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The Longchuan Basin, located in the high-temperature geothermal zone of the Mediterranean-Himalayan region,
exhibits significant geothermal potential due to intense tectonic activity and a high heat flow background.
However, limited exploration and insufficient data have hindered accurate resource assessment. In this study,
reliable heat flow values were obtained through systematic drilling temperature measurements and core thermal
property analysis, clarifying the spatial distribution of the basin’s temperature field. Using the Monte Carlo
volumetric method, key reservoir parameters such as temperature, thickness, and porosity were modeled to
quantify the uncertainty of geothermal resource estimates. Results show an average geothermal gradient of 3.87
°C/100 m and surface heat flow ranging from 70 to 90 mW/m? The hydrothermal resource potential is char-
acterized by a P10 of 4.10 x 10 KJ, a P50 of 8.87 x 10'* KJ, and a P90 of 1.59 x 10'® KJ. For hot dry rock
resources, the P10, P50, and P90 values are 1.21 x 10'® KJ, 1.32 x 10 KJ, and 1.43 x 10'® KJ, respectively.
Compared with conventional methods, the Monte Carlo approach effectively captures parameter uncertainty,
improving assessment reliability. This study provides a methodological reference for geothermal exploration in
under-explored basins with high geothermal potential.

Monte Carlo simulation
Resource uncertainty
Low-exploration area
Longchuan Basin

1. Introduction orogenic belt in Dehong Prefecture, Yunnan Province, is characterized

by well-developed fault systems, active magmatism, and prominent

Under the dual pressures of the global energy crisis and environ-
mental pollution, the development of clean and renewable energy
sources has become increasingly urgent. Among them, geothermal en-
ergy has attracted significant attention due to its abundant reserves,
sustainability, and low carbon emissions (Carlino et al., 2012; Bahadori
et al., 2013; Wang et al., Zhang and Hu, 2018). The Yunnan-Tibet
geothermal zone is part of the Himalayan high-temperature
geothermal belt, located within the main collision zone between the
Indian and Eurasian plates. Intense tectonic activity in this region has
induced widespread modern hydrothermal systems (Tong and Zhang,
1981; Shangguan et al., 2005; Wu et al., 2023; Zeng et al., 2025). The
Longchuan Basin, situated in the south-central segment of the Sanjiang

high-temperature geothermal manifestations, providing favorable con-
ditions for geothermal resource accumulation (Zhang et al., 1987;
Huang et al., 2020). Previous studies have analyzed the geothermal
geological background, hydrothermal activity, and hydrochemical
characteristics of this area, and preliminarily summarized the formation
conditions of geothermal resources in specific zones (Liu et al., 2015;
Duan et al., 2019; Wu et al., 2021). These findings provide a valuable
foundation for subsequent quantitative evaluation of geothermal re-
sources in the region. In the early stages of geothermal resource
assessment, evaluations primarily relied on analogy-based methods,
where the potential of a target area was inferred from developed
geothermal fields. These approaches were highly subjective and
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exhibited significant regional dependence. Subsequently, the heat flow
density method became the first widely adopted systematic quantitative
approach in thermal anomaly zones (Banwell, 1963; Muffler and Cata-
1di, 1978). Other approaches, including magmatic heat budget estima-
tion and planar fracture conduction models, were also explored
(Noguchi, 1970; Bodvarsson, 1974), but their practical applications
remained limited.

To meet the growing demand for quantitative geothermal eval-
uation—particularly by the United States Geological Survey (USGS)—
Muffler and Cataldi (1978) systematically introduced the volumetric
method, which estimates recoverable thermal energy based on param-
eters such as reservoir area, thickness, temperature, porosity, heat ca-
pacity, and recovery factor. Owing to its conceptual simplicity and
limited data requirements, the volumetric method has been extensively
applied in preliminary assessments worldwide, including Cornwall in
the UK, various geothermal fields in Mexico, and the Bohai Bay Basin in
China (Turan et al., 2024; Palacios et al., 2024; Rao et al., 2023; Chen
et al., 2024).With advancements in computational capabilities, numer-
ical simulation techniques began to mature in the 1980s and are now
widely used during the middle to late stages of geothermal development
(O’Sullivan et al., 2001). However, the application of these methods is
often constrained by limited data on subsurface structure, thermal
properties, and fluid flow boundaries in early-stage exploration areas.
Consequently, the volumetric method remains the most commonly
adopted approach in low- to medium-exploration contexts due to its
practicality and adaptability.

Traditional volumetric estimates often rely on fixed parameter
values, which may not reflect spatial variability in key geological
characteristics such as temperature, reservoir thickness, and porosity.
This can result in substantial uncertainties. To address this issue, recent
studies have combined the volumetric method with Monte Carlo simu-
lations. This integration enables probabilistic sampling and statistical
evaluation of key parameters, resulting in resource estimates expressed
as probability distributions with quantified uncertainty (Garg and
Combs, 2015; Piris et al., 2021; Farina-Gonzalez et al., 2025), thereby
improving the reliability of geothermal resource assessments.

The Longchuan Basin in southwestern China was selected as a case
study. Based on regional geological conditions, borehole temperature
measurements, and thermal property data, a reservoir—caprock config-
uration model was constructed. A Monte Carlo-based volumetric
method was then applied to assess the geothermal potential of both
hydrothermal and hot dry rock systems. The results offer technical in-
sights and scientific support for geothermal exploration in the Long-
chuan Basin and other low-exploration areas with favorable thermal
regimes.

