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ABSTRACT OF THE DISSERTATION 

 

The Thermal Conductivity of the Earth’s Lower Mantle 

and Implications for Heat Flow at the Core-Mantle Boundary 

 

by 

 

Emma Sojourner Gage Rainey 

Doctor of Philosophy in Geophysics & Space Physics 

University of California, Los Angeles, 2014 

Professor Abby Kavner, Chair 

 

The thermal conductivity of the Earth’s lowermost mantle controls the rate of heat flow across 

the core-mantle boundary, and is thus a critical parameter for determining the core and mantle 

thermal state and evolution. This parameter and its dependence on pressure, temperature, and 

composition are poorly known, in part due to the inherent difficulties in determining thermal 

conductivities at the high pressures and temperatures (135 GPa and 3800 K) that occur at the 

base of the mantle. In this dissertation I estimate the thermal conductivity of the lower mantle 

using measurements of the thermal conductivity of MgO and (Mg,Fe)SiO3 perovskite made at 
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high pressure and high temperature in the laser-heated diamond anvil cell. Using three-

dimensional heat flow modeling, I demonstrate that the steady-state temperature distributions 

that form during laser heating experiments in the diamond anvil cell depend on the sample 

thermal conductivity as well as the experimental geometry. Relative thermal conductivity can be 

determined by comparing measured temperature vs. laser power curves with a numerical model. 

I use this technique to determine the pressure-dependence of thermal conductivity of MgO and 

(Mg,Fe)SiO3 perovskite, and then I extrapolate absolute measurements of thermal conductivity 

taken near ambient pressure to lower mantle conditions. I also estimate the contribution of 

radiation to heat transfer in the lower mantle. My resulting value for the thermal conductivity of 

the lowermost mantle is approximately 6 W/m·K, lower than the commonly assumed value of 10 

W/m·K. When combined with estimates for the lower mantle boundary layer temperature 

gradient, the total core-mantle boundary heat flow is roughly 7 TW. This heat flow implies a 

slow growth rate for the Earth’s inner core. 
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Chapter 1: Introduction  
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1.1 Introduction  

The heat flow across the core-mantle boundary (CMB) is a fundamental parameter for 

understanding the thermal evolution of the Earth. Many geodynamic processes are controlled or 

influenced by the temperature and heat flux at the base of the mantle, including core cooling and 

inner core growth, mantle plume style and stability, and partial melting [e.g., Lay et al., 2008; 

Buffett, 2003; Hofmeister and Yuen, 2007]. The total CMB heat flow is uncertain, with recent 

estimates ranging from 5-15 TW [Lay et al., 2008], and the extremes of this range represent very 

different scenarios for Earth thermal evolution. At the high end, the inner core is geologically 

young (~1 Gyr) and high heat flows were required to generate the geomagnetic field early in 

Earth’s history, while at the low end, the inner core has grown slowly and is of similar age to the 

geomagnetic field (~3.5 Gyr) [Labrosse et al., 2001; Buffett, 2002, 2003]. A high present-day 

core-mantle boundary heat flow may require additional radioactive heat sources in the core to 

drive the geodynamo in the past, whereas a low CMB heat flow may require additional 

radioactive heat sources in the lower mantle to fulfill the deep mantle component of the present-

day heat budget [Lay et al., 2008].  

Heat flux ���� at the base of the mantle can be calculated using Fourier’s law: ���� �
�����	
, where ���� is the lower mantle thermal conductivity at the core-mantle boundary and 

	
 is the lower mantle temperature gradient. While the temperature gradient within the 

lowermost mantle boundary layer is also poorly constrained [Lay et al., 2008; Wu et al., 2011], 

the current uncertainty in the thermal conductivity of the lower mantle is broader and is a major 

source of imprecision in the determination of CMB heat flow. The lower mantle thermal 

conductivity has been commonly estimated to be ~10 W/m·K [e.g., Lay et al., 2008], but 

depending on one’s assumptions the estimate could be as low as 4 W/m·K or as high as 18 
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W/m·K [e.g., Tang et al., 2014; Keppler et al., 2008]. In addition to the average values, local 

variations in thermal conductivity and heat flux near the CMB also have important geodynamic 

consequences. Seismic observations indicate that significant lateral heterogeneities are present in 

the lowermost mantle, which has led to interpretations of the core-mantle boundary as a region 

with lateral variations in chemical composition, phase, and temperature [e.g., Garnero and 

McNamara, 2008; Hernlund et al., 2005]. Spatial variations in thermal conductivity and heat 

flux influence convection in both the mantle and the outer core, affecting mantle plume size and 

style [Dubuffet et al., 2002; Matyska and Yuen, 2006; Naliboff and Kellogg, 2006] and the spatial 

pattern and evolution of the geomagnetic field [Glatzmeier et al., 1999; Gubbins et al., 2007; 

Biggin et al., 2012]. Improved estimates are needed not only for the average thermal 

conductivity of the lower mantle, but also its dependence on temperature, composition, and 

structure. 

1.2 Uncertainty in the lower mantle thermal conduct ivity 

The lower mantle is composed primarily of MgSiO3 perovskite (~80% by volume) and 

MgO (~20% by volume) with approximately 10 mol.% Fe in solid solution [e.g., Hirose, 2002]. 

To estimate the thermal conductivity of the lower mantle, the thermal conductivity of each phase 

must be known at the pressure-temperature conditions of the CMB (~135 GPa and 3800 K). Due 

to the difficulty in measuring thermal conductivity at high pressure and temperatures, there have 

been very few measurements of the thermal conductivity of mantle minerals at lower mantle 

conditions, and existing high-pressure measurements have poor agreement [Beck et al., 2007; 

Goncharov et al., 2009, 2010; Manthilake et al., 2011; Ohta et al., 2012; Dalton et al., 2013]. 

Theoretical and computational models have been used to calculate thermal conductivity for 

lower mantle minerals at high pressures and temperatures [Stackhouse and Stixrude, 2010a,b; de 
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Koker, 2009, 2010; Tang and Dong, 2010; Haigis et al., 2012; Dekura et al., 2013; Ammann et 

al., 2014; Tang et al., 2014]; however, different approaches have produced results that diverge at 

higher pressures for the complicated MgSiO3 perovskite (Mg-Pv) structure. Figure 1-1 shows 

literature values for the thermal conductivity of Mg-Pv as a function of pressure at ambient 

temperature, taken from experimental and computational studies. As Figure 1-2 illustrates, not 

only is there disagreement in the absolute value of the thermal conductivity of Mg-Pv at high 

pressure, but also in the slope of the thermal conductivity vs. pressure curve. The results in 

Figure 1-1 imply that near the CMB pressure of 135 GPa, the uncertainty in the thermal 

conductivity of Mg-Pv is at least a factor of three. Uncertainty in the Mg-Pv thermal conductivity 

is compounded when extrapolating to CMB temperature, since no measurements of thermal 

conductivity have been made near those conditions. Figure 1-2 shows the pressure-temperature 

space of previous experimental measurements of the thermal conductivity of Mg-Pv [Osako and 

Ito, 1991; Manthilake et al., 2011; Ohta et al., 2012, 2014]. As Figure 1-2 illustrates, estimating 

the thermal conductivity in the lower mantle requires long extrapolations of measured values in 

temperature, pressure, or both. A similar situation exists for MgO: there have been a few high-

pressure thermal conductivity measurements for MgO [Goncharov et al., 2009; Manthilake et 

al., 2011; Dalton et al., 2013] but none at pressures and temperatures close to CMB conditions. 

Another source of uncertainty in the estimate of the lower mantle thermal conductivity is 

the possibility of significant radiation heat transfer. Because of the high temperatures it has long 

been hypothesized that radiation could contribute to heat transport in the lowermost mantle [e.g., 

Clark, 1957], but the importance of the radiative thermal conductivity component (krad) is still 

under debate. Recent estimates of krad near the core-mantle boundary have spanned over an order 

of magnitude, ranging from ~0.5 W/m·K [Goncharov et al., 2008] up to ~10 W/m·K [Keppler et 
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al., 2008], and include intermediate values of ~2-5 W/m·K [Hofmeister, 2005; Hofmeister and 

Yuen, 2007]. Thus, the role of radiation relative to lattice conduction in lower mantle heat 

transfer remains unclear.  

1.3 Overview of the dissertation 

In this dissertation, I estimate the thermal conductivity of the lowermost mantle and its 

dependences on pressure, temperature, and composition, and discuss the implications for heat 

flow near the core-mantle boundary. The results are based on the high-pressure, high-

temperature thermal conductivity measurements presented in this dissertation. I measured the 

pressure-slope of thermal conductivity of (Mg,Fe)SiO3 perovskite and MgO using temperature 

distributions measured in the laser-heated diamond anvil cell in conjunction with three-

dimensional heat flow modeling. The experimental and modeling techniques are presented 

briefly in this section, and discussed in more detail in later chapters. 

1.3.1 Laser-heated diamond anvil cell 

The laser-heated diamond anvil cell (LHDAC) is an experimental tool for reaching static 

high pressures and temperatures that correspond to the conditions of the deep interiors of 

terrestrial planets and moons. The diamond anvil cell is capable of subjecting materials to over 

300 GPa of pressure, and materials can be heated to thousands of degrees by focusing infrared 

lasers onto the sample through the transparent diamond anvils [e.g., Jayaraman, 1983; Boehler, 

2000]. In situ characterization of sample properties can be performed using microscopy, 

spectroscopy, and a variety of X-ray-based tools including scattering and diffraction. The 

LHDAC has been used in numerous experiments to determine high-pressure, high-temperature 

properties of mantle and core materials, including melting curves [Williams et al., 1987; Boehler, 

1993; Heinz and Jeanloz, 1987; Shen and Heinz, 1998], phase stability [Saxena et al., 1995; 
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Boehler, 2000], equations of state [Mao et al., 1990; Fiquet et al., 1998; Dewaele et al., 2000], 

thermoelastic behavior [Fiquet et al., 2000], chemical partitioning [Andrault, 2001; Badro et al., 

2003], and thermal and electrical transport properties [Goncharov et al., 2009; Konopkova et al., 

2011; Gomi et al., 2013]. 

Heat flow in the LHDAC is discussed in detail in Chapter 2, wherein I present our 

numerical model TempDAC. TempDAC is a 3-D numerical model that calculates the steady-

state temperature distribution for continuous wave leaser-heated experiments in the diamond 

anvil cell. Very high temperatures are difficult to generate and control in the diamond anvil cell 

because of the small sample sizes and the fact that the samples are in close proximity to a 

relatively much larger volume of high-thermal-conductivity diamond, which behaves effectively 

as a heat sink. Therefore a great deal of continuous wave (CW) laser power needs to be absorbed 

by the sample in order to maintain quasi-steady-state hotspot temperatures. Most mineral physics 

LHDAC experiments involve this type of continuous heating. Because of the extreme heat flow 

conditions, the steady-state temperature gradients in both the axial and radial directions are steep, 

as illustrated in Figure 1-3. In Chapter 2, I describe the TempDAC numerical model and its 

validation, and demonstrate the utility of the model as an aid in designing and interpreting 

LHDAC experiments through a series of example calculations.  

Temperature measurement in the LHDAC is discussed in Chapter 3. Accurate and precise 

temperature measurements are required when interpreting LHDAC data, but are difficult due to 

the extreme temperature gradients characteristic of LHDAC experiments. Optical misalignments 

and chromatic dispersion can lead to incorrect temperatures and biases in measured thermal 

properties [e.g., Boehler, 2000; Kavner and Panero, 2004; Walter and Koga, 2004; Benedetti et 

al., 2007]. The desire to measure accurate and precise temperature gradients while avoiding 
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chromatic errors during laser heating has led to the development of new temperature 

measurement methods, including the 4-color method [Campbell, 2008; Du et al., 2013] and the 

peak scaling method [Kavner and Panero, 2004; Kavner and Nugent, 2008; Rainey and Kavner, 

2014], the latter of which is currently used for laser heating temperature measurements at the 

UCLA Mineral Physics Lab [Kavner and Nugent, 2008] and at Beamline 12.2.2 at the Advanced 

Light Source [Clark et al., 2012]. In Chapter 3, I discuss the peak scaling method, demonstrate 

its effectiveness for measuring radial temperature distributions, and examine the effects of 

temperature- and wavelength-dependent emissivity on the accuracy of the measured 

temperatures. 

1.3.2 Relationship between LHDAC temperature and th ermal conductivity 

The steady-state temperature distributions that form during laser heating experiments 

strongly depend on the sample thermal conductivity as well as the experimental geometry [e.g., 

Panero and Jeanloz, 2001]. As shown in Figure 1-4, the relationship between the peak sample 

temperature and the input laser power varies with the sample thermal conductivity, and this 

allows the LHDAC to be used to measure thermal conductivity at high pressure and temperature 

by comparing measured temperature vs. laser power curves with the output of DAC heat 

conduction models [Manga and Jeanloz, 1997; Konopkova et al., 2011]. Determining a precise 

value of thermal conductivity using this technique requires knowing the amount of laser power 

absorbed by the sample, but mineral absorption coefficients are typically not well-known at high 

pressure and temperature. In addition, if the spectral emissivity of the sample is unknown, the 

temperature measurement is subject to errors of uncertain magnitude as discussed in Chapter 3. 

However, the change in thermal conductivity with pressure can be determined precisely even 
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when material properties are not well-known by comparing temperature vs. laser power curves 

measured at different pressures [Manga and Jeanloz, 1997].  

I used this technique to determine the pressure-slope of thermal conductivity for 

(Mg,Fe)SiO3 perovskite and MgO, and the results are presented and discussed in Chapter 4. 

There I describe the experimental approach in detail, including sample preparation, 

measurements, and numerical modeling. The measured temperature vs. laser power curves are 

presented, along with the pressure-induced changes in thermal conductivity determined from 

numerical modeling. I also compare my results with previous measured and modeled values and 

discuss the sensitivity of my results to experimental uncertainties. 

1.3.3 Estimating the thermal conductivity of the lo wer mantle 

Estimating the heat flux across the core-mantle boundary requires determining the 

relative importance of all heat transfer mechanisms, and as discussed in Section 1.2, radiation 

may play a role in heat transport in the deep mantle. In Chapter 5, I examine the radiative 

contribution to lower mantle thermal conductivity. I use existing literature data on the high-

pressure optical properties of lower mantle minerals to calculate the radiative thermal 

conductivity profile of the lower mantle. I also explore the sensitivity of the radiative thermal 

conductivity estimate to uncertainties in lower mantle properties, including absorption 

coefficient, index of refraction, iron content, and temperature.  

In Chapter 6, I combine the results of Chapters 4 and 5 to determine the high pressure, 

high temperature thermal conductivities of the major mantle phases, and to calculate an average 

thermal conductivity of the lower mantle. I then apply my results to calculate the heat flow 

across the core-mantle boundary. I also examine the sensitivity of my results to various 
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assumptions about the state of the lowermost mantle, and discuss the implications for the thermal 

evolution of the core and mantle. 
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1.4 Figures 

 

Figure 1-1. Literature values of the thermal conductivity of MgSiO3 perovskite as a function of 
pressure at ambient temperature. Experimentally-determined values: red downward triangle 
(Manthilake et al., 2011, angstrom method), dark green upward triangles (Ohta et al., 2012, 
DAC thermoreflectance), light green leftward triangle (Ohta et al., 2014, microspot angstrom 
method), purple filled circle (Osako and Ito, 1991, angstrom method). First-principles 
calculations: dark red open circles (Haigis et al., 2012, molecular dynamics), red open squares 
(Ammann et al., 2014, molecular dynamics), orange open triangles (Dekura et al., 2013, lattice 
dynamics), blue open diamonds (Tang et al., 2014, lattice dynamics). All data points shown in 
the figure were measured or calculated at 300 K except for those of Mantilake et al. [2011] and 
Ammann et al. [2014], which were extrapolated to 300 K from values reported at 473 K and 
1000 K respectively using the thermal conductivity temperature fits determined in each study. 



 

Figure 1-2. Pressure-temperature space of literature measurements of the thermal diffusivity or 
thermal conductivity of MgSiO
pressure [Jeanloz and Morris, 1986] is shown for reference.
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temperature space of literature measurements of the thermal diffusivity or 
thermal conductivity of MgSiO3 perovskite. The lower mantle temperature as a function of 

, 1986] is shown for reference. 

 

temperature space of literature measurements of the thermal diffusivity or 
perovskite. The lower mantle temperature as a function of 

 



 

Figure 1-3. Modeled radial and axial temperature gradients for a partially absorbing dielectric 
sample in the laser-heated diamond anvil cell.
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Modeled radial and axial temperature gradients for a partially absorbing dielectric 
heated diamond anvil cell. 

 

Modeled radial and axial temperature gradients for a partially absorbing dielectric 
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Figure 1-4. Modeled peak sample temperature as a function of laser power for dielectric samples 

with thermal conductivity � � �� �
� 
 �, where T is temperature and T0 = 300 K, determined 

using the TempDAC model. 
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Chapter 2: Modeling Heat Flow in the 

Laser-Heated Diamond Anvil Cell 
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2.1 Introduction 

Mathematical models of LHDAC temperature gradients are useful for multiple purposes, 

including estimating the magnitude of temperature gradients for a particular experimental design, 

calculating the effect of temperature gradients on real measurements [Kavner and Panero, 2004], 

creating synthetic temperature vs. power curves for thermal conductivity measurements [Manga 

and Jeanloz, 1997; Konopkova et al., 2011], and estimating uncertainties in measured 

temperatures arising from uncertainties in experimental properties. For example, one of the 

important applications of the LHDAC is its use in conjunction with synchrotron-based X-ray 

diffraction to measure material phase and lattice volume in situ at high pressures and 

temperatures. For high-quality powder X-ray diffraction measurements, the sample volume 

should be maximized. But during laser heating, especially at high pressures, this can possibly be 

compromised by large temperature gradients over the X-rayed volume. The three-dimensional 

nature of the temperature gradients means that if there are temperature gradients present over the 

length scale of the X-ray spot, the X-ray volume will be heavily biased towards the lower 

temperatures within the X-ray volume, even if the hotspot is well-centered [Kavner and Panero, 

2004]. Multiple approaches should be taken to fully address this issue, including considerations 

in experimental design, such as broadening the laser hotspot, as well as in data analysis, such as 

providing a precise measurement of the temperature gradient and the relationship between the 

hotspot and the X-ray beam during laser heating. Modeled 3-D temperature gradients can be 

used to aid in experimental design as well as to quantify the effect of temperature gradients on 

the experimental results. Similar methods have also been used in other kinds of high-pressure 

experiments to improve designs and minimize thermal gradients [Leinenweber et al., 2012] 
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My collaborator John Hernlund created a 3-D numerical code (TempDAC) for modeling 

heat flow within the LHDAC that allows for calculation of the steady-state temperature 

distribution during continuous heating experiments. I validated the model and extended it to 

include double-sided heating, axially-dependent laser absorption, and anisotropic thermal 

conductivity. In this chapter I present and discuss the TempDAC model, demonstrate its 

validation against an existing lower-dimensional analytical model, and use it to examine various 

trends for temperature distributions in the diamond anvil cell. Like existing models [Bodea and 

Jeanloz, 1989; Li et al., 1996; Manga and Jeanloz, 1997; Panero and Jeanloz, 2001a; Kiefer and 

Duffy, 2005], TempDAC solves the steady-state heat conduction equation within the LHDAC. 

However, previous numerical and analytic LHDAC models presented in the literature have 

assumed either axisymmetry and/or temperature-independent thermal conductivity. The 

TempDAC model is a fully 3-D model with flexible geometries, allowing it to be tailored to 

model particular experimental conditions. The sample can be modeled as a single partially 

absorbing material with a specified laser absorption coefficient, or as a composite, e.g. a 

transparent insulator with an opaque metal foil of specified thickness. Thermal conductivities are 

material-, temperature-, and can be direction-dependent (i.e., anisotropic). Laser heating can be 

modeled as single- or double-sided, with a customizable beam profile. The 3-D nature and 

flexible geometries of TempDAC allow it to fully describe the three dimensional temperature 

distributions that are inherent in CW LHDAC experiments. 

2.2 Model description 

2.2.1 LHDAC thermal environment 

The characteristics of LHDAC temperature distributions are governed by the high 

thermal mass of the diamond anvils compared with the sample and the small physical size of the 



22 
 

experiments. These factors result in steep temperature gradients in the axial and radial directions 

as well as fast timescales for thermal equilibration. For example, for a typical sample thickness L 

of a few tens of microns and a thermal diffusivity ĸ of ~10-6 m2/s, the heat diffusion timescale 

(L2/ĸ) across the sample is ~10-4 s. Across ~3-mm diamond anvils it is ~10-2 s (assuming ĸ ~ 10-3 

m2/s for diamond). Thus, during heating with CW laser power, steady-state temperature 

distributions emerge very quickly and decay quickly once the laser is turned off. During CW 

laser heating, the typical temperature gradients within the sample chamber are extreme (on the 

order of 100 K/µm, as illustrated in Figure 1-3). Although samples within the diamond cell do 

radiate some energy away (indeed, the typical method of temperature measurement in LHDAC 

experiments is spectroradiometry), the extreme temperature gradients mean that lattice 

conduction is expected to be the dominant mechanism of heat transport within the diamond cell 

in most experiments, and measured temperature gradients are consistent with heat transport by 

phonons [Heinz and Jeanloz, 1987; Li et al., 1996; Manga and Jeanloz, 1998; Panero and 

Jeanloz, 2001a]. The steady-state heat conduction equation has been shown to be appropriate to 

describe heat flow within the LHDAC for continuous heating experiments and has been used in 

previous models [e.g., Li et al., 1996; Panero and Jeanloz, 2001a]. An ambient temperature 

boundary condition is expected to be valid due to the small sample size and high thermal 

conductivity of the diamond anvils and metal gasket. However, in real laser heating experiments 

the diamond anvil cell does not remain in steady state; in fact, the entire cell slowly warms over 

the course of a heating experiment. Typically the temperature change is at most a few tens of 

degrees, such that the approximation of a steady state with ambient temperature boundaries 

remains valid, especially for short experiments or lower peak temperatures. At synchrotron 
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facilities, diamond cells are often water-cooled to maintain the cell at a constant temperature 

during laser heating. 

2.2.2 Governing equations and numerical implementat ion 

The TempDAC model builds upon a previous thermal modeling effort [Hernlund et al., 

2006] for describing temperature distributions within solid-medium high-pressure experiments, 

extending the solution to the full 3-D case. As in the previous model, the equation governing heat 

conduction within the LHDAC is written as 

 

 	 · �	
 � � � 0, (2.1) 

 

where k is the thermal conductivity tensor, T is temperature, and Q is an internal heating term 

representing the absorbed laser power. If the principal axes of the thermal conductivity tensor are 

aligned with the Cartesian coordinates x, y, and z, then Equation 2.1 becomes  

 

 
��� ��� �
��� � ��� ��� �
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��� �  � � 0, (2.2) 

 

where kx, ky, and kz represent the inner products of the thermal conductivity tensor with unit 

vectors along the x, y, and z axes, respectively. 

