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Abstract

The thermal properties of airless planetary bodies like asteroids are essential to understand-
ing their thermal evolution. While remote sensing missions collect thermal data, this is
limited to surface properties. As such, little is known about internal heat flow. Thermal
models are used to predict thermal evolution, but the limited availability of thermal prop-
erty data constrains their accuracy. To improve these models, meteorites provide a way to
investigate thermal properties under controlled laboratory conditions, as they are preserved
fragments of planetary bodies. This study reports thermal conductivity measurements of me-
teorites between 5 and 300 K under vacuum (< 10~% mbar), acquired using a Cryogen-Free
Measurement System (CFMS) that was adapted for geological applications. Measurements
were first collected for single-crystal minerals and obsidian to refine sample preparation and
measurement, procedures. This included developing techniques for handling friable samples,
establishing thermal equilibration protocols, and implementing a data quality assessment
method based on empirical observations of instrument performance. Above 100 K, radiative
heat loss contributes to the measured thermal conductivity, resulting in values that exceed
the true conductive behaviour. A correction procedure was applied using low-temperature
model fits specific to each material. The single-crystal minerals exhibit anisotropic thermal
conductivity and show trends consistent with phonon-dominated transport, where thermal
conductivity is expected to increase as T at low temperatures, peak, and then decrease as
1/T at higher temperatures; however, this full behaviour was not always observed within
the measured range. In contrast, obsidian shows a plateau followed by a gradual increase in
thermal conductivity with temperature, consistent with the behaviour of amorphous solids.
Meteorites exhibit more complex behaviour. Despite being composed mainly of crystalline
materials, phonon transport is suppressed by porosity and grain boundaries, resulting in ther-
mal conductivity trends similar to disordered materials. These factors also drive anisotropy
due to structural heterogeneity. The results of this study agree well with literature values,
validating the use of the CFMS for geological analysis. The data collected in this study will

support improved modelling of heat flow in small planetary bodies.
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1 Introduction

1.1 Motivation

Understanding the thermal properties of airless planetary bodies, including the Moon and
asteroids, is essential for expanding our knowledge of the Solar System. In particular, the
thermal properties of asteroids are physical characteristics that have significantly influenced
their evolution. These thermophysical properties are defined primarily by thermal inertia
(I) (Equation 1.1) and thermal diffusivity (a) (Equation 1.2), both of which depend on a

body’s thermal conductivity (k), specific heat capacity (C'), and density (p).

I=,/pCk (1.1)
k

= — 1.2

a=_5 (1.2)

Thermal inertia is a property that describes how effectively a surface resists changes
in temperature as it heats or cools, whereas thermal diffusivity governs the rate at which
heat flows through the body itself. Thermal inertia helps predict surface conditions such
as roughness and grain size (Emery et al., 2014; MacLennan and Emery, 2022). It also
plays a critical role in orbital dynamics through its influence on the Yarkovsky and YORP
(Yarkovsky—-O’Keefe-Radzievskii-Paddack) effects, which describe how solar heating alters
an asteroid’s orbital energy and axial spin, respectively (Bottke et al., 2006; Delb6 et al.,
2007; Vokrouhlicky et al., 2015). Thermal diffusivity, on the other hand, controls the rate of
internal thermal evolution (McSween et al., 2002; Opeil et al., 2010; Sahijpal, 2022). As heat
diffuses through an asteroid’s interior, secondary alteration processes (aqueous alteration and
thermal metamorphism) can occur, progressively modifying the body’s composition (Keil,
2000). The extent of these changes depends on the thermal diffusivity and the nature of the

asteroid’s primitive material.



Sample return missions, such as OSIRIS-REx (Origins, Spectral Interpretation, Resource
Identification, and Security — Regolith Explorer) and Hayabusa2, are essential for providing
surface thermal data, particularly thermal inertia (Arai et al., 2017; Okada et al., 2017;
DellaGiustina et al., 2019; Rozitis et al., 2020; Rozitis et al., 2022). However, insight into the
internal heat flow and the thermal evolution of asteroids relies heavily on thermal models,
which in turn depend on assumed values for thermal diffusivity (McSween et al., 2002;
Ganguly et al., 2016; Schwinger et al., 2016; Gail and Trieloff, 2018; Sahijpal, 2021). To
improve these models and gain a deeper understanding of heat transfer within airless bodies,
direct measurements of thermal conductivity, specific heat capacity, and density are needed.

Meteorites offer a unique opportunity to study the thermal properties of planetary ma-
terials. As fragments of parent bodies ejected by impact events and delivered to Earth, they
provide direct physical samples that can be studied in detail. Among their measurable ther-
mal properties, thermal conductivity remains the least studied. Obtaining direct thermal
conductivity measurements is essential for understanding how meteorite parent bodies store
and conduct heat over time. This study aims to provide thermal conductivity data that
modellers can use to improve the accuracy of thermal evolution models, which often rely
on the thermal conductivity of individual meteoritic minerals, analogue materials, or calcu-
lated values based on compositional or structural assumptions (e.g., Cohen and Coker, 2000;
Schubert et al., 2007; Prialnik and Merk, 2008; Guilbert-Lepoutre et al., 2011; Henke et al.,
2012; Henke et al., 2016; Gail and Trieloff, 2019). These approaches typically overestimate
thermal conductivity relative to actual meteorites (Opeil et al., 2012) and often assume zero
porosity or a constant thermal conductivity that does not vary with temperature. As a
result, such models tend to overestimate thermal diffusivity and, consequently, the rate of
thermal evolution. Direct measurements from meteorites, therefore, provide essential data

for accurately representing planetary materials in thermal models.



1.2 Objectives and Overview

The Planetary Instrumentation Laboratory (PIL) at York University is equipped with a
Cryogen-Free Measurement System (CFMS), designed by Cryogenic Ltd, capable of measur-
ing the physical properties of samples between 5 K and 300 K under vacuum (<10 mbar).
Since asteroid surface temperatures can drop as low as 50 K (Delb6 and Harris, 2002), the
CFMS is well-suited for thermal conductivity experiments on planetary materials. Although
these systems are primarily used to analyze industrial materials such as metals, ceramics,
and electronics, extending their use to geological samples, particularly meteorites, represents
a novel extension of the system’s capabilities.

The central objective of this PhD research is to develop a reliable and reproducible
method for measuring the thermal conductivity of meteorites using the CFMS. This work
builds on previous studies of Opeil et al. (2010; 2012; 2020), who were the first to di-
rectly measure meteorite thermal conductivity below 300 K under vacuum conditions. Their
measurements were conducted using a Quantum Design Physical Property Measurement
System, which operates similarly to the CFMS but employs a different technique: a heat-
pulse method, where brief pulses of heat are applied to a sample until a target temperature
difference is achieved. In contrast, the CFMS uses a steady-state method, where heat is
continuously applied to the sample to maintain a stable temperature gradient across it. Be-
cause both systems operate under comparable conditions (<300 K, vacuum), results from
this study can be directly compared to those of Opeil et al. to validate both the method
and results. The data in this PhD study represent the first thermal property measurements
reported by the PIL, obtained using the CFMS.

Because meteorite samples are limited and highly valuable, initial experiments with the
CFMS were conducted on terrestrial geological samples, specifically single-crystal minerals.
These samples are ideal for evaluating instrument performance and refining the measure-

ment methodology, due to their well-known properties. Notably, thermal conductivity is an



anisotropic property that can be measured directly. It changes depending on the direction of
heat flow relative to the crystallographic axes, making these minerals well-suited for method
development and refinement.

This research also examines how porosity and density influence the thermal conductivity
of meteorites. Previous work by Opeil et al. (2012) demonstrated a strong inverse relation-
ship between thermal conductivity and porosity, while Szurgot (2011a) and Szurgot (2011b)
reported a direct correlation with bulk density. Measuring these properties is therefore a vital
component of this study. In particular, porosity data offer insight into how microstructural
features limit heat transport in stony meteorites. When combined with thermal conductiv-
ity measurements, they enable more accurate estimates of parent body thermal diffusivity.
Ultimately, this study contributes critical thermophysical data that can be used to improve
thermal evolution models of small planetary bodies.

The following summary outlines how this dissertation is structured to achieve the objec-

tives of this PhD research.

o Chapter 1 presents background information on thermal conductivity investigations of

both terrestrial materials (rocks and minerals) and meteorites.

o Chapter 2 discusses the principles of heat transfer and provides the theoretical back-
ground necessary to understand thermal transport in solids. This includes an overview
of the three primary heat transfer processes—conduction, convection, and radiation—
as well as the fundamentals of kinetic theory and its relation to thermal conductivity.
The chapter also examines thermal energy carriers in crystalline solids and describes

heat transfer behaviour in insulators and amorphous materials.

o Chapter 3 introduces the Cryogen-Free Measurement System (CFMS), which is used
to measure the thermal conductivity of geological samples. It outlines the key mea-
surement configurations required for these samples and describes the data analysis

methods, including the approach used to correct for thermal radiation effects. The



chapter also presents results from a copper reference sample to validate both the in-

strument’s performance and the analysis procedures.

o Chapter 4 describes the samples used in this study, including single-crystal minerals,
obsidian (volcanic glass), and meteorites. It also details the sample selection process

and preparation procedures.

o Chapters 5 and 6 present the thermal conductivity results obtained in this study.
Chapter 5 focuses on single-crystal minerals and the obsidian sample, while Chapter 6

presents results for meteorites, including density and porosity data.

o Chapter 7 investigates the emissivity of geological samples and details a method for
estimating average emissivity. This work supports the correction of radiative heat loss

in thermal conductivity measurements.

o Chapter 8 summarizes the findings of this research and outlines directions for future

work.

1.3 Thermal Conductivity Investigations

1.3.1 Terrestrial Materials

The thermal conductivity (k) of terrestrial geological materials, including rocks and minerals,
has been studied since the early 1900s. The first detailed investigation was published by
Eucken in 1911. Later, Birch and Clark (1940a, 1940b) conducted an extensive two-part
study measuring the thermal conductivity of rocks and minerals between 0°C and 400°C.
Several well-cited studies on the thermal properties of rocks and minerals were published
between the late 1960s and 1990s (Clark, 1966; Horai and Simmons, 1969; Horai, 1971;
Dreyer, 1974; Cermak and Rybach, 1982; Diment and Pratt, 1988; Robertson, 1988; Clauser
and Huenges, 1995). To date, most thermal conductivity investigations have focused on

measurements under atmospheric and mantle conditions (7' > 300K; P > latm) (Walsh



and Decker, 1966; Beck et al., 1978; Manga and Jeanloz, 1997; Vosteen and Schellschmidt,
2003; Hofmeister et al., 2007; Goncharov et al., 2009; Xiong et al., 2021), heat flow through
sedimentary basins (Blackwell and Steele, 1989; Vasseur et al., 1995; Gallagher et al., 1997;
Labus and Labus, 2018; Tang et al., 2021), or engineering applications such as building
materials and geothermal systems (Sibbitt et al., 1978; Yasar and Erdogan, 2008; Di Sipio
et al., 2013; Stylianou et al., 2016; Huang et al., 2021).

Low-temperature thermal conductivity measurements (below 300 K) on terrestrial sam-
ples are rare, with only a few studies available (de Haas and Biermasz, 1935; Popov et al.,
2013; Zuniga-Puelles et al., 2019; Halbert and Parnell, 2022). The lack of data is not surpris-
ing. First, cryogenic temperatures (< 120 K) do not occur naturally on Earth, which limits
the relevance of such measurements for terrestrial heat flow studies. Second, thermal con-
ductivity is challenging to measure in geological materials because heat transfer is sensitive
to their physical and chemical properties.

The physical properties of minerals, which are the primary constituents of rocks, are
governed by their crystallographic structure and symmetry (Wenk and Bulakh, 2016). The
crystallographic axes determine whether a mineral is isotropic (i.e., with uniform properties
in all directions) or anisotropic (i.e., with properties that vary by direction). Many minerals
are anisotropic, meaning their thermal conductivity depends on the direction of heat flow
relative to their crystallographic axes. Mineral composition also plays an important role, as
thermal conductivity depends on which atoms are present, how they are bonded, and how
they interact with lattice vibrations, known as phonons (Horai and Simmons, 1969; Spitzer,
1970; Sharma and Bahadur, 1975; Duda et al., 2011; Giri et al., 2018).

Many physical and chemical factors influence the thermal conductivity of rocks, includ-
ing porosity, density, mineral distribution, grain size, water content, degree of alteration,
and temperature and pressure (Cermék and Rybach, 1982; Robertson, 1988; Clauser and
Huenges, 1995; Midttomme and Roaldset, 1998; Opeil et al., 2012). Among these, porosity

plays a significant role, as it typically reduces thermal conductivity because pore spaces act



as barriers to heat flow (Robertson and Peck, 1974; Robertson, 1988; Clauser and Huenges,
1995; Smith et al., 2013). Since thermal conductivity is sensitive to different factors, it
can vary considerably even among samples of the same rock type, making it a complicated

property to characterize in geological materials.

1.3.2 Meteorites

As mentioned above, thermal conductivity, specific heat capacity, and density are the three
essential properties that define a planetary body’s thermal inertia (Equation 1.1) and thermal
diffusivity (Equation 1.2). Although this dissertation focuses on thermal conductivity, this
section outlines the major studies that have contributed to our understanding of these three
physical properties in meteorites.

The first reported values of thermal conductivity for stony meteorites were presented
by Matsui and Osako (1979) and Yomogida and Matsui (1983), who derived results for
25 samples using measurements of thermal diffusivity, specific heat capacity, and density.
During the Apollo era, similar methods were applied to lunar rocks, with several studies
reporting thermal diffusivity values that allowed thermal conductivity to be inferred (Horai
and Fujii, 1972; Fujii and Osako, 1973; Mizutani and Osako, 1974; Horai and Winkler,
1975). Butler and Jenkins (1963) extended this approach to an iron meteorite, measuring
both thermal diffusivity and specific heat capacity over a wide temperature range (-150°C
to 300°C) to determine conductivity. More recently, the same strategy has continued to be
used in meteorite studies, particularly by Szurgot and collaborators (Szurgot et al., 2008;
Szurgot, 2011b; Szurgot et al., 2012; Szurgot et al., 2014; Szurgot, 2021; Altunayar-Unsalan
et al., 2025).

To date, only a few studies have directly measured the thermal conductivity of meteorites
at low temperatures (5 to 300 K), namely Opeil et al. (2010), Opeil et al. (2012), Opeil et
al. (2020), Noyes et al. (2022), and Macke et al. (2024). Collectively, these studies report

thermal conductivity data for 32 meteorites. Their findings suggest that thermal conductivity



is strongly influenced by sample porosity, as well as by impurities and defects within the
mineral grains themselves. Soini et al. (2020) compiled a thermal conductivity database for
38 meteorites; however, all of these measurements were conducted at room temperature.
Beech et al. (2009) reported high-temperature measurements (300 to 800 K) for the Gao-
Guenie meteorite, motivated by interest in ablation behaviour, asteroid interior modelling,
and orbital evolution (YORP).

Specific heat capacity measurements have been conducted by a number of researchers,
most commonly using differential scanning calorimetry to analyze meteorites (Beech et al.,
2009; Szurgot et al., 2008; Szurgot et al., 2012; Wach et al., 2013; Wach et al., 2014;
Altunayar-Unsalan et al., 2021; Piqueux et al., 2021; Altunayar-Unsalan et al., 2025). The
most comprehensive low-temperature data (5 to 300 K) have been obtained by Opeil et al.
(2012), Opeil et al. (2020), Noyes et al. (2022), and Macke et al. (2024) using a Quantum
Design Physical Property Measurement System. Additionally, Consolmagno et al. (2013)
introduced a cost-effective method for measuring specific heat capacity between 77 K and
300 K using liquid nitrogen, which was later applied by Macke et al. (2019) to analyze 60
meteorites.

Density and porosity have been extensively measured across a wide range of meteorite
types. Consolmagno and Britt (1998) developed a non-destructive method to determine
these properties using the Archimedean glass bead technique. This approach was applied in
subsequent studies by Britt and Consolmagno (2003) and Consolmagno et al. (2008). The
most comprehensive compilation of meteorite density and porosity data was presented by
Macke (2010), who used a gas pycnometer to measure grain density and the Archimedean
glass bead method to determine bulk density and porosity. Macke’s work has since been
expanded through additional density and porosity measurements of meteorites (Macke et
al., 2010; Macke et al., 2011a; Macke et al., 2011b; Macke et al., 2016).

In this PhD study, five meteorite samples were analyzed: two samples of Buzzard Coulee

(H4 chondrite), Holbrook (L/LL6 chondrite), Allende (CV3 chondrite), and North Chile



(iron meteorite). The classification of these meteorites is explained in Chapter 4. Table 1
summarizes the thermal conductivity and specific heat capacity values at 200 K, along with
the corresponding density and porosity data for each meteorite group. The average values
for H chondrites are used to represent Buzzard Coulee. Due to the limited available data for
CV chondrites, Allende is representative of this group. Holbrook is classified as an L/LL6
chondrite, indicating it contains fragments of both L and LL chondrites; therefore, the values
listed in the table are averages of the L and LL chondrite groups. Similarly, the iron meteorite
values represent an average of iron meteorites. Thermal inertia and thermal diffusivity values

in the table are calculated from the thermal and physical properties provided.



Table 1: Physical and thermal properties of selected meteorite types at 200 K.

0T

Meteorite Type Thermal Specific Bulk Porosity Thermal Thermal
Conductivity Heat Density Inertia Diffusivity

(W/m - K) (J/kg - K) (kg/m?) (%) (J m™® K s1/2) (mm?/s)

H Chondrite 2.1+1.1 504 +27 3350+ 190 7+4.9 1883 +£499 1.24+0.66
L & LL Chondrites 1.7+1.3 50640 3250+ 100 6.7+3.6 1672 £ 640 1.03£0.79
Allende (CV3) 1.440.1 501 +21 2860 440 21.93+1.06 1416 + 60 0.98+£0.08
Iron 28+4 38845 70804170 0.84£7.42 8770 £ 638 10.19+£1.48

- H chondrite averages from Ostrowski and Bryson (2019).

- L and LL chondrite averages based on data compiled by Ostrowski and Bryson (2019).
- Allende thermal conductivity and specific heat capacity from Szurgot (2011b); density and porosity averages from Macke (2010).

- Iron meteorite thermal conductivity and specific heat capacity from Noyes et al. (2022). Density from Ostrowski and Bryson (2019);
porosity calculated using the average bulk and grain densities reported therein.



2 Principles of Heat Transfer

2.1 Heat Transfer Processes

The principles of heat transfer are defined by three processes: conduction, convection, and
radiation. Conduction is the primary heat transfer method in this study, although convection
and radiation are addressed in the thermal conductivity measurement process, described in
Chapter 3 (Sections 3.1.3 and 3.3.3). A detailed description of each heat transfer process is

provided below.

2.1.1 Conduction

Conduction occurs when heat is transferred through a solid object to a cooler area, usually
when the heat comes into direct physical contact with the object. Thermal conduction is
typically discussed in terms of heat flux, which is the flow of thermal energy per unit area,
¢" (W m™), expressed as:

¢ = (2.1)

where @ is the heat transfer rate (W) and A is the area of the heated surface (m?).
The heat flux, which describes how heat travels from a hot region to a cold region through

a solid, is governed by Fourier’s Law:
¢ = —kVT (2.2)

where k is the material’s thermal conductivity (W m™* K1) and V7' (K m™!) is the tem-
perature gradient in three dimensions. Equation 2.2 represents the differential form. For

one-dimensional heat flow, it simplifies to:

"= _fp— 2.3
q ° (2.3)
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In Fourier’s law, the temperature gradient points in the opposite direction to the heat
flux. As a result, the gradient is negative when heat flows from a hot area to a cold one.
To comply with the second law of thermodynamics, which states that heat always transfers
from a hot region to a cold region, Fourier’s law incorporates a negative sign to ensure the
heat flux remains positive.

The one-dimensional case pertains to the thermal conductivity measurements in this
research, which are conducted under steady-state conditions. In steady-state heat transfer,
each end of a sample is maintained at a constant temperature across a finite length. In
this setup, the temperature gradient d7T'/dx is approximated by AT /L, where AT is the
temperature difference between two points and L is the distance between them. The smaller
this distance, the closer the approximation comes to representing the actual temperature
gradient at a specific location, as AT/L approaches the true value of dT'/dz in the limit as
L—0.

With steady-state conduction, the temperature difference is typically defined as AT =

Thot — Trorq so that AT is positive. As a result, Equation 2.4 becomes:

AT

The thermal conductivity of a material can then be calculated from the heat flux and

temperature gradient by rearranging Equation 2.4:

L
k= q”—AT (2.5)
ubstituting ¢" = ' gives:
Sub "=Q/A
Q L
K= AAT (26)

This equation defines thermal conductivity as the rate of heat flow per unit area across a

constant temperature gradient maintained over a known length. Thermal conductivity is an
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intrinsic property that indicates how effectively heat transfers through a material. It does
not depend on the dimensions of the material (i.e., the thermal conductivity of a gold block
is the same as that of a gold nugget).

Thermal conductance, denoted as G, is the property that defines how much heat flows
through a material, taking into account both thermal conductivity and the material’s ge-
ometry, including area and length. It represents the rate of heat flow, which can also be
expressed as power (Q = P), in relation to a temperature difference. Equation 2.4 can then
be expanded to

P kA

The inverse of thermal conductance is thermal resistivity, R, which quantifies how much

a material resists heat flow:

R=_" (2.8)

Increasing the length over which heat must transfer leads to greater thermal resistance.
Thermal conductivity and thermal conductance provide a comprehensive description of
heat transfer through a material and its geometry. Both properties are essential to the

analysis conducted in this project.

2.1.2 Convection

Convection is the process through which heat is transferred in a liquid or gas by the movement
of the fluid, circulating heat from warmer to cooler regions. When heat flows from a solid

object into a fluid, the rate of heat transfer by convection is defined by:

Q= -5 = hAAT (2.9)

where:

o () is the heat transfer rate (Watts, W),
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o () is the total amount of heat transferred (Joules, J),

o At is the time over which the heat is transferred (seconds, s),
o h is the heat transfer coefficient (W m2 K1),

« A is the area of the heated surface (m?),

o AT =T,id — Thuiq is the temperature difference between the solid surface and the

surrounding fluid (kelvin, K).

The heat transfer coefficient can also be related to the heat flux, ¢’ (W m™), by:
h=-—— (2.10)
where the heat flux, previously defined in Equation 2.1, is the heat transfer rate per unit

area:

"__

[ O

2.1.3 Radiation

Radiation occurs when materials emit infrared electromagnetic waves as a result of their
internal thermal energy. Thermal energy refers to the random motion of atoms and molecules
within a material, and this motion can lead to the emission of radiation through the formation
of oscillating dipoles. All surfaces emit and absorb radiation based on their temperature,
and when a temperature difference exists between two surfaces, heat is transferred from
the hotter surface to the cooler one. Unlike conduction and convection, radiation does not
require a surrounding medium and can occur in a vacuum.

The rate of radiative heat transfer between two surfaces, expressed as power P (recall

that P = @), is defined by the Stefan-Boltzmann law:

P =oeA(Tiky — Troia) (2.11)
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where:
P is the net radiative heat transfer rate (W),
« o is the Stefan-Boltzmann constant, 5.670 x 1078 Wm 2 K4,
e ¢ is the emissivity of the hot surface (unitless),

o A is the surface area of the hot surface (m?),

Thot and Teolq are the temperatures (K) of the hot and cold surfaces, respectively.

Emissivity is an essential component of Equation 2.11, as it defines how effectively an
object radiates thermal radiation compared to a perfect blackbody (¢ =1). An object with an
emissivity of 0 is considered an ideal reflector (i.e., it does not absorb or emit any radiation).

The amount of radiation emitted per unit area is the emissive power, £ (W m'2), defined

as:

E = 1 (2.12)

where P is the total power emitted (W) and A is the surface area (m?). For a perfect

blackbody, the emissive power is given by:

E=o0T! (2.13)

where T is the absolute temperature of the surface in kelvin (K).
Radiation is an important concept to consider when conducting thermal conductivity
measurements, as radiative heat loss can affect measurements at higher temperatures. This

effect is discussed in detail in Chapter 3.
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2.2 Thermal Conductivity

2.2.1 Kinetic Theory

Equations 2.6 and 2.7 describe how thermal conductivity can be determined if thermal
conductance is known. As discussed above, thermal conductivity is an intrinsic property of
a material, whereas thermal conductance depends on the geometry of the sample. However,
these equations do not address how thermal conductivity varies with temperature. This
relationship is explored here using concepts from kinetic theory.

Fourier’s law relates heat flux to thermal conductivity across a temperature gradient
(Equation 2.4). This law implies that thermal energy transfer occurs through the random
motion of particles. According to Kittel (2005), if thermal energy were not randomized (i.e.,
energy travelled straight from hot to cold), then the heat flux would depend solely on the
temperature difference AT, rather than the gradient d7'/dz.

The thermal conductivity of a crystalline solid can be determined using a kinetic theory

model that relates energy transport to the motion and collisions of energy carriers:
1
k= §C’U€ (2.14)

where:

o C is the heat capacity per unit volume of the energy carriers (J m=3 K1),
o v is the average velocity of the energy carriers (m s~!), and

o ( is the mean free path (m) — the average distance an energy carrier travels before

scattering.

This equation is based on the kinetic model for heat transfer in gases (Kittel, 2005; White,
2018). The concept behind Equation 2.14 is outlined in Kittel (2005) and summarized here,

supplemented with lecture material (Colorado School of Mines, 2014; Ozatay, 2021).
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Understanding Equation 2.14 involves expressing heat flux (W/m?) as the product of the
particle flux, ¢ (particle - m~2- s71), and the energy transported by a single energy carrier,
E (J):

" = oF (2.15)

The particle flux in the z-direction, ¢,, refers to the number of energy carriers crossing a unit
area per unit time along the direction of heat flow (Equation 2.16). In a one-dimensional
system, this is typically the same direction as the applied temperature gradient.

N  nV  n(AzA)
AN T AN T AAr M) (2.16)

¢a7:

where:

e N is the number of energy carriers (unitless)
e n is the number of energy carriers per unit volume (m3)

o V is the volume (m?)

Az is the distance travelled by the energy carriers in the x-direction (m)
o At is the travel time (s)
o A is the cross-sectional area (m?)

o (vy) is the average energy carrier velocity (m/s)

The energy transported by each energy carrier can be approximated as:

E =cAT (2.17)

where c is the heat capacity per carrier (J - K! - carrier!), and AT represents the temper-

ature difference in kelvin (K) across the mean free path as the carrier moves from a hotter
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region (e.g., T+ AT) to a cooler one (e.g., T'). Substituting the equations for ¢, and F into
the heat flux equation gives:

q" = —n(vy)cAT (2.18)

The negative sign reflects that heat flows from hot to cold—that is, in the direction of
decreasing temperature. This is consistent with Fourier’s law, which defines the heat flux as
being proportional to the negative temperature gradient.

The temperature difference, with respect to the mean free path ¢, can be expressed as:

dT
AT = —/ 2.19
- (2.19)
Where the heat flux then becomes:
dT
q" = —n(vm>c£€ (2.20)

The average particle velocity in the x-direction (v,) can be expressed in terms of the

mean free path and the average time between collisions (7):
(vg) = f = 0= (vg)T (2.21)
Substituting this into the previous equation:
q" = —nwier— (2.22)

In kinetic theory, particle motion is randomized between collisions due to thermal energy.

As a result, the total velocity is distributed in all directions:

(V%) = (u) + (vy) + (v3) (2.23)
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However, it is assumed that the velocities are the same in all directions, such that:

() = (vy) = (v2) (2.24)

Therefore,

() =3(v3) = (vF) = 2 (o) (2.25)

Recognizing that nc = C, the heat capacity per volume, and ¢ = (v)7, and assuming that

v remains constant for thermal particles, the heat flux in one dimension becomes:

L1 dT
— —ouw 2.2
q SCU T (2.26)

which leads back to Equation 2.14:
1
k' = gCUﬁ

This expression shows that thermal conductivity depends on a material’s heat capacity,
the velocity of energy carriers, and their mean free path. While v is often assumed to be
constant—as in the Debye model (Kittel, 2005)—both the heat capacity and mean free
path vary with temperature, making thermal conductivity strongly temperature-dependent.
However, temperature is not the only factor: Figure 2.1 illustrates how thermal conductivity
also varies significantly between materials, due to differences in composition, purity, and

material structure. These trends are explored in the following sections.
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Figure 2.1: Thermal conductivity of different materials as a function of temperature. Figure
from Ekin (2006).

2.2.2 Energy Carriers

Two primary particles carry energy through solids: electrons and phonons. Phonons are
quasiparticles that are quanta of lattice vibrations. They are considered analogous to pho-
tons, which are the quanta of electromagnetic radiation.

In insulators such as rocks and minerals, phonons are the dominant carriers of energy.
In contrast, the thermal conductivity of metals and semiconductors is controlled by both

electrons and phonons, such that the total thermal conductivity is the sum of the electron
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(electronic) thermal conductivity (k.) and phonon (lattice) thermal conductivity (kp):
k=ke+kp (2.27)

For pure metals, the flow of electrons greatly exceeds the flow of phonons, resulting in thermal
conductivity that’s almost entirely determined by the electronic contribution (Uher, 2006).

The electronic thermal conductivity is described by the Wiedemann-Franz law:

ke=ocLT (2.28)
where

o o is the electrical conductivity (S m™), which is the inverse of electrical resistivity:

—1(0.
o= (Q-m)
o L is the Lorenz number, 2.4453 x 1078 WQK 2
o T is temperature (K)

The derivation of Equation 2.28 is provided in Yang (2006) and Uher (2006). In pure
metals, the Wiedemann-Franz law states that electronic thermal conductivity at a given
temperature is directly proportional to electrical conductivity. However, thermal conductiv-
ity becomes more complex in impure metals and semiconductors, where both electrons and
phonons transfer energy. In this case, the Lorenz number L often deviates from its theoreti-
cal value (Nolas and Goldsmid, 2006; Uher, 2006), and the total thermal conductivity must
be separated into its electronic and lattice components to evaluate each contribution (e.g.,

Nolas and Goldsmid (2006) and Tritt and Weston (2006)).

2.2.3 Crystalline Insulators

Thermal conductivity in crystalline insulators is governed by phonon scattering, which pri-

marily occurs through phonon-phonon scattering, phonon-boundary scattering, and phonon-
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defect (or impurity) scattering (Figure 2.2). Scattering of phonons introduces thermal resis-

tance to heat flow.

Phonon-phonon Phonon-boundary Phonon-defect
scattering scattering scattering
® \

Figure 2.2: The three primary phonon scattering mechanisms in insulating crystalline solids.
Image adapted from Hooshmand Zaferani et al. (2019) and Qian et al. (2021).

The number of thermally excited phonons in the crystal lattice determines the phonon
mean free path. At high temperatures (e.g., 300 K), many phonons become excited, leading
to frequent phonon-phonon collisions and a short mean free path. As the temperature
decreases, the number of excited phonons reduces, resulting in fewer collisions and longer
mean free paths. In crystalline solids, there are two types of phonon-phonon scattering:
normal and Umklapp. Both processes involve interactions among three phonons and are

described in terms of phonon momentum, known as wave vectors (k):
ki+ko=ks+G (2.29)

Here, G is the reciprocal lattice vector that ensures momentum is conserved during phonon-
phonon collisions. In a crystal, phonons are described in terms of reciprocal space, which
defines how wave vectors behave in the repeating crystal lattice. The primitive unit cell
of reciprocal space is known as the first Brillouin zone. This zone defines how phonon
momentum behaves and is conserved throughout the crystal.

If G= 0, phonon collisions are considered normal processes, and the phonon momentum

is entirely conserved within the Brillouin zone. Umklapp processes occur when G #0, and
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the resulting wave vector from the phonon collision extends outside the Brillouin zone. The
reciprocal lattice vector G shifts the wave vector back into the zone, reversing its direction
relative to the phonon flow, ensuring momentum is conserved. This reversal reduces the
net phonon momentum in the direction of heat flow, creating thermal resistance within the
crystal (Murashov and White, 2006; White, 2018). Both of these scenarios are illustrated in

Figure 2.3.

= \ — —
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Figure 2.3: Phonon- phonon Scattermg processes. (a) Normal process, k1 + ko = ks (b) Umk-
lapp process, ki +ky = kg +G where G is the reciprocal lattice vector. The gray square is
the first Brillouin zone. Image is re-created after Kittel (2005). Note that in Kittel (2005),
G is pointed towards the reciprocal vector (red line), but here it is in the opposite direction
to emphasize that 123 = /Zl + /22 -G.

Umklapp processes govern the behaviour of thermal conductivity at high temperatures.
Normal processes do not directly contribute to thermal resistance, but they are essential for
maintaining thermal equilibrium among phonons (Yang, 2006).

As temperature decreases, the number of thermally excited phonons drops, allowing
phonons to travel longer distances before scattering. This increase in phonon mean free path
leads to a k ~ 1/T dependence at high temperatures, where Umklapp processes dominate.
At low temperatures, however, phonon scattering is primarily limited by finite-size effects,
such as grain boundaries and crystal surfaces, and by defects or impurities within the crystal

lattice. These include point defects (e.g., vacancies, atomic substitutions, isotopic variations)
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and line defects such as dislocations (Enss and Hunklinger, 2005; Murashov and White,
2006; Kim, 2015; Hooshmand Zaferani et al., 2019; Shin et al., 2020). These boundaries
and imperfections place an upper limit on the phonon mean free path, causing ¢ to remain
constant at low temperatures (Figure 2.4). Without these phonon scattering mechanisms,

thermal conductivity would infinitely increase as T" approaches 0.
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Figure 2.4: Schematic plot illustrating phonon mean free path as a function of temperature.
At high temperatures,; the mean free path follows a 1/T trend due to phonon-phonon scat-
tering. At lower temperatures, it becomes independent of temperature, as it is limited by
boundaries and defects in the crystal. Figure adapted from Tec-Science (2020).