2. Geological setting

The Longchuan Basin is a small fault basin located on the Tengchong
Block, and together with nearby basins such as the Yingjiang Basin and
Lianghe Basin, it is referred to as the Western Yunnan Basin Group. The
Tengchong Block is located within the collision zone between the
Gondwana-derived Indian Plate and the Eurasian Plate (Yangtze Block),
forming an essential part of the eastern Tethyan tectonic belt. It is
bounded to the east by the Gaoligongshan shear zone and to the west by
the Myitkyina-Sagaing Fault and the Mogok Metamorphic Belt, which
separate it from the Burma Massif (Li et al., 2011). Since approximately
55 Ma, the ongoing collision between the Indian and Eurasian plates,
coupled with regional clockwise rotation, subduction rollback, and
complex tectonic evolution, has significantly modified the lithospheric
structure of the Tengchong Block. Under a regional NW-directed
extensional stress regime, the block experienced crustal extension and
lithospheric thinning, which facilitated upwelling of asthenospheric
material and triggered extensive magmatic activity. This process led to
the development of active volcanic groups and large-scale crust-mantle
magmatic bodies, such as the magma chamber buried at a depth of 5-8
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km in the adjacent Yingjiang Basin, resulting in pronounced thermal
anomalies. Additionally, NE and NS strike-slip fault systems developed
under regional compressive stress, leading to the formation of multiple
pull-apart basins in the area (Fig. 1) (Chen et al., 2023; Gao et al., 2023).

As a result of these tectonic dynamics, the Longchuan Basin has
undergone multiple stages of deformation, including an initial extension
stage, a strike-slip stage with complex fault activity, and a final
compressive adjustment stage (Chen et al., 1994; Huang et al., 2020).
The basin, which has a northeast-southwest orientation, spans an area of
approximately 475 km?. Its stratigraphy includes Cambrian basement
rocks, Neogene Nanlin and Mengbao formations, and Quaternary sedi-
ments. The basement rocks primarily consist of granite, gneiss, and
marble, while the Neogene Nanlin Formation is mainly composed of
sandstone, siltstone, and mudstone. The Mengbao Formation contains
conglomerates and mudstones, with coal seams present in some areas.
The Quaternary is characterized by yellowish-gray topsoil. The exten-
sive distribution of Neogene and Quaternary cap beds provides essential
conditions for the formation of geothermal resources in the Longchuan
Basin (Zhang et al., 2021).

3. Geothermal field
3.1. Geothermal gradient

Based on the systematic temperature measurements and geothermal
gradient data from Well L4X and Well L4AX, formation temperature
generally shows a linear correlation with depth, though some discrep-
ancies are observed. In the case of Well L4X, a temperature disturbance
occurs at depths greater than 1500 m, causing a significant decrease in
the geothermal gradient, indicative of a single thermal anomaly. How-
ever, Well L4AX experiences thermal disturbances in both the shallow
(200-500 m) and deeper (1200-1800 m) sections, with a negative
gradient of —4 °C/100 m observed in certain intervals (200-300 m).
This ‘negative geothermal gradient’ in the shallow section is likely
related to the recharge process of shallow groundwater. Low-
temperature groundwater enters the formation through recharge and
migrates downward. As it moves downward, it undergoes heat exchange
with the warmer, deeper environment, resulting in cooling effects on the
lower strata, which causes the temperature profile to shift toward lower
temperatures.

Considering both wells are located near fault zones, it is hypothe-
sized that the deep thermal disturbances in these wells may be linked to
high-temperature upwelling. Specifically, deep high-temperature
groundwater transports heat upward from the bottom layers,
exchanging heat with relatively cooler shallow groundwater, thus
heating the shallow groundwater. The region contains several hot
springs, with an average wellhead temperature of 42 °C, further sup-
porting the idea that the fault zone influences the shallow temperature
(Zhang et al., 2021). This also suggests the potential for deep heat
transfer through the fault zone. Additionally, the geothermal gradient
varies across different well sections, likely due to differences in the
lithological composition of the formations, which affects thermal con-
ductivity. This variation in lithology, combined with the hydraulic
characteristics of the fault zone, complicates the geothermal distribution
in the area (Fig. 2).

3.2. Rock thermal properties

Previous studies on the thermal physical properties of rocks in the
Longchuan Basin are limited. In this study, a total of 31 rock samples
were collected from Wells L4X and L4AX. The sampled horizons covered
Neogene and Paleogene strata, and the rocks were primarily composed
of coarse sandstone, siltstone, argillaceous sandstone, mudstone, and
metamorphic rocks. The transient plate heat source method was used to
measure the thermal conductivity of the core samples. The distribution
range of the obtained data is shown in Fig. 3.
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Fig. 2. System temperature measurement wells. (a) L4X well. (b) L4AX well. (The black line represents temperature, and the red line represents the
geothermal gradient.).



X. Jiang et al.
(a) R:Sf\;} Gneiss
Mudstone
20-
Siltstone
g 9 Coarse
4 Sandstone
Argillaceous
Sandstone
15 N=31
>
Q
e
(]
=)
o
bt
E 10+
5-
NN
0 T T

1.5 20 25 3.0
Thermal conductivity(W/(m-K))

1.0

Depth(m)

Geothermics 134 (2026) 103531

600 - (b) L 2 Gneiss
7 ov V' Mudstone
800 @  siltstone
1 Coarse
1000 — Sandstone
i A Argillaceous
Sandstone
12004 @
] v
1400 — O K> ® &
1 EED AO
1600
1800
O OOtV B
2000
] 0% @
2200
2400
T 1 — T T
1.0 1.5 2.0 2.5 3.0 3.5

Thermal conductivity(W/(m-K))

Fig. 3. Thermal conductivity frequency distribution diagram(a) and thermal conductivity-depth variation diagram (b).

