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SUMMARY

Thermal conductivity at ambient conditions is a vital parameter in the determination of heat
flow, thermal modelling and various geoengineering purposes. We have measured thermal
conductivity in the laboratory at ambient conditions using a steady-state method on 69 sam-
ples of sedimentary and metamorphic rocks from the Western Himalaya, India, for the first
time covering major lithologies of the region. Density and porosity measurements have been
carried out along with petrographic and geochemical studies to characterize these rocks. The
investigated rocks include sandstone, limestone, dolomitic limestone, quartzite, slate, phyl-
lite and schist. The average thermal conductivity is found to be the highest (5.4 Wm™ K™")
for quartzite, moderate (ranges between 3.2 and 4.2 W m~! K™!) for sandstone, limestone and
dolomitic limestone and lowest (ranges between 2.6 and 2.9 W m~! K™!) for the slate, phyllite
and schist. The average values of the porosity for the rocks are less than 2 per cent. The
variations in thermal conductivity within each rock type more or less reflect the compositional
change, rather than the porosity. The measured thermal conductivity of the sandstone and
limestone is found much higher than usually observed in such rocks, while it is on the lower
side in the case of quartzite, phyllite and schist. Moreover, sedimentary rocks have higher
density and lower porosity than usually found in such rocks. In fact, in this region, the sedi-
mentary rocks show a similar density to that of the metamorphic rocks. The average density
in sedimentary and metamorphic rocks varies from 2590 to 2780 kg m~ and 2630 to 2740 kg
m~3, respectively. The study region comes under the seismic gap, and several hot springs also
exist here. Therefore, the obtained results will be useful in thermal modelling, which is critical
for the understanding of earthquake nucleation.

Key words: Composition and structure of the continental crust; Heat flow; Asia; Heat gen-
eration and transport.

1 INTRODUCTION

Thermal conductivity of the rocks is a vital parameter in the determination of heat flow and modelling thermal structure of the Earth’s crust
and upper mantle (Mareschal ez al. 2000; Ray et al. 2003; Roy et al. 2008; Forster et al. 2010; Podugu et al. 2017). It is also widely used in a
variety of engineering applications, including geothermal exploration, petroleum and natural gas geology, enhanced geothermal systems, coal
mine shaft exploration, borehole heat exchange, planning for geological repositories for nuclear waste disposal, constructing underground
tunnels for transportation and hydroelectric projects (Birch 1950; Pigford 1982; Rybach & Pfister 1994; Goy et al. 1996; Rybach et al. 2003;
SKB 2005; Ray et al. 2007; Rutqvist et al. 2008; Lawless et al. 2010; Feng et al. 2013; Balkan ef al. 2017; Shen et al. 2018).

In the last few decades, it has been observed that there is a large variability in thermal conductivity for each rock type, particularly in
the upper crustal rocks (Kappelmeyer & Haenel 1974; Roy et al. 1981; Cermak & Rybach 1982; Clauser 2006; Chopra et al. 2020; Ray et al.
2021). Studies of thermal conductivity at elevated temperatures showed that variation of thermal conductivity with depth depends strongly on
the thermal conductivity at ambient conditions, that is at room temperature, irrespective of rock type (Birch & Clark 1940; Kukkonen et al.
1999; Ray et al. 2021). But, the thermal conductivity at ambient condition depends on many parameters, such as mineral composition, texture
(anisotropy), porosity and pore-filling fluid type (Zoth & Haenel 1988). Thus, a detailed investigation of thermal conductivity at ambient
condition of various rocks becomes imperative to arrive at its threshold values.
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Figure 1. (a) Geological map of Himalaya (modified after Gansser 1964; Ray et al. 2007) showing the present study area and two locations of the previous
study. (b) Geological map of Western Himalaya (source: Geological Survey of India, http://bhukosh.gsi.gov.in), showing sample locations of the present study.
(c) Geological cross-section of the study region.

The present study area in the Western Himalaya (Fig. 1a) falls in the seismic gap, which is the segment of an active fault that has not
experienced a significant magnitude earthquake for a long period. Here the seismic gap is about 700 km long and no major earthquakes have
taken place since 1803. The current seismicity and geodetic measurements imply that this region is accumulating strain and a great earthquake
is expected in the future (Bilham ez al. 2001; Mahesh ef al. 2013). West of this seismic gap one major earthquake occurred in 1905 (Kangra
earthquake, M,,: 7.8), and in the east, two earthquakes occurred in 1934 (Nepal-Bihar earthquake; M,,: 8.0) and in 2015 (Nepal earthquake;
M,,: 7.8). The earthquakes nucleate in the brittle zone. The depth of the brittle—ductile transition generally occurs in a narrow range of
temperatures between 260 and 450 °C and may correspond to an isotherm in settings with consistent crustal lithologies and thermo-tectonic
settings (Ranalli 1995). Thus, the temperature is an important parameter in rheological modelling. Therefore, thermal modelling for the
seismic gap becomes essential to understand the earthquake mechanism and constrain brittle—ductile transition, and deep-seated rheology.
To improve the accuracy of thermal modelling, the thermal conductivity of rocks plays a vital role; however, no thermal conductivity data
currently exist on major rock formations for this region.
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Table 1. Moho thickness and heat flow values surrounding the Himalayan Ranges.

