unit thickness.

Since well-log temperature (log temperature) does not typically
represent the accurate formation equilibrium temperature, it must
be corrected to reflect in situ thermal conditions accurately. During
the logging process, the fluid temperature inside the borehole is
influenced by the circulation of drilling mud, resulting in a mea-
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Fig. 2. Shale data screening results for (a) Well J54 and (b) Well X23.
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sured temperature that is lower than the actual formation temper-
ature. Therefore, log temperature is essentially a transient value
and requires correction to approximate the steady-state formation
temperature. In this study, multiple temperature measurements
were taken at the same stratigraphic level across different time
intervals. The correction was performed using the Bullard extrapo-
lation method, which is widely adopted to estimate the accurate
4

formation equilibrium temperature (Bullard, 1939; Lin et al.,
2023). The correction formula is provided in Eq. (2).

Tf Tm S t 0 5 2

To accurately correct well-log temperature data to reflect the for-
mation equilibrium temperature, an empirical coefficient (S) is



Fig. 3. Comparison of total formation thickness and effective shale thickness for different subunits of the Qingshankou Formation in representative wells.
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introduced. Fitting formation testing temperature data with corre-
sponding well-log temperature measurements from the same
stratigraphic level derive this coefficient. The correction formula
incorporates the measurement time (t, in hours) and the instanta-
neous well-log temperature (Tm) recorded at multiple time points.
The empirical coefficient S varies across the sub-members of the
Qingshankou Formation: it ranges from 1.28 to 1.13 in the Qing 1
Member, 1.07 to 1.15 in the Qing 2 Member, and 1.02 to 1.09 in
the Qing 3 Member. The measurement time t is calculated based
on the logging speed. This parameterization ensures that the cor-
rected temperatures are stratigraphically consistent and represen-
tative of the actual formation conditions.

To verify the reliability of the corrected data, a well-by-well
comparison was conducted between the processed well-log tem-
perature data, formation equilibrium temperatures obtained from
oil testing, and temperature logging data from horizontal wells at
corresponding stratigraphic levels. The results show that the abso-
lute error among the three datasets is within 3%, confirming that
the corrected well-log temperatures provide a reliable representa-
tion of formation temperatures in the Qingshankou Formation
(Fig. 2).
3.3. Acquisition of present-day formation pressure field data

In this study, a total of 137 drill stem test (DST) pressure mea-
surements from 97 wells, three modular formation dynamics test
(MDT) pressure data from 3 wells, mud density records from 375
wells, and integrated well-logging data from 338 wells were col-
lected in the Central Depression of the Songliao Basin.

However, the measured pressure datasets present two primary
limitations:

(1) The sample size is insufficient for regional characterization.
Only 41 pressure measurements are available for the Qing 1 Mem-
ber, while the 96 pressure points for the Qing 2 and Qing 3 Mem-
bers are heavily concentrated in the Qijia-Gulong Sag, which limits
their representativeness for the entire Central Depression.

(2) The DST-derived pressures mainly reflect formation pres-
sure in permeable zones. Given the low porosity and permeability
of shale formations, acquiring representative formation pressure
data directly from shale intervals remains challenging.

To more comprehensively delineate the formation pressure dis-
tribution within the Qingshankou Formation’s shale intervals, this
study employed Eaton’s method (Eaton, 1975; Zhang et al., 2024)
using mud weight data from 375 wells and complementary well-
logging responses from 338 wells. This approach integrates mea-
sured mud density and resistivity logs to calculate the composite
formation pressure, which is especially useful in low-
5

permeability shale intervals. The Eaton pressure estimation for-
mula is given in Eq. (3).

PP PV PV PN
Dtn
Dts

C

3

In the Equation, PV represents the overburden pressure in MPa; PN

is the normal pore pressure in MPa; Dtn is the sonic transit time
under normal compaction conditions; Dts is the actual sonic transit
time at the same depth; and C is the Eaton exponent, with a value
range of 0.32–0.96 for the study area.

To validate the predictive performance of the formation pressure
model, two wells, X33 and J43, were selected for comparison
between measured and predicted formation pressures. In Well
X33, at a depth of 2209.2 m, the measured formation pressure in
the shale interval was 33.1 MPa, while the predicted pressure was
31.4 MPa, yielding a relative error of 5.14% and a pressure coefficient
of 1.54 (Fig. 4a and Fig. 4b). In Well J43, at a depth of 2120.3 m, the
measured pressure was 22.8 MPa, and the predicted pressure was
21.2 MPa, with a relative error of 7.02% (Fig. 4a and Fig. 4b). Overall,
the relative errors between measured and predicted formation pres-
sures remained within ± 3 MPa, indicating a high degree of reliabil-
ity in the pressure prediction results (Fig. 4).

It is worth noting that mud density is generally designed to
exceed actual pore pressure to ensure drilling safety. Therefore,
in this study, mud density was not used as a direct indicator of for-
mation pore pressure. Instead, it served to constrain the general
pressure trend and provided auxiliary guidance for identifying
potential overpressure zones, particularly in data-sparse regions.

3.4. Methodology

Integrating well-logging data and core data to predict shale oil
sweet spots significantly enhances the accuracy of identification
(Niu et al., 2022; Cao et al., 2024). This study establishes a compre-
hensive resource evaluation framework and investigates the shale
oil enrichment mechanisms controlled by the coupling effects of
temperature and pressure (T-P) fields (Fig. 5). The methodological
workflow comprises the following steps: (i) Comprehensive data-
sets were collected from the study area, including well-logging
and mud-logging data, measured formation pressures, formation
temperatures from well testing, single-well shale oil production
volumes, and geochemical parameters. (ii) Key evaluation parame-
ters such as formation pressure and formation temperature for
each sub-member of the Qingshankou Formation and the Gulong
Shale were defined (see Section 3.2 and Section 3.3). (iii) The spa-
tial distribution patterns of each evaluation parameter were
mapped across the Qingshankou Formation and Gulong Shale
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Fig. 4. Comparison between measured and predicted formation pressures: (a) Well X33, (b) Well J43, and (c) all measured data points combined.