The thermal conductivity in the Longchuan Basin ranges from 1.24 to
3.23 W/m-K, with an average of 1.75 W/m-K. The thermal conductivity
of gneiss ranges from 1.37 to 3.23 W/m-K, with an average of 2.14 W/
m-K. The thermal conductivity of mudstone ranges from 1.46 to 1.70 W/
m-K, with an average of 1.57 W/m-K. For sandstone, the thermal con-
ductivity ranges from 1.24 to 1.92 W/m-K, with an average of 1.49 W/
m-K. The thermal conductivity of coarse sandstone ranges from 1.40 to
1.83 W/m-K, with an average of 1.56 W/m-K. The average thermal
conductivity of shaly sandstone is 1.82 W/m-K. Additionally, while the
thermal conductivity of siltstone and argillaceous sandstone shows no
significant change trend with depth, the thermal conductivity of gneiss
increases with depth.

The radioactive heat generation rate of rock refers to the energy
released by the decay of radioactive elements per unit volume of rock
per unit time and is a key parameter in studying the thermal state of
deep basins. In practice, the contents of uranium (U), thorium (Th), and
potassium (K) in rock samples are typically measured, and established
calculation methods are used for estimating the heat generation rate.
The formula by Rybach (1976) is one of the most widely applied:

A =0.01p(9.52C, + 2.56Cr, + 3.48Cx) 1)
Where: A is the radioactive heat generation rate of rock (WW/m?), p is the
rock density (g/cm?®); Cu,Cth and Ck are the contents of uranium,
thorium, and potassium in the rock, in pg/g, 1g/g, and %, respectively.

Gamma logging is employed to measure the total gamma ray in-
tensity produced by the decay of radioactive elements in formation
rocks. The higher the concentration of the respective elements, the
higher the intensity of gamma rays. In 1996, Bucker and Rybach pro-
posed a linear relationship between the gamma logging curve value and
the heat generation rate A, based on the sensitivity of gamma logging to
U, Th, and K. This allows the heat generation rate to be calculated
directly from the gamma logging data (Biicker & Rybach, 1996). The
empirical formulas are:

A= 0.0158[GR(API) — 0.8] ()

Through the correlation analysis of the natural radioactivity logging
(natural gamma and natural gamma-ray spectrometry) data from 100 to
5000 m of the main borehole of the Chinese Continental Scientific

Drilling (CCSD) and the measured heat generation rate data, a new GR-A
linear relationship was established (Luo et al., 2008):

A =0.0115(GR+9.1) 3

In this research, gamma ray logging data from five wells in the basin
were collected, and two empirical formulas were used to calculate the
formation radioactive heat generation rate (Fig. 4). The results show
that both methods exhibit the same general trend, with lower heat
generation rates in the shallow formations and higher heat generation
rates in the deeper Nanlin formation. Comparative analysis reveals that
the heat generation rate calculated using formula (2) is lower than that
calculated using formula (1). Specifically, the heat generation rate
calculated by formula (1) primarily falls within the range of 1.5-3.5 pW/
m?, while that of formula (2) is concentrated between 1.0-2.5 pW,/m?>,

To verify the reliability of the calculated results, the heat generation
rate values obtained by the two methods were compared with 110 heat
generation rate data points calculated by previous studies, which were
based on the content of uranium (U), thorium (Th), and potassium (K) in
western Yunnan (Li et al., 2011; Xiong et al., 2012; Wu et al., 2020; Zou
et al., 2016; Liu and Liu, 2015). A total of 56,744 heat generation rate
data points calculated using the empirical formula of Biicker and Rybach
(1996) showed that the mean and standard deviation (2.72 + 0.80
uW/m?®) closely matched the measured data (2.84 + 1.19 pW/m?)
(Table 1), with similar frequency distribution characteristics (Fig. 5).
This confirms that the formula is suitable for calculating the heat gen-
eration rate in the Longchuan Basin strata.

By measuring the thermal conductivity across the entire well section
of the well L4X and well L4AX in the Longchuan Basin and calculating
the heat generation rate based on the gamma ray logging data, this study
establishes the thermal property profile for the region, providing crucial
data support for subsequent geothermal field calculations (Table 2).

3.3. Heat flow

Based on system temperature measurements from Well L4X in the
Longchuan Basin, the geothermal gradient of the stable section was
determined, and the thermal conductivity of the core rock samples was
measured, yielding high-quality (Grade A) heat flow data. In addition,
the geothermal gradient of Well Lcl was estimated using wellhead and
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Table 1
Comparison of the heat generation rate calculated using different GR - A
empirical formulas with the measured heat generation rate.