The numerical model domain is illustrated in Figure 2-1. The domain is cubic and 

comprises equal-sized rectangular cells. The full extent and shape of the diamond anvils and 

metal gasket are not modeled. But since the temperature generally drops to ambient values 

within or very close to the edges of the sample chamber, this is not expected to affect the 
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calculated temperature distribution. For cells with dimensions ∆x, ∆y, and ∆z, a finite volume 

form of Equation 2.2 can be written as 
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(2.3) 

 

The subscripts i, j, and k are used to refer to the value of a parameter at a particular discrete cell 

(e.g., T(i∆x, j∆y, k∆z) � Ti,j,k). The temperatures are defined at the center of each cell, while the 

conductivities are defined on the faces (displaced ½ cell length from the cell centers). Each cell 

consists of a single material (e.g., diamond, gasket, sample) and has its own functional variation 

of thermal conductivity with temperature. Therefore, thermal conductivity is naturally defined at 

the center of each cell and interpolation is required to obtain thermal conductivity values at the 

cell faces, which is most compatible with the calculation of heat flux at the midpoint between 

adjacent cells. In our implementation the harmonic interpolant is used, since it is the only 

interpolation that exactly conserves the continuity of heat flux between cells. The conductivity 

values in Equation 2.3 are obtained from the cell-center conductivity values using the formulas 
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When boundary conditions are imposed, Equation 2.3 becomes an invertible system of equations 

over the entire model domain. We choose to apply the condition that the exterior boundaries of 

the domain remain at a constant temperature Tc, where Tc is some ambient temperature (typically 

300 K). The boundary condition is enforced using ghost cells adjacent to and outside of the 

edges of the domain. The ghost cells are the same size as the interior cells and are considered to 

have the same thermal conductivity as their immediate neighbor cells.  

The absorbed laser power is modeled in one of two ways, depending on whether the 

sample is assumed to consist of (1) an opaque absorbing foil within a transparent insulating 

material, or (2) a partially absorbing material. For an opaque foil, the heating term Qi,j,k is 

assumed to be nonzero only within cells at the foil surface where the laser is incident, i.e., the 

laser is assumed to be absorbed only at the edge of the foil. If the laser is aligned with the z-

direction, then Qi,j,k varies with x and y according to the assumed 2-D intensity distribution of the 

laser beam. For the case of a partially absorbing material, Qi,j,k is nonzero within the entire 

sample and varies with x and y according to the laser beam intensity distribution and with z 

depending on the assumed material absorption coefficient. In this case Qi,j,k is written as 

 

 ��,",# � ()�,",#%  (2.5) 

 

where α is the absorption coefficient of the material and I i,j,k-1 is the laser intensity passing from 

cell (i,j,k-1) into cell (i,j,k). Integrating Equation 2.5 over a sample of thickness L gives the 

Beer’s law result that the total absorbed power is equal to Pl(1-exp(αL)), where Pl is the total 
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laser power. Therefore partially absorbing samples are conveniently described by an optical 

thickness τ that is the product of the absorption coefficient and the sample thickness: τ = αL. 

2.2.3 Solution method 

The numerical implementation uses a full approximation storage multi-grid solver. This 

technique allows for high resolution near the center of the sample where temperature gradients 

are very large while leaving other areas of the domain less resolved in order to save computation 

time. The linear system can be written as 

 

 *+
+ � ,+, (2.6) 

 

where Fh = -Qh on the finest grid. Let Ťh be a guess or approximation of Th, and define the error 

as eh = Th- Ťh. Then Equation 2.6 can be written as 

 

 *+-+ � .+ � ,+ � *+Ť+, (2.7) 

 

where Rh is the residual on grid h. The residual is interpolated to a coarser grid H, giving 

 

 *0
0 � *0-0 � *01)+0
+2 � )+0.+ � *01)+0
+2, (2.8) 

 

where the initial guess for TH is given by Ih
HTh. The full approximation for temperature is thus 

stored on each grid level in this method, allowing one to treat non-linearity at both coarse and 

fine scales. 
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2.3 Validation of numerical solution 

In order to verify the output of the numerical model, we compared it against an analytic 

solution for the temperature distribution within a laser-heated DAC sample. An analytic solution 

exists for the simplified case of a cylindrically symmetric sample with temperature-dependent 

thermal conductivity, as shown by Panero and Jeanloz [2001a]. In their model the sample is 

represented by a cylinder with boundaries at ambient temperature and uniform heating in the 

axial direction. The analytical model domain is shown in Figure 2-2. Although the analytical 

model domain is not exactly equivalent to the numerical model, which explicitly includes the 

effects of the diamond anvils and metal gasket, it was shown to closely replicate the temperature 

profiles from previous numerical simulations [Panero and Jeanloz, 2001a]. The assumption of 

ambient-temperature boundaries has also been demonstrated to be valid by previous numerical 

models, which have shown that the temperature within a laser-heated diamond cell drops to near-

ambient at the surfaces of the diamond anvils in the axial direction (z, parallel to laser beam) and 

within the sample chamber in the radial direction (r, perpendicular to laser beam) [e.g., Bodea 

and Jeanloz, 1989]. The assumption of uniform axial heating is applicable to the case of a 

partially absorbing sample without insulating layers that is optically thin. The steady-state heat 

conduction equation for a laser in TEM00 mode can then be written as [Panero and Jeanloz, 

2001a] 

 

 	 · 1�1
2	
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.!6. (2.9) 

 



28 
 

Here k is the thermal conductivity of the sample, T is temperature, A0 is the peak volumetric 

absorbed power, r is radius, and R is the Gaussian laser waist size. Panero and Jeanloz [2001a] 

linearized this equation using the Kirchhoff transform 

 

 7 � 1�� 9 �1:2;
;<

d:, (2.10) 

 

where k0 is the thermal conductivity at temperature T0. The heat equation can then be solved 

analytically for θ and transformed to a solution for T using any assumed temperature dependence 

of the sample thermal conductivity. Following the analysis of Panero and Jeanloz [2001a], the 

general solution for θ for a cylindrical sample of thickness 2D and radius Rc is 

 

 7 � 3�.!
�� 414E11.�!2 � 14E115!2 � 12 log �.�5 �6 � > ?�

�
cosh �@�A.�. �� J0 �@�.� 5�, (2.11) 

 

where E1 is the exponential integral function, J0 is the zeroth-order Bessel function of the first 

kind, ai is the ith root of J0, ci are constants, and z is the axial coordinate which extends from –D 

to +D. The constants ci are calculated in order to satisfy the boundary conditions. Panero and 

Jeanloz [2001a] provided numerical solutions to ci for a particular experimental geometry. A 

general form for the constants ci can be found using the orthogonality of Bessel functions. The 

solution for ci is then written as: 
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Temperature profiles calculated using Equations 2.9-2.12 are compared with the output from 

TempDAC in Figure 2-3. The analytic solution was calculated out to i = 5 only, since adding 

further terms resulted in a change in the peak temperature of less than 0.1%. For the comparison 

I assumed a sample thickness of 50 µm, sample radius 90 µm, and laser profile full width at half 

max of 20 µm. The boundary temperature was set to T0 = 300 K. The sample thermal 

conductivity was chosen to be 4.0 W/m·K at ambient temperature T0, which is the approximate 

value for iron-bearing olivine [Xu et al., 2004]. For the numerical model, I used ambient-

temperature thermal conductivities of 1000 W/m·K for the diamond anvils [Wei et al., 1993] and 

48.0 W/m·K for the metal gasket (appropriate for rhenium [Powell et al., 1963]). A T-1 

temperature dependence of thermal conductivity was assumed for all materials. To compare the 

analytic and numerical calculations, the assumed laser power was adjusted such that the peak 

temperature was calculated to be 2500 K in the analytic solution (0.7812 W for the model 

parameters used here). This laser power value was then used as an input in TempDAC, which 

was run at multiple grid resolutions to test the convergence of the numerical solution. The results 

of this test are in Table 1-1. The solutions for grid sizes 128×128×128 and 256×256×256 are 

nearly identical, and well within the margin of error for LHDAC temperature measurements both 

compared to each other and to the analytic solution. Note that we would not expect the numerical 

solution to converge exactly to the analytic one, due to the difference in boundary conditions 

between the models.  
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2.4 Example calculations 

The TempDAC numerical model can be used to test hypotheses regarding the thermal 

response of samples heated in the diamond anvil cell, to aid in experimental design, and to help 

interpret experimental results. In this section, I show numerical results simulating several 

different types of LHDAC experiments in order to demonstrate the use of our model and to 

elucidate the characteristics of temperature distributions within LHDAC samples in the context 

of real and imagined experiments. For reference the assumed properties of the materials used in 

the example calculations are compiled in Table 2-2. 

2.4.1 Partially absorbing sample with elliptical la ser 

In many experimental applications, a laser beam will not necessarily have perfectly 

circular symmetry about the propagation direction. Because the sample temperature distribution 

is strongly influenced by the shape of the laser power profile, it is important to model the laser 

shape as accurately as possible when calculating LHDAC temperature distributions with the goal 

of interpreting experimental data. I modeled the temperature distribution for an elliptical 

Gaussian laser heating an isotropic, partially absorbing olivine sample with an optical thickness τ 

of 1.0, where τ is defined as in Section 2.2.2, a room-temperature thermal conductivity of 4 

W/m·K [Xu et al., 2004], and a T-1 temperature dependence of thermal conductivity. The laser 

beam was an elliptical Gaussian with a FWHM of 20 µm along the x-axis and 30 µm along the 

y-axis. The sample thickness was set to 40 µm, and the sample radius 80 µm. A rhenium gasket 

with a room temperature thermal conductivity of 48 W/m·K [Powell et al., 1963] was assumed. 

Figure 2-4 shows the 2D radial temperature distribution at the peak of the temperature profile, 

near the center of the sample. Although the sample is isotropic, the temperature contours are 

elliptical due to the influence of the laser beam shape. The temperature contours are slightly less 
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elliptical than the laser beam, owing to the presence of axial as well as radial heat flow within the 

LHDAC. 

Additional models were run for sample optical thicknesses τ = 0.5 and τ = 2.0. For each 

model the laser power was tuned to give the same peak sample temperature of 2350 K. Since the 

peak temperature, sample and laser geometries, and sample thermal conductivity were the same 

for each model, the radial temperature distributions at the peak temperature are the same. 

However, the axial temperature distributions differ as shown in Figure 2-5. As the optical 

thickness increases, the peak temperature occurs closer to the heated side, and less laser power is 

required to heat the sample to the same temperature due to the increased absorption coefficient. 

For the case of τ = 0.5, a total laser power of 1.8 W was required; the power was ~37% lower for 

τ = 1.0 and ~53% lower for τ = 2.0. 

2.4.2 Anisotropic thermal conductivity 

While many samples are polycrystalline and randomly oriented and have isotropic heat 

flow properties, it is possible to use the laser-heated diamond anvil cell to measure anisotropy in 

thermal conductivity of oriented single crystals. To demonstrate TempDAC’s ability to simulate 

3-D thermal conduction, I modeled laser heating of oriented single-crystal graphite in the 

LHDAC. An example hotspot is shown in Figure 2-6. The thermal conductivity of graphite is 

highly anisotropic, with the thermal conduction parallel to the graphite sheets being around 220 

times faster than thermal conduction along the c-axis perpendicular to the sheets [Kato et al., 

2001] Using the thermal diffusivities from Kato et al. [2001], the thermal conductivity values in 

the directions parallel and perpendicular to the graphite sheets are approximately 1500 W/m·K 

and 6.8 W/m·K, respectively. I assumed a graphite crystal of thickness 80 µm and radius 60 µm, 

oriented such that the fast and slow thermal conductivity directions both lay in the radial plane. 
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The insulating material was assumed to be H2O at ~3 GPa (Ice VII), which has an ambient-

temperature thermal conductivity of around 3.4 W/m·K [Chen et al., 2011]. A circular Gaussian 

laser with a FWHM of 27 µm was used, and the thermal conductivities of all materials other than 

graphite (diamond anvils, rhenium gasket, and H2O insulating material) were assumed to be 

isotropic, so that any ellipticity in the modeled hotspot would be due to the anisotropy of 

graphite thermal conductivity alone. The ellipticity of the hotspot shown in Figure 2-6 is ~2.5, 

similar to the measured ellipticities for oriented graphite in the LHDAC [Kavner and Nugent, 

2008]. The hotspot intensity was calculated using the modeled temperature distribution at the 

surface of the graphite and assuming Planck emission at 700 nm wavelength. Only the relative 

hotspot intensities are compared, so the absolute value of the emissivity of the graphite at 700 

nm is unimportant. 

2.4.3 Single- versus double-sided heating with lase r absorber 

I modeled several temperature distributions for a 10-µm-thick Pt foil between MgO 

insulation layers in a DAC. Three simulations were run: (1) double-sided laser heating with the 

Pt foil placed between symmetric 15-µm-thick MgO layers, (2) single-sided heating with the Pt 

foil between symmetric 15-µm-thick MgO layers, and (3) double-sided heating with the Pt foil 

between asymmetric MgO layers, with the MgO ~20 µm thick on one side and ~10 µm thick on 

the other. The sample chamber was assumed to have a radius of 80 µm, and the Pt foil a radius of 

40 µm. The lasers had Gaussian intensity profiles with a full width at half maximum of 20 µm. 

The thermal conductivity of Pt was taken from Terada et al. [2005], and the thermal conductivity 

of MgO from Tang and Dong [2010]. The MgO layers were assumed to be transparent and the Pt 

was assumed to be opaque such that the laser was absorbed only within elements at the edge of 

the foil. Temperature profiles from each of the three simulations are shown in Figure 2-7. In each 
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case the laser power was adjusted in order for the peak temperature within the sample chamber to 

reach 2000 K. 

In all three simulations, there are steep temperature gradients within the MgO layers 

relative to the Pt layer. When the heating is double-sided and the insulation layers are symmetric, 

the central temperatures on each side of the Pt foil are identical. When the laser heats one side 

only, that side of the foil has a higher peak temperature. For the model parameters used here, the 

peak temperature is ~12% lower on the unheated side of the Pt foil. The temperature difference 

between the two sides would be smaller for a thinner foil or a foil with higher thermal 

conductivity. When the MgO insulation layers are of different thickness, the central temperatures 

on each side of the foil differ. However, this difference tends to be small, <1% for the model 

parameters used here. Therefore, measuring the same temperature on each side during double-

sided laser heating in a DAC does not mean that the insulation layers are of identical thickness. If 

the measured temperatures on the two sides differ, it is more likely to be due to differences in 

laser power or laser absorption than insulation layer thickness. 

Another feature of these solutions is that even when symmetric double-sided heating is 

implemented, the temperature in the middle of the foil is slightly lower than the temperatures at 

the foil edges. This effect is due to the 3-D nature of heat conduction within the LHDAC, and is 

not observed in lower-dimensional models. Since a 3D model is needed in order to fully describe 

temperature gradients within the sample chamber, it is especially important to use a model such 

as TempDAC when determining the effects of temperature gradients on experimental results. For 

example, when interpreting measurements of temperature-dependent material properties from X-

ray diffraction experiments, it is important to correctly quantify the effect of temperature 

gradients over the entire 3-D X-ray volume. 



34 
 

2.4.4 “Flat-top” laser 

One approach to minimizing temperature gradients over the X-ray volume during 

LHDAC diffraction experiments is to use “flat-top” laser beams [e.g., Shen et al., 1996; 

Prakapenka et al., 2008]. To create a “flat-top,” a beam shaper is used to form a laser intensity 

distribution that is approximately flat over the extent of the laser spot size. In order to calculate 

the type of sample temperature gradients that would result in flat-top laser heating experiments, 

we created a flat-top laser model in TempDAC. It is impossible to create a truly flat laser beam 

experimentally, so I used an approximately flat-top profile created by summing seven Gaussians. 

Figure 2-8 shows the intensity profile of the modeled flat-top laser beam, which has a FWHM of 

21 µm. For comparison, a Gaussian profile with 21-µm FWHM is also shown. The modeled flat-

top laser profile is similar to the experimentally-created flat-top beam profile shown by 

Prakapenka et al. [2008]. 

I used TempDAC to model temperature distributions for the flat-top and Gaussian laser 

profiles shown in Figure 2-8. For each laser profile two models were run, one for a partially 

absorbing olivine sample of thickness 40 µm with single-sided laser heating, and one for a 20-

µm-thick Pt foil with symmetric 15-µm-thick MgO insulating layers and double-sided laser 

heating. In each case the sample chamber radius was 80 µm, and the radius of the Pt foil in the 

second model was 40 µm. For each laser profile, the total laser power was tuned to result in the 

same peak temperature in order to more easily compare the temperature distributions. The 

modeled radial and axial temperature profiles are shown in Figure 2-9 and Figure 2-10. These 

temperature profiles illustrate several important points. First, a flat-top laser profile does not 

result in a uniform temperature distribution. Heat must be conducted away from the center of the 

sample, resulting in non-zero temperature gradients even in areas where the laser profile is very 

close to flat. Second, the temperature profiles resulting from a flat-top laser are not flatter than 
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the temperature profiles from a Gaussian laser of the same FWHM. In fact, the reverse is true: 

radial temperature gradients are shallower for the Gaussian laser in both cases. Axial temperature 

gradients are nearly identical for both laser shapes for the partially absorbing sample (Figure 2-

9), and shallower for the Gaussian laser within the metal foil (Figure 2-10). This occurs because 

the Gaussian laser beam deposits proportionally more energy away from the center of the 

sample, allowing for shallower temperature gradients near the center. Note, however, that 

because of this the Gaussian laser profile also required more energy in order for the sample to 

reach the same peak temperature as the flat-top laser (for the model parameters used here, ~12% 

more absorbed power was required for the metal foil, and ~46% more for the partially absorbing 

sample). It should also be noted that for a small X-ray volume and a relatively wide laser profile, 

axial temperature gradients can be more significant than radial temperature gradients. For 

example, if an X-ray beam ~5 µm in diameter were used with the sample modeled here, the 

temperature variations within the X-ray spot in the Pt foil would be ~1% in the radial direction 

and ~12% in the axial direction for the flat-top laser. The axial temperature gradient within the Pt 

foil would be smaller in the case of a thinner foil or a foil with higher thermal conductivity. 

2.4.5 Pressure-dependence of hotspot width 

As a sample is pressurized, the heat flow environment in the diamond cell becomes more 

extreme due to the thinning of the insulation layers and the sample. Additional changes in the 

heat flow may occur because of pressure-induced changes in thermal conductivity and absorption 

of laser power (see Chapter 4). In this section I examine how the hotspot size and shape vary at 

high pressure when the only pressure-induced effect is quasi-hydrostatic thinning of the sample 

chamber. I performed calculations for a laser-absorbing foil within an insulating medium 

assuming that all deformation was confined to the thinning of the insulation layers. This 
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approximation is appropriate for an incompressible metal foil within a soft insulation material. I 

chose a Pt foil (bulk modulus 260 GPa) within Ne insulation layers (bulk modulus ~1 GPa), 

using an ambient-temperature thermal conductivity for Ne of 5.7 W/m·K, appropriate for solid 

Ne at 10 GPa as calculated using the Leibfried-Schlomann equation [Roufosse and Klemens, 

1973] and using low-temperature measurements from Weston and Daniels [1984]. I also 

assumed that the sample chamber did not change radius as it thinned. A change in the sample 

chamber radius would have only a minor effect on the temperature distribution as long as the 

sample chamber remained wider than the laser beam, since in typical experiments where the 

laser spot is smaller than the sample chamber the temperature drops to near-ambient well within 

the sample chamber radius. The models show that as the sample thins, the peak temperature 

reached for the same laser power is lower. Figure 2-11 shows the calculated peak temperature as 

a function of insulation layer thickness for a Pt foil in a Ne medium, heated on each side with a 

Gaussian laser having a FWHM of 20 µm and 3.5 W output power. For every ~2 µm thinning, 

the peak temperature drops ~100 K. This effect is solely due to pressure-induced sample 

thinning, but a similar effect would be observed for a pressure-induced increase in thermal 

conductivity (I ignored the pressure increase in thermal conductivity for these simulations). 

Therefore, care must be taken when interpreting changes in temperature vs. power curves taken 

at different pressures. We also modeled cases for which the laser power is increased in order to 

reach the same peak temperature with a thinner sample. Figure 2-12 shows radial temperature 

profiles for models with insulation layers that are 20 µm, 16 µm, and 12 µm thick on each side. 

In order to reach the same temperature of 2260 K, the sample for which the insulation layers had 

thinned to 16 µm required 10% more power; for 12-µm insulation layers 25% more laser power 

was required. As Figure 2-12 shows, when the sample thins at higher pressure, the radial 
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temperature profile becomes narrower. The effects of thinned insulation layers on temperatures 

and hotspot shapes have also been observed in models and measurements by Panero and Jeanloz 

[2001b] and Kavner and Panero [2004] Note that the narrowing of the radial temperature profile 

at higher pressure is due primarily to the change in geometry rather than a pressure-induced 

change in thermal conductivity. My calculations show that if the thermal conductivity of a 

sample is increased without changing the sample thickness, the shape of the hotspot at a 

particular peak temperature does not change (although more laser power is needed to reach the 

same peak temperature). For a particular sample and laser geometry and peak temperature, the 

temperature gradient is independent of the absolute value of the sample thermal conductivity 

(although the temperature-dependence of thermal conductivity does matter). 

2.5 Summary 

With my collaborators, I have created and validated a full 3-D numerical model, 

TempDAC, for calculating temperature distributions within the LHDAC applicable to steady-

state continuous heating experiments. Several interesting properties of LHDAC temperature 

distributions are illustrated by the example calculations. Temperature gradients will exist in both 

the axial and radial directions, with the particulars of the temperature gradients depending on the 

experimental geometry and the sample thermal conductivity. The temperature distribution is 

strongly dependent on the experimental geometry, with the sample thickness and the particular 

shape of the laser beam intensity profile both having significant influences on the resulting 

temperature gradients. The extreme temperature gradients that form within the sample during 

laser heating are three-dimensional, and the 3D nature of the heat conduction must be taken into 

account when making predictions regarding LHDAC temperature gradients and when 

interpreting X-ray diffraction data that has been obtained during laser heating.  
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The results of the models for some special cases of sample physical properties and sample 

and heating laser geometry suggest ways to enhance the design of high-pressure, high-

temperature laser heating experiments. For example, my modeling results support the idea of 

measuring hotspot ellipticity as an indicator of anisotropy in heat flow properties; however, these 

experiments must be accompanied by models in order to interpret results. Elliptical laser beams 

and anisotropic thermal conductivity both result in elongated hotspots, but the ellipticity of the 

hotspots is less than that of the laser beam or the anisotropy of thermal conductivity due to axial 

heat flow. The models also help guide priorities for sample loading and experimental setup. 

Contrary to conventional wisdom, the models show that asymmetrically thick insulation layers 

do not necessarily result in significant differences in peak temperatures on each side of a heated 

foil. Moreover, a “flat-top” laser beam, while it can produce a shallow temperature gradient near 

the center of the sample if the laser spot size is large enough, does not produce a temperature 

gradient that is flatter or more uniform than would be produced by a Gaussian beam profile of 

similar width. 
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2.6 Tables 

Table 2-1. Peak temperature and RMS error for TempDAC numerical model run with grid size 
n×n×n. All models were run using the same absorbed laser power. 

