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Abstract.  Conventional geothermal resources are typically associated with volcanically active plate boundaries, yet collisional 10 

orogens can also sustain elevated heat flow through radiogenic enrichment, crustal thickening, and rapid exhumation. Northern 

Pakistan, encompassing the Himalaya, Kohistan, and Karakoram terranes, hosts numerous hot springs aligned with major fault 

zones despite the absence of active volcanism. The origin of this anomalous heat remains debated, reflecting the lack of surface 

heat flow measurements and limited geophysical constraints on the lithosphere. To address this gap, we apply 1D steady-state, 

1D transient, and 2D advective–conductive thermal models to the Nanga Parbat Massif (NPM), Kohistan arc, and Karakoram 15 

terrane resulting from translation of heat conduction due to exhumation of blocks. Steady-state results show strong dependence 

of geotherms on crustal radiogenic heat production (RHP): in the NPM, upper-crustal enrichment (4–5 μWm−3) yields surface 

heat flow of 85–120 mW m−2, whereas Kohistan produces lower values (50–85 mW m−2) due to its mafic-dominated crust. 

Karakoram yields intermediate heat flow (65–103 mW m−2), with RHP concentrated in the batholith and metamorphic 

complexes. ID transient exhumation models demonstrate that uplift rates of 2–3 mm y−1 in the NPM can further amplify 20 

geotherms, producing surface heat flow up to 220–250 mW m−2 and inverting deep geotherms at 20 km when RHP is high. 

Two-dimensional thermal simulations capture the combined effects of radiogenic enrichment, exhumation, and rugged 

topography. Isotherms are compressed beneath valleys and expanded beneath peaks, with the strongest thermal anomalies 

localized in the NPM and Karakoram. Surface heat flow patterns reflect these contrasts, ranging from ~120 mW m−2 (moderate 

scenarios) to nearly 180 mW m−2 (high exhumation). Crustal differentiation indices further indicate strong upper-crustal 25 

enrichment in the NPM and Karakoram, indicating the redistribution of heat-producing elements during crustal thickening and 

partial melting. The models demonstrate that the region can sustain anomalously high heat flow through the interplay of RHP, 

exhumation, and crustal differentiation. For northern Pakistan, this provides a robust geoscientific basis for understanding the 

origin of widespread hydrothermal activity and underscores the region’s significant geothermal potential, positioning it as a 

promising target for future exploration and sustainable energy development. 30 
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1 Introduction 

Shallow crustal regions of elevated heat flow are typically associated with active volcanism along plate boundaries, 

representing conventional geothermal resources (Capuno et al., 2010). Recently, ancient cratonic basements have gained 

attention as potential unconventional geothermal targets (Moeck, 2014). Crystalline rocks such as gneisses and granites often 

contain high concentrations of radiogenic elements, enhancing heat production and surface heat flow, which makes them 35 

promising candidates for hot-dry rock (HDR) geothermal systems (Hillis et al., 2004). Temperatures in HDR systems can 

reach ~240°C at 3.5 km depth in high heat-producing granitic basements (3.8–8.7 µW m⁻³), as observed in the Cooper Basin, 

Australia (Hillis et al., 2004; Beardsmore, 2005; Horspool et al., 2012). Crystalline basements and granitic intrusions, 

commonly forming the cores of orogenic belts, are large, accessible, and associated with regional orogenic heat flow, making 

them viable for geothermal exploration (McCay and Younger, 2017; Gnojek et al., 2018; Wanner et al., 2019). 40 

Northern Pakistan lies within the Indian-Asian collision zone, encompassing the Himalaya, Karakoram, and Tibet. More than 

500 hot springs occur here, forming the Himalayan Geothermal Belt (Tong & Zang, 1981). This ~3000 km long EW-trending 

belt extends from the western Himalayas to northwest India and includes parts of the Pamir and Tibet (Fig. 1a). Despite 

numerous Cenozoic intrusions, the absence of active volcanism and low 3He concentrations suggest a primarily crustal origin 

of anomalous heat (Hochstein and Zhongke, 1995). Geothermal activity is concentrated along regional faults and suture zones, 45 

with hot springs discharging in deeply incised valleys (Hochstein and Regenauer-Lieb, 1998). Interaction of meteoric water 

with rapidly exhuming hot rocks during ongoing collision explains the hydrothermal activity (Chamberlain et al., 2002). 

Comprehensive surface heat flow data are scarce in the Himalaya-Karakoram, limiting knowledge of subsurface geothermal 

gradients and the lithosphere’s thermal state. Available subsurface data—including boreholes, seismic, gravity, and magnetic 

surveys—are limited, hindering imaging of lithospheric and crustal architecture. While high heat flow (>100 mW m⁻²) has 50 

been reported from geothermal sites in Indian Kashmir (Fig. 1b; Shanker, 1988; Craig et al., 2013), these values may not 

represent background heat flow due to advective transport in hydrothermal systems. Accurate lithospheric structure and rock 

properties are essential for thermal modeling, and without them, models only yield broad estimates (Goes et al., 2020). 

This study estimates the lithospheric thermal state of the Himalaya, Kohistan, and Karakoram using 1D and 2D thermal models. 

The models incorporate surface radiogenic heat production, literature-based geophysical parameters, and thermal properties. 55 

We assess the influence of variable crustal radiogenic heat production, crustal thickness, and exhumation on geotherms and 

surface heat flow. Using the 1D models and petrophysical parameters from Anees et al. (2024), 2D models along a cross-

section illustrates upper-crustal isotherms and their geothermal implications. 
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Figure 1: (a) Topographic map of south Asia showing the distribution of hot springs of the Himalaya Geothermal Belt-HGB (after 60 
Hochstein & Zhongke, 1995) within the hinterland of India-Asia collision zone. The black rectangle shows the location of Fig 1.1b. 

