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Abstract

This study examines 1-D temperature-depth profiles (geotherms) in Northern Thailand by using
computed compressional wave velocities (v,) derived from shear wave velocities (vy) models. These
data, combined with various thermophysical parameters, are used to construct geotherms, focusing
on thermal boundaries: the thermal brittle-ductile transition (thermal BDT), the thermal Curie
point depth (thermal CPD), and the thermal uppermost mantle base (thermal lithospheric base).
The study reveals relationships between geological boundaries, especially correlations between the
depth of basin sediment-basement rock versus the thermal BDT and the upper-lower crust boundary
versus the thermal CPD. The study also explores thermal BDT depth through crustal shear zone
models based on frictional laws and quartzite flow assumptions. Additionally, assessing variability
in crustal heat flow and strain rate informs understanding of crustal differential stress (o3 - g1).
Beyond geological insights, the study of geothermal energy evaluates hot-dry rock (HDR) potential.
The study also correlates the crustal thermal gradient with the locations of regional hot springs.

Keywords: Geotherm; Crustal Thermal Structure; Shear Zone Model; Geothermal Energy; Northern
Thailand

1. Introduction

Northern Thailand (Fig. 1) reveals a fabric of intricate tectonic features and geological processes. This region
is characterized by four primary tectonic terranes. These terranes, arranged from west to east, include the Sibumasu
Terrane (ST), Inthanon Zone, Sukhothai Terrane, and Indochina Terrane (ICT). During the Late Paleozoic to Early
Mesozoic, particularly throughout the Indosinian orogeny (Permian-Triassic), the ICT and ST underwent significant
drifting and rifting from Gondwanan margins (Rozalli et al., 2020). This tectonic evolution facilitated the opening
and subsequent closure of the Paleo-Tethys Ocean. The suturing of these terranes, especially between the ST and
ICT, is recorded in the Inthanon Zone and Sukhothai Arc. Their collision and amalgamation resulted in crustal
thickening and widespread magmatism by the Late Triassic (Hutchison, 2014; Zahirovic et al., 2014; Metcalfe, 2017).
Subsequent tectonic reactivation during the Yanshanian orogeny (Middle to Late Jurassic-Early Cretaceous)
and renewed deformation in the Cenozoic, particularly in relation to the Himalayan orogeny (starting ~50 Ma),
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Figure 1. Map of study area, (a) black lines indicate terrane boundaries following Metcalfe (2017) and red lines show brittle
shear zones following the Department of Mineral Resources (DMR, 2023b), (b) black dots show the epicenters of
earthquakes with 0.6 < M < 6.3 spanning from 2007 to 2021 by the Thai Meteorological Department (TMD, 2021)
and hot spring locations by the Department of Mineral Resources (DMR, 2023a) are shown in red diamonds.

produced complex fault systems across the region. The ongoing India-Asia convergence has induced right-lateral
displacements along NW-trending shear zones and left-lateral displacements along NE-trending faults (Charusiri,
2002). Today, Northern Thailand hosts 13 of the 16 active brittle shear zones mapped in the country, emphasizing
its status as a seismically active region (DMR, 2023a).

Northern Thailand, with its complex geological features, has been the focus of extensive crustal-scale investigations
aimed at understanding its tectonic evolution and geological structures. Seismological studies (Tadapansawut, 2012;
Noisagool et al., 2014; Petkaew, 2015, 2022; Noisagool, 2022) have contributed to a comprehensive crustal exploration
of this region. It is characterized by a relatively young, thin, and warm crust dominated by Triassic and younger rocks
(Hansen and Wemmer, 2011; Hansen et al., 2014). The geological landscape is marked by suture zones and collision
boundaries. The crust of Southeast Asia (SEA) exhibits high heat flow exceeding 75 mWm~2 (Hall and Motley,
2004; Morley and Chantraprasert, 2022), and an average thermal gradient of 34.49 °Ckm~! (Jennings et al., 2021).
However, thermal-structural studies have predominantly focused on near-surface temperatures through surveys
(Wood et al., 2018; Uchida et al., 2011). This presents an opportunity to extend thermal investigations to a deeper
scale for further insights into the region’s thermal structure and geothermal potential.

The specific conditions, particularly steady-state and thermal equilibrium, contribute to the development of
a 1-D temperature-depth profile, known as geotherm (Schettino, 2014). Geotherm offers significant means of
approximating the temperature distribution within the conductive lithosphere (Chapman, 1986; Cull et al., 1991).
It plays a pivotal role in thermal structures studies, especially where the mantle adiabat converges with the thermal
lithospheric base at 1200-1300 °C (Artemieva and Mooney, 2001; Artemieva, 2006). Magnetic properties under
varying temperatures define the Curie point depth (CPD), typically associated with magnetite at 400-600 °C (Okubo
and Matsunaga, 1994; Tanaka et al., 1999). While the brittle-ductile transition (BDT) occurs between 150-500 °C,
often linked to quartz-dominant composition (Caristan, 1982; Scholz 1988; Bonner et al., 2003).
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The seismogenic zone is considered as the robust part of the lithosphere (Meyer et al., 2019; Stevens et al., 2021).
The cutoff depth of crustal seismic hypocenters serves as a proxy for the seismogenic base, determined from
the earthquakes catalogue using 95% confidence interval (Wu et al., 2017; Zuza and Cao, 2020). This boundary
generally aligns with the BDT, marking the transition from brittle to ductile behavior (Nazareth and Hauksson, 2004;
Fernandez-Lozano et al., 2021; Lythgoe et al., 2021). Meanwhile, the CPD reflects the depth at which magnetite
loses its magnetic properties (Dessai, 2020). The lithospheric base, crucial in understanding near-solidus rock
behavior, is defined by the intersection of the geotherm with the thermal lithospheric boundary (Artemieva, 2011;
Rychert et al., 2020).

