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Abstract The thermal conductivity of bridgmanite, the primary constituent of the Earth's lower mantle, has
been investigated using diamond anvil cells at pressures up to 85 GPa and temperatures up to 3,100 K. We report
the results of time-domain optical laser flash heating and X-ray Free Electron Laser heating experiments from a
variety of bridgmanite samples with different Al and Fe contents. The results demonstrate that Fe or Fe,Al
incorporation in bridgmanite reduces thermal conductivity by about 50% in comparison to end-member MgSiO5
at the pressure-temperature conditions of Earth's lower mantle. The effect of temperature on the thermal
conductivity at 28-60 GPa is moderate, well described as k = k35y(300/T)", where a is 0.2-0.5. The results
yield thermal conductivity of 7.5-15 W/(m X K) in the thermal boundary layer of the lowermost mantle
composed of Fe,Al-bearing bridgmanite.

Plain Language Summary Heat transport from the Earth's core and mantle to the surface drives plate
tectonics and is crucial for sustaining the magnetic field which shields the surface from the solar wind. To
quantify the heat transport process across the core-mantle boundary layer, it is important to know thermal
conductivity of major constituent minerals of the lower mantle in the region. Bridgmanite, which was called
silicate perovskite, is the most abundant mineral in the lower mantle. Here we measured thermal conductivity on
lab-grown bridgmanite with different Fe and Al compositions compressed at the tips of two opposing diamonds
to reproduce relevant pressures in the mantle. To obtain thermal conductivity, we applied optical and X-ray Free
Electron Lasers combined with optical spectroscopy and X-ray diffraction to heat and measure time-dependent
temperature distributions of the sample. Our study provides relevant high pressure-temperature data sets to
better constrain the heat flux across the core-mantle boundary.

1. Introduction

Bridgmanite (Bgm) is the most abundant mineral in Earth's lower mantle, comprising upwards of 85% of a
pyrolitic lower mantle composition by volume (Mattern et al., 2005). As a result, the thermal conductivity of
bridgmanite is the primary control of heat conduction in the bulk lower mantle, while the existence of post-
perovskite (Murakami et al., 2004) in the base of the mantle plays a significant role in the heat flux across the
core-mantle thermal boundary layer. These in turn substantially influence the thermal evolution and dynamics of
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the lower mantle temperature from mineral physics and thermodynamic modeling (Garnero & McNamara, 2008;
Lay et al., 2008; Tosi et al., 2010). However, the thermal conductivity of Bgm remains poorly understood at the
relevant high pressure-temperature conditions of the lower mantle. The results of theoretical calculations using
classical and quantum-mechanical methods vary by more than an order of magnitude (from 1 to 14 W/(m*K))
depending on the approach (Ammann et al., 2014; Dekura et al., 2013; Dekura & Tsuchiya, 2019; Ghaderi
et al., 2017; Haigis et al., 2012; Stackhouse et al., 2015; Tang et al., 2014; Zhang & Wentzcovitch, 2021). As an
additional complication, the major mantle minerals are solid solutions (with various amounts of cations such as
Fe, Mg, Al) and have cation disorder, which greatly affects their thermal conductivities (Ohta et al., 2017). This
effect has been theoretically estimated in the case of isotopic substitution (Tang & Dong, 2010) but has not been
examined thoroughly for large cation disorder in mantle crystals. Experimental investigations of Bgm are scarce
and the results are scattered across different compositions (e.g., Fe free) (Hsieh et al., 2017; Ohta et al., 2012), and
large discrepancies persist over the effect of composition on the thermal conductivity of bridgmanite (Hsieh
etal., 2017; Okuda et al., 2017). In addition, thermal conductivity has been reported to depend on the spin state of
Fe** ion in Fe,Al-bearing crystals (Okuda et al., 2019). Importantly, the lower mantle is subject to high P-T
conditions, but the effect of temperature on the thermal conductivity of lower mantle minerals is poorly under-
stood, especially in the case of mixed mantle minerals. The thermal conductivity of candidate mantle minerals
typically occurs through phonon scattering mechanisms (Roufosse & Klemens, 1974). However, it is expected to
be slower due to a substantial phonon-defect scattering component (Klemens, 1960) in contrast to pure minerals,
where one can expect a common phonon-phonon controlled 1/T dependence at high temperatures (Roufosse &
Klemens, 1974). As important as it sounds, the temperature effect remains the least explored experimental
parameter in our understanding of heat transport in the mantle. This scientific question is a result of our current
technical difficulties as combining accurate (e.g., time domain thermoreflectance, TDTR) thermal conductivity
measurements with controllable heating to 1,000 s of degrees kelvin is challenging (Hasegawa et al., 2019).
Thermal conductivity of Bgm with several Fe and Al composition has been investigated in a large volume press at
26 GPaup to 1,100 K (Manthilake et al., 2011). It was found that thermal conductivity decreases with T following
a power law relation with Fe and Fe,Al-bearing Bgm having weaker T dependencies. However, these
temperature-scaling relationships are empirical and have not been tested at the direct conditions of the mantle
geotherm at approximately 1,800-2,800 K range.