(b) Distribution of geothermal manifestations (as hot springs) in the hinterland of western Himalaya and Karakoram and associated 

interpolated heat flow map (modified after Shanker, 1988; Thussu, 2002; Craig et al., 2013). Heat flow is calculated from geothermal 

fields in Indian Kashmir and has been projected towards northwest Pakistan (line filled pattern) by Craig et al., 2013. Abbreviations: 

KF-Karakoram Fault; ISTZ-Indus Tsangpo Suture Zone; MBT-Main Boundary Thrust; MCT-Main Central Thrust; MFT-Main 65 
Frontal Thrust; MKT-Main Karakoram Thrust; MMT-Main Mantle Thrust; STD-South Tibet Detachment. 
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2 Tectonic and Lithospheric Framework 

The western Himalayan-Karakoram orogen, forming most of northern Pakistan, is tectonically subdivided from north to south 

into the Karakoram block (Asian plate), Kohistan (-Ladakh) arc, and the Indian plate (Nanga Parbat Massif) (Gaetani et al., 

1996) (Fig. 2a). The Kohistan arc, largely intra-oceanic in origin, was sandwiched between the Asian and Indian plates during 70 

the closure of the Neotethys along two suture zones, followed by their collision in the Cenozoic era (Tahirkheli, 1979). These 

tectonic boundaries are the Main Karakoram Thrust (MKT), separating the Karakoram and Kohistan, and the Main Mantle 

Thrust (MMT), marking the suture between the Kohistan arc and the Himalayas (Gansser, 1980; Kazmi et al., 1984). 

The study area encompasses three tectonic domains: the Nanga Parbat Massif (NPM) of the Himalaya, the Kohistan (-Ladakh) 

batholith, and the Karakoram batholith. The NPM, the northernmost part of the Himalayas in Pakistan, exposes Proterozoic 75 

Indian basement crust up to ~8 km elevation. It has experienced exceptionally high uplift of up to 30 km during the Himalayan 

orogeny (15 km in the last 3 Ma), forming an N-S striking syntaxis thrusting onto the Kohistan arc (Butler et al., 1989; Zeitler 

et al., 1993). 

The Kohistan-Ladakh arc extends ~700 km in an E-W direction and is positioned between the Karakoram (north, Asian plate) 

along the Shyok suture zone and the Himalaya (south, Indian plate) along the MMT. This Cretaceous intra-oceanic island-arc 80 

complex has been deformed and partly metamorphosed due to obduction onto the Indian plate. Exhumation of the NPM eroded 

overlying Kohistan crust, splitting it into the Kohistan arc in the west and the Ladakh arc in the east (Tahirkheli, 1979; 

Petterson, 2010). The Kohistan arc preserves a complete crustal section, from mantle to uppermost crustal rocks, whereas the 

Ladakh arc predominantly exposes upper crustal volcanic and plutonic rocks (Treloar et al., 1990).  

The Karakoram terrane represents the southern margin of the Asian plate and is subdivided into the Northern Karakoram 85 

sedimentary belt, Karakoram Batholith, and Karakoram Metamorphic Complex (Searle and Khan, 1996). The northern 

Karakoram forms a back-arc sedimentary basin with Paleozoic carbonates and clastic deposits extending northward toward 

the southern Pamir (Palin et al., 2012). The Karakoram Batholith, an E-W trending, 600 km long, and up to 30 km wide axial 

intrusion, separates the northern sedimentary sequence from the southern metamorphic complex (Searle et al., 1989; Crawford 

and Searle, 1992). Lithologies include mid-Cretaceous subduction-related granodiorites and diorites in the west and central 90 

parts (Hunza plutonic unit) and Jurassic diorite gneisses intruded by post-collisional leucogranites and Miocene syenites in the 

east (Baltoro plutonic unit, Kande plutonic complex) (Villa et al., 1996; Searle et al., 2010). 

The present lithospheric structure reflects these complex subduction and suturing processes (Fig. 2b). Crustal thickening during 

Himalayan orogeny occurred via underthrusting of the Indian Plate beneath Kohistan and Karakoram. Moho depth increases 

from 30–40 km beneath the Indian Shield (Acton et al., 2010) to 50–60 km beneath the Himalayan front and 70–80 km within 95 

the wedge (Rai et al., 2006; Hazarika et al., 2014; Priestley et al., 2019), with the Indian Plate subducting to >90 km beneath 

Kohistan and Ladakh (Kufner et al., 2016). Lithosphere-asthenosphere boundary estimates remain variable, between 150–250 

km (Li and Mashele, 2009; Kumar et al., 2022; Jadoon et al., 2021), and major suture zones appear decoupled from the 

lithospheric mantle (Kind and Yuan, 2010; Zhao et al., 2010). 
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Seismic studies divide the Himalayan crystalline crust into four layers based on P-wave velocities (Guerra et al., 1983; Bhukta 100 

et al., 2006). The base consists of upper to mid-crustal metamorphic rocks corresponding to mid-Archean to Neo-Proterozoic 

shields, overlain by a granulitic lower crust (Grujic et al., 2011; Warren et al., 2011). The Kohistan crust is northward-tilted, 

exposing upper crustal granitoids and volcanic rocks to the north and mid- to lower-crustal amphibolites and granulites to the 

south. Its present thickness is ~10–25 km (Malinconico, 1986; Burg et al., 2006; Burg and Bouihol, 2019). 

Subduction of the Indian lower crust extends as far north as Tibet and the Pamir (Wittlinger et al., 2009; Kumar et al., 2022; 105 

Zhao et al., 2010), although the geometry beneath Karakoram and western Tibet remains unresolved. The Karakoram crust 

comprises a lower crust of unradiogenic felsic and mafic granulites and a radiogenically fertile gneissic middle crust (Searle 

and Hacker, 2019), with cold, dry granulitic Indian crust likely underlying western Tibet (Priestley et al., 2008). The upper 

and mid-Indian crust levels beneath Karakoram are believed to have been largely accreted into the Himalayas via lateral 

material transfer (Razi et al., 2014).  110 

 

Figure 2: (a) Regional tectonic map of Himalaya and surrounding regions (modified after Beck et al. (1996); Badshah et al. (2000); 

Dipietro and Pogue (2004); Faisal et al. (2018)). The Kohistan and Ladakh arcs (in green) are sandwiched between the colliding 

Indian (in blue) and Asian (in orange) plates. The study area comprises the Karakoram, Kohistan-Ladakh arc, and Nanga Parbat 

Massif. (b) Regional lithospheric structure of Himalaya, Karakoram, and Pamir orogenic belt (after Mechie et al., 2012).  115 
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3 1D Steady-State Conductive Thermal Model 

This chapter describes the physical and mathematical background of heat transport in solid material as well as the scenarios 

developed in this work. After introducing the main characteristics of the governing equations for pure heat conduction in 1D, 

the corresponding scenarios are introduced.  