Empirical relationship/  Biicker and Rybach Luo et al. Measured
measurement (1996) (2008) value
Mean value 2.72 2.09 2.84
(FW/m®
Standard value (WW/ 0.80 0.58 1.19
m®)

bottom-hole temperatures and, when combined with the thermal con-
ductivity values from adjacent wells, produced Grade B heat flow data
(Table 3). The Longchuan Basin, located in the southeastern part of the
Tengchong Block in western Yunnan, lies at the forefront of the India-
—Eurasia collision zone and forms part of the Cenozoic Teng-
chong-Lianghe-Longchuan basin system. Given the limited exploration
of this area, the heat flow database for the Longchuan Basin had pre-
viously been blank. The new data presented in this study fill a crucial
gap, providing key baseline information for characterizing the regional
geothermal field and improving the reliability of geothermal resource
assessments. Based on these new measurements, together with the
Compilation of Terrestrial Heat Flow Data of Mainland China (5th Edi-
tion) and relevant published studies, a heat flow distribution map for the
Tengchong Block-Longchuan Basin was constructed (Fig. 6). The
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3 4
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Tengchong Block as a whole exhibits relatively high heat flow values
(75-110 mW/m?), significantly exceeding the Chinese continental
average (61.5 mW/m?). This feature reflects the active tectonic envi-
ronment associated with the ongoing collision between the Indian and
Eurasian plates. Under this extensional stress regime, lithospheric
thinning and mantle heat input jointly contribute to the elevated
regional heat flow. In the northern part of the Tengchong Block, local-
ized zones of anomalously high heat flow (>120 mW/m?) are mainly
related to shallow crustal magma chambers and vigorous hydrothermal
convection(Zhao et al., 2011). However, these anomaly zones are far
from the Longchuan Basin, and the magmatic thermal influence de-
creases rapidly with distance, exerting little effect on the basin’s overall
heat flow distribution.

Within the Longchuan Basin, the regional heat flow pattern is
broadly consistent with that of the Tengchong Block—higher in the
north and lower in the south—but exhibits pronounced local differen-
tiation. Profile analysis reveals that the basin margins are underlain by
shallowly exposed metamorphic granite basement with relatively high
thermal conductivity (2.95 W/(m-K)), whereas the central depression is
filled with thick Neogene sandstone-mudstone sequences exhibiting
lower thermal conductivity (1.57-2.03 W/(m-K)). These structural and
lithological contrasts, combined with the undulating basement
morphology, result in lateral redistribution of heat flow within the
basin, forming the characteristic ‘high-margin and low-center’ thermal
pattern.

N=56744

16000

12000

8000

4000+

4 5 6 7 1 2 3 4 5 6 7
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Fig. 5. Statistical chart of heat generation rate in the Longchuan Basin.
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Table 2
Thermal properties of rocks in Longchuan Basin.

stratum lithology Thermal heat generation
conductivity rate
W/(m-K) pW/m?
N2m sandstone 2.31 +£0.03 1.97 +£0.37
mudstone 1.55 + 0.04
N1n2 siltstone 2.06 +£0.21 2.22 £ 0.45
mudstone 1.49 +0.12
Ninl Silty mudstone 1.60 + 0.08 2.54 + 0.52
siltstone 2.06 +0.21
Pebbly coarse 1.61 +0.15
sandstone
Basement ~ Mixed gneiss 2.95 + 0.69 2.01 £0.36

3.4. Temperature distribution

Due to the limited number of drilling wells and the relatively shallow
drilling depths in the study area, obtaining direct measurements of the
deep formation thermal state within the basin is challenging. However,
by utilizing the existing temperature measurement curves and data, and
considering the structural and stratigraphic distribution in the area, it
can be concluded that the primary heat transfer mechanism is still
dominated by heat conduction, despite some convection occurring in the
shallow strata. Therefore, the heat conduction equation can be applied
to estimate the deep ground temperature.

Based on the estimated formation heat generation rate, it was found
that the radioactive heat generation rate of the rocks in the study area is
relatively uniform. Although local variations exist, the overall trend
remains stable. This uniform distribution of heat generation rate results
in a temperature gradient that is approximately linear, making the
simplified one-dimensional steady-state heat transfer equation a feasible
calculation method. The specific equation used is:

1(2) =Ty + 5% — 4,22 / (2K) @

Where T(Z) is the temperature (°C) at depth Z(m), T is the surface
temperature (19 °C, which varies between 17-19 °C in the Longchuan
area), qo is the surface heat flow value (mW/m?) at the calculation point,
K is the weighted average thermal conductivity (W/m-K) of the layer in
the 0-Z segment, and Ay is the average radioactive heat generation rate
(uW/m?) of the rocks in the 0-Z section, calculated layer by layer from
the surface to depth using the delamination method.

Using Eq. (4), the formation temperatures at the top of different
layers and at various depths were calculated, and a spatial distribution
map of temperature was created using the Kriging interpolation method
(Fig. 7). The results show that the Neogene formation depth in this area
is relatively shallow, leading to generally low formation temperatures.
Specifically, the temperature of the Manangba Formation (buried at
300-600 m) is typically below 45 °C, meaning conditions are not yet
suitable for the formation of effective low-temperature hydrothermal
resources.

The reliability of the calculated temperature field was verified using
measured temperature data. The measured temperatures of well L4X
indicate that the top of the second member of the Nanlin Formation
reaches 44.3 °C, while the calculated temperature using Eq. (4) is 43.2
°C. The measured temperature at the top of the first member of the

Table 3
Newly measured terrestrial heat flow data in Longchuan Basin.
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Nanlin Formation is 54.6 °C, and the corresponding calculated value is
53.2 °C. At the top of the basement, the measured temperature is 83.3
°C, and the calculated temperature is 81.2 °C. These results show that
the modeled temperatures are very close to the measured data, with
deviations of less than +2 °C, confirming that the one-dimensional
steady-state conductive model can reliably reproduce the actual sub-
surface temperature distribution.