This study focuses on interpreting thermal boundaries using estimated geotherms derived from two-layered
crustal shear wave velocity (vs) models representing crustal physical structures: sediment basement, upper
crust, and lower crust, as presented by Siangpipop (2022). The v, models are converted into compressional wave
velocities (v,) using data from Jackson and Arculus (1984). The calculated v,, combined with existing observations
(i.e., surface temperature, heat generation, measured heat flow, and measured thermal conductivity), along with
relevant approximations, and laboratory data, serve as the foundation for estimating key thermophysical parameters
to determine the crustal thermal structures. The conceptual crustal model, comparing the crustal physical structure
and crustal thermal structure, is shown in Fig. 2.
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Figure 2. Conceptual crustal model, (left) crustal physical structures and (right) crustal thermal structures.

The genesis of earthquakes is linked to the geological structures and the deformation processes within shear
zones under tectonic stress (Sibson, 1986). Shallow earthquakes are more influenced by brittle deformation through
friction, and deeper regions are more prone to ductile deformation through viscous processes (Imber et al., 2001;
Wehrens et al., 2016). A conceptual shear zone model suggests that seismic activity in upper brittle shear zone extends
downward through a thermal-controlled transition, entering ductile shear zones (Price et al., 2012). The transition
between the brittle and ductile segments is known as the BDT or frictional-viscous transition (FVT) (Imber et al., 2001;
Wehrens et al., 2016). The shallow brittle segment can withstand greater stress than the underlying ductile crust (Behr
and Platt, 2014). The shallow portion of models tends to be governed by the friction law, while the deeper section
follows a steady-state flow law, often modelled using the quartzite flow law (Scholz, 1988; Fagereng and Toy, 2011).
The BDT plays a pivotal role in seismic activity (Wright et al., 2013; Chiarabba and De Gori, 2016; Craig and Jackson,
2021; Lythgoe et al., 2021). A higher geothermal gradient or heat flow (hotter geotherm) elevates the BDT to relatively
shallower depths compared to a lower heat flow (colder geotherm) (Behr and Platt, 2014; Zuza and Cao, 2020).

This study aims to compute average regional shear zone models to incorporate temperature and differential
stress profiles in Northern Thailand. Previous examinations of major shear zones’ rocks and associated structures
are integrated for accounting a range of shear behaviors. Our models also consider the impact of variations in crustal
heat flow and strain rate on the model’s differential stress.
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Beyond the geological implications, the studies address the growing energy demand in Thailand, emphasizing
alternative energy sources. The national Alternative Energy Development Plan (AEDP) aims to increase the
utilization of alternative energy sources to 30% by 2037 (MOE, 2018). Geothermal energy is integrated to this plan.
Although traditional geothermal plants are well-established in Thailand, particularly in regions with abundant hot
springs, such as those studied by Wood et al. (2018) in Northern Thailand, hot dry rock (HDR) presents a unique
opportunity for future development.

The last section utilizes geotherms to assess the geothermal potential in Northern Thailand, particularly within the
depth of basin sediment-basement rock and upper crust. Through geothermal analysis, such as estimating the
theoretical stored heat content (Q;,1) and approximating thermal energy, the study provides valuable insights into
the potential for low-grade to high-grade HDR resources (Tester et al., 2006; Chamorro et al., 2014; Jiang et al., 2016;
Aghahosseini and Breyer, 2020). Additionally, the thermal gradients are analyzed at reference depth, providing an
initial indication of the main thermal sources for hot springs in the study area.

2. Thermophysical parameters

The crustal geotherm (T,) is approximated using a 1-D partitioned geotherm equation:
T, =Ty + (q/k)Az — (A/2k)Az? (1)

where T, represents the temperature at the top layer in K, g signifies the heat flow in mWm~2, k denotes the thermal
conductivity in Wm~!K-1, 4 is the heat generation in yWm™3, and Az is thickness of the layer in km.