3.1 Mathematical Formulation 120 

A non-linear, steady-state, one-dimensional conductive heat transfer equation is solved as: 

(𝑘(𝑢)𝑢′)′ =  𝑞,   [1]  

where 𝑢  is temperature [K], 𝑘(𝑢) is a temperature-dependent thermal conductivity [W m-1 K-1], and 𝑞  is radiogenic heat 

production [µW m-3], both expressed as functions of depth. 

Temperature-dependent thermal conductivity is modeled following Jaupart et al. (2016), with an additional temperature-125 

dependent radiative component at temperatures >1000 K (Jaupart & Mareschal, 2005). The governing equations are:  

𝑘𝑢 = 2.26 −  
618.251

𝑢
 +  𝑘𝑜 ⋅ (

355.576

𝑢
 −  0.30247), and   [2] 

𝑘𝑟 = 0.37𝑒−9 ⋅ 𝑢3, 𝑢 ≥ 1000°𝐾,  [3] 

where 𝑘𝑜 is the thermal conductivity of the rock under surface conditions, and 𝑘𝑟 represents the radiative contribution at high 

temperatures. Therefore, the total thermal conductivity is:  130 

𝑘(𝑢) = 𝑘𝑢 + 𝑘𝑟  [4] 

Equation (1) is solved using Dirichlet boundary conditions with fixed temperatures at the surface and the base of the 

lithosphere. The model allows an arbitrary number of layers, each with distinct 𝑘𝑜  and 𝑞 . To handle abrupt changes in 

properties, a finite-difference “half-station” scheme is employed (Hindle and Besson, 2023). A tri-diagonal matrix algorithm 

combined with fixed-point iteration solves the non-linear system. 135 

3.2 Modelling Scenarios and Results 

Several scenarios were tested to explore the sensitivity of crustal temperatures to key parameters such as lithospheric thickness 

and upper crustal radiogenic heat production. 

3.2.1 Effect of Lithosphere-Asthenosphere Boundary (LAB) depth 

Previous studies have used Moho heat flow as a lower boundary for modeling crustal geotherms in parts of the Indian craton 140 

(Kumar et al., 2007, 2009). Due to the thicker lithosphere and dynamic orogenic setting in the study area, the LAB at 1300°C 

is used as the bottom boundary. While the Moho depth is estimated at 60–70 km (Priestley et al., 2019), LAB estimates vary 

between 150 and 250 km (Li and Mashele, 2009; Jadoon et al., 2021; Kumar et al., 2022). 
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The effect of this 100 km variation on geotherms was tested with three LAB depths: 150, 200, and 250 km (Fig. 3a). Shallower 

LAB (150 km) slightly increases temperatures at depth, but its effect on upper crustal temperatures and surface heat flow is 145 

negligible. An intermediate LAB depth of 200 km is therefore used in subsequent models. 

 

Figure 3: 1D steady-state conductive geotherms showing the effect of thickness of lithospheric and heat-producing layer in the upper 

crust (a) Geotherms show variations in temperature (as solid lines) and heat flow (as dashed lines) with varying lithospheric thickness 

from 150 to 250 km. (b) Geotherms show variations in temperature and heat flow with varying thicknesses of heat producing layer 150 
in the upper crust from 5 to 15 km. 

3.2.2 Effect of Heat-Producing Layer (HPL) Thickness 

Radiogenic heat production generally decreases with depth (Jaupart et al., 2016), but vertical and lateral heterogeneity in the 

upper crust complicates precise stratigraphic control (Vilà et al., 2010). For surface radiogenic heat production, scenarios with 

variable HPL thicknesses of 5, 10, and 15 km were tested using a mean heat production of 4 μW m−3 (weighted average of the 155 

NPM). The crust is modeled as a 25 km thick upper crust (including HPL) overlying a 45 km thick lower crust, with standard 

heat production values of 0.02, 0.4, and 2 μW m−3 for mantle, lower crust, and upper crust, respectively (Hasterok and 
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Chapman, 2011). Boundary temperatures are 10°C at the surface and 1300°C at the LAB (McKenzie et al., 2005). 

Temperature-dependent thermal conductivity and radiative transfer are included. 

Results (Fig. 3b) show that a 10 km variation in HPL thickness strongly affects upper crustal geotherms, whereas a 100 km 160 

variation in LAB has minimal effect. Calculated temperatures at 10 km depth range from 337°C (HPL = 5 km) to 430°C (HPL 

= 15 km), increasing to 578–686°C at 20 km depth. Corresponding surface heat flows are 84, 94, and 103 mW m−2 for 5, 10, 

and 15 km thick HPLs, respectively. This highlights the significant role of a thickened heat-producing upper crust in controlling 

crustal temperatures and surface heat flow. 

3.2.3 Nanga Parbat Massif (NPM) 165 

For the 60 km thick crust of the NPM, the lower 30 km is assumed to consist of granulitic rocks with radiogenic heat production 

of 0.4 μW m−3 and thermal conductivity of Wm−1K−1 (Roy & Mareschal, 2011). To explore the effect of radiogenic heat 

distribution in the upper and middle crust, seven models with varying parameters were tested (Fig. S1; Table S1). 

Models 1–4 examine the effect of decreasing the thickness of the heat-producing upper crust (4 μWm−3) while increasing the 

thickness of the mid-crust (with 2 μW m−3). Models 5 and 6 consider a highly enriched upper crust (5.33 μW m−3) with 170 

thicknesses of 5 km and 10 km, respectively. Model 7 assumes a 10 km thick enriched upper crust (5.33 μW m−3) combined 

with a 20 km thick slightly depleted mid-crust. Model 3, representing median parameters, is selected as the preferred scenario 

(Table 1). 