 

 

 

 

 
 

 
 
 
  

n 
Fine grid cell 

size (µm) 
Peak 

Temperature (K) 
RMS Error (K) 

16 13.3 876 140.2 
32 6.7 1730 78.4 
64 3.3 2235 31.8 
128 1.7 2515 4.4 
256 0.83 2515 4.2 

Analytic --- 2500 0.0 
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Table 2-2. List of materials used in the TempDAC model validation and example calculations 
and the ambient-temperature thermal conductivity of each material. For all materials the thermal 
conductivity was assumed to vary inversely with temperature except Pt and MgO, for which the 
temperature thermal conductivity functions were taken from Terada et al. [2005] and Tang and 
Dong [2010] respectively. 

 

 

 

 

 
 
 

 

 

  

Material 
Thermal conductivity  

at 300 K (W/m·K) 
Source 

Diamond 1000 Wei et al. [1993] 
Rhenium 48.0 Powell et al. [1963] 
Olivine 4.0 Xu et al. [2004] 
Graphite 6.8 Kato et al. [2001] 
Ice VII 3.4 Chen et al. [2001] 

Platinum 77.8 Terada et al. [2005] 

MgO 83.2 
Calculated at 10 GPa from Tang 

and Dong [2010] 

Neon 5.7 
Calculated at 10 GPa using data 
from Weston and Daniels [1984] 



 

2.7 Figures 

Figure 2-1. Illustration of the TempDAC 
an axial slice through the domain. The presence of a laser absorber is optional. The image on the 
right is a view of the interior of the model domain. Note that the sizes of the sample chamber and 
absorber and the domain length scale are all flexible and not confined to the particular geometry 
depicted in the cartoon. 
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TempDAC numerical model domain. The image on the left 
domain. The presence of a laser absorber is optional. The image on the 

a view of the interior of the model domain. Note that the sizes of the sample chamber and 
absorber and the domain length scale are all flexible and not confined to the particular geometry 

 

numerical model domain. The image on the left depicts 
domain. The presence of a laser absorber is optional. The image on the 

a view of the interior of the model domain. Note that the sizes of the sample chamber and 
absorber and the domain length scale are all flexible and not confined to the particular geometry 



 

 

Figure 2-2. Illustration of the geometry of the analytic
cylindrically symmetric partially absorbing sample.
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Illustration of the geometry of the analytical model domain, representing a 
cylindrically symmetric partially absorbing sample. 

model domain, representing a 
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Figure 2-3. Comparison of radial (left plot) and axial (right plot) temperature profiles from the 
analytic model of Eqns. 9-12 and the TempDAC numerical solution. Temperatures at the 
TempDAC grid points are represented by red diamonds; the solid black line represents the 
analytic solution. The numerical result shown was calculated for grid size 256 × 256 × 256. 
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Figure 2-4. Modeled temperature contours in the radial plane for a partially absorbing sample 
heated with an elliptical laser. The contours are 150 K apart, with the peak at 2350 K. The red 
dashed line shows the FWHM of the elliptical Gaussian laser beam. 
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Figure 2-5. Modeled axial temperature profiles for partially absorbing samples with optical 
thickness τ = 0.5 (black dotted line), τ = 1.0 (green solid line), and τ = 2.0 (purple dashed line). 
  



46 
 

 
 

 

Figure 2-6. Modeled hotspot for laser-heated oriented graphite in a DAC. The image on the left 
shows the modeled intensity at 700 nm wavelength of the 2D hotspot in the radial plane at the 
surface of the heated graphite. The plot on the right shows intensity contours for the same 
hotspot. 



 

Figure 2-7. Modeled axial temperature profiles for a 10
layers. The upper plot shows the axial temperature profile through the center of the sample when 
laser heating is double-sided. The center plot shows the axial temperature pr
laser heating. The lower plot shows the axial temperature profile for a sample with asymmetric 
MgO layers and double-sided heating.
 

47 

 
Modeled axial temperature profiles for a 10-µm-thick Pt foil with MgO insulation 

layers. The upper plot shows the axial temperature profile through the center of the sample when 
sided. The center plot shows the axial temperature profile for single

laser heating. The lower plot shows the axial temperature profile for a sample with asymmetric 
sided heating. 

thick Pt foil with MgO insulation 
layers. The upper plot shows the axial temperature profile through the center of the sample when 

ofile for single-sided 
laser heating. The lower plot shows the axial temperature profile for a sample with asymmetric 
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Figure 2-8. Comparison of an approximately flat-top laser profile (black line) and Gaussian laser 
profile (blue line) with the same FWHM of 21 µm. 
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Figure 2-9. The plot on the left shows modeled radial temperature profiles through the center of 
a partially absorbing olivine sample with an optical thickness of 1.0 for the flat-top (black line 
and symbols) and Gaussian (blue line and symbols) laser beams shown in Figure 2-8. The plot 
on the right shows the corresponding axial temperature profiles through the center of the sample. 
  



 

Figure 2-10. The plot on the left shows calculated radial temperature profiles at the surface of a 
Pt foil for the flat-top (black line and symbols) and Gaussian (blue line and symbols) laser beams 
shown in Figure 2-8. The plot on the right
through the center of the sample.
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. The plot on the left shows calculated radial temperature profiles at the surface of a 
top (black line and symbols) and Gaussian (blue line and symbols) laser beams 

8. The plot on the right shows the corresponding axial temperature profiles 
through the center of the sample. 

 
. The plot on the left shows calculated radial temperature profiles at the surface of a 

top (black line and symbols) and Gaussian (blue line and symbols) laser beams 
shows the corresponding axial temperature profiles 
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Figure 2-11. Modeled peak temperature for constant laser power as a function of single-sided 
insulation layer thickness for an incompressible Pt foil heated within a soft Ne insulating 
medium in the LHDAC. Slight deviations from a smooth curve are due to the resolution limits of 
the mesh used in the numerical model. 
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Figure 2-12. Modeled radial temperature profile at the surface of an incompressible Pt foil 
heated within a soft Ne medium as a function of single-sided thickness of the symmetric 
insulation layers: 20 µm (black line), 16 µm (blue line), and 12 µm (red line). 
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Chapter 3: Measuring Temperature in 

the Laser-Heated Diamond Anvil Cell 
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3.1 Introduction 

Accurate and precise temperature measurements are required when interpreting 

measurements taken in the LHDAC. However, measuring temperatures during laser heating is 

difficult due to the extreme temperature gradients characteristic of laser heating experiments in 

the diamond cell. In LHDAC experiments, temperatures are typically measured via 

spectroradiometry: emitted light from the laser-heated spot is magnified and imaged via a 

spectrometer onto a CCD and the intensity as a function of wavelength is fit to Planck’s 

blackbody curve [e.g., Heinz and Jeanloz, 1987a; Jeanloz and Kavner, 1996; Boehler, 2000]. 

Mechanical misalignments and chromatic dispersion in the optical system can lead to significant 

errors in measured temperatures and thermal properties [e.g., Boehler, 2000; Kavner and Panero, 

2004; Walter and Koga, 2004; Benedetti et al., 2007]. The need to measure accurate and precise 

temperature gradients during laser heating while avoiding chromatic errors has led to the 

development of new temperature measurement methods, including the 4-color method 

[Campbell, 2008; Du et al., 2013] and the peak scaling method [Kavner and Panero, 2004; 

Kavner and Nugent, 2008]. The peak scaling method is currently used for laser heating 

temperature measurements at the UCLA Mineral Physics Lab [Kavner and Nugent, 2008] and at 

Beamline 12.2.2 at the Advanced Light Source [Clark et al., 2012] and was used in all laser 

heating measurements presented in this dissertation. The details of the experimental apparatus 

and technique are discussed in Chapter 4. In this chapter I present the peak scaling method for 

temperature measurement in the LHDAC and use modeled and measured laser heating data to 

demonstrate its effectiveness for measuring 2-D radial temperature gradients. I also discuss the 

effects of wavelength- and temperature-dependent emissivity on the temperature measurement. 
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3.2 Temperature measurement in the LHDAC 

In LHDAC experiments, hotspot temperatures are determined by fitting measured intensity 

as a function of wavelength to Planck’s blackbody curve, commonly over a relatively narrow 

range of wavelengths in the visible to near-IR [e.g., Heinz and Jeanloz, 1987a; Jeanloz and 

Kavner, 1996; Boehler, 2000]. Typically the Wien approximation (hc/λkBT >> 1) applies, 

enabling temperature T to be determined via a linear fit to [e.g., Heinz and Jeanloz, 1987a]: 

 

 G � log K � L
, 
(3.1) 

 

where ε is the emissivity, J is a normalized intensity and ω is a normalized frequency given by  

 

 J � log 4 IλP
2hc!6 (3.2) 

 

and 

 

 ω � hcλkU, (3.3) 

 

where I is the measured intensity, λ is wavelength, h is Planck’s constant, c is the speed of light, 

and kB is Boltzmann’s constant. As discussed in Chapter 2, due to the high thermal conductivity 

of the diamond anvils, extreme temperature gradients (up to 108 K/m) are present in the sample 

chamber in both the axial and radial directions. The presence of these temperature gradients can 

complicate measurements of material properties made via X-ray diffraction, and can lead to 

significant errors when slight misalignments are present between the X-ray beam and the heating 
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laser [Kavner and Panero, 2004]. Characterization of the temperature distribution during laser 

heating provides for improved analysis of X-ray diffraction data, as well as more precise 

measurements of melting temperatures [Du et al., 2013] and information about temperature-

dependent thermal conductivity [Li et al., 1996; Panero and Jeanloz, 2001]. Care must be taken 

when measuring 2-D temperature distributions during laser heating, as chromatic dispersion or 

focusing errors in the spectral imaging system can lead to incorrect temperatures and temperature 

gradients [e.g., Jeanloz and Kavner, 1996; Boehler, 2000; Walter and Koga, 2004; Kavner and 

Panero, 2004; Benedetti et al., 2007]. 

3.2.1 Peak scaling method 

The peak scaling method [Kavner and Nugent, 2008; Kavner and Panero, 2004] is a 

technique for precise measurement of the 2-D radial temperature distribution in LHDAC 

experiments that avoids errors caused by misalignments and chromatic dispersion. In the peak 

scaling method, the temperature distribution is determined using two measurements. First, a 

spectrometer with a wide slit is used to collect radiation from the entire hotspot. An “average” 

hotspot temperature is fit to this spectrum, and then corrected to get the peak temperature using a 

modeled or measured correction factor. Second, the 2-D hotspot intensity gradient is measured at 

a single wavelength using a high dynamic range CCD camera with a narrow bandpass filter. The 

2-D temperature distribution is calculated by scaling the 2-D intensity distribution by the peak 

intensity and transforming to temperature using the Planck function and the measured peak 

temperature. Using the spectrum collected from the entire hotspot has two advantages: it is 

robust against small optical alignments, plus the average hotspot temperature is insensitive to 

dispersion, focusing errors, and chromatic effects [Benedetti et al., 2007]. Because a single-

wavelength image is used to determine the temperature gradient, the intensity scaling method 
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does not require individual wavelengths to be focused separately, as in the 4-color method 

[Campbell, 2008]. And since the intensity of emitted radiation is a strong function of 

temperature, the peak scaling method allows for more precise measurement of the temperature 

gradient than can be achieved by spectral fitting at each point.  

Below I discuss the steps of the peak scaling method in more detail, and use synthetic and 

real data to demonstrate the effectiveness of this technique for measuring high-precision 2-D 

temperature gradients during laser heating. 

3.2.2 Peak temperature measurement using entire hot spot spectrum 

When radiation is collected from the entire hotspot, the resulting spectrum includes light 

emitted from sample material at multiple temperatures. The entire hotspot spectrum closely 

resembles (but is not identical to) a Planck curve at a lower temperature than the peak 

temperature at the center of the hotspot (Figure 3-1). Because the intensity of emitted radiation is 

a very strong function of temperature (I~T4), the spectrum is dominated by the highest 

temperatures present. For typical experimental parameters, the “average” temperature fit to the 

entire hotspot spectrum is 10-20% lower than the peak hotspot temperature [Heinz and Jeanloz, 

1987a; Williams et al., 1991; Kavner and Jeanloz, 1998; Kavner and Nugent, 2008]. Linear 

relationships between peak and average temperatures have been measured [Heinz and Jeanloz, 

1987b; Godwal et al., 1990; Williams et al., 1991; Kavner and Jeanloz, 1998] and modeled 

[Heinz and Jeanloz, 1987a; Manga and Jeanloz, 1996], and the technique of “correcting” a 

measured average temperature to get the peak sample temperature has been used previously in 

melting studies [Heinz and Jeanloz, 1987b; Godwal et al., 1990; Williams et al., 1991]. 

I modeled the relationship between the temperature fit to the entire hotspot spectrum 

(Tavg) and the peak hotspot temperature (Tpeak) for a range of experimental geometries and sample 
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materials using synthetic hotspots generated by TempDAC. The results are shown in Figure 3-2. 

The entire hotspot spectrum was computed using the 3-D hotspot temperature distribution from 

TempDAC and integrating emitted intensity I along the axial (z-) direction using Equation 3.4 

and then integrating in the radial (xy-) plane:  

 

 )1�, �, �2 �  )� � KV)�W� � KV)��1X, 
2W�. (3.4) 

 

Here I0 is intensity of radiation entering the cell (zero at the sample edge) of the TempDAC grid, 

ελ is the emission/absorption coefficient at wavelength λ, and Ibb is the blackbody intensity at the 

temperature T of the cell center. In the case of an opaque sample radiation was integrated in the 

radial plane at the opaque surface only. I assumed that emissivities were independent of 

wavelength (the consequences of wavelength-dependent emissivity are discussed in Section 

3.3.2). Because the numerical aperture of the collection optics is typically small in LHDAC 

experiments, to simplify the model we assumed zero dispersion. Tavg was calculated using the 

Wien approximation to fit the integrated spectrum between 600 and 850 nm. I modeled hotspots 

for three specific examples of different sample configurations: a dielectric with transparent 

insulating material ((Mg,Fe)SiO3 perovskite with Ne), a semi-transparent dielectric with no 

insulating material (AgI), and an opaque metal foil with transparent insulating material (Pt with 

Ne). The assumed material thermal conductivities are listed in Table 3-1. In all cases, laser 

heating was modeled as double-sided with Gaussian beam profiles. Figure 3-2. shows that the 

relationship between Tpeak and Tavg has weak dependences on sample properties and experimental 

geometry, including sample thickness, absorption coefficient, thermal conductivity, and laser 

spot size. Deviations by a factor of two or more in these variables result in a negligible change in 
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the relationship between Tpeak and Tavg. The presence or absence of insulating layers has a minor 

effect: the difference in Tpeak for measured Tavg in a dielectric vs. a metal foil is less than 4% at 

2000 K and less than 10% at 3000 K, close to the margin of error of LHDAC temperature 

measurements. Thus, Tpeak can be determined with relative precision by correcting a 

measurement of Tavg without having to re-measure the correction factor for each experiment. 

Because the entire hotspot spectrum is dominated by the highest temperatures present, only 

experimental changes that significantly alter the temperature gradient near the hotspot center 

(e.g., a very different laser beam intensity profile) significantly change the relationship between 

Tpeak and Tavg. This is a salient point for experimental design, because Tavg is quicker and easier to 

measure than Tpeak or the temperature gradient. 

3.2.3 Temperature gradient measurement using scaled  intensity 

The Planck blackbody function relates the sample temperature and emitted intensity, and 

thus can be used to transform a measured radial intensity gradient to a temperature gradient as 

long as the temperature is known at one point, the intensity gradient is measured over a known 

wavelength range, and the temperature-emissivity is known (although the inferred temperature 

gradient is insensitive to temperature-dependent emissivity, as discussion in Section 3.3.1). In the 

peak scaling method, the peak temperature is determined using the entire hotspot spectrum as 

described above. A 2D image of the hotspot is taken at wavelength λ0 using a narrow bandpass 

filter. The temperature Txy at a point (x,y) on the hotspot is then calculated by taking the ratio of 

the intensity Ixy measured at (x,y) to the peak intensity Ipeak and solving for Txy using 
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)��)YZ[# � exp � _?X��`
YZ[#� � 1

exp � _?X��`
��� � 1 , 
(3.5) 

 

where Tpeak is the peak temperature, h is Planck’s constant, c is the speed of light, and kB is 

Boltzmann’s constant. Using intensities measured at a single wavelength has the advantage of 

eliminating any effect of non-graybody emission or chromatic dispersion on the measured 

temperature gradient. An example of a 2-D temperature distribution measured using the peak 

scaling method is shown in Figure 3-3. Although in the case of a partially transparent sample the 

measured intensity includes emission from sample material at multiple temperatures along the 

axial direction, this has a negligible effect on the radial intensity distribution and Equation 3.5 

can still be applied. 

3.2.4 Effectiveness of peak scaling method 

I tested the peak scaling method on both synthetic and real laser heating data for samples 

of AgI, which has the advantage of being a good laser absorber in the diamond anvil cell and has 

well-characterized optical properties [Suri and Henisch, 1971]. The results for the synthetic data 

are shown in Figure 3-4. The synthetic hotspot data were generated using the TempDAC model 

and Equation 3.1. A value for Tavg was fit to the synthetic hotspot spectrum and scaled to get 

Tpeak. The temperature profile was then calculated using Tpeak and the synthetic hotspot intensity 

gradient. Figure 3-4(a) shows the synthetic hotspot intensity gradient at 700 nm, and Figure 3-

4(b) shows the temperature profile calculated from the synthetic data. The recovered temperature 

profile is almost an exact match for the true temperature profile, with misfits of up to 10 K near 

the peak temperature of 2000 K. When generating the synthetic data, the detector was assumed 

to have a linear dynamic range of 216, larger than most commercially available CCD detectors. 
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The dynamic range of the instrument limits the range of temperatures that can be measured, as 

seen in Figure 3-4 where the temperature profile becomes noisy once the hotspot intensity falls 

to the assumed noise level. Any nonlinearities in the detector dynamic will introduce additional 

errors.  

Figure 3-5 demonstrates the effectiveness of the peak scaling method on real data. The 

measurements were made at the Advanced Light Source Beamline 12.2.2 on a sample of AgI 

heated at 21 GPa. Figure 3-5(a) shows the measured intensity profile at 700 nm, and Figure 3-

5(b) shows the temperature profile calculated using the peak scaling method, as well as the 

temperature profile calculated using the imaging spectrometer to measure individual 

spectroradiometric temperatures as a function of distance. Although AgI has an absorption edge 

which may affect the accuracy of spectroradiometric temperature measurements at high pressure 

[Slykhouse and Drickamer, 1958; Balchan and Drickamer, 1961], the effect on the two 

temperature profiles shown in Figure 3-5(b) would be the same and is therefore ignored for the 

purpose of this comparison. The temperature profiles are nearly identical near the peak, but 

further from the peak the spectroradiometric temperature profile has “wings,” where the 

temperature appears to increase. This is not a real effect but rather an artifact of the Wien 

approximation temperature fit, in which noise appears as temperatures approaching 1800 K 

[Kavner and Panero, 2004]. This can be verified by examining the hotspot intensity profile in 

Figure 3-5(a), which has no such wings.  

Figure 3-4 and Figure 3-5 also illustrate the power of using the intensity profile to 

calculate precise temperature gradients. Because emitted intensity is a very strong function of 

temperature, even small temperature changes result in a significant change in the intensity signal. 

For the hotspots shown in Figure 3-4 and Figure 3-5, a factor-of-two change in measured 
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intensity corresponds to a change in temperature of less than 10%. Thus, using gradients in 

absolute intensity to calculate the temperature gradient allows for much higher precision than 

would result from using spectral measurements alone. 

3.3 Effect of temperature- and wavelength-dependent  emissivity 

Material emissivities are generally not well known at high pressure and temperature, and in 

the diamond cell they are likely related to a combination of bulk and surface sample properties 

[Jephcoat and Besedin, 1996]. But because temperature distributions measured using the peak 

scaling method (as well as with other spectroradiometric techniques) depend only on changes in 

measured intensity with wavelength or temperature, the absolute value of the material emissivity 

is unimportant. Typically the sample emissivity is assumed to be constant as a function of 

wavelength and temperature, but many minerals have optical properties that are not temperature- 

and wavelength-independent. In this section I examine the consequences of temperature- and 

wavelength-dependent emissivity for temperatures measured using the peak scaling method.  

3.3.1 Temperature-dependent emissivity 

Temperature-dependent sample emission influences both the measured Tavg (and 

therefore the scaled Tpeak) and the measured intensity distribution used to calculate the radial 

temperature gradient. Below I discuss the separate effects on each part of the peak scaling 

method, and show an example of the combined impact on a temperature gradient measurement in 

Figure 3-6 for the case of large (factor of 10) changes in emissivity with temperature. I also show 

how laser heating data can be used as a diagnostic test for the presence of a temperature-

dependent emissivity. 

Since the hotspot spectrum used to determine Tavg comprises radiation from multiple 

temperatures, temperature-dependent emission alters it. But because the hotspot spectrum is 
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dominated by the highest temperatures present, in most cases the offset in Tavg is expected to be 

within the typical margin of error of LHDAC temperature measurements. For example, for the 

simulated hotspot of Figure 3-1 (peak temperature of 2000 K), Tavg = 1739 K when the 

emissivity is assumed to be independent of temperature. If one assumes instead an emissivity 

similar to olivine, which increases approximately linearly by a factor of two between room 

temperature and 1400° C [Shankland et al., 1979], the temperature fit to the simulated spectrum 

is Tavg = 1751 K, an increase of 0.7%. If one assumes a steeper dependence on temperature, with 

emissivity increasing linearly by a factor of 10 between room temperature and 2000 K at all 

wavelengths, the temperature fit to the simulated spectrum is Tavg = 1759 K, an increase of 1.2%. 

Because the blackbody function is strongly nonlinear, the effect is not symmetric: when 

emissivity decreases by a factor of 10 between room temperature and 2000 K, Tavg = 1671 K, a 

decrease of 4.1%. As illustrated in Figure 3-6, these results correspond to calculated Tpeak = 2034 

K (1.2% higher than the true Tpeak) for the case of emissivity increasing by a factor of 10, and 

Tpeak = 1916 K (4.2% lower than the true Tpeak) for decreasing emissivity. 

 Since the radial temperature distribution is calculated from the measured relative 

intensity, temperature-dependent emission also impacts the temperature gradient measurement in 

the peak scaling method. However, because changes in intensity correspond to much smaller 

changes in temperature, the resulting error in the temperature gradient may be minor even when 

emissivity is strongly temperature-dependent, as shown in Figure 3-6. When emissivity 

decreases with temperature, the measured temperature profile appears wider, with a flattened 

temperature gradient near the peak. When the emissivity increases with temperature, the 

measured temperature profile appears narrower. The effect is more significant for decreasing 

emissivity. For the simulated hotspot in Figure 3-6, in which emissivity changes by a factor of 10 
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between room temperature and 2000 K, decreasing emissivity results in a measured temperature 

profile that is approximately 2.5 µm wider than the true profile, with a maximum error of 100 K. 