In the present study, the thermal conductivities of end-member MgSiO;, Fe-bearing MgSiO; and Fe,Al-bearing
MgSiO; are presented from experiments using conventional flash heating at Carnegie Institution for Science
(Beck et al., 2007; Kondpkova et al., 2016) and a novel X-ray heating method developed at the European X-ray
Free Electron Laser (Frost et al., 2024; Liermann et al., 2021; Meza-Galvez et al., 2020). We use these methods to
place new constraints on the effect of temperature and composition on the thermal conductivity of Bgm at the
conditions of Earth's lower mantle. Our work also encompasses experiments on starting materials with varying
crystallinity, showing that poorly crystallized samples exhibit substantially lower thermal conductivity values
than well-crystallized counterparts.

2. Materials and Methods

The powdered samples of Bgm for XFEL experiments have been synthesized in the DAC by X-ray and infrared-
laser heating of enstatite glass with three Fe-Al composition (Table S1 in Supporting Information S1) at a nominal
starting pressure of 35—40 GPa, where crystallization of the samples occurred above 1,800 K. No transmitting
medium has been used in the high-pressure chamber. Thin Ir foil sandwiched between slabs of the same glass (in
few experiments) was initially intended to be used as a coupler of XFEL and/or infrared laser radiation (Figure S1
in Supporting Information S1); however, all the XFEL experiments reported here involved heating and probing
the sample areas free of Ir foil. The densification of the starting enstatite glass typically led to a drop in pressure of
about 3-5 GPa. Laser heating of Fe and Fe,Al bearing samples was performed using a 1,064 nm YLF fiber laser
(IPG Photonics) at the Earth & Planets Laboratory, Carnegie Institution for Science (Washington, DC). The
crystal structure and composition of the synthesized materials have been probed at GSECARS of the Advanced
Photon Source (Prakapenka et al., 2008), PETRA III (Liermann et al., 2015), and the European XFEL (EuXFEL)
using in situ synchrotron XRD (Figures S2 and S3 in Supporting Information S1).

Single-crystal Bgm samples with 12 mol% Fe and 11 mol% Al (run 5k2179 (Lin et al., 2016)) and 7 mol% Fe (run
5k2174 (Okuchi et al., 2015)) for in-house laser flash experiments were synthesized at 24 GPa and 1,650-1,760°C
in a Kawai-type multianvil apparatus (Okuchi et al., 2015); the crystals were the same ones as those used in the
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previous TDTR study (Hsieh et al., 2017). A number of selected crystals were double-side polished down to 5—
8 pm thickness using 3M diamond films. Thin (<300 nm) Ir layers were used as laser energy transducers and have
been prepared by pressing between 2 diamond anvils or physical vapor deposition on a glass substrate; these were
then positioned on both sides of the sample and the entire sandwich loaded into a DAC cavity with KCI thermal
insulation layers between the sandwich and the tips of the diamond anvils.