At low temperatures, thermal conductivity follows a T trend governed by the volumet-
ric heat capacity C' of the material. According to the Debye model, which describes the
vibrational behaviour of atoms in a crystal lattice, heat capacity itself scales with tempera-
ture as C' o< 7% at low temperatures. As temperature increases, the heat capacity gradually
approaches the Debye temperature ©4, which corresponds to the highest phonon frequency
that can be thermally excited. For nonmetallic materials at T >> ©,, the heat capacity
approaches a constant value of C'=3R (Figure 2.5), as described by the Dulong-Petit law
(Fitzgerel and Verhoek, 1960). Here, R is the ideal gas constant (8.314 J K™! mol!).

Both phonon-defect and phonon-boundary scattering influence the temperature at which

thermal conductivity reaches its peak. The low-temperature 7° region of thermal conduc-
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Figure 2.5: Schematic plot showing heat capacity as a function of temperature. At low
temperatures, the heat capacity follows a T trend. As the temperature increases and
approaches the Debye temperature (64), the heat capacity begins to level off and eventually
approaches the limiting value of C'=3R. Figure adapted from Tec-Science (2020).

tivity is primarily dominated by phonon-boundary scattering. This relationship was first
described by Casimir (1938), who demonstrated that phonon scattering is limited by the
physical size of a crystal, leading to a constant mean free path that is approximately equal
to the sample diameter (¢~ D). Crystals with smaller diameters exhibit a lower mean
free path limit, whereas larger samples allow phonons to travel further before colliding with
the surface boundary. As the temperature increases, defect scattering becomes more pro-
nounced, causing thermal conductivity to deviate from the 73 trend (Al-Edani and Dubey,
1978). The fewer impurities present in a crystal, the fewer defects it contains, resulting in
a longer mean free path between colliding phonons. Consequently, the size and purity of
a crystal determine the magnitude and temperature of its thermal conductivity maximum
(Figure 2.6).

When the temperature dependence of both phonon mean free path and heat capacity
are combined, they produce the characteristic shape of thermal conductivity as a function

of temperature for crystalline solids, as shown in Figure 2.7.
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Figure 2.6: Schematic plot showing how crystal diameter (D) and impurities or defects limit
the phonon mean free path as a function of temperature. Figure adapted from Tec-Science
(2020).
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Figure 2.7: Schematic plot showing thermal conductivity (red curve) as a function of tem-
perature. The shape of the thermal conductivity curve is governed by the heat capacity
at low temperatures and the mean free path at high temperatures. Figure adapted from
Tec-Science (2020).
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2.2.4 Amorphous Solids

Thermal energy transfer through amorphous solids (e.g., glass, plastic, rubber, vitreous
silica) is much less understood than in crystalline materials. It is a highly complex topic
that warrants a more thorough investigation than what is presented here. A summary is
provided here, as thermal conductivity measurements were completed on a sample of obsidian
(volcanic glass).

Unlike crystalline solids, which have a structured, repeating atomic lattice, amorphous
solids are characterized by a random, disordered atomic arrangement that lacks long-range
periodicity (Figure 2.8). This means that there is no repeating pattern throughout the
material’s atomic structure. As a result, amorphous materials exhibit different thermal

conductivity trends than crystalline materials, typically with lower values that increase slowly

with temperature (Figure 2.9).
0000 O QQ O

0000 O 080
0000 O

Crystalline Solid Amorphous Solid

Figure 2.8: Atomic structure of crystalline vs. amorphous solids.

Due to the absence of periodicity, energy is transferred differently in amorphous solids
compared to crystalline materials. This difference in behaviour is due to two vibrational
modes referred to as propagons and diffusons (Allen et al., 1999). The following definitions
are summarized from Moon and Minnich (2016) and Zhou et al. (2020).

Propagons are delocalized, wave-like modes with wavelengths longer than the interatomic
spacing. They are analogous to phonons and dominate thermal transport at low tempera-

tures.
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Figure 2.9: Thermal conductivity of crystalline quartz and silica glass. Image adapted from
Courtens et al. (2007).

Diffusons are also delocalized but do not behave like waves. Instead, they diffuse ther-
mal energy through a random-walk process within the atomic structure. The random-walk
concept was first introduced by Einstein and later refined by Cahill and Pohl (1988, 1989).
It describes how vibrational energy is transferred through the nearest-neighbour coupling of
atoms, allowing energy to diffuse through the atomic structure.

Allen et al. (1999) also defined a third type of vibrational mode known as locons, which
occur at high frequencies and are spatially localized modes. Because of their localization,
these modes do not directly contribute to energy transfer; however, at temperatures above
400 K, they are known to interact with diffusons and influence thermal conductivity (Lv and

Henry, 2016).
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In amorphous solids, the temperature dependence of thermal conductivity is divided into

three regions:

() T<1K

(2) I0K < T <30 K
(3) T>30K

At temperatures below 1 K, thermal conductivity follows a T2 trend. This behaviour
is attributed to a type of defect scattering where low-frequency vibrations interact with
atomic two-level systems (TLS) (Anderson et al., 1972; Phillips, 1972). Two-level systems,
as described by Cahill and Pohl (1988) and Yu and Carruzzo (2022), consist of atoms or
small groups of atoms located in adjacent positions in the atomic structure where the local
energy is minimized. These atoms tunnel back and forth between the sites and interact with
low-energy vibrational modes, such as phonons (Anderson et al., 1972; Phillips, 1972) or
propagons (Allen et al., 1999).

The equation for thermal conductivity, k = %Cvﬁ (Equation 2.14), applies in this low-
temperature region. Here, the mean free path follows ¢ ~ 71 due to phonon-TLS scattering,
while the heat capacity of amorphous solids at these temperatures follows C' ~ T trend.
Together, these relationships produce the observed k ~ T? behaviour (Cahill and Pohl, 1988;
Yu and Carruzzo, 2022).

Between 10 and 30 K, the thermal conductivity plateaus and becomes nearly independent
of temperature. The nature of this plateau is not fully understood. It was first noted by Birch
and Clark (1940a) and Kittel (1949) that the mean free path of phonons above the plateau
becomes comparable to the interatomic spacing. Later, Allen et al. (1999) associated the
plateau with the transition zone between propagons and diffusons. This transition is thought
to be related to the boson peak, which represents an excess in the vibrational density of
states in amorphous solids (Schober, 2004; Schirmacher et al., 2007; Shintani and Tanaka,
2008; Baggioli and Zaccone, 2020; Moriel et al., 2024). The boson peak has been identified

in glasses with neutron and Raman scattering experiments (Malinovsky and Sokolov, 1986;
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Wischnewski et al., 1998). It occurs near the frequency where the Ioffe-Regel limit is reached,
which marks a shift in how vibrational energy is scattered (i.e., from propagating to diffusing)
(Allen et al., 1999; Lubchenko and Wolynes, 2003; Shintani and Tanaka, 2008; Monaco and
Mossa, 2009; Beltukov et al., 2013; Beltukov et al., 2016). This criterion is met when the
wavelength of a vibrational mode is approximately equal to the interatomic spacing.

Above the plateau (T > 30 K), the thermal conductivity increases and either reaches
a second plateau or continues to rise at a slow rate. This behaviour is explained by the
minimum thermal conductivity model, originally proposed by Slack (1979) for nonmetallic
crystals, and later refined for amorphous solids by Cahill and Pohl (1987). The minimum
thermal conductivity represents the lowest limit at which thermal energy can effectively
diffuse through the interatomic spaces. This limit was initially explained in terms of the
phonon mean free path, where ¢ is equal to the interatomic spacing. Allen et al. (1999)
later refined this idea with diffusons that transport energy through diffusion rather than
phonon-based interactions.

The fundamentals of amorphous thermal conductivity go much deeper than what is
presented here. However, this summary covered the key concepts of energy transfer in amor-
phous materials that are sufficient for this project, particularly the temperature dependence

of thermal conductivity.

2.2.5 Summary

To summarize this chapter, Figure 2.10 illustrates how various phonon scattering mechanisms—
such as boundary, impurity, electron, and phonon-phonon interactions—govern the temper-

ature dependence of thermal conductivity in both crystalline and amorphous solids.
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Figure 2.10: Schematic showing how thermal conductivity varies with temperature in crys-
talline and amorphous solids. In crystalline materials, conductivity increases at low temper-
atures due to rising heat capacity, peaks at approximately 0.17p (Debye temperature), and
then decreases as phonon scattering (by other phonons, impurities, and electrons) becomes
dominant. In amorphous solids, conductivity is lower and nearly constant, following the
Cahill-Pohl minimum thermal conductivity model. Figure from Kaviany (2008)
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3 Cryogen-Free Measurement System

3.1 Instrument Design

The mini Cryogen-Free Measurement System (CFMS) is a multifunctional system designed
to measure the resistivity, magnetic susceptibility, and thermal properties (conductivity and
heat capacity) of a wide range of industrial materials, such as metals, ceramics, and elec-
tronics (Figure 3.1). The CFMS can measure these properties from 5 K (-268°C) to 300 K
(27°C), and is equipped with a 5 Tesla superconducting magnet for optional magnetic field
measurements. The CFMS has an absolute accuracy of £5%, meaning its measured thermal
conductivity values are expected to be within 5% of the true value for a given sample, under

proper operating conditions.

Figure 3.1: The mini Cryogen-Free Measurement System in the Planetary Instrumentation
Laboratory at York University. The red vacuum pump, attached to the sample probe, ensures
that the sample environment remains under vacuum during measurements.
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Traditionally, cryogenic temperatures (< 123 K/-150°C) are achieved by using cryogenic
liquids, such as helium or nitrogen. The CFMS, however, reaches these temperatures through
a cryogen-free design that utilizes helium gas and a cold head. A cold head (also known as
a cryocooler) is a device commonly used in cryogenic studies to achieve low temperatures
using compressed gas (De Waele, 2011). In other words, the cryocooler is a highly efficient,
ultra-low-temperature refrigerator.

Compared to liquid helium-cooled systems, cryogen-free systems offer several benefits,
primarily lower operating costs and easier use (personal communication, S. Connaught, for-
mer Cryogenic Ltd employee, September 18, 2018). Since liquid helium is highly volatile,
transferring it into a cryogen system requires careful handling. Once it’s cooled, it needs to
be constantly monitored to prevent evaporation. As a result, users feel pressure to collect
valuable data with every system cool-down. In contrast, a cryogen-free system, such as the
CFMS, uses a helium compressor that requires only a power source and a cold water sup-
ply. The compressor circulates helium gas to achieve cooling, making it more practical and
cost-effective to operate.

Cryogen-free systems, however, have two disadvantages (personal communication, S. Con-
naught, former Cryogenic Ltd employee, Sept 18, 2018). First, the cryocooler can introduce
vibrations that may affect measurements, particularly in magnetic experiments. Fortunately,
this equipment is designed to mitigate vibration issues. Secondly, a cryogen-free system de-
livers less cooling power than liquid cryogen systems. For instance, liquid helium systems
can apply several watts of power (heat) to a sample while maintaining a temperature of 2
K. Cryogen-free systems, however, lack this capability; achieving 2 K measurements is not

the objective of this study.

3.1.1 System Overview

To understand how temperature is controlled in the CFMS, a schematic of the system is pro-

vided in Figure 3.2, which illustrates the flow of helium gas through the system. The CFMS
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relies on two independent sources of helium: (1) compressed helium circulated through a cry-
ocooler cold head (Figure 3.3), and (2) helium stored in the helium dump. The cryocooler is
connected to a helium compressor (Figure 3.4), which is cooled by a cold water supply. The
compressed helium travels to the cryocooler and initiates the cooling process of the cryostat,

which houses the cryocooler, magnet, and sample space.

Helium gas from the dump (Figure 3.2) flows independently through the gas inlet to the
cryocooler, where the helium is cooled to two critical temperatures: 40 K (1st stage) and 4

K (2nd stage). The significance of these two temperature stages is discussed below.
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Figure 3.2: Schematic diagram of the CFMS cooling process. The cryostat is a vacuum-
insulated chamber which thermally shields the magnet and VTI. Sensors A and B are ther-
mometers that measure the temperatures of the VTT heat exchanger and sample, respectively.
V# indicates valves. Image from Cryogenic Limited (2018).
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Figure 3.3: Image of a Pulse Tube cryocooler used to cool the CFMS. Image from Lake Shore
Cryotronics (n.d.).

Referring to Figure 3.2, the helium in the dump first moves towards the helium gas
inlet, where it passes through a charcoal filter that removes impurities in the gas. Next, the
helium gas is passed through the first stage (40 K), which pre-cools the gas and cools the
components inside the cryostat. The second stage (4.2 K) provides cooling to the magnet
and Variable Temperature Insert (VTI). As the gas flows through the second stage, it is
cooled down to 4.2 K. At this temperature, gaseous helium condenses into a liquid, which
collects in the helium pot. The goal is to maintain the helium pot at a temperature between
approximately 3.6 K and 4.2 K. Next, the liquid helium passes through the needle valve,
which regulates the flow rate of liquid helium through the system. The flow rate is defined
by a user-set pressure, where the optimal pressure is between 3 and 10 mbar. Ensuring that
the system maintains a consistent flow rate is crucial in the cooling process; if the flow rate
is too low there is not enough cooling power, whereas if the flow rate is too high there will
be excess heat in the helium circuit which will heat the entire system, making it difficult to
cool the VTT (Cryogenic Limited, 2018). At the point of passing through the needle valve,
the liquid helium interacts with the VTT heat exchanger. The VTI controls the temperature
of the system used to analyze a sample. The VTI enables analysis over a wide temperature
range, as it heats the liquid helium to the user-programmed temperature (i.e., between 5
and 300 K). The helium then travels up through the system, where it returns to the helium

dump. The oil-free pump powers this cycle. As the sample probe is connected to a vacuum
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Figure 3.4: Helium compressor connected to the CFMS. The compressor delivers compressed
helium gas to the cold head, which in turn cools the CMFS.
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pump while in the CFMS (Figure 3.1), this ensures that the sample chamber is isolated from
the circulating helium gas.

In the CFMS, two key temperatures are measured using Cernox '™ thermometers: Sensor
A and Sensor B (Figure 3.2). Sensor A tracks the VTI temperature, while Sensor B measures
the sample temperature. The thermometer near Sensor A is positioned next to a heater that
controls the temperature of the helium gas, which in turn sets the environmental temperature
for the sample. Closer to the sample, the thermometer at Sensor B is placed next to a heater

that fine-tunes the sample’s temperature.

3.1.2 Thermal Probe

Thermal measurements with the CFMS are performed using a thermal transport probe
(Figure 3.5). At the end of the probe is the sample platform, where the sample is mounted
(Figure 3.6). The sample platform serves as a heat sink and contains a Cernox™ ther-
mometer and platform heater. The temperature of the sample platform corresponds to the

temperature of the sample chamber and defines the cold end temperature of the sample.

Figure 3.5: Thermal transport probe utilized for measuring thermal properties in the CFMS.
The length of the probe is approximately 1.4 m.

A thermocouple and heater—referred to as the thermal assemblies—are attached to the
sample and connected to the sample platform via a four-way and three-way push pin con-
nector, respectively. The heater consists of a 10 k{2 resistor mounted on a copper-alloy
tab, which is bonded with STYCAST 2850FT, a thermally conductive black epoxy. The
heater is connected to the sample platform with thin manganin wires. The temperature

difference, AT, between the hot and cold ends of the sample is measured with a thermo-
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Figure 3.6: Sample platform with a geological sample attached. The cold and hot junctions
are the ends of the thermocouple.

couple. For this study, two thermocouples were used: K-type (Chromel-Alumel) and E-type
(Nickel-Chromium/Constantan). As with the heater, the junctions of the thermocouple are
attached to copper-alloy tabs using STYCAST epoxy. This ensures good thermal contact
without any electrical connection. An additional constantan wire is connected between the
two thermocouple junctions to measure the voltage generated in the sample as it is heated.
This configuration enables measurements of both thermal conductivity and the Seebeck ef-
fect, if desired.

The K-type thermocouples were attached to the mineral samples and iron meteorite, while
the E-type was used for the stony meteorite samples. Both K-type and E-type thermocouples
are suitable for thermal measurements at cryogenic temperatures with the proper calibra-
tion, as they offer higher sensitivity at low temperatures compared to other thermocouple
types (The Engineering ToolBox, 2003). However, the sensitivity of both thermocouples
is reduced at temperatures below 50 K (Figure 3.7), which can make thermal conductivity
measurements at these temperatures challenging (refer to Section 3.2.1). For thermal con-

ductivity measurements of stony meteorites, the E-type thermocouple is more suitable due
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to its higher sensitivity, especially considering that stony meteorites generally have thermal
conductivity values below 4 W m™! K1 (Opeil et al., 2010; Opeil et al., 2012; Opeil et al.,

2020).
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Figure 3.7: Sensitivity of E-type and K-type thermocouples.

The heater and thermocouple junctions are attached to the sample with electrically con-
ductive silver epoxy (RS Pro). To ensure good electrical contact, the epoxy was selectively
applied around the sides of the sample where the thermocouples and heater are attached.
To attach the sample to the sample platform, a tinned copper wire is wrapped around the
cold end of the sample and secured with silver epoxy. The wire is then wrapped around the
mounting point on the sample platform, which is a small screw attached to a copper block.
This configuration is shown in detail in Chapter 4.

After the sample has been mounted to the sample platform, a radiation shield is placed
over the sample (Figure 3.8a). This shield helps mitigate heat loss due to radiation during
measurements. Care is taken to ensure that the sample holder wires do not touch the sample
or the shield to prevent excess heat transfer through the wires (see Section 3.1.3 below). An

inner vacuum chamber (IVC) is then placed over the radiation shield, encapsulating the
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sample chamber (Figure 3.8). The IVC is cone-sealed to the probe and held in place with a
retaining nut. Before inserting the probe into the CFMS, the probe is connected to a turbo
vacuum pump (Figure 3.1) for 30 minutes to evacuate the probe to a pressure < 10 mbar.
This ensures that the sample and probe are thermally isolated from the VTT and surrounding
helium gas during sample loading and analysis. The probe is kept under vacuum during

measurements. The importance of the radiation shield and the IVC is discussed below.

Figure 3.8: Configuration of the CFMS thermal transport probe. (a) Sample attached to
the sample holder, which is attached to the end of the probe. (b) Radiation shield placed
over the sample and sample holder. (c¢) Inner Vacuum Chamber (IVC) placed over top the
radiation shield. The black scale bars are 5 cm.
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3.1.3 Heat Transfer Considerations

During thermal conductivity measurements, most of the heat is transferred through the
sample, from the heater to the heat sink. However, heat can also transfer through other
paths, which can affect the accuracy of the results by causing heat loss. These paths include
thermal convection of the surrounding helium gas, the wires connected to the heater and the
hot junction thermocouple end, as well as thermal radiation. With these additional paths,
the associated heat loss can effectively lead to an overestimation of the measured thermal
conductivity:

k(T) = ks+ kg + ky~+ kraa (3.1)

where kg is the sample’s thermal conductivity, k4 is the conductivity of the gas, k, is the
conductivity of wires, and k.4 is thermal radiation. The challenge with thermal conductivity
measurements is minimizing the heat loss from these other sources. The CFMS thermal probe
and sample platform have been designed specifically to reduce heat transfer through these
paths.

When the thermal conductivity of geological samples is measured under atmospheric
pressure or greater, the thermal conductivity of the surrounding gas/air (k4) effectively
increases the thermal conductivity of the sample as gas fills the pore spaces (Woodside and
Messmer, 1961; Horai and Fujii, 1972; Fujii and Osako, 1973; Mizutani and Osako, 1974;
Horai and Winkler, 1975). It is well known that the thermal conductivity of gas increases with
pressure; however, at vacuum pressures less than 102 mbar, the thermal conductivity of gas
becomes negligible (Lang et al., 2016); therefore, the effect of pore fluid pressure becomes
eliminated. As the thermal probe and sample in the IVC (Figure 3.8c) are continuously
pumped to a pressure below 10 mbar while inside the CEMS, the thermal conductivity of
gas is eliminated as a source of heat transfer.

Minimizing heat loss through conduction in the connecting wires of the heated assemblies

can be achieved by using thin, long wires with low thermal conductivity. Before conducting
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thermal conductivity measurements of a sample, background AT measurements are taken to
account for the influence of the wires and sample platform. These background contributions
are generally negligible compared to a sample’s conductivity. Additionally, at room tem-
perature, the thermal conductance of the wires does not exceed 10 uW K~!. If the thermal
conductance of the sample at room temperature is at least 100 times greater (on the order of
1 to 10 mW K1), the effect of the heater and thermocouple wires can be ignored (Cryogenic
Limited, 2019). To ensure the sample’s thermal conductance falls between 1 and 10 mW K
at room temperature, the cross-sectional area of the sample and the length between thermo-
couple tabs must be carefully considered. The importance of sample geometry is discussed
in Section 3.2. If the thermal conductance of a sample at room temperature is below 1 mW
K-!, then the conductance of the wires must be factored into the total measured conductance
to ensure accurate results (Cryogenic Limited, 2019).

Lastly, to reduce heat loss from thermal radiation, a radiation shield is placed over the
sample and sample platform (Figure 3.8). While the shield does not entirely eliminate
thermal radiation, it effectively contains the heat loss within the sample chamber. As a
result, radiation-induced heat loss remains present in the measured thermal conductivity,
such that k(T") = ks +k,qq- To obtain the true thermal conductivity of a sample, the radiation
component must be removed during the post-processing of data. The removal process is

addressed in Section 3.3.3.

3.2 Measurement Configuration for Geological Samples

The CFMS is a complex system that requires patience and an iterative approach to method
development. To achieve optimal thermal conductivity measurements, the CFMS settings
must be configured for each sample. Four important measurement configuration parameters
must be considered when completing thermal conductivity measurements: analysis method,

sample geometry, thermal transport settings, and thermalization time.
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3.2.1 Analysis Method

Thermal conductivity measurements acquired with the CFMS in this study were collected
using a steady-state method. With this method, a temperature gradient (AT) is created
across the sample by heating one end of the sample (hot end). The cold end of the sample
is thermalized to the temperature of the sample chamber (refer to Section 3.2.4 for more
information on thermalization). The CFMS measures the AT between the thermocouple
junctions (Figure 3.6) and the amount of heating power (P) required to maintain the AT
over a specified time (e.g., 180 seconds).

There are two main instruments used to measure the heater power and the temperature
gradient. A source meter (Keithley 2400) supplies a current (/) to the heater (10 k{2 resistor)
and measures the corresponding voltage (V') to calculate the applied heating power using P =
1V. The amount of current supplied via the source meter during a measurement depends on
how much heater power is needed to maintain a certain A7". A nanovoltmeter (Keithley 2182)
measures the voltage difference between the thermocouple tabs, and the CFMS software
converts the voltage to temperature to get AT.

To minimize error from temperature drift and electronic noise, each thermal conduc-
tivity measurement is performed using a small array of AT values. At each measurement
temperature, the system measures AT and the corresponding heating power three times.
Acquiring four or more AT measurements in the array has a minimal influence on the ac-
curacy of the results and adds more time to the analysis (personal communication, Dr. D.
Gillingham, Cryogenic Ltd Project Engineer, March 26, 2019). Engineers at Cryogenic Ltd
have established that a suitable AT range is 0.1, 0.2, and 0.3 K. The thermal conductivity
results in this study confirm that this is an optimal range. However, for crystalline material,
a smaller AT range—such as 0.05, 0.1, and 0.15 K—may be necessary for low temperature
measurements (< 40 K) to improve accuracy and reduce temperature drift caused by con-
ductive heat loss. The need for a smaller AT range is due to the combined effect of reduced

thermocouple sensitivity (Figure 3.7) and increased heat flow through crystalline samples
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at lower temperatures. At these temperatures, applying enough heat to achieve AT = [0.1
K, 0.2 K, 0.3 K] can make it difficult for the system to reach the target configuration set-
tings (see Section 3.2.3), ultimately lowering the measurement accuracy. A lower AT array
range enables the system to reliably reach and maintain the desired configuration settings,
resulting in more accurate and stable thermal conductivity measurements.

Once the array of the AT measurements is collected, a linear plot of heater power vs.
AT is generated (Figure 3.9), where the slope is the thermal conductance (G) of the sample.
Knowing the conductance, the thermal conductivity at a given temperature, k(7"), can be
calculated with the following equation, where L is the length between the centers of the

thermocouple tabs and A is the cross-sectional area of the sample:

P-L G-L
k(T) = = (3.2)
AT A A
-3
4 x 10 ‘
e AT=01K
® AT=02K
o AT=03K
35112 = LinearFit @
7
3 L
7
= ’
=3 .
25" ’
g &
o 4
rd
27 ’
7
4
e
L rd
15 ,
o
’ ‘ . ‘ ‘
0.1 0.15 0.2 0.25 0.3 0.35
AT (K)

Figure 3.9: An example plot of heater power vs. AT for a quartz sample at 200 K. Data
points for the array AT = [0.1 K, 0.2 K, 0.3 K] were collected over 180 seconds.
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3.2.2 Sample Geometry

When performing thermal conductivity analysis, the geometry of geological samples must
be carefully considered. As mentioned in Section 3.1.3, a sample’s conductance at room
temperature should exceed 1 mW-K™! to minimize the effect of heat loss through connecting
wires. This requirement depends on both the sample’s cross-sectional area and the distance

between the centers of the thermocouples, as defined by the following equation:

k-A

G=—- (3.3)

This formula is a rearrangement of Equation 3.2. Because conductance is proportional
to both cross-sectional area (A) and thermal conductivity (k), materials with high conduc-
tivity (e.g., metals) can be analyzed using smaller sample dimensions. In contrast, dielectric
materials such as rocks and minerals require a larger cross-sectional area to ensure that
the thermal conductance exceeds 1 mW-K! at room temperature. Additionally, the length
between the thermocouple tabs (L) can be reduced to further increase conductance.

Determining appropriate sample dimensions to satisfy the thermal conductance require-
ments is challenging because thermal conductivity must be known to calculate conductance
using Equation 3.3. This situation is counterintuitive, given that thermal conductivity is
the very property under investigation and is not known. Cryogenic Ltd recommends cutting
dielectric samples into bars with dimensions of 2 x 2 x 15 mm. However, achieving these
dimensions for geological material is quite difficult, as most samples become brittle at this
size and often break during preparation. Samples with a width and height between 2 and 3
mm and a length of approximately 20 mm have been found to meet both mechanical stability

and thermal performance requirements.
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3.2.3 Thermal Transport Settings

The thermal transport settings control how the CFMS operates and collects measurements.
These include the PID (proportional-integral-derivative) software loop, the AT tolerance, the
power drift limit, the stability time, and the time-out duration. These settings are sample-
dependent and must be configured in the software for each new sample. Additionally, these
settings need to be adjusted across the temperature range of the experiment (e.g., 5 to 300 K)
to account for variations in the sample’s thermal conductivity and thermocouple sensitivity.
The CFMS software allows users to define different settings for specific temperature intervals
(e.g., 300-180 K; 180-50 K; 50-20 K; 20-5 K). Each interval is identified by its upper
temperature boundary (e.g., 300 K, 180 K, 50 K, 20 K), and the software automatically
updates the settings as the temperature changes during a measurement run (e.g., 300 to 100

K). A description of each thermal transport setting is provided below.

Stability Time

The stability time defines how long a AT measurement must remain stable while heat is
applied to the sample. The data collected over this period is averaged by the software and
plotted on the power versus AT plot (Figure 3.9). At higher temperatures, this is typically
set to 180 seconds. As the temperature decreases, the stability time must be shortened to
account for increased noise in the measurements due to reduced thermocouple sensitivity
(Figure 3.7). At temperatures below 50 K, stability times of 30 or 60 seconds are often used.
Once the AT tolerance is met, the system collects multiple data points over the defined

stability period; these points are then used to generate the P vs. AT plot (e.g., Figure 3.9).

AT Tolerance

The AT tolerance specifies how much the measured AT can deviate from the expected value.
Before the AT array measurements, the CFMS records the background AT to account for

thermal conductance through the connecting wires and sample platform (Section 3.1.3).
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The expected AT is the value programmed by the user (e.g., 0.1 K, 0.2 K, 0.3 K) plus the
background AT. Once the AT measurements are stable enough that they do not exceed
the tolerance, the software records the AT measurements over the stability time. At high
temperatures, a AT tolerance of 0.005 K is recommended; however, as the temperature of
the measurements decreases, the tolerance needs to increase to accommodate an increase in

instrument noise and temperature drift. Temperatures below 50 K typically require a larger

tolerance of 0.01 to 0.015 K.

Power Drift Limit

Similar to the AT tolerance, the power drift limit specifies how much the power can drift
while maintaining a stable AT. A reasonable power drift limit for geological samples ranges
between 1070 and 10™* W; a good starting point at higher temperatures is 3 x 107> W.
The power drift limit typically needs to decrease as temperature decreases to accommodate
temperature drift and electronic noise. If the recorded power does not meet the specified

tolerance, the measurement will time out.

Time-out Duration

The time-out duration specifies how long a AT measurement can run. The typical duration
is 1000 seconds, but it can be shorter if preferred. If the AT and/or power measurements do
not reach stability before the time-out, it indicates that the PID values (described below),
AT tolerance, or power drift limit need to be adjusted. All measurements should finish

before the time-out duration.

PID Settings

During measurements, the heater is controlled by a proportional-integral-derivative (PID)
control loop to maintain a constant AT. The proportional (P) component adjusts the heater

power based on how much the measured AT deviates from the expected AT. If the P value

47



is set too high, it can cause oscillations in the data that can cause the system to not reach
the desired target AT by the end of the time-out duration. If it is too low, the system will
have a large steady-state error and will not reach the target AT.

After the initial response of the P component, the integral (I) corrects the offset errors
in the measurements over time to help the system reach the target AT. If the I value is set
too high, it can lead to oscillations in the AT measurements, making it difficult to reach
the target. If it is too low, the heater may not be able to supply enough power to reach the
target value before the measurement times out.

A derivative (D) component, which responds to the rate of change in a system, is typically
not included in cryogenic control loops (D = 0). This is because it is highly sensitive to noise,
especially at low temperatures in the CFMS, where noise can be misinterpreted as a change
in the system (Sheats et al., 2006).

Finding the appropriate PI values requires some trial and error. For crystalline mineral
samples, a general guideline is P ~ %G and [ ~ %G, where the thermal conductance (G)
can be estimated using literature thermal conductivity values and Equation 3.3. However,
this guideline is no longer applicable at temperatures below 30 K, where increased noise
affects the system response, and the PI values must be determined experimentally. During
meteorite analysis, it was discovered that the measurements did not adhere to the general
rule at any temperature; therefore, their PI values had to be determined through iterative

tuning.

3.2.4 Thermalization Time

For thermal conductivity measurements using the CFMS, samples must be thermally equi-
librated to the chamber temperature before each measurement. As rocks and minerals are
good insulators, heat transfers much more slowly compared to conductors. As a result, ge-
ological samples are subject to thermal gradients that take longer to dissipate as they are

heated and cooled in the system. If a temperature gradient exists in the sample during ther-
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mal conductivity measurements, the results can be higher than expected when the sample is
cooled, or lower than expected when heated. This phenomenon is demonstrated with data
from a serpentinite rock (Figure 3.10) and a sample of calcite (Figure 3.11).

The serpentinite rock is made up of two serpentine-group minerals, chrysotile and lizardite
(Mg3Si2O5(OH)4), and chromite (FeCraO4). This sample was measured in the early stages of
this study; however, the research focus shifted to single-crystal minerals to develop the CFMS
method, as their phonon behaviour is better understood and more predictable than that of
heterogeneous rock samples (see Section 4.1). Although this project includes meteorite rock
samples, the serpentinite data was not pursued further in the interest of time. Nonetheless,
the measurements from this sample provide an excellent illustration of the importance of
proper thermalization.

Figures 3.10 and 3.11 show two distinct trends in the data that were collected when the
samples were not fully thermalized. When the sample is cooled down (e.g., from 300 to 100
K), more heat flows through the sample than expected, resulting in high thermal conduc-
tivity measurements compared to fully thermalized data. Conversely, when the sample is
heated (e.g., 100 to 300 K), less heat is transferred, resulting in lower thermal conductivity
measurements.

At temperatures below 100 K, the data begins to converge regardless of the thermal-
ization time. For crystalline materials like calcite, this suggests that such samples start to
thermalize more quickly due to the increase in thermal conductivity at temperatures below
100 K, and thus heat is transferred more rapidly. It is expected that once the peak thermal
conductivity has been reached, and the thermal conductivity begins to decrease at low tem-
peratures, the required thermalization time will increase. Although the thermal conductivity
of the serpentinite sample decreases with temperature, similar to that of amorphous mate-
rials, the data still converge at 100 K, despite the decrease in conductivity. This suggests
that temperature gradient effects may be associated with thermal radiation, which becomes

prominent in geological samples at temperatures above 150 K (Section 3.3.3). Iterative test-
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ing revealed that a thermalization period of 2.5 hours between measurements is optimal
for minimizing temperature gradient effects in geological samples (Figures 3.10 and 3.11).
A plot showing cool-down and warm-up temperatures over time is provided in Figure 3.12
to illustrate further the length of thermalization time required during thermal conductivity

measurements.
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Figure 3.10: Thermal conductivity of a serpentinite rock sample, with data collected using
a thermalization time of 2.5 hours indicated by yellow dots and a black dotted line. Data
collected with thermalization times of less than 2 minutes are represented by the remaining
plots. Arrows indicate the cooling and heating trends.
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Figure 3.11: Thermal conductivity measurements of a calcite sample with varying thermal-
ization times: 30 seconds, 1800 seconds, and 3600 seconds. Arrows indicate the cooling and

heating trends.
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Figure 3.12: Temperature of a calcite sample over time. This plot illustrates the time
typically required for a sample to cool down or heat up and reach thermal equilibrium.
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3.3 Data Analysis Methods

3.3.1 Sources of Uncertainty

The total error in the thermal conductivity measurements was propagated from uncertainties
in thermal conductance (G), length between the thermocouple tabs (L), and the cross-
sectional area of the sample (A). As thermal conductivity is defined by Equation 3.2

=T

the error in k£ was determined using the standard propagation of uncertainty for functions
involving multiplication and division of independent variables. According to this rule, the
relative error in a product and/or quotient is the square root of the sum of the squared

relative errors of each component. This gives:

o (S) - () () »

This formulation is standard in experimental error analysis (e.g., Taylor, 1997) and as-

sumes that the errors in G, L, and A are uncorrelated.