Moho
thickness Heat flow
Region (km) References (mW m2) References
Himalayan Ranges

Western Himalaya 28-53 Mandal ez al. 2021 - -

Northeast region of Himalayan Ranges
Tarim Basin 50 Wang et al. 2019 44-55 Wang 2001
Tian Shan 65 Shin et al. 2007 50-58 Wang 2001
The Junggar Basin 4244 Gao et al. 2019 ~52 Wang 2001
The Altai Range - - ~46 Wang 2001
Eastern Lhasa terrain 69-75 Gao et al. 2013 180194  Tunnini et al. 2016
Qaidam basin 42 Wang et al. 2019 ~54 Wang 2001
Tibetan Plate 70-74 Li et al. 2006 ~84 Wang 2001
Sichuan Basin 3640 Zhang et al. 2010 50-64 Wang 2001; Huang ef al. 2012

Southwest region of Himalayan Ranges
Aravalli Province 38-50 Mandal et al. 2014 56-67 Roy & Rao 2000
Bundelkhand Craton 32-42 Jagadeesh & Rai 2008 32-41 Podugu et al. 2017
Damodar Basin >40 Singh et al. 2015 69-79 Rao & Rao 1980
Singhbhum Thrust Zone - — 59-63 Rao & Rao 1974

Further, the Western Himalaya is accompanied by a large number of hot springs (GSI 1991), but except for the Puga Valley in Ladakh,
Kashmir, no geothermal reservoir has been exploited yet. In spite of so much importance of the region, very limited thermal conductivity
data from Western Himalaya has been reported to date. Available data include gneiss, metabasic and quartzite, from two boreholes drilled
in the Loharinag-Pala and Tapovan-Vishnugarh areas located in Higher Himalayan crystalline of the Western Himalaya (Fig. 1a; Ray et al.
2007). These data even though are restricted to only two locations and a few lithologies but show significant variations within each lithology,
which give more emphasis to the detailed study of the Western Himalaya. Also, no data are reported for heat flow, density and porosity from
the whole Western Himalaya.

In fact, the published results on heat flow indicate that the whole Himalayan Ranges (Supporting Information Fig. S1) is almost devoid
of heat flow values. The heat flow values reported till now are away from the Himalayan Ranges in different basins, sub-basins and shield
areas of China, Tibet and India (Table 1). Data indicates that the heat flow in the regions that lie northeast of the Himalayan Ranges (covering
basins and shield regions) show a wide range (44194 mW m2), whereas the regions that lie southwest (basins and shield region) show a
comparatively lower range (32-96 mW m ). Studies need to be done in the future to cover the heat flow of the Himalayan Ranges.

In this study, thermal and physical properties have been determined on samples that cover a comparatively larger area, cutting across
Lesser and Higher Himalayan and consisting of sedimentary (sandstone, limestone and dolomitic limestone) as well as metamorphic (quartzite,
slate, phyllite and schist) rocks, which form major lithologies of this region. Samples are collected in a 140-km long north—south profile from
Tanakpur to Pangla (Fig. 1b) from fresh outcrops, the purpose of which is to fill a knowledge gap in thermal and physical properties of the
major lithologic units from Western Himalaya. Present data sets, along with previous data, will be useful in detailed thermal and geodynamic
modelling of the earthquake-sensitive region (Fig. 1a). To achieve this goal, we (i) measured thermal conductivity at water-saturated conditions
using a steady-state method on 69 samples, (ii) determined the density and porosity of these rocks, (iii) characterized the mineralogy by
petrography and geochemistry, (iv) correlated thermal conductivity variations for each variety of rocks with their composition and porosity
and (v) compared the present result with the published data on the same suite of globally available sedimentary and metamorphic rock.