The symmetric DACs (HIBEF design) for the EuXFEL experiments have been equipped with diamond anvils of
200- and 300-pm culet diameters. One anvil was of standard design mounted on a polycrystalline cubic BN seat;
this one was positioned upstream, from which X-ray pulses were delivered. The second anvil of Boehler-Almax
design was mounted on a seat with a 60° conical support (Boehler & De Hantsetters, 2004). This geometry
provides a larger reciprocal space coverage in XRD experiments using 17.8 keV photons (up to Q = 5.2 A,
which is critical to better identify and characterize crystallographic changes. The symmetric DACs for in-house
laser flash heating experiments were also equipped with diamond anvils with 200- and 300-pm culet diameters
mounted on standard tungsten carbide seats.

The XFEL experiments presented here are based on the ability to volumetrically heat low-Z materials by a train of
X-ray pulses absorbed by the material (Liermann et al., 2021). The deposited heat sequentially increases the
temperature of the bulk of the sample because most of the accumulated heat cannot escape the system between the
pulses as the pulse repetition rate is faster than heat transport. Eventually, a steady state is reached; thus, the
thermal conductivity of the material is determined by how fast the system reaches the steady state.

The experiments have been performed at the High-Energy Density (HED) Instrument of the EuXFEL in Sche-
nefeld during the 3,160 User Beamtime in September 2022 (Sanchez-Valle, 2022). The repetition rate was set to
4.54 MHz (2.27 MHz in selected experiments); the pulse train contained 200 pulses every 220 or 440 ns resulting
in a train duration of 44 or 88 ps, respectively. The X-ray pulse intensity was tuned via absorption filters. The
pulse energies with the same train have been usually balanced within <20% deviation. The energies are recorded
per pulse using a variety of photodetectors (Liermann et al., 2021) and introduced to finite element (FE) modeling
using polynomial fits of temporal variation of raw tabular data. The X-ray beam was focused with a set of
Compound Refractive Lenses (CRLs) down to approximately 5 pm in diameter (FWHM) at the sample position,
determined from damage imprints measured in freestanding foils. X-ray diffraction is recorded using the high-
speed position sensitive Adaptive Gain Integrating Pixel Detector (AGIPD) (Frost et al., 2024), which can re-
cord a sequence of individual XRD patterns corresponding to each X-ray pulse in the train.

The X-ray heating in the 10-30 pm thick high-pressure cavity occurs due to a volumetric absorption of very short
(<30 fs long) X-ray pulses as described above. The X-ray absorption length of Fe-free Bgm is about 500 pm at
17.8 keV, so the sample, which is much smaller in thickness, absorbs almost uniformly along the X-ray pathway.
FE model calculations (Jaisle et al., 2023; Meza-Galvez et al., 2020; Montoya & Goncharov, 2012) (Figures S4
and S5 in Supporting Information S1) have been used to determine the time dependent temperature maps of the
high-pressure cavity. The sample temperature has been also measured concomitantly with one-sided streak op-
tical pyrometry (SOP) (Ball et al., 2023; Kondpkova et al., 2016), which employs measurements of the time
dependent thermal emission spectra using an optical spectrometer coupled to a streak camera. Because the sample
is not a strong absorber in the visible to near infrared spectral range (Lobanov et al., 2020), these measurements
detect the highest temperature of the sample near the center of the high-pressure cavity. Only temperatures above
2,500 K could be measured because the sample emission is low and due to the strong temperature dependence of
the thermal radiation (~T*) and a short accumulation time. These measurements can only determine the highest
sample temperature at each time. However, rather accurate estimation of the sample temperature variation is
needed to determine thermal conductivity; thus, we adopted measurements of the volume thermal expansion as a
probe of the time dependent temperature, based on fits of Bgm volume over the duration of the X-ray pulse train.
For select temperature series, serial Le Bail refinements of the whole diffraction pattern have been made including
>11 resolvable peaks (Figure S3 in Supporting Information S1) and for the remainder of the data set, pseudo-
Voigt profiles have been fit to the main (112) reflection of bridgmanite and converted to volume with the
assumed unit cell angles. The unit cell geometry is determined by a Le Bail refinement of the first diffraction
pattern of the series. It has been reported that Bgm cell geometry is primarily a function of pressure and
composition, not temperature (Wolf et al., 2015). In cases where Le Bail refinements and peak fitting have been
used independently on the same data set, the differences in volume are negligible (Figure S6 in Supporting
Information S1).
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Figure 1. Heating history in the EuXFEL proposal 3,160, run 262, experiment HIBEF 24. Open circles are experimental data.
The temperatures are determined using the volume thermal expansion determined in XRD XFEL experiments based on
theoretical equation of state and an assumption of 30% of isochoric thermal pressure (Dewaele et al., 1998; Goncharov

