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ARTICLE INFO ABSTRACT

Keywords: The thermal conductivity of volcanic rock is an essential input parameter in a wide range of models designed to
Thermal conductivity better understand volcanic and geothermal processes. However, although volcanoes and geothermal reservoirs
Temperature are often characterised by temperatures above ambient, laboratory thermal conductivity measurements are often
g:ict:;?mal reservoir performed at ambient temperature. In addition, there are currently few data on the temperature dependence of
Hot disk thermal conductivity for andesite, a common volcanic rock. Here, we provide elevated-temperature (up to 120
Andesite °C) laboratory measurements of thermal conductivity for variably porous (~0.05 to ~0.6) and variably glassy

Thermal modelling andesites from Mt. Ruapheu (New Zealand) using the transient hot-strip method. Our data show that (1) the
thermal conductivity of these andesites has little to no temperature dependence and, therefore, (2) there is also
no influence of porosity on the temperature dependence of thermal conductivity. We compare our new data with
compiled published data to show that the thermal conductivity of volcanic rocks may decrease, remain constant,
or increase as a function of temperature. We show that the thermal conductivity of amorphous glass and crys-
talline material increase and decrease, respectively, as temperature increases. We therefore interpret the tem-
perature dependence of the thermal conductivity of volcanic rock to be dependent on glass content. The thermal
conductivity of the studied andesites, the microstructure of which can be characterised by phenocrysts within a
variably glassy groundmass, has little to no temperature dependence because the decrease in the thermal con-
ductivity of the crystalline materials, due to decreases in lattice thermal conductivity, is offset by the increase in
the thermal conductivity of the amorphous glass. A simple modelling approach, using the temperature depen-
dence of the thermal conductivity of glass and crystalline material, provides a crystal content of 0.26 for a
thermal conductivity independent of temperature, a common crystal content for andesite dome rock. Our
findings imply that calculations of heat transfer through partially glassy volcanic rocks need not consider a
temperature-dependent thermal conductivity, but that decreases and increases in thermal conductivity with
temperature should be expected for fully crystallised or devitrified volcanic rocks and completely glassy volcanic
rocks, respectively. We highlight that more experimental studies are now required to assess the evolution of
thermal conductivity as a function of temperature in a wide range of volcanic rocks with different crystallinities.

1. Introduction parameters in a wide range of models designed to understand heat
transfer in active volcanoes and igneous systems (Irvine, 1970; Norton
The thermal properties of volcanic rocks are important input and Knight, 1977; Huppert and Sparks, 1981; Carrigan, 1984; Bruce and
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Huppert, 1989; Carrigan et al., 1992; Fialko and Rubin, 1999; Wooster
et al.,, 1997; Annen et al., 2008; Nabelek et al., 2012; Annen, 2017;
Tsang et al., 2019; Loncar and Huppert, 2022; Klein et al., 2024) and in
geothermal reservoirs (Canet et al., 2015; Gunnarsson and Aradottir,
2015; Carlino et al., 2016; Wadsworth et al., 2017; Vélez et al., 2018;
Gonzalez et al., 2022; Burchardt et al., 2022). The thermal properties of
volcanic rocks are also important to assess their potential as heat storage
materials (Nahhas et al., 2019; Liu et al., 2020).

In terms of volcanic and igneous processes, Annen (2017) used
values of thermal conductivity, thermal diffusivity, and specific heat
capacity in mathematical models designed to understand the thickness
of thermal aureoles surrounding intrusions. Values of thermal conduc-
tivity, thermal diffusivity, and specific heat capacity were also used by
Loncar and Huppert (2022) in mathematical models designed to better
understand the shape changes and cooling regimes of dykes upon
intrusion. Klein et al. (2024) used thermal conductivity values from
Heap et al. (2022) to calculate heat flux during an ongoing unrest phase
of La Soufriere de Guadeloupe (Eastern Caribbean), and also to infer the
permeability of the edifice. The importance of understanding the heat
flux of a volcano is underscored by the link between an increase in the
heat flux of a volcano and an eruption (Girona et al., 2021). In terms of
geothermal energy exploration and exploitation, Vélez et al. (2018)
measured the thermal conductivity of rocks collected from Nevada del
Ruiz volcano (Colombia) to be used in numerical modelling designed to
simulate the distribution of temperature in the reservoir and, therefore,
to estimate its geothermal potential. Burchardt et al. (2022) used values
of thermal conductivity and specific heat capacity in finite element
models designed to assess the influence of different combinations of
dyke and sill thickness and number on the geothermal potential of
typical Icelandic calderas.

In all these modelling studies, and others, values of thermal con-
ductivity for the volcanic unit or units within the model are often taken
to be constant, and are often taken from laboratory investigations in
which thermal conductivity was measured at ambient temperature.
However, the temperature within volcanoes and geothermal reservoirs
is often above ambient, and experimental studies have shown that the
thermal conductivity of rock is typically reduced as temperature is
increased (see compilations in Desai et al., 1974; Cermak and Rybach,
1982; Clauser and Huenges, 1995; Vosteen and Schellschmidt, 2003;
Merriman et al., 2018; Norden et al., 2020; Clauser, 2021).