The length between thermocouple tab centers (L), as well as the sample’s height (h)
and width (w), were measured using a caliper with an accuracy of 5 x 1072 mm. Each
dimension was measured multiple times—up to 30 measurements per sample—to determine
the average values for L and A, where A =h x w. The standard error (SE) of the mean
was used to represent uncertainties in dL, dh, and dw, and the uncertainty in area (§A) was
calculated by propagating the height and width uncertainties using the product rule.

Since the CFMS measures the thermal conductance of the sample rather than the thermal
conductivity directly, several factors can contribute to the uncertainty in conductance (§G),

including:
o PID settings

52



o Range of AT values

o Heat loss from radiation and conduction through gas and wires
o Thermocouple sensitivity

o Helium flow rate

e Instrument error from the source meter and nanovoltmeter

e Thermalization time

The P and AT values are measured using a source meter and a nanovoltmeter, respec-
tively (Section 3.2.1). Individual measurements of both power and AT are highly stable,
with the source meter and nanovoltmeter each maintaining six-digit resolution during opera-
tion. Identifying the individual contributions of the other sources listed above is tedious and
can lead to an overestimation of the overall uncertainty. Therefore, it is best to determine
the uncertainty of thermal conductance based on a primary source.

As described in Section 3.2.1, thermal conductance at a given temperature is determined
from the slope of the linear fit to the plot of heater power versus AT (Figure 3.9). Ideally,
this relationship would be perfectly linear, but drift in both P and AT prevents a perfect
fit. As a result, the uncertainty in the slope of the regression line represents the uncertainty
in thermal conductance, 6G.

Drift in P and AT primarily originates from variations in cooling power throughout the
system. As discussed in Section 3.1.1, the helium flow rate through the CFMS is critical for
maintaining stable cooling. At higher temperatures (>50 K), the system is less sensitive to
flow rate fluctuations, resulting in more stable measurements. However, at lower tempera-
tures, adequate flow is essential; insufficient cooling power leads to increased temperature
drift, which raises the uncertainty in low-temperature measurements.

In summary, the CFMS measurements are quite precise, and the uncertainties in L, A,

and G are relatively small (Table 3.2). As a result, there is high confidence in the thermal
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conductivity measurements presented in this study. That said, some low-temperature results
do exhibit larger uncertainties, primarily due to decreased thermocouple sensitivity and

temperature drift.

Table 3.2: Magnitude of uncertainties.

Uncertainty Magnitude
5L 107° to 107% m
5A 1076 m?
o T(>50 K): 1079 to 1076 W K~!
T(<50 K): 1073 to 1074 W K~!
5 T(>50 K): 107! to 1073 W m™! K

T(<50 K): 10° to 1073 W m™! K-!

3.3.2 Data Quality Check

Measurements with the CFMS can take several days to complete due to the time required
to heat or cool a sample and allow for thermalization (Section 3.2.4). Because of this ex-
tended duration, the measurements are not actively monitored. To assess data quality after
collection, a MATLAB code was developed to review and process the thermal conductivity
data (Appendix A). The code provides a quick assessment of each measurement run, based
primarily on configuration settings (Section 3.2.3) and temperature drift. If poor or failed
measurements are detected, this indicates to the user that the configuration settings and
cooling conditions need to be reviewed and adjusted for future runs. The quality assessment
criteria used by the code are described in this section.

The CFMS software reports thermal conductance and conductivity for each temperature
point. However, the reported conductance is calculated from the slope of averaged power
and AT values collected during the stability time (Section 3.2.3). This averaging can mask

the variability caused by temperature drift, leading to an underestimation of uncertainty.
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To address this, the MATLAB code recalculates conductance from the raw, individual data
points to better account for drift. In most cases, the percent difference between the recal-
culated and reported conductance values is less than 1%; however, at lower temperatures
(< 30 K), the difference can reach up to 5% due to greater sensitivity to drift. All thermal
conductivity values reported in this study are based on the recalculated conductance.

The coefficient of determination (R?) is used to evaluate the linearity between the raw
heater power and AT'values. Since CFMS measurements are generally very stable (as dis-
cussed above), R? values are typically > 0.99. In rare cases where R? < 0.9, the cause is
usually an instrument glitch or insufficient cooling power.

Configuration settings are evaluated by plotting AT and P over the settle time for each
AT measurement. These plots help determine whether the programmed PID settings are
appropriate or whether a timeout occurred. A timeout may result even when PID values are
reasonable if the AT tolerance or power drift limit is too strict. If the plots appear stable
and well-behaved in this case, the data is typically considered usable.

Temperature drift is also evaluated as part of the quality check. This refers to changes
in the heat sink temperature, which is in thermal equilibrium with the sample chamber. If
the drift is too large, the sample is effectively exposed to a range of temperatures rather
than a stable set point, which can affect its thermal response and reduce the accuracy of
the results. Drift is calculated as the difference between the effective temperature and the
final temperature. The final temperature is defined as the heat sink temperature at the last
measurement point of the third element of the AT array (e.g., AT = 0.3 K). The effective
temperature corresponds to the start of the settle time for the first element (e.g, AT= 0.1
K). For this study, a drift threshold of 1 K is used for measurements > 50 K and 2 K for
measurements < 50 K.

Examples of the MATLAB quality check process are shown in Figures 3.13 to 3.16.
Figures 3.13 and 3.14 present datasets that pass all the quality checks, while Figures 3.15

and 3.16 are cases where the data did not meet the criteria.
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Although not a component of the MATLAB code, the cooling power is also important to
consider when evaluating the quality of low-temperature data. At temperatures <20 K, the
helium pot temperature should be less than 4 K (ideally ~ 3.7 K) to ensure there is enough
cooling power. If the temperature of the helium pot is greater than 4 K, then the measured
thermal conductivity will be lower than expected due to insufficient cooling power, which

prevents the sample from fully reaching thermal equilibrium (Figure 3.17).
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Figure 3.13: Example of a quality check output for a quartz measurement at 150 K that
satisfies all three quality criteria.
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Calcite-1a-6-1 10 K (210614)
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Figure 3.14: Example of a quality check output for a calcite measurement at 10 K that sat-
isfies all three quality criteria. Note the noise in the AT measurements due to the decreased
sensitivity of the thermocouple at low temperatures.

Obsidian 100 K (230612)
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Figure 3.15: Example of a quality check output for an obsidian measurement at 100 K. Note
that the data timed out due to the oscillations in the AT and heater data. Additionally,
note the decrease in heat sink temperature, which suggests that the PID settings may need
adjustment.
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Pyrite-1 71 K (220320)
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Figure 3.16: Example of a quality check output for a pyrite measurement at 70 K. Although
the AT and power plots look good, the temperature drift of the heat sink is > 1 K (alerted
by the effective temperature line changing to pink).
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temperatures (<30 K). This plot illustrates the importance of cooling power in this range.
The blue circles represent data collected with adequate cooling power (He pot temperature
= 3.6 K), while the orange squares represent data collected with insufficient cooling power
(He pot temperature = 4.3 K).
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3.3.3 Radiative Heat Loss

Radiative heat loss becomes increasingly important at higher temperatures, typically above
100 K, where it can significantly affect thermal conductivity measurements. Although a
radiation shield is placed over the sample at the end of the thermal transport probe (Figure
3.8b), it only reduces how much heat is lost—it does not eliminate it. Some heat is still
radiated within the sample chamber during measurements, which must be accounted for
during data post-processing. The amount of radiative heat loss is defined by the Stefan-

Boltzmann law:

P, = o AeT? (3.5)
where:
» P, = radiated power (W)
« o = Stefan-Boltzmann constant (5.6704 x 1078 W m2 K)
« A = surface area of the radiating object (m?)
e ¢ = emissivity of the radiating object (unitless)

o T = temperature (K)

In the CFMS, the sample chamber is thermalized to an isothermal temperature 7', while
the sample is heated to a temperature of 7'+ AT'. In this setup, the sample emits radiation
outward (P,,;) while also absorbing radiation emitted from the inner wall of the radiation

shield (Pyy,):

P = 0 As(T + AT)* (3.6)

Pm = UA6T4 (37)
The total radiative power, P,, is given by:

Py = Pouy — Pin = 0 A [(T + AT)* = T*| (3.8)
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However, this equation oversimplifies the radiative heat loss occurring during conductance
measurements. Radiation in the system also originates from the heater and hot junction of
the thermocouple. Additionally, the silver epoxy used to bond the thermal assemblies to
the sample contributes to radiation. Radiative heat loss from the wires is not considered, as
their surface area is negligible compared to that of the sample.

Considering all sources of radiative heat loss within the sample chamber environment,

Equation 3.8 is expanded to:

A
P.=c <?S€3 + Anot€hot + AntrEntr + Aep’h€€p7h) [(T + AT)4 — Tﬂ (3.9)

where the subscripts correspond to: s = sample, hot = thermocouple hot junction, htr =
heater, ep,h = epoxy on the hot side of the sample. The components of this equation are

best understood with reference to Figure 3.18.

Heater

Sample platform Cold tab
connecting wire |

Heat sink j

Hot tab

Figure 3.18: A schematic of the sample configuration with thermal assemblies (not to scale)
and temperature gradient. The silver areas represent the epoxy. Components that are on
the heated side of the sample (heater, hot junction of the thermocouple, and corresponding
epoxy) will radiate heat along with the sample. The black areas on top of the copper tabs
represent the STYCAST black epoxy.

While the entire sample emits thermal radiation, the contribution is temperature depen-

dent due to the 7% dependence in the Stefan-Boltzmann law. Although the temperature
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difference across the sample is small, the hotter end emits slightly more radiation. As a re-
sult, the effective surface area used in Equation 3.9 is approximated as one-half of the total
sample surface, corresponding to the heated end. This area is further reduced to account for

regions covered by epoxy, the heater, and the hot tab, such that:

As
As = o5 - Aep,h - (lhotws) - (lhtrws) (3'10)

where [ = length and w = width (Figure 3.18).

Correcting conductance measurements using Equation 3.9 poses challenges. First, the
emissivity values of the sample, heater, hot tab, and epoxy are unknown. While they can be
estimated, direct measurement is preferred since emissivity strongly depends on the sample
type and experimental environment (see Chapter 7). Second, accurately determining the
surface areas of the heated assemblies and epoxy is difficult due to their irregular shapes,
often leading to an underestimation of radiative power. Cryogenic Limited (2019) recognizes

these challenges and suggests two approaches to estimate radiation contribution:

1. Measure the thermal conductivity of multiple samples with different surface-to-volume

ratios
2. Use the T% dependence of radiative heat loss in post-processing

The first method is not well-suited to geological materials, particularly rocks, as varying
the sample size may introduce differences in porosity, mineralogy, and grain size and bound-
aries, all of which affect thermal conductivity. In the second method, radiative power (P;) is
directly proportional to 73. This 72 term comes from the Taylor expansion of Equation 3.8
(Appendix B):

P, =40 AcT3AT (3.11)

Radiative heat loss can become a non-negligible factor in steady-state thermal conduc-

tivity measurements, particularly above 100 K, due to the T3 dependence of radiative heat
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transfer (Equation 3.11). For geological samples, these effects may become more noticeable
closer to 200 K (Clauser and Huenges, 1995; Tritt and Weston, 2006).

As described in Chapter 2, the total thermal conductivity (k7) of a crystalline solid con-
sists of both electronic (kg) and lattice (k) components: kp = kg + kz. Radiative heat
loss primarily affects the lattice component because phonon—phonon scattering creates os-
cillations within the crystal lattice that generate electromagnetic fields that emit thermal
infrared radiation. In contrast, electrons scatter through the lattice without producing elec-
tromagnetic fields that contribute significantly to radiative transfer.

Therefore, the total thermal conductivity can be expressed as kr = kg + (kL + krad),
where k.4 is the radiative conductivity component. In insulating materials, kg is negligible,
so the measured thermal conductivity becomes kr = kr, + kyqq-

The radiative conductivity component k,,q can be estimated from the optical properties
of the material using:

16n20T3

fopad = — 3.12
ad 3e ( )

where n is the refractive index, o is the Stefan—Boltzmann constant, and e is the mean
extinction coefficient. While this equation is widely cited in geoscience literature (Kanamori
et al., 1968; Fukao, 1969; Aronson et al., 1970; Beck et al., 1978; MacPherson and Schloessin,
1982; Robertson, 1988; Murashov and White, 2006; Thomas et al., 2012b), it is typically
applied to mantle conditions involving high temperatures and pressures.

MacPherson and Schloessin (1982) introduced an alternative method to estimate radia-
tive heat loss based on their high-temperature thermal conductivity measurements (>300 K).
Rather than relying on optical properties, they based their approach on deviations observed
in a log—log plot of log(k) vs. log(T") for calcite (CaCQO3) and halite (NaCl). They observed
that the data followed a linear trend at lower temperatures but began to deviate between 500
and 600 K due to the influence of radiative effects. By extrapolating the linear trend, they
isolated the radiative component as the difference between the total (kr) and extrapolated

(corrected, k.) conductivities: kpaq = k7 — k.. When ky,q was plotted against T3, the result
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was a linear relationship, consistent with the expected temperature dependence of radiative
heat transfer.

A similar method to MacPherson and Schloessin (1982) was applied to low-temperature
measurements (< 300 K) by Pope et al. (2001), with their findings also summarized in
Tritt and Weston (2006). In their work, they corrected the radiative contributions to the
thermal conductivity of a quasicrystal—a solid with an ordered structure but lacking peri-
odic atomic repetition—whose total conductivity included contributions from both electronic
and lattice components. Since radiation primarily affects the lattice component, Pope et al.
(2001) first estimated the electronic contribution using the Wiedemann—Franz law (Chap-
ter 2, Equation 2.28) and subtracted it from the total conductivity to isolate the lattice term:
kr, =kr—kg.

At temperatures above the thermal conductivity peak, crystalline materials typically
follow a k oc 1/T trend (Chapter 2). Pope et al. (2001) fit the lattice conductivity data
between the peak and 150 K using the model ky = a(1/7) and extrapolated this fit to 300
K. The difference between the extrapolated (corrected) and measured lattice conductivity
is the radiative component k,,q. They also found that k,q varies linearly with 7. This
correction process is illustrated in Figure 3.19.

The low-temperature fitting method by Pope et al. (2001) was applied to the crystalline
minerals in this study. Unlike in their work, subtraction of the electronic component was
not required, as the materials analyzed are insulators and electronic contributions to thermal
conductivity are negligible. Thermal conductivity was plotted against 1/7" to identify linear
trends at low temperatures, where radiative losses are minimal. To avoid bias from high-
temperature deviations, fitting was limited to data below 200 K. The optimal range was
selected using statistical criteria including the coefficient of determination (R?), errors in the
slope and intercept, root mean square error (RMSE), and residual analysis. Extrapolation
of the fitted model to 300 K yielded corrected thermal conductivity values that exclude

radiative contributions from both the sample and thermal mounting assemblies.
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Figure 3.19: The measured lattice thermal conductivity (kr, open squares) is compared to
the corrected values (solid squares), which were extrapolated from a 1/7 fit. The difference
between the measured and corrected values corresponds to the radiative component. The
inset shows that ky,q varies linearly with 7°. Figure adapted from Pope et al. (2001), with
terminology modified to match that used in this study.

This correction method, however, was not suitable for the thermal conductivity data of
obsidian or the meteorite samples. Instead, a logarithmic fit was applied to the obsidian data
(Chapter 5), while an empirical fit was derived to correct the meteorite data, as described
in Chapter 6.

To estimate the error in the corrected thermal conductivity, three primary sources of error
were propagated: (1) the residual between the extrapolated data and the measured value
(R), (2) the measurement error from the experimental setup, which includes the propagated
error from AT and heater power (conductance) and sample geometry (Equation 3.4), and

(3) a 5% systematic accuracy term that accounts for instrumentation limits and potential
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model bias:

o = /B2 + 02005 + (0.05 X keorrocted)? (3.13)

The residual term becomes increasingly dominant at higher temperatures, where radiative
heat loss scales with T3, as described by the Taylor expansion of the Stefan-Boltzmann law
(Equation 3.11). This results in a growing difference between the measured and extrapolated
thermal conductivity, causing the total error to increase with temperature.

Equation 3.13 was adapted from the relative error correction described by Macke et al.
(2024) for heat pulse analysis with the Quantum Design measurement system. In that
method, each error source is expressed as a fractional term, and the total error is multiplied

by the measured thermal conductivity to obtain an absolute error.
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The first term represents the residual error from the curve fit. The second term accounts
for fluctuations in heater power due to variations in current (/) and resistance (R). The
third term estimates radiative losses as 20% due to errors in surface area and emissivity.
And lastly, the fourth term accounts for heat loss through the sample mounts (Kgppes),
using a 10% correction factor.

Unlike the fractional-error approach used in the heat pulse method (Equation 3.14), the
error terms in this study are expressed in absolute units (W m™ K™). This is because
the primary sources of error were quantified in absolute terms through residual analysis
and measurement errors. While Equation 3.13 accounts for the primary error sources in
steady-state measurements, it may require refinement in cases where radiative losses are
modelled explicitly using emissivity, geometry, and surface area (Equation 3.9) rather than

approximated through extrapolation and fit-based error propagation.
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3.4 Copper Reference Sample

Copper is an excellent heat conductor and has a well-known thermal conductivity at tem-
peratures below 300 K documented by the National Institute of Standards and Technology
(NIST) (formally National Bureau of Standards) (Childs et al., 1973; Hust and Lankford,
1984; Simon et al., 1992; Powell et al., 1996; NIST, 2010). The NIST thermal conductivity
data for copper were collected using cryostat apparatuses similar to the CEMS (Powell et
al., 1957; Hust et al., 1970)—measurements were also performed under vacuum to eliminate
convective and conductive heat transfer through air, and samples were shielded to prevent
radiative heat loss.

A plot of thermal conductivity for oxygen-free copper from NIST is provided in Fig-
ure 3.20. This figure illustrates the variation in thermal conductivity with different purities
of copper. The purities are defined by the residual-resistivity ratio (RRR), which is the ratio
of the resistivity of the sample at 4.2 K and 300 K. The higher the RRR, the greater the
purity of the copper. Between 150 and 300 K, the thermal conductivity is similar among the
different RRR copper types, where it is ~400 W m™ K- at 300 K. At temperatures below
150 K, the conductivity becomes distinct with respect to the RRR value. Comparing the
thermal conductivity of a copper wire measured with the CFMS to accepted standard values
for copper provides confidence in the measurement technique and serves as a validation of
the system’s performance. It is important to note that the RRR value of the copper wire

measured with the CFMS is unknown; however, this does not discount the results.
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Figure 3.20: NIST thermal conductivity (W m™ K1) vs. temperature (K) of different copper
purities (RRR). Figure is a reprint by Van Sciver (2012), originally by Powell and Fickett
(1979) (source not available).

The thermal conductivity of a 0.2 mm diameter copper wire was measured between 5 and
300 K (A=321x10"8 m? L =1.34x10"2? m). The copper wire mounting configuration
is illustrated in Figure 3.21. Although similar to the geologic sample configuration, the
copper wire is directly connected to the heat sink by wrapping the wire around the heat

sink junction. Instead of using silver epoxy to attach the thermocouple and heater, they are

bonded using solder.

Heater
Cold tab Hot tab

Heatsink STYCAST

Solder

Figure 3.21: Schematic of the mounting configuration of the copper wire sample. Not to
scale.
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The copper wire was provided as a standard by Cryogenic Ltd during the installation of
the CFMS to test and learn the operating procedures. The copper wire is enamelled with
a single, thin coat of polyurethane!. The polyurethane coating does not affect the thermal
conductivity of the copper wire, as the enamel simply acts as an insulator to protect the
wire. This is further supported by the very low thermal conductivity of polyurethane, which

is ~0.2 W m™ K (Ltd, 2024; Zhou et al., 2024; NIST, n.d.).

3.4.1 Results

The thermal conductivity of copper between 5 and 300 K was collected over three differ-
ent time periods: 2018, 2021, and 2024. The average results for each of period, shown in
Figure 3.22, compare well and support both the reliability of the CFMS and the reproducibil-
ity of thermal conductivity measurements over a six-year span. However, as illustrated in
Figure 3.22, above 150 K the thermal conductivity increases, reaching an average value of
(552+5) W m™! K- at 300 K. This upward trend is indicative of radiative heat loss (Ruda-
jevova et al., 2006; Tomés et al., 2015; Gatazka et al., 2016). A red, dashed line at 400 W
m™ K1 the expected thermal conductivity of copper at 300 K—is included in Figure 3.22

to emphasize the upward trend in data.

3.4.2 Radiative Heat Loss Correction

A similar correction method to Pope et al. (2001), described in Section 3.3.3, was applied to
the copper thermal conductivity measurements. However, instead of separating the electronic
and lattice thermal conductivities, the data were simply fit to the equation derived for the
thermal conductivity of copper by NIST (2010):

at+cTO0 per4gr1-5 1012

k(T) = 10146705 +dT+fTT5 41 (3.15)

1Kg 0.2mm Solderable Grade 1 Enamelled Copper Wire On D200 Reel, Scientific Wire Company, https:
//www.scientificwire.com/acatalog/SX02005-D200.html
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Figure 3.22: Comparison of uncorrected thermal conductivity data of the copper wire over six
years. The red dashed line at 400 W m™ K-! emphasizes the expected thermal conductivity
of copper at 300 K. The upward trend in the data is due to radiative heat loss.

In this equation, T represents temperature. The best-fit range for the data was found
to be between 20 and 140 K (R? = 0.9992). The fit coefficients for the CFMS copper data
are provided in Table 3.3. Using Equation 3.15, the data were extrapolated to 300 K to
correct for heat loss due to radiation (Figure 3.23). The error bars on the corrected values
were determined by propagating the residuals from the fit, measurement error, and a 5%
systematic accuracy term, as defined in Equation 3.13 (Section 3.3.3). The corrected data
falls closely along the 400 W m™! K-! line. The thermal conductivity of copper at 300 K,
after correction, is 398+ 17 W m™' K-!, which aligns with the expected value and falls within
the 5% accuracy range of the CFMS.

To further illustrate the radiation correction, data from 135 to 300 K are shown in
Figure 3.24. A plot of Ak vs. T3, where Ak is the difference between the total measured
thermal conductivity (k7) and the corrected value (k¢ ), confirms that the increase in thermal

conductivity at high temperatures is due to radiative heat loss (Figure 3.25).
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Table 3.3: Coeflicients used in Equation 3.15 to fit
the trend of the copper wire data.

Coefficient Fit
-3.6640
-0.9492
0.9882
0.4500
0.5940
-0.07059
-0.1445
0.00419
0.00997
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Figure 3.23: Comparison of measured and corrected thermal conductivity data of the copper
wire. The data is the average of all measurements collected for the copper wire.
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Figure 3.24: A zoomed in version of Figure 3.23 to emphasize the copper wire data correction

for radiative heat loss.
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Figure 3.25: The difference between the total measured thermal conductivity of the copper
wire and corrected conductivity (Ak = k7 — k¢) plotted against T3,

Theoretically, the electronic and lattice components of thermal conductivity should be

separated when applying a radiative correction, as outlined by Pope et al. (2001). However,

this step was not necessary when using the NIST equation (Equation 3.15), as it accounts
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for both components in the fit. Since the CFMS is also capable of measuring the electri-
cal resistance, the method proposed by Pope et al. (2001) should be explored further and
compared with the NIST-based correction used for copper in this study.

The corrected thermal conductivity of copper is compared to NIST standard curves for
RRR50, RRR100, RRR150, RRR300, and RRR500 copper (NIST, 2010) in Figure 3.26.
Additional thermal conductivity data for RRR80 copper were extracted from Xia et al.
(2022) for further comparison. As shown in Figure 3.26, the copper wire data above 20
K align closely with the RRR copper trends, most closely matching RRR80. Since the
data consistently fall just below the RRRS80 line, it is likely that the wire corresponds to
approximately RRR75. This can be confirmed by measuring its resistivity at 4.2 K and 300
K using the CFMS to calculate the residual resistivity ratio.

In contrast, the thermal conductivity below 20 K deviates from the expected behaviour,
suggesting that the CFMS configuration settings and/or cooling power were not sufficient
in this range, despite the measurements passing the data quality checks (Section 3.3.2).
To estimate the expected trend, the low-temperature data were extrapolated using Equa-
tion 3.15, shown as the blue dashed line in Figure 3.20. However, this fit fails below 20 K,
indicating that the fit coefficients (Table 3.3) do not accurately capture the low-temperature
behaviour. The ideal trend in this range is shown by the red dashed line in Figure 3.26,
which was estimated based on the slope of the RRR80 data below 20 K.

Despite the increased uncertainty at low temperatures, the copper wire results demon-
strate that the CEFMS provides reliable, accurate, and precise thermal conductivity measure-

ments.
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Figure 3.26: Comparison of the corrected copper thermal conductivity data with copper
standards from NIST (2010). The RRR = 80 curve was extracted from Xia et al. (2022).
The blue fitted curve was generated using Equation 3.15, with the dashed portion indicating
the extrapolated trend below 20 K. The red dashed line represents an idealized fit to the
copper data below 20 K. Measured copper data below 20 K is also shown to illustrate the
source of the underfit in the extrapolated curve.

73



4 Sample Selection, Preparation, and Characterization

4.1 Sample Selection

Careful consideration was given to selecting geological samples suitable for this study. Al-
though the study ultimately aims to measure the thermal conductivity of meteorites, terres-
trial minerals were initially used to refine the CFMS method, as these materials were readily
available and more practical for initial testing.

This PhD project began with the intent to measure the thermal conductivity of terrestrial
minerals commonly found in carbon-rich stony asteroids (e.g., olivine, pyroxene, calcite,
plagioclase, magnetite, chromite, and graphite) under space-like conditions (T < 300 K,
under vacuum). The objective was to use these measurements to estimate the bulk thermal
conductivity of asteroids. However, several limitations became apparent early on.

Many of the minerals collected were not compositionally pure and contained trace amounts
of minerals uncommon in planetary materials (e.g., biotite, quartz). Since thermal conduc-
tivity is sensitive to composition, even minor inclusions could skew the results and lead
to estimates that do not accurately represent the mineral constituents of asteroid materi-
als. Variations in elemental composition, particularly in minerals that form solid solutions,
also affect thermal conductivity. In a solid solution, different elements can substitute for
one another within a mineral’s crystal structure without changing the overall structure it-
self. However, these substitutions can significantly influence physical properties, including
thermal conductivity. For example, endmembers of olivine (forsterite (Mg-rich) and fayalite
(Fe-rich)) and plagioclase (albite (Na-rich) and anorthite (Ca-rich)) mineral series are known
to have distinct thermal conductivities (Horai and Simmons, 1969; Horai, 1971; Cermak and
Rybach, 1982; Diment and Pratt, 1988). Forsterite and enstatite, the Mg-rich endmembers
of olivine and pyroxene, respectively, are the major phases in stony asteroids. However,

obtaining samples of these minerals that were large, homogeneous, and suitable for thermal
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conductivity measurements proved difficult. After contacting several mineralogists and min-
eral dealers, it became clear that naturally occurring samples meeting the necessary size and
quality were unlikely to be found. Instead, all recommended sourcing lab-grown crystals.

Crystallographic orientation added another layer of complexity. Many asteroid-forming
minerals are anisotropic, meaning their thermal conductivity varies with direction. Because
minerals in meteorites are randomly oriented, it’s valuable to measure conductivity along
known crystallographic axes. Unfortunately, some minerals, such as magnetite, chromite,
and graphite, commonly form as aggregates, whereby the crystallographic axes cannot be
isolated. Single-crystal samples of such minerals are typically rare, expensive, or too small
for analysis.

Porosity also needs to be considered in estimating the bulk thermal conductivity of as-
teroids. Pore spaces increase phonon-boundary scattering, which alters the thermal conduc-
tivity curve from the typical crystalline behaviour discussed in Chapter 2. This effect is
well documented in previous studies by Opeil et al. (2010, 2012, 2020) and is seen in the
serpentinite data presented in Chapter 3 (Figure 3.10), where conductivity decreases with
decreasing temperature. To estimate bulk thermal conductivity from individual mineral
data, the effects of porosity would need to be modelled.

Due to these limitations, the focus of the project shifted. Rather than estimating bulk as-
teroid thermal conductivity from measurements of constituent minerals, the CFMS was used
in a more materials-science-focused approach to analyze well-characterized single crystals.
Minerals selected for this work—quartz, pyrite, calcite, and albite—were readily available in
the Planetary Instrumentation Laboratory (PIL) and offered a range of properties helpful in
testing the system. Quartz was chosen in part because its crystallographic axes are easily
identified in prism form (see Section 4.3), and its anisotropic thermal conductivity is well
documented at high temperatures (Birch and Clark, 1940a; Clark, 1966; Horai and Simmons,
1969; Beck et al., 1978; Kanamori et al., 1968), making it ideal for validating low-temperature

measurements. Calcite, also anisotropic and compositionally pure, served as another strong
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candidate with reported thermal conductivity values for specific crystallographic orientations
(Birch and Clark, 1940a; Clark, 1966; Dreyer, 1974). Albite is another anisotropic mineral,
and often displays crystal twinning (repeating lattice structure), which offers a unique case
for thermal conductivity analysis. Additionally, this study presents what appears to be the
first low-temperature analysis of albite and calcite. Pyrite, an isotropic mineral, provided a
valuable contrast to the anisotropic samples, and data have been published for this mineral
between 50 and 300 K (Popov et al., 2013).

These single-crystal measurements facilitated direct comparison with published data and
provided a controlled means to explore how anisotropy influences thermal conductivity. A
sample of obsidian (volcanic glass) was also included to examine the behaviour of an amor-
phous material. Measuring single-crystal samples provided an effective way to evaluate the
performance of the CFMS, confirm the expected trends in the thermal conductivity data
(see Chapter 2), and assess how well the results align with established reference data.

The meteorites selected for this study were chosen to ensure that the CFMS results are
comparable to the Opeil studies. These include an iron meteorite, two ordinary chondrites,
and one carbonaceous chondrite. Sample selection was limited to the size and availability of

material from the University of Alberta Meteorite Collection.

4.2 Sample Preparation

This section describes the preparation process of geological samples analyzed with the CFMS,
including the attachment of thermal assemblies (heater and thermocouple).

Samples were first cut into millimetre-sized rectangular prisms using a Buehler Iso-met
low-speed saw (Figure 4.1). The target dimensions for each sample were approximately 20
mm in length and between 2 and 3 mm in both width and height. These dimensions leave
enough space inside the radiation shield to prevent the thermal assembly wires from touching

the sample or the radiation shield, which could create unwanted heat conduction paths.
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Figure 4.1: Buehler Iso-met low-speed saw used to cut samples. A sample of quartz is shown.

Samples were initially cut with width and height dimensions between approximately 3
and 4 mm. If either dimension was smaller than 3 mm, the sample often broke during
cutting, as vibrations from the saw could compromise its structural integrity.

To achieve the ideal cross-sectional dimensions, samples were polished by hand using
silicon carbide paper after cutting. This process removed the rough surface left by the saw
and was also used to refine the width and height to the 2 to 3 mm range. Once polished,
the sample was rinsed with isopropyl alcohol to clean the surface and prepare it for the
attachment of the thermal assemblies.

Because the cutting and polishing stages are not perfectly precise due to human error, the
largest source of uncertainty in thermal conductivity measurements comes from the sample
dimensions (Section 3.3). To account for this, the width and height of each sample were

measured at over 30 points along its length to capture dimensional variability.
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4.2.1 Attachment of Thermal Assemblies

This section outlines the procedure for attaching the thermal assemblies to a geological
sample. A helping-hands station was used to hold the sample in place during attachment of

the assemblies, including the heat sink connecting wire (Figure 4.2).

Figure 4.2: The helping-hands station used to hold the sample during attachment of the
thermal assemblies (heater and thermocouple) and heat sink connection.

Step 1: Heat Sink Wire

A tinned copper wire was first fitted around the end of the sample, where it would later be
secured with epoxy, to establish a thermal connection to the heat sink (Figure 4.3a).

To do this, the sample was carefully secured between the rubber-tipped ends of one
helping-hand from the station. The wire was then gently wrapped around the sample, and
the two ends were twisted together to form a loop (Figure 4.3b). If preferred, the wire can

be wrapped around twice before twisting. The fit of the wire does not need to be perfect, as
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any small gaps between the wire and the sample are filled with epoxy in Step 3. Once the
wire was wrapped around the sample, it was carefully removed (Figure 4.3¢) to prepare for
epoxy application.

Meteorites (not pictured): Although the helping-hands tool is gentle enough to
hold samples without damage, it was not used for meteorites to avoid the risk of breakage.
Instead, a square-head screwdriver with cross-sectional dimensions similar to those of the
meteorite samples was used to wrap and shape the wire. Minor adjustments to the wire loop
(e.g., gently squeezing one end) were made as needed to ensure a proper fit. This approach

eliminated applying unnecessary force to the meteorites during Step 1.
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Figure 4.3: Step 1: Preparing the heat sink connecting wire. (a) The sample and tinned
copper wire prior to wrapping. (b) The wire is wrapped around the sample and twisted to
form a loop. (c) The wire is carefully removed to prepare for the application of epoxy. See
text for details.

Step 2: Mix the Silver Epoxy

Silver epoxy (RS PRO Silver Conductive Adhesive Epoxy) was prepared by measuring equal
parts (by weight) of hardener and resin and mixing thoroughly for approximately one minute

(Figure 4.4). This step was typically completed immediately after Step 1, as the epoxy
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begins to set within 10 to 15 minutes after mixing. Under ambient conditions, the epoxy

takes approximately 24 hours to cure.

i

Figure 4.4: Step 2: Preparation of the silver epoxy. (a) A high-precision scale was used to
weigh equal parts hardener and resin. (b) Example of equal parts in a mixing cup. (c¢) The
hardener and resin were mixed with a toothpick until uniform.