et al., 2007). The data (circles) are compared to FE calculation in the cavity center (lines) in an assumption of T independent
thermal conductivity (a) and T dependent thermal conductivity (b). The inset in (b) shows the model temperature
dependencies of thermal conductivity, which were used in FE calculations.

SOP measurements (Figure S7 in Supporting Information S1) were used to validate the temperatures calculated
from the thermal expansion model, which will be presented below. The results were consistent within the un-
certainties (Figure S8 in Supporting Information S1). Nominal pressures at room temperature have been measured
using the spectral position of the Raman peak of the stressed diamond (Akahama & Kawamura, 2006) prior to
EuXFEL experiment; these results were consistent with the XRD densities determined at EuXFEL based on
experiments and theory of Ref. (Tange et al., 2012).

On the short timescales of individual X-ray pulses (<30 fs), heating is isochoric in the tamped diamond anvil
high-pressure cavity. However, during the time interval between the pulses (220-440 ns), there is a relaxation of
local thermal pressure, creating a released state via stress waves. Thermal expansion of the heated sample thus
occurs prior to the arrival of the next X-ray pulse. The degree of thermal expansion, corrected for any residual
thermal pressure resulting from the tamping by the diamond anvils of the high-pressure cavity, determines the
temperature via the known high pressure-temperature equation of state. The material state probed by the X-ray
pulses likely experiences pressure-temperature (P-T) and stress conditions similar to those in laser heated
DAC, which are intermediate to isochoric and isobaric regimes (Meza-Galvez et al., 2020). Previous studies
found that P-T conditions in such regimes are well described by assuming that the thermal pressure constitutes
30% of the maximal thermodynamic isochoric pressure P,;,~0.3aK;AT, where a and K; are the thermal
expansivity and isothermal bulk modulus, and AT is the temperature change due to the heating (Dewaele
et al., 1998; Goncharov et al., 2007). Temperature in these experiments was determined employing density (p), a,
and K from theoretical calculations (Tange et al., 2012) correcting the density for the atomic substitutions by Fe
and Al (Table S1 in Supporting Information S1). Our 2D FE models were fitted to the experimental temperature
dependence by refining thermal conductivity. We used the results of the theoretical work (Tange et al., 2012) to
calculate the temperature dependent heat capacity cp and density along the heating P-T pathway required for the
models. The sample thickness was estimated using optical interferometry and the experimental refractive index of
Bgm scaled to high pressure using the Gladstone-Dale relation (Lobanov et al., 2020). The X-ray absorption
coefficient was estimated using the tabulated data (Henke et al., 1993). All parameters including sample thick-
ness, heat capacity, thermal conductivity and assumed EOS, as well as model setup such as thermal pressure
approximation and pulse energy variance inclusion, were all tested during modeling to check sensitivity and the
effects of the associated uncertainties. We present the parameters of our FE calculations in Table S2 in Supporting
Information S1. We performed these calculations with a range of thermal conductivity values and temperature
dependences. For each of these calculations, we adjusted the total EuXFEL train energy to find the best match
with the experiment thus treating it as a free parameter, with the power on target in the range of 50%—100% of that
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Time (us) measured entering the beamline, consistent with contemporaneous perfor-
0 4 8 12 16 mance data for the facility.