Fig. 5. Illustrates the methodological framework of this research.

Y. Huang, J. Chang, N. Qiu et al. Geoscience Frontiers 16 (2025) 102148
intervals. (iv) Based on the correlations among shale thickness, vit-
rinite reflectance (Ro), oil content (S1), and shale oil production,
Pearson correlation coefficients were calculated to quantify the
contribution of each parameter. These coefficients were used as
weighting factors to construct a shale oil resource evaluation
model controlled by T-P fields. (v) Weighted overlay analysis was
applied to classify favorable shale oil development zones and
delineate enrichment areas. The Output coefficient (Opc) was
introduced to quantify the relationship between geological
resource abundance and actual hydrocarbon enrichment levels.
(vi) A volumetric method based on small-scale grid units was
employed to conduct a tiered assessment of shale oil resource
6

potential across different zones. (vii) Finally, the differential
enrichment mechanisms of shale oil under the influence of T-P
field coupling were analyzed, and the applicability of this method
was discussed.

4. Results

4.1. Hydrocarbon source rock characteristics of shales in the
Qingshankou Formation

In shale oil resource evaluation, vitrinite reflectance (Ro) is a key
parameter that reflects the thermal maturity of organic matter and



Fig. 6. Contour maps of vitrinite reflectance (Ro(%)) for the Qingshankou Formation:
(a) Member 1, (b) Member 2, and (c) Member 3.
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plays a crucial role in assessing the potential of shale oil resources
(Guo et al., 2021; Sun et al., 2024). In this study, a total of 1,083 Ro

measurements were collected from the Gulong Shale in the north-
ern part of the Central Depression. Based on this dataset, the spa-
tial distribution characteristics of Ro across the Qingshankou
Formation were systematically analyzed (Fig. 6).

The Ro dataset compiled in this study includes measurements
from 232 wells for the first member of the Qingshankou Formation,
78 wells for the second member, and 59 wells for the third mem-
ber. The results show that Ro values increase with burial depth. In
the first member, extensive high Ro zones (>1.2) are observed
(Fig. 6a), with Ro values reaching 1.67 and 1.72 in Wells X1 and
X12, respectively. Spatially, these high-value zones are mainly dis-
tributed in the Qijia-Gulong Sag and the central part of the Sanzhao
Sag. Within the Qijia-Gulong Sag, Ro values greater than 1.2 are pri-
marily concentrated in the southern Qijia Sag and the central
Gulong Sag, whereas both the maximum Ro values and their distri-
bution range in the Sanzhao Sag are lower than those in the Qijia-
Gulong Sag (Fig. 6a–c).

Overall, the high Ro zones are predominantly concentrated in
the Qijia-Gulong Sag, followed by the central area of the Sanzhao
Sag. This distribution indicates that these regions possess favorable
conditions for hydrocarbon generation and preservation, repre-
senting advantageous zones for potential shale oil enrichment.

4.2. Distribution characteristics of effective shale thickness in the
Qingshankou Formation

The thickness of shale in the Qingshankou Formation is a key
parameter for evaluating shale oil resources. Based on well-
logging data and stratigraphic division information (see Section 2),
this study constructed vertical thickness maps for the first mem-
ber, the combined second and third members, and the Gulong
shale, including both total thickness and black shale thickness
(Fig. 1b), to accurately assess the development of effective black
shale.

The results show that in the northern part of the Central
Depression, the total thickness of the Qingshankou Formation
ranges from 130 m to 680 m, while the shale thickness varies from
20 m to 550 m (Fig. 1b). Further analysis indicates the following:

(1) The total thickness of the first member ranges from 20 m to
150 m, with shale thickness between 4 m and 143 m (Fig. 7a and
b);

(2) The combined second and third members have total thick-
nesses ranging from 80 m to 590 m, with shale thickness between
2 m and 465 m (Fig. 7c and d);

(3) The total thickness of the Gulong shale ranges from 40 m to
200 m, and its shale thickness spans 28 m to 187 m (Fig. 7e and f).

Overall, the proportion of shale in Member 1 of the Qing-
shankou Formation ranges from 92.8% to 98.5%, while in Members
2–3 it ranges from 22.3% to 98.2%. The Gulong shale shows a shale
proportion ranging from 77.3% to 96.5%. In terms of spatial distri-
bution, the thickness of black shale generally shows a pattern of
‘‘thinner in the east, thicker in the west and southeast” reflecting
the combined effects of depositional environments and tectonic
activities (Li et al., 2017; Liu et al., 2018). The areas with greater
thickness are mainly concentrated in the Qijia-Gulong Sag.

Within the key study area of the Qijia-Gulong Sag, the thick
black shale intervals in Member 1 of the Qingshankou Formation
and the Gulong shale are mainly distributed in the southern Qijia
Sag and the central Gulong Sag (Fig. 7a, b, e and f). In contrast,
the thicker pure shale zones of Members 2 and 3 are concentrated
7
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Fig. 7. Contour maps of vertical thickness and shale thickness for different intervals: (a–b) Member 1 of the Qingshankou Formation, (c–d) Members 2–3 of the Qingshankou
Formation, and (e–f) the Gulong shale.
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in the southern part of the Qijia Sag, the central Gulong Sag, and
the south section of the Daqing-Changyuan Uplift (Fig. 7c and d).
Notably, thinning zones of black shale are observed in the northern
and northeastern Gulong Sag (Fig. 7), indicating a mismatch
between the total formation thickness and that of black shale. This
suggests the possible predominance of interbedded type shale oil
reservoirs in this area.