Through boot-strapping technique, the geotherm is calculated step by step for each 0.1 km increment. This process
is conducted by cooperating with other parameters within each of the partitioned boundaries using v, models
in Fig. 3. The initial thermophysical parameters including the mean surface temperature, measured heat flow, and
measured thermal conductivity, are necessary for the calculations. The mean surface temperature is obtained from
the observation spanning from 2015 to 2019 by the Thai Meteorological Department (TMD, 2019). These data have
been observed across each province (Fig. 4a). The interval of time is chosen to mitigate the influence of climate
patterns. Notably, the study area’s average surface temperature is recorded as 27.72 °C. The comprehensive dataset
of 73070 measured heat flow values has been collected globally from https://ihfc-iugg.org/ (Thienprasert and
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Figure 3. The depth boundaries obtained from v; model by Siangpipop (2022), include (a) depth of basin sediment-basement
rock, (b) depth of upper-lower crust boundary, and (c) Moho depth. The dots are inversion grid.
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Figure 4. The initial thermophysical parameters mapped and overlaid the inversion grid. The surface temperature (a)
from TMD (2019), the measured heat flow (b), and the measured thermal conductivity (c) from Thienprasert and
Raksaskulwong (1984), Raksaskulwong and Thienprasert (1995), and Fuchs et al. (2023) with triangles indicate
the available observation stations

Raksaskulwong, 1984; Lekuthai et al., 1995; Raksaskulwong and Thienprasert, 1995; Fuchs et al., 2023). Then, the
interval range is constrained with a minimum of 20 mWm~2 and a maximum of 130 mWm~2 (Artemieva, 2011),
while the off-limits values are suggested to be due to the potential environmental impacts from boreholes.
Additional data points, particularly missing-data boundaries, were included based on tectonic provinces, as shown
in Fig. 4b. The measured thermal conductivity is sourced from observation (Thienprasert and Raksaskulwong, 1984;
Lekuthai et al., 1995; Raksaskulwong and Thienprasert, 1995; Fuchs et al., 2023), revealing a conductive range
spanning from 1.68 to 2.76 Wm~!K-! in the region (Fig. 4c).

These recorded values were mapped onto the v, model grid devised by Siangpipop (2022), and the application was
carried out from the surface down to the depth of basin sediment-basement rock, or at least to the topmost 0.1 km
of the considered weathered layer.

2.1 The estimation of thermal conductivity (k)

The sedimentary thermal conductivity is obtained from the observations (Fig. 4c). For crustal scale, since k is highly
varying, the global-scale estimations are employed in this study. In the upper crust, which is relatively heterogeneous,
k exhibits an inverse relationship with depth and temperature, resulting in a range of 3.0 — 2.055 Wm~1K-1.
Conversely, the lower crust is considerably much more homogeneous, leading to the assumption of a constant
thermal conductivity value of 2.57 Wm~1K-!. These values have been averaged from regions with high heat flow
(rifts) and low heat flow (shields) as studied by Chapman (1986).

For the uppermost mantle, peridotitic rock, primarily composed of olivine, is adopted following Schettino
(2014). A constant value of 4.0 Wm~1K-! has been assigned for mantle conductivity (Schatz and Simmons, 1972;
Schirmeli, 1979).

2.2 The estimation of heat generation (4)

The determination of the heat generation for sedimentary basin A; is highly unpredictable, due to the erosion
and sedimentation. The A, value is determined by using the formula from Rybach (1976) with the radiometric
characteristics from the median value of color map by DMR (2018).
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The crustal heat generation A, is determined by using relationship presented in Rybach and Buntebarth (1984),
which correlates A, in pW m=3 with v, in kms~! as follows:

In4, = 13.7 = 2.17v, )

The conversion v, to v, by linear relationship derived from the study of Australian felsic to mafic granulite
xenoliths conducted by Jackson and Arculus (1984). The assumption that Thailand’s crust was once connected to
the Australian continent underscores the interconnected geological history and shared characteristics between
these regions.

However, it is important to note that the Eq. (2) was originally derived for a pressure of 100 MPa. To account
for variations with depth, appropriate corrections must be applied. In this study, the upper crust is reasonably
assumed to be granitic rock, and the lower crust is assumed to be granulitic rock in general (Cull et al., 1991;
Hasterok and Chapman, 2011; Mareschal and Jaupart, 2013; Forster et al., 2021). Therefore, the v, used for the
upper crust is considered as 1.01 times the v, from models. For the lower crust, the initial converted v, from models
is corrected with 0.99. This results in velocity ranges of 6.03-6.38 kms~! for the upper crust and 6.25-6.52 kms~1
for the lower crust.

Moreover, the upper crust generally composed of radiogenic elements with heat generation exponentially
decreasing with depth. Therefore, the heat generation in the upper crust needs to be corrected (Chapman, 1986)
using the equation:

A(z) = Ag exp(=z/D) ©)

where D is a constant characteristic of each heat flow province, A, represents the heat generation at the top layer,
and z is depth in km.

As a result, an average heat generation of 1.07 yWm~3 for the basin sediment has been estimated. In the upper
crust, the average value is 0.95 pyWm~3, with depth variation described by Eq. (3). For the lower crust, an average
constant value of 0.35 ptWm~2 is assigned. These values vary with grid locations due to differences of v,. Heat
generation in the uppermost mantle is negligible due to its comparatively small value (Mareschal and Jaupart, 2013).