Increasing emissivity results in a measured temperature profile that is approximately 0.5 µm 

wider, with a maximum error of 34 K. 

 Laser heating data can be used as a diagnostic test for temperature-dependent emissivity 

by examining the relationship between measured peak temperatures and peak intensities, which 

should follow the Planck blackbody relationship. In the peak scaling method, a 2-D camera is 

used with a narrow bandpass filter to image the hotspot. Assuming that the image has high 

spatial resolution compared to the radial temperature gradient, the peak of the image very nearly 

represents emitted radiation at a single wavelength from material at a single temperature. (In 

partially transparent materials there may be some integration of radiation along an axial 

temperature gradient, but this has a negligible effect.) Therefore, the measured intensity at the 

hotspot peak, Ipeak, is related to the peak temperature Tpeak by 

 

 )YZ[# a K 2_?!
X�P exp 4� _?X��`
YZ[#6 , 

(3.6) 

 

where h is Planck’s constant, c is the speed of light, kB is Boltzmann’s constant, λ0 is the 

wavelength of the narrow bandpass filter, and ε is an effective emissivity encompassing the true 

material emissivity as well as other experimental factors affecting the intensity received by the 

detector. Equation 3.6 assumes that the Wien approximation applies, as in the case for the 

temperature and wavelength range in most LHDAC experiments [e.g. Heinz and Jeanloz, 

1987a]. Taking the natural log of Equation 3.6, 
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 logb)YZ[#c a log K 2_?!
X�P � � _?X��`� 1
YZ[# . 

(3.7) 

 

Therefore, if emissivity is independent of temperature, a plot of log(Ipeak) vs. 1/Tpeak yields a line 

with slope –hc/λ0kB. Temperature-dependent emission will result in deviations from this linear 

relationship, as illustrated with modeled data in Figure 3-7. If emissivity increases with 

temperature, the slope is steeper than the expected –hc/λ0kB, and if emissivity decreases with 

temperature it is shallower. As shown in Figure 3-7, the deviation from linearity in the log(Ipeak) 

vs. 1/Tpeak plot becomes more apparent for a stronger temperature dependence. Because the peak 

intensity is sensitive to minor errors in Tpeak, this technique is likely not capable of detecting 

weakly temperature-dependent emissivity in laser heating data. Rather, it is useful for detecting 

temperature-dependent emissivity at a level that would begin to bias DAC temperature 

measurements. In Figure 3-8, we show the measured intensity vs. temperature relationship at 650 

nm for a sample of Pt that was heated in the LHDAC at 20 GPa with MgO insulation. The 

measured temperatures range from 1469-1895 K. The emissivity of Pt has not been measured at 

high pressures and temperatures, but recent measurements at ambient pressure show a moderate 

increase in Pt emissivity between temperatures 1140-1785 K at wavelengths 630-950 K 

[Dubrovinsky and Saxena, 1999]. As shown in Figure 3-8, the measured intensity vs. 

temperature relationship for Pt is consistent with the temperature-emissivity measurements of 

Dubrovinsky and Saxena [1999], although the scatter in the data is high enough such that is not 

possible to distinguish between a Pt emissivity that increases weakly with temperature and one 

that is temperature-independent.  
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3.3.2 Wavelength-dependent emissivity 

In spectroradiometric LHDAC temperature measurements, the sample is typically 

assumed to be a graybody (i.e., have constant emissivity as a function of wavelength), and it has 

long been recognized that wavelength-dependent emissivity can cause significant errors in 

temperature measurements [e.g., Heinz et al., 1991; Jeanloz and Kavner, 1996; Kavner and 

Panero, 2004; Benedetti and Loubeyre, 2004]. The magnitude of the error depends on both the 

sample temperature and the relative change in emissivity over the wavelength range of the 

temperature fit, as illustrated in Figure 3-9. Emissivity that increases with wavelength causes an 

apparent temperature fit lower than the true temperature, and emissivity that decreases with 

wavelength (expected to be the more common case for materials in the wavelength range of 

LHDAC temperature measurements) results in an apparent temperature that is higher. As shown 

in Figure 3-9, for emissivity decreasing by 30% between 600-850 nm, similar to what has been 

measured for high-pressure absorption spectra of (Mg,Fe)SiO3 perovskite [Goncharov et al., 

2008; Keppler et al., 2008], the spectrum for a sample at 2000 K would be fit as 2224 K (11.1% 

higher) using the Wien approximation, and for a sample at 3000 K the fit temperature would be 

3528 K (17.6% higher).  

 Wavelength-dependent emissivity has the potential to cause significant errors in 

temperature distributions measured using the peak scaling method. Because the hotspot 

temperature Tavg is determined via spectroradiometry, it is subject to the same offsets from 

wavelength-dependent emissivity as other spectroradiometric temperature measurement 

methods. Since Tpeak is determined by scaling Tavg, the potential error in Tpeak would be of similar 

magnitude. The intensity gradient used in the peak scaling method to calculate the temperature 

distribution is not affected by wavelength-dependent emissivity, as long as a narrow bandpass 

filter is used and the intensity gradient measurement can be approximated as single-wavelength. 
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Therefore, the only source of error in the temperature gradient measurement arising from non-

graybody emissivity is the error in the value of Tpeak used to convert measured intensities to 

temperatures. The effect of non-graybody emissivity on a temperature profile calculated using 

the peak scaling method on synthetic data is shown in Figure 3-10. Emissivity that decreases 

with wavelength causes the temperature distribution to appear slightly broader with a higher 

peak temperature; emissivity that increases with wavelength results in lower temperatures and a 

narrower temperature profile.  

It is generally not possible to use laser heating data to determine the degree to which 

wavelength-dependent emissivity affects the temperature measurement. It has been noted 

previously that non-graybody emission results in a measured spectrum that deviates from a 

Planck curve, and this appears as non-linearity in the Wien approximation plot [Kavner and 

Panero, 2004; Benedetti and Loubeyre, 2004]. It has been suggested that a local curvature test, 

the sliding two-color pyrometer, may be a useful tool for diagnosing wavelength-dependent 

behavior in laser heating data. In the sliding two-color pyrometer, two points are used to 

calculate the temperature across a narrow spectral window using Equations 3.1-3.3, and this 

calculation is repeated as a function of wavelength across the measured wavelength range. The 

sliding two-color test applied to an ideal blackbody curve gives a constant temperature value as a 

function of wavelength; the presence of non-graybody emissivity or other chromatic 

irregularities results in wavelength-dependent deviations from the constant value. This test has 

some utility for quantifying irregularities in the hotspot spectrum, but it is of limited practical use 

for determining the magnitude of the error in the temperature measurement arising from non-

graybody behavior for several reasons. First, it is difficult to apply in practice because the sliding 

two-color pyrometer tends to magnify noise in the measured spectrum. Second, the presence of 
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temperature gradients in a measured spectrum results in deviations from linearity in the Wien 

plot that mimic wavelength-dependent behavior [Benedetti and Loubeyre, 2004]. Third, and most 

importantly, because the sliding two-color pyrometer measures local deviations from an ideal 

Planck curve, it is most sensitive to the shape of the emissivity vs. wavelength relationship, 

whereas the error in temperature is most sensitive to the total relative change in emissivity since 

the Wien approximation temperature fit averages over any deviations within a larger spectral 

window. This principle is illustrated in Figure 3-11, which shows sliding two-color curves 

calculated for several emissivity vs. wavelength model functions applied to a blackbody curve at 

2000 K. In each model the emissivity decreases by 30% over the wavelength range 600-850 nm, 

but the shapes of the curves differ. The Wien temperature fit is nearly the same for all emissivity 

models (~2224 K), but the sliding two-color curves differ greatly. One particular emissivity 

function, in which the decrease in emissivity with wavelength λ is proportional to exp(a0/λ) 

where a0 is a constant, results in a sliding two-color curve that is flat with temperature, 

replicating a blackbody but with a temperature offset from the true temperature. 

3.4 Summary 

The peak scaling method provides a technique for measuring temperature distributions of 

laser-heated hotspots that is both simpler and more robust than traditional methods. The 

experimental method is based on two fast and inexpensive measurements: 1) collection of the 

entire hotspot spectrum and 2) measurement of the 2-D radial intensity profile over a narrow 

spectral range. Our results show that a single temperature measurement fit to the entire hotspot 

spectrum combined with a two-dimensional intensity image provides the same amount of 

information as a spectroradiometric determination. In addition, since radiation is collected from 

the entire hotspot, the peak scaling method is insensitive to chromatic dispersion and errors or 
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mechanical instabilities in optical alignment or focusing. In terms of the accuracy of the absolute 

value of the temperature measurement, the peak scaling method is similar to spectroradiometric 

methods. But relative temperatures (i.e., temperature gradients) can be determined more 

precisely using peak scaling since the intensity signal is much more sensitive to changes in 

temperature than the spectral signal. In practice the peak scaling method could be augmented by 

employing multiple wavelength filters in the intensity measurements, such as the approach by 

Campbell [2008]. This would allow the 2-D temperature distribution to be determined 

independently, providing an additional check on the measurement. 

  



72 
 

3.5 Tables 

Table 3-1. List of materials used in TempDAC model calculations presented in this chapter and 
the assumed thermal conductivity of each material. Except where noted otherwise thermal 
conductivity k was assumed to follow a power law with temperature T: k = k0(300 K/T)m, where 
k0 is the thermal conductivity at 300 K and m is a constant. 

 

  

Material k0 (W/m·K) m Notes 

AgI � �  13.22 110.99 � 1.17e‐2
 � 1.04e‐5
!2⁄  Yu and Hofmeister [2011] 
Re 48 1 Powell et al. [1963] 

Diamond 1000 1 Wei et al. [1993] 
MgSiO3 

perovskite 
8.0 0.4-0.6 

From Ohta et al. [2012] at 11 
GPa 

Ne 5.7 1 

Calculated at 10 GPa using data 
from Weston and Daniels 
[1984] and the Leibfried-

Schlomann equation [Roufousse 
and Klemens, 1973] 

Pt � �  77.8 11 � 2.9e‐41
 � 300 k22⁄  Terada et al. [2005] 
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3.6 Figures 

 

Figure 3-1. Comparison of simulated entire hotspot spectrum (black line) to a blackbody curve 
at the fit temperature to the entire hotspot spectrum (blue dashed line). A blackbody curve at the 
peak hotspot temperature is also shown (red line). For easier visual comparison the red line was 
scaled to the maximum of the entire hotspot spectrum. The sample modeled was a 35-µm thick 
piece of AgI heated with a double-sided Gaussian laser having a FWHM of 20 µm. 
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Figure 3-2. Peak hotspot temperature (Tpeak) vs. fit temperature to the entire hotspot spectrum 
(Tavg) for simulated hotspots corresponding to a dielectric with no insulating medium (AgI, red 
lines), a thin dielectric with a transparent insulating medium ((Mg,Fe)SiO3 perovskite plus Ne, 
green lines), and an opaque metal foil with a transparent insulating medium (Pt+Ne, blue line). 
The black dotted line is the fit to Tpeak vs. Tavg measured by Williams et al. [1991] for iron foils. 
The gray dotted line shows a one-to-one fit. The AgI simulations include sample thicknesses of 
25-40 mm, laser spot sizes of 20-40 mm, and sample optical thicknesses of 1-2. The perovskite 
simulations include sample thermal conductivities at 300 K of 5-10 W/m·K and thermal 
conductivity temperature dependences of k~T-0.4 and k~T-0.6. In each case, the lines nearly plot on 
top of each other. 
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Figure 3-3. Measurement of a 2-D radial temperature distribution in AgI laser-heated at 17.2 
GPa in a diamond anvil cell. The left plot shows the spectrum measured from the entire hotspot 
and a blackbody spectrum at the fit temperature of Tavg = 1676 K. The center image shows the 
radial hotspot intensity distribution measured at 690 nm. The right plot shows the radial 
temperature contours calculated using the measured radial intensity distribution and the scaled 
peak temperature Tpeak = 1920 K.   
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Figure 3-4. Demonstration of peak scaling method to measure a radial temperature gradient 
using simulated data. Plot (a) shows a radial intensity profile at 700 nm for a simulated hotspot in 
AgI. Plot (b) shows the corresponding radial temperature profile determined from the synthetic 
hotspot data using the peak scaling method (black line), and the actual temperature profile in the 
simulated AgI hotspot (red line). In each plot the gray dashed line is the width of the hotspot at 
half-maximum intensity. 
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Figure 3-5. Demonstration of peak scaling method to measure a radial temperature gradient 
using real data. Plot (a) shows a measured intensity profile at 700 nm for a hotspot in a sample of 
AgI. Plot (b) shows the corresponding temperature profile determined using peak scaling (black 
triangles), and the temperature profile measured in an imaging spectrometer (blue diamonds). In 
each plot the gray dashed line is the width of the hotspot at half-maximum intensity. 
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Figure 3-6. Effect of temperature-dependent emissivity on the peak scaling method 
measurement of the radial temperature distribution. The black line shows a simulated hotspot 
temperature profile. The red dashed line shows the temperature profile that would be measured 
assuming emissivity increases by a factor of 10 at all wavelengths between room temperature 
and 2000 K. The blue dash-dot line shows the temperature profile measured assuming emissivity 
decreases by a factor of 10 over the same range. 
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Figure 3-7. Log of modeled intensity of hotspot peak at 700 nm vs. reciprocal temperature from 
1500-2500 K. Each line represents a different temperature-emissivity model: emissivity 
independent of temperature (solid black line), emissivity changing by a factor of 2 over the 
temperature range (blue and red dashed lines), and emissivity changing by a factor of 5 over the 
temperature range (blue and red dotted lines). In each case the maximum intensity was scaled to 
the same value for easier comparison. 
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Figure 3-8. Log of peak hotspot intensity vs. inverse temperature measured at 650 nm for Pt in 
the LHDAC at 20 GPa. The blue solid lines indicate the expected relationship assuming the 
temperature-dependent emissivity of Dubrovinsky and Saxena [1999], at arbitrary intercepts. The 
gray dashed lines indicate the expected slope for temperature-independent emissivity. 
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Figure 3-9. Apparent temperature fit to modeled spectra between 600-850 nm vs. the relative 
change in emissivity over that wavelength range. The modeled spectra correspond to true 
temperatures of 3000 K (red triangles) and 2000 K (blue diamonds). 
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Figure 3-10. Effect of wavelength-dependent emissivity on temperature profiles determined 
using the peak scaling method on modeled data. The modeled temperature profile had a 
maximum temperature of 2000 K, and in all cases Tpeak was fit using the Wien approximation 
between 600 nm and 850 nm assuming graybody emissivity. Synthetic spectra were created for 
cases of emissivity constant with wavelength (black solid line), emissivity decreasing by 30% 
(red dashed line), and emissivity increasing by 30% (blue dash-dot line). 
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Figure 3-11. Effect of the shape of the emissivity vs. wavelength curve on the sliding two-color 
curve. The left plot shows several example emissivity vs. wavelength curves, each having a 30% 
decrease in emissivity between 600 and 850 nm. The right plot shows the sliding two-color curve 
resulting for each emissivity model applied to a blackbody curve at 2000 K, with the sliding two-
color curve calculated using a spectral window of 20 nm. 
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Conductivity Measurements 
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4.1 Introduction 

The thermal conductivity of the lowermost mantle is uncertain partly because of the lack of 

thermal conductivity measurements at high pressure and temperature, and partly because of a 

lack of robust models for the pressure-dependence of thermal conductivity for complex Earth 

materials. Theoretical models relating the pressure-induced change in thermal conductivity to 

thermodynamic parameters successfully predict the pressure-slope of thermal conductivity for 

some materials [e.g., Ross et al., 1984; Hofmeister, 2007a; de Koker, 2010]. In particular, the 

Leibfried-Schlömann equation is commonly used to model the pressure dependence of thermal 

conductivity for dielectric crystals [Roufosse and Klemens, 1973; Ross et al., 1984; Chen et al., 

2011; Goncharov et al., 2012]: 

 

 � � 3 l m⁄ Lnmo!
 , (4.1) 

 

where k is thermal conductivity, V is volume, ωD is the Debye frequency, γ is the Gruneisen 

parameter, T is temperature, and A is a pressure-independent constant. Equation 4.1 is valid 

within a particular phase stability region, and can be used with an equation of state to describe 

thermal conductivity as a function of pressure, which is the typical experimental variable rather 

than volume. The Leibfried-Schlömann model assumes that acoustic phonons are the dominant 

carriers of thermal energy, and that the dominant scattering mechanism is three-phonon 

interactions among acoustic phonons. These assumptions may not hold for complex structures 

such as (Mg,Fe)SiO3 perovskite, in which phonon scattering due to mass disorder is likely 

important, and in which the 57 optical phonon branches likely contribute significantly to heat 

transport and scattering [Steigmeier and Kudman, 1966; Tang et al., 2014]. The modeling 
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challenge presented by the complex MgSiO3 perovskite (Mg-Pv) structure is apparent in the 

results of first-principles modeling studies, which give very different results for the high-pressure 

thermal conductivity of Mg-Pv depending on the method used (see Figure 1-1). High-pressure 

measurements of thermal conductivity are required to validate the models, but measurements of 

thermal conductivity at lower mantle pressures and temperatures are extremely difficult, and 

there have been few measurements of thermal conductivity for MgO and MgSiO3 at lower 

mantle pressures. Manthilake et al. [2011] measured MgO and Mg-Pv thermal conductivity in a 

multi-anvil press at 26 GPa, but this type of apparatus is not capable of reaching the pressures of 

the lowermost mantle. The diamond anvil cell has been used to measure MgO and Mg-Pv 

thermal conductivity at lower mantle pressures and ambient temperature using thermoreflectance 

techniques [Ohta et al., 2012; Dalton et al., 2013], and at high pressure and high temperature 

using a transient heating technique [Beck et al., 2007; Goncharov et al., 2009, 2010]. As 

discussed in Section 1.3.2, the LHDAC can be used to measure thermal conductivity at high 

pressure and high temperature by comparing measured temperature vs. laser power curves with 

the output of DAC heat conduction models [Manga and Jeanloz, 1997; Konopkova et al., 2011], 

and this is the technique I employ here. This technique has the advantage of utilizing the 

standard optical detectors used for continuous wave laser heating experiments at synchrotron 

facilities. 

4.1.1 Relative thermal conductivity 

In most cases and in particular for the materials studied in this dissertation, it is not 

possible to use temperature vs. laser power curves to determine a precise value of thermal 

conductivity for a sample in the LHDAC. Matching measured and modeled LHDAC 

temperatures with the goal of fitting a sample thermal conductivity requires knowing the thermal 
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and optical properties of all materials in the sample chamber at high pressure and high 

temperature, but thermal and optical properties are generally not well-known at extreme 

conditions. For example, recent measurements of the high-pressure optical absorption of 

(Mg,Fe)SiO3 perovskite [Goncharov et al., 2008; Keppler et al., 2008] differ by a factor of three 

(see also Chapter 5). In addition, the amount of laser power absorbed by a sample likely depends 

on a combination of bulk and surface properties [Jephcoat and Besedin, 1996], and thus the 

effective laser absorption coefficient in the LHDAC may vary even among samples of the same 

composition.  

In general, absolute values of physical properties are more difficult to measure than 

relative or derivative values. Using differences in temperature vs. laser power curves to measure 

a relative thermal conductivity allows uncertainties in experimental parameters to be controlled 

for, and thus a relative thermal conductivity may be determined precisely even when material 

properties are not well-known. Examples of relative measurements include the change in thermal 

conductivity across a phase boundary, or the change in thermal conductivity with changes in 

pressure or composition. Precise measurements of relative thermal conductivity are useful for 

multiple reasons. Measured temperature- and pressure-derivatives of thermal conductivity can be 

used to extrapolate absolute values of thermal conductivity measured at lower pressure and 

temperature (where there is general agreement in the absolute value) to high pressure and 

temperature without loss of precision. Relative thermal conductivity measurements can be used 

to test theoretical models for the dependence of thermal conductivity on pressure, composition, 

or structure. In addition, geodynamic models have shown that the dependences of thermal 

conductivity on temperature, pressure, and composition themselves have important implications 

for the Earth’s interior [Dubuffet et al., 2002; Hofmeister and Yuen, 2007].   
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I used this technique to measure the pressure derivative of thermal conductivity for MgO 

and (Mg,Fe)SiO3 at high pressure and high temperature in the LHDAC. For each sample I 

measured temperature vs. laser power curves at two different pressures, and then used the 

TempDAC model to relate the observed differences between the curves to an increase in the 

sample thermal conductivity. This approach is similar to that used by Manga and Jeanloz [1997] 

to determine the pressure increase in thermal conductivity for an MgO-Al2O3 composite. The 

details of the experimental procedure and my results are presented in the following sections.  

4.2 Experimental and modeling procedure 

The laser heating measurements used to determine high-pressure thermal conductivities 

were made at Beamline 12.2.2 of the Advanced Light Source (ALS) at Lawrence Berkeley 

National Lab [Clark et al., 2012]. Samples were loaded at the ALS High Pressure Lab, and 

heated using the dual-sided laser heating system at the beamline endstation. Hotspot spectra and 

images collected during laser heating were downloaded to allow temperatures to be determined 

offline. Temperature vs. laser power curves were then modeled using TempDAC to infer the 

pressure increase in thermal conductivity for the samples, and an expression for the variation in 

thermal conductivity with pressure and temperature was determined. Details of the procedures 

used to collect, analyze, and model the data are presented in this section. 

4.2.1 Sample preparation 

The primary samples measured were powdered MgO (Alfa Aesar) and powdered 

(Mg0.8,Fe0.2)SiO3 (courtesy of Wendy Mao, Stanford University). Prior to sample loading, a 

metal gasket was precompressed to approximately the desired starting pressure in a cell equipped 

with diamond anvils with 300-µm culets. The thickness of the precompressed gasket was 

measured using a digital caliper, and a sample chamber approximately 100 µm in diameter was 
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drilled using the laser drilling system in the ALS High Pressure Lab. The (Mg,Fe)SiO3 cells were 

loaded by placing a small sample in the sample chamber and then pressurizing the cell with Ne 

gas in the High Pressure Lab’s gas loading system. The neon served as a pressure medium and 

insulator for the (Mg,Fe)SiO3. The MgO cells were loaded by placing powdered MgO in the 

sample chamber and compressing it. A thin pressed wafer (~10 µm thick) of B4C (Alfa Aesar) 

was also placed in the center of the sample chamber with the MgO to serve as a laser absorber. 

For all experiments a small amount of ruby was placed at the edge of the sample chamber prior 

to closing the cell in order to measure pressure via ruby fluorescence [Mao et al., 1986]. The 

pressure was measured before and after each laser heating cycle, and the reported pressure is the 

average of the pressures measured before and after heating. In all cases the pressure changes 

associated with heating were small, less than 1.5 GPa. 