4.3. Present-day temperature field distribution characteristics

The present-day formation temperature distribution of the
Qingshankou Formation in the northern Central Depression of
the Songliao Basin shows that high-temperature zones are pre-
dominantly located in the Qijia-Gulong Sag, particularly within
8

the central part of the sag. The formation temperatures of Member
1, Member 2, and the Gulong shale are generally above 90 °C, with
the Gulong shale in the central Gulong Sag exhibiting an average
formation temperature of 115 °C. Notably, the maximum temper-
ature in Member 1 reaches 121 °C, which corresponds to the aver-
age formation temperature over a 2.5 km horizontal section of the
X10 well. Different subunits of the Qingshankou Formation exhibit
distinct temperature ranges based on well-log temperature mea-
surements: Member 1 ranges from 33.7 °C to 121.3 °C, Member
2 from 26.1 °C to 111.2 °C, and Member 3 from 24.5 °C to
105.2 °C (Fig. 8).

Regionally, the formation temperature distribution exhibits a
distinct east-west contrast. In the eastern Sanzhao Sag, the forma-
tion temperature of the Gulong shale is relatively low, ranging
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from 61.2 °C to 82.3 °C, while in the western Qijia-Gulong Sag, the
temperature is significantly higher, ranging from 63.4 °C to
121.3 °C. Within the Qijia-Gulong Sag, there is also a clear north-
south temperature differentiation: the central part of the southern
Gulong Sag shows elevated formation temperatures between
83.2 °C and 121.3 °C, whereas the Gulong shale in the northern
Qijia Sag records lower values, ranging from 63.4 °C to 73.8 °C.
These spatial differences reflect the strong influence of regional
tectonic activity and heat flow background on the present-day
thermal regime. Such variations offer critical insights into the ther-
mal evolution of the Qingshankou Formation, hydrocarbon accu-
mulation patterns, and shale oil resource evaluation.

The geothermal gradient of the Qingshankou Formation and
Gulong Shale exhibits significant variations across different sub-
units. Member 1 of the Qingshankou Formation has an average
geothermal gradient of 3.84 °C/100 m, with the highest value
recorded at Well X35 (9.6 °C/100 m) and the lowest at Well X10
(0.5 °C/100 m). Member 2 shows an average geothermal gradient
of 2.93 °C/100 m, with a maximum value of 6.38 °C/100 m at Well
X2 and a minimum of 0.35 °C/100 m at Well S59. Similarly, Mem-
ber 3 presents an average geothermal gradient of 2.49 °C/100 m,
with the highest value of 4.92 °C/100 m at Well T27 and the lowest
of 1.1 °C/100 m at Well G24. The Gulong shale demonstrates an
average geothermal gradient of 3.6 °C/100 m, with the highest
recorded value at Well YX58 (7.4 °C/100 m) and the lowest at Well
S59 (0.49 °C/100 m). Regionally, within the Gulong shale interval,
the average geothermal gradients are observed in the
Qijia-Gulong Sag (4.43 °C/100 m) and the Longhupao-Da’an
Platform (4.12 °C/100 m) (Fig. 9). These variations in geothermal
gradient reflect the influence of regional tectonic activity and heat
Fig. 8. Fig. 8. Contour maps of formation temperature for different intervals: (a) Membe
shale.
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flow distribution, which play a crucial role in controlling the ther-
mal evolution and hydrocarbon generation potential of the Qing-
shankou Formation.

4.4. Present-day pressure field distribution characteristics

The formation pressure of the Qingshankou Formation in the
northern Central Depression of the Songliao Basin generally
increases with burial depth, with pressure progressively rising
from Member 3 to Member 2 and reaching its highest levels in
Member 1. The overpressure distribution within the Qingshankou
Formation varies across different secondary structural units. Sig-
nificant overpressure is observed in the Longhupao-Daan Terrace,
Qijia-Gulong Sag, Daqing Placanticline, and Sanzhao Sag. Among
these, the most extensive overpressure zones are primarily located
in the central Sanzhao Sag and the Qijia-Gulong Sag (Fig. 10 and
Fig. 11).

The formation pressure coefficients of the Qingshankou Forma-
tion exhibit significant variations in both stratigraphy and space.
Specifically, Member 3 shows pressure coefficients ranging from
0.78 to 1.43 (Fig. 11a); Member 2 ranges from 0.81 to 1.67
(Fig. 11b); and Member 1 exhibits the highest values, ranging from
0.83 to 1.83 (Fig. 11c). For the Gulong shale, pressure coefficients in
the central Sanzhao Sag range from 0.83 to 1.68 (Fig. 11d), while in
the Qijia-Gulong Sag, they range from 0.82 to 1.83. Overall, forma-
tion pressures in the Qijia-Gulong Sag are consistently higher than
those in the central Sanzhao Sag, highlighting the significant influ-
ence of regional tectonic activity and geological conditions on pres-
sure distribution. These findings provide a critical foundation for
further investigation into the pressure evolution of the Qing-
r 3, (b) Member 2, (c) Member 1 of the Qingshankou Formation, and (d) the Gulong
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Fig. 9. Average geothermal gradient distribution map of the Gulong shale interval in different secondary structural units of Northern Songliao Basin.

Fig. 10. Average formation pressure coefficient of the Qingshankou Formation in
different secondary structural units of the northern Songliao Basin.
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shankou Formation and its role in the accumulation of shale oil and
gas.