2 THE STUDY REGION

2.1 Geology of Himalaya

The Himalayan Mountains in Asia separate the plain of the Indian subcontinent from the Tibetan Plateau and are made up of uplifted
sedimentary, metamorphic and intrusive igneous rocks. This is regarded as one of the world’s youngest mountain ranges. The Himalaya
orogenic Ranges formed as a result of horizontal compression of marine sediments caused by the northward drift-related collision of the
Indian subcontinental with the Eurasian plate along the Indus-Tsangpo Suture Zone (ITSZ; Ali & Aitchison 2005; Gibbons et al. 2012).
The collision caused the formation of several Late Cenozoic north dipping fault systems south of the ITSZ each with distinct litho-tectonic
boundaries from north to south, such as the Southern Tibetan Detachment System (STDS), Main Central Thrust (MCT), Main Boundary
Thrust (MBT) and Main Frontal Thrust (MFT; e.g. Valdiya 1980; Yin 2006). These thrust zones have divided the Himalayan orogeny into
five slices from north to south; Trans Himalaya, Tethys Himalaya, Higher Himalaya, Lesser Himalaya and Outer Himalaya (Fig. 1a).

The Higher Himalaya is mainly composed of an approximately 10-30 km thick sequence of medium to high-grade metamorphic and
metasedimentary rocks (various types of gneisses, schist, quartzite, marbles and amphibolites), which are frequently intruded by Ordovician
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(~500 Ma) and Lower Miocene (~22 Ma) granites (Thakur 1987). The Higher Himalayan sequence is wide in the western part (especially
in the Kashmir—Kishtwar region) and narrows down on the eastern side (Kumaun—Garhwal region). The Higher Himalaya, constituting the
main metamorphic belt, overthrust the Lesser Himalaya formations along the MCT. It includes Precambrian crystallines of Paleoproterozoic
to Cambrian in age overlain by a Phanerozoic sequence of the Tethys Himalaya. In the past, this region suffered maximum crustal shortening
which is represented by the abnormally high uplift. Consequently, it exposed an 8—10 km thick slab of metamorphic and granitic rocks at the
surface. In this zone, the maximum altitude is almost 5500 m.

In comparison, Lesser Himalaya is made up of marine sedimentary deposits (sandstone, limestone and dolomite), low to medium-grade
metasedimentary rocks (quartzite, phyllite, schist, marble, slate and basic metavolcanics) with Ordovician granite intrusion. Sedimentary
deposits comprise records of marine sediments of Proterozoic to Cambrian age and some sedimentary records of transgressing shallow sea
during Permian, Upper Cretaceous and Middle Eocene—Lower Cenozoic period. The sedimentary sequences at most places are covered
by thrust sheets of low and medium-grade crystalline rocks (metasedimentary and magmatic). These sequences are thrust over the Outer
Himalaya along the MBT in the south and restricted from the Higher Himalaya by the MCT in the north. In this zone, which is about 13 to
16 km in width, with altitudes ranging between 1500 and 5000 m, inverted metamorphism can also be seen.

Based on the geographical location, the Himalayan range is divided into the Western Himalaya (Kashmir, Jammu, Himachal and
Uttarakhand), Central Himalaya (Garhwal-Kumaon and Nepal) and Eastern Himalaya (Darjeeling, Sikkim, Bhutan and Arunachal Pradesh).

2.2 Geology of Western Himalaya

The Western Himalaya region (Fig. 1b) displays a complete cross-section of the five tectonic zones (Fig. 1¢) described above. Samples of this
study have been collected from two tectonic zones among them, that is Higher and Lesser Himalaya. The range extending southwards to the
Himalayan foredeep is known as Gangetic Plains/Ganga basin (e.g. Valdiya 1980; Thakur 1993; Yin 2006). The region is mainly composed
of sedimentary and metamorphic rocks (low to medium and medium to high-grade) with very few intrusions of igneous rocks. The rocks are
Proterozoic to Eocene in age and are affected by many tectonic activities during the collision of the Indian and Eurasian plates.

2.3 Sample description

In a profile from Tanakpur to Pangla in the Western Himalaya covering the Higher and Lesser Himalaya 69 samples have been collected
(Fig. 1b). Samples consist of sedimentary and metamorphic rocks, such as sandstone, limestone, dolomitic limestone, slate, phyllite, schist
and quartzite. Cubical rock samples, with 10 to 12 cm on each side, have been collected from fresh outcrops/quarries along with the field
description. Following care is taken while preparation of the disc samples. The discs are made considering the field descriptions. A portion of
the rock sample is considered which are free from thin fractures, quartz veins and big crystals. Thus, rock samples are cored, cut and polished
into cylindrical discs of 2.54 cm in diameter. The thickness of samples varies between 1.0 and 2.5 cm depending on rock type and grain size.
Cut surfaces of disc samples are grounded and polished until the thickness variation is less than 0.01 mm. Petrography and geochemistry are
done for the same part of the rock sample from where the disc is prepared.