The majority of experimental studies that provide laboratory thermal
property data at elevated temperatures have done so for granitic and
sedimentary rocks (Desai et al., 1974; Cermék and Rybach, 1982;
Clauser and Huenges, 1995; Vosteen and Schellschmidt, 2003; Norden
et al., 2020; Clauser, 2021). Numerous laboratory studies have shown
that the thermal conductivity of granitic rocks decreases as a function of
temperature (Pribnow et al, 1996; Seipold, 1998; Vosteen and
Schellschmidt, 2003; Mottaghy et al., 2008; Miao et al., 2014; Merriman
etal., 2018; Miranda et al., 2019; Norden et al., 2020). For example, the
thermal conductivity of granite from the North China Craton (China)
was reduced from ~1.25 W-m 1-K™! at room temperature to ~0.5
wm K lata temperature of 900 °C (Miao et al., 2014). Laboratory
studies have also shown that the thermal conductivity of sedimentary
rocks decreases as a function of temperature (Clauser and Huenges,
1995; Vosteen and Schellschmidt, 2003; Abdulagatova et al., 2009;
Merriman et al., 2018; Norden et al., 2020; Chen et al., 2021; Emirov
et al., 2021). For example, Vosteen and Schellschmidt (2003) showed
that the mean thermal conductivity of a collection of sandstones and
carbonate rocks was reduced from ~3.0 W-m™*-K! at room tempera-
ture to ~1.5 W-m 1K' at a temperature of 300 °C. Clauser and
Huenges (1995) also found that an increase in temperature systemati-
cally decreased the thermal conductivity of clastic and carbonate rocks,
from ~3.0 W-m 1-K ! at room temperature to ~1.0 W-m~ 1K1 at 800
°C. Using the laser flash analysis (LFA) method, Merriman et al. (2018)
showed that the thermal conductivity of calcite, and a number of car-
bonate rocks (limestone, dolomite, marble), decreases as a function of
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temperature (up to ~625 °C). For example, in their dataset, the thermal
conductivity of Carrara marble decreased from ~1.8 W-m*.K ! at room
temperature to ~1.0 W-m LK ! at 425 °C.

Although the number of studies that aim to better understand the
thermal properties of volcanic rocks has increased over the last years
(Horai et al., 1970; Fujii and Osako, 1973; Robertson and Peck, 1974;
Bagdassarov and Dingwell, 1994; Whittington et al., 2009; Romine
et al., 2012; Lenhardt and Gotz, 2015; Mielke et al., 2015; Hofmeister
et al., 2016; Mielke et al., 2016, 2017; Balkan et al., 2017; Vélez et al.,
2018; Heap et al., 2020; Hofmeister, 2020; Weydt et al., 2021; Heap
et al., 2022), fewer studies provide data on the temperature dependence
of thermal conductivity for volcanic rocks. The compiled data in Desai
et al. (1974) and Cermak and Rybach (1982), reviewed in Clauser and
Huenges (1995), show that (1) the thermal conductivity of tuff and some
basalts decreases as a function of temperature, (2) the thermal con-
ductivity of some basalts and some diabases does not appreciably or
systematically change as a function of temperature, and (3) that the
thermal conductivity of basaltic glass, diabase glass, and obsidian in-
creases as a function of temperature. For example, the thermal con-
ductivity of basalt from Kyushu (Japan) decreased from 2.37 to 1.34
W-m LK ! as temperature was increased from 0 to 700 °C (Kawada,
1964), and the thermal conductivity of obsidian from Newberry caldera
(Oregon, USA) increased from 1.26 W.-m K ! at room temperature to
413Wm LK lata temperature of ~1400 °C (Murase and McBirney,
1970). Using the LFA method, Romine et al. (2012) showed that the
thermal conductivity of rhyolite glass increased from ~1.15 W-m ™ 1.K
at room temperature to 1.5 wWm K lata temperature of ~1225 °C.
Chen et al. (2021) found that the thermal conductivity of felsite and
spilite decreased as a function of temperature, but that the thermal
conductivity of perlite, andesite-basalt, and pitchstone increased up to a
temperature of ~150 °C before decreasing up to the maximum tem-
perature of 300 °C. Mostafa et al. (2004) found that the thermal con-
ductivity of four basalts from Egypt either did not appreciably change or
decreased up to temperatures of ~625 °C, with the largest changes
occurring above a temperature of ~300 °C. Nahhas et al. (2019) found
that the thermal conductivity of two basalt samples did not appreciably
or systematically change as temperature was increased up to 700 °C.
Using the LFA method, Hofmeister (2020) showed that the thermal
conductivity of an andesite from Mt. Shasta (USA) did not change
appreciably or systematically as temperature was increased up to almost
900 °C. Finally, the thermal conductivity of a suite of >2-billion-year-
old rhyolites from the Bundelkhand Craton (India) was found to
decrease as a function of temperature, up to 300 °C (Ray et al., 2023).
The thermal conductivity of one rhyolite sample measured by Ray et al.
(2023) decreased from ~3.3 to ~2.4 W-m LK ! as temperature was
increased from ~30 to ~300 °C.