The temperature of the second member of the Nanlin Formation is
influenced by burial depth, exhibiting a trend of "shallow in the north-
west and deep in the southeast." In the eastern part, where the burial
depth reaches approximately 1250 m, the temperature is about 60 °C,
indicating some potential for low-temperature hydrothermal resources.
The temperature of the first member of the Nanlin Formation increases
as the burial depth rises to 1400-1600 m, with temperatures reaching 70
°C. In some areas at the base of the Nanlin Formation, the burial depth is
around 1700-2200 m, with temperatures reaching up to 80 °C, creating
favorable conditions for the formation of low-temperature hydrothermal
resources.

Despite the relatively low formation temperatures in the shallow
thermal reservoirs, their shallow depth significantly reduces develop-
ment costs, as the thermal reservoir roof is typically located at depths of
<1500 m As a result, the shallow geothermal system still holds sub-
stantial development potential. For deeper strata, the temperature in-
creases significantly with burial depth, ranging from 64-100 °C at 2000
m to 135-185 °C at 5000 m. The temperature distribution follows a ‘low
in the middle, high at the edges’ pattern, consistent with the geothermal
heat flow distribution (Fig. 8). A high-temperature anomaly of 130 °C
was observed in the northwest slope zone and the southeast uplift zone
at depths between 2000-3000 m. As the burial depth increases further
(4000-5000 m), the high-temperature core gradually expands toward
the basement uplift area in the northeast, with the peak temperature
reaching 185 °C at a depth of 5000 m. Given that the basement lithology
is predominantly composed of dense metamorphic rocks, the study area
has significant potential for high-quality hot dry rock resources (>150
°Q).

3.5. Reservoir-Cap rock combination

The sandstone layers in the study area are mainly developed in the
Mangbao Formation and the first and second members of the Nanlin
Formation. As shown in the well correlation section (Fig. 9), the thick-
ness of the sandstone body in the first member of the Nanlin Formation
varies across different structural positions. Specifically, wells Lc1 and L2
show a larger sedimentary thickness, while well L3 exhibits a smaller
thickness, indicating the heterogeneity of the sand body in this region.
Overall, the sandstone body is layered and discontinuously distributed,
with significant local variations in thickness. The connectivity of the
sandstone layer at the base of the first member of the Nanlin Formation
is generally good. The sandstone is predominantly interbedded with
mudstone, and the mudstone is thick and stable in some areas, which
could act as a barrier to fluid migration. However, it also exhibits low
thermal conductivity, making it an effective cap rock and conducive to
the formation of geothermal resources.

A physical property analysis of 219 rock samples from well Lcl
shows that the porosity of the sandstone layer in the Nanlin Formation
ranges from 1.42 % to 34.10 %, with an average of 16.2 % (Fig. 10a).

Well latitude longitude  Heat-flow Heat-flow Temperature Thermal Thermal Thermal Heat flow Heat
Name interval top interval gradient conductivity (W/ conductivity conductivity value flow
(m) bottom(m) (°C/100 m) (m-K) source location (mw/m?) quality
L4x 97.93769  24.33069 630 1140 4.58 1.88 Core samples Actual heat-flow 86.01 A
location
Lcl 97.83026  24.24195 0 1610 4.14 1.91 Core samples Adjacent well 79.34 B
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Fig. 6. Heat flow distribution map of Tengchong block and Longchuan Basin.

Among the samples, 10 % are high-porosity reservoirs (porosity > 25
%), and 85 % of the samples have porosity between 5 % and 25 %.
Permeability tests on 149 samples indicate that the maximum perme-
ability reached 1000 x 10~ um?, with an average of 52.67 x 1073 um?
(Fig. 10b). Notably, over 20 % of the samples fall within permeability
ranges of 0.01 to 0.001 x 10 ym? and 0.1 to 1 x 10~® um?, showing a
bimodal permeability distribution.

The formation temperature analysis reveals that the temperature at
the top of the first member of the Nanlin Formation is mostly between 40
and 80 °C, meeting the requirements for hydrothermal resource devel-
opment. The sandstone reservoir is well-developed, with moderate

porosity and permeability, and is interbedded with thick, stable
mudstone that provides effective sealing. Additionally, high-angle tec-
tonic fractures and joint networks, formed during multiple tectonic ep-
isodes, can be enhanced through artificial stimulation, offering potential
for EGS development. In summary, the porous sandstone intervals are
favorable for hydrothermal systems, while the fractured, low-
permeability zones are suitable for EGS applications.
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4. Estimation of geothermal resources using the Monte Carlo
volumetric method

Based on the stratigraphic and petrophysical characteristics of the
Nanlin Formation, which support the development of both hydrother-
mal systems and EGS, this study applies the volumetric method to
quantify their respective resource potential. This method estimates the
total heat content in a defined rock volume, including both the solid
matrix and pore fluids, using the following equations(5) - (7).:

Qror = Qr + Qw ()

Qr = AD(1 — ¢)pgCr(T — To) Q)]

Qw = ADgpy Cw(T — To) )

Where Qrota,Qr and Qyw represent the total geothermal energy and the
heat energy stored in rocks and pore water, respectively. The parameters
used in the calculation are as follows:

A(m?)is the area of the geothermal heat storage.

D(m)is the thickness of the heat storage layer.

pr (kg/m?) is the density of the geothermal reservoir rock.

pw (kg/m?) is the density of the geothermal water.

Cr (J/(kg- °Q)) is the specific heat capacity of the geothermal
reservoir rock.
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Cw (J/(kg- °Q)) is the specific heat capacity of the geothermal water.
®(%) is the porosity of the geothermal rock, expressed as a
percentage.