Step 3: Attach the Heat Sink Wire

A small amount of epoxy was applied to the end of the sample using a toothpick (Figure 4.5a).
The connecting wire was then gently slid into place over the epoxy (Figure 4.5b). Once in
place, additional epoxy was applied on top of the wire, ensuring that it filled any gaps
between the wire and the sample (Figure 4.5¢). After the epoxy was applied, a fine-tipped
cotton swab dipped in isopropyl alcohol was used to clean up any excess epoxy (Figure 4.5d).
It is important to tidy the connection at this stage to ensure there is sufficient space to attach
the cold junction end of the thermocouple later on.

Once the epoxy was applied, the helping-hand was adjusted so that the sample hung
vertically (Figure 4.5¢). This orientation allows gravity to help the epoxy settle into any
remaining gaps and build up a strong connection around the wire. The sample was left in

this position for 24 hours to allow the epoxy to cure fully.
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Meteorites (not pictured): This process was also followed for the meteorite samples;
however, the sample was held in hand rather than with the helping-hand tool. After the
epoxy was applied, the meteorite was carefully placed horizontally on the helping-hands
platform so that the epoxy-coated section hung over the edge. This prevents the epoxy from
bonding the sample to the platform. Since the sample is not hung vertically, extra care was

taken to apply sufficient epoxy to fill any gaps that may occur.

Figure 4.5: Step 3: Attaching the heat sink connecting wire. (a) Epoxy is applied to the end
of the sample. (b) The wire is carefully slid back into place over the epoxy. (c) Additional
epoxy is applied to fill any gaps. (d) Excess epoxy is cleaned with a fine-tipped cotton swab
dipped in isopropyl alcohol. (e) The sample is left to hang vertically while the epoxy cures.
See text for details.
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Step 4: Securing Sample to Helping-Hands Platform

From this step onward, the methods are the same for the mineral and meteorite samples.
After the epoxy is cured, the thermal assemblies can be attached. The helping-hands
platform was used as a base to secure the sample in place (Figure 4.6). The connecting
wire was threaded through one of the larger holes in the platform (Figure 4.6a & b). It was
then gently folded along the bottom of the platform (Figure 4.6¢) and held in place once the
platform was set back down. At this point, the sample is ready for the thermal assemblies

to be attached (Figure 4.6d).

SRUSEVECPEED® FL 420

Figure 4.6: Step 4: Using the helping-hands platform to hold the sample in place. (a) The
sample’s connecting wire threaded through one of the larger holes. (b) The wire sticking out
the bottom of the platform. (c) The wire folded along the bottom to hold the sample. (d)
The sample held in place and ready for the thermal assemblies to be attached.
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Step 5: Prepare Sample for Assembly Attachments

Before the thermal assemblies were attached, the sample surface was cleaned with isopropyl
alcohol and a fine-tipped cotton swab (Figure 4.7, a & b). Two toothpicks were then posi-
tioned where the heater and cold junction thermocouple tab would be attached (Figure 4.7c).
The helping-hands were adjusted to apply enough tension to hold the toothpicks firmly in
place. These toothpicks are used to keep the assemblies in place while the epoxy cures.
Next, the assemblies were inspected to determine the best orientation for attachment,
ensuring that the assembly tabs would not come in contact with each other (e.g., avoiding
contact between the hot junction and heater tabs) (Figure 4.7d). Once a suitable orientation

was determined, a batch of silver epoxy was prepared as described in Step 2.

Step 6: Heater Attachment

It is easiest to attach the heater assembly first. The toothpick on the heater end was removed,
taking care not to shift the helping-hand from its position. Note that the toothpick on the
cold junction end usually stays in place to help secure the sample; however, it was removed
in Figure 4.8 to provide a better view of the heater assembly.

A small dab of epoxy was first applied to the heater end of the sample (Figure 4.8a). The
heater was carefully placed on top of the epoxy and secured by reattaching the toothpick
to the helping-hand (Figure 4.8b). Any excess epoxy that squeezed out was cleaned using a
fine-tipped cotton swab dipped in isopropyl alcohol (Figure 4.8¢c). It is best practice to have

a clean edge along the heater (Figure 4.8d).
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Figure 4.7: Step 5: Preparing the sample for thermal assembly attachments. (a & b) Cleaning
the surface with isopropyl alcohol. (c¢) Positioning the toothpicks to support the heater and
thermocouple assemblies. (d) Confirming the layout of the assemblies before attachment.
See text for details.
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Figure 4.8: Step 6: Attaching the heater assembly. (a) Epoxy is applied to the heater end
of the sample. (b) The heater is positioned and held in place with a toothpick. (c¢) Excess
epoxy is cleaned using a cotton swab dipped in isopropyl alcohol. (d) Final setup with the
heater in place and clean edges. See text for details.
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Step 7: Thermocouple Attachment

To attach the thermocouple to the sample, it is best to start with the cold junction tab and
let the epoxy set before attaching the hot junction tab. This is because it is difficult to get
three helping-hands to hold toothpicks in such a small space. Also, if the hot tab is attached
on the same day as the heater and cold junction tabs, the cold junction can shift out of place
while the epoxy is still fresh.

As with the heater, a small dab of epoxy was placed near the heat sink end of the
sample (Figure 4.9a). Care was taken to leave enough space between the epoxy and heat
sink connection so that the epoxy did not spread into that area. The cold junction tab was
placed on top of the epoxy and secured with a toothpick (Figure 4.9b). Any excess epoxy
was cleaned up with a fine-tipped cotton swab dipped in isopropyl alcohol (not shown). The
edges of the cold junction should be clean, just like the heater (Figure 4.9¢).

The heater and cold junction attachments were left to cure for at least 12 hours before
the hot junction tab was attached (Figure 4.9d). The process for attaching the hot tab is the
same as the cold tab. A reasonable gap was left between the heater and the hot junction tab.
Recall that the spacing between the thermocouple tabs plays an important role in reducing
heat loss through the connecting wires (Section 3.1.3), so placement of the thermocouple
tabs is important to consider.

The sample was removed from the helping-hands platform at least 12 hours after the hot
tab was attached; however, it is best to leave it for a full 24 hours to ensure the epoxy is

completely cured before proceeding to the final step.
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Figure 4.9: Step 7: Attaching the thermocouple assembly. (a) Epoxy is applied near the
heat sink end of the sample. (b) The cold junction tab is secured with a toothpick. (¢) The
cold junction tab after cleaning. (d) The sample the following day with the hot junction tab
set in place. See text for details.
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Step 8: Surrounding Epoxy

The final step in the thermal assembly attachment process is to apply silver epoxy around
the sample at each assembly point, including both ends of the sample (Figure 4.10). This
step ensures the thermal assemblies have a good electrical contact with the sample.

To apply the surrounding epoxy, the sample was held by the heat sink connecting wires.
Using a toothpick, epoxy was applied around the cold junction and heater areas, as well as
both ends of the sample. It is often easier to start with these areas, let them sit for at least
12 hours, and then return to apply epoxy around the hot junction area.

Once the epoxy is applied, the surrounding areas were cleaned using isopropyl alcohol
and a fine-tipped cotton. The epoxy should be cleaned so that it is approximately the same

width as the assembly tabs.
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Figure 4.10: Step 8: Apply epoxy around the sample at each assembly point, including both
ends. See text for details.
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4.3 Single-Crystal Minerals

A total of 14 single-crystal minerals, including one amorphous sample, were analyzed using
the CFMS. These include two quartz samples, six calcite samples, two albite samples, three
pyrite samples, and one obsidian (volcanic glass) sample. Quartz, calcite, and albite are
anisotropic minerals, while pyrite and obsidian are isotropic.

To understand anisotropy and its effects on thermal conductivity, a brief overview of
crystal structure and crystal systems is provided here.

A mineral is defined as a naturally occurring solid with well-defined chemistry and crystal
structure (Wenk and Bulakh, 2016). The physical properties of a mineral, including thermal
conductivity, depend on its internal atomic arrangement, which defines its crystal structure.
In crystalline materials, atoms are arranged in an orderly, repeating pattern called a unit
cell. The repetition of this unit cell forms the crystal lattice. Vibrations in the crystal
lattice, known as phonons, are the primary carriers of thermal energy in insulating crystalline
materials (see Chapter 2).

Single-crystal minerals have a uniform atomic structure throughout their entire volume,
unlike mineral aggregates, which are composed of multiple crystals that have grown together.
In contrast, amorphous materials like glass lack a defined structure; their atoms are arranged
randomly, without a repeating pattern.

Crystal systems classify minerals based on their symmetry and structural geometry.
There are seven crystal systems, arranged from highest to lowest symmetry: cubic, hexag-
onal, trigonal, tetragonal, orthorhombic, monoclinic, and triclinic (Figure 4.11). Symmetry
refers to the repetition of patterns or features within the crystal structure. As symmetry
decreases across the crystal systems, the length of the crystallographic axes and the angles
become less uniform.

These structural differences lead to anisotropy, where a material’s physical properties

vary depending on the direction in which they are measured. In anisotropic, crystalline
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materials, this occurs because atomic bonding and spacing differ along crystallographic axes.
As phonons move through the lattice, their interactions depend on the arrangement of atoms,
which affects how efficiently heat is conducted. As a result, heat may travel more easily along
one axis than another.

Isotropic materials, on the other hand, have the same physical properties in all directions.
This includes minerals in the cubic crystal system as well as amorphous solids like obsidian.
Although glass is disordered and lacks a regular lattice, its lack of structural directionality
means properties like thermal conductivity remain constant regardless of orientation.

Additionally, the distinction between a crystal face and a cleavage plane needs to be
clarified. A crystal face is a flat surface that forms as the mineral grows during crystallization.
In contrast, cleavage refers to planes of weakness in the crystal structure along which a
mineral can break. These cleavage planes can be mistaken for crystal faces, especially in
minerals where the cleavage is well-developed.

A summary of crystal system, anisotropy, and geometric dimensions for each sample in
this study is provided in Table 4.1, with detailed descriptions given in the following sub-
sections. To support this study, X-ray diffraction (XRD) measurements were performed on
offcuts from the same parent samples used in the thermal conductivity analysis to assess
their purity. The measurements were collected by Aurelio Sanz Arranz at the University of
Valladolid as part of the Planetary Instrumentation Laboratory (PIL) LIBS?-Raman Sensor
(LIRS) project (Code: 9F063-140572/024/MTB), which developed an integrated Raman,
LIF3, and LIBS instrument and accompanying database, supported by complementary tech-
niques including XRD. The XRD data was processed by Dr. Emmanuel Lalla (former PIL
postdoctoral researcher).

XRD analysis was carried out using the portable Terra-Insitu instrument, which is based
on the same CheMin technology currently operating on NASA’s Curiosity rover. This in-

strument can perform both XRD and X-ray fluorescence (XRF) analyses. For XRD, it uses

2Laser-Induced Breakdown Spectroscopy (LIBS)
3Laser-Induced Fluorescence (LIF)
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a cobalt-based X-ray source and a cooled detector to capture diffraction patterns.

Each sample (~10 g) was ground using an agate mortar and sieved to a fine powder (less
than 100 gm). One diffraction scan was collected for each sample, totalling four scans, which
took approximately 30 minutes per scan. The resulting patterns were used to identify the
mineral phases present, using XPowder software and reference data from the ICDD PDF-24.
More details on this technique can be found in Ella et al. (2020a, 2020b). Quantitative XRD

results are provided in Appendix C.

Table 4.1: Single-crystal mineral properties and dimensions.

Sample Crystal Anisotropy Dimensions A (mm?) L (mm)
System (mm)
w X hxl

Quartz-1 Trigonal Anisotropic ~ 2.65 x 2.64 x 20.3 6.971+0.006  11.429£0.007

Quartz-2 2.59 x 2.60 x 20.0 6.737+£0.007  12.12740.013
Calcite-1a-4a-b Trigonal Anisotropic 3.02 x 2.71 x 19.2 8.201+£0.005  11.42740.007
Calcite-1a-5d 2.86 x 3.01 x 19.6 8.618+0.010  11.84640.008
Calcite-1a-6-1 2.76 x 2.72 x 18.7 7.518+0.024  10.218 £0.007
Calcite-1b-6-1 2.89 x 2.11 x 21.4 6.085£0.006 11.721£0.018
Calcite-1b-6-2 2.80 x 2.93 x 19.0 8.218+0.002 11.2884+0.013
Calcite-1b-6-5 2.61 x 291 x 21.3 7.593+£0.007  11.549£0.007

Albite-1 Triclinic Anisotropic ~ 2.48 x 2.52 x 20.6 6.249+0.009  12.061 +0.006

Albite-2 2.40 x 2.59 x 19.9 6.202+£0.009  12.18240.008

Pyrite-1 Cubic Isotropic 2.03 x 2.07 x 19.9 4.196+0.003 11.0434+0.014

Pyrite-2 2.89 x 3.12 x 174 9.014+0.009  10.02440.009

Pyrite-3 1.67 x 1.22 x 20.0 2.027+£0.004 11.917£0.006

Obsidian Amorphous Isotropic 2.51 x 2.63 x 20.1 6.598+0.007  12.82940.009

“4International Centre for Diffraction Data Powder Diffraction File (ICDD PDF-2)
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Figure 4.11: The seven crystal systems. Figure adapted from Davies (2013).
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4.3.1 Quartz

Quartz belongs to the trigonal crystal system, but is commonly described using its hexagonal
lattice framework (a1 = ag # ¢; a = =90°~v = 120°) (Figure 4.12). The characteristic
prismatic crystal habit of quartz makes it easy to identify the crystallographic axes in a hand
sample. Two quartz samples were cut from a quartz prism in two directions: one parallel to
the c-axis (Quartz-1, Figure 4.13) and one perpendicular (Quartz-2, Figure 4.14). The two
samples oriented with respect to the crystallographic axes are shown in Figure 4.15. The
quartz sample appears pure upon visual inspection, although wisps and small bubbles are
present throughout, likely due to gas trapped during crystallization. XRD analysis indicates
that the quartz samples are 99% pure (Figure 4.16). The remaining 1% likely corresponds
to peaks that could not be resolved or did not match the reference pattern in the PDF-2
database (standard 461045).

Figure 4.12: Trigonal crystal system of quartz. Image from The Quartz Page (2016).

94



(a) (b) (c) (d)

Figure 4.13: Preparation of the Quartz-1 sample, cut parallel to the c-axis. (a) Quartz
crystal oriented along the c-axis (red arrow). The black outlined section indicates the portion
that was cut to prepare the sample. (b) The cut section laid flat. (c) The same cut section
viewed on its side. (d) The cut section mounted on the low-speed saw sample holder with
Crystalbond, then cut into three pieces. The piece outlined in red was selected to create the
Quartz-1 sample.

(a) o~ (b) \ (c) a-axis

c-axis &

2cm 1cm

Figure 4.14: Preparation of the Quartz-2 sample, cut perpendicular to the c-axis (parallel to
a-axis). (a) Quartz sample mounted to the low-speed saw sample holder with Crystalbond.
This is the top half of the same specimen shown in Figure 4.13a. (b) The crystal cut
into three pieces perpendicular to the c-axis. The piece outlined in green was selected for
preparing the Quartz-2 sample. (c) Left: The selected piece laid flat to show its orientation
relative to the a-axis. Right: The piece cut into four sections; the piece outlined in red was
selected create the Quartz-2 sample.
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Figure 4.16: XRD pattern of quartz (99% purity), matched against PDF-2 database standard
461045.

Quartz-1
A
Quartz-2
a-axis
>

Figure 4.15: Cut samples of Quartz-1 and Quartz-2, orientated with respect to the crystal-
lographic axes (c and a).

4.3.2 Calcite

Six calcite (CaCOs) samples were cut from a rhombohedral, white calcite crystal (Fig-

ure 4.19). Like quartz, calcite also belongs to the trigonal crystal system, with its axes
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similarly described using the hexagonal framework (a; = a2 # ¢; a = =90°, v = 120°).
XRD analysis indicates that the calcite sample is 98% pure, with the remaining 2% con-
sisting of peaks that were either unresolved or did not match the PDF-2 database standard
(standard 721214; Figure 4.18). Among the anisotropic minerals selected for this project,
identifying the crystallographic axes in rhombohedral, opaque calcite is particularly chal-
lenging, as cleavage planes are often mistaken for crystal faces. However, given the high
purity of the samples, the goal of this study was to measure thermal conductivity at random

orientations to assess how much it fluctuates within a single piece of calcite.

Figure 4.17: Trigonal crystal system of calcite. Image from Richards (2015).

Of the six calcite samples measured, samples la-4a-b, 1a-5d, and 1la-6-1 are cut parallel
to each other (Figure 4.20 to 4.22). The samples 1b-6-1, 1b-6-2, and 1b-6-5 are also cut
parallel to one another (Figure 4.23), where the "a-samples" are perpendicular to the "b-
samples'. An example of what the calcite samples look like after they are polished to the

proper dimensions is provided in Figure 4.24.
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Figure 4.18: XRD pattern of calcite (98% purity), matched against PDF-2 database standard
721214.
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Figure 4.19: (a) Rhombohedral calcite used in this study. (b-d) The crystal is cut into
multiple sections. The red-outlined sample names in (d) indicate the pieces that were selected
to prepare the six calcite samples.(Figures 4.20 - 4.23). Scale bars in (b) to (d) are 2 cm.
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Figure 4.20: Preparation of calcite sample 1a-4a-b. (a) Sample 1a-4 from Figure 4.19d. (b)
Sample 1a-4 cut into two pieces: la-4a and la-4b. The la-4a sample, outlined in green, was
chosen to prepare a sample. (c) Sample la~4a laid flat. (d) Sample la-4a cut into multiple
pieces. The red-outlined piece "b" was selected and polished to create the la-4a-b calcite
sample. Scale bars in (b) to (d) are 1 cm.

(a) 1a-56 (b) 1a-5d

1cm 1cm e e

Figure 4.21: Preparation of calcite sample 1a-5d. (a) Sample la-5 from Figure 4.19d laid
flat. (b) Sample 1a-5 cut into multiple pieces. The red-outlined piece "d" was selected and
polished to create the 1a-5d calcite sample.
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Figure 4.22: Preparation of calcite sample 1la-6-1. (a) Sample 1a-6 from Figure 4.19d laid
flat. (b) Sample 1la-6 cut into multiple pieces. The red-outlined piece "1" was selected and
polished to create the 1a-6-1 calcite sample.
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Figure 4.23: Preparation of calcite samples 1b-6-1, 1b-6-2, and 1b-6-5. (a) Sample 1b
from Figure 4.19d laid flat. (b) Sample 1b cut into multiple pieces. The red-outlined pieces
in the "1b-6" row were selected and polished to create three parallel samples.
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Figure 4.24: This figure shows an example of a prepared calcite sample, representative of
the six samples used in this study.

4.3.3 Albite

Albite is the sodium-rich endmember (NaAlSi3Og) of the plagioclase feldspar solid solution
series, and belongs to the triclinic crystal system (a # b # ¢; a# 8 #7y) (Figure 4.25). As the
triclinic system has the lowest symmetry (Figure 4.11), there are no visual clues in the hand
sample to identify the a and c crystallographic axes. The direction of the b-axis, however,
can be inferred, as it is normal to one of albite’s cleavage planes. Albite crystals typically
cleave with a 90° angle between the (010) and (001) planes (Figure 4.26a,b), offering an
opportunity to investigate heat flow relative to the cleavage planes. Albite also displays
polysynthetic twinning—repeated patterns of the crystal lattice—that appear as parallel
striations on the (001) cleavage plane (Figure 4.26¢). The twin planes are parallel to (010),
which corresponds to the direction of the b-axis.

Two samples of albite were prepared for this study (Figure 4.27). Albite-1 was cut parallel

to the (010) twin planes, such that heat flows perpendicular to the b-axis. Albite-2 is cut
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along the b-axis, perpendicular to (010).

XRD analysis reveals that the albite samples are 96% pure, with 4% remaining uniden-
tified (Figure 4.28). Visual inspection of the albite crystal showed trace amounts of biotite
distributed throughout the sample (Figure 4.26), which likely accounts for the unidentified

fraction.

110

Figure 4.25: Triclinic crystal system of albite. The crystallographic axes are labelled a, b,
and c, and the angles between them are «, 3, and ~, where a # b # ¢ and « # [ # . Image
adapted from Zakharov (n.d.).
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Figure 4.26: (a) Schematic diagram of albite showing its three cleavage planes: (001) is the
perfect cleavage plane, (010) is the good cleavage plane, and (110) is a fractured surface.
Polysynthetic twinning is seen on the (001) plane, with twin planes parallel to (010). The
b-axis is perpendicular to the (010) plane and runs parallel to the twin planes. Yellow
arrows indicate the directions in which the albite crystal was cut to prepare two thermal
conductivity samples. Image adapted from Encyclopaedia Britannica (1998) and Farmer
(2014). (b) Photograph of the albite specimen from which the samples were cut. The (001),
(010), and (110) cleavage planes are labelled, and the 90° angle between (001) and (010) is
highlighted. (c) View of the (001) cleavage plane. The inset (pink box) shows the visible
polysynthetic twin striations. Yellow arrows show the directions in which the two albite
samples were cut relative to the twin striations. Black areas are biotite.

(b)
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Figure 4.27: (a) The two albite samples overlaid on a schematic of the (001)cleavage plane
to illustrate the orientation in which they were cut. The b-axis runs parallel to the twin
planes. The 1 cm scale bar applies only to the sample images; the schematic of the twin
planes is not to scale. (b) Repeat of Figure 4.26a, now showing the two samples projected
onto the (001) plane.
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Figure 4.28: XRD pattern of albite (96% purity), matched against PDF-2 database standard
090466.

4.3.4 Pyrite

Pyrite (FeSy) is an isotropic mineral that belongs to the cubic (isometric) crystal system
(a=b=c; a=p=~=90°) (Figure 4.29). This means that the cutting orientation relative
to the crystallographic axes is not a concern when preparing samples for thermal conduc-
tivity measurements. The three pyrite samples were cut with different cross-sectional areas
from a single pyrite cube (Figure 4.30): Pyrite-1 = 4.2 mm?, Pyrite-2 = 9.02 mm?, Pyrite-3
= 2.0 mm? (Table 4.1). These varying sample sizes were chosen to investigate the relation-
ship between sample size and thermal conductivity. As discussed in Section 2.2.3, sample
dimensions become increasingly important at low temperatures, where phonon-boundary
scattering dominates the heat transfer process.

XRD analysis of pyrite reveals that it is 96% pure (Figure 4.31), with the remaining 4%
corresponding to other mineral phases. Although the pyrite cube appeared homogeneous
on the macroscopic scale, microscopic images of the samples reveal the presence of trace

minerals (Figures 4.32 and 4.33). Based on surface appearance, Pyrite-1 appears to have
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the most uniform composition of the three samples. The compositions of the trace minerals
could not be resolved by XRD analysis due to their small size; however, a simple HCI reaction

test confirmed the presence of calcite.

a

Figure 4.29: Cubic (isometric) crystal system of pyrite. Image adapted from Le Comptoir
Géologique (2025)

Figure 4.30: Pyrite cube from which the three pyrite samples used in this study were cut.
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Figure 4.31: XRD pattern of pyrite (96% purity), matched against PDF-2 database standard
060710.
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Figure 4.32: Microscope images of Pyrite-1 and Pyrite-2, showing front and back surfaces.
The center region of each sample corresponds to the AT measurement zone (between the
thermocouple junctions), which is highlighted to reveal trace minerals, visible as small black
specks. Red arrows indicate microscope artifacts. Pyrite-2 appears to contain more inclusions
than Pyrite-1.

2mm

Figure 4.33: Composite microscope images of Pyrite-3, showing two polished surfaces. Trace
mineral inclusions are visible throughout the sample as small black specks.
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4.3.5 Obsidian

Obsidian is volcanic glass formed by the rapid cooling of lava, which prevents crystalliza-
tion and results in a disordered atomic structure.
rock, obsidian is amorphous and was included in the single-crystal investigation to compare
thermal conductivity trends between crystalline and non-crystalline materials. Due to its
disordered atomic structure, obsidian is isotropic, so the cutting direction does not need to
be considered when preparing a sample. One obsidian sample was prepared for this study
(Figure 4.34). XRD analysis confirms the amorphous nature of the sample, as amorphous
materials typically produce low-intensity, broad, and featureless diffraction patterns due to

the absence of crystallinity (Figure 4.35) (Nunes et al., 2005; Popova et al., 2014; Rowe and

Brewer, 2018).

Although it is considered an igneous

2cm

(b)

1cm

Figure 4.34: (a) Obsidian specimen used to prepare a sample for this study. (b) Obsidian

sample prepared for thermal conductivity measurements.
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Figure 4.35: XRD pattern of obsidian, characteristic of amorphous materials. The black
line shows the raw intensity data, while the red line represents a smoothed curve used to
estimate the background signal.

4.4 Meteorites

4.4.1 Background Information

This section provides an introduction to the geology of meteorites, focusing on the types
analyzed in this study. Portions of the content are adapted from my MSec thesis (Gilmour,
2017) and subsequent publications (Gilmour et al., 2019; Gilmour and Herd, 2020), but have
been reworded and reorganized to align with the scope and objectives of the present work.
The meteorite groups discussed include the chondrites, which are stony meteorites defined by
the presence of small, round grains known as chondrules. Chondrites are typically classified
into three main types: ordinary, enstatite, and carbonaceous. This study includes two
ordinary chondrites (Buzzard Coulee and Holbrook), one carbonaceous chondrite (Allende),

and one iron meteorite (North Chile).
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Ordinary Chondrites

Ordinary chondrites are the most common among the three chondrite types. They originate
from undifferentiated stony asteroids, meaning the parent body did not separate into a crust,
mantle, and core. As a result, ordinary chondrites contain a mixture of silicate minerals
(olivine, pyroxene, and plagioclase) present in both the chondrules and the fine-grained
matrix, along with iron-nickel (Fe-Ni) metal and troilite (FeS) (Brearley and Jones, 1998).

The ordinary chondrites are divided into three groups—H, L, and LL—based on their Fe-
Ni metal content. On average, H chondrites contain 18.2 wt.% metal, L chondrites contain
8.4 wt.%, and LL chondrites contain the least amount with 3.5 wt.% (Dunn et al., 2010).
These differences reflect varying oxidation states of the parent bodies. LL chondrites are the
most oxidized, and therefore contain the least metal, as most of the iron is incorporated into
silicate minerals rather than occurring as metallic iron (Snelling, 2014).

Ordinary chondrites are further classified by petrological type, which reflects the degree
of thermal metamorphism experienced by the parent body. The petrological classification
ranges from type 3 to type 6 (Sears and Dodd, 1988; Brearley and Jones, 1998). Type 3
chondrites are considered the most primitive, as they show little to no metamorphic alter-
ation and preserve original textures and mineral compositions. Types 4 through 6 represent
progressively higher levels of thermal metamorphism, with type 6 being the most meta-
morphosed. As metamorphism progresses, the original textures and compositions of the

primitive material gradually become more homogeneous.

Carbonaceous Chondrites

Carbonaceous chondrites are the most primitive type of meteorite, containing the oldest
known objects in the solar system, referred to as Calcium-Aluminum-rich Inclusions (CAls).
These meteorites also contain chondrules, and their bulk mineralogy includes carbonates (cal-
cite and dolomite), troilite, magnetite, olivine, pyroxene and organic compounds (Brearley

and Jones, 1998).
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There are eight main groups of carbonaceous chondrites, which are classified based on
their elemental and isotopic composition: CI, CM, CR, CK, CV, CH, CB, and CO. The
first letter "C" indicates that the meteorite is carbonaceous, and the second letter typically
refers to the type specimen from that group, such as Murchison for CM chondrites. In the
case of CH, the "H" refers to high metal content. Although metal is generally uncommon in
carbonaceous chondrites, it is present in the less oxidized groups, including CB, CH, CR, CO,
and CV (Brearley and Jones, 1998; Krot et al., 2014). When a carbonaceous chondrite does
not match the composition of any known group, it is classified as an ungrouped meteorite.
Two well-known examples of ungrouped carbonaceous chondrites include Tagish Lake and
Tarda.

Some carbonaceous chondrites have undergone aqueous alteration. This is indicated by
the presence of hydrous minerals such as saponite and serpentine, which form when water
interacts with olivine and pyroxene (Browning et al., 1996; Hanowski and Brearley, 2001;
Rubin et al., 2007), as well as by water content (Howard et al., 2014; Gilmour et al., 2019;
Bates et al., 2024). The extent of aqueous alteration is described using petrological types 1
and 2, with type 1 representing the most altered. These petrological types apply to the CI,
CM, and CR chondrites (Howard et al., 2014; Krot et al., 2014), as well as the ungrouped
meteorites Tagish Lake (Herd et al., 2011; Blinova et al., 2014; Gilmour et al., 2019) and
Tarda (Bates et al., 2024; Schrader et al., 2024). The remaining carbonaceous groups are
either unequilibrated (type 3) or have undergone minor thermal metamorphism (type 4),

except for CK chondrites, which show evidence of metamorphism up to type 6 (Krot et al.,
2014).
Iron Meteorites

Iron meteorites are believed to originate from the cores of differentiated parent bodies, al-
though some may have a non-magmatic origin, such as from impact melts (Wasson et al.,

1980; Choi et al., 1995). They are comprised primarily of Fe-Ni metal and may contain mi-
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nor amounts of troilite, phosphides, and silicates (Mittlefehldt et al., 1998). Two dominant
Fe-Ni metal phases are commonly found in iron meteorites: kamacite (low-Ni phase) and
taenite (high-Ni phase).

Iron meteorites are classified based on both their structure and chemical composition.
Structural classification is determined by the presence or absence of the Widmanstéitten pat-
tern (Buchwald, 1975a). This pattern is a distinctive arrangement of kamacite and taenite
lamellae that becomes visible when a polished surface is etched with acid. The three main
structural types are hexahedrites, octahedrites, and ataxites. Octahedrites are further di-
vided into subtypes based on the width of the kamacite and taenite lamellae, ranging from
coarse to fine. Hexahedrites and ataxites do not display a Widmanstatten pattern, as they
consist almost entirely of a single metal phase: kamacite in hexahedrites and taenite in
ataxites.

The main chemical groups of iron meteorites include TAB, IIAB, IITAB, IVA, and IVB,
with several additional subgroups. These groups are defined primarily by their nickel content
and by the trace element concentrations of gallium (Ga), germanium (Ge), and iridium
(Lovering et al., 1957; Wasson, 1967). The Roman numerals (I-IV) represent the main
chemical groups, based on Ge and Ga content, while the letters differentiate subgroups

within each group.

4.4.2 Meteorite Samples

Five meteorite samples were prepared for thermal conductivity measurements: North Chile
(iron), Allende (carbonaceous chondrite), two samples of Buzzard Coulee (ordinary chon-
drite), and Holbrook (ordinary chondrite). The thermal conductivity of two Holbrook sam-
ples was previously reported by Opeil et al. (2012), providing an opportunity to compare
results obtained using different cryogenic instruments. A thermal conductivity value for
Allende was reported by Szurgot (2011b); however, it was derived indirectly from thermal

diffusivity, bulk density, and specific heat capacity. Therefore, this study presents the first di-
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rect thermal conductivity measurements for Allende, as well as for North Chile and Buzzard
Coulee.

Dr. Chris Herd provided the meteorite samples from the University of Alberta Meteorite
Collection, and they were cut by Dr. Patrick Hill, a former postdoctoral researcher in
Dr. Herd’s lab. Sample dimensions were refined by polishing with silicon carbide paper.

Descriptions of the meteorites are provided below and summarized in Tables 4.2 and 4.3.

North Chile

North Chile is a ITAB hexahedrite composed almost entirely of kamacite metal (low Ni
phase), with rhabdite ([Fe,Ni]sP) inclusions throughout (Buchwald, 1975¢; Wasson et al.,
1989; Wasson et al., 1998; Campbell and Humayun, 1999; Nolze et al., 2006; Gilmour and
Herd, 2020). The North Chile sample used in this project has cracks and scratches on
its surface, but otherwise appears homogeneous on the macroscale (Figures 4.36 & 4.37).

Rhabdite crystals are only visible on the micron scale (Gilmour and Herd, 2020).

@ Al “1‘;“15 RTA

Figure 4.36: North Chile meteorite from the University of Alberta Meteorite Collection. The

yellow arrow indicates the location from which the sample used in this study was cut. Photo
by Dr. Patrick Hill.
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5mm

Figure 4.37: Composite microscope images of the four sides of the North Chile iron meteorite.
Cracks and scratches are apparent on the surface. The red arrow indicates the direction of
heat flow through the sample. University of Alberta Meteorite Collection ID: MET6579/4-1

Holbrook

Holbrook is an L/LL6 ordinary chondrite, meaning it exhibits properties of both L and
LL chondrites. Specifically, its olivine composition is typical of L chondrites, while the
cobalt concentration in kamacite aligns more closely with LL chondrites (Rubin, 1990).
Additionally, oxygen isotope measurements for different Holbrook samples span the upper
limit of L chondrites and extend into the LL region (Rubin, 1990; Rubin et al., 2008).
Holbrook is composed of olivine, hypersthene (pyroxene), plagioclase, Fe-Ni metal (ka-
macite and taenite), troilite, and chromite (Mason and Wiik, 1961). Samples collected
sometime after its initial fall in 1912 show clear evidence of weathering (Gibson and Bogard,
1978; Bland et al., 1998; Pillinger et al., 2013). During the weathering of ordinary chon-
drites, metal and Fe-rich silicates undergo oxidation (Bland et al., 2006), which appears as

rusty brown areas around metal grains (Figures 4.38 and 4.39).
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Figure 4.38: Holbrook meteorite from the University of Alberta Meteorite Collection. The
yellow arrow indicates the location from which the sample used in this study was cut. The
rust-coloured areas result from metal oxidation caused by weathering. Photo by Dr. Patrick

Hill.
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Figure 4.39: Composite microscope images of the four sides of the Holbrook sample. Chon-
drules are indicated by "C" on or next to some examples. Examples of metal (green arrows)
and troilite (yellow arrows) are shown. Note the rusted areas around the metal, caused by
oxidation due to weathering. The red arrow indicates the direction of heat flow through the
sample. University of Alberta Meteorite Collection ID: MET7179/3-1

Buzzard Coulee

Buzzard Coulee is an H4 ordinary chondrite. It was collected shortly after its fall and is
considered a pristine sample, showing no evidence of terrestrial weathering (Hildebrand et al.,
2009; Hutson et al., 2009). Its composition includes two types of pyroxene, olivine, troilite,
Fe-Ni metal (kamacite and taenite), and devitrified alkali-rich glass, with minor amounts of
chromite, merrilite, pentaldante, augite, and traces of spinel and silica glass (Walton and
Herd, 2009a; Walton and Herd, 2009b; Higgins et al., 2011). Buzzard Coulee is slightly

shocked and classified as a monomict breccia (Hutson et al., 2009; Higgins et al., 2011;
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Gilmour and Herd, 2020). A breccia is a rock composed of angular, fragmented clasts, and
a monomict breccia contains clasts of the same lithology as the surrounding matrix (Wahl,
1952; Bischoff et al., 2006).