The 1D crustal temperature and surface heat flow profiles for the preferred model are shown in Fig. 4b and 4e (solid blue line), 

with variations from the other six models shaded. Temperatures at 10 km depth range between 343–506°C across all models, 175 

with 405°C for the preferred model. Surface heat flow varies between 85–120 mW m−2, with 100 mW m−2 for the median 

scenario. 

3.2.4 Kohistan Arc 

The Moho beneath the northern Kohistan arc is estimated at ~70 km depth (Priestley et al., 2019). While the stratigraphic 

thickness of the arc is 50–55 km (Jagoutz and Schmidt, 2012; Petterson, 2019), the present-day structural thickness is estimated 180 

between 10–25 km (Malinconico, 1986; Petterson, 2019). For modeling purposes, the upper crust is assumed to be 20 km thick 

(Fig. 4a). 

Seven scenarios were tested with variable crustal layer thicknesses and radiogenic heat production (Fig. S2; Table S2). In 

Models 1–5, the upper crust includes felsic (Kohistan batholith) and mafic (amphibolite–granulite) layers, each 10 km thick, 

with weighted average heat production of 1 μW m−3 for felsic rocks and 0.08 μWm−3 for mafic rocks (Mukai et al., 1999). The 185 

Indian crust, exposed at the NPM in the south, is assumed to underthrust the Kohistan arc and occupy mid-to-lower crustal 

depths (Searle and Hacker, 2019). The lower crust for all models is similar to the NPM: 30 km thick with 0.4 μW m−3. Mid-

crustal layers include two basement components of Indian origin with variable radiogenic heat production. 
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 190 

Figure 4: (a) Crustal scale N-S cross-section of the Nanga Parbat Massif, Kohistan, and Southern Karakoram (modified after Searle 

et al., 2010). The structure of the crust is based on various cross-sections from literature (Searle et al., 1989; Bhukta et al., 2006; 

Burg et al., 2006; Burg and Bouihol, 2019). Grey columns represent the approximate location of 1D models. 1D steady-state 

conductive geotherms plots (b, c, d) and surface heat flow (e, f, g) for different modeling scenarios with varying parameters in the 

Nanga Parbat Massif (b, e), Kohistan arc (c, f) and Karakoram (d, g). 195 

 

a 

b c d 

e f g 
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Model 3, with median parameters, is selected as the preferred model for the Kohistan arc (Table 1). The 1D crustal temperature 

and heat flow profiles for the preferred model are shown in Fig. 4c and 4f (solid green line), with variations from the other six 

models shaded. Temperatures at 10 km depth vary from 211–413°C across all models, with 299°C for the preferred scenario. 

Surface heat flow ranges from 50–85 mWm−2, with 65 mWm−2 for the median model. 

Table 1: Parameters of median steady-state conductive thermal models of the Nanga Parbat Massif, Kohistan arc, and Karakoram 200 
based on previous studies (Anees et al., 2023, 2024) and literature (Hasterok and Chapman, 2011; Roy & Mareschal, 2011). Ind-1 

and Ind-2, respectively, refer to high and low heat-producing crustal layers. Koh-F and Koh-M, respectively, refer to the upper felsic 

and lower mafic Kohistan crust overlying the Indian crust. KB-Karakoram batholith, KMC-Karakoram metamorphic complex. 

 Thickness (km) 
Radiogenic heat production  

(μW m-3) 

Thermal Conductivity  

(W m-1 K-1) 

Nanga Parbat Massif 

Upper crust (Ind-1) 10 4.0 2.3 

Mid crust (Ind-2) 20 2.0  2.5 

Lower crust 30   0.4 2.6 

Kohistan arc 

Upper crust 

   Koh-F 

   Koh-M 

 

10 

10 

 

1.0 

0.08 

 

2.3 

3.0 

Mid crust 15 2.0 2.5 

Lower crust 30 0.4 2.6 

Karakoram 

Upper crust 

   KB 

   KMC 

 

15 

15 

 

2.5 

1.0 

 

2.3 

2.5 

Mid crust 

   Ind-1 

   Ind-2 

 

10 

10 

 

1.0 

0.5 

 

2.3 

2.5 

Lower crust 20 0.2 2.6 

3.2.5 Karakoram 

To account for present-day uncertainties in the crustal structure of the Karakoram, seven models were tested with varying 205 

parameters (Fig. 4a; Fig S3; Table S3). The total crustal thickness is assumed to be 70 km (Priestley et al., 2019), with a lower 

depleted crust (0.2 μW m−3) for all models except Model 2. For the upper crust, weighted average radiogenic heat production 

values of 2.5 μW m−3 and 1 μW m−3 are assigned to the Karakoram Batholith (KB) and the Karakoram Metamorphic Complex 

(KMC), respectively. Some models also explored the inclusion of fertile Indian crust at mid-crustal levels, which led to 

exceptionally high Moho temperatures (~1200°C), requiring readjustment of radiogenic heat production values. Model 3, 210 

representing median parameters, is selected as the preferred scenario (Table 1). 

The 1D crustal temperature and heat flow profiles for the preferred model are shown in Fig. 4d and 4g (solid green line), with 

other models depicted as shaded regions. Temperatures at 10 km depth vary between 274–460°C across all scenarios, with 

385°C for the median model. Surface heat flow ranges from 65–103 mW m−2, with 80 mW m−2 for the median model. 

https://doi.org/10.5194/egusphere-2025-5252
Preprint. Discussion started: 17 November 2025
c© Author(s) 2025. CC BY 4.0 License.

Usuario
Resaltado

Usuario
Resaltado

Usuario
Resaltado
How do you define it?

Usuario
Resaltado

Usuario
Resaltado
Why?