Compared to granitic and sedimentary rocks, for which the thermal
conductivity systematically decreases as a function of temperature
(Desai et al., 1974; Cermék and Rybach, 1982; Clauser and Huenges,
1995; Vosteen and Schellschmidt, 2003; Merriman et al., 2018; Norden
et al., 2020; Clauser, 2021), the influence of temperature on the thermal
conductivity of volcanic rocks appears to be variable, and can increase,
decrease, or remain constant. As a result, and despite the aforemen-
tioned laboratory studies, and others, our understanding of the thermal
conductivity of volcanic rocks, and therefore our understanding of heat
transfer in volcanoes and geothermal reservoirs, stands to benefit from
new laboratory data. In particular, little is known on how porosity in-
fluences the temperature dependence of the thermal conductivity of
volcanic rocks and there are very few data available for andesite, a very
common volcanic rock. Here, therefore, we report findings from a lab-
oratory study in which we measured the influence of temperature on the
thermal conductivity of a suite of variably porous andesites.
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2. Materials and methods
2.1. Experimental materials

A suite of variably-porous andesite samples, collected at Mt. Rua-
pehu (Taupo Volcanic Zone, New Zealand), were used for this study.
This suite of andesites has been previously used in Heap and Kennedy
(2016), who measured their permeability, and Heap et al. (2020), who
measured their thermal properties at room temperature. The andesites
are porphyritic and contain plagioclase and pyroxene phenocrysts hos-
ted within a variably microlite-rich groundmass (Fig. 1). The samples
with the lowest porosities (< 0.05) are light grey in colour and their
groundmasses appear more crystallised than the other samples (e.g.,
sample R3; Fig. 1a). The samples with higher porosity (> 0.1) are dark
grey in colour and have variably glassy groundmasses that contain
microlites (e.g., samples R8, R10, R14, and R17; Fig. 1c-f). The andesites
are variably porous and the increase in porosity is associated with an
increase in the number and diameter of pores (Fig. 1). All of the an-
desites contain abundant microcracks (Fig. 1).

2.2. Experimental methods

Two cylindrical samples (20 mm in diameter and 40 mm in length)
were prepared from each of the 17 blocks collected. These samples were
washed and then dried in a vacuum-oven at 40 °C for at least 48 h. The
connected porosity of each sample was calculated using the bulk sample
volume and the skeletal (solid) sample volume measured by a helium
pycnometer. The thermal conductivity, A (in units of W-m™1.K™1), of the
samples was measured using a Hot Disk® TPS 500 Thermal Constants
Analyser using the Transient Plane Source (TPS) method (Gustafsson,
1991; Harlé et al., 2019; Heap et al., 2020, 2022). The TPS method, a
periodic method of thermal property measurement, uses a resistive
sensor (the transient plane source) sandwiched between two samples to
measure the increase in resistance as it heats the samples using an
electrical current pulse. Because the geometry of the sensor is known,
the average temperature increase as a function of time can be calculated,
which can be then used to determine the thermal conductivity. The
resistive sensor is therefore used as both the heat source and the tem-
perature sensor. In our setup, the resistive sensor consists of two 10 pm-
thick nickel foil spirals (radius of 3.189 mm) that are encased and
insulated by 30 pm-thick Kapton (see inset in Fig. 2a). We used the “red
cable” sensor supplied by Hot Disk®, which has a maximum working
temperature of 180 °C. Measurements were made by sandwiching the
sensor between two cylindrical samples cored from the same block
(Fig. 2a). A good contact between the sensor and the surface of the
samples was ensured by tightening a screw positioned at the top of the
sample jig. To perform the measurements, the entire sample assembly
was placed inside an electric box furnace with a maximum temperature
of 200 °C (Fig. 2b). Measurements were made at room temperature
(20-22 °C), 40, 60, 80, 100, and 120 °C. Although the maximum
working temperature of the sensor and cable supplied by Hot Disk® is
180 °C, we chose a maximum temperature of 120 °C to (1) avoid any
possibility of damaging the sensor and/or cable and (2) prevent the
formation of thermal microcracks, which would influence our mea-
surements. Although temperatures can reach 300-500 °C, temperatures
up to 120 °C are also of interest for shallow hydrothermal systems at
active volcanoes (e.g., Chiodini et al., 2021; Moune et al., 2022) and
volcanic geothermal reservoirs (e.g., Arellano et al., 2003). Once the
sample assembly had equilibrated to the target temperature, an elec-
trical current of known power and for a fixed duration was passed
through the sensor, which then recorded the increase in sample tem-
perature as a function of time. The output power and test duration used
were 80-220 mW and 10 s, respectively. Four consecutive measure-
ments were performed on each sample pair (on the four different com-
binations of sample end-faces), and we report herein the mean and
standard deviation of the mean of these four measurements. For each
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measurement, it is assumed that the thermal diffusivity remains constant
over the period of measurement. Each measurement was performed at
least 10-15 min apart to ensure that the samples and sample assembly
had re-equilibrated to the target temperature. We used the Isotropic Hot
Disk® Measurement Module for all measurements.

The standard uncertainty for values of thermal conductivity and
thermal diffusivity using the transient hot-strip method has been
determined to be 2.6 and 11%, respectively (Hammerschmidt and
Sabuga, 2000). Measurement uncertainty using this technique arises
from contact losses and ballistic radiative transfer gains (Hofmeister,
2018). We further note that contact losses would not be expected to
change as a function of temperature. Similarly, ballistic radiative
transfer gains would only be expected to increase with increasing tem-
perature at reasonably high temperatures at which radiation dominates
(Hofmeister, 2018); these high temperatures are far higher than the
temperature range used here (note that the radiative power increases
with T#; Howell et al., 2023). To provide an assessment of the precision
of our Hot Disk® TPS 500 Thermal Constants Analyser, we measured the
thermal conductivity of the same sandstone sample 100 times and found
the standard error to be 0.007 W-m ™~ 1.K ! (Heap et al., 2023).