2.3 The estimation of heat flow (q)

The crustal heat flow, including the sedimentary and weathered layers, is calculated using the basal heat flow of
a layer (gp) with the following relation:

q=qp+AD. 4)

The continental heat flow sources are approximately 40% from the radiogenic upper crust and 60% from deeper
sources such as radioactive decay, advective processes, or heat released from the Earth’s cooling interior (Pollack
and Chapman, 1977; Chapman, 1986; Furlong and Chapman, 2013). The primary source of continental crustal heat
flow is generally the radiogenic upper crust. Crustal heat flow decreases with depth, a concept known as basal or
reduced heat flow (Chapman, 1986; Hasterok and Chapman, 2011; Forster et al., 2021).

Southeast Asia’s crust is relatively young, dominated by Triassic and younger rocks, and characterized as thin and
warm. The average thermal gradient of Thailand’s onshore is 34.49 °Cm~! (Jennings et al., 2021). These constraints
were considered when selecting the g for our models.

A gp value of 70 mWm~2 has been reasonably adopted for the radiogenic upper crust using a trial-and-error
approach. This value results in an average heat flow 85.27 mWm~2 and thermal gradient 35.97 °C km~! for the
radiogenic upper crust. This value ensures that the geotherms intersect the adiabat at 1200 °C. To evaluate the
lower crust heat flow, mantle heat flow and heat generation (4) must be determined (Cull et al., 1991; Hasterok
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and Chapman, 2011; Mareschal and Jaupart, 2013). In this study, for calculating lower crust heat flow, the gz was
assumed to be the minimum value of measured heat flow, as the mantle heat flow must be at least the minimum
measured heat flow in the region. Maintaining this minimum value is also crucial, as a lower value would produce
a geotherm that does not intersect the adiabat at 1200 °C.

These described values are applied individually to each partitioned depth layer: basin sediment, upper crust,
lower crust, and uppermost mantle. The upper crust thickness, determined through prior research of Siangpipop
(2022), reveals a maximum depth of about 19.87 km beneath the Phitsanulok Basin with the minimum thickness of
10.9 km in Western Thailand. The lower crust thickness ranges from 13.75 km to 23.8 km, increasfig. 5ng towards
the southern part of the study area.

3. Crustal thermal structure

The determination of crustal thermal structures in Northern Thailand is essential for understanding geological
processes and seismic activity. In this study, the seismogenic base is identified as the depth corresponding
to the 95% confidence interval cutoff depth (D95) of earthquake events, sourced from the Thai Meteorological
Department (TMD) regional earthquake catalogue spanning from 2007 to 2021 (TMD, 2021). Among the analyzed
seismic events, 3205 events are considered shallow events (occurring 213.67 eventsyr~1), while 85 events exceed
the D95 of 10.2 km (occurring 5.67 eventsyr~1), as shown in Fig. 5. The depth of 10.2 km aligns with the average
geotherm temperature, resulting in a 360.5 °C isotherm for Northern Thailand. This temperature is presumed to
signify the thermal point where assumed quartz-dominant composition begins to exhibit ductile behavior (thermal
brittle-ductile transition, thermal BDT).
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Figure 5. The number of earthquakes from 2007 to 2021, with local magnitude (M) 0.6-6.3 and their depths with red line
separated shallow events and deep events (TMD, 2021).

The thermal Curie point depth (thermal CPD), occurring at 550 °C where magnetite loses its magnetic properties,
closely corresponds to the elastic lithospheric base (Artemieva, 2011; Rychert et al., 2020). Moreover, the depth of
CPD is generally shallower or equal to Moho depth, since magnetite is not stable in mantle. In addition, the thermal
lithospheric base, characterized by the temperature near-solidus point of rock, is identified at 1200 °C.

To ensure result reliability, geotherms were initially compared with both the global thermal model (Artemieva,
2006) and SEA thermal model (Yu et al., 2017). Both models reveal a west-to-east thermal characteristic contrast,
consistent with this finding.

From our thermophysical parameters estimation, the geotherms at each grid location are calculated and displayed
in Fig. 6a. Our modeling domain is confined to the conductive region above the thermal lithospheric base. Geotherm
segments extending beyond this boundary are excluded from subsequent calculations. The crustal physical structure
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is derived from the average output of partitioned models across the study area, Fig. 6b. Figure 6¢ shows the crustal
thermal structure with the thermal BDT at 360.5 °C and thermal CPD at 550 °C. To visualize the model output, Fig. 7
displays representative temperature distributions at depths of 10 km, 20 km and at the Moho depth.

Figure 8 displays all thermal boundaries based on the isothermal surface temperatures. The thermal BDT
appears shallower in the southwest of the region, with the deepest thermal BDT observed in the Phitsanulok Basin.
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Figure 6. (a) Regional geotherms in Northern Thailand, grey lines representing all estimated geotherms with the green
line as the average and the conductive region within the thermal limit of 1200 °C. (b) Crustal physical structure

derived from the average output of the partitioned models. (c) Crustal thermal structure indicating the thermal
brittle-ductile transition (BDT) at 360.5 °C, the Curie point depth (CPD) at 550 °C, and the thermal lithosphere
base at 1200 °C.
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Figure 7. Temperature distributions at (a) 10 km, (b) 20 km, and (c) the Moho boundary derived from the modelled

geotherms.
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Figure 8. The results of thermal boundaries include the depth of thermal BDT at 360.5 °C (a), the depth of thermal CPD
at 550 °C (b), and the depth of thermal lithospheric base at 1200 °C (c).