Usuario
Resaltado

Usuario
Resaltado



11 

 

4 1D transient advective-conductive thermal model 215 

We present in this Section the key features of the advection-diffusion heat transfer formulation for the analytical and discretized 

form and outline the related scenarios.     

4.1 Mathematical formulation 

A non-linear, transient, one-dimensional heat diffusion equation is solved as: 

𝜌𝑐
𝜕𝑢

𝜕𝑡
= (𝑘(𝑢)𝑢′)′ + 𝑞,   [5]  220 

where 𝑢  is temperature [K], 𝑘(𝑢) is a temperature-dependent thermal conductivity [W m-3 K-1], and 𝑞  is radiogenic heat 

production [µW m-3], both functions of depth. 𝜌 is the density [kg m-3] and 𝑐 is the specific heat capacity [J kg-1 K-1]. 

Equation [5] can be discretized into a recursive, linear system as:  

𝜌𝑐
ur+1−ur

𝛿𝑡
= (𝑘(𝑢)𝑢′)′ + 𝑞,  [6] 

where r is the recursive time step. Spatial discretization is performed in fully implicit form: 225 

ur+1−ur

𝛿𝑡
= Arur+1 + qr+1, [7] 

where Ar = A(ur) is the linearized coefficient matrix dependent on the temperature at the previous time step. Equation [7] can 

be rearranged as:  

(I − 𝛿𝑡Ar)ur+1 = ur + 𝛿𝑡qr+1  [8] 

or equivalently Au = q. Dirichlet boundary conditions are applied, with fixed temperatures at the top and base of the model. 230 

The system is solved recursively using a tri-diagonal matrix algorithm. 

4.2 Modelling Scenario 

To model the transient effect of exhumation on geotherms in a dynamic orogenic belt, the ideal initial condition would 

represent the pre-collision state. One approach is to consider the present-day cratonic India as the pre-collision Indian margin 

and simulate subduction of the Indian passive margin with its cover sediments beneath Kohistan starting at 50 Ma, increasing 235 

crustal thickness. However, uncertainties in dynamic and kinematic conditions between 50–10 Ma before the onset of rapid 

exhumation make this approach challenging (Zeitler et al., 1985). It is also likely that, over ~35 Ma, crustal geotherms re-

equilibrated to a near-steady-state condition (Fairley, 2016). 

Zircon fission track data (Zeitler et al., 1985) show very young cooling ages (<5 Ma) in the NPM and Karakoram, versus >10 

Ma in Kohistan, indicating rapid exhumation (~7 mm y−1) (Fig. 5a). Alternative interpretations suggest slower exhumation 240 

between 50–10 Ma followed by constant rates of 3–4 mm y−1 over the last 10 Ma (Whittington et al., 1996). Recent 

petrochronologic and thermal-modeling work documents an ultrafast exhumation pulse in the NPM (~9–13 mm y−1 beginning 

~1 Ma), preceded by sustained rapid uplift of 2–5 mm y−1 (Guevara et al. 2022).  However, such high exhumation is localized 
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to the core of the NPM whereas a recent river sediment flux estimate suggesting 3–5 mm y−1 as the regional exhumation rate 

(Clift et al., 2022). 245 

For this work, we do not consider ultrafast exhumation scenario and only test the effect of varying regional exhumation rates 

and RHP on the temperature and surface heat flow. We use a 1D transient advection-conduction model with parameters listed 

in Table 2. The upper crust is modeled as a 25 km thick column comprising two layers: 20 km top and 5 km bottom with two 

RHP scenarios, i.e., 1) High RHP: 4 μW m−3 (top), 2 μWm−3 (bottom); and 2) Low RHP: 1 μW m−3 (top), 0.5 μW m−3 (bottom).  

Boundary conditions are set to 10°C at the top and 800°C at the base to match the metamorphic conditions under the NPM 250 

(Crowley et al., 2009; Guevara et al. 2022). Heat advection due to exhumation is implemented via vertical movement 

(translation) of layers, with the top thinning and the bottom thickening at rates corresponding to the exhumation velocity. The 

total simulation time is 10 Ma with 1000-year time steps, maintaining a total crustal thickness of 25 km. 

Figure 5b and Table 3 summarize the effects of low and high RHP scenarios with exhumation rates of 1–3 mm y−1. Geotherms 

after 10 Ma are significantly higher than initial conditions. For high RHP models at 3 mm y−1, geotherms invert at 20 km depth. 255 

Increasing exhumation rates in low RHP models by 1 mm y−1 produces geotherms comparable to high RHP models. At 10 km 

depth, low RHP geotherms increase by a factor of 1.22, while high RHP models increase by 1.14 per 1 mm y−1 increase in 

exhumation. 

Surface heat flow also rises with exhumation. For low RHP models, surface heat flow increases from 75 mW m−2 (initial) to 

100, 160, and 220 mW m−2 for exhumation rates of 1, 2, and 3 mm y−1, respectively. High RHP models show an increase from 260 

110 mW m−2 to 135, 180, and 250 mW m−2 for the same exhumation rates (Fig. 5c). 

Table 2 Parameters used for the 1D transient advective-conductive thermal model to test the effect of exhumation of geotherms and 

heat flow. 

 
Crustal depth 

range (km) 

Radiogenic heat 

production 

(μWm-3) 

Thermal 

Conductivity 

(Wm-1K-1) 

Specific heat 

capacity (J kg-1 

K-1) 

Density 

(kg m-3) 

Model 1 (High RHP)   

Layer 1 0 – 20 4.0 2.3 750 2700 

Layer 2 20 – 25 2.0 2.5 1000 2800 

Model 2 (Low RHP)   

Layer 1 0 – 20 1.0 2.3 750 2700 

Layer 2 20 – 25 0.5 2.5 1000 2800 

 

Table 3 Results of Temperature (°C) at 10 km for 1D transient advective-conductive thermal model against varying exhumation 265 
rates for 10 Ma. 

 for exhumation rate 
Mean increment factor  

(per 1 mm y-1) 
 0 mm y-1 1 mm y-1 2 mm y-1 3 mm y-1 

High RHP model 464 528 611 686 1.14 

Low RHP model 348 437 545 630 1.22 
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Figure 5: (a) Zircon fission track cooling ages (after Zeitler et al., 1985) in the study area. Young cooling ages show fast exhumation 

in the Nanga Parbat Massif and Karakoram compared to Kohistan. XY line shows the surface profile of 2D models in Fig 6. (b) 1D 270 
transient advective-conductive geotherms and heat flow plots (c) showing the effect of variable exhumation (after 10 Ma) for low (as 

dashed lines) and high RHP models (as solid lines). 
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5 2D thermal model 

Two-dimensional thermal modeling was conducted to investigate the lateral distribution of isotherms in the upper crust. 