3 MEASUREMENT METHODS

3.1 Thermal conductivity

A steady-state thermal conductivity meter (model QL-10™, Anter Corporation) has been used to measure the thermal conductivity of rock
samples at ambient conditions. The disc sample is put into a stack and a constant temperature difference is maintained across the stack
by keeping temperatures on the upper and lower side of the stacks at 45 and 5 °C, respectively, using the heater on the top and a water
circulator in the bottom. To prevent heat loss to the surroundings, the stack is wrapped with thermal insulation material and the whole
system is enclosed within an insulated housing. The contact resistance at the interfaces of the stack was minimized by applying a thermal
compound (Thermal Joint Compound-Type 120 SILICONE) on the surfaces of the rock disc and subjecting the stack to a pressure of about
140 kPa. Measurements are taken after the sample has reached the steady-state condition. The thermal conductivity of the rock sample can be
determined by measuring the voltage developed across the upper stack, the sample and the lower stack, respectively. The present setup takes
about 30 minutes to attain a steady state. Before measuring the thermal conductivity, the instrument needs to be calibrated using reference
specimens (Supporting Information Table S1 and Fig. S2).

The accuracy varies between £3 to £8 per cent depending on sample size and thermal conductivity. The precision of the measurement
ranges from 0.01 to 0.03 for the thermal conductivity within the range of 1.5-3.0 Wm~! K~!. Details about the apparatus, calibration and
measurement procedure are given in Chopra et al. (2018, 2020).
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3.2 Density and porosity

The density of the rock sample (psmpic) has been determined by the Archimedes principle, using the weight of the sample in the air (W),
the weight of the sample in the water (W) and the density of water (pwaer). The rock samples are weighed in the air and then in the water
using a high precision balance (@Mettler-Toledo).

Wdil’ X Pwater
Psample = ﬁ . (D
air T water
Porosity (¢) of the rock is the volume of the open space in a rock (V) divided by the total volume of rock (7}) (solid 4 space) then
Volume of voids (¥})

Total volume (V;)

¢ (per cent) = x 100. (2)

In this study, cylindrical disc samples are dried in an oven for 12 hr and weights are measured (Wy). Then, the rock samples are placed
in desiccators for 10—15 min to remove the air from the pores and saturated with tap water under vacuum for at least 24 hr to allow water into
the pores, and the weights of the water-saturated rock sample (/) are measured. Porosity is calculated as,

Wsat - Wdry
T X R*x H
where R and H are the radius and thickness of the sample, respectively.

¢ = x 100, 3)

3.3 Major oxides

After thin section screening, samples have been selected for geochemical analyses. The samples are crushed and converted into a fine powder
using an agate mortar. The powder is finally sieved through a 200 ASTM mesh. Two grams of the finely powdered sample are filled in the
collapsible aluminium cups with boric acid. These cups are then pressed under hydraulic pressure (at 25 Ton) to make the pellet. Major oxide
concentrations have been determined by Wavelength-Dispersive X-ray Fluorescence Spectrometry (Model: PAN analytical-WDXRF) using
pressed pellets. Details about the measurement method are given in Krishna ez al. (2007).

4 CHARACTERIZATION OF THE SAMPLE

4.1 Petrography

The petrographic study has been carried out on sandstone, limestone, quartzite and schist. Photos of hand samples, typical photomicrographs
and major-mineral of the studied rock types are shown in Fig. 2. Sandstones are dominantly composed of quartz, feldspar, mica and chlorite.
The grains are subangular to subrounded. These are mature to submature (Fig. 2a). Limestones are mostly composed of calcite and dolomites
with a small proportion of quartz, feldspar and mica (Fig. 2b). Quartzites are dominantly composed of quartz with a minor proportion of
feldspar and muscovite. The quartz and mica grains are embedded within the silica matrix (Fig. 2¢). Schists are composed of quartz, feldspar,
mica, amphibole, chlorite and garnet as major constituents (Figs 2d and e). It is difficult to identify mineral grains of slate, and phyllite with
the help of a petrographic microscope because of their fine-grained nature. These have been characterized based on hand specimens.