The thermal CPD tends to be shallower than the global thermal reference, while the thermal lithospheric base on
average falls within the global thermal lithospheric model ranges but is slightly deeper than the SEA model. These
variations result from the different constraints used in the global model and the different methods utilized in the
SEA model. On the other hand, our model aims to provide a more localized representation for Northern Thailand
while maintaining an average trend with respect to both previous models.

From Fig. 8a, the thermal BDT coincides with certain brittle shear zones, notably shallower around the suture
zones (Nan-Uttaradit Suture and Chiang Mai-Chiang Rai Suture) and deeper in the basins. Figure 8b illustrates the
thermal CPD deeper around the southwestern region where ST meets with the Inthanon Zone and Nan-Uttaradit
Suture Zone. Figure 8c presents the thermal lithospheric base shallower in the western region and a small area in the
northern province, reaching its greatest depth around the junction of the ST and Inthanon Zone in the southwest.
A noteworthy observation is that the shallow region in the thermal lithospheric base in the northern part of the
study area requires further investigation. This geological activity aligns with the relatively high heat flow and
thermal conductivity observed in Fig. 4.

The crossplots (Fig. 9) show that the depth of basin sediment-basement rock aligns with the thermal BDT, while
the upper-lower crust boundary inversely correlates with the thermal CDP. This observation suggests that regions
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Figure 9. The crossplot between (a) the depth of basin sediment-basement rock versus thermal BDT, and (b) the upper-
lower crust boundary and thermal CDP.
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with thicker basin sediment tend to have deeper thermal BDT. Conversely, areas with a shallower upper-lower crust
boundary tend to have a deeper thermal CPD (Fig. 9b). These findings support the idea that the radiogenic upper
crust significantly influences crustal temperature (Hasterok and Chapman, 2011; Furlong and Chapman, 2013)
in this region.

4. Shear zone model

This study employs the classic Christmas tree model to exemplify the mechanical behavior of Northern
Thailand’s crust. This model incorporates a quasi-elastic assumption in the shallow brittle zone and applies a wet
quartzite flow law for deeper ductile behavior. Crustal heat flow variations are introduced to simulate both colder
(70 - 20% mW m~2) and hotter (70 + 20% mW m~2) geothermal conditions, aiming to clarify the relationship between
differential stress, temperature, and regional geothermal condition in Northern Thailand. The resulting geotherms
are illustrated in Fig. 10.
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Figure 10. Variation of radiogenic-crustal-basal heat flow (gz), 70 + 20% mWm~2, in Northern Thailand’s geotherms.
Blue line refers to cold geotherm, while red line is hot geotherm. Green line is an average regional geotherm
in Northern Thailand.

The point where shallow earthquakes terminated is typically identified within a specific temperature range,
representing the transition from brittle to ductile behavior. This range, known as quartz-dominant ductility, falls
between 300 °C and 450 °C, corresponding to the ductility temperature of quartz-feldspar composition (Sibson, 1984;
Scholz, 1988; Fagereng, 2013; Wehrens et al., 2016). The upper crust is usually assumed to be average quartz
rheology, allowing the use of quartzite flow laws to explain flow behavior (e.g., Thompson et al., 2001).

Among various flow laws, the one developed by Hirth et al. (2001) was chosen, particularly suited for relatively
low temperatures (up to 350 °C). Meanwhile, the thermal BDT in Northern Thailand was approximately defined at
a temperature of 360.5 °C, where the quartz flow onset occurs, marking the transition from microcracks to uniform
dislocations (Scholz, 1988).

The rheological properties of quartzite were analyzed using flow law equation (Hirth et al., 2001):

&€= Afé’zlo (o1 — a3)" exp (—Q/RT) (5)
where ¢ refers to strain rate (s!), 4 is a material parameter (MPas™1), f;; o is water fugacity, a measure of water

potential in the form of adjusted pressure (MPa), m is water fugacity exponent, g, - g3 is differential stress (MPa),

10
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n is stress exponent, Q is activation energy (k] mol~1), R is ideal gas constant (8.314 JK-'mol~!), and T represents
absolute temperature (K). Strain rate values ranging from 10-15 s=1 to 10-!! s~! were also considered reasonable for
crustal rock (Fagereng, 2013; Behr and Platt, 2014).

BDT temperatures under different geothermal conditions were then mapped onto these quartzite flow laws.
It is important to note that o; and o3, the greatest and least principal stresses, respectively, are considered to act
in a plane normal to the shear zone.

In the brittle shear zone, rocks are assumed to behave as quasi-elastic particles, allowing the application of the
linear frictional failure criterion proposed by Sibson (1974) and Hauksson and Meier (2019):

(01 = 03)(2) = ap(2)gz(1 - 1) (6)

where o - g3 represents the differential stress (MPa), « is a constant that depends on faulting type and frictional
coefficient, p is the average rock density at depth shallower than z (gm~3), g is the gravitational constant (ms~2), and
Ais pore fluid factor. The study employs the frictional law to establish a linear relationship between the differential
stress and depth. Additionally, the thermal gradient is assumed to be equal to the ratio of BDT temperature (°C) to
the average BDT depth (km).