To help validate our setup and method, we first measured the ther-
mal conductivity of Fontainebleau sandstone (100% quartz; Bourbié and
Zinszner, 1985) and Indiana limestone (100% calcite; Baud et al., 2021)
using same approach and conditions described above. For these samples,
the output power and test duration used were 180-250 mW and 5-10's,
respectively. It is well known that the thermal conductivity of sandstone
and limestone is systematically reduced as temperature is increased
(Clauser and Huenges, 1995; Vosteen and Schellschmidt, 2003; Abdu-
lagatova et al., 2009; Merriman et al., 2018; Norden et al., 2020; Chen
etal., 2021; Emirov et al., 2021) and so, observing a similar trend would
add confidence to our approach and to our new data collected for the
andesites.

Our data show that the thermal conductivity of Fontainebleau
sandstone and Indiana limestone indeed decreased systematically as a
function of temperature (Fig. 3a and b; data available in Table 1). The
thermal conductivities of the sandstone and limestone were reduced
from ~3.9 to ~3.5 Wm K ! and from ~1.9 to ~1.2 W-m LK™},
respectively, as temperature was increased (Fig. 3a and b). The
measured decrease in thermal conductivity measured in Fontainebleau
sandstone and Indiana limestone is similar to previously published data
for sandstones and limestones (Clauser and Huenges, 1995; Vosteen and
Schellschmidt, 2003; Abdulagatova et al., 2009; Merriman et al., 2018;
Norden et al., 2020; Chen et al., 2021; Emirov et al., 2021) and is a
consequence of the large decrease in the thermal conductivity of quartz
(Clauser and Huenges, 1995) and calcite (Merriman et al., 2018) as a
function of temperature, due to a decrease in lattice thermal conduc-
tivity. At temperatures up to 120 °C, we only expect very few, if any,
thermal microcracks to form in sandstone (Sirdesai et al., 2019) and
limestone (Jodry et al., 2023), which would serve to reduce the thermal
conductivity of rock (Kant et al., 2017; Zhao et al., 2018). We also note
that 120 °C is below the temperature required for the thermal decom-
position of calcite, which occurs at temperatures >650 °C (Heap et al.,
2013).

3. Results

The thermal conductivity of our andesite samples is plotted as a
function of connected porosity and temperature in Fig. 4a and b,
respectively (data available in Table 2). The data are colour-coded in
Fig. 4a and b to show, respectively, the temperature (with blue and red
indicating low and high temperature, respectively) and the porosity
(with black and white indicating low and high porosity, respectively).
Fig. 5 replots the data in Fig. 4b so that the evolution of thermal con-
ductivity as a function of temperature can be observed more clearly. We
first note that, at room temperature, the thermal conductivity decreases
from ~1.6 to ~0.4 W-m~1K~! as porosity is increased from ~0.05 to
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Fig. 1. Scanning electron microscope images, in backscatter mode, of six of the andesites from Mt. Ruapehu used for this study. (a) Sample R3, with an average
connected porosity of 0.04 with abundant microlites. (b) Sample R6, with an average connected porosity of 0.05 and microlite-rich groundmass. (c) Sample R8, with
an average connected porosity of 0.11 and microlite-rich groundmass. (d) Sample R10, with an average connected porosity of 0.16 and microlite-rich groundmass. (e)
Sample R14, with an average connected porosity of 0.33 and microlite-rich groundmass. (f) Sample R17, with an average connected porosity of 0.62 and microlite-

poor groundmass.
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Fig. 2. (a) Photograph of the experimental setup for the measurements. Inset
shows the sensor used, consisting of two 10 pm-thick nickel foil spirals (radius
of 3.189 mm) that are encased and insulated by 30 pm-thick kapton. The screw
on the top of the setup ensures a good contact between the sensor and the
samples. (b) Schematic diagram showing the measurement setup for this study.
The entire experimental setup shown in panel (a) was placed inside an electric
box furnace for the measurements performed for this study.

~0.6 (Fig. 4a; Table 2). Figs. 4 and 5 also show that (1) the thermal
conductivity of the andesites does not change appreciably within the
range of temperatures tested and (2) porosity (in the range ~ 0.05-0.6)
does not influence the temperature dependence of thermal conductivity.
In detail, Fig. 5 shows that the thermal conductivity either remains
more-or-less constant as a function of temperature, or decreases very
slightly, and that, in general, the samples for which thermal conductivity
decreases slightly are those with lower porosities. However, we note that
the magnitude of any reductions in thermal conductivity as temperature
is increased is very close to the standard deviations of the measurements
(Fig. 5).

4. Discussion

Our data show that the thermal conductivity of our andesite samples
decreases from ~1.6 to ~0.4 W-m™ 1K ™! as porosity is increased from
~0.05 to ~0.6 (Fig. 4a), in agreement with previously published data
(Robertson and Peck, 1974; Heap et al., 2020, 2022) and modelling
(Keszthelyi, 1994) for volcanic rocks, and can be explained by the
significantly lower thermal conductivity of the air that fills the void
space compared to the minerals that form these rocks.

sandstone and (b) Indiana limestone. Data available in Table 1.

Table 1

Thermal conductivity of Fontainebleau sandstone (FTB) and Indiana limestone

(IL) as a function of temperature.