4.5. Establishing an evaluation parameter system and model for the
Gulong shales

The shale oil production of wells in the study area reflects the
integrated influence of shale geological conditions. This study ana-
lyzes production data from 53 Qingshankou Formation Gulong
shale oil wells. The average daily oil production is calculated based
on the mean output over 120 days following initial well testing.
Furthermore, correlations between key evaluation parameters
effective shale thickness, vitrinite reflectance (Ro), formation pres-
sure coefficient, and formation temperature and oil production
were examined (Fig. 12).

The relationships between key evaluation parameters and shale
oil production are summarized in Fig. 13. The thickness of the
Gulong shale ranges from 70 to 110 m, and overall, production
increases with thickness. Notably, when the thickness exceeds
90 m, daily oil production typically surpasses 20 t/d, indicating that
10
formation thickness is a critical control on shale oil enrichment and
serves as a key parameter for selecting favorable zones. Vitrinite
reflectance (Ro) above 0.9 is associated with a marked increase in
production. When Ro exceeds 1.3, maximum daily production can
exceed 30 t/d, suggesting that appropriate Ro values are strong
indicators of organic maturity and enrichment potential. Forma-
tion pressure coefficients ranging from 1.2 to 1.8 show a positive
correlation with production, peaking around 1.6, which highlights
the role of overpressure as a key geological control on shale oil
enrichment. Similarly, formation temperatures between 70 °C
and 110 °C show a general positive trend with productivity. In par-
ticular, temperatures in the range of 90–110 °C correspond to
higher shale oil yields, underscoring that temperature governs
the geochemical processes of hydrocarbon generation and is thus
a crucial parameter in delineating sweet spot zones.

The classification thresholds for each evaluation parameter
were independently determined based on their respective statisti-
cal distributions, and the delineated shale oil enrichment zones
were used as input variables for the resource evaluation model.
As summarized in Table A.1, these favorable zones were graded
into four levels: Class I (highest priority), Class II, Class III, and Class
IV (lowest priority). Areas with shale thickness > 90 m, pressure
coefficient (Pc) >1.4, vitrinite reflectance (Ro) >1.2, and formation
temperature between 90–110 °C were identified as having the
most significant potential for shale oil enrichment. The evaluation
results indicate that the Gulong shale in the central Gulong Sag
represents a Class I favorable zone. At the same time, Members 2
and 3 of the Qingshankou Formation are classified as Class II favor-
able zones. The central Sanzhao Sag and the southern Daqing Pla-
canticline are categorized as Class II to Class III favorable zones.
This classification framework provides a scientific basis for priori-
tizing and categorizing productive shale intervals in the Gulong
area, offering practical guidance for shale oil exploration and
development.

To quantitatively assess the contribution of each parameter to
shale oil enrichment, common methods include the Pearson
weighting method, entropy weight method, analytic hierarchy pro-
cess (AHP), and grey relational analysis. However, to better reflect
productivity response and minimize subjective bias, this study
adopts Pearson correlation analysis based on parameter classifica-
tion and variation trends (Eq. (4)). The Pearson correlation coeffi-
cient evaluates the strength and direction of a linear relationship
between two variables, ranging from −1 to 1, with values closer
to the extremes indicating stronger correlation. Based on Pearson
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Fig. 11. Contour maps of formation pressure for different intervals: (a) Member 3, (b) Member 2, (c) Member 1 of the Qingshankou Formation, and (d) the Gulong shale.
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correlation coefficients between shale oil production and pressure
coefficient (Pc), formation temperature (T), vitrinite reflectance
(Ro), and shale thickness, the resulting parameter weights were
0.29 for pressure, 0.27 for temperature, 0.29 for Ro, and 0.15 for
shale thickness (Fig. 13). Although the correlation between thick-
ness and production is lower than that of Ro or pressure, thickness
still plays a crucial role in defining the resource enriched volume.
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xi and yi represent the observed values of oil production and the cor-
responding evaluation parameter for the i-th well, respectively. x
and y denote the mean values of x and y within the sample dataset.

An integrated evaluation model was established by defining an
output coefficient (Opc), which represents the potential productiv-
ity of shale oil. This coefficient is derived from a multi-factor
weighted summation, where parameter weights are normalized
using Pearson correlation coefficients. This approach ensures that
the contribution of each variable is based on statistical correlation
rather than subjective assignment, enhancing objectivity. To mini-
mize the impact of extreme outliers on normalization, two prepro-
cessing measures were implemented: (1) each parameter
distribution was truncated within the P5–P95 percentile range to
remove values that deviate significantly from the primary data
11
trend; (2) the truncated data were then linearly normalized to
ensure robustness. The formulation of the comprehensive evalua-
tion model is as follows (Eq. (5)):

Opc 0 29
a amin

amax amin
0 27

b bmin

bmax bmin

0 29
c cmin

cmax cmin
0 15

d dmin eff

dmax eff dmin eff
5

In this equation, a denotes the formation pressure, b the formation
temperature, c the vitrinite reflectance (Ro), and d the shale thick-
ness. dmin−eff and dmax−eff represent the minimum and maximum
effective shale thickness, respectively.

It is essential to note that the Opc index primarily reflects the
geological potential for resource enrichment and does not incorpo-
rate engineering factors, such as the scale of fracturing or comple-
tion methods. Therefore, it cannot be used directly for production
prediction. Although high Opc values do not necessarily corre-
spond to high productivity, the correlation between Opc and oil
production equivalents can serve as a supplementary indicator
for validating the reliability of the geological model (Fig. 13). Based
on Opc values, the favorable shale oil zones are classified into four
categories (Table A.2): Class IV (<0.4), Class III (0.4–0.5), Class II
(0.5–0.7), and Class I (>0.7). This model enables the quantitative
characterization of shale oil enrichment potential, providing a
robust geological foundation for the efficient development of the
Gulong shale oil resource.
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Fig. 12. Intersection plot of optimized evaluation parameters and oil production in the evaluation parameter system.