T (°C) is the average temperature of the geothermal rock and water
within the specified volume.

To (°C) is the reference temperature, which is typically the temper-
ature of the local constant temperature layer.

Due to limited drilling data, complex geological conditions, and
significant uncertainty in reservoir parameters, the volumetric method
often yields substantial errors when estimating resources in low-
exploration areas. The calculation of the volumetric method requires
assigning values to key parameters such as reservoir thickness, porosity,
and permeability based on regional geological predictions and empirical
data. These parameters can vary significantly across regions, directly
impacting the accuracy of the estimates. Additionally, thermal reser-
voirs in low-exploration areas are frequently influenced by tectonic

activity, which can cause significant lateral and vertical variations.
However, the volumetric method assumes a uniform distribution of
reservoirs, making it difficult to accurately capture these complexities.
Moreover, traditional volumetric methods typically use a single deter-
ministic value for calculations, disregarding the variability of geological
parameters and failing to provide a reasonable error range, leading to
large uncertainties in resource quantity estimates (Li et al., 2023). To
address these challenges, this study combines the Monte Carlo simula-
tion with the volumetric method, establishes probability distributions
for key parameters, and performs large-scale random simulations to
quantify the impact of parameter uncertainty on resource assessment,
thereby improving the accuracy of the results (Palmer-wilson et al.,
2018; Sutopo and Pratama, 2019; Wang et al., 2021).

4.1. Hydrothermal geothermal resources

The shallow hydrothermal geothermal resources in the study area
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are primarily found in the sandstone layer of the first member of the
Nanlin Formation. However, due to the shallow sedimentary depth, the
formation temperature is generally lower than the lower limit for
geothermal water resource development (40 °C), making it unsuitable
for direct utilization. As a result, this layer is not considered a target for
development. In contrast, the first member of the Nanlin Formation at
greater burial depths has a temperature range of 45-65 °C at the top of
the formation, which meets the development standards for low-
temperature geothermal resources. Based on the temperature distribu-
tion map at the top of the first member of the Nanlin Formation, the
effective heat storage area is determined to be 17.2 km?, which indicates
strong development potential.

To improve the stability and reliability of the calculations, some key
parameters were set to fixed values during the Monte Carlo method-
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based resource estimation. These include the specific heat capacities
of sandstone (826 J/(kg- °C)), mudstone (702 J/(kg- °C)), and water
(4200 J/(kg- °C)), as well as the densities of sandstone (2600 kg/m>) and
mudstone (2350 kg/m®). Considering the heat capacity of the porous
media in the sandstone layer, statistical analysis of wells Lc1, L2, and L3
in the Nanlin Formation shows that the variation in the sand-to-land
ratio (i.e., the proportion of reservoir sandstones within the effective
area) is relatively small, so an average value of 70 % within this range
was adopted for calculations. The porosity of the mudstone was assumed
to be stable with a fixed value of 15 %.

On the other hand, the thickness (H), temperature (T) in the middle
of the first member of the Nanlin Formation, and the porosity (¢) of the
sandstone body are significantly influenced by tectonic activities and
sedimentary conditions, making it difficult to accurately characterize
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their spatial distribution with a single deterministic value. Therefore,
prior to Monte Carlo simulation, a systematic statistical analysis was
conducted on the distribution characteristics of these parameters based
on drilling data, surface temperature calculations, and measured
porosity data. Probability distributions were assigned, and the re-
lationships between the parameters were scientifically established.

In statistical modeling, the porosity of the sandstone body (¢) is
primarily controlled by sedimentation and diagenesis and is indepen-
dent of the layer thickness (H) and temperature (T). While there may be
some physical correlation between H and T, due to the low exploration
degree in the study area, thickness (H) data mainly come from a small
number of drilling and geophysical interpretations, while temperature
(T) data are based on limited heat flow measurements and borehole
temperature calculations, both of which have substantial uncertainty.
Thus, probability statistical methods were used to fit the distributions of
these parameters, and K-S tests and Chi-square tests were applied to
evaluate the fitting effectiveness. The results of the Q-Q diagram show
that the thickness (H) of the hot reservoir follows a normal distribution,
while the temperature (T) in the middle of the hot reservoir and the
porosity (¢) of the sandstone body exhibit triangular distribution char-
acteristics (Fig. 11). Based on these findings, the parameters were
randomly sampled using normal and triangular distributions, respec-
tively, in the Monte Carlo simulation, improving the accuracy of un-
certainty reflection and enhancing the scientific reliability of the
resource assessment.

For resource estimation, the Python programming language, com-
bined with the numpy library for random sampling and the matplotlib
library for result visualization, was employed. In the simulation process,
10,000 iterations were performed using a for-loop structure, with each
iteration calculating the thermal reservoir resources based on the
sampled parameters. The random combinations of these parameters
were then analyzed to assess the uncertainty of the geothermal re-
sources, and statistical analysis was performed (Fig. 12). The results
indicated a P10 (conservative estimate) of 4.10 x 10** KJ, a P50 (median

[(a)Normal distribution(T) (b)Triangular distribution(T)
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Py
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estimate) of 8.87 x 10 KJ, and a P90 (optimistic estimate) of 1.59 x
10'® KJ. The mean estimate was 9.58 x 10'* KJ. The 95 % confidence
interval ranged from [2.10 x 10, 2.08 x 10'®] KJ. Therefore, the final
estimated geothermal resource volume is taken as the P50 value,
amounting to 8.87 x 10'* KJ, as it represents a statistically robust and
balanced estimate. The study area is underlain by a Mesozoic sandstone-
dominated geothermal reservoir. Core analysis results show an average
porosity of 16.2 %, with approximately 85 % of samples falling within
the 5 %-25 % range, indicating a moderate to good storage capacity.
According to the Specification for Estimation and Evaluation of Geothermal
Resources (DZ/T 0331-2020), a recovery efficiency (RE) of 5 %-10 % is
recommended for similar reservoir types. In this study, an empirical
value of 10 % is adopted for resource estimation.