MgSiO3 enstatite transforms to the perovskite structure at ~27 GPa at ambient temperature, 

or ~24 GPa at 1273 K [Ito and Takahashi, 1989]. Prior to measuring temperature vs. laser power 

curves, each (Mg,Fe)SiO3 sample was brought to a pressure well above the transition pressure 

and heated by rastering the laser over the sample for several minutes to ensure the transformation 

to the perovskite phase was completed. The measurements were made during an X-ray beam 

shutdown period at the Advanced Light Source, so it was not possible to use X-ray diffraction to 

confirm that perovskite was present.  

4.2.2 Laser heating data collection 

The laser heating system at Beamline 12.2.2 is dual-sided, with each side utilizing a 100-

W, 1092-nm fiber laser. The laser beams are steered using mirrors and focused to a spot size of 

approximately 30 µm [Clark et al., 2012]. Light emitted by the heated sample is relayed to an 

imaging spectrometer and a CCD camera on each side of the system. A 700-nm bandpass filter 
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with 10-nm bandwidth is placed in front of each CCD camera in order to image the hotspot over 

a narrow range of wavelengths, and the slits on the imaging spectrometers are set to ~1-mm 

width in order to collect emitted radiation from the entire hotspot. The system design is similar to 

that of the UCLA Mineral Physics Lab laser heating system [Kavner and Nugent, 2008], which 

is illustrated in Figure 4-1. The beamline endstation software utilizes a version of the peak 

scaling method to determine temperature distributions during laser heating. However, in order to 

allow for more flexibility and thoroughness in the data analysis, the collected hotspot images and 

spectra were downloaded and temperatures were determined offline using the peak scaling 

method with my own IDL codes. As an additional check, I confirmed that the values of Tavg 

calculated by my offline codes were equal to those produced by the beamline software. 

Temperature vs. laser power curves were measured for each sample at two pressures. The 

laser power was increased in steps, and at each laser power the temperature was measured at 

least three times in order to check the temperature stability. The laser power each side of the 

system was incremented by the same amount at most steps, so that the heating remained nearly 

symmetric. The reported laser powers are the sums of the power from each side of the system. 

The temperature data points reported here represent the mean of the measured temperatures at 

each laser power, and the error bars are the standard deviation of the measured values. The true 

uncertainty in the temperature measurement is larger, likely at least ±50-100 K for the 

temperatures measured in this study [Benedetti and Loubeyre, 2004]. However, the factors that 

potentially bias measured temperatures during laser heating would have similar effects on all 

measurements, and therefore since this study utilizes relative temperatures a measure of the 

temperature stability better represents the uncertainty. 
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4.2.3 Laser heating data quality considerations 

Over the course of the data collection and analysis I discovered several data quality issues 

that affected the analysis approach, and in this section I document and discuss these issues. Two 

of the problems were associated with the laser heating system at ALS Beamline 12.2.2, and one 

with sample stability during laser heating. 

During my experiments at Beamline 12.2.2, I found that there was a consistent mismatch 

between the temperatures measured on either side of the laser heating system: the “upstream” 

(relative to the X-ray beam direction) temperature was consistently higher than the 

“downstream” temperature, by around 200 K. It was determined that this was most likely a 

problem in the laser heating system, since multiple samples showed similar behavior and flipping 

a cell 180° and heating on opposite sides resulted in a similar temperature offset. Later testing by 

the beamline scientists indicated that the upstream temperature was the correct one [Alastair 

MacDowell, personal communication]. Therefore, the measured downstream temperatures were 

ignored and only the upstream temperatures were used in the thermal conductivity calculations. 

The other data quality issue related to the laser heating system was the observed intensity 

vs. temperature relationship. Comparisons of measured intensities and measured temperatures 

using the technique described in Section 3.3.1 demonstrated that the laser heating data from 

Beamline 12.2.2 did not follow the intensity vs. temperature relationship predicted by Planck’s 

law. Figure 4-2 shows a temperature vs. laser power curve and the corresponding peak intensity 

vs. temperature measured at Beamline 12.2.2 for a sample of AgI heated in the DAC. The slope 

of the log-intensity vs. reciprocal temperature is much shallower than expected: the slope fit to 

the data is -10681 K, 48% less than the theoretically predicted slope of -20590 K for intensity 

measured at 700 nm. This discrepancy is most likely due to a problem in the laser heating system 

rather than the properties of the AgI. Figure 4-3 shows two laser heating datasets measured for 



95 
 

AgI in a DAC on the laser heating system at the UCLA Mineral Physics Lab. The slopes of the 

measured log-intensity vs. reciprocal temperature curves deviate from the theoretically predicted 

slope by less than 10%. The source of the discrepancies seen in the data from Beamline 12.2.2 

has not been identified, but it is suspected that the X-ray optics may exhibit nonlinear reflection 

behavior at the high intensities present during laser heating experiments. Nonlinear reflection 

would also explain other irregularities seen in the laser heating data from Beamline 12.2.2: 

temperature vs. laser power curves that have a concave-down shape, and hotspots that are wider 

than expected given the laser spot size of ~30 µm. No wavelength-dependent nonlinear behavior 

was detected in the spectrometer data; therefore, the accuracy of the relative temperature 

measurements is likely unaffected. However, temperature gradients measured using peak scaling 

are likely shallower than the true temperature gradients. 

Finally, for many samples it was observed that the hotspots changed shape over the course 

of the heating experiments. An example of this effect is shown in Figure 4-4 for a sample of 

(Mg0.8,Fe0.2)SiO3 loaded with Ne. Figure 4-4 shows two hotspots measured approximately four 

minutes apart and having nearly the same measured Tavg, but the hotspot measured later is wider 

and less circularly symmetric than the earlier hotspot. It is unclear what caused these changes in 

our samples. Previous studies have observed significant Soret diffusion of iron along the extreme 

temperature gradients present in the LHDAC [Heinz and Jeanloz, 1987; Andrault and Fiquet, 

2001; Sinmyo and Hirose, 2010], and widened hotspots are consistent with diffusion of iron 

along the radial temperature gradient. However, samples in the previous studies were typically 

heated over longer timescales (tens of minutes) compared with our samples. In order to make 

sure that the relative thermal conductivity determination did not include temperature data on 

samples that may have been altered chemically, the hotspot images were examined and 
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compared against those measured at the beginning of each laser heating cycle. If significant 

changes in the hotspot size and/or shape were observed, those data points were ignored. Future 

studies should include chemical analyses post-heating in order to check whether Soret diffusion 

or other chemical changes occur in the laser-heated samples. 

4.2.4 Numerical modeling procedure 

All other things being equal, when heated at a particular laser power a sample in the 

LHDAC will reach a lower peak temperature at high pressure than at low pressure, due to the 

pressure-induced increase in thermal conductivity (see Figure 1-4). By measuring the difference 

between the peak temperatures at two different pressures and comparing with a numerical model, 

the increase in thermal conductivity can be determined. For each sample, temperature vs. laser 

power curves were measured at two pressures and the TempDAC code was used to determine the 

increase in thermal conductivity required to replicate the measured temperatures at each laser 

power. First, the code was run to determine the absorbed laser power required to reach the 

measured temperature at low pressure. Next, that laser power was used as an input in the model 

and TempDAC was run again to determine what increase in thermal conductivity was required to 

replicate the observed high-pressure temperature. Because in TempDAC temperature is the 

output, not the input, the code was run iteratively using Newton’s method, adjusting the input 

power or thermal conductivity until the desired temperature was achieved. The procedure was 

repeated for each temperature/power data point, and the resulting high-pressure thermal 

conductivity values were averaged to get the final result. Equivalent results are achieved by 

starting with the temperature measured at high pressure and determining the thermal conductivity 

decrease required to replicate the lower-pressure measurement. 
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This method is similar to that of Manga and Jeanloz [1997], who used the relative change 

in laser power at the same measured temperature to determine a pressure-induced thermal 

conductivity increase for an MgO-Al2O3 composite. Although the methods should give similar 

results, the approach of Manga and Jeanloz [1997] is preferable experimentally, because for 

most laser heating systems the range of temperatures that can reasonably be measured is 

somewhat limited. Their technique allows the thermal conductivity change to be measured over a 

wide range of pressures, for which the ∆T at the same laser power would be large. However, due 

to the potential nonlinearity at Beamline 12.2.2 between the reported laser power and the laser 

power reaching the sample (see Section 4.2.3), their approach may not be applicable to our data. 

In addition to the increase in the sample thermal conductivity, several other factors affect 

the magnitude of the temperature drop when pressure is increased in the LHDAC and were 

therefore accounted for in the numerical modeling. These include the pressure-induced increase 

in thermal conductivity of other materials in the sample chamber and the thinning of the sample 

at high pressure, both of which contribute to the decrease in sample temperature at higher 

pressure (see Figure 2-11 for a modeled example of how sample thinning affects the peak sample 

temperature for a particular laser power). A pressure-induced change in the laser absorption 

properties of the sample may also have a significant effect, but unfortunately the high-pressure 

optical properties of most materials have not been measured or are poorly known. Other 

pressure-dependent factors have a negligible impact and were ignored, including the increase in 

refractive index with sample density [Anderson and Schreiber, 1965], which affects how much 

laser power is reflected rather than absorbed, and the increase in thermal conductivity of the 

gasket and the diamond anvils. 
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4.2.5 Pressure- and temperature-dependence of therm al conductivity 

The result from the numerical modeling procedure is a relative change in thermal 

conductivity over the pressure range of the laser heating measurements. In order to facilitate 

comparisons with previous results and to enable extrapolations to higher pressures, a theoretical 

expression was also fit to the thermal conductivity pressure derivatives. In the geophysics 

literature, an equation of the following form is commonly used to describe the variation in 

thermal conductivity k with density ρ (or pressure when coupled with an equation of state) and 

temperature T [Ross et al., 1984; Goncharov et al., 2009; de Koker, 2010; Manthilake et al., 

2011; Ohta et al., 2012; Dalton et al., 2013]: 

 

 � � �� � pp��q �
�
 ��, (4.2) 

 

where k0 is the thermal conductivity at ambient density ρ0 and ambient temperature T0, r �
1�ln� �lnp⁄ 2;, and m is a parameter allowing for deviation from the theoretically-expected 

relationship � t  1 
⁄ . The parameter g can be measured experimentally, or a theoretical 

expression can be obtained by differentiating the Leibfried-Schlömann formula (Equation 4.1): 

 

 r � 3o � 2� � 13, (4.3) 

 

where � � �1�lno �lnp⁄ 2; [Ross et al., 1984; de Koker, 2010]. The exponent m is nominally 

equal to 1 implying three-phonon scattering, but may be allowed to vary to represent additional 

scattering mechanisms such as mass disorder, crystal defects, and grain boundaries. It has been 
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noted that at very high temperatures, thermal conductivity cannot continue to decrease arbitrarily 

and will approach a constant value once the phonon mean free path is comparable to the 

interatomic spacing [e.g., Roufosse and Klemens, 1974; Hofmeister, 2007b]. Because the thermal 

conductivity lower limit is dependent on the phonon frequency, the transition from � t 1 
⁄  to a 

constant value is gradual and is not expected to occur below the melting point for mantle 

minerals [Roufosse and Klemens, 1974], but this underscores the need for thermal conductivity 

measurements at lower mantle temperatures. Fits to high-temperature measurements of the 

thermal conductivity of silicates have yielded values of m less than 1, including m = 0.33 

[Hofmeister, 1999], m = 0.43 [Manthilake et al., 2011], and m = 0.5 [Xu et al., 2004]. A value of 

m = 0.5 is consistent with scattering of phonons by point defects [Klemens, 1960]. Another 

common way to describe the temperature dependence of thermal conductivity is by fitting 

reciprocal thermal conductivity to a polynomial, e.g. 1 �⁄ t 3 � u
, where the parameter A 

represents the temperature-independent thermal resistivity arising from crystal disorder [e.g. 

Ross et al., 1984; Osako and Ito, 1991; Panero and Jeanloz, 2001; Hofmeister and Yuen, 2007]. 

Although assuming a polynomial temperature dependence generally results a better fit to the data 

[e.g., Hofmeister, 2014], a one-parameter power law fit such as in Equation 4.2 is often 

sufficient. In theory, the measured LHDAC temperature gradients can be used to fit a functional 

form of thermal conductivity temperature dependence for the sample [Li et al., 1996; Panero and 

Jeanloz, 2001]. In modeling our laser heating data I assumed a one-parameter power law thermal 

conductivity temperature dependence as in Equation 4.2 since the intensity profiles for the lasers 

on the ALS Beamline 12.2.2 system were not known precisely enough to justify a two-parameter 

fit to the temperature distributions. 
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4.3 Measurements and results 

For each of our samples, I used laser heating data and the TempDAC numerical model to 

calculate a pressure derivative of thermal conductivity, and then used these results to calculate 

the predicted lattice thermal conductivity of each phase at core-mantle boundary conditions. In 

this section I present and discuss the measurements and the resulting calculated thermal 

conductivities for MgO and (Mg,Fe)SiO3.  

4.3.1 MgO 

4.3.1.1 Measurements 

The MgO sample was loaded in a steel gasket that had been precompressed to a thickness 

of 55 µm, and temperature vs. laser power curves were measured at 21.9 GPa and 36.5 GPa. 

Details of the sample loading and laser heating procedures are given in Section 4.2.1 and Section 

4.2.2, respectively. The temperature fits to the hotspot spectra (Tavg) are shown in Figure 4-5 and 

listed in Table 4-1. The hotspot peak temperatures (Tpeak) were calculated using the modeled 

relationship 
YZ[# � 1.206
[wq � 159, appropriate for an opaque laser absorber within a 

transparent sample and a 30-µm Gaussian laser spot (see Section 3.2.2). As Figure 4-5 and Table 

4-1 illustrate, the measured temperatures were several hundred degrees lower at 36.5 GPa 

compared with 21.9 GPa.  

4.3.1.2 TempDAC modeling 

The TempDAC numerical model was used to determine the increase in MgO thermal 

conductivity with pressure required to replicate the values of Tpeak. The results are listed in Table 

4-1. The model was run using the assumed material thermal conductivities listed in Table 4-2. 

Since the radial temperature gradients were highly influenced by the laser intensity profile and 

the temperature-dependent thermal conductivity of the B4C laser absorber, the parameter m 
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describing the thermal conductivity temperature dependence for MgO (Equation 4.2) was not fit 

to the data and was assumed to be equal to 1. This assumption is consistent with power-law fits 

to previous measurements of the high-temperature thermal conductivity of MgO: m = 0.76 

[Manthilake et al., 2011], m = 0.9 [Hofmeister, 1999], m = 1.1 [Katsura, 1997], and m = 1.24 

[Hofmeister, 2014]. The thermal conductivity of B4C has been measured as a function of 

temperature at ambient pressure only [Ruh et al., 1992]. At high pressure the thermal 

conductivity of the B4C laser absorber was assumed to follow the model of Hofmeister [2007a], 

in which the parameter g in Equation 4.2 is approximated by the pressure derivative of the bulk 

modulus, which has been measured to be 4.67 for B4C [Dodd et al., 2002]. The sample chamber 

was assumed to be 6% thinner at the higher pressure, which was calculated assuming an MgO 

bulk modulus of 160 GPa [Wu et al., 2008] and a B4C bulk modulus of 233 GPa [Johnson and 

Holmquist, 1993]. The optical properties of B4C have not been measured at high pressure, and 

therefore the laser absorption coefficient was assumed to be the same at both pressures. A 

comparison of measured and modeled hotspots is shown in Figure 4-6. I did not attempt to tune 

the model in order to match the modeled radial temperature gradient to the measurements since 

the radial temperature gradient depends on several parameters that were uncertain in these 

experiments, including the precise laser intensity profile. The asymmetry in the measured hotspot 

in Figure 4-6 may be due to the surface of the B4C not being orthogonal to the laser beam, 

effectively inducing a spatial variation in the MgO layer thickness. This effect was not included 

in the TempDAC model. We expect that the error in our result induced by mismatches in the 

radial temperature gradient would be small, as discussed in Section 4.3.1.4.  
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4.3.1.3 High-pressure thermal conductivity results 

 The laser heating data and numerical modeling show that MgO thermal conductivity 

increases by a factor of 1.28 ± 0.04 between the 21.9 GPa and 36.5 GPa, which corresponds to a 

pressure slope of 8.8 ± 0.3% GPa-1. Because of its importance in the mantle and its simple 

structure the thermal conductivity of MgO has been comparatively well-studied at high pressure 

and temperature [Katsura, 1997; Manga and Jeanloz, 1997; deKoker, 2009, 2010; Goncharov et 

al., 2009; Tang and Dong, 2010; Stackhouse and Stixrude, 2010; Manthilake et al., 2011; Haigis 

et al., 2012; Imada et al., 2014]. Figure 4-7 compares the relative thermal conductivity 

measurement presented here with previous high-pressure and high-temperature measured and 

modeled values for the thermal conductivity of MgO. Where necessary, the thermal 

conductivities plotted in Figure 4-7 were calculated from reported thermal diffusivities using the 

equation of state of Wu et al. [2008] and a temperature- and pressure-dependent heat capacity 

from Richet and Fiquet [1991] and Chopelas [1990]. As the data in Figure 4-7 show, my 

measurement of the MgO thermal conductivity pressure derivative is in good general agreement 

with previous results. By combining my result with the equation of state of Wu et al. [2008], the 

parameter g in Equation 4.2 is calculated as 4.7 ± 0.6. These results reflect the mean and 

standard deviation of the relative thermal conductivity values shown in Table 4-1, but the true 

uncertainty in the measurement may be larger, as discussed below. My result is consistent with 

the recent high-pressure measurements of Dalton et al. [2013], who found g = 5.0 ± 1.0 for MgO 

between ambient pressure and 60 GPa at 300 K. It is also consistent with recent results from 

Imada et al. [2014], whose thermal conductivity measurements on microcrystals of MgO at 

pressures up to 137 GPa at ambient temperature can be fit to g = 4.0 ± 0.4.  

The lattice thermal conductivity of MgO at the base of the mantle can be calculated by 

extrapolating Equation 4.2 to the core-mantle boundary pressure and temperature. Figure 4-8 
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shows the MgO thermal conductivity calculated along the lower mantle geotherm of Jeanloz and 

Morris [1986] for g = 4.7, m = 1, and ambient thermal conductivity k0 = 50 W/m·K [Katsura, 

1997; Dalton et al., 2013; Hofmeister, 2014]. The thermal conductivity of MgO increases by 

approximately a factor of three between the top of the lower mantle and the top of the thermal 

boundary layer near the CMB, then decreases due to the steep temperature increase within the 

thermal boundary layer. At the CMB pressure and temperature of 135 GPa and 3800 K, the 

thermal conductivity of MgO is 19.1 W/m·K. 

4.3.1.4 Sources of uncertainty in the relative ther mal conductivity measurement 

Because it is a relative measurement, the determination of the thermal conductivity 

pressure derivative of MgO is insensitive to uncertainties in the sample chamber thickness, laser 

intensity profile, absorbed laser power, spectral emissivity of B4C, the thermal conductivities of 

the diamond anvils, gasket, and B4C absorber, the temperature dependence of the thermal 

conductivity of MgO (i.e., m in Equation 4.2), and the absolute value of the  thermal conductivity 

of MgO at 21.9 GPa (i.e., k0 in Equation 4.2). Assuming reasonable uncertainties in these 

experimental parameters yields in changes in the relative measurement that are within the margin 

of error quoted above. The reported margins of error above are based on variability in the 

temperature measurement; in addition to this, the largest uncertainties in the MgO relative 

thermal conductivity measurement are likely (1) the pressure derivative of thermal conductivity 

of B4C, and (2) the relative thicknesses of the MgO vs. B4C layers. Unfortunately these sources 

of uncertainty are difficult to quantify, and may imply larger error bars in the relative thermal 

conductivity and computed value of g for MgO than those determined from the temperature 

variability. If the thermal conductivity of B4C increases more steeply with pressure than assumed 

here, then the pressure derivative of MgO thermal conductivity is shallower than our model 
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results and vice versa. For example, if the change in B4C thermal conductivity is 20% larger at 

the higher pressure than assumed here, the calculated high-pressure thermal conductivity of MgO 

would be 9% lower, and the calculated value of g 38% lower. The relative thicknesses of the 

MgO and B4C layers is uncertain because it was not possible at the Advanced Light Source to 

precisely measure the thickness of the MgO layers in the assembled sample. The layer 

thicknesses were estimated using the digital caliper measurement of the precompressed gasket 

thickness and by visual inspection of the B4C wafer under a microscope prior to loading. If the 

B4C wafer was twice as thick as assumed here, the calculated high-pressure MgO thermal 

conductivity would be 10% lower. By contrast, uncertainties in absolute values of the 

experimental geometry and material properties have a much smaller effect on the relative 

thermal conductivity measurement. If the laser spot size differs by a factor of two compared to 

what was assumed here, the result for the relative MgO thermal conductivity changes by less 

than 5%. The effect is similarly small for differences in the shape of the laser intensity 

distribution (e.g., circular vs. elliptical). 

4.3.2  (Mg,Fe)SiO 3 perovskite 

4.3.2.1 Measurements 

I performed laser heating experiments on samples of (Mg,Fe)SiO3 perovskite ((Mg,Fe)-Pv) 

with 20 mol.% Fe. This is higher than the expected iron content of the lower mantle [e.g., 

Hirose, 2002]; however, the impurity effect on thermal conductivity quickly saturates with 

increasing iron content [Ammann et al., 2014]. Four separate samples were prepared from the 

same (Mg0.8,Fe0.2)SiO3 starting material, and each sample was loaded in a rhenium gasket with 

neon gas as a pressure medium and insulator and laser heated at two pressures. Details of the 

sample loading and laser heating procedures are given in Section 4.2.1 and Section 4.2.2, 
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respectively. The precompressed gasket thicknesses and heating pressures for each sample are 

listed in Table 4-3. The measured values of Tavg vs. laser power are listed in Table 4-3 and 

plotted in Figure 4-9. The scaled values of Tpeak corresponding to each measurement of Tavg are 

also listed in Table 4-3. 

4.3.2.2 TempDAC modeling 

The TempDAC numerical model was used to determine the increase in thermal 

conductivity with pressure required to replicate the values of Tpeak. The results are listed in Table 

4-3. The model was run using the assumed material thermal conductivities listed in Table 4-2. 

The assumed low-pressure thermal conductivity for the (Mg,Fe)-Pv samples was estimated by 

averaging the values from the two previous studies on the thermal conductivity of iron-bearing 

MgSiO3 perovskite, one experimental [Manthilake et al., 2011] and one computational [Tang et 

al., 2014]. The results of these studies differ by approximately a factor of two; however, the 

relative thermal conductivity measurement is only weakly sensitive to the assumed low-pressure 

sample thermal conductivity as discussed in Section 4.3.1.4.  