Exhumation of individual lithospheric blocks has been considered by adding a translational term to the heat conduction 275 

equation, resulting in the advection-diffusion equation for the heat transfer.  The latter was simulated using a finite element 

approach implemented in COMSOL Multiphysics®. The model extends to 10 km below sea level along a profile that 

incorporates representative lithologies and topographic variations (Fig. 6). Petrophysical properties were assigned from 

outcrop analogs (Anees et al., 2023, 2024) (S2 Table 5). To account for temperature-dependent thermal conductivity, the 

formulation of Jaupart et al. (2016) was implemented in COMSOL Multiphysics® through an analytical function. The final 280 

triangular finite-element mesh consists of 72,643 elements, covering an area of 2,255 km² (Fig. 6). 

Boundary conditions include thermally insulated lateral margins and a fixed temperature of 0 °C at the surface. At the basal 

boundary (10 km bsl), laterally variable temperatures were imposed, derived from the median 1D transient models for the 

Nanga Parbat Massif (NPM), Kohistan, and Karakoram (S2 Table 4). Three scenarios were evaluated to test the influence of 

exhumation and radiogenic heat production (RHP). 285 

The modeled geotherms reveal marked contrasts in thermal structure depending on the imposed parameters (Fig. 7). In all 

cases, isotherms are compressed toward the surface, with shallow isotherms tracking the topography. The effect of relief is 

particularly evident in the NPM and Karakoram, where isotherms are deflected upward beneath valleys and expand beneath 

peaks. 

Model 1 (high exhumation, low RHP) generates the warmest upper crust beneath the NPM, with 10 km temperatures exceeding 290 

600 °C at an exhumation rate of 3 mm y⁻¹. Here, relatively rapid exhumation drives strong advective heat transfer, 

outperforming the weak radiogenic contribution. The anomaly is spatially confined to the NPM, consistent with focused 

exhumation. 

Model 2 (low exhumation, high RHP) also produces high upper-crustal temperatures (~520–570 °C at 10 km beneath the 

NPM), but the elevated geotherms are maintained by radiogenic heating. The anomaly is broader and less localized than in 295 

Model 1, reflecting the more diffusive nature of radiogenic heat production. 

Model 3 (low exhumation, moderate RHP) represents an intermediate state, with 10 km depth temperatures of ~450–480 °C 

beneath the NPM. Neither exhumation nor RHP alone generates the extreme anomalies of Models 1 and 2, yielding a more 

subdued thermal field. 

These contrasts are reflected in the modeled surface heat flow distributions (Fig. 7). At the NPM, values range from ~120 mW 300 

m⁻² in Model 3 to nearly 180 mW m⁻² in Model 1, capturing the strong sensitivity of surface heat flow to exhumation and 

RHP. By comparison, Kohistan exhibits relatively uniform values (60–90 mW m⁻²) across scenarios, while the Karakoram 

displays a modest increase to 100–120 mW m⁻². Collectively, the results demonstrate that either rapid exhumation or high 

RHP can independently produce elevated geotherms beneath the NPM, though their effects differ in spatial expression and 

magnitude. 305 
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Figure 6: Top: Geological model of the XY profile in Fig 5a showing the subsurface geological structure of the major lithological 

units up to 10 km below sea level (modified after Searle & Khan, 1996). Bottom: Two-dimensional triangular finite-element mesh 310 
containing 72643 elements created in COMSOL Multiphysics® for the dynamic thermal modelling.  

 
Figure 7: 2D simulation results showing subsurface temperature distribution and surface heat flow with basal temperature input 

from 1D transient advective-conductive models, which test combination of variable exhumation and radiogenic heat production 

scenarios for the Nanga Parbat Massif, Kohistan and Karakoram. Advective and diffusive heat transfer is accounted for by modeling 315 
the translation of the respective lithospheric blocks during exhumation. 
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6 Discussion 

6.1 Thermal Modeling of the Lithosphere and Radiogenic Heat Production 

The tectonic framework of the Himalaya–Kohistan–Karakoram system exerts a profound influence on its present-day thermal 

state. Subduction and imbrication of the Indian plate have produced substantial crustal thickening, while subsequent 320 

exhumation has advected heat toward the surface. These processes act in tandem: thickening enhances the integrated radiogenic 

heat production (RHP) of the crust (Jaupart et al., 2016), whereas exhumation rapidly transports hot rocks upward, generating 

strong near-surface anomalies (Jamieson et al., 2002). Additionally, thickened crust fosters partial melting at depth, with melts 

emplaced as plutons in the upper crust (Jamieson et al., 2011). Collectively, these mechanisms explain why orogenic belts are 

typically associated with deep Moho, shallow Curie depths (~580 °C isotherm), and anomalously high background heat flow 325 

(Gao et al., 2017). 

Developing reliable lithospheric thermal models therefore requires robust constraints on crustal structure and physical 

properties. In stable cratonic settings, this is feasible because steady-state models can be anchored to deep borehole heat-flow 

data, which minimize transient near-surface effects (Fuchs et al., 2022). In contrast, active orogens such as the Himalaya lack 

reliable surface heat-flow datasets and suffer from poorly constrained geophysical profiles at depth. The present study 330 

addresses this challenge by adopting a suite of models with variable parameters, thereby bracketing the plausible thermal states 

of the lithosphere rather than committing to a single deterministic solution. 