The recoverable resource (Qg) is estimated using the following
equation(8):

Qz = Qrota X RE ®

Based on this, the recoverable resource range can be obtained as
[2.10 x 103, 2.08 x 10'] KJ, and the average recoverable resource is
8.87 x 10" KJ.

To verify the stability and reliability of the calculation results, K-fold
cross-validation was conducted, and the calculation error was assessed
through multiple training iterations. The cross-validation results showed
that the mean relative error was 0.78 %, and the mean standard devi-
ation relative error was 1.79 %. Additionally, outliers were detected
using the IQR method and Z-score method, revealing 197 outliers, ac-
counting for 1.97 %, and 87 outliers, respectively (Fig. 13). These out-
liers were determined to have minimal influence on the calculation
results.

To further quantify the influence of each input parameter on
geothermal resource estimation, this study employs single-factor sensi-
tivity analysis and the sensitivity index method to assess three key
variables: reservoir temperature (T), reservoir thickness (H), and
porosity (¢). Assuming all other parameters remain at their average
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values, each variable was individually perturbed within a + 30 % range
to analyze the corresponding variation in estimated resource volumes.
The resulting sensitivity curves (Fig. 14) illustrate the response in-
tensity, with steeper slopes indicating higher sensitivity. The results
show that resource estimates are most sensitive to temperature changes,
followed by reservoir thickness, while porosity has the least impact.

Based on this, the sensitivity index—defined as the percentage
change in resource estimate per 1 % change in each parameter—was
calculated to provide a more quantitative comparison. The sensitivity
index chart (Fig. 15) clearly reveals the relative contribution of each
parameter to overall estimation uncertainty. Overall, the acquisition and
constraint accuracy of reservoir temperature data play a critical role in
reliable geothermal resource evaluation.

4.2. Hot dry rock geothermal resources

Hot dry rock (HDR) geothermal resources primarily occur in dense
metamorphic granite strata with burial depths greater than 5000 m,
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where conduction is the dominant heat transfer mechanism. The heat
storage characteristics and temperature distribution of these rocks are
critical for assessing the resource potential. Based on the formation
temperature distribution map at a depth of 5000 m, this study delineates
the effective hot dry rock thermal reservoir area (> 150 °C) in the study
area as 125.0 km? (125,022,900 m?). To test the goodness of fit of the
formation temperature distribution within this range, Chi-square and K-
S tests were applied. The results show that the distribution follows
triangular characteristics, and thus, a triangular distribution is used for
temperature modeling during the calculation process (Fig. 16).

In terms of parameter setting, due to the technical limitations of the
current Enhanced Geothermal System (EGS), the reservoir thickness is
set at 300 m, with thermal physical properties such as rock density
(2750 kg/m?) and specific heat capacity (850 J/(kg- °C)) derived from
previous research (Jiang et al., 2024). The temperature distribution
follows a triangular pattern to represent the deep temperature trend in
the study area.

Using these assumptions, 5000 Monte Carlo simulations were per-
formed, yielding results that show the P10 (conservative estimate) is
1.21 x 10! KJ, the P50 (median estimate) is 1.32 x 10'¢ KJ, and the P90
(optimistic estimate) is 1.43 x 10'® KJ. The 95 % confidence interval is
[1.19 x 10, 1.47 x 10%] kJ, indicating high confidence in the esti-
mated results within this range (Fig. 17). Therefore, the final estimated
hot dry rock resource volume is taken as the P50 value, amounting to
1.32 x 10" KJ. To further estimate the technically recoverable potential
of hot dry rock resources, Eq. (8) was applied in conjunction with cur-
rent technological constraints associated with Enhanced Geothermal
Systems (EGS). An empirical recovery rate (RE) of 2 % was adopted for
the calculation, in accordance with the typical range of 1 %-2 % rec-
ommended by the Evaluation Methods and Estimation Regulations for
Geothermal Resources and supported by previous studies (Sun et al.,
2022; Wang and Hu, 2012; Yuan et al., 2012). Based on the simulation
results, the estimated recoverable resource ranges from 2.30 x 104 KJ
to 3.10 x 10 KJ, with an average value of 2.64 x 10 KJ.

To verify the stability of these results, 5-fold cross-validation was
performed on the Monte Carlo simulation, showing that the mean
relative error was 0.0015 and the mean standard deviation relative error
was 0.0106. These findings demonstrate that the method used in this
study provides a stable and reliable evaluation of hot dry rock resources.