As discussed in Section 4.2.4, although the relative thermal conductivity measurement is 

not sensitive to the absolute values of many experimental parameters, pressure-induced changes 

must be accounted for. Potential factors considered in the TempDAC modeling were (1) the 

increase in thermal conductivity of the neon insulation layers with pressure, (2) the thinning of 

the sample chamber with increased pressure, and (3) a change in the sample optical absorption 

coefficient at the laser wavelength with pressure. Temperature-dependent emission or absorption 

would also affect the relative thermal conductivity measurement; however no optical absorption 

measurements have been made on (Mg,Fe)-Pv above room temperature and so this effect was 

ignored. In modeling the properties of the neon insulating medium, it was assumed that the neon 
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was a solid rather than a gas throughout the laser heating experiments. At 30 GPa (near the 

lowest pressure in these experiments), neon is solid at temperatures below ~1500 K; at 45 GPa, 

the melting temperature increases to ~1800 K [Santamaria-Perez et al., 2010]. Although peak 

temperatures within the sample chamber exceeded the neon melting point several times during 

the laser heating, it is expected that the neon remained at a significantly lower temperature due to 

the steep temperature gradients within the (Mg,Fe)SiO3 perovskite. An example of the axial 

temperature gradients predicted using TempDAC is shown in Figure 4-10.. Although the peak 

temperature within the (Mg,Fe)-Pv sample in the center of the chamber reaches 2400 K, the 

predicted highest temperature within the neon is about 1000 K. The thermal conductivity of solid 

neon has not been measured at high pressure, so the thermal conductivity of the neon insulator 

was estimated using the Leibfried-Schlomann equation (Equation 4.1) along with the low-

temperature measurements of Weston and Daniels [1984] and the equation of state of Dewaele et 

al. [2008]. Figure 4-11 shows the predicted thermal conductivity of solid neon as a function of 

pressure at 300 K. The thinning of the sample chamber at the higher pressure was calculated 

using the equations of state of solid neon [Dewaele et al., 2008] and MgSiO3 perovskite [Shim 

and Duffy, 2000]. Over the pressure ranges of the experiments described here, the calculated 

change in the sample chamber thickness was approximately 10%. Neon is much more 

compressible than Mg-Pv, which has a zero-pressure bulk modulus of 261 GPa [Mao et al., 

1991], so most of the pressure-induced thinning occurred in the insulation layers. The change in 

absorption coefficient with pressure has previously been measured for (Mg0.9,Fe0.1)SiO3 up to 

pressures above 100 GPa [Goncharov et al., 2008; Keppler et al., 2008]. These measurements 

indicate that the optical absorption coefficient of (Mg,Fe)-Pv increases with pressure (see 

Chapter 5), but this effect is more pronounced at shorter wavelengths. At the laser wavelength of 
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1092 nm and over the pressure range of my laser heating measurements, there was not a clear 

trend in the optical absorption coefficient with pressure, as shown in Figure 4-12. Therefore, the 

laser absorption coefficient was assumed to be the same at both pressures. 

Figure 4-13 shows a comparison of measured and modeled hotspots for one of the 

(Mg,Fe)SiO3 samples. In the TempDAC model the temperature-dependent thermal conductivity 

of the (Mg,Fe)-Pv was assumed to follow a power law (Equation 4.2) with m = 0.5. The laser 

intensity profile and sample thickness were not known precisely enough to fit the temperature 

dependence of thermal conductivity of (Mg,Fe)-Pv to the data. A rough comparison of measured 

and modeled hotspot widths showed that within estimated uncertainties the hotspot widths were 

consistent with power-law temperature dependences ranging from m = 0.2 to m = 0.8. This is 

consistent with the results of Manthilake et al. [2011], who measured power-law temperature 

dependences of m = 0.4 for MgSiO3 perovskite and m = 0.2 for MgSiO3 perovskite with Fe and 

Al impurities. 

4.3.2.3 High-pressure thermal conductivity results 

The high-pressure thermal conductivity results shown in Table 4-3 can be averaged to give 

a best-fit slope to the pressure increase in thermal conductivity for (Mg,Fe)SiO3 perovskite. To 

get the final result, the measured thermal conductivity increases were averaged separately for 

each of the four samples, and then the overall average was determined from these four sample 

averages using a Bayesian framework. This was done by first computing the mean (κ) and 

standard deviation (σ) of the thermal conductivity increases determined at multiple laser powers 

for each of the four experiments described in Table 4-3. The final result was then calculated as  
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 x � ∑ z�x�{�| ∑ z�{�| , (4.4) 

 

with 

 

 z � > z� ,
{

�| 
 (4.5) 

 

where κi and σi are the mean and standard deviation in the relative thermal conductivity increase 

per GPa in each experiment and µ = 1/σ
2. Because the true uncertainty in the thermal 

conductivity measurement is not expected to be significantly different in the four experiments, in 

computing the overall average using Equations 4.4 and 4.5 the standard deviations σi were set to 

the median of the four experiments so as not to bias the final result toward one sample. 

The averaged relative thermal conductivity measurement for the (Mg,Fe)SiO3 perovskite 

samples is  0.93 ± 0.24% GPa-1, which corresponds to g = 3.4 ± 0.8 if the results are fit to 

Equation 4.2 using the equation of state of Shim and Duffy [2000]. In Figure 4-14 this pressure 

slope is compared with other measurements and computational model results for the thermal 

conductivity of MgSiO3 perovskite. The reference thermal conductivity k0 was assumed to be 4.5 

W/m·K at 26 GPa and 300 K, based on the average value between the results of Manthilake et al. 

[2011] and Tang et al. [2014] for iron-bearing perovskites. As Figure 4-14 illustrates, the 

measured increase of thermal conductivity with pressure for iron-bearing (Mg,Fe)SiO3 

perovskite is much shallower than previous results for pure MgSiO3 perovskite. My measured 

pressure slope is similar to the computational results of Tang et al. [2014] for (Mg0.88,Fe0.12)SiO3 

perovskite.  
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Figure 4-15 shows the lattice thermal conductivity of (Mg,Fe)-Pv calculated along the 

lower mantle pressure-temperature profile of Jeanloz and Morris [1986] using Equation 4.2 with 

g = 3.4 and m = 0.5. As Figure 4-15 shows, the thermal conductivity of (Mg,Fe)-Pv is 

approximately constant in the lower mantle, increasing slightly with depth throughout most of 

the lower mantle and then decreasing in the lowermost thermal boundary layer. At the CMB 

pressure and temperature of 135 GPa and 3800 K, the thermal conductivity of (Mg,Fe)SiO3 

perovskite is estimated to be 2.8 W/m·K. 

4.3.2.4 Sources of uncertainty in the relative meas urement 

The largest uncertainties associated with the measurement of the (Mg,Fe)-Pv pressure 

derivative of thermal conductivity are the same as those discussed for MgO in Section 4.3.1.4. 

These are (1) temporal stability in the temperature measurement, from which the reported 

margins of error are calculated, (2) the relative thicknesses of the perovskite vs. neon layers, and 

(3) the pressure-dependence of the neon thermal conductivity. As for MgO, the last two of these 

are difficult to quantify. It was not possible to measure the thicknesses of the neon layers in the 

sample chamber after loading the diamond anvil cells at the Advanced Light Source. The 

thickness of the precompressed gasket was measured prior to loading, but the gas loading 

procedure commonly involves some deformation of the sample chamber. The thermal 

conductivity of neon has not been measured at high pressure, so there is no experimental 

verification of the accuracy of the predicted high-pressure thermal conductivity from the 

Leifried-Schlomann equation shown in Figure 4-11. However, the Leibfried-Schlomann equation 

has been shown to accurately predict the thermal conductivity of argon at pressures up to 50 GPa 

[Goncharov et al., 2012]. 
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4.4 Discussion 

Measured temperature as a function of laser power can be used in conjunction with 

numerical modeling to determine the thermal conductivity of materials at high pressure and 

temperature. For a single sample and experimental geometry, the change in the hotspot 

temperature with pressure is only weakly sensitive to uncertainties in sample properties and 

experimental conditions, allowing a pressure derivative of thermal conductivity to be measured 

more precisely than an absolute value. The measured pressure derivative of thermal conductivity 

of MgO is in agreement with previous measurements, demonstrating the effectiveness of this 

technique for measuring relative thermal conductivity. The measured pressure increase of 

thermal conductivity for (Mg,Fe)SiO3 perovskite is significantly shallower than previous 

measurements and computational model predictions for pure MgSiO3 perovskite. This result 

implies that the lattice thermal conductivity of the mantle at the core-mantle boundary is lower 

than previously assumed values based on measurements of end-member Mg-Pv. The 

implications of this result for core-mantle boundary heat flow are discussed in Chapter 6.  

In addition to pressure dependence, useful applications for relative thermal conductivity 

measurements include changes in thermal conductivity with small changes in solid solution, and 

the change in thermal conductivity across a phase boundary (although care must be taken to 

account for any changes in optical properties of the sample across a phase boundary). For 

example, the core-mantle boundary is thought to have significant lateral heterogeneities in 

chemical composition and phase [e.g., Garnero and McNamara, 2008; Hernlund et al., 2005]. 

Local variations in thermal conductivity due to variations in composition or the presence or 

absence of phases such as post-perovskite may significantly affect patterns of heat flow and core 

and mantle dynamics [e.g., Matyska and Yuen, 2006; Naliboff and Kellogg, 2006; Ammann et al., 
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2014]. The technique of measuring relative thermal conductivity at high pressure and 

temperature in the LHDAC has the potential for improving our understanding of variations in 

local heat flow and associated dynamics in this complex part of the lower mantle.  
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4.5 Tables 

Table 4-1. Measured hotspot temperatures Tavg and corresponding calculated change in thermal 
conductivity with pressure for MgO in the LHDAC. Peak sample temperatures Tpeak were 
calculated for the laser powers used to determine thermal conductivity. The reported relative 
thermal conductivity is the calculated ratio of the thermal conductivity at 36.5 GPa (kHP) to the 
thermal conductivity at 21.9 GPa (kLP). 

 Tavg (K) Tpeak (K) 
kHP/kLP Laser Power 21.9 GPa 36.5 GPa 21.9 GPa 36.5 GPa 

8 1310 -- -- -- -- 

9 1407 -- -- -- -- 

10 1553 -- -- -- -- 

11 1611 -- -- -- -- 

12 1651 1317 1832 1429 1.29 

13 1723 1334 1919 1449 1.33 

14 1810 1410 2024 1541 1.30 

15 1747 1429 1948 1564 1.23 

16 1853 1499 2076 1648 1.24 

17 -- 1527 -- -- -- 

18 -- 1575 -- -- -- 

19 -- 1586 -- -- -- 

20 -- 1642 -- -- -- 

21 -- 1666 -- -- -- 

22 -- 1653 -- -- -- 

23 -- 1687 -- -- -- 

24 -- 1713 -- -- -- 
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Table 4-2. Assumed thermal conductivities of materials for TempDAC models described in this 
chapter. The thermal conductivity k was assumed to vary with temperature T as � � ��1
� 
⁄ 2�, 
where k0 is the thermal conductivity at pressure P0 and temperature T0 = 300 K. 

 

  

Material k0 (W/m·K) m P0 (GPa) Notes 

B4C 30 0.5 ambient Ruh et al. [1992] 
Diamond 1000 1 ambient Wei et al. [1993] 

MgO 90 1 22 Dalton et al. [2013] 

(Mg,Fe)SiO3 4.5 0.5 26 
Manthilake et al. [2011] and  

Tang et al. [2014] 
Re 48 1 ambient Powell et al. [1963] 

Steel 16 1 ambient Shackelford and Alexander [2010] 
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Table 4-3. Measured temperatures and pressure-induced change in thermal conductivity for 
(Mg0.8,Fe0.2)SiO3 heated in the LHDAC. Listed in the table are the measured hotspot 
temperatures Tavg, the calculated peak sample temperatures Tpeak, and the ratio of the thermal 
conductivity at the higher pressure (kHP) to the thermal conductivity at the lower pressure (kLP) 
determined from TempDAC. 
Experiment #1: Precompressed gasket thickness = 45 µm 

 Tavg (K) Tpeak (K) 
kHP/kLP Laser Power 34.7 GPa 58.1 GPa 34.7 GPa 58.1 GPa 

10 1478 -- -- -- -- 

12 1592 -- -- -- -- 

14 1749 1432 1832 1429 1.055 

16 1775 1567 1919 1449 1.042 

18 1615 1608 2024 1541 1.030 

20 1889 1687 1948 1564 1.041 

Experiment #2: Precompressed gasket thickness = 35 µm 
 Tavg (K) Tpeak (K) 

kHP/kLP Laser Power 28.8 GPa 40.5 GPa 28.8 GPa 40.5 GPa 

8 1787 -- -- -- -- 

9 1832 -- -- -- -- 

10 2106 1479 1832 1429 1.274 

11 2116 1563 1919 1449 1.211 

12 2189 1719 2024 1541 1.140 

13 2213 1745 2024 1541 1.134 

14 2377 1828 1948 1564 1.154 

Experiment #3: Precompressed gasket thickness = 35 µm 
 Tavg (K) Tpeak (K) 

kHP/kLP Laser Power 32.2 GPa 45.8 GPa 32.2 GPa 45.8 GPa 

10 1506 -- -- -- -- 

12 1892 1365 1832 1429 1.258 

13 2012 1510 1919 1449 1.199 

14 2029 1653 2024 1541 1.129 

15 2178 1717 2024 1541 1.134 

Experiment #4: Precompressed gasket thickness = 32 µm 
 Tavg (K) Tpeak (K) 

kHP/kLP Laser Power 31.3 GPa 45.9 GPa 31.3 GPa 45.9 GPa 

10 1530 -- -- -- -- 

11 1585 -- 1832 1429 -- 
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12 1896 1450 1919 1449 1.184 

13 1918 1749 2024 1541 1.000 

 

 

  



 

4.6 Figures 

Figure 4-1. Diagram of the laser heating system in the UCLA Mineral Physics Lab.
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aser heating system in the UCLA Mineral Physics Lab.

 

aser heating system in the UCLA Mineral Physics Lab. 



 

Figure 4-2. Laser heating data for a sample of AgI in the diamond anvil cell measured at ALS 
Beamline 12.2.2. The plot on the left shows measured values of the hotspot temperature vs. laser 
power. The plot on the right shows the log of the peak hotspot intensity meas
camera vs. the reciprocal temperature. In the right plot the red triangles represent the 
measurements, the black solid line is a linear fit to the measurements, and the gray dashed lines 
indicate the theoretical slope –hc
Boltzmann’s constant, and λ=700 nm is the wavelength of the bandpass filter in front of the 2
camera. 
  

117 

Laser heating data for a sample of AgI in the diamond anvil cell measured at ALS 
Beamline 12.2.2. The plot on the left shows measured values of the hotspot temperature vs. laser 
power. The plot on the right shows the log of the peak hotspot intensity meas
camera vs. the reciprocal temperature. In the right plot the red triangles represent the 
measurements, the black solid line is a linear fit to the measurements, and the gray dashed lines 
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Beamline 12.2.2. The plot on the left shows measured values of the hotspot temperature vs. laser 
power. The plot on the right shows the log of the peak hotspot intensity measured in the 2-D 
camera vs. the reciprocal temperature. In the right plot the red triangles represent the 
measurements, the black solid line is a linear fit to the measurements, and the gray dashed lines 
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Figure 4-3. Laser heating data for 
UCLA Mineral Physics Lab. The plots show the log of peak hotspot intensity measured in the 2
D camera vs. reciprocal temperature, with each plot displaying data from a different sample. In 
each plot the red triangles represent the measurements, the black solid lines are linear fits to the 
measurements, and the gray dashed lines represent the theoretical slope 
Planck’s constant, c is the speed of light, 
wavelength of the bandpass filter in front of the 2
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Laser heating data for samples of AgI in the diamond anvil cell measured in the 
The plots show the log of peak hotspot intensity measured in the 2

D camera vs. reciprocal temperature, with each plot displaying data from a different sample. In 
triangles represent the measurements, the black solid lines are linear fits to the 

measurements, and the gray dashed lines represent the theoretical slope –hc
is the speed of light, kB is Boltzmann’s constant, and λ=69

wavelength of the bandpass filter in front of the 2-D camera. 

 

of AgI in the diamond anvil cell measured in the 
The plots show the log of peak hotspot intensity measured in the 2-

D camera vs. reciprocal temperature, with each plot displaying data from a different sample. In 
triangles represent the measurements, the black solid lines are linear fits to the 

hc/λkB, where h is 
λ=690 nm was the 



 

Figure 4-4. Hotspot intensity distributions for a sample of (Mg
in the LHDAC at ALS Beamline 12.2.2.
for two hotspots measured ~4 minutes apart. The two lower plots show comparisons of the 
normalized intensity profiles through the center of the hotspots along 
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Hotspot intensity distributions for a sample of (Mg0.8,Fe0.2)SiO3 heated 
in the LHDAC at ALS Beamline 12.2.2. The two upper plots show measured intensity contours 
for two hotspots measured ~4 minutes apart. The two lower plots show comparisons of the 
normalized intensity profiles through the center of the hotspots along x and y. 

 

heated at 32.2 GPa 
measured intensity contours 

for two hotspots measured ~4 minutes apart. The two lower plots show comparisons of the 
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Figure 4-5. Tavg vs. laser power measured at 21.9 GPa and 36.5 GPa for a sample of MgO with 
B4C laser absorber. The symbols are plotted at the mean of several temperature measurements 
taken at each laser power; the error bars indicate the standard deviation of the temperature 
measurements. The indicated laser power is the sum of the power output from each side of the 
double-sided laser heating system. 
  



121 
 

 

Figure 4-6. Comparison of measured and modeled hotspots in a sample of MgO and B4C laser-
heated at 36.5 GPa in a diamond anvil cell. The left plot shows the measured temperature 
contours, and the right plot shows temperature contours modeled using TempDAC. 
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Figure 4-7. Thermal conductivity of MgO vs. pressure and temperature. Our pressure slope 
measurement is indicated by the connected filled circles shown at 300 K and 2000 K. For 
comparison measurements are shown from Hofmeister [2014] (upward filled triangles), Dalton et 
al. [2013] (upward open triangles), Katsura [1997] (downward open triangles), Manthilake et al. 
[2011] (filled diamonds), Goncharov et al. [2009] (filled squares), and Imada et al. [2014] 
(downward filled triangles). Modeled values are shown from Haigis et al. [2012] (rightward 
filled triangles), de Koker [2010], (x symbols), Tang and Dong [2010] (plus symbols), and 
Stackhouse and Stixrude [2010] (star symbol). 
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Figure 4-8. Thermal conductivity of MgO in the lower mantle. The thermal conductivity of 
MgO (black solid line) was calculated as a function of pressure and temperature using Equation 
4.2 along the geotherm of Jeanloz and Morris [1986] (red dashed line). 
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Figure 4-9. Tavg vs. laser power measured for four individual samples of (Mg0.8,Fe0.2)SiO3 with 
Ne insulator in the laser-heated diamond anvil cell. The symbols are plotted at the mean of 
several temperature measurements taken at each laser power; the error bars indicate the standard 
deviation of the temperature measurements. The indicated laser power is the sum of the power 
output from each side of the double-sided laser heating system. 



 

Figure 4-10. Predicted axial temperature 
insulating layers heated in the LHDAC at 29 GPa. The dashed horizontal line indicates the 
approximate melting temperature of neon at 30 GPa.
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d axial temperature profile from TempDAC for (Mg,Fe)SiO
insulating layers heated in the LHDAC at 29 GPa. The dashed horizontal line indicates the 
approximate melting temperature of neon at 30 GPa. 

 

from TempDAC for (Mg,Fe)SiO3 with neon 
insulating layers heated in the LHDAC at 29 GPa. The dashed horizontal line indicates the 
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Figure 4-11. Predicted thermal conductivity of solid neon as a function of pressure at 300 K 
calculated using the Leibfried-Schlomann equation, the low-temperature measurements of 
Weston and Daniels [1984], and the equation of state of Dewaele et al. [2008]. 
  



 

Figure 4-12. Absorption coefficient vs. pressure of 
diamond anvil cell by Keppler et al.
triangles: argon pressure medium, black diamonds: oil medium, green circles: no medium). The 
vertical dashed lines represent the range of pressures measured in my (Mg,Fe)SiO
laser heating experiments. 
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Absorption coefficient vs. pressure of (Mg0.9,Fe0.1)SiO3 perovskite
Keppler et al. [2008] (red squares) and Goncharov et al.

triangles: argon pressure medium, black diamonds: oil medium, green circles: no medium). The 
vertical dashed lines represent the range of pressures measured in my (Mg,Fe)SiO

 

perovskite measured in the 
Goncharov et al. [2008] (blue 

triangles: argon pressure medium, black diamonds: oil medium, green circles: no medium). The 
vertical dashed lines represent the range of pressures measured in my (Mg,Fe)SiO3 perovskite 
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Figure 4-13. Measured (left plot) and modeled (right plot) radial temperature distributions in a 
sample of (Mg0.8,Fe0.2)SiO3 perovskite with Ne insulator heated in the LHDAC at 32 GPa. In 
each case the temperature at the sample center is 2031 K. 
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Figure 4-14. Thermal conductivity of MgSiO3 and (Mg,Fe)SiO3 perovskite as a function of 
pressure at 300 K. Measurements for pure MgSiO3 are shown from Ohta et al. [2012] (upward 
dark green triangles), Osako and Ito [1991] (filled purple circle), Manthilake et al. [2011] 
(downward blue triangle), and Ohta et al. [2014] (leftward green triangle). Computationally 
modeled values for pure MgSiO3 are shown from Haigis et al. [2012], (open black circle), 
Dekura et al. [2013] (open orange triangles), Ammann et al. [2014] (open purple squares), and 
Tang et al. [2014] (open blue diamonds). For iron-bearing perovskite, the values shown are a 
measurement on (Mg0.97,Fe0.03)SiO3 from Manthilake et al. [2011] extrapolated to 300 K 
(downward red triangle), and computational results from Tang et al. [2014] for 
(Mg0.88,Fe0.12)SiO3 (open red diamonds). The dark gray lines illustrate our measured pressure 
slope of thermal conductivity for (Mg0.8,Fe0.2)SiO3. The solid black line shows my measured 
slope over the pressure range of the experiments presented here, the dashed line is the 
extrapolation of that slope, and the gray region represents the uncertainty envelope. 
 



130 
 

 
Figure 4-15. Thermal conductivity as a function of depth in the lower mantle of 
(Mg0.8,Fe0.2)SiO3 perovskite (blue line) and MgO (red line) calculated for the lower mantle 
pressure-temperature profile of Jeanloz and Morris [1986]. 
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5.1 Introduction 

In attempting to estimate the thermal conductivity of the lower mantle, a first-order 

question is the extent to which heat is transported by radiation versus lattice conduction. It has 

long been hypothesized that radiation could contribute to heat transfer in the mantle [e.g., Clark, 

1957], but the importance of the radiative thermal conductivity component (krad) is still under 

debate. Recent estimates of krad near the core-mantle boundary have spanned over an order of 

magnitude, ranging from ~0.5 W/m·K [Goncharov et al., 2008] up to ~10 W/m·K [Keppler et al., 

2008], and include intermediate values of 2-5 W/m·K [Hofmeister, 2005; Hofmeister and Yuen, 

2007]. The range of recent estimated lattice thermal conductivities of the lowermost mantle is 

approximately 2-9 W/m·K [Osako and Ito, 1991; Hofmeister and Yuen, 2007; Manthilake et al., 

2011; Ohta et al., 2012; Tang et al., 2014]. Thus, not only is the absolute magnitude of the 

radiative thermal conductivity uncertain, but the role of radiation relative to lattice conduction in 

lower mantle heat transfer has also been unclear.  