Figure 11 depicts shear zone models under varying geothermal conditions (cold to hot). The model provides
insight into the differential stress distribution along the shear plane, offering understanding of the mechanical
behavior of the crust in response to temperature variations.

shear zone model

100 A
10715 =1
200 10-14 o-1
é_) 10—13 S—l
‘9_-)’ 300 + 1012 g1
S — ———110-11 s-1
© 400 -
[}
£
o 500 A
600 A
700 A
0 100 200

differential stress (MPa)

Figure 11. The shear zone models of cold (blue line) to hot (red line) geotherm. Green line is for regional geotherm.

This study extends its investigation of shear zone models by introducing variations in strain rate, offering insight
into the dynamic behavior of shear zones in Northern Thailand. The analysis considers a range of strain rates
from 10-15s71 to 10712571 (Violay et al., 2017), with a capped maximum shear stress of 120 MPa or equivalent
differential stress of 240 MPa from the study of major shear zones by Behr and Platt (2014). The results are
summarized in Table 1, presenting variation in heat flow, temperature, and differential stress.

The variation analysis explores adjustments in heat flow, temperature, and differential stress. Temperature
adjustments within approximately +16% of regional geotherm, corresponding to variation in heat flow from
colder to hotter regions, reveal fluctuations in differential stress about +90% for colder geotherm and -41% for
hotter geotherm compared to the regional result. Notably, for colder geotherm, the maximum strain rate slightly
exceeded 10713 s~1, while for regional geotherm fell around 10712 s71, and for hotter geotherms, a higher value
was observed.
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Table 1. The variation results in heat flow and strain rate.

BDT Heat flow (mWm~2)
Temperature (°C) 56 (-20%) 70 84 (+20%)
Strain rate (s71) 303.0 (-15.95%) 360.5 418.1 (+15.98%)
10715 52.3 (+90.18%) 27.5 16.2 (-41.09%)
10714 92.9 (+89.59%) 49.0 28.7 (-41.43%)
10713 165.3 (+89.78%) 87.1 51.1(-41.33%)
10712 — 154.9 90.8 (-41.38%)

The study emphasizes the significance of BDT in the middle crustal layer, influenced by lithology, strain rate,
grain size, water content, and temperature (Sibson, 1984; Imber et al., 2001; Ellis and Stockhert, 2004; Wehrens et al.,
2016). Theoretical strength envelopes based on flow law rheology suggest that BDT depth correlates with strain rate
and inversely correlates with heat flow (Sibson, 1984). Shallower BDT (hotter geotherm) is indicative of weaker crust,
deforming more rapidly (Zuza and Cao, 2020; Fernandez-Lozano et al., 2021). The lower strain rate would reduce
flow stress (Meyer et al., 2019) and it responds to deeper BDT (colder geotherm).

Shear zone rocks can be approximately categorized into granular flow and/or brittle sliding (150-300 °C),
brittle-ductile interplay (300-350 °C), and ductile flow (>350 °C) (Scholz, 1988; Fagereng and Toy, 2011).
The rheological studies suggest that BDT temperatures may not distinctly separate brittle and ductile behavior,
potentially leading to a smoothed differential stress profile (Fagereng and Beall, 2021).

The previous studies attribute the relatively weak major shear zone to high pore fluid pressure, dynamic
weakening, and low coefficients of friction. These mechanisms, possibly temperature and depth dependent, could
cease at around the BDT (Behr and Platt, 2014). If frictional/brittle sliding at low shear stress were possible, shear
zones would deform through this mechanism instead of transitioning into dislocation creep at high shear stress
(Imber et al., 2001). However, these attributions require further study beyond the scope of this paper.

The analysis of Northern Thailand reveals a failure limit up to 26 km in deep crust, surpassing the regional
average upper-lower crust transition (16.15 km). However, 95% of regional earthquake nucleation terminates at
depth less than 10.2 km (the regional average BDT), suggesting the presence of localized weak shear zones extending
into the lower crust. These zones allow brittle failure at significantly greater depth than expected for dry and strong
crust (Fagereng and Beall, 2021; Stevens et al., 2021). Further studies should focus on these localized zones to
enhance understanding, considering non-uniform distribution of earthquakes around the study area.

5. Geothermal potential from hot dry rock (HDR)

The study evaluates the geothermal potential in Northern Thailand using hot dry rock (HDR) systems, focusing
on temperature distribution at depth of 3.5 km, 5.5 km, and 9.5 km. The findings are presented in Fig. 12 providing
insights into low-grade, economic-grade, and high-grade HDR potential (Tester et al., 2006; Jiang et al., 2016)
across the region.

- Low-grade HDR potential (Fig. 12a): Areas with temperatures at least 120 °C are considered to have low-grade
potential. Mountain ranges and some parts of the Chao Praya Floodplain, except Phitsanulok Basin, exhibit
low-grade potential. Depths shallower than 3.5 km were not considered because their temperatures do not
reach the 120 °C.
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Figure 12. Temperatures at depth shown 3.5 km (a), 5.5 km (b), and 9.5 km (c) representing examples of low-grade,
economic-grade, and high-grade HDR potentials, respectively.