Fig. 13. Relationship between output coefficient (Opc) and oil production capacity.
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5. Discussion

5.1. Impact of temperature-pressure coupling on shale oil
accumulation

5.1.1. Temperature-pressure conditions promote shale oil generation
and enrichment

According to the constructed resource evaluation framework
and the results of the Opc-based resource classification, the first-
class favorable shale oil zones and high-output regions are pre-
dominantly distributed in areas characterized by the coupled con-
ditions of ‘‘high temperature + overpressure”. To further
investigate the controlling mechanism of this coupling on hydro-
carbon accumulation, this section selects three representative
shale oil wells: Well X10, located in the central Gulong Sag; Well
X6, in the marginal area; and Well XY1, in the Sanzhao Sag, for
12
analysis. By examining their burial history, thermal evolution,
and pressure evolution processes, the study aims to clarify the role
of temperature-pressure evolution in governing shale oil genera-
tion and enrichment.

Well X10, located in the central Gulong Sag, has experienced
rapid subsidence and continuous deep burial since the deposition
of the Mingshui Formation (Fig. 14a). The region was subjected
to a strong paleo-heat flow, resulting in a maximum formation
temperature of 185 °C, well above the upper limit of the main shale
oil generation window (150 °C) (Tang et al., 2024). Between 70 Ma
and 40 Ma, the shale interval remained in a sustained high-
temperature state, providing favorable conditions for organic mat-
ter pyrolysis and secondary cracking. This facilitated the genera-
tion of light, high-maturity hydrocarbons with good fluidity
(Wan et al., 2024; Wang et al., 2024).

Additionally, Well X10 has been preserved under a sealed over-
pressure environment for a long time, with a present-day pressure
coefficient as high as 1.63. Burial history reveals slow uplift and
minor erosion. At the same time, heterogeneities in the Qing-
shankou Formation’s mudstone layers have contributed to the
development of overpressure compartment structure, effectively
trapping hydrocarbons (Dong et al., 2016; Soeder, 2018; Huang
et al., 2024). These dual advantages of ‘‘high temperature + high
pressure” make this area particularly favorable for shale oil enrich-
ment. Existing studies have shown that elevated temperatures pro-
mote the formation of light hydrocarbons, while overpressure
suppresses hydrocarbon dissipation and provides essential driving
force for production (Dutta, 2002; Zhang et al., 2024).

In contrast to Well X10, the X6 and XY1 well areas display sig-
nificantly lower shale oil enrichment due to their weaker
temperature-pressure field intensity. During their maximum burial
stages, the paleo-heat flow in both places was considerably lower
than that of the X10 well region (Li, 2015; Tang et al., 2024; Fu
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Fig. 14. Temperature and pressure evolution model of the Gulong shale in the
central depression: (a) Well X10, (b) Well X6, and (c) Well XY1.
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et al., 2025), resulting in only moderate organic matter maturity. In
the absence of sufficiently high temperature and pressure, hydro-
carbons did not undergo extensive secondary cracking into light
13
components. Moreover, both areas experienced substantial uplift
during the late Mingshui Formation, as evidenced by burial history
reconstructions (Li, 2015; Shi et al., 2019; Liu et al., 2021), which
further reduced present-day thermal and pressure conditions
(Fig. 14b and c).

Due to the lack of strong temperature-pressure evolution, the
source rocks in Wells X6 and XY1 exhibit limited hydrocarbon gen-
eration potential, reduced residual hydrocarbon volumes, and
insufficient sealing capacity. These factors collectively lead to mod-
erate or low yield well classifications. The comparison underscores
that temperature-pressure field intensity is a key controlling factor
in shale oil accumulation, governing both hydrocarbon generation
efficiency and reservoir preservation.

In summary, the temperature-pressure evolution histories of
the three wells collectively reveal a clear mechanism of evolution
together. Elevated temperatures accelerate the thermal evolution
of source rocks and promote the generation of light hydrocarbons,
while overpressure enhances hydrocarbon retention and signifi-
cantly increases shale oil productivity. The coupling of high tem-
perature and overpressure thus plays a dominant role in
controlling the generation and distribution of shale oil. Moreover,
the present-day T-P field configurations effectively reflect the
paleo-thermal and pressure evolution trends, offering a reliable
geological basis for evaluating shale oil enrichment mechanisms
and estimating resource potential.

5.1.2. Present-day temperature and pressure (T-P) fields patterns in
identifying shale oil sweet spots

The present-day temperature and pressure (T-P) fields are
cumulative manifestations of long-term basin evolution and exhi-
bit distinct spatial distribution patterns that provide direct guid-
ance for delineating shale oil sweet spot zones. Analysis of the
temperature and pressure evolution at the three representative
wells indicates that since the deposition of the Yian Formation,
the Gulong shale interval has experienced a prolonged period of
high-temperature and overpressure sealing. This persistent over-
pressure environment effectively inhibited secondary migration
and dissipation of hydrocarbons, thereby enhancing hydrocarbon
retention efficiency. The development of such overpressure condi-
tions is primarily driven by rapid subsidence and hydrocarbon
generation-induced pressurization (Huang et al., 2024).

Additionally, the present-day T-P field configuration across the
basin exhibits strong regional consistency. Among the submem-
bers of the Qingshankou Formation, Member 1 exhibits the highest
current geothermal gradient, reaching up to 3.84 °C/km, indicating
it has experienced the most intense thermal activity in the basin’s
geologic history. This strong heat flow regime has promoted rapid
organic matter maturation and abundant light oil generation,
which are key factors supporting the formation of shale oil sweet
spots. Current exploration and development practices have also
confirmed that Member 1 is the most productive shale oil interval
in the area and holds significant development potential (Cui et al.,
2022; Sun et al., 2024).