Buzzard Coulee is considered anomalous among H chondrites due to low variability in
its physical properties, such as bulk density, porosity, and magnetic susceptibility (Fry et
al., 2013). Additionally, its metal grains have minimal variation in platinum group ele-
ment (PGE) concentrations compared to other type 4 chondrites (Gilmour and Herd, 2020).
Thermal conductivity measurements of Buzzard Coulee will help assess whether its unusual
physical properties are also reflected in its thermal behaviour.

Two Buzzard Coulee samples, cut from different sections of a single piece, were prepared
for this study (Figure 4.40). Microscope images show silicate grains and chondrites, Fe-Ni

metal, and troilite (Figures 4.41 and 4.42).
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Figure 4.40: Buzzard Coulee meteorite from the University of Alberta Meteorite Collection.
The yellow and blue arrows show the locations from which two samples (labelled BC-1 and
BC-2) were cut. Photo by Dr. Patrick Hill.
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Figure 4.41: Composite microscope images of the four sides of the Buzzard Coulee-1 sample.
Chondrules are indicated by "C" on or next to some examples. Examples of metal (green
arrows) and troilite (yellow arrows) are shown. The red arrow indicates the direction of heat
flow through the sample. University of Alberta Meteorite Collection ID: MET1161-1-3-1
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Figure 4.42: Composite microscope images of the four sides of the Buzzard Coulee-2 sample.
Chondrules are indicated by "C" on or next to some examples. Examples of metal (green
arrows) and troilite (yellow arrows) are shown. The red arrow indicates the direction of heat
flow through the sample. University of Alberta Meteorite Collection ID: MET1161-1-/-1

Allende

Allende is one of the most well-known and extensively studied meteorites, with over 2 tons of
material collected to date. It is classified as a CV3 primitive accretionary breccia (Bischoff
et al., 2006). Although designated as a type 3 chondrite, evidence suggests that Allende has
been subject to both aqueous and thermal alteration (Kojima and Tomeoka, 1996; Bonal
et al., 2006). Allende has a relatively low carbon content (~ 0.3%) compared to other

carbonaceous chondrites (Mason, 1975; Kerridge, 1985).
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Allende is composed of 57% matrix and 43% inclusions (Fendrich and Ebel, 2021). The
matrix consists of fine grained olivine, clinopyroxene, spinel, troilite, pentlandite, chromite,
nepheline, and sodalite (Mason, 1975; Kornacki and Wood, 1984; Toriumi, 1989). The
inclusions include olivine, pyroxene, and aluminum-rich chondrules, fragmented and isolated
silicate grains and polycrystalline aggregates, and refractory inclusions such as calcium-
aluminum-rich inclusions (CAIs) and amoeboid olivine aggregates (AOAs) (Mason, 1975;
Fendrich and Ebel, 2021).

One sample of Allende was prepared for thermal conductivity measurements (Figures

4.43 and 4.44).

| MAEEERE
| ‘E:!i:‘
| IR

HTTTHIHRTEER TR \\

Ocm 4 5 6 7
' UNIVERSITY OF
@ ALBERTA

Figure 4.43: Allende meteorite from the University of Alberta Meteorite Collection. The

yellow arrow indicates the location from which the sample was cut. Photo by Dr. Patrick
Hill.
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Figure 4.44: Composite microscope images of the four sides of the Allende. Some examples
of chondrules "Ch" and CAIs are highlighted on the figure. The red arrow indicates the
direction of heat flow through the sample. University of Alberta Meteorite Collection ID:
MET7100-A-201-1-3-1
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Table 4.2: Summary of meteorites

Meteorite Type Shocked? Weathered? Mineralogy
North IIAB No No Fe-Ni metal (kamacite), rhabdite
Chile inclusions
Holbrook  L/LL6 Yes Yes Olivine, pyroxene, plagioclase, Fe-
Ni metal, troilite, chromite
Buzzard H4 Yes No Olivine, pyroxene, Fe-Ni metal,
Coulee troilite, devitrified glass
Allende CV3 No No Olivine, pyroxene, carbonates,
spinel, chromite, troilite, CAls,
AOAs
Table 4.3: Dimensions of meteorite samples.
Meteorite Type Dimensions (mm) A (mm?) L (mm)
w X hxl
North Chile ITAB 2.42 x 2.09 x 21.5 5.045 £ 0.006 11.24+£0.01
Allende CV3 2.78 x 2.87 x 20.1 7.955+0.007 11.46+0.05
Buzzard Coulee-1 H4 3.25 x 2.25 x 20.1 7.309 £0.006 12.01240.007
Buzzard Coulee-2 H4 2.74 x 2.69 x 20.1 7.356 £ 0.006 11.959+0.008
Holbrook L/LL6  2.65 x 3.07 x 20.0 8.134+0.02 11.45+0.01
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4.4.3 Additional Analysis

To complement the thermal conductivity data, volume and density measurements, along
with X-ray computed tomography (XCT) imagery, were acquired. These data provide insight
into the density and porosity of the meteorites, which are key factors influencing thermal

conductivity (e.g., Opeil et al. (2012)).

Volume and Density

The skeletal volume (Vi) and grain density (pg) of the meteorites were measured with a
Micromeritics® Instrument Corporation Accupyc® II 1340 Gas Displacement Pycnometer
(Figure 4.45). Prior to pycnometer measurements, the meteorites were weighed using a
Sartorius MSA524P-100 DI Cubis Precision Balance, accurate to £0.0001 g (Figure 4.46).
The bulk volume (V}) was calculated from the measured sample dimensions (w x h x ) (Table
4.3), and then the bulk density (pp) is determined from Equation 4.1, where m is the mass
of the sample. Porosity (®) of the sample can then be calculated from the bulk and skeletal

volumes using Equation 4.2.

m
_ 4.1
=y (4.1)
Vo — Vs
P = 4.2
7 (4.2)
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Figure 4.45: MicromeriticsMAP® Instrument Corporation AccupycMAP® 1T 1340 Gas Dis-
placement Pycnometer.

Figure 4.46: Sartorius MSA524P-100 DI Cubis Precision Balance (£0.0001g)
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XCT Imagery

X-ray computed tomography (XCT) images were acquired at the Canadian Centre for Elec-
tron Microscopy (CCEM) at McMaster University in Hamilton, ON. XCT provides three-
dimensional views of the meteorite samples, revealing the distribution of porosity within
each sample and highlighting compositional and textural variations along the heat flow di-
rection. While XCT is commonly used to measure the total sample volume, including both
bulk and skeletal volumes, this study focused on imaging the central half of each sample to
optimize resolution. This region corresponds with the area where the thermal gradient is
measured (i.e., between thermocouple tabs), offering a detailed visualization of porosity and
grain boundaries within this area.

The Zeiss Xradia 630 Versa X-ray computed tomography (XCT) system was used to
examine the shape and internal structure of the meteorite samples, including their pore
distribution (Figures 4.47 and 4.48). To capture fine details, the scan was set to a resolution
of 4.88 pum using a geometric magnification of 7.06X and an optical magnification of 0.4X.
The samples were scanned at 70 kV and 8.5 W with a Zeiss LE4 source filter. A total
of 3001 images (projections) were collected over a full 360° rotation, with each projection
exposed for 14 seconds. Image acquisition and 3D reconstruction were performed using
Zeiss NavX 1.0 and Xradia Reconstructor software, which applied filtered back projection
with adjustments for beam hardening and alignment. The resulting 3D volumes were then
processed in Dragonfly (v2024.1; Object Research Systems, Inc.) for visualization and pore
analysis. The image collection and processing were completed by Dr. Pardis Mohammadpour

(CCEM postdoctoral researcher).
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Figure 4.47: The Zeiss Xradia 630 Versa XCT system in the Canadian Centre for Electron
Microscopy (CCEM) at McMaster University. The exterior and interior of the instrument
are displayed on the left and right, respectively.

Figure 4.48: Two interior views of the Zeiss Xradia 630 Versa XCT system with a sample
mounted for analysis (highlighted by the white arrow in the left image). The sample measures
approximately 2 mm wide.
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5 Results: Single-Crystal Minerals

This chapter presents the thermal conductivity data for the single-crystal mineral samples,
including obsidian. It begins with an overview of the radiative heat loss corrections, followed
by a review and discussion of the thermal conductivity results. Table 4.1 from Chapter 4 is

re-posted as Table 5.1 for easy reference.

Table 5.1: Re-post of Table 4.1: Single crystal properties and dimensions.

Dimensions

Sample Crystal Anisotropy A (mm?) L (mm)
System (mm)
w X hxl

Quartz-1 Trigonal Anisotropic 2.65 x 2.64 x 20.3 6.9714+0.006 11.42940.007

Quartz-2 2.59 x 2.60 x 20.0 6.737£0.007  12.127£0.013
Calcite-1a-4a-b Trigonal Anisotropic 3.02 x 2.71 x 19.2 8.201+0.005 11.42740.007
Calcite-1a-5d 2.86 x 3.01 x 19.6 8.618£0.010  11.846+0.008
Calcite-1a-6-1 2.76 x 2.72 x 18.7 7.518+0.024 10.218£0.007
Calcite-1b-6-1 2.89 x 2.11 x 214 6.085+0.006 11.72140.018
Calcite-1b-6-2 2.80 x 2.93 x 19.0 8.218£0.002 11.288+0.013
Calcite-1b-6-5 2.61 x 2.91 x 21.3 7.593+£0.007 11.549+0.007

Albite-1 Triclinic Anisotropic 2.48 x 2.52 x 20.6 6.2494+0.009 12.061 40.006

Albite-2 2.40 x 2.59 x 19.9 6.202£0.009 12.182£0.008

Pyrite-1 Cubic Isotropic 2.03 x 2.07 x 19.9 4.1961+0.003 11.04340.014

Pyrite-2 2.89 x 3.12 x 174 9.014£0.009 10.024 £0.009

Pyrite-3 1.67 x 1.22 x 20.0 2.027+0.004 11.917+0.006

Obsidian Amorphous Isotropic 2.51 x 2.63 x 20.1 6.598 £0.007  12.829+0.009

5.1 Radiative Heat Loss Corrections

As a detailed discussion of radiation heat loss and the correction method was provided in
Chapter 3, only a summary is included here.

In steady-state, low-temperature thermal conductivity measurements, heat loss due to
radiation becomes apparent at temperatures above 100 K due to the T3 dependence of radia-
tive heat transfer. This 7° term comes from the Taylor expansion of the Stefan-Boltzmann

equation (Appendix B), where P, =40 AcT3AT. For thicker samples, such as those used in
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this study, radiation effects may not become apparent until 200 K (Clauser and Huenges,
1995; Tritt and Weston, 2006). In insulating solids, thermal energy is transferred domi-
nantly by phonons, and the electron component is negligible. Radiative heat loss primarily
influences the lattice component of thermal conductivity (kr), as oscillations produced by
phonon—phonon interactions within the crystal lattice give rise to electromagnetic fields that
emit thermal infrared radiation. Therefore, the total measured thermal conductivity is equal
to the lattice thermal conductivity and radiative component (k;.qq), such that kp = kr + kyqq-

The correction method used in this study is based on the work of MacPherson and
Schloessin (1982) and Pope et al. (2001), who isolated the lattice thermal conductivity from
the radiative component by applying a linear fit to the data and extrapolating it (Chapter
3.3.3). In the temperature range where radiative heat loss becomes significant (typically
above 100 K), thermal conductivity is expected to follow a 1/T dependence. This reflects
the reduction in phonon mean free path due to phonon-phonon (Umklapp) scattering, which
dominates heat transport in this regime (Chapter 2.2.3). Accordingly, thermal conductivity
data for the single-crystal minerals in this study were plotted as a function of 1/7T to identify
the appropriate fitting region.

A linear fit based on the model k = a(1/T") (Pope et al., 2001) was applied to a selected
range of data between the thermal conductivity peak and 200 K. A summary of the fit
parameters is provided in Table 5.2. Notably, Albite-2 did not follow a 1/7" dependence,
and the pyrite samples could not be fit in a physically meaningful way. Thus, the pyrite
samples are omitted from the table. Both cases are discussed in the following sections. For
Albite-1 and the calcite samples, including an intercept term b in the model (k= a(1/T)+b)
improved the overall fit, yielding extrapolated values that compare well with literature data.
However, it is important to note that the inclusion of the intercept represents an empirical
modification to the model; it may account for random variability in the data or reflect minor
contributions from defect-related scattering. The amorphous behaviour of obsidian presents

a more complex case and is addressed separately in Section 5.3.
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Table 5.2: Best fit, temperature range, and R? values for the anisotropic minerals.

. Range 9
Sample Best Fit R
P (K)
Quartz-1 k= (3720 15)(1/7T) 30-270 0.996
Quartz-2 k= (1982+6)(1/T) 70-180 0.996
Calcite-1a-4a-b k= (83648)(1/T)+ (0.9540.08) 60-175 0.996
Calcite-1a-5d k= (683410)(1/T)+ (0.984+0.11) 50-180 0.990
Calcite-1a-6-1 k= (3104+4)(1/T)+ (1.0040.07) 30-150 0.992
Calcite-1b-6-1 k= (41244)(1/T) + (1.20£0.04) 60-175 0.993
Calcite-1b-6-2 k= (41542)(1/T)+ (1.4540.02) 75-175 0.998
Calcite-1b-6-5 k= (39243)(1/T)+ (1.2940.03) 70-175 0.995
. k=

Albite-1 (11.140.3)(1/T) + (1.331 +0.006) >0 1 0975
Albite-2* k=al*4+bT3+cT2+dT 1 +e 5-100 0.985

* Albite-2 4th order coefficients:

a=(-83+1.2)x103
b=(4.2+0.4) x 103

c=—673+53
d=25+2
e=2.53+0.03

5.2 Thermal Conductivity

5.2.1 Results

The thermal conductivity plots for the single-crystal minerals are presented in this section,
while obsidian is discussed separately in Section 5.3. The data shown here represent averaged
measurements at each temperature, with corrections applied to account for radiative heat
loss at higher temperatures. In each plot, the transition from measured to corrected data is

indicated by a change in colour (dark to light), marking the temperature range where the

influence of radiative effects becomes apparent in the results.

To further illustrate the impact of radiative heat loss, additional plots are included that
compare the measured (CFMS) data with the corrected data. These comparisons show the

extent of the correction and the temperature ranges affected. The difference between the
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measured and corrected data, which is the radiative contribution k,,q, is also plotted as a
function of T3 for each sample. This serves as a diagnostic check to confirm that radiative
heat transfer is the primary cause of the increased thermal conductivity observed at higher
temperatures (MacPherson and Schloessin, 1982; Pope et al., 2001; Tritt and Weston, 2006).

All individual thermal conductivity measurements that passed the quality check process

are included in Appendix D.

Quartz

The thermal conductivity of the quartz samples cut parallel and perpendicular to the c-axis
(Quartz-1 and Quartz-2, respectively) between 25 and 300 K is shown in Figure 5.1. Although
the fitting range was limited to a maximum of 200 K, the effects of radiative heat loss in
Quartz-1 are not apparent until 270 K (Figure 5.2); however, the onset of radiation effects
may occur at some point between 200 and 300 K due to variability in the data across this
range. For Quartz-2, radiative effects become apparent above 180 K (Figure 5.2). Figure 5.3
shows the radiative contribution (k,.q) as a function of T3 for each sample, with R? values
of 0.838 for Quartz-1 and 0.979 for Quartz-2 based on linear fits.

At 300 K, the average thermal conductivity of the CFMS-measured data is 13.10+0.01 W
m K for Quartz-1 and 8.2340.01 W m™! K for Quartz-2. After applying the radiation
corrections with the fitting parameters listed in Table 5.2, the corresponding values are

12.4840.31 Wm™ K (|| ¢) and 6.654+0.80 W m™ K1 (L ¢).
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Figure 5.1: Thermal conductivity results for the two quartz samples: Quartz-1, cut parallel to
the c-axis, and Quartz-2, cut perpendicular. The 1/T trend lines are included for reference.
The transition from CFMS-measured data to corrected data is indicated by a change in
colour (dark to light), which also highlights the temperature range where radiative heat
loss effects are observed. At temperatures above 50 K, the error bars are smaller than the
symbols and are not visible in the plot.
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Figure 5.2: Comparison of CFMS-measured data and data corrected for radiative heat loss
for Quartz-1 (top) and Quartz-2 (bottom).
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Figure 5.3: Radiation component (k,qq) as a function of 7% for Quartz-1 (left) and Quartz-2
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Calcite

The thermal conductivity results of the six calcite samples between 5 and 300 K are presented
individually in Figure 5.4 ("a samples") and Figure 5.5 ("b samples"), collectively in Figure

5.6, and from 50 to 300 K in Figure 5.7, where the data clearly follows the 1/7T trend.

10y 10° 3 102
A Y [
| & i
< % ky
£ ? |
\;/ \’ "‘ 3
z ®
2 0 b A
310 10" 10" A
g "‘ o ..I.. A x
8 9.
g i 9 09, .-.‘.l
£ £ 3]
£ 90899
Calcite-1a-4a-b Calcite-1a-5d Calcite-1a-6-1
® crus B CcFMS A crus
Q Corrected O  Corrected A Corrected
---------- 1/T Fit wersseeees 41T Fit seeneeeen AT Fit
10° 10° 0

100 150 200
Temperature (K)

250

100 150 200
Temperature (K)

250 300

10

0

100 150 200
Temperature (K)

250 300

Figure 5.4: Thermal conductivity results of the three calcite "a samples" (la-4a-b, la-5d,
la-6-1) between 5 and 300 K. The 1/T trend lines are included for reference. The transition
from CEFMS-measured data to corrected data is indicated by a change in colour (dark to
light), which highlights the temperature range where radiative heat loss effects are observed.
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Figure 5.5: Thermal conductivity results of the three calcite "b samples" (1b-6-1, 1b-6-2,
and 1b-6-5). The 1/T trend lines are included for reference. The transition from CFMS-
measured data to corrected data is indicated by a change in colour (dark to light), which
highlights the temperature range where radiative heat loss effects are observed.
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Figure 5.6: Thermal conductivity of the six calcite samples between 5 and 300 K. The 1/T
trend lines are omitted for clarity. The transition from CFMS-measured data to corrected
data is indicated by a change in colour (dark to light), which highlights the temperature
range where radiative heat loss effects are observed.
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Figure 5.7: Thermal conductivity results of the six calcite samples between 50 and 300 K.
The 1/T trend lines are included for reference. The transition from CFMS-measured data
to corrected data is indicated by a change in colour (dark to light), which highlights the
temperature range where radiative heat loss effects are observed.

The '"b-samples' (1b-6-1, 1b-6-2, and 1b-6-5), which were cut parallel to each other,
exhibit similar thermal conductivity behaviour (Figures 5.6 and 5.7). In contrast, the "a-
samples", which were also cut parallel to each other but perpendicular to the "b samples",
show more variation in their conductivity trends.

Below 50 K, only two samples show the characteristic thermal conductivity peak and
turnover: la-6-1 and 1b-6-5. The peak occurs around 15 K for 1a-6-1 and 10 K for 1b-6-5.
Similar to the behaviour observed in the Quartz-2 sample, most calcite samples unexpectedly
deviate above the 1/T trend. Below 30 K, the thermal conductivities of samples la-4a-b, la-
5d, and 1b-6-2 begin to converge. Although sample 1b-6-1 appears to approach a turnover,

this behaviour could not be fully captured within the measurement range.
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Radiative heat loss corrections are shown in Figure 5.8 ("a samples") and Figure 5.9 ("b
samples'). Sample 1a-6-1 shows the most significant percent difference between the measured
and corrected values (32%), while 1b-6-2 shows the smallest (8%). In all cases, the radiative
component k,oq follows a T% trend (Figure 5.10). Lower R? values, such as that for 1b-6-5,
reflect variability in the data rather than an actual deviation from the trend. The measured

and corrected values at 300 K are provided in Table 5.3.
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Figure 5.8: Comparison of CFMS-measured and corrected data for radiative heat loss for
the calcite "a samples" (la-4a-b, la-5d, 1la-6-1).
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Figure 5.9: Comparison of CFMS-measured and corrected data for radiative heat loss for
the calcite "b samples" (1b-6-1, 1b-6-2, 1b-6-5).
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Figure 5.10: Radiation component (k,qq) as a function of 7 for the six calcite samples.
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Table 5.3: Calcite measured and corrected thermal conductivity (k) at 300 K.

Calcite Measured k Corrected k

Sample (Wm K1) (Wm K1)
la-4a-b  4.655£0.003 3.8£0.5
la-hd 4.080+£0.002 3.3£0.3
la-6-1 2.84+£0.01 2.0+04
1b-6-1 3.110£0.003 2.6+0.2
1b-6-2 3.083 +£0.002 2.85£0.08
1b-6-5 3.103 £0.002 2.6%+0.1

Albite

3

107

The thermal conductivity of the two albite samples (Albite-1 and Albite-2) between 5 and

300 K is shown in Figure 5.11. Albite-1, which was cut along the twin plane, follows the

expected 1/T trend and deviates below it as the thermal conductivity approaches its peak

(Figure 5.12). In contrast, Albite-2, which was cut across the twin plane, does not follow the

1/T trend; instead, a fourth-order 1/T" polynomial was found to fit the data best. Notably,
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the quality of these fits is slightly lower than observed in the calcite and quartz samples,
with R? values of 0.975 for Albite-1 and 0.985 for Albite-2 (Table 5.2). Radiative effects
appear around 100 K for both samples (Figure 5.13), which is lower than the temperatures
at which radiation effects become apparent in calcite and quartz (T > 150). The radiation
contribution (k,.q) shows a strong correlation with a T3 trend, with R? values of 0.989 for
Albite-1 and 0.995 for Albite-2 (Figure 5.14). The measured thermal conductivity at 300
K for Albite-1 is 2.174+0.01 W m™! K'!, and the corrected value is 1.4+0.5 W m™ K.
For Albite-2, the measured and corrected values are for Albite-2 3.91+0.03 W m™! K-! and

2.64+1.3 Wm! K respectively.
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Figure 5.11: Thermal conductivity results of the two albite samples between 5 and 300 K:
Albite-1, cut parallel to the (010) twin plane (L b-axis), and Albite-2, cut perpendicular to
the (010) twin plane (|| b-axis). Trend lines are included for reference. The transition from
CEFMS-measured data to corrected data is indicated by a change in colour (dark to light),
which highlights the temperature range where radiative heat loss effects are observed.
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Figure 5.13: Comparison of CFMS-measured and corrected data for radiative heat loss for
Albite-1 (top) and Albite-2 (bottom).
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Pyrite

The thermal conductivity of the three pyrite samples is shown in Figure 5.15. For comparison,
data from Popov et al. (2013) for two pyrite samples (Popov-1 and Popov-2), collected
between 50 and 300 K, are also included. Among the three samples, Pyrite-2 has the largest
cross-sectional area (~ 9 mm?) and exhibits the lowest overall thermal conductivity. At 300
K, Pyrite-1 (~4 mm?) is 50.040.3 W m™! K1, Pyrite-2 is 38.940.2 W m™! K'!, and Pyrite-3
(~2mm?) is 44.6 £ 0.2 W m™ K1, Pyrite-1 is most similar to the data for Popov-2 from 50
to 200 K, after which it starts to align more with the Popov-1 sample. Below 70 K, Pyrite-1
and Pyrite-3 exhibit similar conductivity.

Although a 1/T fit was applied to the pyrite data, none of the samples followed this trend
in a way that yielded physically reasonable extrapolations at 300 K. For instance, fitting
the Pyrite-1 data between 60 and 170 K (R? = 0.985) resulted in an extrapolated thermal
conductivity of approximately 16 W m™ K-! at 300 K—representing a 103% difference from
the measured value of 50 W m™ K1, Due to this discrepancy, the pyrite data could not
be corrected for radiative effects using this method. This issue is explored further in the

Discussion section.
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Figure 5.15: The thermal conductivity (5 to 300 K) of the three pyrite samples analyzed in
this study, compared with data from the two samples reported by Popov et al. (2013). Most
error bars are not shown as they are smaller than the symbol size.

5.2.2 Discussion
Quartz

The anisotropy of quartz is clearly observed in the thermal conductivity measurements of
the two quartz samples (Figure 5.1). Quartz exhibits its highest thermal conductivity when
heat flows parallel to the c-axis (Birch and Clark, 1940a; Birch, 1942; Clauser and Huenges,
1995), consistent with the results presented here. This reflects the atomic arrangement in
the crystal structure, where atoms are packed less densely along the c-axis than along the
a-axis, implying lower resistance to heat flow in the c-axis direction.

The peak thermal conductivity of quartz in the direction of the c-axis is expected to occur
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at approximately 10 K (de Haas and Biermasz, 1935; Zeller and Pohl, 1971). However,
measurements with the CFMS could only be completed down to 25 K, as data collected
below this temperature were compromised by excessive temperature drift (>5 K), making
them unsuitable for analysis. Considerable effort was made to extend measurements below
25 K, including manually adjusting the VTT flow rate to increase cooling power and spending
several weeks optimizing the configuration settings (Section 3.2.3).

The thermal conductivity of the two quartz samples at 300 K compares well with those
reported in the literature (Table 5.4). On average, the reported thermal conductivity of
quartz is 11.74+1.3 W m™* K! for heat flow parallel to the c-axis (Kaye and Higgins, 1926;
Birch and Clark, 1940a; Kanamori et al., 1968; Dreyer, 1974), and 6.3740.18 W m™' K
perpendicular to the c-axis (Kaye and Higgins, 1926; Birch and Clark, 1940a; Ratcliffe,
1959). At 300 K, the corrected thermal conductivity of Quartz-1 is 12.4840.31 W m™! K1,
and Quartz-2 is 6.65+0.80 W m™ K. The Quartz-1 average falls within the standard
deviation of the reported mean for the parallel direction, whereas the Quartz-2 value does
not for the perpendicular direction. However, Quartz-2 is in agreement with the maximum
value reported for that orientation (6.62 W m™ K-!, Table 5.4).

Above 70 K, both datasets follow a 1/T trend. Thermal radiation is less apparent in the
Quartz-1 data than in Quartz-2, with onset temperatures of 270 K and 150 K, respectively
(Figure 5.2). The lower R? value for Quartz-1 (0.838) in evaluating the radiative compo-
nent (kqq) reflects the limited number of corrected data points and greater measurement
variability, rather than a deviation from linearity (Figure 5.3). This variability is further
influenced by fluctuations in the Quartz-1 thermal conductivity data between 200 and 300
K (Figure 5.2). In contrast, Quartz-2 displays a clear linear relationship with 73, consistent
with radiative heat loss. The difference in the radiation effects between the two samples may
result from the anisotropic nature of quartz emissivity (Chapter 7); emissivity is reported to
be higher perpendicular to the c-axis than parallel to it (Wenrich and Christensen, 1996).

Alternatively, the variability above 200 K may be masking some of the radiation effects.
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Table 5.4: Reported thermal conductivity (k) values for quartz at 300 K.

E (W m?! K1) Source

12.48+0.31 (]| ¢) Quartz-1 (This study)

6.654+0.80 (L ¢) Quartz-2 (This study)
11.3 (|| ¢) Dreyer (1974) (via Clauser and Huenges (1995))
6.50 (L c) Dreyer (1974) (via Clauser and Huenges (1995))
125 (| <) Clark (1966) (~30°C)
6.62 (L c) Clark (1966) (~30°C)
104 (|| ¢) Birch and Clark (1940a) (Interpolation to 25°C)
6.24 (L c¢) Birch and Clark (1940a) (Interpolation to 25°C)
10.7 (|| ¢) Beck et al. (1978) (Interpolation to 25°C)
6.09 (L c) Beck et al. (1978) (Interpolation to 25°C)
11.1 (|| ¢) Horai and Simmons (1969)
6.31 (Lc¢) Horai and Simmons (1969)
13.9 (]| ) Kanamori et al. (1968)
6.49 (L c) Kanamori et al. (1968)
6.32 (L c) Ratcliffe (1959)

At temperatures below 70 K, the two quartz samples begin to follow different trends.
The thermal conductivity of Quartz-1 continues to follow the expected 1/T" relationship,
suggesting that impurity scattering is not significant between 30 and 300 K. Phonon-impurity
interactions result in a constant phonon mean free path, which would cause the thermal
conductivity to deviate below the 1/7 trend at low temperatures (Figures 2.4). No such
deviation is observed in the Quartz-1 data.

Conversely, the low-temperature behaviour of Quartz-2 deviates from expectations based
on kinetic theory. Below 80 K, its thermal conductivity begins to rise above the 1/7T trend
line, eventually intersecting with the Quartz-1 data (Figure 5.1). While both quartz samples
exhibit visible imperfections, such as small bubbles and wisps, these types of impurities
would typically reduce thermal conductivity by scattering phonons, causing the data to
fall below the 1/T trend rather than above it. Therefore, the upward deviation observed in

Quartz-2 is not consistent with established physical models of thermal transport in crystalline
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solids at low temperatures. Possible reasons for this behaviour are explored in the following
paragraphs.

Measurements below 30 K are particularly challenging with the CFMS due to two main
limitations: temperature drift and thermocouple sensitivity. Temperature drift refers to
changes in the heat sink temperature during a measurement. While the heat sink is ther-
malized to the sample environment prior to a measurement, insufficient cooling power can
lead to heat accumulation, causing the heat sink temperature to rise over time. This reduces
data reliability, as measurements are then performed over a temperature range that devi-
ates from the intended set point, which can alter a material’s thermal response. To ensure
accuracy at low temperatures, temperature drifts exceeding an empirical limit of 2 K are
flagged during data analysis. All low-temperature Quartz-2 data presented here fall within
this limit.

Another contributing factor is that the measured temperature difference (AT) across the
sample may be too small at low temperatures due to the high thermal conductivity of quartz,
which is approximately 18 times greater at 25 K than at 300 K for Quartz-2. As thermal con-
ductivity increases, heat flows more efficiently through the sample, resulting in a smaller AT
for a given applied power. Although increasing the power could compensate for this, doing so
at low temperatures risks inducing temperature drift or disrupting thermal equilibrium. As
a result, the measured AT may fall below the resolution limit of the thermocouple. If AT
is underestimated—due to low signal-to-noise ratio, calibration issues, or alternative heat
paths (e.g., through thermocouple wires)—the calculated thermal conductivity will appear
artificially high.

To overcome power limitations at low temperatures, sample geometry can be optimized
to increase the measured AT. Thermal conductance depends on the cross-sectional area and
length between thermocouple tabs (G = (kA)/L); reducing the area or increasing L lowers
the conductance, thereby increasing AT for a given power input (AT = P/G). Although

Quartz-2 has a smaller cross-sectional area and longer thermocouple spacing than Quartz-
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1 (Table 5.1), only Quartz-2 exhibits anomalous behaviour. Both samples have similar
conductance values at low temperatures, indicating that geometry alone cannot account for
the discrepancy. However, the combination of sample dimensions and limited thermocouple
sensitivity may explain why thermal conductivity data could not be acquired below 25 K for

either quartz sample, as the AT may simply be too small to resolve.

Calcite

The thermal conductivity measurements reported here represent the first low-temperature
data for calcite. The anisotropic nature of calcite’s thermal conductivity is evident in the
results. Table 5.3 presents the 300 K thermal conductivity measurements for all samples,
compared with literature values for calcite oriented along known crystallographic directions.
Samples la-4a-b and la-5d are most consistent with reported values of calcite cut per-
pendicular to the c-axis (Birch and Clark, 1940a; Clark, 1966). All other samples exhibit
lower thermal conductivity than previously reported, which is not unexpected given that
their orientations relative to the crystallographic axes are unknown. However, the thermal
conductivity data from these samples contribute new data that further characterizes the
directional variability of heat transport in calcite.

Above 50 K, all samples follow the expected 1/T trend consistent with phonon-phonon
scattering (Figure 5.7). The thermal conductivity of the three "b samples' is consistent,
although sample 1b-6-2 shows a slight increase. This similarity is expected as these samples
were cut parallel to each other. The elevated conductivity in 1b-6-2 is likely due to a slight
offset introduced during sample preparation (e.g., cutting or polishing).

In contrast, the "a samples", which were cut perpendicular to the "b samples", display
three distinct trends above 50 K, despite also being cut parallel to each other. Specifically,
sample la-4a-b exhibits the highest thermal conductivity among the six calcite samples,
followed by la-5d, while 1a-6-1 has the lowest overall thermal conductivity. This variation

is likely due to differences in sample preparation. The "a samples' were cut from three
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separate pieces of the bulk calcite sample, whereas the "b samples" were cut from a single
piece (Figure 4.19). These results highlight the sensitivity of calcite’s thermal conductivity
to even slight deviations in the direction of heat flow.

All samples show evidence of radiative heat loss (Figures 5.8 to 5.10), which was corrected
by extrapolating a linear 1/7 fit to the data (Table 5.2). Notably, radiation effects become
apparent at a lower temperature in sample la-6-1 (150 K) than the other samples, which
show effects beginning around 175 K. A discrepancy is also observed in sample 1b-6-2, which
shows a smaller overall radiation effect compared to the other "b" samples. As with the
quartz samples, these differences are likely due to variations in emissivity associated with
the direction of heat flow (Lane, 1999).