- Economic grade HDR potential (Fig. 12b): Economic-grade potential is indicated by temperatures of at least 150 °C
at a depth 5.5 km. The low-grade potential area remains noteworthy at this depth, with expanding potential
provinces around the study area, including the basins.

- High-grade HDR potential (Fig. 12¢): Higher-grade potential, characterized by temperatures of at least 250 °C.
A depth of 9.5 km, it is most prominent in Western Thailand.

A pivotal finding is the significant expansion of HDR potential with increasing depth. At 5.5 km and 9.5 km depth,
the entire area progressively transitions to moderate-grade and high-grade HDR potential, emphasizing the
importance of considering carrying depths for a comprehensive geothermal resource evaluation.

The possible correlation between geothermal sources and granitic provinces in Fig. 13, as outlined by
Cobbing et al. (1986) and Nachtergaele et al. (2020), could add a layer to our understanding of HDR distribution.
Tak City aligns with Migmatite Complex Granite and the Northern Thailand Granite, which extends to the northern
region. Additionally, the Eastern Granite to the east of Tak City and the east of the region highlights the possible
influence of granitic composition on geothermal potential. These alignments could exemplify how the granitic
composition of the crust can impact geothermal resources.

This study also estimates the theoretical stored heat content (Q;;,cx) in exajoules (EJ) for different depth sections
ranging from 3.5 km to 9.5 km in Northern Thailand. The Qy,,. is then converted into the thermal energy in terawatt
hours (TW hr), providing an overview of the potential HDR thermal energy in the study area.

The Qpock is calculated using the formula:

Qbiock = pchblockAT )

where the density of rock (p) is in kgm=3, specific heat capacity ¢, is in Jkg=!°C1, the volume of rock (Vyicx)
is in m3 unit, and different temperatures from the surface (AT) is in °C.

As areasonable approximation, the following values are typically assumed based on the works of Blackwell et al.
(2006), and Tester et al. (2006): p ~ 2550 kgm™3 and ¢, ~ 1000 Jkg~!°C~1, Vo is calculated by multiplying the
considered area by 1 km depth. The AT is calculated as the difference between the depth temperatures and the
surface temperature by assuming it to represent the theoretically cooled-down temperature of the rock volume.
Figure 14 summarizes the estimated stored heat content and the corresponding conversion to thermal energy
potential at different depths.
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Figure 13. (a) Temperature at the depth of 0.7 km and (b) Northern Thailand’s granitic provinces modified from
Nachtergaele et al. (2020).
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Figure 14. The thermal energy in TW hr of each depth and temperature from low-grade (blue rectangle), economic-grade
(green rectangle), and high-grade (red rectangle) potentials of geothermal energy in Northern Thailand.

Furthermore, the analysis of crustal thermal gradients in the study area, involving temperature averages
at depth, has revealed significant observations, as illustrated in Fig. 15. At 10 km (Fig. 15a), the result indicates
that hot springs are predominantly aligned with mountain range characterized by relatively high crustal thermal
gradient. At 20 km (Fig. 15b), in contrast, the result is a notable shift in crustal thermal gradient, with some locations
that previously exhibited low thermal gradients now demonstrate relatively high values and vice versa. This shift
is attributed to the influence of deeper heat sources.

The ratio of crustal thermal gradient at the thermal brittle-ductile transition (thermal BDT) to the thermal Curie
point depth (thermal CPD) marks as temperature reference boundaries (Fig. 15c). Preliminary ratio analysis suggests
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that most hot springs are fed by deep heat sources, except in western areas and around Nan-Uttaradit Suture as
shown in Fig 15c. The dominance of deep heat sources, as evidenced by slightly low ratio of BDT-to-CPD thermal
gradient, emphasizes the importance of deep thermal structure processes in influencing temperature.

These findings contribute to our understanding of the factors influencing crustal thermal gradients in Northern
Thailand. The interplay between shallow and deep heat sources adds complexity to the thermal landscape, providing
insights into geothermal energy exploration of the region.
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Figure 15. Thermal gradient averaged from temperature at 10 km (a) and 20 km (b). (c) ratio of thermal gradient at BDT
to CPD. Hot spring locations (DMR, 2023a) are shown in red diamonds.