As shown in Fig. 13, when the formation temperature exceeds
90 C, the proportion of shale oil wells with daily production
greater than 20 t d increases significantly, and the corresponding
Opc values are generally above 0.7. This observation highlights that
elevated temperature is a critical factor for high-yield shale oil pro-
duction. Similarly, zones with pressure coefficients 1 4 are pre-
dominantly associated with high-output wells, reinforcing the
dual contribution of overpressure to hydrocarbon retention and
enhanced reservoir drive. Based on these findings, this study pro-
poses the criterion of ‘‘formation temperature 90 C and pressure
coefficient 1 4” as the core standard for identifying shale oil
sweet spots in the Gulong shale interval. This temperature-
pressure combination not only reflects improved shale oil fluidity
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and recoverability but also indicates favorable preservation condi-
tions and sufficient reservoir drive, thereby offering a quantifiable
basis for accurately delineating favorable zones.

Furthermore, a review of typical global shale oil basins, such as
the Bakken Shale in the Williston Basin and the Wolfcamp Shale in
the Permian Basin, reveals that the temperature and pressure con-
ditions of their sweet spots generally fall within the ranges of 80–
120 °C and 1.2–1.6, respectively (Cramer, 1992; Tran et al., 2011;
Wickard et al., 2016; Khalil et al., 2020; Wu et al., 2021; Li et al.,
2023b; Zhou et al., 2023). This suggests that high-temperature
and high-pressure regimes serve as universal parameters govern-
ing shale oil enrichment in both continental and marine settings
(Fig. 15). Such global consistency further confirms that the
present-day T-P fields not only reflect the basin’s thermal-
tectonic evolution but also serve as reliable geological indicators
for predicting sweet spots and classifying resources.

5.1.3. Insights into abnormal temperature-pressure conditions
Although the temperature-pressure (T-P) field in the study area

generally exhibits a strong coupling evolution trend, localized
anomalies in T-P distributions are still observed, which require fur-
ther interpretation of their genetic mechanisms. Two typical types
of abnormal T-P combinations were identified:

(1) High-temperature and low-pressure zones: These are
mainly located along the southern margin of the Gulong Sag, such
as the area around Well QX1. Preliminary analysis suggests that
localized thermal anomalies are induced by hydrothermal activity
near fault zones on the hanging wall. Additionally, shale in this
region has undergone pressure release due to the development of
microfractures, resulting in relatively low formation pressures.

(2) Low-maturity and high-pressure zones: These are primarily
distributed in the northern Qijia Sag and the transitional zone
between the Daqing Placanticline and surrounding depressions
(e.g., Well QX5). In these areas, vitrinite reflectance (Ro) is generally
low (<0.8%), yet pressure coefficients exceed 1.3. We interpret this
Fig. 15. Distribution of formation pressure an
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pattern as a result of undercompaction of mudstone caused by
early rapid burial, which inhibited normal dewatering and led to
overpressure. This interpretation aligns with the explanation pro-
posed by Huang et al. (2024) regarding the genesis of abnormal
overpressure in this area.

Notably, an anomalously high vitrinite reflectance (Ro > 1.2%)
was observed in the Member 1 interval of Well J6, which contrasts
sharply with the relatively low present-day formation temperature
of this layer. We infer that this elevated maturity is likely related to
episodic hydrothermal disturbances. Deep sourced hydrothermal
fluids may have migrated upward along major basement faults,
significantly enhancing the local thermal evolution and imprinting
a high Ro ‘‘thermal signature” on the shale. The occurrence of
hydrothermal minerals such as barite within the Member 1 shale
may serve as strong mineralogical evidence of such events (He
et al., 2022).

In summary, the formation of temperature-pressure anomalies
is not solely governed by regional depositional tectonic settings,
but may also be significantly affected by late-stage hydrothermal
activity and fluid pressure dissipation. Accurate identification and
interpretation of these anomalies enhance our understanding of
shale oil heterogeneity and accumulation mechanisms, providing
valuable supplementary insights for resource evaluation and opti-
mization of exploration strategies.

5.2. Temperature-pressure dominated logic and application in
resource evaluation

5.2.1. The role of temperature-pressure fields in resource evaluation
systems

In the current field of unconventional hydrocarbon resource
evaluation, various methodologies have been developed for pre-
dicting and assessing shale oil ‘‘sweet spots” including the inte-
grated overlay method, comprehensive index method, weighted
factor approach, and well-seismic combined evaluation technique
d temperature in global shale oil plays.
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(Zhou et al., 2020; Li et al., 2022). These approaches are capable of
incorporating a wide range of geological and reservoir parameters
such as porosity, permeability, organic matter abundance, and
effective thickness (Pan et al., 2018; Zhang et al., 2019). However,
most of them treat T-P as independent variables, thereby neglect-
ing their synergistic effects in systematically controlling shale oil
generation, migration, and preservation processes (Qiu et al.,
2018; Sun et al., 2021a).

During geological evolution, the temperature-pressure (T-P)
field jointly governs the occurrence state and production potential
of shale oil, exerting its control primarily in three aspects. First,
under high-temperature and high-pressure conditions, reservoir
pore structures tend to be more developed, and fracture systems
are more stable and interconnected, which favors the enrichment
and preservation of free hydrocarbons and enhances fluid mobility.
In contrast, in low-temperature and low-pressure environments,
adsorbed hydrocarbons dominate, leading to reduced flow capacity
(Johnston, 1987; Li et al., 2023a; Liu et al., 2023a; Zhang and Hou,
2024). Second, elevated formation temperatures reduce the
adsorption capacity of organic matter and minerals on hydrocar-
bons, thus enhancing hydrocarbon mobility, while overpressure
inhibits fracture closure and increases formation permeability
(Liu et al., 2012; Hsu and Robinson, 2017; Zeng et al., 2023). Third,
the T-P combination significantly influences shale oil recoverabil-
ity: high temperatures reduce oil viscosity and threshold pressure
gradient (TPG), whereas overpressure provides additional driving
force for production and improves fluid migration efficiency
(Wang et al., 2023a; Qu et al., 2024).