Sample Connected Temperature Thermal conductivity
number porosity “Q) (W-m LK™
FTB 0.05 20 3.91 +0.021
FTB 0.05 40 3.83 £ 0.022
FTB 0.05 60 3.72 £ 0.017
FTB 0.05 80 3.66 + 0.014
FTB 0.05 100 3.60 + 0.021
FTB 0.05 120 3.51 + 0.017
IL 0.16 20 1.89 + 0.020
IL 0.16 40 1.74 £ 0.015
IL 0.16 60 1.51 + 0.019
IL 0.16 80 1.43 +0.011
IL 0.16 100 1.35 £ 0.009
IL 0.16 120 1.15 + 0.013

We also provide the connected porosity of each sample pair. The thermal con-
ductivity of each sample pair was measured four times and we report the mean
and standard deviation of the mean of these four measurements.

However, in contrast to the data for the sedimentary rocks (Fig. 3),
the thermal conductivity of our andesite samples either did not change
appreciably or decreased very slightly as a function of temperature
(Figs. 4 and 5). Although the thermal conductivity data presented here
using the TPS method may not be as accurate as, for example, mea-
surements provided using the LFA method, adding some uncertainty to
our data, we highlight that our device is capable of measuring the ex-
pected decrease in thermal conductivity in sandstone and limestone as a
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Fig. 4. (a) Thermal conductivity as a function of connected porosity for a suite of andesites from Mt. Ruapehu. Symbols are coloured so that measurements made at
high and low temperature are shown in red and blue, respectively. (b) Thermal conductivity as a function of temperature for the same suite of andesites shown in
panel (a). Symbols are coloured so that high- and low-porosity (connected porosity) samples are shown in black and white, respectively (colour scale bar shown on
panel (a)). Data available in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

function of temperature (Fig. 3). Therefore, although we cannot be
absolutely certain as to whether there is a very slight increase or
decrease in the thermal conductivity of our andesite samples as a
function of temperature, we can conclude with some certainty that their
thermal conductivity does not change appreciably up to 120 °C, as also
observed for andesite from Mt. Shasta up to a temperature of almost 900
°C using the LFA method (Hofmeister, 2020; Fig. 6).

Here, we compile published data for the thermal conductivity of
volcanic rocks as a function of temperature, which show that (1) the
thermal conductivity of tuff and some basalts decreases as a function of
temperature, (2) the thermal conductivity of some basalts, some di-
abases, and an andesite does not appreciably or systematically change as
a function of temperature, and (3) that the thermal conductivity of
obsidian and a range of glasses of different compositions increases as a
function of temperature (see the data compilations presented in Desai
et al., 1974; Cerméak and Rybach, 1982; Clauser and Huenges, 1995;
Hofmeister et al., 2016). We show these compiled data, and more recent
data, in Fig. 7. We have split the published data into three groups (1)
rocks for which thermal conductivity decreases as temperature is
increased (Fig. 7a), (2) rocks for which thermal conductivity does not
appreciably change or increases and then decreases (Fig. 7b), and (3)
rocks for which thermal conductivity increases (Fig. 7c). Therefore, our
data for our andesite samples (Figs. 4 and 5) are in agreement with those
data in Fig. 7b, including the data for andesite from Mt. Shasta from
Hofmeister (2020). The decreases in thermal conductivity as a function
of temperature for the rocks in Fig. 7a are much more significant than
observed in our data (Figs. 4 and 5).

Key to understanding the different temperature dependency of
thermal conductivity of different volcanic rocks (Fig. 7) is the difference
between the evolution of thermal conductivity in crystalline and
amorphous materials as a function of temperature (e.g., Zhou et al.,
2020). The thermal conductivity of amorphous materials, such as
amorphous glass, increases as a function of temperature, whereas the
thermal conductivity of crystalline materials decreases. For example, the
thermal conductivity of amorphous silica glass increases systematically
as a function of temperature, from ~1.36 W-m~ K ! at 0 °C to ~2.07
wWm K 'ata temperature of 500 °C (Clauser and Huenges, 1995).
Hofmeister et al. (2016) also show that the thermal conductivity of a
wide range of glasses with different compositions increase as a function
of increasing temperature (Fig. 7c). It is for this reason why the rocks for
which thermal conductivity increases with increasing temperature
(Fig. 7c¢) are all glassy or glass. To complement these data, and to help
further validate our setup and method, we measured the thermal con-
ductivity of microlite-free obsidian from Hrafntinnuhryggur (Krafla

volcano, Iceland; Tuffen and Castro, 2009) using the same approach and
conditions described in our methods section. For these measurements,
the output power and test duration used were 180 mW and 10 s,
respectively. Our data show that the thermal conductivity of the
obsidian increases as a function of temperature, from ~1.34 to ~1.44
W.m LK ! (Fig. 8; data available in Table 3), in accordance with other
data for obsidian and other glasses (Fig. 7c). The increase in thermal
conductivity as a function of temperature for the obsidian from Hrafn-
tinnuhryggur (Fig. 8) is higher than that measured for obsidian from
Mono Craters (California, USA) by Romine et al. (2012). Using the LFA
method, Romine et al. (2012) showed that the thermal conductivity of
obsidian from Mono Craters increased from ~1.15 W-m~1.K~! at room
temperature to ~1.22 W-m~.K™! at a temperature of 120 °C. The dif-
ference between the two datasets could be the result of the presence of
microlites in the samples from Mono Craters (Romine et al., 2012).