4.2 Geochemistry

The major oxide composition of the studied samples is given in Supporting Information Data set D1 and variations of major oxides with
Al,O; are shown in Fig. 3. Quartzites are characterized by a higher content of SiO, followed by sandstone, schist, phyllite, limestone and
dolomitic limestone. SiO, variation in the studied samples can be related to the proportion of the quartz as well as the silica matrix. Al,O;
shows a negative correlation with SiO, and positive with other major oxides in sandstones and quartzites, except Fe,Os for quartzites, whereas
schist and phyllite are characterized with a positive correlation between Al,O3 and SiO,. Most of the major oxides in schist show a negative
correlation with Al,O; except K, O, while in phyllite MgO, CaO, Na,O, TiO,, P,Os and MnO shows a negative correlation with Al,O; and
a positive correlation with Fe,O; and K,0. These plots show that the studied sandstone, quartzite, schist and phyllite are of quartz, clay
and feldspar end member products, whereas the SiO, content in limestone is controlled by quartz but the negative correlation of CaO with
SiO, (limestone » = —0.92, dolomitic limestone » = —0.99) suggests two different mineral phases in the studied limestone, namely SiO,
from quartz and CaO from calcite. The negative correlation of Al,O3 with CaO and positive correlation with other major oxides in limestone
indicate the presence of clay minerals. Dolomitic limestone, on the other hand, exhibits a negative correlation of Al,O; with CaO, MgO and
MnO and a positive correlation with Fe,03, Na,O, K, O, TiO, and P,0Os indicating the presence of calcite, dolomite as well as feldspar and
clay-bearing minerals present within the samples. Harker diagrams (Supporting Information Fig. S3) show wide variations in oxides within
each rock type.

Further, the geochemical classification diagram (Fig. 4) indicates that the sandstones are arkose to subarkose and quartz arenite type,
quartzites are characterized as arkosic to subarkosic, slate and phyllite are arkosic to lithic arenite, and schists are described as arkosic, lithic
arenite to subarkose type. Thus, maximum compositional variation is observed in sandstone.
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Figure 2. Hand specimen photographs, typical photomicrographs and overall major and minor minerals of the sedimentary and metamorphic rocks, Western
Himalaya, India. Photomicrographs of (a) sandstone (in XPL: crossed polarized light), (b) siliceous limestone (in XPL), (c¢) quartzite (in XPL), (d) muscovite—
biotite—schist (in XPL) and (e) garnet-bearing chlorite—schist (in PPL: plain polarized light). Chl: chlorite, Pl: plagioclase, Bt: biotite, Ms: muscovite, Cal:
calcite, Dol: dolomite, Qz: quartz, Opq: opaque, Grt: garnet.

5 RESULTS

5.1 Thermal conductivity

Thermal conductivity for the studied rock samples at saturated conditions has been given in Supporting Information Data set D2. The
variations of saturated thermal conductivity along with range, average and standard error are given in Table 2 and shown in Fig. 5.

Thermal conductivity is highest for quartzite (average: 5.4 W m™' K™'); moderate for sandstone, limestone and dolomitic limestone
(average value ranges from 3.2 to 4.2 Wm™! K'); and lowest for slate, phyllite and schist (average value ranges from 2.6 to 2.9 Wm™' K!).
Thus, the thermal conductivity of the studied sedimentary rocks is higher than the metamorphic rocks except for quartzite. Standard errors of
the thermal conductivity show higher values in limestone and dolomitic limestone than for phyllite, sandstone, quartzite and slate, while least
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Figure 3. Bivariate plots show Al,O3 versus other major oxides for the sedimentary and the metamorphic rocks, Western Himalaya, India.
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Figure 4. Geochemical classification diagram, based on the plot between log (Na;O/K;0) versus log (Si0,/Al,03) (Pettijohn et al. 1987) of the sedimentary
and the metamorphic rocks, Western Himalaya, India.
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Table 2. Thermal conductivity, density and porosity of the sedimentary and metamorphic rocks of the Western Himalaya,

India.
Thermal conductivity Density Porosity

Rock type N (Wm™' K™ (kg m>) (per cent)

Range Avg. S.E. Range Avg. S.E. Range Avg. S.E.
Sandstone 11 3.28-5.94 4.23 0.24 25292718 2590 15.2 0.3-1.6 1.0 0.1
Limestone 5 2.4-4.76 3.15 0.39 25662789 2690 37.0 0.3-1.0 0.8 0.1
Dolomitic 8 3.35-6.12 3.58 0.36 26862847 2780 23.7 0.3-2.0 0.9 0.2
limestone
Quartzite 7 4.86-6.04 543 0.18 25522662 2630 15.1 0.4-1.5 0.7 0.2
Slate 5 2.33-3.29 2.94 0.16  2726-2750 2740 4.0 1.1-2.8 2.0 0.3
Phyllite 11 1.67-4.36 2.74 0.30  2545-2722 2650 17.4 0.4-2.7 1.2 0.2
Schist 22 1.93-4.23 2.57 0.11 2513-2776 2680 14.8 0.6-8.0 1.8 0.4