Due to the difficulties in measuring optical properties of minerals at high pressure and 

temperature, krad is typically calculated using optical properties measured at ambient temperature 

and/or atmospheric pressure and extrapolated to lower mantle conditions. Estimates of krad may 

differ due to differences in composition or mineral structure and the corresponding optical 

properties of the particular samples used (e.g., olivine versus perovskite, or low versus high iron 

content). However, differences in measurement techniques or baseline corrections may also be a 

factor [Hofmeister, 2010], as well as particular assumptions made in the radiative thermal 

conductivity models. In this chapter I clarify some of the outstanding issues in the calculation of 

krad for the lower mantle, and I re-assess the radiative thermal conductivity profile of the lower 

mantle using previously published datasets on high-pressure optical properties of lower mantle 
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minerals. I also explore the sensitivity of the radiative thermal conductivity estimate to 

uncertainties in lower mantle properties, including absorption coefficient, index of refraction, 

iron content, and temperature. 

5.2 Radiative thermal conductivity model 

5.2.1 Rosseland mean approximation 

The Earth’s mantle is optically thick, with relatively shallow temperature gradients such 

that individual grains are essentially isothermal (e.g., even for a very steep thermal boundary 

layer temperature gradient of 1000 K over 10 km, the temperature difference across a 1 mm 

grain is only 0.0001 K). For an optically thick medium with isotropic scattering and slowly-

varying material properties, radiative heat transfer can be treated as a diffusion process, and heat 

transfer can be modeled using a total thermal conductivity defined as the sum of lattice and 

radiative contributions. The radiative contribution to thermal conductivity can be calculated 

using the Rosseland mean approximation [Rosseland, 1924; Siegel and Howell, 2002]:  
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Here, n is the index of refraction, σ is the Stefan-Boltzmann constant, T is temperature, βR is the 

Rosseland mean extinction coefficient, nλ is the index of refraction at wavelength λ, βλ is the 

spectral extinction coefficient, and Ib,λ is the Planck blackbody intensity function. Note that 

although βR includes contributions from all wavelengths, generally the integral in Equation 5.2 is 

calculated only over wavelengths for which absorbance data are available. The implications of 

this are discussed in Section 5.2.2.  

Note also that in addition to the explicit T3 dependence shown in Equation 5.1, radiative 

thermal conductivity has an additional temperature dependence through the mean extinction 

coefficient βR(T) in Equation 5.2. The mean extinction is calculated using the temperature 

derivative of the Planck distribution as a weighting function. Therefore, βR is temperature-

dependent to the extent that the blackbody spectrum shifts with respect to the absorption 

spectrum with temperature. Since peaks in the absorption spectra of mantle minerals also shift in 

wavelength with pressure [Keppler et al., 2007, 2008], the radiative thermal conductivity of the 

mantle is expected to also depend on pressure. If significant windows or edges exist in the 

absorption spectrum, then krad may have complicated dependences on temperature [Hofmeister 

and Yuen, 2007]. 

Generally, the extinction coefficient βλ in Equation 5.2 is the sum of the absorption and 

scattering coefficients. Here I considered absorption only, since absorption is expected to 

dominate over scattering as the extinction mechanism in the lower mantle. Based on measured 

absorption coefficients, the photon mean free path in (Mg,Fe)SiO3 perovskite ((Mg,Fe)-Pv) at 

high pressure is on the order of 10 µm [Keppler et al., 2008; Goncharov et al., 2009]. The 

scattering coefficient is on the order of the reciprocal of the grain size [Shankland et al., 1979; 

Hofmeister, 2005], which is likely to be at least 0.1-1 mm in the lower mantle [Solomatov et al., 
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2002]. Therefore, the photon mean free path for absorption in the lower mantle is much shorter 

than the expected scattering length. However, if grains are small or the absorption coefficient 

very low, scattering must be accounted for, and the resulting effect on the radiative thermal 

conductivity may be complex and nonlinear [Hofmeister, 2005]. 

5.2.2 Data spectral range considerations 

The calculation of the mean extinction coefficient in Equation 5.2 includes contributions 

from all wavelengths. However, optical instruments measure properties only over a finite range 

of wavelengths. To calculate the radiative thermal conductivity, the integral in Equation 5.2 is 

generally truncated, which is equivalent to assuming opacity over the rest of the spectrum. This 

may be acceptable if the primary contributions to the integral are captured in the spectral range 

of the available data. The temperature derivative of the blackbody intensity, dIb,λ/dT, falls off by 

orders of magnitude outside of a relatively narrow spectral range around its peak, which is close 

to the peak of the blackbody spectrum. Figure 5-1 shows the range of wavelengths for which 

dIb,λ/dT is greater than 10% of the peak value for several temperatures. In order to accurately 

estimate the radiative thermal conductivity, optical properties should be known over at least this 

spectral range, and any significant transmission windows should also be accounted for. Figure 5-

1 illustrates that as temperature increases, this spectral range of interest becomes narrower. 

Temperatures in the lowermost part of the mantle will fall within 2500-4500 K, corresponding to 

a spectral range of ~0.25-3 µm. Absorption properties of the major lower mantle minerals 

(Mg,Fe)-Pv and (Mg,Fe)O at high pressure and ambient temperature have been measured over a 

spectral range of ~0.33-4 µm [Keppler et al., 2007, 2008; Goncharov et al., 2006, 2008, 2010]. 

Absorption properties of olivine have been measured at high temperatures and atmospheric 

pressure at longer wavelengths, up to ~6 µm [Shankland et al., 1979; Hofmeister, 2005]. The 
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spectral range of absorbance data reported in the literature is probably adequate to estimate 

radiative thermal conductivities near the base of the mantle. However, data for (Mg,Fe)-Pv and 

(Mg,Fe)O at longer wavelengths in the infrared would be desirable since there may be 

transmission windows in this part of the spectrum that could affect the radiative thermal 

conductivity [Hofmeister and Yuen, 2007; Shankland et al., 1979]. 

5.3 Optical properties of the lower mantle 

To estimate the radiative thermal conductivity of the lower mantle using Equations 5.1 

and 5.2, the index of refraction and absorption coefficient are needed for each major phase. In 

this section, I first discuss the index of refraction of mantle minerals. Second, I compare several 

existing datasets for the absorption coefficients of (Mg,Fe)-Pv and (Mg,Fe)O. In following 

sections I construct radiative thermal conductivity profiles for the lower mantle and estimate the 

sensitivity of krad to uncertainties in mantle properties, including index of refraction, absorption 

coefficient, iron content, and temperature.  

5.3.1 Index of refraction 

The index of refraction has not been measured for (Mg,Fe)-Pv and (Mg,Fe)O at lower 

mantle pressure and temperature. Previous studies of mantle radiative thermal conductivity have 

generally assumed a constant index of refraction n, typically around 1.8 [Keppler et al., 2008], 

and neglect any spectral variation. The spectral refractive indices measured for MgO and olivine 

at ambient conditions [Roessler and Huffman, 1991; Shankland et al., 1979] have only small 

variations over the spectral range of interest and therefore their effect on the estimated krad is 

minor [Shankland et al., 1979]. The temperature dependence of n can also likely be neglected, 

since the temperature derivatives in refractive index measured for minerals at ambient pressure 

are also small [Roessler and Huffman, 1991]. Therefore, here I assume n is independent of 
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wavelength and temperature. However, the pressure effect on n may be significant. Index of 

refraction has been shown to be linearly proportional to density ρ for silicates and metal oxides, 

with the majority of minerals having a refractive index that falls along the line given by n = 1.05 

+ 0.188ρ, with ρ in g/cm3 [Anderson and Schreiber, 1965]. Figure 5-2 shows this density-

dependent index of refraction calculated as a function of depth in the mantle using the PREM 

density profile [Dziewonski and Anderson, 1981]. It indicates that n for mantle materials ranges 

from approximately 1.8 in the upper mantle to 2.2 at the base of the mantle. 

5.3.2 Absorption coefficient 

The absorption coefficient has been measured for both (Mg,Fe)-Pv [Keppler et al., 1994, 

2008; Goncharov et al., 2008] and (Mg,Fe)O [Goncharov et al., 2006, 2009, 2010; Keppler et 

al., 2007] at high pressures (up to 130 GPa) and room temperature. Figure 5-3 compares the 

measured absorption coefficient for perovskite with 10 mol.% iron from Goncharov et al. [2008] 

and Keppler et al. [2008]. The shape of the absorption spectra are qualitatively similar, and in 

both datasets the absorption coefficient increases by approximately a factor of two in the visible 

and infrared as pressure increases from ~50 GPa to ~130 GPa. However, the measured 

absorption coefficients at similar pressure and temperature differ by roughly a factor of 2-3 

between the two studies. It is unclear whether this difference is due to differences in the samples 

used (although the reported compositions were similar) or in experimental methods. In either 

case, different methods of interpreting the measured absorption coefficients in terms of radiative 

thermal conductivity resulted in very different estimates of the importance of radiative thermal 

conductivity in the lower mantle [Keppler et al., 2008; Goncharov et al., 2008, 2009]. Here I use 

both sets of measurements to calculate radiative thermal conductivity using a uniform approach. 
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Figure 5-4 shows absorption coefficients of (Mg1-x,Fex)O measured by Goncharov et al. 

[2006, 2009] for pressures of up to 70 GPa with variable iron content x. The absorption 

coefficient of ferropericlase increases by a factor of 1.5-2 in the infrared at lower mantle versus 

upper mantle pressures. This is similar in magnitude to measured increases in the absorption 

coefficient of perovskite with pressure seen in Figure 5-3. As expected, the absorption 

coefficient of (Mg,Fe)O is extremely sensitive to iron content, with a factor of 10 increase in 

absorption coefficient as iron content increases from 6 mol.% to 25 mol.% at 70 GPa. The 

measured absorption coefficient of (Mg,Fe)O is higher than that of (Mg,Fe)-Pv at similar 

pressure and temperature by a factor of 2-3. Thus, (Mg,Fe)O should have a lower radiative 

thermal conductivity. Keppler et al. [2007] also measured the absorption coefficient of (Mg,Fe)O 

with 12 mol.% iron at lower mantle pressures; however, these spectra were not baseline 

corrected and therefore could not be compared directly with the datasets reported by Goncharov 

et al. [2006, 2009]. However, the peak absorbance values measured by Keppler et al. [2007] 

correspond to an absorption coefficient of approximately 400 cm-1 at wavelength 1 µm and 1.9 

GPa. This is comparable to the value measured by Goncharov et al. [2009] for ferropericlase 

with 15 mol.% iron at 4 GPa.  

As illustrated in Figure 5-4, the presence of iron impurities greatly increases the optical 

absorption of lower mantle minerals over the spectral range of interest discussed in the previous 

section. It is expected that about 10 mol.% iron is present in solid solution in the lower mantle 

[e.g., Hirose, 2002], but the distribution of iron between the major phases is uncertain. Some 

studies suggest that iron is preferentially partitioned into the ferropericlase phase [e.g., Badro et 

al., 2003; Irifune et al., 2010], while others suggest that Fe-Al coupling enhances iron in the 

perovskite phase [e.g., Frost and Langenhorst, 2002]. However, additional minor phases such as 
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CaSiO3 and other impurities are also present in the lower mantle, and these will generally have 

the effect of increasing the extinction coefficient. Therefore krad calculated from single-crystal 

absorption spectra should be interpreted as an upper bound for radiative thermal conductivity in 

the lower mantle. 

5.4 Mantle radiative thermal conductivity profile 

Using absorption coefficients for (Mg,Fe)-Pv and (Mg,Fe)O measured at multiple 

pressures (Figure 5-3 and Figure 5-4) along with the mantle index of refraction profile and 

pressure-temperature profile (Figure 5-2), we used the Rosseland approximation (Equations 5.1 

and 5.2) to calculate a depth-dependent radiative thermal conductivity profile for the lower 

mantle. Figure 5-5 shows profiles of krad for perovskite with 10 mol.% iron and ferropericlase 

with 15 mol.% iron constructed using absorption coefficients measured by Keppler et al. [2008] 

and Goncharov et al. [2006, 2008]. To create the profiles, krad was first calculated as a function 

of temperature at several pressures using Equations 5.1 and 5.2. Values were then interpolated to 

calculate krad as a function of depth and temperature using a PREM pressure profile [Dziewonski 

and Anderson, 1981] and the “hot” geotherm reported by Jeanloz and Morris [1986]. It should 

be noted that in this calculation I neglected any temperature effect on the absorption coefficient 

when constructing the krad profiles. It is expected that high temperature might cause the 

absorption coefficient to increase, as has been measured for olivine at low pressure [Shankland et 

al., 1979; Hofmeister, 2005]. However, similar studies have not been conducted for high-

pressure mantle phases at high temperature. The use of low temperature absorption spectra, the 

choice of a high-temperature geotherm, the assumption of limited grain boundary scattering, and 

the neglect of minor impurities all bolster the upper-bound nature of this calculation. 
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Several factors affect the radiative thermal conductivity profile in the mantle. 

Composition, especially iron content, is important. At all depths in the lower mantle the radiative 

thermal conductivity of (Mg,Fe)-Pv is larger by roughly a factor of three compared with that of 

(Mg,Fe)O (Figure 5-5). Note that for (Mg,Fe)O, the krad profile was calculated based on data for 

samples with higher iron content than that of the (Mg,Fe)-Pv samples. However, if iron is 

preferentially partitioned into the oxide phase in the lower mantle [Badro et al., 2003; Irifune et 

al., 2010], using higher-iron oxide and lower-iron perovskite to construct profiles of krad for the 

lower mantle is at least qualitatively correct. Pressure and temperature have opposing effects on 

krad. Increasing temperature and density or refractive index increases krad; however, increasing 

pressure also tends to decrease krad due to increased optical absorption. As a result, the estimated 

krad profiles shown in Figure 5-5 are constant or shallowly decreasing with depth throughout 

most of the lower mantle. Just above the core-mantle boundary, krad increases with depth in the 

conductive thermal boundary layer, where the temperature gradient is relatively steep.  

5.5 Sensitivity of krad to uncertainties in mantle properties 

5.5.1 Absorption coefficient 

The largest uncertainties in the radiative thermal conductivity estimate are associated 

with the absorption coefficients of minerals at lower mantle conditions. Figure 5-6 shows krad for 

(Mg,Fe)-Pv as a function of temperature at several pressures calculated for each of the measured 

spectral absorption coefficients shown in Figure 5-3. The index of refraction was set to a 

constant value of 2.0 in order to isolate the effect of absorption coefficient on the radiative 

thermal conductivity. The estimated krad differs by a factor of 2-3 depending on whether 

absorption coefficients are taken from Keppler et al. [2008] or Goncharov et al. [2008] and 

therefore must be considered uncertain by at least this factor. However, our calculations 
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demonstrate that the uncertainty is smaller than the order-of-magnitude discrepancy in the 

originally reported krad estimates. In both datasets, the magnitude of the pressure effect is similar, 

with the increase in absorption coefficient at pressures near 130 GPa resulting in a radiative 

thermal conductivity that is about 1.5-2 times lower than what would be expected from an 

extrapolation using absorption data taken at 50 GPa.  

Similarly, Figure 5-7 shows krad as a function of temperature for (Mg,Fe)O with several 

iron contents predicted by Equations 5.1 and 5.2 using the spectral absorption coefficients shown 

in Figure 5-4. Here also the pressure effect is significant. Calculating the radiative thermal 

conductivity using the absorption coefficient measured at upper mantle pressures of 10 GPa 

results in an estimate that is higher by roughly a factor of four compared with the estimate 

obtained using the absorption coefficient measured at lower mantle pressures.  

Figure 5-7 also shows that total iron content has a large impact on the radiative thermal 

conductivity, as would be expected. Increasing the iron content from 6 mol.% to 25 mol.% 

results in a factor of 10 decrease in the estimated radiative thermal conductivity. However, in the 

lower mantle, the effect of iron on the absorption coefficient is expected to be more complex 

than a simple function of total iron content. Absorption coefficient likely also depends on the 

iron oxidation state [Goncharov et al., 2010; Hofmeister, 2005] and possibly the spin state 

[Badro et al., 2004; Goncharov et al., 2006]. Neither of these effects has been fully quantified, 

although it appears that the effect of spin state is relatively minor compared with oxidation state 

[Goncharov et al., 2010]. Other sources of uncertainty in the absorption coefficient such as 

temperature and minor impurities are not easily quantified but will mostly lead to reduced 

radiative thermal conductivity as previously discussed. 
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5.5.2 Index of refraction 

Although the index of refraction of the mantle at high pressure and temperature is not 

well-known, it is likely that it will fall within the range 1.8-2.2 in the lower mantle, as shown in 

Figure 5-2. This includes the effect of density on index of refraction but neglects the temperature 

derivative, which has been measured to be on the order of 10-5 K-1 for minerals at low 

temperature [Shankland et al., 1979]. Thus, it is reasonable to assume that the index of refraction 

of the lower mantle is uncertain by around 20%. However, krad is sensitive to uncertainty in 

refractive index, since it depends on the square of index of refraction (Equation 5.1). Figure 5-8 

shows the radiative thermal conductivity of (Mg,Fe)-Pv as a function of temperature for constant 

index of refraction of 1.8, 2.0, and 2.2. It shows that increasing the index of refraction from 1.8 

to 2.2 results in an increase in radiative thermal conductivity of roughly 50% for all temperatures 

between 1000 and 4500 K.  

5.5.3 Other sources of uncertainty 

The phases present and their configuration in the lower mantle are also a significant 

source of uncertainty. The estimated radiative thermal conductivities of the oxide and perovskite 

phases in the lower mantle differ by roughly a factor of three (Figure 5-5). As discussed in 

Chapter 6, the total thermal conductivity of the mantle depends on the configuration of these 

phases, which is unknown. The presence of post-perovskite and lateral heterogeneities in phase 

assemblage, chemical composition and/or temperature in the D” layer further complicate a 

composite model of heat flow across the core-mantle boundary.  

Since krad is a strong function of temperature, uncertainties in the mantle temperature near 

the CMB also affect the radiative thermal conductivity estimate. However, these effects are 

much smaller than the effect of unknown composition and structure, and can be estimated using 
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the curves shown in Figure 5-8. The CMB temperature has been estimated to be between 3300-

4200 K [Lay et al., 2008], with recent estimates approximately 3800 K [Hernlund et al., 2005]. 

In this temperature range the radiative thermal conductivity varies by 30-50%. The temperature 

in the convecting mantle (around 2800 K) is better constrained, and is likely uncertain by less 

than 500 K [Lay et al., 2008], which corresponds to a 10% uncertainty in krad. 

5.6 Discussion 

From the profiles shown in Figure 5-5, the radiative thermal conductivity estimated near 

the core-mantle boundary of the major lower mantle phase (Mg,Fe)-Pv falls within the range 2-6 

W/m·K, a result which should be interpreted as an upper bound. Therefore, the radiative 

contribution to thermal conductivity in the lower mantle is likely lower than the lattice 

contribution, but may not be negligible for all phases. Radiation is unlikely to be the dominant 

mode of heat transport in the lower mantle, since the presence of minor impurities and scattering 

effects that were neglected in this study will tend to reduce radiative heat transport.  

Although previous estimates of the mantle radiative thermal conductivity spanned an 

order of magnitude, the uncertainty in krad implied by differing perovskite absorbance 

measurements from different groups is approximately a factor of 2-3. The remainder of the 

discrepancy in previous estimates is most likely due to differing model assumptions. Uncertainty 

in the absorption coefficient of lower mantle minerals is the largest source of uncertainty in the 

radiative thermal conductivity estimate. The magnitude of this uncertainty is difficult to quantify, 

since in addition to uncertainties in the optical absorbance measurements themselves, the effects 

of impurities, scattering, and temperature on absorbance are not well-quantified. The uncertainty 

in absorption coefficient could be reduced somewhat by additional high-pressure optical 

absorbance measurements, especially at high temperature. The effects of phase and iron content 
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on absorbance have been shown to be large. Therefore, phase configuration and iron distribution 

in the lower mantle are expected to have a significant effect on the local average thermal 

conductivity; this will be discussed further in Chapter 6. 
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5.7 Figures 

 

Figure 5-1. Temperature derivative of blackbody intensity, dIb,λ/dT, as a function of wavelength 
at 1500 K, 2500 K, 3500 K, and 4500 K. The dotted lines indicate the spectral range for which 
each curve is greater than or equal to 10% of the peak value. 
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Figure 5-2. Index of refraction n (blue) and temperature T (red) as a function of depth and 
pressure in the mantle. The temperature profile is the “hot” geotherm of Jeanloz and Morris 
[1986]. The index of refraction is based on the observed linear relationship between refractive 
index and density for silicate and oxide minerals [Anderson and Schreiber, 1965]. 
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Figure 5-3. Spectral absorption coefficients of (Mg,Fe)SiO3 perovskite with ~10 mol.% iron, 
measured at multiple lower mantle pressures by Goncharov et al. [2008] (spectra denoted with *) 
and Keppler et al. [2008] (denoted with +). 
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Figure 5-4. Absorption coefficient as a function of wavelength of (Mg1-x,Fex)O ferropericlase for 
several iron mole fractions x at upper and lower mantle pressures. Data for x = 0.15 are from 
Goncharov et al. [2009]; the others are from Goncharov et al. [2006]. 
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Figure 5-5. Estimated radiative thermal conductivity krad of (Mg,Fe)SiO3 perovskite and 
(Mg,Fe)O ferropericlase as a function of depth in the mantle. The profiles denoted with * were 
calculated using absorption coefficients from Goncharov et al. [2009] for ferropericlase with 15 
mol.% Fe, and Goncharov et al. [2008] for perovskite with 10 mol.% Fe. The profile denoted 
with + was calculated using the absorption coefficient for perovskite with 10 mol.% Fe from 
Keppler et al. [2008]. 
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Figure 5-6. Radiative thermal conductivity krad of perovskite as a function of temperature 
calculated using the spectral absorption coefficients shown in Figure 5-3 with constant index of 
refraction n = 2.0. The symbols + and * denote absorption coefficients taken from Keppler et al. 
[2008] and Goncharov et al. [2008], respectively. 
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Figure 5-7. Radiative thermal conductivity krad of (Mg1-x,Fex)O ferropericlase as a function of 
temperature calculated using the spectral absorption coefficients shown in Figure 5-3 from 
Goncharov et al. [2006, 2009] with constant index of refraction n = 2.0. 
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Figure 5-8. Radiative thermal conductivity krad for (Mg,Fe)SiO3 perovskite as a function of 
temperature calculated using constant index of refraction n equal to 1.8, 2.0, or 2.2. The 
absorption coefficient used in the calculation was measured at 50 GPa by Goncharov et al. 
[2008]. 
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6.1 Thermal conductivity of the lower mantle 

The results presented in Chapters 4 and 5 allow the phonon and photon contributions to 

heat conduction to be calculated for the major phases of the lower mantle at high pressure and 

high temperature. These results are summarized in Figure 6-1, which shows the lattice thermal 

conductivity (klat) and radiative thermal conductivity (krad) for (Mg,Fe)SiO3 perovskite ((Mg,Fe)-

Pv) and MgO as a function of depth in the mantle. Figure 6-1 illustrates several important points 

to consider when estimating the thermal conductivity of the bulk lower mantle. First, the 

radiation contribution to heat transport in (Mg,Fe)O is likely negligible. Second, the radiative 

thermal conductivity of (Mg,Fe)-Pv is lower than the lattice conductivity: krad is approximately 

one-third of klat near the base of the mantle. Since the estimate of krad computed here should be 

considered an upper bound (see Chapter 5), this implies that phonons are likely the dominant 

thermal carriers in the lower mantle; however, krad may not be negligible for (Mg,Fe)-Pv. Third, 

the thermal conductivity of the oxide is significantly larger than the perovskite. Because of this, 

the average thermal conductivity of the aggregate lower mantle is sensitive to the configuration 

of these phases. In this chapter, I combine the thermal conductivity results from Chapters 4 and 5 

to estimate an average thermal conductivity of the lower mantle, and analyze the sensitivity of 

the estimate to sources of uncertainty. I then apply my results to calculate the core-mantle 

boundary heat flow and discuss its consequences for the Earth’s heat budget and thermal 

evolution. 