Therefore, the variable temperature dependencies of thermal con-
ductivity of different volcanic rocks (Fig. 7) can be explained by variable
quantities of amorphous and crystalline material. Volcanic rocks for
which thermal conductivity decreases (Fig. 7a) are those devoid of
amorphous glass, and those for which thermal conductivity does not
appreciably change, or change systematically (Fig. 7b), are those that
contain a mixture of amorphous glass and crystalline materials. These
assertions are in line with the typical glass contents of the various rock
types for which data exist (Fig. 7) and, where available, the descriptions
of the rocks in the published literature. For example, although fresh
rhyolites are often glassy, the data shown in Fig. 7a are for rhyolites that
are more than two billion years old and are, therefore, extremely un-
likely to contain any glass (Ray et al., 2023).

We test for the effects hypothesised here by considering the relative
phase proportions of amorphous and crystalline material in a given
sample and attributing a weighted contribution of each material to the
bulk thermal conductivity. We do this by assigning a temperature
dependence of thermal conductivity to the amorphous (glass) phase,
A¢(T), and to the crystalline phase, 1.(T), and then simply applying a
weighted combination to give the total conductivity as 1 = 4,(1 — ¢) +
Ache, where ¢, is the volume fraction of the solid that is crystalline.
Additionally, this mixture model can then be taken to be porosity
dependent through the choice of model for 4; and 4. Inspection of Fig. 7
shows that these contributions should be approximately linear over the
temperature interval used here, such that A¢(T) = aT + /l’g and 4.(T) =
bT + 1, and where a and b are best-fit coefficients for the temperature
dependence of the thermal conductivity, and i:g and /1, are the conduc-
tivities at a given reference temperature (taken here to be 0 °C). By
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Table 2
Thermal conductivity of the 17 andesites collected at Mt. Ruapehu as a function
of temperature.

Sample Connected Temperature Thermal conductivity
number porosity “QC) (W-m Kb
R1 0.03 20 1.69 + 0.022
R1 0.03 40 1.66 + 0.027
R1 0.03 60 1.68 + 0.019
R1 0.03 80 1.67 + 0.027
R1 0.03 100 1.67 + 0.017
R1 0.03 120 1.63 + 0.015
R2 0.03 20 1.57 + 0.052
R2 0.03 40 1.56 + 0.072
R2 0.03 60 1.53 + 0.031
R2 0.03 80 1.52 + 0.052
R2 0.03 100 1.53 + 0.064
R2 0.03 120 1.51 + 0.032
R3 0.04 20 1.65 + 0.030
R3 0.04 40 1.63 + 0.010
R3 0.04 60 1.61 + 0.029
R3 0.04 80 1.63 + 0.025
R3 0.04 100 1.63 + 0.023
R3 0.04 120 1.59 + 0.037
R4 0.04 20 1.59 + 0.021
R4 0.04 40 1.58 + 0.010
R4 0.04 60 1.57 + 0.011
R4 0.04 80 1.58 + 0.019
R4 0.04 100 1.55 + 0.011
R4 0.04 120 1.54 + 0.030
R5 0.03 20 1.55 + 0.021
R5 0.03 40 1.54 + 0.024
R5 0.03 60 1.54 + 0.008
R5 0.03 80 1.56 + 0.015
R5 0.03 100 1.54 + 0.013
R5 0.03 120 1.55 + 0.041
R6 0.05 20 1.50 + 0.031
R6 0.05 40 1.50 + 0.022
R6 0.05 60 1.49 + 0.025
R6 0.05 80 1.50 + 0.046
R6 0.05 100 1.49 + 0.045
R6 0.05 120 1.48 + 0.048
R7 0.19 20 1.09 + 0.033
R7 0.19 40 1.09 + 0.022
R7 0.19 60 1.08 + 0.040
R7 0.19 80 1.06 + 0.024
R7 0.19 100 1.06 + 0.029
R7 0.19 120 1.06 + 0.030
R8 0.11 20 1.34 + 0.040
R8 0.11 40 1.31 4+ 0.032
R8 0.11 60 1.29 + 0.041
R8 0.11 80 1.29 + 0.042
R8 0.11 100 1.28 + 0.023
R8 0.11 120 1.28 + 0.045
R9 0.15 20 1.29 + 0.030
RO 0.15 40 1.28 + 0.032
R9 0.15 60 1.28 + 0.019
R9 0.15 80 1.27 + 0.075
RO 0.15 100 1.25 + 0.039
R9 0.15 120 1.22 4+ 0.072
R10 0.16 20 1.19 + 0.071
R10 0.16 40 1.19 + 0.044
R10 0.16 60 1.21 + 0.063
R10 0.16 80 1.20 + 0.046
R10 0.16 100 1.20 + 0.042
R10 0.16 120 1.19 + 0.075
R11 0.14 20 1.23 + 0.067
R11 0.14 40 1.22 + 0.024
R11 0.14 60 1.23 + 0.041
R11 0.14 80 1.22 4+ 0.036
R11 0.14 100 1.20 + 0.043
R11 0.14 120 1.18 £ 0.018
R12 0.19 20 1.12 + 0.042
R12 0.19 40 1.10 + 0.044
R12 0.19 60 1.11 + 0.062
R12 0.19 80 1.10 + 0.038
R12 0.19 100 1.10 + 0.031
R12 0.19 120 1.10 + 0.019
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Table 2 (continued)