Within thermal models of the continental crust, RHP is widely regarded as the dominant parameter controlling crustal 

geotherms (Hasterok & Chapman, 2011). However, its vertical distribution remains ambiguous. It is generally accepted that 

lower crustal melting and melt extraction redistribute heat-producing elements upwards in the crust, leading to depletion in the 335 

lower crust and enrichment in the upper layers (McKenzie & Priestley, 2016). However, at mid-crustal level, this redistribution 

is neither complete nor uniform—particularly during near- or sub-solidus partial melting. In such conditions, thorium can be 

retained in resilient accessory minerals (e.g., monazite, zircon, allanite), enabling migmatitic rocks to maintain high RHP even 

when U and K are removed with melt extraction (Alessio et al., 2018; Yakymchuk & Brown, 2019; Weller et al., 2020). This 

aligns with global datasets, which show no systematic decline in RHP with increasing metamorphic grade (Hasterok et al., 340 

2018). Our previous work corroborates this interpretation, revealing elevated Th concentrations in migmatitic gneisses from 

the region (Anees et al., 2023). 

The present modeling approach provides a critical evaluation of these hypotheses. Assigning surface-derived RHP values 

uniformly through the crust produces unrealistically hot geotherms (Fig. 4; Fig. S2), with Moho temperatures far exceeding 

petrological and geophysical constraints. This strongly suggests that RHP diminishes with depth in active orogens, likely 345 

through fractionation, melt extraction, and redistribution processes. At the same time, localized upper-crustal enrichment by 

pluton emplacement may sustain high surface values. Thus, the results argue against simplistic uniform-depth assumptions 

and instead favor models that incorporate depth-dependent variability in RHP. 
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6.2 Crustal Differentiation  

The distribution of heat-producing elements in the crust provides an important window into its differentiation history. Perry et 350 

al. (2006a) proposed a crustal differentiation index (𝐷𝐼 ) to indicate vertical stratification in the crust in response to the 

enrichment of upper crustal layers. They derived 𝐷𝐼  through a ratio of mean surface heat production (𝐴𝑜) and total mean crustal 

heat production (𝐴𝑐) as follows; 

𝐷𝐼  =  
𝐴𝑜

𝐴𝑐

 

𝐴𝑐 =  
𝑄𝑠 − 𝑄𝑚

ℎ
 355 

where, 𝑄𝑠 is the surface heat flow, 𝑄𝑚 is the heat flow from the mantle, and ℎ is the crustal thickness. 

In the absence of surface heat flow data, the values calculated from 1D steady-state models are incorporated for the calculation 

of 𝐷𝐼 . For the NPM, the total mean crustal heat production (1.5 μW m−3) is obtained by removing the mean mantle heat flow 

(8 mW m−2) from the mean surface heat flow (100 mW m−2) and dividing it by total crustal thickness (60 km). The ratio of 

total mean crustal heat production (1.5 μW m−3) and mean surface heat production (4.6 μW m-3) provides a 𝐷𝐼  of 3. Similarly, 360 

the 𝐷𝐼  for Kohistan and Karakoram are calculated to be 1.1 and 2, respectively.  

Figure 7 shows a plot of differentiation index (𝐷𝐼) vs. bulk mean crustal heat production (𝐴𝑐) for the NPM, Kohistan, and 

Karakoram and compares them with the Indian (Bundelkhand and Dharwar) and North American (Trans-Hudson, Grenville, 

and Appalachians) cratons (Perry et al., 2006a; Podugu et al., 2017). The plot shows a positive correlation between 𝐷𝐼  and 

mean crustal heat production, with 𝐷𝐼  > 1 suggesting radiogenic radioelement enrichment in the upper crust, possibly due to 365 

magmatic differentiation (Perry et al., 2006a). The higher 𝐷𝐼  in the NPM (3) and Karakoram batholith (2) is comparable to 

Appalachians (2.5), indicating enrichment of radioelements in the upper crust. In comparison, the Kohistan batholith shows 

low 𝐷𝐼  (1.1), which is on par with the Dharwar craton, Grenville Province and Trans-Hudson Orogen. However, the Kohistan 

batholith shows higher average crustal heat production compared to these Indian and North American terranes, which can be 

attributed to the subducting enriched Indian crust under it. 370 

The 𝐷𝐼  values of the NPM and Bundelkhand craton are equally high, but the significantly higher average crustal heat 

production in the NPM (1.5 μW m−3) compared to Bundelkhand craton (0.41 – 0.68 μW m−3) can be associated with the 

imbrication and crustal thickening. Doubling the crustal thickness also doubles its average crustal heat production, which 

results in high temperatures at mid to lower crust depths. This triggers crustal melting, in which radioelements are redistributed 

by migrating upwards in the upper crust, thus stabilizing the temperatures in the lower crust (Perry et al., 2006a). This is also 375 

corroborated by our modeling results, where higher RHP (≥ 2 μW m−3) layers in the mid-crust provided exceptionally hot 

geotherms (Fig 4; Fig. S2). It should be noted that, in the absence of surface heat flow measurements, the estimations of 

differentiation index and average crustal heat production should be considered preliminary. 

Recent thermomechanical models further emphasize the role of radiogenic enrichment in the upper crust. Fan et al. (2024) 

demonstrated that sustained ultra-high temperature metamorphism in the Greater Himalayan Crystalline Complex was 380 
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primarily driven by elevated radiogenic heat production (~4 µW m⁻³) in a partially molten upper crust, with mechanical heating 

playing only a transient role during the early stages of collision. This highlights that crustal differentiation, whereby heat-

producing elements are preferentially concentrated in the upper crust through partial melting and magmatic segregation, can 

maintain high geotherms over tens of millions of years. Such findings are consistent with our results, where high 𝐷𝐼  in the 

NPM and the Karakoram reflect strong upper-crustal enrichment in radiogenic elements, enhancing both thermal gradients and 385 

geothermal potential 

 

 

Figure 8: Plot of differentiation index (𝑫𝑰) vs. average crustal heat production (𝑨𝒄) for the Nanga Parbat Massif, Kohistan and 

Karakoram batholith in comparison with Indian shields (after Podugu et al., 2017) and North American geological provinces (after 390 
Perry et al., 2006a). 