Below 50 K, all samples except 1a-6-1 deviate above the expected 1/7" trend (Figures 5.4
and 5.5). As discussed previously for Quartz-2, this behaviour is attributed to measurement
limitations at low temperatures. Sample la-6-1 appears to follow the 1/7" trend down to the
peak at approximately 15 K. This is unusual, as deviation below the trend is typically ex-
pected as the sample approaches its maximum thermal conductivity due to phonon-impurity
interactions. It is possible that such deviation exists, but is too subtle to resolve with the
current data set. Sample 1b-6-5 also displays a peak near 10 K; however, the validity of this
turnover is uncertain, as the upward drift from the 1/7" line suggests that the true peak may

occur at lower temperatures.

Albite

The thermal conductivity measurements of albite presented in this study are the first to
be conducted with respect to crystallographic orientation, as well as the first to extend to
low temperatures. Previously reported values for albite correspond to mineral aggregates at
300 K (Birch and Clark, 1940a; Sass, 1965; Horai and Simmons, 1969; Horai, 1971; Dreyer,
1974), which are consistent with the results obtained in this study (Table 5.6).

Two distinct thermal conductivity trends are observed in the albite samples. Albite-1,
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Table 5.5: Reported thermal conductivity (k) values for calcite at 300 K.

kE (W/m-K) Source
3.84+0.5 la-4a-b (This study)
3.3+0.3 la-5d (This study)
20+04 la-6-1 (This study)
2.6+0.2 1b-6-1 (This study)
2.85 4 0.08 1b-6-2 (This study)
2.6+0.1 1b-6-5 (This study)

5 (| ¢) Dreyer (1974) (via Clauser and Huenges (1995))
42 (Le) Dreyer (1974) (via Clauser and Huenges (1995))
4.18 (|| ¢) Clark (1966) (~30°C)

3.52 (L ¢) Clark (1966) (~30°C)

3.70 (]| ) Birch and Clark (1940a) (Interpolation to 25°C)

3.24 (L) Birch and Clark (1940a) (Interpolation to 25°C)
3.59 (aggregate) Horai (1971)

cut parallel to the twin plane (L b-axis), exhibits an overall lower thermal conductivity and
follows a clear 1/T dependence up to ~40 K, after which it begins to deviate, likely due to
increased phonon scattering from boundaries and impurities. The fit to Albite-1 also yields a
slightly lower R? value (0.977) compared to the calcite and quartz fits (both > 0.99), possibly
reflecting greater variability in the data or the influence of additional scattering mechanisms
not accounted for in the simple 1/7" model. In contrast, Albite-2, cut across the twin plane
(|| b-axis), does not display the characteristic low-temperature conductivity peak, nor does
it follow a 1/T trend. Instead, its behaviour closely resembles the thermal conductivity of
meteorites reported by Opeil et al. (2010), Opeil et al. (2012), and Opeil et al. (2020), where
phonon-boundary scattering dominates due to pore spaces and grain boundaries. In those
studies, a quadratic fit was applied to k£ vs. T" data, whereas Albite-2 is represented by a
fourth-degree polynomial in k vs. 1/7", similarly capturing the absence of a low-temperature
peak. Considering that the albite samples in this study are single crystals, grain boundaries
and porosity are not expected to play a significant role. The thermal conductivity trend in

Albite-2 is likely attributed to enhanced phonon-boundary scattering along twin boundaries
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within the crystal structure (Vandersande and Pohl, 1982; Liu et al., 2017; Liu et al., 2022;
Peri et al., 2022).

Interestingly, despite twin boundaries being known to reduce thermal conductivity (Liu
et al., 2017; Liu et al., 2022; Peri et al., 2022), Albite-1 exhibits a lower conductivity than
Albite-2. This apparent contradiction may result from a slight misalignment during sample
preparation. Specifically, Albite-1 may have been cut at an oblique angle relative to the
twin plane, increasing the number of effective boundary interactions along the direction
of heat flow. This could lead to enhanced phonon scattering and a lower overall thermal

conductivity, potentially also contributing to the lower R? value of the 1/T fit.

Table 5.6: Reported thermal conductivity (k) values for albite at 300 K.

kE (W/m-K) Source

1.44+0.5 Albite-1 (This Study)

26+1.3 Albite-2 (This Study)
2.32 Horai and Simmons (1969) (Ab99An1*)
2.35 Horai and Simmons (1969) (Ab96An4*)
1.94 Horai and Simmons (1969) (Ab94An6*)
1.97 Horai (1971) (Ab92An8*)
2.14 Horai (1971) (Experimentally derived after Sass et al. (1971))

2.0+0.1 Dreyer (1974) (via Clauser and Huenges (1995))
2.34 Sass (1965)
2.03 Birch and Clark (1940a) (Interpolation to 25°C)

* Albite (Ab) is part of a solid solution series with anorthite (An); composition is given by relative
Ab—An content.

Pyrite

The thermal conductivity of the three pyrite samples at 300 K compares well with literature
values (Table 5.7). However, radiative heat loss effects are not apparent in the thermal
conductivity data at temperatures above 100 K. This conclusion is based on the inability to
fit the data to a 1/7T trend to obtain a physically meaningful extrapolation. The reasoning

behind this is discussed in the following paragraphs.
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Although pyrite is an iron sulphide and therefore classified as a semiconductor, its thermal
conductivity is dominated by lattice vibrations. While both electrons and phonons typically
contribute to heat transfer in semiconductors, electrical conductivity measurements by oth-
ers indicate that the electronic contribution in pyrite is negligible compared to the lattice
component (Popov et al., 2013; Zuniga-Puelles et al., 2019). As a result, thermal transport
in pyrite is primarily governed by phonon processes, such as Umklapp scattering, at high
temperatures.

In terms of temperature dependence, Popov et al. (2013) observed that between 50 and
150 K, the thermal conductivity of one of their pyrite samples followed a trend close to
1/T~2, while at 300 K, it aligned with the typical 1/T trend driven by phonon-phonon
scattering. Similarly, Zuniga-Puelles et al. (2019) measured the thermal conductivity of a
natural pyrite crystal between 2 and 600 K and reported a 1/T dependence from 300 to
600 K. These two studies clearly indicate that radiative heat transfer does not contribute
significantly to pyrite’s thermal conductivity at temperatures below 600 K.

Although parameters such as sample size and emissivity can influence thermal radiation,
they do not fully explain the absence of observable radiative contributions in pyrite, espe-
cially considering that emissivity can vary with physical and experimental conditions (see
Chapter 7). A more likely explanation lies in the complexity of pyrite’s crystal structure.
Pyrite has 12 atoms per unit cell, resulting in 33 optical modes of vibration (Verble and Wal-
lis, 1969). Its structure includes both ionic Fe-S bonds and covalent S-S bonds. Vibrations
primarily occur between sulphur atoms, with iron atoms remaining relatively stationary.
However, these S-S vibrations may not induce sufficient dipole moment changes to activate
infrared radiation modes, which could explain the minimal radiative contribution to thermal
conductivity (Verble and Wallis, 1969).

The differences in thermal conductivity between the three pyrite samples (Figure 5.15)
can be attributed to boundary and defect scattering. Popov et al. (2013) observed that

their two samples diverged at low temperatures, attributing the difference to point defects,
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with the Popov-2 sample considered less pure based on its thermal conductivity behaviour.
Although the samples in this study were cut from the same pyrite cube, variations in their
low-temperature thermal conductivity trends suggest differences in purity.

In purer materials, boundary scattering dominates at low temperatures, and the phonon
mean free path becomes constant, limited by the sample dimensions. As a result, smaller
samples typically exhibit lower thermal conductivity peaks (Figure 2.6). Based on this rea-
soning, and considering that all pyrite samples were cut from the same crystal, Pyrite-2
would be expected to have the highest thermal conductivity maximum because it has the
largest diameter. Pyrite-3, by contrast, would be expected to show the lowest. However,
Pyrite-2 exhibits lower thermal conductivity overall. This may be due to its larger volume in-
corporating more trace minerals, which can introduce grain boundaries that scatter phonons
at low temperatures and reduce the overall thermal conductivity at higher temperatures,
given that the trace minerals likely conduct heat less efficiently. Above 70 K, Pyrite-1 and
Pyrite-3 follow different trends, with Pyrite-3 remaining lower, but below 70 K, their curves
converge. This suggests that Pyrite-3 may have been cut from a region with fewer impuri-
ties or inclusions, allowing it to reach a thermal conductivity maximum similar to Pyrite-1.
At 300 K, Pyrite-1 most closely matches the Popov-1 sample, but at lower temperatures it
resembles Popov-2, consistent with increased phonon—-impurity scattering.

The thermal conductivity peak in the pyrite samples occurs at 40 K, while Zuhiga-
Puelles et al. (2019) observed the peak at 75 K. This lower peak temperature is consistent
with increased phonon scattering due to impurities, which reduce the phonon mean free path
and cause the material to reach its maximum thermal conductivity at a lower temperature.
Therefore, this implies that the pyrite samples in this study are less pure than the one
measured by Zuniga-Puelles et al. (2019).

At low temperatures, thermal conductivity typically follows a T2 dependence. However,
the data for these pyrite samples do not show this behaviour below the peak, likely due to the

absence of measurements below 10 K, where the 7% trend is most clearly observed. Instead,
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the data reflect the expected deviation from T as the heat capacity begins to diverge from
the Debye model at higher temperatures (Figure 2.5).

Overall, the thermal conductivity results for the pyrite samples behave as expected. The
absence of observable radiation effects between 100 and 300 K suggests that radiation heat
loss from the thermal assemblies and surrounding epoxy is negligible, at least in the case of

pyrite.

Table 5.7: Reported thermal conductivity (k) values for pyrite at 300 K.

kE (W/m-K) Source

50.0+0.3 Pyrite-1 (This Study)
38.9+0.2 Pyrite-2 (This Study)
44.6+0.2 Pyrite-2 (This Study)
45.5+2.3 Popov et al. (2013) (Sample 1)
47.84+2.4 Popov et al. (2013) (Sample 2)

37.9 Dreyer (1974) (via Clauser and Huenges (1995))

19.2 Horai and Simmons (1969)
2342 Diment and Pratt (1988) (35°C; 34 bar)

5.2.3 Conclusion

The thermal conductivity results of the single-crystal minerals provide insight into both
the thermal behaviour of geological materials and operational limitations of the CFMS.
The results presented in this study show that measurements above 50 K are reliable across
all samples. However, below 50 K, challenges arise due to temperature drift and reduced
thermocouple sensitivity. These issues primarily affect crystalline materials that exhibit a
significant increase in thermal conductivity at low temperatures, such as quartz and calcite.
In contrast, measurements down to 5 K are possible for minerals like albite, where the
thermal conductivity remains low across the temperature range. Similarly, for materials
such as pyrite, where the conductivity peak occurs above 30 K, reliable data can still be
acquired below the peak, as the thermal conductivity begins to decrease with decreasing

temperature. To overcome limitations at low temperatures, a heat pulse method should
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be employed to minimize overheating and improve resolution in high-conductivity materials

(Tritt and Weston, 2006).

5.3 Preliminary Obsidian Data

Data collected for obsidian offers insight into the behaviour of thermal conductivity in amor-
phous solids. The averaged thermal conductivity results for obsidian between 5 and 300 K
are shown in Figure 5.16. These data have not been corrected for radiative heat transfer.
All individual measurements of obsidian that passed the quality check process are included

in Appendix D.

T T T T
L m)
25 .
I m
O
< L ]
£ 2f .
§ [ O
< | "y
315- d .
37 -
§ | o
O L O
@© - -
g g o
Q [}
< (]
-
C ]
O i
. plateau O )
| O
il | g &
‘'‘mEE DD @m IEE
0- " " PR | " " " " " " PR |
10" 102

Temperature (K)

Figure 5.16: Thermal conductivity results for obsidian between 5 and 300 K, uncorrected for
radiative heat loss. A plateau between 5 and 20 K is observed, characteristic of amorphous
materials. Results represent averaged data. Error bars are smaller than the data markers.

A plateau in the thermal conductivity data is seen between 5 and 20 K, which is charac-
teristic of amorphous materials. As discussed in Chapter 2, the plateau may represent the

transition zone between propagons and diffusons. Above the plateau, where diffusons are
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associated with higher frequencies (Allen et al., 1999), the thermal conductivity increases
with temperature. Unlike crystalline samples, which show a 1/T" dependence at higher tem-
peratures, amorphous solids lack a well-defined temperature dependence above the plateau
due to their disordered atomic structure. Instead, the thermal conductivity closely follows
the minimum thermal conductivity (Section 2.2.4), typically exhibiting a slow increase or
plateau with increasing temperature (Cahill and Pohl, 1988; Cahill and Pohl, 1989).

The CFMS-measured average thermal conductivity at 300 K for obsidian is 2.627+0.004
W m! K!, and comparably, the average of the reported literature values is 1.42 4 0.06
W m™ K! (Birch and Clark, 1940a; Cermak and Rybach, 1982). The difference is highly
suggestive that the CFMS-measured data is affected by radiative heat loss. However, without
a specific temperature trend to fit and extrapolate data, correcting the thermal conductivity
for obsidian becomes challenging.

The Stefan—Boltzmann law adapted for the CFMS (Equation 3.9), which accounts for ra-
diation from both the sample and heater assemblies, could be used to estimate the radiative
heat loss in obsidian. However, this approach is not ideal, as it requires values for emissiv-
ity and surface area of both the sample and assemblies, which are particularly difficult to
determine for the heater assemblies (see Chapter 3.3.3).

Alternatively, the optical properties of obsidian could be used to isolate the radiative
component:

16n20T3

brod = ——— 1
ad 3¢ (5 )

where n is the refractive index, o is the Stefan—Boltzmann constant, and e is the mean
extinction coefficient (Chapter 3.3.3). However, applying this approach would require de-
tailed optical analysis to determine the values of n and e for obsidian (e.g., Stein et al.,
1981). Additionally, it does not account for radiative heat loss associated with the thermal
assemblies.

Given that the trend fitting proved successful for the single-crystal minerals, fitting of

the obsidian data above the plateau was attempted despite no reported trend for amorphous
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materials. A best fit of the data (40 to 120 K) was found to be logarithmic, k(T) = a -
log(T) +b, with an R? value of 0.985 (a = 0.5540.02, b= —1.714+0.08).

Figure 5.17 shows the corrected thermal conductivity data. The effect of radiative heat
loss in obsidian is apparent between 140 and 300 K (Figure 5.18). At 300 K, the corrected

value is 1.4+0.7 W m™' K!, which is consistent with the literature average (1.42+0.06 W

m K.
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Figure 5.17: Corrected thermal conductivity of obsidian. Dark grey squares indicate data
unaffected by thermal radiation (Obsidian CFMS), while red squares show data corrected
for radiative heat loss (Obsidian Corrected). A dashed line represents the empirical fit of
a-log(T)+ b, which closely matches the CFMS data above the plateau region (40 to 120 K).
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Figure 5.18: Comparison between the CFMS-measured (grey squares) and corrected (red
squares) thermal conductivity for obsidian. The data corrected for thermal radiation effects
was extrapolated from the log(T) fit.

The fact that the corrected data at 300 K matches the reported average may be a co-
incidence. As mentioned above, there is no well-defined temperature dependence for the
thermal conductivity of amorphous material. However, a plot of kyqq vs. T2 confirms that
the difference between measured and corrected thermal conductivity supports radiative heat
loss effects (Figure 5.19). Therefore, a a-log(T") 4+ b dependence appears to exist for obsidian
above the plateau, or at least for the sample used in this study. Further investigation of this

trend is needed to confirm these results (see Future Work).
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indicates that measurements above 120 K were affected by radiative heat loss.

5.4 Summary Table

Table 5.8 provides a summary of the results presented in this chapter for the single-crystal

minerals and obsidian.
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Table 5.8: Summary of sample properties and thermal conductivity results for single-crystal minerals and obsidian.

Dimensions

Sample Crystal Anisotropy A (mm?) L (mm) Measured k Corrected k Literature
System (mm) @ 300 K @ 300 K Average
wXxhxl
Quartz-1 (|| ¢) Trigonal Anisotropic  2.65 x 2.64 x 20.3 6.971£0.006 11.429+0.007  13.10+0.01 12.484+0.31 11.7+£1.3 (|| ¢)*
Quartz-2 (L ¢) 2.59 x 2.60 x 20.0 6.7374+0.007  12.127+0.013 8.23+0.01 6.65£0.80 6.3740.18 (L c)P
Calcite-1a-4a-b Trigonal Anisotropic  3.02 x 2.71 x 19.2 8.201+0.005 11.4274+0.007 4.655+0.003 3.84+0.5
Calcite-1a-5d 2.86 x 3.01 x 19.6 8.618£0.010 11.846+£0.008  4.080=£0.002 3.3+0.3
Calcite-1a-6-1 2.76 x 2.72 x 18.7 7.518+0.024 10.218 £0.007 2.84+0.01 2.0+0.4 4.3+0.7 (]| ¢)°
Calcite-1b-6-1 2.80 x 2.11 x 21.4 6.085+£0.006 11.721+£0.018 3.110£0.003 2.6+0.2 3.7£0.5 (L¢)°
Calcite-1b-6-2 2.80 x 2.93 x 19.0 8.218£0.002  11.288+0.013  3.083£0.002 2.85+£0.08
Calcite-1b-6-5 2.61 x 2.91 x 21.3 7.593+£0.007 11.5494+0.007  3.103£0.002 2.61+0.1
Albite-1 (L b) Triclinic Anisotropic  2.48 x 2.52 x 20.6 6.249+£0.009 12.061£0.006 2.17+0.01 1.44+0.5 914024
Albite-2 (]| b) 2.40 x 2.59 x 19.9 6.202+£0.009  12.182+0.008 3.91+£0.03 2.6+1.3 ' ‘
Pyrite-1 Cubic Isotropic 2.03 x 2.07 x 19.9 4.196£0.003  11.043£0.014 50+£0.3 N/A
Pyrite-2 2.80 x 3.12 x 17.4 9.01440.009  10.024+£0.009 38.9+0.2 N/A 35+£13°
Pyrite-3 1.67 x 1.22 x 20.0 2.027£0.004  11.917£0.006 44.6+0.2 N/A
Obsidian Amorphous Isotropic 2.51 x 2.63 x 20.1 6.598 £0.007  12.829£0.009 2.627+0.004 1.4+0.7 1.42+0.06f

Note: Thermal conductivity values are in W m™! K.
& Birch and Clark (1940a), Clark (1966), Kanamori et al. (1968), Horai and Simmons (1969), and Dreyer (1974) (via Clauser and Huenges (1995))
b Refs. @ including Ratcliffe (1959)

¢ Birch and Clark (1940a), Clark (1966), and Dreyer (1974) (via Clauser and Huenges (1995))

4 Birch and Clark (1940a), Sass (1965), Horai and Simmons (1969), Horai (1971), and Dreyer (1974) (via Clauser and Huenges (1995))
¢ Horai and Simmons (1969), Dreyer (1974) (via Clauser and Huenges (1995), Diment and Pratt (1988), and Popov et al. (2013)

f Average values interpolated to 25°C from Birch and Clark (1940a) and Sakvarelidze (1973) (via Cermak and Rybach (1982)).



6 Results: Meteorites

This chapter presents the thermal conductivity results for the four meteorites examined
in this study: North Chile, Holbrook, Buzzard Coulee, and Allende. A summary of these
samples is provided in Table 4.2 and is also reproduced below as Table 6.1 for quick reference.

As mentioned in Chapter 4, this work includes the first direct thermal conductivity
measurements for North Chile, Buzzard Coulee, and Allende. Holbrook is the only sample
with previously reported measurements (Opeil et al., 2012), which are included here for
reference. Additional context is provided through density and porosity measurements, along
with X-ray computed tomography (XCT) 3D visualizations of porosity, grain boundaries,

and compositional and textural heterogeneity.

Table 6.1: Repost of Table 4.2: Summary of meteorites

Meteorite Type Shocked? Weathered? Mineralogy
North IIAB No No Fe-Ni metal (kamacite), rhabdite
Chile inclusions
Holbrook  L/LL6 Yes Yes Olivine, pyroxene, plagioclase, Fe-
Ni metal, troilite, chromite
Buzzard H4 Yes No Olivine, pyroxene, Fe-Ni metal,
Coulee troilite, devitrified glass
Allende CV3 No No Olivine, pyroxene, carbonates,
spinel, chromite, troilite, CAls,
AOAs

159



6.1 Results

6.1.1 Thermal Conductivity
Ordinary Chondrites

The measured thermal conductivity of the ordinary chondrites—Holbrook and two samples
of Buzzard Coulee—between 5 and 300 K is shown in Figure 6.1. Their thermal behaviour is
consistent with that of amorphous solids, which exhibit an increase in thermal conductivity
with temperature due to their disordered atomic structure. As noted by Opeil et al. (2010,
2012, 2020) and Macke et al. (2024), this similarity is attributed to the structural disorder
in stony meteorites caused by porosity, grain boundaries, and defects. As phonons trans-
port thermal energy through the material, they scatter frequently off these features, limiting
their mean free path (¢). According to the kinetic theory expression for thermal conduc-
tivity, k = %Cvé, where the phonon velocity v remains approximately constant, a limited ¢
implies that thermal conductivity is primarily controlled by the temperature-driven changes
in heat capacity (Opeil et al., 2020). This is reflected in some samples, where the thermal
conductivity plateaus or increases gradually at higher temperatures (Figures 6.2 to 6.4).
Some meteorites, however, show a thermal conductivity peak followed by a decrease as
temperature increases—for example, Bath Furnace and La Cienega (Figure 6.2), and NWA
6950 (Figure 6.4). The enstatite chondrite Abee, studied by Opeil et al. (2010), shows an
extreme case of this trend, where it behaves like a crystalline solid (i.e., follows 7 at low
temperatures and 1/7 at higher temperatures). In Abee, this behaviour is likely driven
by the presence of metal-rich clasts that enhance conductivity, combined with porosity and
mineral heterogeneity that suppress it (Opeil et al., 2010). The extent of porosity and
orientation of shock-induced microcracks may also facilitate phonon-phonon scattering at
high temperatures, which can also effectively lower the thermal conductivity (Opeil et al.,

2012).
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Figure 6.1: Measured thermal conductivity between 5 and 300 K for the three ordinary
chondrite samples: Holbrook and two samples of Buzzard Coulee (BC-1 and BC-2). Error
bars are smaller than the symbols.

The physical complexity of meteorites makes their thermal conductivity behaviour chal-
lenging to interpret, and the effects of thermal radiation may not always be apparent. Unlike
crystalline solids, which typically exhibit a 1/T" decrease in thermal conductivity at high tem-
peratures due to phonon-phonon scattering, meteorites often lack a consistent temperature
trend in this region, where radiative effects are most apparent. In Figure 6.1, the measured
thermal conductivity of the three ordinary chondrites gradually increases with tempera-
ture—a trend that, as previously discussed, is not uncommon. However, when comparing
the Holbrook data collected in this study with those reported by Opeil et al. (2012), the
increase appears steeper than expected (Figure 6.5). Rather than levelling off, the curve
continues to rise with temperature, suggesting that radiative heat loss may be influencing
the measurements.

Considering that meteorite thermal conductivity does not follow the same behaviour as

crystalline materials, the radiative correction method typically applied to crystalline solids
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Figure 6.2: Thermal conductivity measurements of stony meteorites. Open symbols repre-
sent data from Opeil et al. (2010), while closed symbols are from Opeil et al. (2012). Red
symbols correspond to H chondrites, blue to L chondrites, and light brown to differentiated

stony meteorites (achondrites). Figure from Opeil et al. (2012).
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(i.e., a linear 1/7T fit; see Chapter 5) is not suitable in this case. Instead, an alternative
method is required to correct for radiative heat loss in meteorite samples. Using a modified
fitting approach, an empirical model was developed to account for these effects in CFMS-

measured data:
B aT?+bT +c
 14dT

(6.1)

At low temperatures, the thermal conductivity follows a T2 relationship. Although crys-
talline materials typically exhibit k oc T2 at low temperatures, as predicted by the Debye
model, meteorites show an amorphous-like trend instead. In amorphous solids, this 7% de-
pendence arises from scattering by two-level systems (TLS) (Anderson et al., 1972; Phillips,
1972) (Chapter 2). While the dominant low-temperature scattering mechanism in meteorites
is phonon-boundary scattering rather than TLS, their thermal conductivity still resembles
that of disordered solids.

The additional bT + ¢ terms in the numerator account for the gradual increase in ther-
mal conductivity that may begin to occur between 50 and 100 K, where phonon scattering
remains constrained by structural disorder. In such instances, the thermal conductivity is
still primarily governed by the heat capacity.

At higher temperatures, thermal conductivity tends to plateau or gradually increase,
resembling the behaviour observed in amorphous materials. This behaviour in meteorites
is modelled by the denominator term (1+ d7"), which reflects the saturation in thermal
conductivity caused by a constant phonon mean free path. Such behaviour is primarily
due to persistent scattering from porosity and defects, which continue to restrict heat flow
even at elevated temperatures. However, this model does not account for situations where
thermal conductivity decreases with increasing temperature, as would be expected when
phonon-phonon interactions become significant. Acknowledging this limitation, the model
was applied under the assumption that conductivity plateaus or increases gradually with
temperature, consistent with phonon-limited transport governed primarily by the temper-

ature dependence of heat capacity. The model performs well under these assumptions, as
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demonstrated by the results below.

Using Equation 6.1, fits were applied to the ordinary chondrite data over temperature
ranges between 5 and 200 K, depending on the sample. Data above 200 K were excluded
from the fitting process to avoid incorporating thermal conductivity values affected by ra-
diative heat loss, which becomes increasingly significant at higher temperatures. The fitted
curves were then extrapolated to 300 K to estimate the true thermal conductivity without
contributions from radiative heat loss. The validity of the model was further assessed by
applying it to the two Holbrook samples measured by Opeil et al. (2012). The resulting fit

parameters are summarized in Table 6.2 and illustrated in Figures 6.6 and 6.7.

Table 6.2: Best-fit coefficients for ordinary chondrites using the model k£ = %.
Sample ax107° b c d Range (K) R?
Buzzard Coulee-1 —5.820 0.208  —3.648  0.059 40-160 0.999
Buzzard Coulee-2 —2.160 0.034  —0.357  0.012 20-160 0.999
Holbrook —1.260 0.020 —-0.183  0.014 20-140 0.999
Opeil-1 (Holbrook) —3.450 0.045  —0.409  0.026 15-255 0.999
Opeil-2 (Holbrook) —1.150 0.013  —0.070  0.018 5-300 0.999

These results support the model’s ability to correct for radiative heat loss in thermal
conductivity measurements. It captures the overall thermal behaviour across most of the
measured temperature range where radiation is negligible, as reflected by consistently high
R? values (R? = 0.999). However, it does not fully reproduce the trend at low temperatures
(e.g., below 40 K), which may reflect limitations in the fit itself, constraints on thermocouple
sensitivity, or a combination of both. Given the available data, this model currently provides
the best approximation of the observed trends.

The Opeil-2 Holbrook sample is a notable exception to the limitations, as the model
fits the full 5 to 300 K range well (Figure 6.7). For Opeil-1, the fit is reliable between
approximately 20 and 100 K but begins to under- or over-predict outside that range, despite

maintaining an R? of 0.999. In particular, the model does not capture the slight upward
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Figure 6.6: Corrected thermal conductivity data for Holbrook and the two Buzzard Coulee
(BC-1 and BC-2) samples from this study. Dashed lines represent best-fit curves using the
empirical model (Equation 6.1) applied to Holbrook and Buzzard Coulee datasets. The two
Holbrook samples from Opeil et al. (2012) (Opeil-1 and Opeil-2) are included for comparison.
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Figure 6.7: Comparison between the corrected thermal conductivity data for Holbrook from
this study and the two Holbrook samples reported by Opeil et al. (2012). The black dotted
lines represent best-fit curves using the empirical model (Equation 6.1).

166



curvature at higher temperatures in Opeil-1. Similarly, it also does not account for scenarios
where phonon-phonon interactions are significant at higher temperatures, indicated by a
decreasing thermal conductivity with increasing temperature. Therefore, the model may
have over- or under-corrected the ordinary chondrite data in this study. This discrepancy
demonstrates that the model does not fully capture the thermal behaviour in some cases,
and further refinement is necessary to better represent such variations.

The effectiveness of the model for the ordinary chondrites in this study is further sup-
ported by the strong linear relationship observed between the radiative component (k;qq)—defined
as the difference between measured and corrected values (Figure 6.8)—and T for all three
samples (Figures 6.9 and 6.10). This correlation supports the interpretation that the unex-

pected increase in thermal conductivity at higher temperatures is driven by radiative heat

loss.
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Allende

Allende measurements were only collected down to 140 K (Figure 6.11), as repairs required for
the CFMS halted low-temperature measurements beyond the timeline of this Ph.D. Once the
system is operational again, measurements will resume. However, because the available data
coincides with the temperature range where radiative effects typically become significant, a
reliable radiation correction cannot be applied until data are obtained below 140 K. Based
on the corrected trends observed in the Holbrook and Buzzard Coulee samples, the true
thermal conductivity of Allende at 300 K is estimated to lie between 0.8 and 0.9 W m™!
K-!. For comparison, a thermal conductivity value of 1.4 W m™ K-! has been reported for

Allende, calculated from its thermal diffusivity, bulk density, and heat capacity (Szurgot,

2011b).
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Figure 6.11: Measured thermal conductivity between 140 and 300 K for Allende. Error bars
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North Chile

The thermal conductivity of North Chile was measured between 5 and 300 K. These data
are compared to the thermal conductivity of the iron meteorites from Noyes et al. (2022)—
Agoudal, Canyon Diablo, Muonionalusta, and Sikhote-Alin—in Figure 6.12. The agreement
of North Chile with the iron meteorites suggests that heat loss due to radiation may not be
significant in the measurements. The data was fit to the empirical model to test this theory,
which resulted in an over-correction of the data.

The thermal conductivity trend for iron meteorites shows no evidence of phonon-phonon
scattering, as conductivity continues to increase with temperature. Noyes et al. (2022)
attributes the scattering from grain boundaries, impurities, and defects, similar to the mech-
anisms governing thermal conductivity in chondrites. However, unlike chondrites, which are
porous and exhibit numerous grain boundaries to their diverse mineralogy, grain boundary
scattering in iron meteorites is primarily associated between kamacite and taenite crystals
(Noyes et al., 2022).

Among the samples analyzed by Noyes et al. (2022), Canyon Diablo, Muonionalusta, and
Sikhote-Aline are octahedrites composed of both kamacite and taenite, whereas Agoudal is
dominated by kamacite. In Agoudal, the kamacite displays a coarse, interlocking texture
formed through recrystallization, with rhabite crystals located within kamacite crystals and
along grain boundaries (Chennaoui et al., 2013). Similarly, North Chile is a hexahedrite
composed primarily of kamacite, but it does not exhibit any textural features. However,
rhabdite crystals are distributed three-dimensionally throughout North Chile (Gilmour and
Herd, 2020), which likely dominate phonon-boundary scattering. Additionally, visible cracks
on the surface of the North Chile sample (Figure 4.37) may also contribute to phonon

scattering.
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Figure 6.12: Thermal conductivity of the North Chile meteorite compared with four iron
meteorites from Noyes et al. (2022) (Agoudal, Canyon Diablo, Muonionalusta, and Sikhote-
Alin). Error bars are smaller than the symbols.

6.1.2 Density and Porosity

The bulk density, grain density, and porosity for the meteorites in this study are provided
in Table 6.3. Reported literature averages are also included, denoted in italics. Overall, the
results compare well with those previously reported, and fall within the expected density
and porosity ranges for their respective meteorite types (Macke, 2010). These measurements
help explain the variability observed in thermal conductivity, particularly the influence of
porosity and internal structure on heat flow.

The effects of porosity are evident among the two Buzzard Coulee samples, which show
that even small differences in porosity can lead to significant changes in thermal conduc-
tivity. Although their porosity differs by only ~ 0.6%, their thermal conductivity at 300 K
varies by nearly a factor of two (Figure 6.6). Internal heterogeneity among the four stony
meteorites was further investigated with XCT imaging, which provided 3D visualizations of

porosity and other structural features (Figures 6.14 to 6.13). Images of the North Chile iron
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Table 6.3: Meteorite physical properties: dimensions, mass, bulk & grain densities, porosity.
[talicized numbers are literature-reported averages.

Sample Type Dimensions Mass Bulk p Grain p Porosity
(mm) (&) (g cm™) (g cm?) (%)
w X hxl

Allende CV3 2.78 x 2.87 x 20.1 0.4526 2.829+£0.002 3.59+0.04 21.240.9
2.803 + 0.004 3.66 + 0.04 20.5 + 0.2

Holbrook L/LL6 2.65 x 3.07 x 20.0 0.4948 3.0564+0.01 3.48+0.02 12.44+0.6
3.188 + 0.004  3.519 + 0.003 10.7 £ 0.2

Buzzard Coulee-1 H4 3.25 x 2.25 x 20.1 0.5013 3.418 £0.002 3.737+£0.003 8.5+0.1
3.46 + 0.02 3.69 + 0.03 6.2 + 0.1

Buzzard Coulee-2  H4 2.74 x 2.69 x 20.1 0.5162 3.494+0.003 3.794+0.04 7.9+0.8
3.46 + 0.02 3.69 + 0.03 6.2 + 0.1

North Chile ITAB  2.42 x 2.09 x 21.5 0.8327 7.6940.01 7.744+0.08 0.7+1.0

7.55 £ 0.06 7.79 + 0.02 2.84 + 0.83

Reported averages for Allende, Holbrook, and North Chile are from Macke (2010). For North Chile, the
reported values represent averages for IIAB meteorites. Reported averages for Buzzard Coulee are from Fry
et al. (2013).

meteorite were not acquired, as its low porosity and overall kamacite homogeneity offered
few structural features of interest, despite the presence of micron-scale rhabdite inclusions.
The XCT scans captured only the central portion of each sample (approximately 10 mm),
corresponding to the region where the temperature gradient is measured during thermal
conductivity analysis. While Buzzard Coulee-1 and Buzzard Coulee-2 have similar cross-
sectional areas, the former is more rectangular and contains a higher concentration of visible
pore spaces. This highlights how small-scale differences in pore distribution—on the or-
der of millimetres—can strongly influence heat transport, especially when combined with
the mineralogical and textural differences visible in the 2D basal sections (Figures 6.14 and
6.15).