Note. N, number of samples; S.D., Standard deviation; Standard Error S.E.= S.D./sqrt(N.).
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Figure 5. Histogram showing the distribution of saturated thermal conductivity (Asa) for the 69 studied samples. Columns (a) and (b) show sedimentary and
metamorphic rocks, respectively. Values in each plot show range, mean, standard error and number of samples (N).

for schist (Table 2). But in general, for all the rock types, standard errors are low. Low standard errors indicate a comparatively homogeneous
nature for each rock type. Anisotropy was also determined for a subset of samples and found to be very low (1.01 to 1.02).

5.2 Density

The density of the individual samples is given in Supporting Information Data set D2. Variations of density for each rock type (Fig. 6)
and the average values with the standard error (Fig. 7) are given in Table 2. For the quartzite, sandstone and slate density varies in a small
range compared to limestone, dolomitic limestone, schist and phyllite. The average density is slightly more for limestone, slate and dolomitic
limestone (2690-2780 kg m™~) than sandstone, quartzite, phyllite and schist (2590-2680 kg m=). Thus, it varies from 2590 to 2780 kg m=
for the sedimentary rocks, whereas 2630 to 2740 kg m™3 for the metamorphic rocks.
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Figure 6. Histogram showing the distribution of density (p) for the 69 studied samples. Columns (a) and (b) show sedimentary and metamorphic rocks,
respectively. Values in each plot show range, mean, standard error and number of samples (N).
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Figure 7. Bivariate plot shows saturated thermal conductivity (Ag,) versus density (p) of the sedimentary and the metamorphic rocks, Western Himalaya,
India.

5.3 Porosity

Porosity ranges from 0.3 to 2.8 per cent for individual samples, whereas it ranges from 0.7 to 2 per cent for different rock types. The average
value is ~2 per cent for slate and schist, and ~1 per cent for the rest of the rocks (Table 2).
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6 DISCUSSION

6.1 High thermal conductivity rocks of the Western Himalaya

The saturated thermal conductivity corresponds to in sifu thermal conductivity and therefore it is considered while performing any modelling.
The average saturated thermal conductivity of sedimentary rocks in the Western Himalaya is highest in sandstone and lowest in limestone,
whereas in metamorphic rocks it is highest in quartzite and lowest in schist. Quartzite has the highest thermal conductivity among all rocks,
whereas schist has the lowest (Fig. 7). The thermal conductivity of sedimentary rocks is higher than that of metamorphic rocks among the
studied rocks, except for quartzite. The small thermal conductivity ranges within the slate and comparatively large ranges within other rock
types (Fig. 8a) could be due to the differences in composition and their relative abundances from sample to sample. The thermal conductivity
variations in sandstone, phyllite and schist can be correlated with most of the oxide data (SiO,, Al,0s, Fe, 03, Na,0, K, 0, TiO,) except CaO,
MgO, whereas for limestone and dolomitic limestone variations can be correlated with CaO, MgO. For the quartzite, the variations can be
related to SiO,, Al,Os, Fe,0;, K,0 and TiO, (Fig. 9). Further, analysis of geochemical data (Fig. 4) shows that the variations in thermal
conductivity can be correlated well with the compositional change from arkose to quartz arenite type in sandstone, and arkose to subarkose
type in quartzite. It is lowest for arkose type, and highest for quartz arenite type.

The observed variations in geochemical composition are due to the relative abundances in mineralogy within a particular rock type, and
thus they control thermal conductivity, as various minerals depict different thermal conductivity. Among the rock-forming minerals observed
in the studied samples (Table 3), quartz has the highest thermal conductivity (avg.: 7.6 Wm™'K™!), whereas chlorite, dolomite, calcite, rutile,
zircon and garnet have intermediate values (avg.: 3.6-5.5 Wm™'K™') and feldspar, biotite, muscovite and ilmenite have comparatively lower
values (avg.: 1.8-2.5 Wm'K™!). Within each rock type large variations in thermal conductivity have been observed in the study (Fig. 8a,
Table 2), as well as in previous studies from different tectonic/geological provinces of the world (Fig. 10a, Supporting Information Table S2).
The systematic variations in thermal conductivity within a rock type for the difference in mineralogy have been noticed in sandstone, quartzite,
phyllite, mica schist and schist. Feldspathic, non-feldspathic and quarzitic sandstone collected from different tectonic regions show variation
in thermal conductivity (Zierfuss & Van der Vliet 1956). In the Witwatersrand Basin, South Africa, the variation in thermal conductivity
have been observed between non-feldspathic, feldspathic and chlorite bearing quartzite (Bullard 1939). Similarly, in the Singhbhum Thrust
Zone, India the feldspathic, chlorite and biotite schist shows large variations in thermal conductivity (Verma et al. 1966). The phyllite and
mica schist, rich in graphite, chlorite, quartz, etc., show variations in thermal conductivity (Gegenhuber & Kienler 2017). Thus, the relative
abundances of minerals and the wide range in thermal conductivity of the minerals controlled the thermal conductivity and its variations
within a rock type.