6.3 Upper Crustal Heat Flow and Geothermal Implications 

1D modeling results indicate that surface heat flow is strongly controlled by the thickness and intensity of heat-producing 

layers in the upper crust. While transient 1D models emphasize the influence of exhumation, 2D models reveal that its lateral 

impact is limited compared to radiogenic heat production (RHP). In the NPM, a high thermal regime results from the combined 395 

effects of exhumation and RHP, producing elevated near-surface geothermal gradients. Topographic relief further modulates 

near-surface temperatures, explaining the spatial distribution of hot springs. 
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These hot springs typically occur in zones of enhanced permeability, such as faults, efficiently tapping areas of locally 

increased heat production. In addition, unlike purely conductive heat transport, topography-driven deep groundwater flow 

interacting with heat-producing rocks promotes advective heat transfer to the surface. This advective process is more efficient 400 

and rapid, particularly in evolving orogens (Chamberlain et al., 1995; Wanner et al., 2020). 

The regional geothermal regime indicates medium to high enthalpy potential. Rivers such as the Indus and Astore cut across 

the NPM at elevations of 1150–2500 m a.s.l., placing the 100 °C isotherms near the surface and potentially providing access 

to > 200 °C within 3 km depth. Even under conservative estimates of exhumation and RHP, isotherms exceeding 100 °C are 

predicted in the range of 1200–2500 m depths in the valleys. Additionally, subsurface groundwater aquifers in high-relief areas 405 

maintain elevated temperatures due to their extended and deeper flow paths. 

Consequently, the primary geothermal resources in the region are likely petrothermal (hot-dry rock) and hydrothermal (hot 

aquifer) systems, reflecting both the elevated crustal heat production and favorable hydrogeologic conditions. 

6.4 Modelling Limitations 

The thermal models presented here explore the potential role of radiogenic heat production (RHP) and provide first-order 410 

estimates of crustal geotherms and surface heat flow, while accounting for uncertainties arising from limited data and 

heterogeneous parameters. In these models, intra-layer RHP values are assumed constant. However, as noted in Section 7.2, 

assigning surface RHP values to mid-crustal layers leads to unrealistically high temperatures. Accordingly, mid-crustal RHP 

values were adjusted to produce reasonable geotherms consistent with stratified continental crust models (Rudnick & Gao, 

2003; Hacker et al., 2015). 415 

In active collisional settings, additional dynamic and transient processes can influence crustal heat production and heat flow, 

including uplift, shear heating, partial melting and melt migration, crustal thickening, and paleoclimate effects. Shear heating 

is significant in fault zones during orogenic evolution (Burg & Gerya, 2005; Wang et al., 2013; Ai et al., 2021), but its crustal-

scale contribution is negligible compared to radiogenic heat (Fagereng & Biggs, 2019). Melt migration from mid-crustal 

anatexis can advect heat to the upper crust, but in the present case, its effect is spatially limited and neglected. Crustal 420 

thickening increases the total radiogenic content but is also excluded due to its long timescale relative to model duration. 

Lateral and vertical lithological variations, along with deformation intensity, strongly influence rock properties and can 

significantly affect local heat flow (Abdulagatova et al., 2020; Weinert et al., 2020). Thermophysical parameters used in the 

2D model, derived from outcrop analogs, do not fully represent deep-crustal conditions affected by temperature, pressure, and 

fluids. Fluid circulation and rock permeability are not included; cold meteoric water percolation can cause hydrothermal 425 

cooling and locally reduce conductive geotherms (Cao et al., 2019). Conversely, in hot spring areas, upward advection of heat 

by fluids can elevate near-surface temperatures and disturb conductive heat flow (Bächler et al., 2003; Koltzer et al., 2019). 

Consequently, regions with high deformation and fracture-related permeability are most susceptible to advective heat transport.  
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7 Conclusion 

This study investigated the interplay of radiogenic heat production (RHP) and exhumation in shaping the thermal structure of 430 

the Nanga Parbat Massif (NPM), Kohistan, and Karakoram, with a particular focus on their geothermal implications. Given 

the limited direct heat flow measurements and the uncertainty in lithospheric structure, we applied multiple steady-state, 

transient, and two-dimensional thermal models to evaluate a range of plausible scenarios. 

The results emphasize that surface RHP values cannot be directly extrapolated to the mid- and lower crust, particularly in 

tectonically active, subducting, or underthrust settings where redistribution of heat-producing elements occurs via partial 435 

melting and differentiation. Instead, surface heat flow is strongly governed by the thickness and enrichment of upper-crustal 

heat-producing layers. Exhumation enhances heat advection by transporting hot material upward, thereby amplifying surface 

heat flow even where upper-crustal RHP is modest. However, its thermal influence is spatially localized, primarily confined 

to regions directly above rapidly uplifting blocks such as the NPM. By contrast, RHP exerts a broader and more sustained 

lateral influence on geotherms across the entire crust. 440 

Simulations results based on two-dimensional advection-diffusion models further reveal the strong imprint of topography on 

near-surface thermal fields. Isotherms expand beneath topographic highs and are compressed beneath valleys, producing 

localized zones where elevated geothermal gradients occur at shallower depths. Such structural–topographic interactions 

suggest that deep valleys, particularly in the NPM and Karakoram, represent optimal sites for accessing high-temperature 

reservoirs through relatively shallow drilling. 445 

Taken together, these findings demonstrate that the collisional setting of northern Pakistan sustains anomalously high heat 

flow not through magmatism, but through the combined effects of radiogenic enrichment, crustal thickening, and rapid 

exhumation. The thermal regime revealed by our models provides a geodynamic explanation for the widespread occurrence 

of hot springs in the region and underscores the underexplored geothermal potential of collisional orogens. Importantly, valleys 

within the NPM and Karakoram emerge as prime targets for geothermal exploration, offering opportunities for sustainable 450 

energy development in a tectonic setting traditionally overlooked in geothermal assessments. 
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