Sample Connected Temperature Thermal conductivity
number porosity “Q) (W-m LK™
R13 0.31 20 0.87 £ 0.018
R13 0.31 40 0.87 + 0.019
R13 0.31 60 0.86 + 0.010
R13 0.31 80 0.84 + 0.004
R13 0.31 100 0.83 £ 0.014
R13 0.31 120 0.83 + 0.007
R14 0.33 20 0.88 + 0.028
R14 0.33 40 0.88 + 0.036
R14 0.33 60 0.87 + 0.063
R14 0.33 80 0.88 + 0.043
R14 0.33 100 0.88 + 0.027
R14 0.33 120 0.87 + 0.021
R15 0.34 20 0.81 + 0.040
R15 0.34 40 0.81 + 0.055
R15 0.34 60 0.79 + 0.082
R15 0.34 80 0.79 + 0.058
R15 0.34 100 0.79 + 0.003
R15 0.34 120 0.79 + 0.031
R16 0.38 20 0.75 + 0.049
R16 0.38 40 0.74 + 0.015
R16 0.38 60 0.74 + 0.028
R16 0.38 80 0.73 + 0.021
R16 0.38 100 0.74 + 0.006
R16 0.38 120 0.73 £ 0.013
R17 0.62 20 0.38 + 0.017
R17 0.62 40 0.37 +0.018
R17 0.62 60 0.38 + 0.034
R17 0.62 80 0.39 + 0.022
R17 0.62 100 0.38 + 0.032
R17 0.62 120 0.38 +0.023

We also provide the average connected porosity of each sample pair. The ther-
mal conductivity of each sample pair was measured four times and we report the
mean and standard deviation of the mean of these four measurements.

injecting these two linear temperature-dependent laws into the model
for 1, we can thus test the hypothesis that some intermediate crystal-
linity ¢, can explain the apparent lack of temperature dependence for
the andesites measured herein (Fig. 4b), and also for the rocks shown in
Fig. 7b. Thus the model is given by:

A= (aT—&-/l;) (1—¢.)+ (BT +2) )

In line with our microstructural observations (Fig. 1), Eq. (1) as-
sumes an isotropic medium, a mixture comprising isotropic inclusions of
one phase embedded within a second phase. We note that solutions for
anisotropic media, and solutions for isotropic media that consider the
mean of two end-member anisotropic solutions to thermal properties,
are available in Merriman et al. (2023).

We can estimate the critical crystalline content, i.e. ¢, = ¢., required
for a temperature-independent model by setting dA/dT = b¢. + a(l —
¢.) to zero and solving to find ¢, = a/(a — b). To find a and b, we use the
average temperature dependence of the thermal conductivity for the
completely glassy materials and the fully crystalline materials shown in
Fig. 7c and a, respectively. To find the coefficients, we use a least squares
minimisation following Kemmer and Keller (2010). We find that a =
0.0006 W-m~'-°C 2 and b = —0.00172 W-m~1-°C~2. In doing so, we find
¢. ~ 0.26, as shown in Fig. 9. To capture the variability in the collated
data (Fig. 7a and c), and therefore our crystallinity predictions, we also
provide estimations for the minimum and maximum values for ¢,, using
the minimum (a = 0.0002 W-m ™ '-°C"2 and b = —0.0036 W-m™'.°C"?)
and maximum (a = 0.0014 W-m~'->°C"2 and b = —0.0005 W-m™~-°C~?)
values for a and b from the collated dataset. Using these values, we find a
minimum and maximum value for ¢, of 0.05 and 0.74, respectively
(Fig. 9). We note that the range of predicted crystallinities for a
temperature-independent thermal conductivity is not dissimilar to es-
timates of the crystallinity of dome lava andesites. For example, the
crystallinities of andesites from Volcan de Colima (Mexico), Anak
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Fig. 6. Thermal conductivity as a function of temperature for the andesites
measured for this study (from Mt. Ruapehu, New Zealand) and an andesite
sample from Mt. Shasta (USA; data from Hofmeister, 2020).

Krakatau (Indonesia), and Bezymianny (Russia) were estimated to be
40, 50, and 70%, respectively (Lavallée et al., 2007).

Values of thermal conductivity for rocks at the predicted ¢, could be
provided using Eq. (1) as long as /I:g and /l’c are known and, because the
current model does not account for porosity, the rock has a porosity of
zero. The effect of porosity would be to lower the predicted thermal
conductivity, as highlighted in Fig. 4. Additionally, the reference con-
ductivity 1, plays a role and could be different for the dense rock

equivalent andesite groundmass and phenocrysts.

Based on the above reasoning, in order to explain the more-or-less
temperature-independent thermal conductivity (Figs. 4 and 5), our an-
desites should contain a mixture of amorphous glass and crystalline
materials. Indeed, our microstructural observations show that our an-
desites are characterised by phenocrysts hosted within a variably glassy
groundmass (Fig. 1). We therefore suggest that the thermal conductivity
of these andesites did not appreciably change up to a temperature of
120 °C because the decrease in the thermal conductivity of the crystal-
line materials, due to decreases in lattice thermal conductivity, was
offset by the increase in thermal conductivity of the amorphous glass.
The fact that we observe slight decreases in thermal conductivity as a
function of temperature for some of the low-porosity samples, the
samples that have more abundant microlites, also supports this hy-
pothesis, although we again note that the magnitude of these decreases
is close to the standard deviations of these measurements (Fig. 5).
Finally, we highlight that we only expect very few, if any, thermal
microcracks to form in our andesites at temperatures up to 120 °C. For
example, Heap et al. (2018) found that the physical properties of similar
andesite, from Volcan de Colima (Mexico), did not change following
exposure to 900 °C.