Further, there are variations in average thermal conductivity from one rock to the other rock type (Fig. 7). The dominance of quartz in
quartzite shows higher thermal conductivity, and the decrease in thermal conductivity from sandstone, dolomitic limestone, limestone, slate
and phyllite to schist is related to the presence of feldspar, biotite, garnet and/or clay minerals (Fig. 2), which lowers the thermal conductivity
values. Dolomitic limestone has higher thermal conductivity than limestone due to the higher thermal conductivity of dominant mineral
dolomite.

Thermal conductivity for a particular rock type also decreases with increasing porosity, although the trend could be different for different
rocks (Joeleht & Kukkonen 2002; Joeleht er al. 2002; Popov et al. 2003). In the present study, porosity is very low and the correlation
between thermal conductivity and porosity for each rock type shows different characteristics. Limestone, dolomitic limestone and sandstone
show a decreasing trend in thermal conductivity with increasing porosity for most of the samples. But for other rocks, no correlation is
observed (Fig. 11a). But as the porosity of the rocks is very low, the variation in thermal conductivity of the studied rocks depends more
on the variation in mineralogical composition and little on porosity. The low porosity also reflected in matrix thermal conductivity values
(Supporting Information Data set D2).

Considering average thermal conductivity values reported in previous studies, sandstone of the Western Himalaya falls on the higher
side, whereas limestone, quartzite falls in the middle, and slate, phyllite, schist fall on the lower side of the observed wide range (Fig. 10a).
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ome- 00 O 0e0 A A Limestone
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Figure 8. (a) Thermal conductivity and (b) density of the sedimentary and metamorphic rocks of the Western Himalaya, India. Ind: individual values; Avg.:
average values. Standard errors are shown with average values by solid grey lines.
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Figure 9. Bivariate plots showing saturated thermal conductivity (1s,t) versus major oxides of the sedimentary and the metamorphic rocks, Western Himalaya,
India.

However, the average thermal conductivity value of quartzite in this study, is almost the same as the previously reported value from the other
part of the Western Himalaya (Ray et al. 2006), which gives more confidence about the thermal conductivity values of the quartzite from the
Western Himalaya.

6.2 High density and low porosity rocks of the Western Himalaya

The sedimentary rocks in the Western Himalaya have higher density (Fig. 10b) and lower porosity, than the sedimentary rocks in general.
Also, these rocks have similar density and porosity ranges as that of the metamorphic rocks for the same region (Fig. 11, Table 2). Average
density values in the investigated rocks fall on the higher side of the large range reported in the literature for the sedimentary rocks, whereas
the lower side for the metamorphic rocks (Fig. 10b, Supporting Information Table S3). The high-dense and low-porous sedimentary rocks
could have been formed by the tectonic and post-tectonic activity in this region, which is activated from Cambrian and make them compact.
In this process, rocks may have undergone low-metamorphism at a certain depth and came to the surface at present by exhumation. The
petrographic study reveals that the muscovite grains in sandstone are aligned in one direction, which can be attributed to the early stage of
metamorphism (for example, Fig. 2a). The compactness of the rocks corroborates the low porosity, and thus the observed density will be the
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Table 3. Thermal conductivity of minerals those are observed in the stud-
ied samples.
Thermal conductivity
S1 no. Mineral (Wm™' K References
Range Avg.