Across all four stony meteorites, XCT imaging reveals both macroscopic and microscopic
heterogeneities, including grain boundaries, microcracks, and compositional and textural
variations. These features disrupt the thermal path and contribute to variability in thermal
conductivity, even among samples from the same parent meteorite. The Buzzard Coulee

and Holbrook samples show this effect (Figure 6.6), with noticeable differences in thermal
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conductivity despite following similar temperature trends. This behaviour is consistent with
thermal conductivity data from three Bath Furnace meteorite samples measured by Opeil
et al. (2012), where the conductivity curves follow similar temperature trends but are offset
in magnitude due to differences in internal structure. However, visual inspection alone may
not fully capture these subtleties. For example, Allende appears to have the least observable
porosity (Figure 6.16) despite having the highest porosity (Table 6.3), likely due to the
presence of pores smaller than the resolution of the XCT scans. This highlights the limitation

of visual analysis and the need to consider both qualitative and quantitative structural data.

(a) (b)

1 mm

Figure 6.13: XCT data for Holbrook. (a) 3D images of the central portion of the sample,
showing external surface texture and mineralogical contrast (left) alongside the internal
distribution of porosity highlighted in red (right). The red arrow indicates the direction
of heat flow during thermal conductivity measurements. (b) Four representative 2D basal
sections showing mineralogical and textural variability throughout the sample.

173



(a)

1mm

Figure 6.14: XCT data for Buzzard Coulee-1. (a) 3D images of the central portion of
the sample, showing external surface texture and mineralogical contrast (left) alongside the
internal distribution of porosity highlighted in red (right). The red arrow indicates the
direction of heat flow during thermal conductivity measurements. (b) Four representative
2D basal sections showing mineralogical and textural variability throughout the sample.

(a)

Figure 6.15: XCT data for Buzzard Coulee-2. (a) 3D images of the central portion of
the sample, showing external surface texture and mineralogical contrast (left) alongside the
internal distribution of porosity highlighted in red (right). The red arrow indicates the
direction of heat flow during thermal conductivity measurements. (b) Four representative
2D basal sections showing mineralogical and textural variability throughout the sample.
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(a) (b)

1T mm
1 mm

Figure 6.16: XCT data for Allende. (a) 3D images of the central portion of the sample,
showing external surface texture and mineralogical contrast (left) alongside the internal
distribution of porosity highlighted in red (right). The red arrow indicates the direction
of heat flow during thermal conductivity measurements. (b) Four representative 2D basal
sections showing mineralogical and textural variability throughout the sample.

A strong correlation between thermal conductivity and the inverse of porosity has been
reported by Opeil et al. (2012) (R? = 0.95). To evaluate how the results from this study
compare, thermal conductivity values at 200 K for the three ordinary chondrites measured
here were plotted with the data from Opeil et al. (2010, 2012) (Figure 6.17). Although the
linear fit derived in this study (y = 0.13z —0.04) differs from the one reported by Opeil et al.
(2012) (y =3.56+6.78x), the underlying data are identical, as demonstrated by the inclusion
of their original plot in the right panel of Figure 6.17. This discrepancy likely arises from
differences in how the regression was applied, such as whether or not data were weighted
by uncertainty. Regardless, with the addition of the three chondrites from this study, the
correlation between thermal conductivity and inverse porosity remains strong, with an R?
value of 0.85.

However, this relationship does not account for anisotropy within samples, which can
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lead to a spread in thermal conductivity values for a given meteorite. For example, the two
Buzzard Coulee samples measured here have similar porosity (1/porosity ~ 12%); however,
the difference in thermal conductivity is noticeable in Figure 6.17, likely due to differences
in pore distribution and mineral boundaries and textures. This effect is also observed in the
three samples of Bath Furnace and two samples of Holbrook measured by Opeil et al. (2012),
where the anisotropic behaviour is not captured by a simple linear trend.

A similar linear relationship has been observed between thermal conductivity and bulk
density (Szurgot, 2011a; Szurgot, 2011b). In this study, the thermal conductivity at 140 K
was plotted against bulk density, calculated from each sample’s mass and measured dimen-
sions (Figure 6.18). This temperature was selected because radiative heat loss is negligible
at 140 K, as demonstrated by the correction data for Holbrook and Buzzard Coulee (Figure
6.8), making it a reliable point for comparison. Although radiative corrections could not
be applied to Allende due to limited data, its 140 K measurement can still be confidently
included based on this consistency. Including North Chile in the plot reinforces the strength
of this relationship, with the iron’s high density and conductivity anchoring the upper end
of the trend. However, similar to the relationship with the inverse of porosity, this trend

may also not fully capture the anisotropy, as evident from the Buzzard Coulee data.
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Figure 6.17: Thermal conductivity at 200 K as a function of the inverse of porosity. The
left plot shows measurements for stony meteorites from Opeil et al. (2010) and Opeil et al.
(2012) (circles) along with the three ordinary chondrites from this study (squares): Holbrook
= pink, Buzzard Coulee = green; Bath Furnace = orange, blue = other meteorites. The
plot on the right is taken directly from Opeil et al. (2010) to demonstrate that although the
linear fits differ between this study and theirs, the underlying data are the same.
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Figure 6.18: Thermal conductivity at 140 K as a function of bulk density for the five meteorite
samples in this study. The Buzzard Coulee samples are the lime green data points.
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6.2 Discussion and Conclusions

Measuring the thermal conductivity of meteorites is inherently challenging due to the com-
plex and anisotropic nature of their internal structures. Pore spaces, microcracks, and grain
boundaries are known to interfere with thermal transport within meteorites (Opeil et al.,
2012). In stony meteorites, porosity appears to be the most significant suppressor of heat
flow, introducing variability even among samples of the same meteorite type. By contrast,
in low-porosity materials like the iron meteorite North Chile, phonon scattering at grain
boundaries plays a more dominant role in limiting heat transport.

The ordinary chondrite thermal conductivity measurements in this study compare well
with those reported by Opeil et al. (2010, 2012) (Figure 6.19). Although variability between
samples of the same meteorite type is observed in both datasets, the overall agreement across
two different cryogenic instruments supports the reliability of the CFMS for measuring me-
teorite thermal conductivity. Notably, the thermal conductivity of the Holbrook sample
measured in this study falls between the two Holbrook samples from Opeil et al. (2012),
highlighting the influence of small-scale structural variability within a single meteorite (Fig-
ure 6.7). Buzzard Coulee is reported to exhibit low variability among its physical properties
(Fry et al., 2013); however, this is not reflected in its thermal conductivity, providing further
evidence that microstructural heterogeneities significantly impact thermal behaviour.

In iron meteorites, thermal transport is governed by both phonons and electrons. How-
ever, grain boundaries serve as a major scattering mechanism for both carriers, limiting their
mean free path. As a result, their thermal conductivity trends in iron meteorites closely re-
semble their heat capacity curves (Noyes et al., 2022). This behaviour is seen in North
Chile, whose conductivity matches previously reported values for other iron meteorites (Fig-
ure 6.12), suggesting that radiative heat loss may be negligible below 300 K. To quantify
the relative contributions of electrons and phonons and assess radiative effects at higher

temperatures, electrical resistivity measurements of iron meteorites are required. The elec-
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tronic component of thermal conductivity can be calculated using the Wiedemann-Franz law
(Equation 2.28) and subtracted from the total conductivity to isolate the lattice contribution,
which can be influenced by radiative heat loss at higher temperatures.

Although metal grains are present in ordinary chondrites, the electronic contribution is
generally minimal as heat transport in these samples is dominated by porosity and microc-
racks rather than mineralogy. Furthermore, the movement of free electrons throughout the
sample is limited by the surrounding silicate grains (Opeil et al., 2020).

The anisotropic nature of thermal conductivity in meteorites appears to impose limita-
tions on linear relationships with inverse porosity and bulk density. These observations are
based on measurements conducted at the millimetre scale, raising the question of whether
thermal conductivity values derived from small samples introduce scale-dependent biases.
Notably, the measurements in this study were obtained using a one-directional steady-state
heat flow, whereas thermal transport in natural geological settings occurs in multiple direc-
tions (Wenk and Bulakh, 2016). This multidirectional transport may effectively average out
anisotropic effects in larger bodies. However, the physical constraints of cryogenic thermal
property instruments limit the ability to assess at what scale anisotropy becomes less signifi-
cant, if at all. While anisotropic effects may diminish over the larger thermal diffusion scales
of planetary bodies like asteroids, porosity and grain boundaries remain intrinsic barriers to
heat transfer regardless of scale.

These findings highlight the need for continued research to further improve our under-
standing of thermal conductivity in meteorites. Ideally, measurements should be conducted
on multiple samples of the same meteorite across a range of sizes to investigate the extent
and scale-dependence of heat suppression in these insulating materials. Just as Macke (2010)
developed a comprehensive database of density and porosity measurements, expanding such
datasets to include thermal conductivity, thermal diffusivity, thermal inertia, and heat ca-
pacity would significantly improve our ability to model heat flow in asteroid parent bodies

and other airless planetary bodies.
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Figure 6.19: Comparison of the corrected thermal conductivity data for the three ordinary
chondrites in this study (Holbrook and two Buzzard Coulee samples) with the ordinary
chondrites measured by Opeil et al. (2012). The Opeil Holbrook samples are emphasized
with diamond symbols.
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7 Emissivity of Geological Samples

Understanding how emissivity behaves in geological materials is relevant to this study, as
radiative heat transfer occurs during thermal conductivity measurements (Chapter 3). This
chapter provides an overview of emissivity in geological samples to support future investiga-
tions. Although direct emissivity measurements were not a primary objective of this PhD
project, the topic was researched extensively to determine the most effective way to correct
thermal conductivity data for radiative heat loss. The fitting-based correction method de-
scribed in Chapters 5 and 6 has proven effective; however, the availability of emissivity data

enables a comparison with the Stefan-Boltzmann law, expressed in Equation 3.11:

P. =40 AcT3AT

7.1 Introduction to Emissivity

Like thermal conductivity, the emissivity of geological materials is influenced by many
factors—including temperature, pressure, illumination conditions, surface roughness, inci-
dence angle, heat distribution, anisotropy, mineral distribution (in rocks), and, for particu-
late samples, grain size and packing—all of which have been investigated in various studies
(Lyon, 1964; Lyon, 1965; Conel, 1969; Logan and Hunt, 1970; Logan et al., 1973; Salisbury
and Walter, 1989; Salisbury et al., 1991b; Salisbury and Wald, 1992; Rivard et al., 1995;
Feely and Christensen, 1999; Ramsey and Christensen, 1998; Mathew et al., 2009; Hanna
et al., 2012; Thomas et al., 2012a; Loehle et al., 2017; Lane and Bishop, 2019; Shirley and
Glotch, 2019). In the case of meteorites, oxidation of metal due to weathering may also have
a slight effect on emissivity (Ostrowski and Bryson, 2019).

Emissivity is most commonly measured in particulate samples (Conel, 1969; Logan and
Hunt, 1970; Logan et al., 1973; Salisbury et al., 1988; Salisbury and Walter, 1989; Salisbury
and D’Aria, 1992; Rivard et al., 1995; Christensen et al., 2000; Cooper et al., 2002; Maturilli
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et al., 2008; Mathew et al., 2009; Baldridge et al., 2009; Hanna et al., 2012; Thomas et
al., 2012a; Shirley and Glotch, 2019). This emphasis on particulate samples reflects the
need to compare laboratory measurements with thermal infrared (IR) remote-sensing data
collected for airless, regolith-covered bodies. However, particulate emissivity analysis is not
feasible for this type of study, as the samples must remain intact for thermal conductivity
measurements. Instead, emissivity should be determined either by measuring the emitted
radiance of solid samples (Salisbury et al., 1988; Wyatt et al., 2001; Cooper et al., 2002;
Danov et al., 2007; Mathew et al., 2009), or by using an infrared camera or temperature gun
(Ostrowski and Bryson, 2020; Mineo and Pappalardo, 2021).

Under ambient conditions, emissivity typically decreases with increasing particle size,
meaning that larger grains or solid samples generally have lower emissivity than fine-grained
particulates (Conel, 1965; Conel, 1969; Lyon, 1964; Salisbury and Wald, 1992; Shirley and
Glotch, 2019). This behaviour arises from differences in surface and volume scattering of IR
radiation. Fine-grained powdered samples, which have small grain sizes and high porosity,
are dominated by volume scattering and absorption. As a result, the intensity of spectral
features decreases with decreasing particle size, effectively increasing the emission over the
thermal IR wavelength range (Figure 7.1). In contrast, solid surfaces are dominated by
surface scattering, which leads to more pronounced spectral features and a corresponding
decrease in overall emissivity.

Interestingly, while emissivity increases with decreasing particle size under ambient con-
ditions, Shirley and Glotch (2019) observed the opposite trend when particulate mineral
samples were measured under simulated lunar temperature and pressure conditions: emis-
sivity decreased as particle size decreased. While their study focused on particulate samples,
it provides valuable insight into how whole rock samples, such as those used in this PhD
study, emit thermal radiation in cryogenic vacuum environments like the CFMS. The extent
to which the emissivity of solid materials changes under these conditions remains unknown

and presents an opportunity for future research. However, based on the findings of Shirley
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Figure 7.1: This figure shows how emissivity spectra of quartz can vary based on sample
size. Figure from Lyon (1964): "Spectra for fine Ottawa sand (40 pm) are dashed and for
coarse Ottawa sand (400 pm) are as solid curves. An X-cut quartz plate is shown as the

lower (dashed) curve in the figure."

and Glotch (2019), whole rock emissivity may be greater than that of particulate samples
when measured under low-temperature vacuum conditions. This possibility is discussed in
the next section.

Under vacuum or low-pressure conditions, emissivity spectra are typically lower in inten-
sity than those measured at ambient pressure (Logan and Hunt, 1970; Logan et al., 1973;
Henderson et al., 1996; Hanna et al., 2012; Thomas et al., 2012a; Shirley and Glotch, 2019).
Lower pressures and temperatures reduce the amount of thermal radiation emitted onto the
sample, causing the surface to cool more quickly than the interior, creating a steep temper-
ature gradient (Logan and Hunt, 1970; Logan et al., 1973; Henderson and Jakosky, 1994;
Henderson and Jakosky, 1997). These gradients lower the average emissivity, as the emitted
radiation becomes dominated by the cooler surface rather than the warmer interior.

To estimate radiative heat loss using Equation 3.11, the average emissivity can be used.

This value can be determined by integrating emissivity over the thermal IR wavelength range

of 8 to 14 pum, as described in Appendix E. This concept is also further addressed in the
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Figure 7.2: Comparison of emissivity derived from biconical and hemispherical reflectance
spectra using Kirchhoff’s law (¢ =1 — R) with a directly measured emissivity spectrum.
Differences between the converted and measured data highlight the limitations of Kirchhoff’s
law. Figure Christensen et al. (2000).

following section.

According to Kirchhoff’s law (¢ = 1 — R), reflectance spectra (R) can be converted to
emissivity, provided that hemispherical reflectance is used. This is because biconical and
bidirectional reflectance measurements do not account for backscattered radiation, whereas
hemispherical measurements incorporate scattering in all directions (Nicodemus, 1965; Salis-
bury and D’Aria, 1992; Salisbury et al., 1994; Christensen et al., 2000; Hapke, 2012). Figure
7.2 illustrates this difference: emissivity derived from biconical reflectance has less spectral
contrast than that derived from hemispherical reflectance. Kirchhoft’s law is valid at any
temperature, provided that isothermal conditions are maintained; the presence of a thermal
gradient violates this assumption and does not yield true emissivity (Salisbury and Walter,

1989; Henderson et al., 1996).
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7.2 Single-Crystal Emissivity

Average emissivity values representative of the four single-crystal minerals analyzed in this
study (quartz, calcite, albite, and pyrite), along with obsidian, were calculated using the
integration method described in Appendix E. These values are presented in Table 7.1, and the
corresponding emissivity spectra used in their calculation are shown in Figures 7.3 to 7.7. It
is important to note that these values were not directly measured from the same samples used
for thermal conductivity analysis. Instead, they serve as illustrative examples of how average
emissivity can be estimated using existing spectral data and the integration method. Because
emissivity is a sample-dependent property, these values should be considered as general
references only. Direct emissivity measurements are recommended for any sample prior to
thermal conductivity measurements. In cases where emissivity measurements are conducted
under ambient conditions, the resulting values may still offer a reasonable approximation for
solid samples, as discussed below.

Like thermal conductivity, emissivity is also an anisotropic property. Anisotropic minerals
exhibit variations in their emissivity spectra depending on the orientation of their surface
relative to the optic axis (Lane, 1999; Lane and Bishop, 2019; Salisbury et al., 1991b; Wenrich
and Christensen, 1996). This effect is illustrated in Figure 7.3, which shows emissivity spectra
for two quartz samples measured parallel and perpendicular to the c-axis, from Wenrich and
Christensen (1996). Although calcite and albite are anisotropic, only one average emissivity
value is included for each in Table 7.1. While Lane (1999) reported orientation-dependent
emissivity spectra for calcite, those measurements were based on Icelandic spar, which is
optically distinct from the calcite used in this study. Therefore, an average emissivity value
was calculated from five calcite spectra in the ASU Spectral Library v1.1 (Christensen et
al., 2000). For albite, orientation-specific emissivity data were not available, so the average
emissivity was estimated using a spectrum from an unshocked chip reported by Johnson et

al. (2003). A pyrite spectrum was provided directly by Dr. Melissa Lane (Fibernetics LLC),
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and the emissivity of obsidian was calculated from a hemispherical reflectance spectrum in
the ECOSTRESS Spectral Library (Baldridge et al., 2009; Meerdink et al., 2019), using
Kirchhoff’s law.

Table 7.1: Calculated average emissivity values for single crystal samples.

Sample Average Emissivity | Source

Quartz c-axis: 0.71 Wenrich and Christensen (1996)
a-axis: 0.78

Calcite 0.94 ASU Spectral Library (Christensen et

al., 2000), average of calcite #507,
4508, #509, #511, and #519

Pyrite 0.90 Provided by M. Lane (personal com-
munication)

Albite 0.90 Johnson et al. (2003), unshocked pla-
gioclase chip

Obsidian 0.85 ECOSTRESS Spectral  Library
(Baldridge et al., 2009; Meerdink
et al., 2019)
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Figure 7.3: Emissivity spectra of two quartz samples measured along the c- and a-axes.
Dashed lines indicate the calculated average emissivity for each orientation. Data from
Wenrich and Christensen (1996).
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Figure 7.4: Emissivity spectra of five calcite samples (#507, #508, #509, #511, and #519)
from the ASU Spectral Library (Christensen et al., 2000). Sample orientations are unknown.
The dashed line indicates the calculated average emissivity across all five samples.
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Figure 7.5: Emissivity spectrum of a solid pyrite sample provided by M. Lane (personal
communication). The dashed line represents the calculated average emissivity.
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Figure 7.6: Emissivity spectrum of an unshocked albite chip from Johnson et al. (2003). The
sample orientation is unknown. The dashed line represents the calculated average emissivity.
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Figure 7.7: Emissivity spectrum of a solid obsidian sample, converted from hemispherical re-
flectance, obtained from the ECOSTRESS Spectral Library (Baldridge et al., 2009; Meerdink
et al., 2019), using Kirchhoffs law. The dashed line represents the calculated average emis-
sivity.

The values listed in Table 7.1 were calculated from data collected under ambient pres-
sure and temperature conditions. Although the behaviour of emissivity in solid samples
under vacuum is not well understood, it can be reasonably assumed that emissivity remains
relatively constant between ambient and cryogenic vacuum conditions. This assumption is
supported by mineral spectral data from Shirley and Glotch (2019). For this study, av-
erage emissivity values were calculated from their spectra measured under both ambient
and simulated lunar conditions (temperature and pressure). When plotted, these values
show increasing similarity between the two measurement conditions as grain size increases
(Figure 7.8). Shirley and Glotch (2019) attributed this trend to the presence of thermal gra-
dients, which become more pronounced under the vacuum and temperature conditions of the
simulated lunar environment. Larger grains span more of the gradient depth, so the emitted
infrared signal reflects a broader range of internal temperatures, reducing spectral contrast
and making the emissivity more comparable to that measured under ambient conditions.

Because all samples in this study were fully thermalized to the CFMS chamber tem-
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perature prior to thermal conductivity measurements, the effects of internal temperature
gradients are minimized. As a result, emissivity spectra collected under ambient conditions
may be suitable for correcting radiative heat loss in thermal conductivity measurements using
the Stefan-Boltzmann law. However, further investigation is needed to evaluate the accuracy

of this assumption for cryogenic vacuum-based thermophysical studies of solid materials.
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Figure 7.8: Comparison of the average emissivity (y-axis) of silicate grain size fractions
(x-axis) under ambient (solid line) and simulated lunar (dashed line) conditions. Average
emissivity values were calculated from spectral data collected by Shirley and Glotch (2019).
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7.3 Meteorite Emissivity

For stony meteorites such as ordinary and carbonaceous chondrites, some average emissivity
values are reported in the physical property summary by Ostrowski and Bryson (2019).
In this summary, Allende (CV3) is reported to have an average emissivity of 0.993. H4
chondrites, representative of Buzzard Coulee, have an average emissivity of 0.990, while the
average emissivity for L6 and LL6 chondrites, representative of Holbrook, is 0.986. The
overall average emissivity for all chondrite meteorites reported in the summary by Ostrowski
and Bryson (2019) is 0.99. Ostrowski and Bryson (2019) noted that the oxidation of iron
in Antarctic L6 chondrites results in a slight reduction in emissivity; however, this effect is
considered to be within the measurement uncertainty of the group average. Therefore, the
presence of oxidized iron in Holbrook (Chapter 4.4) is not expected to affect its radiative
properties significantly.

The average emissivity values reported by Ostrowski and Bryson (2019) were derived
from reflectance spectra of particulate samples collected over 8 to 14 um under ambient
conditions, using data from Salisbury et al. (1991a) and Baldridge et al. (2009). While the
specific calculation method is not mentioned, it is assumed to be similar to the integration
method described in Appendix E. As a complement to the particulate analysis, Ostrowski
and Bryson (2020) measured emissivity directly from 1.5 ¢cm cubes of ordinary chondrites
using a thermal thermometer and found values ranging approximately from 0.98 to 0.99.
These results suggest that the emissivity of particulate and solid ordinary chondrites is
generally comparable under ambient conditions, likely governed more by bulk composition
than by sample form or texture (Ostrowski and Bryson, 2020).

In contrast, the emissivity of iron meteorites, such as North Chile, is not as well es-
tablished and requires further investigation. Ostrowski and Bryson (2019) reported a total
emissivity of 0.67 for the Odessa iron meteorite. However, Odessa is an oxidized type IAB

octahedrite containing silicate clasts and inclusions (Bunch et al., 1970; Buchwald, 1975b;
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Choi et al., 1995; Pirim et al., 2014), whereas North Chile is a ITAB hexahedrite composed
primarily of kamacite, with rhabdite (schreibersite) inclusions (Chapter 4.4). Since sili-
cate minerals tend to have high emissivity (Table 7.1), and oxidation is known to increase
emissivity (Jo et al., 2017), Odessa is likely to have a higher emissivity than North Chile.

The emissivity of North Chile can be estimated based on a thermal IR reflectance spec-
trum for a chip of the Sikhote-Alin ITAB iron meteorite (ID: TB-MDD-364) that is available
on the PDS Geosciences Node spectral library (Milliken, 2020); however, this data was ac-
quired using biconical reflectance geometry, which prevents direct emissivity conversion using
Kirchhoff’s law. As discussed earlier, biconical-derived emissivity underestimates spectral
contrast relative to hemispherical measurements, due to limited directional scattering (Fig-
ure 7.2). While biconical reflectance-based emissivity does not satisfy Kirchhoff’s law, it can
serve as a conservative upper limit. Based on the Sikhote-Alin data, this suggests that North
Chile’s emissivity does not exceed 0.52.

Given that North Chile’s composition is dominated by iron, the emissivity of polished
iron was used as a reference. Polished iron has emissivity values that can range between
0.14 and 0.38 (Beysens, 2022). Since the surface of North Chile exhibits cracks and polish
marks (Figure 4.37), which increase surface roughness and therefore also increase emissivity
(Jo et al., 2017), the upper bound of 0.38 is the most representative estimate. This value
satisfies the requirement that North Chile’s emissivity be lower than that of Odessa (0.67)
and the biconical-derived upper limit from Sikhote-Alin (0.52). Of course, this estimate

should be validated through direct measurement.

7.4 Thermal Assembly Considerations

As mentioned in Chapter 3 (Section 3.3.3), the thermal assemblies and silver epoxy are
also sources of radiative heat loss. The radiating surfaces of the heater and thermocouple
hot tab consist of a copper-alloy tab and STYCAST 2850FT black epoxy, while the silver

epoxy used to bond the thermal assemblies to the sample is a conductive adhesive from RS
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PRO. However, quantifying radiation from these components (Equation 3.9) is challenging
because the size, geometry, and epoxy distribution vary from sample to sample (Figure 3.6).
These surfaces are irregular, and the proportion of exposed copper versus STYCAST differs
between assemblies, affecting the overall emissivity. As a result, the effective emissivity and
total radiating surface area are difficult to determine with precision. Accurate surface area
estimates would likely require X-ray computed tomography (XCT) analysis. In addition to
surface area investigations, the emissivity of each individual component (STYCAST epoxy,
copper tab, and silver epoxy) should be measured separately to better constrain the effective
emissivity based on their relative surface areas. Preliminary emissivity estimates for these
components are provided below.

The silver epoxy used in this project is a 1:1 mixture of silver epoxy resin and hardener.
Although not the exact composition, an emissivity of 0.15 has been reported for a 1:1 mixture
of Ag powder and epoxy resin (Zhang et al., 2023).

The emissivity of STYCAST 2850FT is not well known. One study used an emissivity of
0.8 during the development of microwave calibration units (Schréder et al., 2017), although
this may be low compared to other black epoxies. MAP® EPOX BLACK ESD, a black
electrically conductive epoxy used in space applications, has reported emissivities of 0.83 for
7 pm thick coatings and 0.90 for 14 nm thick coatings (Reymond et al., 2021). In comparison,
NASA reports that black coatings commonly used for thermal management exhibit emissivity
values ranging from 0.84 to 0.94 (Henninger, 1984). Averaging these values, including the
0.9 value for MAP® EPOX BLACK ESD and the 0.8 value from Schréder et al. (2017),
yields 0.89 £ 0.01, which coincidentally matches the reported emissivity for black epoxy
paint (Beysens, 2022). Therefore, an emissivity of 0.89 is considered a reasonable estimate
for STYCAST.

The copper tabs used for the thermocouple and heater assemblies have a semi-reflective
surface with visible polishing or etching marks (Figure 7.9). The surface texture suggests

increased roughness, which typically results in higher emissivity than polished copper. The
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emissivity of polished copper generally is between 0.02 and 0.05 (Beysens, 2022), whereas
roughly polished and etched copper have reported emissivities of 0.07 and 0.09, respectively
(OMEGA Engineering, n.d.). Given the surface condition and possible oxidation, the emis-

sivity of the copper tabs may exceed 0.1, though this remains a rough estimate.

Figure 7.9: Copper heater tab showing a semi-reflective surface with fine surface marks,
possibly from etching or polishing.
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8 Conclusions and Future Work

8.1 Conclusion

This dissertation describes the successful adaptation of the Cryogen-Free Measurement Sys-
tem (CFMS) for measuring the thermal conductivity of geological materials, with a particular
focus on planetary samples such as meteorites. Using this approach, thermal conductivity
was successfully measured below 300 K under vacuum conditions (< 10~% mbar), extending
the instrument’s application beyond its original industrial purpose. Achieving this objective
required addressing several practical and methodological challenges. Sample preparation
was a critical aspect of the study, particularly for friable meteorite samples. Because me-
chanical cutting often caused sample damage, hand-polishing techniques were implemented
to preserve structural integrity while achieving the required geometries for thermal conduc-
tivity measurements. Procedural adaptations for geological samples included determining
appropriate thermalization times to ensure thermal equilibrium at each temperature, and
developing a rigorous data quality protocol to assess each measurement based on stability
duration, PID behaviour, and temperature drift.

A significant challenge in steady-state thermal conductivity measurements is heat loss
through radiation. Although the CFMS thermal probe includes a radiation shield, it does
not eliminate radiative contributions, particularly above 100 K. This loss results in an overes-
timation of thermal conductivity that obscures the true thermal response of the material. To
address this effect, a correction method was implemented based on the approach described
by MacPherson and Schloessin (1982) and Pope et al. (2001), using temperature-dependent
models fitted to low-temperature data where radiative losses are minimal. These models were
tailored to each material type: a linear 1/T dependence for crystalline minerals, a log(T)
dependence for amorphous obsidian, and an empirically derived model for meteorites. Ex-

trapolating these fits to 300 K provided reliable estimates of the true thermal conductivity

195



at higher temperatures. The validity of this correction method was confirmed by comparison
with published thermal conductivity values for comparable geological materials.

Thermal conductivity measurements from this study offer new insight into heat trans-
port in terrestrial geological materials at cryogenic temperatures. The behaviour of the
single-crystal minerals quartz, calcite, pyrite, and albite generally aligns with theoretical
models of phonon transport in insulating solids, where thermal conductivity is governed by
phonon—phonon, impurity, and boundary scattering. These results highlight the anisotropic
nature of thermal conductivity in crystalline materials. In anisotropic minerals, heat flow
varies with crystallographic orientation, whereas in isotropic minerals such as pyrite, dif-
ferences in conductivity are primarily governed by impurities and grain boundaries. Pyrite
exhibits a distinct thermal conductivity peak at low temperatures, reflecting a transition
from boundary and impurity scattering to phonon—phonon scattering as temperature in-
creases. In albite, which commonly exhibits polysynthetic twinning, a thermal conductivity
peak is observed when heat flows parallel to the twin planes, but is suppressed when heat
flows across them due to increased phonon scattering at twin boundaries. Quartz and calcite
have steep increases in thermal conductivity below 50 K, with values exceeding their room-
temperature conductivity by more than an order of magnitude. At these low temperatures,
the high thermal conductivity reduces the temperature gradient across the sample, making
stable measurements difficult due to thermocouple sensitivity and temperature drift. As a
result, thermal conductivity in these minerals could not be measured below 30 K.

Obsidian, a volcanic glass, offers a valuable contrast to the crystalline minerals. Due
to its disordered atomic structure, heat conduction in obsidian does not follow the same
phonon transport pathways as in crystalline solids. Instead, thermal energy is transported by
delocalized vibrational modes known as propagons and diffusons, which dominate at different
temperature regimes. A plateau in the thermal conductivity of obsidian is observed between
approximately 5 and 20 K, consistent with a transition from propagating, wave-like transport

(propagons) to more diffusive behaviour (diffusons) (Allen et al., 1999). Above this range,
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thermal conductivity increases gradually with temperature, following a logarithmic trend.
Because amorphous materials lack long-range periodicity, they do not exhibit a well-defined
high-temperature dependence predicted by phonon-based models. Therefore, the observed
trend in obsidian is purely empirical. However, when this logarithmic fit was used to model
radiative corrections, the resulting corrected thermal conductivity at 300 K closely matched
the average value reported in the literature, supporting the reliability of this approach.

Like obsidian, meteorites present a unique challenge for thermal conductivity analysis
due to their structural complexity. Although composed of crystalline minerals, their bulk
thermal behaviour more closely resembles that of disordered materials. This is primarily due
to structural features such as porosity, microcracks, and grain boundaries, which limit the
phonon mean free path and suppress thermal conductivity across all temperatures. Measure-
ments in this study confirm that porosity is the primary influence on thermal conductivity
in stony meteorites, whereas grain boundary scattering has a more significant effect in low-
porosity samples such as the iron meteorite North Chile. Despite these complexities, the
results align well with previous studies on ordinary chondrites and iron meteorites (Opeil
et al., 2010; Opeil et al., 2012; Noyes et al., 2022), demonstrating that comparable thermal
conductivity values can be obtained even in structurally anisotropic samples. This agreement
with literature values supports the use of the CFMS method for the analysis of planetary
materials.

In addition to validating the CFMS method, the thermal conductivity data collected from
meteorites provide insight into how heat was conducted within their parent bodies. Internal
structural features, such as porosity and grain boundaries, can produce anisotropic thermal
behaviour, even among samples from the same meteorite type. Whether these directional
effects persist at larger scales or are averaged out by multidirectional heat flow and lithologic
mixing remains unclear. If anisotropy is retained, it has important implications for how
meteorite parent bodies evolved in response to internal heating and cooling. Addressing this

question will require an integrated approach combining laboratory measurements, thermal
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modelling, and in-situ data from future planetary missions.

This study presents direct thermal conductivity measurements intended to support future
modelling of parent body evolution. These data more accurately represent the thermal be-
haviour of parent body material than commonly used estimates based on mineral constituents
or analogue materials, as they capture the effects of internal structural heterogeneity. Incor-
porating these data into heat flow models will enable researchers to better constrain internal
thermal histories and refine predictions of parent body evolution. Ultimately, this study
contributes not only to our understanding of meteoritic materials but also to broader efforts

to model the thermal evolution of small planetary bodies.

8.2 Future Work

There are several opportunities to advance the methods developed in this study and expand
the measured dataset. A key priority is to improve the reliability of thermal conductivity
measurements below 30 K. This includes refining procedures to better control thermal gra-
dients and reduce temperature drift, particularly in highly conductive geological samples.
One approach involves systematically varying sample geometry, such as cross-sectional area
and thermocouple spacing, for materials like quartz to determine the optimal dimensions
for stable low-temperature measurements. Additionally, alternative techniques such as the
heat-pulse method could be explored to improve measurement accuracy.