We highlight that our laboratory measurements were performed on
oven-dry samples at ambient pressure. Higher pressures and saturation
with water, corresponding to common conditions in volcanic hydro-
thermal and geothermal systems, would serve to increase the thermal
conductivity values provided herein (Walsh and Decker, 1966).
Although not possible in our current experimental setup, we note that
small increases in the thermal conductivity of our andesites as a function
of temperature may have been observed below the boiling point of water
if the samples had been water-saturated. This is because the thermal
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rocks. (a) Rocks for which thermal conductivity decreases as temperature in-
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et al. (2023).

conductivity of water increases slightly as a function of temperature,
from ~0.6 W-m 1.K! at room temperature to ~0.68 Wm LK 1ata
temperature of 100 °C (Shargawy, 2013). We also highlight that,
although our data show that the thermal conductivity of a suite of an-
desites is unchanged at temperatures up to 120 °C, we urge caution. The
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Table 3
Thermal conductivity of Hrafntinnuhryggur obsidian (HO) as a function of
temperature.

Sample Connected Temperature Thermal conductivity
number porosity “Q (W-m LK1

HO 0.00 20 1.34 + 0.013

HO 0.00 40 1.36 + 0.005

HO 0.00 60 1.38 + 0.005

HO 0.00 80 1.40 + 0.005

HO 0.00 100 1.42 + 0.012

HO 0.00 120 1.44 + 0.008

We also provide the average connected porosity of the two HO samples. The
thermal conductivity of each sample pair was measured four times and we report
the mean and standard deviation of the mean of these four measurements.
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Fig. 9. 04/0T (the derivative of 4 in Eq. (1) with respect to temperature) as a
function of crystal volume fraction, ¢.. The solid line uses the average values for
a and b from the collated dataset (i.e., Fig. 7c and a), and the dashed lines use
the minimum and maximum values for a and b from the collated dataset. Where
these lines cross the dA/dT = O line provides the estimate for ¢_. See text
for details.

thermal conductivity other andesites that contain less or more glass may
decrease or increase, respectively, as a function of temperature. We
suggest that more experimental studies are now required to assess the
evolution of thermal conductivity as a function of temperature in a wide
range of volcanic rocks with different crystallinities. Finally, based on
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the compiled data for volcanic rocks (Fig. 7), and our new data (Figs. 4
and 5), we highlight that the empirical temperature correction func-
tions, typically employed for granitic and sedimentary rocks (Norden
etal., 2020), are likely unsuitable for volcanic rocks. However, our study
provides the first steps towards a robust empirical relationship for vol-
canic rocks.

5. Conclusions

The thermal conductivity of granitic and sedimentary rocks de-
creases systematically as a function of increasing temperature (Desai
et al., 1974; Cermak and Rybach, 1982; Clauser and Huenges, 1995;
Vosteen and Schellschmidt, 2003; Norden et al., 2020; Clauser, 2021).
This is because these rocks typically contain minerals, such as quartz,
calcite, and dolomite, for which thermal conductivity decreases signif-
icantly as temperature is increased (Clauser and Huenges, 1995; Mer-
riman et al., 2018). Volcanic rocks, however, do not typically contain
these minerals, although some rhyolites can contain abundant quartz (e.
g., Toyoda et al., 1995; Shane et al., 2008; Graeter et al., 2015). Volcanic
rocks exist on a spectrum between completely glassy and completely
crystallised or devitrified and, because the thermal conductivity of
amorphous glass and crystalline materials increase and decrease,
respectively, as a function of temperature, the temperature dependence
of their thermal conductivity depends on where they lie on this spec-
trum. Therefore, (1) the thermal conductivity of volcanic rocks devoid of
glass (i.e. those completely crystallised or devitrified) decreases with
increasing temperature (Fig. 7a), (2) the thermal conductivity of
completely glassy volcanic rocks increases with increasing temperature
(Fig. 7¢), and (3) the thermal conductivity of volcanic rocks containing
mixtures of amorphous glass and crystalline materials remains more-or-
less constant with increasing temperature (Fig. 7b). The thermal con-
ductivity of the andesites measured herein, which contain phenocrysts
hosted within a variably glassy groundmass (Fig. 1), did not appreciably
change as a function of temperature (Figs. 4 and 5). This is because
decreases in thermal conductivity due to the presence of crystalline
materials was offset by increases due to the presence of amorphous glass.
A simple model, using the average temperature dependence of the
thermal conductivity of the collated data for glass and crystalline ma-
terial, provides a crystal content of 0.26 for a thermal conductivity in-
dependent of temperature, a common value for andesite. Our findings
imply that models designed to understand heat transfer in active vol-
canoes, igneous systems, geothermal reservoirs, and heat storage sys-
tems need not consider a temperature-dependent thermal conductivity
in partially glassy volcanic rocks, but that decreases and increases in
thermal conductivity as a function of temperature should be considered
for fully crystallised or devitrified volcanic rocks and completely glassy
volcanic rocks, respectively. We conclude that more experimental
studies are now required to assess the evolution of thermal conductivity
as a function of temperature in a wide range of volcanic rocks with
different crystallinities.
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