6. Calculation uncertainties

The estimation of 102 geotherms in Northern Thailand involves various assumptions and methodologies.
Understanding these uncertainties is crucial for interpreting the results. The following points outline the key
assumptions made in this study:

1) Extreme parameter values could have been influenced by borehole conditions, such as frictional heat, drilling
mud, groundwater circulation. To overcome these, statistical analysis was applied to constrain these values,

2) The thermophysical parameters might not precisely align with considered grid, the regression based on
k-nearest neighbors’ approach was used to map parameters,

3) The potential lateral errors arising in the 1-D vertical study approach were acknowledged,

4) Local geology units were simplified into distinct categories,

5) The thermal brittle-ductile transition (thermal BDT) is assumed to coincide with the seismogenic base where
the seismic activity’s confidence interval cut off at 95% (cutoff depth 95; D95),

6) Since the uneven distribution of earthquakes across the area, D95 was treated as regional value rather than
being specific to local shear segments,

7) The thermal brittle-ductile transition (thermal BDT), thermal Curie point depth (thermal CPD), and the
thermal lithospheric base were assumed to maintain temperature consistent (360.5 °C, 550 °C, and 1200 °C,
respectively),

8) BDT might be treated as a diffuse zone rather than a sharp boundary in these models. This recognition aims to
align more closely with the actual nature of BDT,

9) Shear zone models were based solely on quartzite flow law, although it is acknowledged that the crustal rocks
are polycrystals,
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10) The uppermost part of Northern Thailand was not included in the study area, according to Siangpipop (2022).
Some regions showed promisingly high thermal gradients in previous studies. Due to these limitations, the
underestimation of Q. for this region was acknowledged,

11) Inpractice, HDR exploitation is limited to some potential locations. The practical amount of reserve energy for
economic purposes may be much lower than this theoretical estimated potential.

These assumptions provide a foundation for geothermal estimation, but they introduce uncertainties. Since these
assumptions are simplified relative to real conditions, they primarily serve to facilitate this approximation of
possible outcome for the region.

For example, the assumption of constant temperature at each temperature boundary does not fully reflect the
mechanical BDT, as a temperature boundary — such as the Moho - can fall within a broad range (Sibson, 1977).
Additionally, the assumption is primarily considered the effects of temperature and pressure on rheology, while
overlooking other important factors, such as fluid pressure, mineralogy, and stress regime. Similarly, the assumption
of quartz rheology introduces potential inaccuracies, as the actual rock composition at this depth in Northern
Thailand may include various lithologies, leading to quantitative errors in the analysis.

Ultimately, the stored heat content should be regarded as a theoretical estimate rather than an absolute value.
These values are derived from simplified lithologies in the study area. Furthermore, the depth and geometry of
the different layers composing the crust are crucial for the success of longterm geothermal reservoir production.

One approach to evaluating conduction-dominant geothermal systems is by analyzing the ratio of porosity to
permeability. Faults and fracture zones can enhance permeability at greater depths, thereby improving geothermal
play systems (Moeck, 2014).

Therefore, users and researchers should consider these factors when interpreting the results and assessing their
practical applicability in the context of geothermal resource exploration and utilization in Northern Thailand.

7. Sensitivity test

The sensitivity test evaluates how variations in initial parameters affect the geotherms equation, providing
insight into the stability and reliability of the model. By examining fluctuations in thermal and seismic properties,
we can assess how changes in mantle conductivity, heat flow, and shear wave velocity influence temperature
distribution of thermal lithosphere. This analysis is crucial for refining geotherm models, identifying potential
sources of error, and ensuring robust predictions in geophysical studies.

Thermal properties
— Lower crust thermal conductivity: 2.57 W/mK (Range: 2.44-2.7 W/mK)
— Mantle thermal conductivity: 4.0 W/mK (Range: 3.8-4.2 W/mK)
- Reduced heat flow: 70 mW/m?2 (Range: 66.5-73.5 mW/m?)
— Thermal lithosphere thickness adjustment
 Standard: 106.87 km
e Variability: —1.4% to +1.3%/-3.8% to +3.3%/+3.8% to —3.9%, respectively.

Seismic properties
— Shear wave velocity (upper crust): 3.41 km/s (Range: 3.24-3.58 km/s)
— Shear wave velocity (lower crust): 3.71 km/s (Range: 3.52-3.9 km/s)
— Thermal lithosphere thickness adjustment

 Standard: 106.87 km

e Variability: -3.6% to +1.3%/-2.4% to +1%, respectively.

8. Conclusions

This research has advanced our comprehension of the thermal and structural characteristics of Northern Thailand’s
crust through synthesizing existing studies and introducing new investigations. Analyzes of thermophysical
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data have led to the development of 1-D partitioned geotherms. These geotherms have facilitated the identification
of crucial thermal boundaries, including the thermal brittle-ductile transition (thermal BDT), the thermal Curie
point depth (thermal CPD), and the base of the thermal uppermost mantle or thermal lithospheric base. Furthermore,
this work highlights the significance of heat flow value and strain rate on the differential stress within the shear
zone of the Northern Thailand, underscoring the need for further investigation.

The research also identifies the region as having at least low-grade potential hot dry rock (HDR). The estimated
theoretical regional stored heat content opens possibilities for sustainable and eco-friendly energy development,
with potential applications in enhanced geothermal systems (EGS). Furthermore, the research addresses the
correlation between hot spring locations and the crustal thermal gradient, suggesting different heat sources from
both shallow and deep origins.

Acknowledging inherent uncertainties, the study provides a foundation for future investigations, highlighting
the need for nuanced consideration of geological units, tectonic settings, and the environmental issues in the
region. While setting the stage for further research, this work could help pave the way for understanding Northern
Thailand’s crustal thermal structure for hazard assessment and sustainable energy development.
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