6.1.1 Average thermal conductivity of the lower man tle 

Although the phase configuration in the lower mantle is unknown (and likely spatially 

heterogeneous), the effective thermal conductivity of the mixture will be bounded by Reuss and 

Voigt models for series and parallel combinations [Karato et al., 2000]. The upper bound is 
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calculated assuming the phases are layered parallel to the direction of heat flow, and the lower 

bound is calculated assuming the phases are layered perpendicular to the direction of heat flow 

(i.e., in series): 

 

 ��YYZ} � 11 � �2�Yw � ���q� , (6.1) 

 

and 

 

 
1����Z} � 11 � �2�Yw � ���q� , (6.2) 

 

where kupper is the upper bound (parallel model) for the aggregate thermal conductivity, klower is 

the lower bound (series), kpv is the thermal conductivity of (Mg,Fe)SiO3 perovskite, kmgo is the 

thermal conductivity of MgO, and f is the volume fraction of the oxide phase (~20%). These 

bounds are shown in Figure 6-2, along with an estimated average thermal conductivity for the 

lower mantle based on the Maxwell-Garnett approximation [Progelhof et al., 1976; Levy and 

Stroud, 1997]. The Maxwell-Garnett composite model is applicable to an aggregate in which the 

minor phase exists as random isotropic inclusions within the major phase, and since the actual 

phase configuration is unknown this represents a best estimate of the average lower mantle 

thermal conductivity: 

 

 �Z�� � �Yw 4��q�11 � 2�2 � �Yw12� � 22
�Yw12 � �2 � ��q�11 � �2 6, (6.3) 
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where keff is the effective thermal conductivity of the composite lower mantle. From Equation 

6.3, the estimated thermal conductivity at the base of the lower mantle (kcmb) is 5.9 W/m·K. The 

series and parallel bounds are 5.2 W/m·K and 7.3 W/m·K, respectively. These values were 

calculated assuming that the thermal conductivity of the perovskite includes lattice and radiative 

contributions, and the thermal conductivity of the oxide includes the lattice contribution only. 

Note that this estimate for kcmb is significantly smaller than the common previously assumed 

value of ~10 W/m·K [Lay et al., 2008]. 

6.1.2 Sources of uncertainty in the estimate of kcmb 

The kcmb estimate of 5.9 W/m·K was calculated assuming 80% (Mg,Fe)SiO3 perovskite 

and 20% MgO in the lowermost mantle, with the MgO distributed isotropically within the 

perovskite. The high-pressure, high-temperature lattice thermal conductivities of the individual 

phases were calculated using Equation 4.2 with results from Chapter 4 for the pressure 

dependence (parameter g) and temperature dependence (parameter m). Each of these parameters 

and assumptions has associated uncertainties. In this section I determine the sensitivity of the 

average lower mantle thermal conductivity estimate to these uncertainties by perturbing each 

parameter individually and recalculating kcmb. It should be noted that some of the parameters 

discussed below are not truly independent; however, treating them as such is useful in exploring 

the robustness of the kcmb estimate. The results of these calculations are summarized in Table 6-3. 

6.1.2.1 Material properties 

As expected, there are significant uncertainties in kcmb associated with uncertainties in the 

thermal conductivity of the individual minerals at the core-mantle boundary. Since (Mg,Fe)SiO3 

perovskite is expected to dominate the mixture, I will focus on the properties of (Mg,Fe)-Pv. 

There are three input parameters in Equation 4.2 used to extrapolate the thermal conductivity to 



166 
 

core-mantle boundary conditions: a reference thermal conductivity k0, a pressure-dependence 

parameter g, and a temperature dependence parameters m. As discussed in Section 4.3.2, the 

absolute value of the thermal conductivity of (Mg,Fe)SiO3 perovskite is uncertain even at low-

pressure conditions, contributing to the uncertainty in the extrapolation. I assumed a value of k0 = 

4.5 W/m·K for (Mg,Fe)-Pv at 26 GPa and 300 K, midway between the ab initio result of Tang et 

al. [2014] and the measurement of Manthilake et al. [2011]. If instead I use the results of Tang et 

al. [2014] and assume k0 = 3 W/m·K, the resulting kcmb = 4.9 W/m·K. With the higher value of k0 

= 6 W/m·K from Manthilake et al. [2011], the kcmb = 6.9 W/m·K. For the pressure dependence, a 

reasonable uncertainty in g is that reported in Section 4.3.2 based on the temperature variability 

in the laser heating measurements (g = 3.4 ± 0.8), although the true uncertainty could be higher 

as discussed in Section 4.3.2.4. The low end of this range of g-values results in an effective 

lower mantle thermal conductivity of kcmb = 5.4 W/m·K; at the high end, kcmb = 6.6 W/m·K. The 

uncertainty associated with the thermal conductivity temperature dependence is larger. As 

discussed in Section 4.3.2, it was not possible to precisely fit the thermal conductivity 

temperature dependence of the (Mg,Fe)-Pv samples and a value of m = 0.5 was assumed (though 

the value of m may be somewhat sample-dependent in any case). Manthilake et al. [2011] fit 

power-law temperature dependences to high-temperature thermal conductivity measurements for 

several perovskites at 26 GPa and found m = 0.43 for pure MgSiO3 and m = 0.20 for 

(Mg0.97,Fe0.03)SiO3. Tang et al. [2014] used an ab initio approach to compute the thermal 

conductivity of perovskites at high pressure and high temperature; power-law temperature 

dependences fit to their results yield m = 0.93 for pure MgSiO3 and m = 0.83 for 

(Mg0.88,Fe0.12)SiO3. A reasonable bound on the thermal conductivity temperature dependence of 
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the perovskite is therefore m = 0.5 ± 0.3. The resulting range in kcmb would be 4.2 W/m·K to 9.2 

W/m·K.  

6.1.2.2 Core-mantle boundary conditions 

In addition to the material properties, the poorly-known conditions at the core-mantle 

boundary contribute to uncertainty in the average thermal conductivity there. Important sources 

of uncertainty include the phase geometry, the phases present, the temperature, and the chemical 

composition (addressed in the next section). For a mixture of 80% (Mg,Fe)-Pv and 20% MgO, 

the phase configuration has precisely known bounds: the real lower mantle aggregate must lie 

between the series and parallel bounds described by Equations 6.1 and 6.2. As discussed in 

Section 6.1.1, these bounds imply a range in kcmb of 5.2 to 7.3 W/m·K. It is likely that additional 

minor phases are present in the lowermost mantle, but minor phases will probably have a smaller 

influence on the average thermal conductivity of the mantle aggregate than other effects 

discussed here. The most significant additional phase that may be present in the lowermost 

mantle is (Mg,Fe)SiO3 post-perovskite. MgSiO3 has been shown to transform to a post-

perovskite structure at pressure and temperature conditions near the core-mantle boundary, and 

the presence of significant amounts of post-perovskite may explain some of the seismic 

discontinuities observed there [e.g., Murakami et al., 2004; Hernlund et al., 2005]. The thermal 

conductivity of MgSiO3 post-perovskite is uncertain, but studies have suggested that it is 

approximately 50% higher than the perovskite [Ohta et al., 2012; Hunt et al., 2012; Ammann et 

al., 2014]. If all of the (Mg,Fe)SiO3 at the core-mantle boundary were in a post-perovskite 

structure with a lattice thermal conductivity 1.5 times higher than the perovskite, then kcmb = 7.4 

W/m·K. In calculating kcmb, I assumed that the temperature at the core-mantle boundary is Tcmb = 

3800 K, but this value is likely uncertain by ±500 K [Lay et al., 2008]. For a cooler core-mantle 
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boundary with Tcmb = 3300 K, the average thermal conductivity kcmb = 6.4 W/m·K assuming the 

change in temperature affects the lattice thermal conductivity alone. For Tcmb = 4300 K, then kcmb 

= 5.6 W/m·K. If the consequences of perturbing Tcmb were included for the radiative thermal 

conductivity, the total effect on kcmb would be smaller since increasing Tcmb increases krad while 

decreasing klat. 

6.1.2.3 Effect of Fe substitution in MgO 

It should be noted that the average thermal conductivity kcmb was calculated using the 

lattice thermal conductivity from Chapter 4 for pure MgO, whereas in the lower mantle the oxide 

phase is expected to contain significant amounts of iron, as well as other impurities. The 

presence of iron in (Mg,Fe)O has several consequences for the lattice thermal conductivity. (It 

also significantly retards radiative heat transport such that the radiative thermal conductivity can 

be neglected, as was done here.) First, the absolute value of the thermal conductivity is lowered. 

From the results of Manthilake et al. [2011], the thermal conductivity of (Mg0.95,Fe0.05)O was 

reduced by a factor of approximately two-thirds at 8 GPa compared with pure MgO. Second, the 

temperature dependence of the thermal conductivity is shallower. Manthilake et al. [2011] 

measured a power-law temperature dependence of m = 0.24 (Mg0.95,Fe0.05)O versus m = 0.76 for 

MgO. Third, the pressure increase in thermal conductivity is shallower. First-principles modeling 

results by Dalton et al. [2013] showed a reduction in the pressure dependence from g ~ 5 to g ~ 3 

for MgO with mass disorder. These three effects have similarly been observed for (Mg,Fe)SiO3 

perovskite [Manthilake et al., 2011; Tang et al., 2014]. To test these effects on the estimate of 

kcmb, I computed an alternate thermal conductivity profile for (Mg,Fe)O in the lower mantle 

using g = 3.4 and m = 0.5, and with k0 one-third that of pure MgO. A comparison of the MgO 

and (Mg,Fe)O thermal conductivity profiles is shown in Figure 6-3. Because the reduced values 
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of g and m have offsetting effects as pressure and temperature are increased, the reduction in the 

thermal conductivity of (Mg,Fe)O compared with MgO is smaller at core-mantle boundary 

conditions than at ambient conditions. At the core-mantle boundary pressure and temperature, 

the thermal conductivity of pure MgO is estimated to be 19.0 W/m·K, whereas the thermal 

conductivity of (Mg,Fe)O is estimated to be 13.2 W/m·K (approximately a 30% reduction). 

Because the oxide is a minor phase, the effect on the bulk thermal conductivity of the lower 

mantle is modest: kcmb is reduced from 5.9 W/m·K to 5.5 W/m·K. 

6.2 Application to core-mantle boundary heat flow 

The heat flux across the core-mantle boundary can be calculated using Fourier’s law:  

 

 qcmb = -kcmb∇T, (6.4) 

 

where qcmb is the core-mantle boundary heat flux, kcmb is the thermal conductivity at the base of 

the mantle, and ∇T is the thermal gradient in the lower mantle boundary layer. In this section I 

use the average kcmb from Section 6.1 along with estimates for the temperature gradient at the 

core-mantle boundary to calculate the average heat flux and total heat flow across the core-

mantle boundary. I also discuss the degree of heterogeneity that may be present in the core-

mantle boundary heat flux due to spatial variations in lower mantle properties. 

6.2.1 Total core-mantle boundary heat flow 

The total core-mantle boundary heat flow can be estimated by integrating an average heat 

flux calculated using the average thermal conductivity and temperature gradient. The 

temperature gradient near the base of the mantle is poorly known, but there are several methods 

that can be used to estimate it. A commonly used first-order approach is to compute the thermal 
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gradient as the average temperature drop across the core-mantle boundary divided by the average 

thickness of the conductive layer. It should be noted that the appropriate ∇T to use in calculating 

qcmb with Equation 6.4 is the temperature gradient at the base of the thermal boundary layer, 

which is not necessarily the same as the average thermal gradient in the layer. However, the 

average thermal gradient provides a reasonable first-order estimate of a poorly known quantity 

and is consistent with estimates of the basal thermal gradient from other methods. Deep mantle 

seismic observations imply a lower mantle thermal boundary layer with an average thickness of 

150-200 km [Lay et al., 2008; Wu et al., 2011; Hunt et al., 2012]. Recent estimates for the 

temperature drop across the boundary layer are roughly 1000-1400 K [Lay et al., 2008; Wu et al., 

2011; Anzellini et al., 2013; Nomura et al., 2014], yielding a average thermal gradient between 

5.0 K/km and 9.3 K/km. A more sophisticated approach to estimating the thermal gradient in the 

lowermost mantle is to use boundary layer modeling. Wu et al. [2011] constructed statistical 

boundary layer models for the lowermost mantle and found that the group of models best fitting 

the seismic constraints had average thermal gradients of 8.5 ± 2.0 K/km. Finally, the thermal 

gradient near the base of the mantle can be determined directly if a pair of seismic discontinuities 

observed in some regions is interpreted as a double-crossing of the perovskite/post-perovskite 

phase boundary [Hernlund et al., 2005; Lay et al., 2008]. Estimates of the thermal gradient 

determined using this method range from approximately 6-11 K/km, with significant 

uncertainties due to the poorly known Clapeyron slope of the phase transition [Hernlund et al., 

2005; Lay et al., 2008]. Using the average thermal conductivity at the core-mantle boundary 

from Section 6.1.1 of kcmb = 5.9 W/m·K with thermal gradients of ∇T = 8.0 ± 3.0 K/km gives an 

average heat flux estimate of 47.2 ± 17.7 mW/m2 and a total core-mantle boundary heat flow of 

7.2 ± 2.7 TW. Note that this is at the lower end of previously assumed values of 5-15 TW [Lay et 
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al., 2008] and lower than many recent estimates based on new high values of the outer core 

thermal conductivity [e.g., Pozzo et al., 2012].  

6.2.2 Heterogeneity in the core-mantle boundary hea t flux 

There are significant spatial heterogeneities in seismic observations of the lowermost 

mantle, which have been interpreted as lateral variations in chemical composition, phase, and 

temperature near the core-mantle boundary [e.g., Garnero and McNamara, 2008; Hernlund et 

al., 2005]. The core-mantle boundary heat flux is therefore also expected to be spatially 

heterogeneous, with significant implications for mantle and core convection patterns and the 

geomagnetic field [e.g., Glatzmeier et al., 1999; Matyska and Yuen, 2006; Naliboff and Kellogg, 

2006; Biggin et al., 2012; Ammann et al., 2014]. Based on the analyses discussed in Section 

6.1.2 and the results compiled in Table 6-3, the factors with the largest potential to drive local 

thermal conductivity variations near the core-mantle boundary are (1) spatial variations in the 

phase concentrations or local layering of phases, (2) the presence of regions with high 

concentrations of post-perovskite, and (3) local temperature variations. Although variations in 

mineral chemistry also affect the thermal conductivity, the impurity effect is reduced at high 

temperature and pressure as illustrated in Figure 6-3. From Table 6-3, phase heterogeneities in 

the lowermost mantle imply variations in kcmb (and therefore qcmb) of up to 25% relative to the 

mean. However, local variations in the thermal gradient have a larger potential to drive 

heterogeneity in the CMB heat flux compared with thermal conductivity variations. Plausible 

temperature anomalies in the lowermost mantle are ±500 K [Ammann et al., 2014]. Although 

these imply relatively modest variations in kcmb, temperature anomalies could have a significant 

effect (up to 75% relative to the mean) on the local temperature gradient and qcmb. Similarly, 
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spatial variations in the boundary layer thickness also have the potential to significantly alter the 

local core-mantle boundary heat flux.  

6.3 Implications for Earth’s thermal history and he at budget 

The estimate of 5.9 W/m·K for the average thermal conductivity at the base of the lower 

mantle is lower than the commonly assumed value of 10 W/m·K; the estimate of 7.2 TW for the 

total core-mantle boundary heat flow is similarly at the low end of the range of recent estimates. 

In this section I briefly discuss the implications of this result for our understanding of the Earth’s 

present-day heat budget and for thermal history models of the core and mantle.  

The total heat flow at the Earth’s surface has been determined to be 46 TW using global 

borehole measurements corrected with hydrothermal circulation models for the oceanic crust 

[Pollack et al., 1993; Turcotte and Schubert, 2002; Lay et al., 2008]. Radiogenic heating in the 

crust accounts for 6-8 TW [Lay et al., 2008], with the remainder of the surface heat flow due to 

core and mantle cooling and mantle radiogenic heat production. Recent estimates of the mantle 

radiogenic heat production are around 20 TW [The KamLAND Collaboration, 2011], although 

the ratio of mantle heat production to heat flow from secular cooling is a source of significant 

debate in the geochemistry and geophysics communities [e.g., Korenaga, 2008]. Constraints on 

the components of the Earth’s heat budget provide bounds for the others; thus new estimates of 

the core-mantle boundary heat flow have consequences for the mantle heat budget. A low core-

mantle boundary heat flow means that the basal heating component of the total mantle heat 

budget is reduced. This tends to favor mantle models that include additional radioactive heat 

sources in the lower mantle [Lay et al., 2008]. 

Due to the large uncertainties in many core and mantle physical properties, thermal history 

calculations are typically done via one-dimensional parameterized convection models [e.g., 
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Turcotte and Schubert, 2002]. These models can be used to calculate core and mantle 

temperatures in the early Earth from the present-day temperature, heat flow, and heat production 

rates. A low present-day CMB heat flow means that the present-day cooling rate of the core is 

slow. This implies the formation of an inner core early in Earth’s history (> 3 Gyr), whereas high 

core heat flows imply the inner core is geologically young (< 1 Gyr) [Labrosse et al., 2001; Lay 

et al., 2008]. Since it is more efficient to drive the geodynamo via compositional convection 

while the inner core forms, a lower present-day CMB heat flow reduces the need for an early 

geodynamo driven entirely by thermal convection [Labrosse et al., 2001; Buffett, 2002, 2003].  

6.4 Summary and future work 

In this dissertation, I presented measurements of the pressure dependence of thermal 

conductivity for lower mantle minerals based on temperature measurements taken during laser 

heating in the diamond anvil cell combined with 3-D numerical modeling. I used these results to 

calculate an updated thermal conductivity for the lower mantle including the effect of radiative 

heat transfer. In support of the measurements, with collaborators I developed, tested, and 

characterized a new numerical model for heat conduction in the LHDAC and a new method for 

temperature measurement in the diamond anvil cell. In applying my results to the core-mantle 

boundary I determined that the average thermal conductivity of the lowermost mantle and the 

total core-mantle boundary heat flow are lower than recently assumed values. Although there are 

significant uncertainties in these estimates as discussed in Sections 6.1 and 6.2, even when 

accounting for these the conclusion of a thermally insulating lower mantle and slowly cooling 

core is robust and favors a particular set of Earth core and mantle thermal models. 

The technique presented here for measuring relative thermal conductivity in the LHDAC 

has significant potential for yielding precise results for the high-pressure, high-temperature 
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thermal conductivity of materials. Per the discussion in Chapter 4, there are some significant 

uncertainties in the values determined here that could be alleviated in the design of future 

experiments. The most significant of these are the temperature stability during laser heating, and 

the uncertainty in the insulation layer thickness in the sample chamber. The temperature stability 

during laser heating is unfortunately somewhat sample-dependent, but it can be improved 

through increased mechanical stability of the laser heating system and the use of double-sided 

heating with high-quality fiber lasers with very stable power output [e.g., Meng et al., 2006]. It 

was not possible to measure the insulation layer thickness using the equipment present at the 

Advanced Light Source where I made my measurements, but spectral measurements of 

interference fringes have previously been used to measure sample thickness in the diamond anvil 

cell [Konopkova et al., 2011; Goncharov et al., 2012] and this technique could be applied to 

future experiments. Alternatively, samples with known geometry could be engineered using 

microfabrication techniques [Pigott et al., 2011]. 
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6.5 Tables 

Table 6-3. Range in estimated thermal conductivity at the base of the lower mantle (kcmb) 
associated with particular sources of uncertainty.  

Source of Uncertainty Range in Parameter Low kcmb (W/m·K) High kcmb (W/m·K) 

Temperature dependence of 
(Mg,Fe)SiO3 thermal 
conductivity (Eqn. 4.2) 

m = 0.5 ± 0.3 4.2 9.2 

Phase configuration 
Series/parallel bounds 
(Equations 6.1-6.2) 

5.2 7.3 

Thermal conductivity of 
(Mg,Fe)SiO3 perovskite at 
26 GPa and 300 K 

k0 = 4.5 ± 1.5 W/m·K 4.9 6.9 

Presence of (Mg,Fe)SiO3 
post-perovskite 

0 – 100% 5.9 7.4 

Pressure dependence of 
(Mg,Fe)SiO3 thermal 
conductivity (Eqn. 4.2) 

g = 3.4 ± 0.8 5.4 6.6 

Temperature at core-mantle 
boundary 

3800 ± 500 K 5.6 6.4 
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6.6 Figures 

 

Figure 6-1. Profiles of lattice thermal conductivity (klat) and radiative thermal conductivity (krad) 
as a function of depth in the lower mantle calculated using the results presented in Chapter 4 and 
Chapter 5. The lower mantle pressure-temperature profile of Jeanloz and Morris [1986] was 
used. The absorption spectra used to calculate krad for (Mg,Fe)SiO3 perovskite were taken from 
Goncharov et al. [2008] 
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Figure 6-2. Effective thermal conductivity as a function of depth in the lower mantle. The red 
line represents the Maxwell-Garnett composite model for a mixture of 80% (Mg,Fe)SiO3 
perovskite and 20% MgO calculated using the thermal conductivity profiles shown in Figure 6-1. 
The gray dashed lines represent parallel (upper) and series (lower) combinations of the same 
mixture. The pressure-temperature profile in the lower mantle was taken from Jeanloz and 
Morris [1986]. 
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Figure 6-3. The left plot shows the thermal conductivity calculated as a function of temperature 
at 0 GPa and 50 GPa for pure MgO and (Mg,Fe)O. The right plot shows the thermal conductivity 
of MgO and (Mg,Fe)O calculated as a function of depth in the lower mantle using the pressure-
temperature profile of Jeanloz and Morris [1986]. 
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