Future work should include additional measurements of obsidian to evaluate the reliability
of the logarithmic temperature trend used in the radiative correction model. Expanding the
analysis to other glasses and disordered solids would offer valuable insight into heat transport
in amorphous materials, which remains poorly understood. A more comprehensive dataset
would help clarify whether the observed logarithmic behaviour in obsidian is representative
of a broader class of disordered materials.

Since heat transfer in metallic samples like pyrite and North Chile involves both phonons

and electrons, further work should aim to separate these contributions. The CFMS is capa-
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ble of measuring electrical resistivity, which can be used with the Wiedemann-Franz law to
estimate the electronic component of thermal conductivity. This approach would be partic-
ularly valuable for confirming prior findings, such as those for pyrite by Popov et al. (2013)
and Zuniga-Puelles et al. (2019), which suggest a negligible electronic contribution. Isolating
the lattice and electronic components would also offer further insight into the apparent lack
of radiative heat loss in pyrite and North Chile. This analysis is especially relevant for iron
meteorites, which often exhibit amorphous-like thermal behaviour, suggesting that electrons
are the dominant energy carrier. By separating these contributions, it becomes possible to
better identify the limiting factors that control heat transport in metal-rich meteorites.
Following the work of Opeil et al. (2010, 2012, 2020), Noyes et al. (2022), and Macke
et al. (2024), future efforts should focus on expanding the thermal conductivity dataset for
meteorites. Now that the CFMS method has been validated for these materials, a broader
suite of measurements can be collected for meteorites with varying porosity, mineralogy,
and shock histories. This expanded dataset would help refine the empirical model used
for radiative corrections in stony meteorites and support more meaningful comparisons of
thermal behaviour across different meteorite types. In addition to thermal conductivity, the
CFMS can also be used to measure heat capacity. When combined with existing density
data, these measurements allow for accurate estimation of thermal diffusivity and contribute
to a more comprehensive understanding of internal heat transport in planetary materials.
Finally, it would be worthwhile to directly measure the emissivity of the CFMS thermal
assemblies, including the silver epoxy used to bond these components to the samples. Know-
ing these values would help determine how much the assemblies contribute to radiative heat
loss during thermal conductivity measurements. There is also a broader lack of emissivity
data for solid geological materials, particularly under vacuum and at cryogenic tempera-
tures. Obtaining such data and understanding how emissivity changes under experimental
conditions would support the use of the radiative correction model defined in Equation 3.9

and help validate or refine the empirical fitting approach used in this study.
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Appendices

A CFMS Data Quality Check MATLAB Code

A.1 Main MATLAB Script

%% CODE FOR PROCESSING GEOLOGIC SAMPLES

% Matlab script to automatically process CFMS data files.

% Reads the three temporary files to calculate thermal conductivity of
sample.

% Make sure convergence period is the same as used by the CFMS if you want
to compare the values

% Authors: Cosette Gilmour, Jim Freemantle (York University), and Don
Gilmour (Independent Collaborator)

%% Enter sample name, width, height, and length between tabs (mid to mid)
%%% Replace [] with values

sampleName = ’SAMPLE NAME’; % Enter sample name

w = []; % Width

W_err = []; % Standard error of width

H= []; % Height

H err = [1; % Standard error of height

Ltabs = []; % Distance between thermal tabs (mid-to-mid)
Ltabs_err = []; % Standard error of Ltabs

% Cross sectional -area

A = WxH;
A_err = abs(A)*sqrt((W_err/W) "2+(H_err/H)~2); JError in cross-sectional
area

%% Configuration file information: Max Temp and Convergence Time

configconfirm = input(’Do you have the config file for this sample? [Y/N]
7’)5));

if strcmpi(configconfirm, ’Y’)
%Get configuration file
[tfiles,tdir] = uigetfile(’*.ini’,’Select configuration file’,”’
MultiSelect’,’off’, ’C:\MATLAB’);
if isequal(tfiles, 0)
error (’No file selected. Exiting script.’);
end

filename = fullfile(tdir,tfiles);
config_data = readconfig(filename);

% Organize and transpose data
data_T = config_data(:,1:3:end).’; %Tranpose temperature date
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39 data_time = config_data(:,2:3:end).’; %Tranpose stability time

data
40 data_timeout = config_data(:,3:3:end).’; %sTranpose timeout time
41
42 % Combine all colums for sorting
43 config_data = [data_T, data_time, data_timeout];
44
45 % Sort rows by the first column in descending order
46 config_data = sortrows(config_data,’descend’);

10 |elseif strcmpi(configconfirm, ’N’)

50 %#Manually enter config information

51 prompt = ’Enter space separated "temperature ,dT time,timeout" triads (
K,sec,sec)’;

x = inputdlg(prompt, ’Config Settings’, [1 50]);

% Validate input

5 if isempty (x)

6 error (’No input provided. Exiting script.’);
7 end

59 % Convert input string to a numerical array

60 config_data = textscan(x{:}, ’%f,%f,%f’); ) Read space-separated
numeric values into three columns

61 config_data = [config_data{:}]; 7% Convert cell array to a numerical
matrix

62
63 % Ensure that the input is in correct triads

64 if mod(size(config_data, 2), 3) ~= 0

65 error (’Invalid input format. Please provide data in temperature,
dT time, and timeout triads.’);

66 end

67
6s [else

69 error (’Invalid input. Please enter Y or N.’);
end

N =

%% Gather temporary files (e.g., dT = 0.1, 0.2, 0.3)

% Select folder that contains temporary folders

folder = wuigetdir(’C:\Users\...\’); 7% UPDATE FOLDER WHERE TEMPORARY FILES
ARE SAVED

tempdata = tempfiles(folder);

N = numel (tempdata);
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9|% Pre-allocate and read each file to gather data

20 |time = cell(N,1); %Measurement time
g1 |dT = cell(N,1); %hdeltaT
g2 |W = cell(N,1); %Power

33| T_heatsink = cell(N,1); %Heatsink temperature

g5 | for i = 1:N

86 fullFileName = fullfile(tempdata(i).folder, tempdata(i).name);
87 fileID = fopen(fullFileName, ’rt’);

88 fileText = fileread(fullFileName) ;

89 lines = splitlines(fileText);
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90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

108

109
110
111
112

113

114
115
116
117
118

119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143

firstLine = 0; % Hold the index of the first line
for h = 1:1length(lines)

lineStr = strtrim(lines{h}); 7 Remove extra spaces
if ~isempty(lineStr) % 0Only check non-empty lines
firstChar = lineStr (1); % Get the first character

% Check if first character is a number
if (firstChar >= ’0’ && firstChar <= ’9°)

firstLine = h;
break; 7% Stop as soon as we find the first numeric line
end
end
end
alllines = strjoin(lines(firstLine:end), newline);

data = textscan(alllines, ’%f%f%f%f%f’, ’MultipleDelimsAsOne’, true);
fclose(fileID) ;

time{i} = data{1l}; dT{i} = data{2}; W{i} = data{4}; T_heatsink{i} =
data{5};
end

% Create structure array for the data collected from the temporary files

FileName = {tempdata.namel}’; Date = {tempdata.datel}’;

DataArray = struct(’File’, FileName, ’Date’, Date, ’Time’, time, ’dT’, dT,
W’, W, ’Heatsink_Temp’, T_heatsink);

% Separate data into the three arrays (e.g., dT = 0.1, 0.2, 0.3)
if N == 3

% Special case for N = 3
date_array = reshape(Date, [], 3); % Create a single row with 3
elements
filename_array = reshape(FileName, [], 3);
else

% Reshape for grouping into sets of 3 and transpose
date_array = reshape(Date, 3, [1)’;
filename_array = reshape(FileName, 3, [])’;

end

%Temporary File Data

arrayIdx = reshape(1:N, 3, [])’;

n = N/3;

time_array = cell(n, 1); dT_array = cell(n, 1);
W_array = cell(n, 1); T_heatsink_array = cell(n, 1);

for k = 1:n
idx = arrayIdx(k, :);
time_array{k} = time(idx); dT_array{k} = dT(idx);
W_array{k} = W(idx); T_heatsink_array{k} = T_heatsink(idx);
end

% Get first temperature for each sequence run (dT1)
T_heatsink_dT1 = cellfun(@(x) x(1), T_heatsink(1:3:end));

% Assign configuration time
config_time = zeros(mn,1);
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for r = 1:n
for u = 1:numel(config_data(:,1))
if T_heatsink_dT1(r) <= config_data(u,1)
config_time(r) = config_data(u,2);
end
end
end

% Assign timeout time
timeout = zeros(n,1);

for r = 1:n
for u = 1:numel(config_data(:,3))
if T_heatsink_dT1(r) <= config_data(u,1l)
timeout (r) = config_data(u,3);
end
end
end

% Combine heatsink temperature, config. time, and and timeout into a
single cell array

config = [num2cell(T_heatsink_dT1), num2cell(config_time), num2cell(
timeout)];

%% Gather heatsink temperature, dT, and W collected over configuration
time

% Calculate average time between measurements for each array (e.g., dT =
0.1, 0.2, 0.3)
avg_time = reshape(cellfun(@(x) x(end) / (numel(x)-1), time), 3, []1).’;

% Preallocate arrays to store values and errors
time_data = cell(n,3);

T _heatsink_data = cell(n,3);

dT_data = cell(n,3);

W_data = cell(n,3);

T_heatsink_err = cell(n,3);

dT_err = cell(n,3);

W_err = cell(n,3);

avg_Temp = cell(n,1);

for z = 1:n
config_duration = config_time(z); % Get configuration time for the
measurement array
for p = 1:3
avg_t = avg_time(z, p); % Get the average time for each array (e.g
., dT = 0.1, 0.2, 0.3)

% Determine the number of data points over the configuration time
idx_start = max (1, numel(T_heatsink_array{z, 1}{p}) - ceil ((
config_duration / avg_t) - 1));

% Extract and store the relevant data

time_data{z, p} = time_array{z, 1}{p}(idx_start:end);
T_heatsink_data{z, p} = T_heatsink_array{z, 1}{p}t(idx_start:end);
dT_data{z, p} = dT_array{z, 1}{p}(idx_start:end);
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W_data{z, p} = W_array{z, 1}{p}(idx_start:end);

% Calculate and store the standard error
T_heatsink_err{z, p} = std(T_heatsink_data{z, pl}) / sqrt(numel(
T_heatsink_data{z, p}));
dT_err{z, p} = std(dT_data{z, p}) / sqrt(numel(dT_data{z, p}));
W_err{z, p} = std(W_data{z, p}) / sqrt(numel(W_data{z, pl}));
end
avg_Temp{z} = round(mean(vertcat(T_heatsink_data{z,:})));
end

%% Plot temporary data for visual QA

% Extract the last number in the folder path as the date

getpathNum = regexp(folder, ’\d+’, ’match’); % Gather all numbers in file

path as strings

date = str2double(getpathNum{end}); 7% Use the last number in the list as

the date

% Create master file directory for saving figures

dateStr = num2str(date); 7% Convert date to string for folder naming

figuresFolder = [dateStr, ’Figures’]; 7 Name the "Figures" folder

fig_dir = fullfile(folder, figuresFolder); J Create full path for the "
Figures" folder

%» Ensure the "Figures" folder exists (create if not already present)
if ~exist(fig_dir, ’dir’)

mkdir (fig_dir);
end

%% Linear regression to get conductance

%» Linear regression; Pre-allocated for Temperature, Slope, SE, and R72
linreg = zeros(n,4);

%Plot
for i = 1:n
x = vertcat (dT_data{i,:}); % dT values from file
y = vertcat(W_data{i,:}); % W values from file

% Perform linear regression for measured power

mdl = fitlm(x, y, ’linear’);

slope = mdl.Coefficients.Estimate (2);

interceptl = mdl.Coefficients.Estimate(1);

rsq = mdl.Rsquared.Ordinary;

linreg(i,:) = [avg_Temp{il}, slope, mdl.Coefficients.SE(2), rsql; %
Store regression results

end

% Convert results to table format
linreg = array2table(linreg, ’VariableNames’, {’Temperature’, ’Slope’,

>, ’Rsquared’});

%% All figures
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set (0, ’DefaultFigureWindowStyle’,’normal’);
Fig = figure(’Visible’, ’off’, ’Position’, [150, 150, 1200, 500]);

TempEff
TempEnd

cell(n,1);
cell(n,1);

% Loop to create the figures
for i = 1:n

tile = tiledlayout(l, 4, ’TileSpacing’, ’Loose’, ’Padding’, ’Compact’)

’

% Overall time and heatsink temperature of full array (e.g., DT
0.2, 0.3)

Timel = time_array{i,1}{1,1};

Time2 = time_array{i,1}{2,1} + Timel (end);

Time3 time_array{i,1}{3,1} + Time2(end);

Time = [Timel; Time2; Time3];

Temp = vertcat(T_heatsink_array{i,1}{:});

% Effective time range

temporaryTime = time_array{i,1}{1,1}; % temporary variable
num = numel (Timel) - numel (time_datad{i,1}) + 1;
effTimel = temporaryTime (num:end, :);

effTime2 = time_array{i,1}{2,1} + effTimel (end);
effTime3 time_array{i,1}{3,1} + effTime2(end);
effTime = [effTimel; effTime2; effTime3];

% Starting time to effective time range
startTime = temporaryTime (1:(num-1));

% Effective heatsink temperature range

temporaryTemp = T_heatsink_array{i,1}{1,1}; % temporary variable

num = numel (temporaryTemp) - numel (T_heatsink_data{i,1}) + 1;

effTempl = temporaryTemp (num:end, :);

effTemp = [effTempl; T_heatsink_array{i,1}{2,1}; T_heatsink_arr
,13{3,1}1;

% Starting temperature/time to Effective temperature/time
startTemp = temporaryTemp (1:(num-1));

% Plot dT vs. time

nexttile;

hold on;

for j = 1:3
plot (time_array{i, 1}{j, 1}, dT_array{i, 1}{j, 1});
if time_arrayq{i, 1}{j, 1}(end) > timeout(i) - 2

= 0.1,

ay{i

text (0, dT_array{i, 1}{j, 1}(end), "TIME 0UT", ’FontWeight’, °

bold’, ’FontSize’, 10, ’Color’, ’r’);

end
end
title(’dT vs. Time’); % Title for the current tile
xlabel (’Time (sec)’);
ylabel (’dT (K)’);
legend(’°dT1’, ’dT2°’, ’dT3’, ’Location’, ’southeast’, ’FontSize’,
box on;

% Plot W vs. Time
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nexttile;
hold on;
for j = 1:3
plot(time_array{i, 1}{j, 1}, W_array{i, 1}{j, 1});
end
title(’Power vs. Time’);
xlabel (°’Time (sec)’);
ylabel (’Power (W)’);
legend (’°dT1’, °dT2’, ’dT3’, ’Location’, ’southeast’, ’FontSize’, 9);
box on;

% Plot Heatsink Temperature
nexttile;
hold on;

% Annotate Heatsink Temperature

Templ = startTemp (1) ;

TempEff{i,1} = effTemp (1) ;

TempEnd{i,1} = Temp(end);

Tdrift = abs(TempEnd{i,1} - TempEff{i,1});

% Determine plot color based on conditions

if all(Templ >= 50) && all(Tdrift > 1)
lineColor = [0.8500 0.3250 0.0980];
efflLineColor = ’m’; % Magenta

elseif all(Templ < 50) && all(Tdrift > 2)
lineColor = [0.8500 0.3250 0.0980];

efflLineColor = ’m’; % Magenta
else
lineColor = [0.8500 0.3250 0.0980];
effLineColor = [0 0.4470 0.7410];
end

% Create plots

plotl_str = sprintf (’T_{1} - T_{e}: %.2f - %.2f K’, Templ, TempEff{i
115

plot(startTime, startTemp, ’DisplayName’, plotl_str, ’Color’,
lineColor, ’LineWidth’, 1);

hold on;

plot2_str = sprintf(’T_{e} - T_{£f3}: %.2f - %.2f K’, TempEff{i,1},
TempEnd{i,13});

plot(effTime, effTemp, ’Color’, efflLineColor, ’DisplayName’, plot2_str
, ’LineWidth’, 1);

hold on;

title(’Heatsink Temp vs. Time’);
xlabel (’Time (sec)’);

ylabel (’Temperature (K)’);

box on;

% Create and format legend

lgd = legend(’show’, ’Location’, ’southeast’, ’FontSize’, 8);

lgdTitle_str = sprintf (’Temp Range: %.2f - %.2f K’, Templ, TempEnd{i
115

title(lgd, lgdTitle_str);
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% dT vs. W (conductance)

nexttile;

hold on;

x = vertcat (dT_data{i,:}); % dT values from file
y = vertcat(W_data{i,:}); % W values from file

% Set R2 threshold
rSquaredThreshold = 0.9;

value

name of

% Plot for measured power (blue)

plotLinearFit(x, y, ’blue’, ’o0’, 75, rSquaredThreshold, 0.05); 7
Measured power text

% Title and labels

title(’dT vs. Power’);

xlabel (’dT (X)’);

ylabel (’Power (W)’);

% Add legend

1egend(’Measured’, ’Measured LR’, ’Location’, ’southeast’);

box on;

% Figure title

figTitle = title(tile, sprintf(’%s %d K (%s)’, sampleName, avg_Temp{i
}, dateStr), ’FontWeight’, ’bold’, ’FontSize’, 16);

% pause (0.75);

% Save figure

tempValue = T_heatsink_array{i,1}{1,1}(1); % Extract numerical

tempStr = strrep(sprintf(’’%.2f’, tempValue), ’.’, ’p’); % Convert to
string and replace ’.’ with ’-’

figName = sprintf (’%s_%s_%s’, sampleName, tempStr, dateStr); %
figure

saveas (Fig, fullfile(fig_dir, figName), °’jpeg’); ’%saves Figure

%Note: will get a warning if folder already exist

clf (tile);
end

close(Fig);
%% Update datasheet
% Select the CFMS data file for the corresponding measurement run

[tfile2,tdir2] = uigetfile(fullfile(folder,’*.dat*’));
filename = strcat(tdir2,tfile2);

data = readtable(filename, ’PreserveVariableNames’, true);
dataname = strrep(tfile2, ’.dat’,’_’);
dataname = strcat(dataname, ’QA_’, dateStr);

%Remove unncessary columns

data = removevars(data, 1); %Remove "Time"

data = removevars (data, 1); JRemove "B_digital_(T)"
data = removevars(data, 1); %Remove "B_analog_(T)"
data = removevars(data, 3); %Remove "Delta T_(K)"
data = removevars (data, 3); JRemove "S_V/K"
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data = removevars (data, 5); %Remove "Heater_power_(W)"
data = removevars(data, 7); %Remove "Magnet"
data = removevars(data, 7); %Remove "Switch"

% Calculate temperature difference between the VTI and sensorB
temperatures
data.diff_senB_VTI = abs(data.(1)-data.(2)); %calculate difference between
sensorB and VTI temperatures
data = movevars(data, size(data, 2), "Before", 2);

%Calculated conductivity and error

calc_conductivity = cell(n,1);

calc_conductivity_err = cell(n,1);

for k = 1:n
calc_conductivity{k} = (linreg{k,2}*Ltabs)/A;
calc_conductivity_err{k} = calc_conductivity{k}*sqrt((linreg{k,3}/

linreg{k,2}) "2+(Ltabs_err/Ltabs) "2+(A_err/A)"2);
end

%Update table

for i = 1:n
Temp = vertcat(T_heatsink_data{i,:});
data.Temp_avg(i) = mean(Temp); %Mean temperature of the three rumns (

averaged over the convergence time)
data.err_Temp_avg(i) = std(Temp)/sqrt(numel(Temp)); ’%Standard error of
mean temperature of the three runs (averaged over the convergence

time)

data.Calc_TC(i) = calc_conductivity{i}; %Calculated conductivity (mdl1
)

data.Err_CalcTC(i) = calc_conductivity_err{i}; %Calculated
conductivity error (mdll)

data.Calc_Conductance (i) = linreg{i,2}; JCalculated conducantance (
mdl1)

data.Err_Conductance (i) = linreg{i,3}; %Error in conductance (slope of

line) (mdl1)
data.R2(i) = linreg{i,4}; %R-squared (mdl1)

data.configTime (i) = config_time(i); ’%Stability time of DT (seconds)
data.T_Sample_K_1(i) = T_heatsink_dT1(i); Y%starting temperature of
measurement

data.T_Sample_ K_eff (i) = TempEff{i,1}; %starting temperature of
effective temperature
data.T_sample_K_end (i) = TempEnd{i,1}; %end temperature of measurement

data.T_hs1(i) = mean(T_heatsink_data{i,1}); %average heatsink

temperature over convergence time - first file

data.T_hs2(i) = mean(T_heatsink_data{i,2}); %average heatsink
temperature over convergence time - second file

data.T_hs3(i) = mean(T_heatsink_data{i,3}); %average heatsink
temperature over convergence time - third file

data.err_T_hs1(i) = T_heatsink_err{i,1}; YSE of temperature over
convergence time - first file

data.err_T_hs2(i) = T_heatsink_err{i,2}; %SE of temperature over
convergence time - second file

data.err_T_hs3(i) = T_heatsink_err{i,3}; Y%SE of temperature over
convergence time - third file
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data.dT1(i) = mean(dT_data{i,1}); ’average dT over convergence time -
first file

data.dT2(i) = mean(dT_data{i,2}); %average dT over convergence time -
second file
data.dT3(i) = mean(dT_data{i,3}); Javerage dT over convergence time -

third file
data.err_dT1 (i)
file
data.err_dT2(i)
second file

dT_err{i,1}; J%SE of dT over convergence time - first

dT_err{i,2}; %SE of dT over convergence time -

data.err_dT3(i) = dT_err{i,3}; %SE of dT over convergence time - third
file

data.P1(i) = mean(W_data{i,1}); %average power over convergence time -
first file

data.P2(i) = mean(W_data{i,2}); %average power over convergence time -
second file

data.P3(i) = mean(W_data{i,3}); %average power over convergence time -

third file
data.err_P1(i)

W_err{i,1}; %SE of power over convergene time- first

file

data.err_P2(i) = W_err{i,2}; %SE of power over convergene time- second
file

data.err_P3(i) = W_err{i,3}; %SE of power over convergene time- first
file

% Extract date and time for each temporary file
dtl = datetime(date_array{i,1}, ’InputFormat’, ’dd-MMM-yyyy HH:mm:ss’)

)

dt2 = datetime(date_array{i,2}, ’InputFormat’, ’dd-MMM-yyyy HH:mm:ss’)
dt3

’

datetime (date_array{i,3}, ’InputFormat’, ’dd-MMM-yyyy HH:mm:ss’)

data.File_prefix{i} = string(extractBefore(filename_array{1l,1}, ’T’));
% Prefix of temporary file names

data.Datel{i} = string(dtl,’yyyy-MM-dd’);

data.Timelq{i} string(dtl,’hh:mm a’);

data.Date2{i} = string(dt2,’yyyy-MM-dd’);

data.Time2{i} = string(dt2,’hh:mm a’);

data.Date3{i} = string(dt3,’yyyy-MM-dd’);

data.Time3{i} = string(dt3,’hh:mm a’);

end

data.Drift_T = abs(data.(20)-data.(19)); J%Effective temperature drift (
T end - T_effective)

%Updated conductivity based on real measurements from calliper

%Note that original measurements were based off Ltabs = 11 mm and CA =
0.03 mm2 provided by Cryogenics.

data.ReCalc_TC = (data.(4)*Ltabs)/A;

% Percent differences between measured and calculated data

data.per_diff_senB_Tavg = abs((data.(10)-data.(3))./((data.(10)+data.(3))
/2))*100; Y%percent difference between CFMS sensorB temp and mean Temp

data.per_diff_TC = abs((data.(47)-data.(12))./((data.(47)+data.(12))/2))
*100; Ypercent error between CFMS conductivity and MATLAB conductivity
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data.per_diff_Conductance = abs((data.(4)-data.(14))./((data.(4)+data.(14)
)/2))*100; Y%percent error between CFMS conductance and MATLAB
conductance

data = movevars(data, 6, "After", 50);

data = movevars(data, 6, "After", 50);

data = movevars(data, 6, "After", 50);

data = movevars(data, 6, "After", 50);

data = movevars (data, "per_diff_senB_Tavg", "After", "sensor_B_(K)");
data = movevars(data, "Temp_avg", "After", "per_diff_senB_Tavg");
data = movevars(data, "err_Temp_avg", "After", "Temp_avg");

data = movevars(data, "Calc_TC", "After", "err_Temp_avg");

data = movevars (data, "Err_CalcTC", "After", "Calc_TC");

data = movevars (data, "ReCalc_TC", "After", "Err_CalcTC");

data = movevars (data, "per_diff_TC", "After", "ReCalc_TC");

data = movevars (data, "Th_conductivity_(W/m_K)", "After", 50);

data = movevars(data, "per_diff_Conductance", "After", "Th_conductance_(W/
K)");

data = movevars (data, "Drift_T", "Before", "T_hsl");
data
% Save table

save_data = [folder ’\’ datanamel];
writetable (data, save_data, ’Delimiter’, ’\t’);

A.2 MATLAB Function Files

Function: readconfig

% Make sure Python is installed on computer

% Make sure there are no spaces in file directory.

function data = readconfig(configfile)

C ={’py C:\MATLAB\readconfig.py’,configfilel}; 7% Update path if needed
dosCmd =strjoin(C);

[status ,cmdout]=dos (dosCmd) ;

data=str2num(cmdout) ;

end

Function: tempdata

function tempdata = tempfiles(folder)

files = fullfile(folder, ’*DT*.dat’);

%files = fullfile(folder, ’*.dat’);

tempdata = dir(files);

tempdata = tempdata (~[tempdata.isdir]);

[~,idx] = sort([tempdata.datenum]); % Sort files by date/time
tempdata = tempdata(idx);

end
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Function: plotLinearFit

function plotLinearFit(x, y, color, markerType, sizeData,
rSquaredThreshold, textVerticalOffset)
% Fit linear model
mdl = fitlm(x, y, ’linear’);

% Extract coefficients

slope = mdl.Coefficients.Estimate (2);
intercept = mdl.Coefficients.Estimate (1);
rsq = mdl.Rsquared.Ordinary;

% Determine equation text color based on R2 value
if rsq < rSquaredThreshold

textColor = ’#FFA500°’; 7 Set to orange if R2 < threshold
else

textColor = color; % Use default color if R2 >= threshold
end

% Create the equation string
if intercept > O
equationFormat = sprintf(’y
intercept, rsq);
elseif intercept < O
equationFormat = sprintf(’y
abs (intercept), rsq);

]
==

.4Ex + %.4E\nR"2 %.3f°, slope,

]
==

.4Ex - %.4E\nR"2

%.3f°, slope,

else
equationFormat = sprintf(’y
end

]
==

.4Ex\nR"2 = J.3f’, slope, rsq);

% Plot data points

scatter(x, y, markerType, ’filled’, ’MarkerEdgeColor’, ’k’, ’LineWidth

>, 0.1, ’MarkerFaceColor’, color, ’SizeData’, sizeData);

% Plot the regression line
plot(x, predict(mdl, x), strcat(color, ’--’), ’LineWidth’, 0.4);

% Get the current axis limits
xLimits = xlim;
yLimits = ylim;

% Define text position based on plot limits and textVerticalOffset

textPositionX = xLimits (1) + 0.01; % Slight offset from left edge

textPositionY = yLimits(2) - textVerticalOffset * yLimits(2); %
Adjusted Y position with offset

% Display the equation with the determined text color
text (textPositionX, textPositionY, equationFormat,

>HorizontalAlignment’, ’left’, ’FontSize’, 8.5, ’Color’, textColor

)

end
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A.3 Python Script for Configuration File Parsing

This Python script reads the configuration files and extracts the data so it can be used in
the main MATLAB code. Written by J. Freemantle.

# This code saved in the same place the configuration settings are saved.

import struct, sys

datalist = []

# mylist = ["P", "I", "D", "Temp", "dt Tol", "Stability Time", "Power tol
", "Timeout"]

# datalist.append(mylist)

mylist = []

# logfile = "c:\\Users\\jim\\iCloudDrive\\Documents\\cfms.cfg"

# logfile = input("Enter configuration file name: ")

logfile = str(sys.argv[1])

fp = open(logfile, "r"

lines = fp.readlines ()

tempdata = lines[11]

x = tempdatal[1:8]

# in lists O is first element
for i in range(l, int(x) + 1):
for index in range(1l, 9):
j = index * 8 + (i - 1) * 64
element = tempdatal[j:j + 8]
mylist.append (struct.unpack(’!f’, bytes.fromhex(element)) [0])
datalist.append(mylist)
mylist = []

fp.close()

for x in datalist:
# for y in x:
# out = "{},".format (y)
# print (out, end="")
print (x[3], x[5], x[7], ’ ’, end="’)

246




B Taylor Series Expansion of the Stefan—Boltzmann
Law

The Stefan-Boltzmann law for radiating bodies is given by:
P, =g Ac|[(T+AT)*—T*]
To simplify this expression, a Taylor series expansion is applied to (7' + AT)?, where:

flz)=a"
Azx =AT

fla+Az) = (T+AT)

Taylor expansion:

(@)
2!

(Al‘)Z—l— f(g)(x) (Aa;)3+ f(4)(x) (AZ‘)4

flz+Ax) = f(x)+ f(2) Az + 3] 4

(T+AT) =T +AT3AT + 6T>AT? + 4T AT3 + AT*
Substituting this back into the original equation:

P = oAs (T4 T AT3AT + 6T2AT? + ATAT? + AT* — T4)

P. = 0 Ae (4T3AT L 6T2AT? 4 ATATS + AT4)

However, in thermal conductivity measurements, AT < T', so the last three terms in the

brackets are negligible.

o P~ Ao AsT3AT
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Quantitative XRD Results for Minerals

Table C.1: Quantitative XRD results using a database standard (ICDD PDF-2).

1513:1;; Phase name Fraction! RIR? Weight %
060710 Pyrite 1.6 2.90 95.5+6.7
Global Amorphous 0.030 0.55 45+1.8

461045 Quartz 1 3.41 98.942.2
Global Amorphous 0.006 0.55 1.1£1.0

721214 Calcite 1 3.20 98.1+3.1
Global Amorphous 0.011 0.55 1.9+1.3

090466 Albite 1 2.10 96.2+4.2
Global Amorphous 1 0.021 3.8+1.7

I Arbitrary units used for internal reference ratio calculations.
2 Reference Intensity Ratio; relative scale used to compare intensities of phases in XRD analysis.
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D Individual Thermal Conductivity Data (Uncorrected)

The data presented in this appendix include all thermal conductivity measurements of the
single-crystal minerals and obsidian. The data presented here passed the quality check

process (Section 3.3.2). These values have not been corrected for radiative heat transfer.
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Figure D.1: Individual thermal conductivity measurements for Quartz-1 and Quartz-2. Error
bars are smaller than the symbols and are not visible in the plots.
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Figure D.2: Individual thermal conductivity measurements for the six calcite samples. Data

values have been scaled by a factor of 0.5 for clarity. Error bars are smaller than the symbols
and are not visible in the plots.
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Figure D.3: Individual thermal conductivity measurements for the six calcite samples below

100 K. Data values have been scaled by a factor of 0.5 for clarity. Error bars are smaller
than the symbols and are not visible in the plots.
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Figure D.4: Individual thermal conductivity measurements for Albite-1 and Albite-2. Error
bars are smaller than the symbols and are not visible in the plots.
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Figure D.5: Individual thermal conductivity measurements for the three pyrite samples. For

clarity, Pyrite-1, Pyrite-2, and Pyrite-3 have been offset by 0, 200, and 400 W m™ K-,
respectively. Error bars are smaller than the symbols and are not visible in the plots.
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Figure D.6: Individual thermal conductivity measurements for the obsidian sample. Error
bars are smaller than the symbols and are not visible in the plot. An empirical fit of
a-log(T)+b, applied to data above 40 K is included for reference.
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E Average Emissivity Calculation

The average (or total) emissivity of a sample is obtained by integrating the emission spectrum
over the thermal infrared wavelength (\) region (8-14 pm), divided by the total radiative
power per unit area emitted by a black body integrated over the same wavelength range

(Hapke, 2012):

S8 L (WU N, T) dA

Js W U (A, T) dA

(E.1)

g =
where:

o £()\) is the measured spectral emissivity at a specified temperature 7" and wavelength
A, defined as:
e(\) = /== (D.2)

o Uy(A,T) is the spectral radiance emitted by the object.

o U(AT) is the spectral radiance of a black body, given by Planck’s law:

2hc? 1

AP exp (A}]’;}) -1 (D-3)

UNT) =

where h is Planck’s constant (6.626 x 1073* J-s), ¢ is the speed of light (3 x 10® m/s), and

k is Boltzmann’s constant (1.381 x 10~2% J/K).
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MATLAB Code for Average Emissivity

The following MATLAB code was used to compute the average emissivity from emission

spectral data:

%% This MATLAB code calculates the average emissivity from emission
spectra.

% If the spectral data is in reflectance, convert to emissivity
using: e = 1 - R (Kirchhoff’s Law)

% Input by user

lambda = []; % wavelength (micrometer)
e = []; % emissivity
T = 300; % temperature in Kelvin

% Refine data

lambda = lambda * 1le-6; % convert to meters
[lambda, idx] = sort(lambda);

e = e(idx);

% Constants

h = 6.626e-34; % Planck’s constant (J.s)

c = 3e8; % speed of light (m/s)

k = 1.38e-23; % Boltzmann’s constant (J/K)

% Spectral radiance of a black body
U= ((2 * pi * h * ¢c”2) ./ lambda."5) .* ...
(1 ./ (exp(h * ¢ ./ (lambda * k * T)) - 1));

% Integration

A = trapz(lambda, e .* U);
B trapz (lambda, U);
e_avg = A / B;

disp([’Average Emissivity: ’, num2str(e_avg)]l);
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