Therefore, the coupling of T-P not only governs the processes of
shale oil generation and migration, but also plays a dominant role
in its preservation and spatial enrichment. The multi-index
weighted model developed in this study, based on T-P parameters,
leverages the present-day temperature-pressure field as a proxy
for paleo-thermal and pressure evolution, and explores its discrim-
inative power in delineating zones of shale oil resource potential.
Our results confirm a strong consistency between T-P coupling
characteristics and known high-production areas, further substan-
tiating the practical value of T-P fields as a key controlling indicator
for identifying shale oil sweet spots.

5.2.2. Construction of a shale oil resource prediction model based on
temperature-pressure fields

Incorporating temperature-pressure (T-P) field variables into
the traditional comprehensive weighted factor method, this study
develops a shale oil resource prediction model that integrates key
geological parameters, including vitrinite reflectance (Ro) and
effective shale thickness. The variable effective shale thickness
reflects the extent of shale layers with favorable hydrocarbon gen-
eration potential and reservoir properties; a greater effective shale
thickness indicates more substantial resource potential (Lu et al.,
2012; Yang et al., 2019; Zhao et al., 2020a). Ro, as a critical indicator
of the thermal maturity of source rocks, defines the favorable win-
dow for hydrocarbon generation typically between 0.7% and 1.2%,
which is considered optimal for shale oil formation (Evenick,
2021; Katz and Lin, 2021).

A notable advantage of the temperature-pressure (T-P) coupling
model lies in its ability to simplify the variable framework and mit-
igate common multicollinearity issues. By clarifying the individual
contributions of each parameter to shale oil enrichment, the model
enhances scientific rigor, applicability, and practical operability in
resource prediction.

The main idea behind this model supports a two-stage
‘‘exploration-validation” strategy. In the early exploration phase,
the spatial distribution of shale oil sweet spots can be quickly iden-
tified using only T-P parameters, offering a preliminary framework
15
for potential resource zones. In the later phase, production data
and core-based experimental parameters (e.g., pyrolysis-derived
S1 values) are incorporated to refine and optimize the delineation,
enabling higher-precision zoning and evaluation.

Taking the Gulong Sag of the Songliao Basin as a case study, the
model constructed based on T-P fields successfully delineated the
central sweet spot areas of the Gulong shale during the initial iden-
tification phase. When compared with the final delineation refined
through the integration of production data and core-derived
parameters, the spatial difference in area was only about 24%. At
the same time, the dominant distribution zones remained highly
consistent (Fig. 16d). This demonstrates that the model possesses
strong regional indication capability and interpretability, making
it well-suited for rapid deployment and resource evaluation in
the early stages of exploration.

5.2.3. Classification standards and resource potential analysis of
Gulong shale oil

Based on the temperature-pressure (T-P) dominant control
model, this study conducted a classification-based assessment of
shale oil resources in the Gulong area of the Songliao Basin. The
study area was divided into four favorable zones: Class I areas rep-
resent high-temperature and high-pressure enrichment zones with
the most significant production potential; Class II areas possess rel-
atively favorable resource conditions and serve as key exploration
targets; Class III areas have limited resource potential but still hold
localized development value; and Class IV areas exhibit poor geo-
logical conditions and low resource potential (Fig. 16). Among
them, the areal extents are as follows: Class I – 675 km2, Class II
– 2292 km2, Class III – 4939 km2, and Class IV – 21,600 km2. The
estimated shale oil resources for each zone are 710 million tons
(Class I), 1.72 billion tons (Class II), 2.47 billion tons (Class III),
and 4.32 billion tons (Class IV)(Table A.3), respectively.

A comparison of this study’s results with previous assessments
based on multi-parameter overlay methods and Monte Carlo sim-
ulations reveals a high degree of consistency in both estimated
resource volumes and spatial distribution trends (Cui et al., 2020;
Zhao et al., 2023; Sun et al., 2024). For instance, Liu et al. (2014)
estimated the effective recoverable resources of the Qing 1 Mem-
ber to be 9 64 109 t using the Monte Carlo method; Cui et al.
(2020) delineated a sweet spot area of 4200 km2 with an estimated
resource of 3 25 109 t; and Wang et al. (2020) calculated the
resources of the Qing 1 and Qing 2 Members to be 5 59 109 t
and 4 43 109 t, respectively. The predicted resource volume of
Class II areas in this study aligns well with these previous results,
indicating that the temperature-pressure model exhibits strong
consistency and adaptability in total resource estimation.

It is worth noting that although the estimated resource volume
of Class I areas in this study appears relatively low, this does not
indicate an underestimation. Instead, it reflects the model’s
emphasis on the three key elements of ‘‘high-quality preservation,
efficient migration, and effective retention.” The temperature and
pressure (T-P) dominated model selectively identifies areas with
advanced thermal maturity, strong pressure sealing capacity, and
stable production potential, thereby enhancing the precision and
targeting of resource evaluation. In contrast to traditional multi-
parameter overlay methods that may overestimate the extent of
enrichment zones, the T-P dominant model more accurately cap-
tures the mechanisms of free hydrocarbon preservation and the
integrity of fluid migration barriers.