5. Discussion

The heat flow distribution in the Longchuan Basin is primarily
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governed by basement undulation and the heterogeneity in the thermal
conductivity of the overlying strata, forming a characteristic pattern
with higher heat flow at the margins and lower values in the central
basin. This configuration contrasts markedly with the high-center and
low-margin distribution typical of the Bohai Bay Basin, which is likewise
influenced by plate subduction processes. (Rao et al., 2023; Jiang et al.,
2016). Although both basins are situated within convergent tectonic
settings, heat transfer mechanisms are different. The Longchuan Basin,
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located within the intracontinental deformation zone of the India-
—Eurasia collision system, exhibits a relatively thick crust in which
conductive heat transfer within the crust predominates. In contrast, the
Bohai Bay Basin developed under the subduction and back-arc exten-
sional regime of the Pacific Plate, where lithospheric thinning, frag-
mentation, and substantial mantle upwelling contribute to a strong
mantle-derived heat input (Luo et al., 2026; Wang et al., 2024). At the
scale of secondary tectonic units, such as the Jizhong and Jiyang
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Depressions within the Bohai Bay Basin, the heat flow distribution ex-
hibits a pattern comparable to that of the Longchuan Basin, character-
ized by higher heat flow over structural uplifts and lower values in sags
(Wang et al., 2021; Zhang et al., 2020). This suggests that in tectonic
regions with pronounced basement relief, lateral redistribution of heat
flow and variations in thermal conductivity exert a dominant influence
on the thermal regime, revealing the multi-scale coupling behavior of
geothermal systems.

From the perspective of reservoir structure, the two basins exhibit
pronounced differences. In the Bohai Bay Basin, the Neogene-Paleogene
sandstone sequences are relatively thick (100-900 m), laterally
continuous, and possess good pore connectivity. Deep and large faults
serve as conduits for the upward migration of mantle-derived heat,
leading to the concentration of geothermal energy within the depres-
sional areas and developing a conductive geothermal system with rela-
tively high reservoir temperatures, where vertical conduction dominates
and localized convection is enhanced (Fan et al., 2024; Zuo et al., 2014).
In contrast, the first member of the Nanlin Formation in the Longchuan
Basin consists of interbedded sandstone and mudstone layers that vary
greatly in thickness and exhibit strong heterogeneity. The sandstone
bodies are laterally extensive but locally thinned, and the permeability
shows a bimodal distribution. The sealing effect of the mudstone layers
promotes heat accumulation in the shallow subsurface, giving rise to a
shallow hydrothermal geothermal system dominated by conductive heat
transfer.

Differences in geological conditions and data availability also
determine the applicability and reliability of geothermal resource esti-
mation methods. In the Bohai Bay Basin, dense drilling and well-
constrained geological parameters enable the use of the deterministic
volumetric method, which generally yields stable results (Qiao et al.,
2023; Zhu et al., 2016; Huang et al., 2021). In contrast, the Longchuan
Basin is characterized by limited exploration coverage, complex tectonic
structures, strong heterogeneity of reservoir properties, and large
parameter uncertainties. Therefore, probabilistic uncertainty analysis
methods based on statistical simulation are more appropriate. Using the
traditional volumetric method, the estimated hydrothermal resource in
the first member of the Nanlin Formation is 1.13 x 10'° KJ, while the
corresponding hot dry rock resource is 1.32 x 10%° KJ. In comparison,
the 95 % confidence intervals derived from a Monte Carlo-based
probability distribution model are [2.10 x 1014, 2.08 x 1015] KJ and
[1.15 x 1016, 1.55 x 106] KJ, respectively. The two methods differ by
approximately three orders of magnitude for hydrothermal resources
and two to three orders for hot dry rock resources, indicating that the
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deterministic approach tends to systematically overestimate resource
potential in poorly explored regions.

The Monte Carlo method, by quantifying uncertainty through
probability distributions, random sampling, and cross-validation
(average error <1 %), substantially reduces the sensitivity of individ-
ual parameters and improves the robustness and reliability of the results.
For areas with complex geology, limited exploration, and pronounced
reservoir heterogeneity—such as the Longchuan Basin—the adoption of
probabilistic geothermal resource assessment methods provides a more
realistic representation of geological uncertainty and resource vari-
ability, offering a scientifically sound and scalable approach for
geothermal evaluation and development in low-exploration regions.

6. Conclusions

Based on the characteristics of the low exploration degree and high
heat flow background in the Longchuan Basin, Yunnan Province, this
study quantitatively evaluated hydrothermal and hot dry rock
geothermal resources. By analyzing geological structure, geothermal
field characteristics, rock thermal properties, and reservoir cover, and
combining the Monte Carlo volumetric method, the following key con-
clusions were drawn:

1. The difference in basement structural morphology and thermal
conductivity leads to the lateral redistribution of heat flow, forming a
unique heat flow distribution pattern characterized by ‘high at the
edge of the basin and low in the center’.

. The sandstone layer of the first member of the Nanlin Formation is
the main reservoir for hydrothermal geothermal resources. The top
surface’s buried depth ranges from 1400 to 1600 m, with tempera-
tures between 70-80 °C, offering favorable development conditions.
The estimated average hydrothermal resource is 8.87 x 10'* KJ, and
with a recovery rate of 10 %, the average recoverable resource is
approximately 8.87 x 102 KJ. The shallow depth significantly re-
duces development costs, enhancing economic feasibility. At a depth
of 5000 m, the underlying metamorphic basement reaches temper-
atures of 135-185 °C, creating optimal conditions for hot dry rock
(HDR) resource accumulation. The estimated average HDR resource
is 1.32 x 100 KJ; assuming a conservative recovery rate of 2 %, the
recoverable HDR resource is approximately 2.64 x 10'* KJ.

. Through Monte Carlo simulation, this study quantified the un-
certainties in reservoir thickness, temperature, and porosity. The
cross-validation results demonstrated the stability and reliability of
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the method, overcoming the accuracy issues associated with tradi-
tional volumetric methods in low-exploration areas where data are
limited. This method provides a reliable approach for geothermal
resource evaluation in similar areas.
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