1 Quartz 6.5-11.3 7.64  4,9,6
2 Plagioclase 1.47-2.35 1.79 4
3 K-feldspar 2.26-2.43 2.33 1,2,4
4 Biotite 1.70-2.34 2.03 2,4,57,8
5 Chlorite 4.35-6.18 517 2,3,5
6 Muscovite 2.0-2.88 236 2,4,7,8
7 Dolomite — 5.51 4
8 Calcite — 359 4
9 Rutile 4.89-5.12 501  2,4,8
10 Zircon — 454 2,4
11 Ilmenite 2.2-2.92 2.51 2,4,5,8
12 Garnet 3.09-5.65 4.2 4
References. 1, Sass (1965); 2, Horai & Simmons (1969); 3, Clarke (1969);
4, Horai (1971); 5, Horai & Baldridge (1972); 6, Beck et al. (1978); 7,
Dortman (1984), 8, Popov et al. (1987); 9, Joeleht & Kukkonen (2002).
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Figure 10. (a) Average thermal conductivity and (b) average density of sedimentary and metamorphic rocks. Pre: the present data from the Western Himalaya,
India; Pub: the published data from the various regions of the world. For details, see Supporting Information Tables S2 and S3.
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Figure 11. Bivariate plot shows saturated thermal conductivity (Asa) versus (a) porosity ¢; (b) density p.

same as the matrix density of the rocks. Except for slate, the density of each rock type varies in a relatively wide range (Fig 8b, Table 2). In
the sedimentary rock, density is higher for the limestone and dolomitic limestone compared to the sandstone, whereas in the metamorphic

rock, it is higher for slate compared to schist, quartzite and phyllite. Variations in density within a specific rock type can be correlated with

compositional changes reflected in the variation of the oxide data within them (Supporting Information Fig. S4).

Density shows a positive correlation with thermal conductivity for a few rock types (Fig. 11b), but the correlation varies from one
rock to another, indicating that changes in density and thermal conductivity are different for different rocks. A positive correlation is noted
between density and thermal conductivity for sandstone, limestone and dolostone in the Tarim Basin and Lino Viluy oil and gas-bearing

province (Semenov ef al. 2018; Li et al. 2019). On the other hand, a negative correlation is observed in igneous rocks, especially in granitoids
(Kukkonen & Peltoniemi 1998; Chopra et al. 2018, 2020). The anomalous density and porosity of the Himalayan rocks will provide new
inputs for the geodynamical modelling of the region.
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7 CONCLUSIONS

This is the first systematic study of thermal and physical parameters for the Western Himalaya’s sedimentary and metamorphic rocks, revealing
comparatively high thermal conductivity, high density and low porosity, in comparison to the similar rock types available elsewhere. As a
result, the reported thermal and physical properties, as well as geochemical and petrological data from the rocks in the Western Himalayan
seismic gap, will be a useful database for thermal and geodynamic modelling of this region. Additionally, these properties will also be useful
for geothermal exploration, as in the Western Himalaya many hot springs are present all along with the Himalayan Ranges and Puga Valley
is already a potential for geothermal exploration. Significant outcomes are from the present study as follow:

(i) The thermal conductivity of the studied metamorphic rocks is generally lower than the sedimentary rocks, except for quartzite.
Thermal conductivity is highest for quartzite (5.4 &0.2 W m™' K!), intermediate for sandstone (4.2 £0.2 Wm™ K™!), dolomitic limestone
(3.6+£04Wm'K"') and limestone (3.24+0.4Wm ' K') and lowest for slate (2.94+0.2Wm' K™), phyllite (2.74+03Wm'K') and
schist (2.6 0.1 Wm™' K™).

(ii) For sandstone and quartzite, the variation in thermal conductivity can be correlated well with variation in composition from arkose to
quartz arenite, which is lowest for arkose and highest for quartz arenite type. Also, in other rock types, variation can be correlated more with
compositional change and very little with porosity.

(iii) The density of both the rock types, sedimentary and metamorphic, have similar values and vary in a wide range (2590 to 2780 kg m™>
and 2630 to 2740 kg m™3, respectively). Highly dense and low porous (<2 per cent) sedimentary rock could be due to the tectonic/post-tectonic
activity of the region, which makes these rocks compact or could be due to low metamorphism at a certain depth which exhumed and came
to the surface at present.

(iv) The study deals with thermal conductivity measurement of rocks along with comprehensive compositional descriptions, which is
missing in most of the earlier studies, and therefore will be helpful to produce better predictive models of thermal conductivity.
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APPENDIX

Geometric prediction model has been proposed by Lichtenecker (1926) and has been implemented by many researchers in geothermics (e.g.
Woodside & Messmer 1961a,b; Popov et al. 2003; Fuchs ef al. 2013). Study showed that for sedimentary rocks, this is the best among all

other mathematical mean models.

The series distribution considers how the conductivity of a natural porous medium is represented by the intermediate weighted geometric

mean:

Aeff = )"Fluid(pX)“mli(ﬁ-

The relationship between dry (A4y) and saturated (1) thermal conductivities can be written as

Asat = )\w¢X)\m17¢,
)\dry = )\aird)X)\mli(p,

where, 1, is matrix thermal conductivity and ¢ is porosity.

(AD)

(A2)
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