5.2.4. Validation of method reliability and future applications
To validate the effectiveness of the temperature-pressure (T-P)

coupling-based resource evaluation model proposed in this study,
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Fig. 16. Maps of favorable zones in the Qingshankou shale oil reservoir, Central Depression. Contour maps of the Opc coefficient are shown for (a) Member 3, (b) Member 2,
(c) Member 1 of the Qingshankou Formation, and (d) the Gulong Shale. The blue and purple circled areas indicate favorable zones identified through various assessment
methods (refer to Cui et al., 2020; Sun et al., 2024).
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we conducted systematic comparisons and verification at both
regional and well scales. At the regional scale, the sweet spot areas
delineated by this model show high consistency with previous
results obtained using multi-parameter overlay and volumetric
methods (Sun et al., 2023a, 2024). The greatest alignment is
observed in the central Gulong Sag, indicating that T-P parameters
play a key role in controlling shale oil resource evaluation.

At the well scale, the model’s evaluation results demonstrate
strong consistency with actual production performance. For example,
Wells X18, X13, and X24 all exhibit formation temperatures exceed-
ing 105 °C and pressure coefficients greater than 1.55. Their corre-
sponding daily oil productions reach 27 t/d, 32 t/d, and 25 t/d,
respectively, with Opc indices all exceeding 0.79, placing them firmly
within Class I favorable zones. This high level of agreement under-
scores the practical utility of the temperature-pressure-dominated
model in accurately predicting high-production enrichment areas.

It is worth noting that the model exhibits certain limitations in
applicability when locally evaluating the previously identified
anomalous zones, specifically those characterized by high temper-
atures and low pressures, as well as those described by low tem-
peratures and high pressures. Although the model remains
instructive for large-scale delineation, the resource distribution
and preservation conditions in these anomalous areas require
16
additional geological background constraints and supplementary
interpretation. Future research should focus on refining the mod-
el’s adaptability in these contexts.

Furthermore, this method shows strong potential for regional
transferability. Given its validated performance in the Gulong Sag
of the Songliao Basin, the model could potentially be applied to
other continental shale basins with similar thermal regimes and
abnormal pressure structures, such as the Ordos Basin and the
Sichuan Basin, as well as international counterparts like the Bakken
and Vaca Muerta formations.

In future developments, we plan to incorporate machine learn-
ing techniques such as XGBoost to model the nonlinear relation-
ships among T-P parameters, vitrinite reflectance (Ro), pyrolysis
parameter S1, and recoverable oil production. This approach aims
to enhance the model’s predictive capabilities. Furthermore, by
integrating interpretable algorithms such as SHAP values and deci-
sion trees, we can alleviate the ‘‘black-box” nature of traditional
models, enabling geological traceability of variable weights and
evaluation logic. Although challenges like data dependency and
physical constraints remain, the T-P based evaluation method
shows a clear structure and strong adaptability, offering a solid
foundation for rapid prediction and zonation of unconventional
shale oil resources.
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6. Summary and conclusions

Using the Qingshankou Formation in the central depression
zone of the Songliao Basin as a case study, this research system-
atically analyzed the current temperature-pressure (T-P) field
distribution. It developed a multi-factor model for evaluating
shale oil resources. The study performed shale oil resource clas-
sification and identified favorable zones, clarified the main geo-
logical factors controlling shale oil accumulation, and discussed
the applicability of the proposed method. The main conclusions
are as follows.

(1) The areas with high T-P formation in the Qingshankou
Formation are mainly found in the central and southern parts
of the Qijia-Gulong Sag. Formation temperatures mostly exceed
75 °C, reaching up to 121 °C, and pressure coefficients are gen-
erally above 1.4. These elevated temperature and overpressure
conditions improve hydrocarbon mobility and retention,
creating favorable geological conditions for shale oil
accumulation.

(2) The resource evaluation model incorporating
temperature-pressure (T-P) fields successfully delineates four
categories of shale oil enrichment zones. Class I and II zones,
identified as the most favorable for development, are primarily
distributed in the central and southern Gulong Sag, as well as
the southwestern part of the Sanzhao Sag, with estimated
resources of 710 million tonnes and 1.72 billion tonnes, respec-
tively. The study highlights that in lacustrine shale at the same
stratigraphic level, prioritizing high-temperature and high-
pressure regions as sweet spot candidates is a key principle for
resource evaluation. For instance, in the Gulong shale oil system,
a formation temperature of 90 °C and a pressure coefficient of

1 4 can serve as critical thresholds for identifying sweet spots,
providing clear engineering guidance.

(3) The combined effects of formation T-P mainly control the
creation and enrichment of shale oil. Higher temperatures speed
up the thermal maturation of source rocks and increase the pro-
duction of light hydrocarbons, which improves hydrocarbon flu-
idity. At the same time, overpressure enhances the sealing
capacity for free hydrocarbons, preventing their escape and sup-
porting the buildup of high-quality shale oil. The interaction
between these two factors not only influences the occurrence
state of shale oil but also impacts its development potential.
The current temperature-pressure distribution serves as a useful
indicator of historical thermal and pressure changes, providing a
solid geological basis for identifying shale oil-rich zones and
assessing resource prospects.

(4) The proposed evaluation method shows strong applicability
and potential for wider adoption. Besides the Songliao Basin, the
temperature-pressure dominated model can be applied to other
continental shale basins with high heat flow and overpressure con-
ditions, such as the Ordos Basin, Sichuan Basin, and North Amer-
ica’s Bakken and Vaca Muerta formations.
Table A.3
Evaluation results of shale oil resources in pure shale sections of the Qingshankou

Stratum Type I geological resources/10% Type II geological resource

Gulong Shale 7.1 17.2
Qing 1 Member 5.3 13.5
Qing 2 Member 2.8 7.9
Qing 3 Member 1.4 4.2
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Evaluation criteria for favorable production classification of Gulong
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