2200 L L — .

Fe bearing Bridgmanite 55 GPa | The laser flash heating method used for the single-crystal bridgmanite ex-
k=8 Wim*K L 1750 periments has been described in the previous publications (Geballe

2000

Temperature (K)

1800 -

et al., 2020; Kondpkova et al., 2016; McWilliams et al., 2015). Unlike pre-
vious works, the laser pulses creating the heat wave across the sample have
been additionally shaped by a Pockels cell producing nearly rectangular pulse
shape; this lifts ambiguity in the pulse laser shape and improves the pulse
sequence stability. The values of thermal conductivity have been extracted

Temperature (K)

from finite element calculations (Montoya & Goncharov, 2012), where the
geometrical parameters of the samples, laser spot diameter are experimentally
determined, density and heat capacity are taken from the literature (Tange
et al., 2012), while the thermal conductivity and the laser energies are

considered as fitting parameters (Table S3 in Supporting Information S1).

Time (us)

3. Results and Discussion

Figure 2. Heating histories in in-house laser flash heating experiment in Fe

bearing bridgmanite at 55 GPa. Open circles (pink and cyan symbols An example of the heating history in one of the experimental XFEL runs is
correspond to the pulsed heated and the opposite sample sides, respectively) shown in Figure 1. The temperatures have been determined based on the
are the experimentally determined radiative temperatures. The solid lines are experimental Bgm unit cell volumes (Figure S6 in Supporting Information S1),

the fits using best FE calculations (Geballe et al., 2020; Kondpkova
etal., 2016; Montoya & Goncharov, 2012). The parameters used in the fit are
presented in the Table S3 in Supporting Information S1. The model includes

using the thermal equation of state (Tange et al., 2012) applied along the
heating P-T pathway experiencing thermal pressure P,, as described above.

about 2% ballistic heating from the opposite sample side due to imperfection Our FE calculations fit well the experiment assuming that thermal conductivity
of the polarization optics. The first kink upon the temperature rise from the is moderately temperature dependent or even constant (Figure 1, Figures S9—
pulsed side, which is not reproduced by the model, is due to streak camera S11 in Supporting Information S1). Following the approach used for the ex-

collection imperfections in the vicinity of a strong thermal radiation peak.
Please note a change in scale for the temperatures from the pulsed and the
opposite sites of the sample.

periments in a large volume press at 26 GPa up to 1,000 K (Manthilake
etal.,2011), we approximated thermal conductivity of Bgm with the following
relation:

kr = k300(300/T)", )

where k7 and k3 are the T dependent thermal conductivity and thermal conductivity at 300 K, respectively, and
a =0.2-0.43 is a parameter determined for Bgm with each given Fe and Al composition. However, our data are
insufficient to accurately determine a; indeed, FE calculations with a = 0.2 £ 0.23 fit well the data (Figure 1). We
find that for the best data sets, if fitted with a constant &, the thermal conductivity value corresponds to the values
in the high temperature part of the k(T") dependence, where this dependence is moderate (Figure 1b). Therefore, in
the cases where we fitted the data with a T independent k, the best fitted value was treated as that determined at
high T.

The best fitted results assuming temperature-dependent k following Equation 1 are shown in Figures S9-S11 in
Supporting Information S1, and Table S2 of Supplementary Materials shows the parameters used in the fitting
procedure. The errors in the values of the extracted thermal conductivities have been estimated based on cal-
culations with a range of temperature independent k£ and through a comparison of the corresponding temperature
histories with the experimental data (Figure 1 and Figures S9-S11 in Supporting Information S1). The error bars
are typically within 15% of the value of thermal conductivity at high temperatures, which is comparable to other
techniques. The error bars for the thermal conductivity values at 300 K are larger as these are inferred through the
temperature dependence of thermal conductivity, which has a large uncertainty in our experiments as discussed
above.

The data of the in-house laser flash heating experiments are shown in Figure 2 and Figure S12 in Supporting
Information S1. In these experiments the sample is preheated to approximately 1,800 K and thermal conductivity
measurements were conducted at this temperature and slightly higher temperatures. Thus, the temperature
dependence of thermal conductivity is not captured and only its value at high temperatures (typically 1,700—
2,400 K) is measured (Table S3 in Supporting Information S1). The temperature modulation on the heated side of
the sample was set to 200-300 K; due to a small thermal conductivity of bridgmanite, the temperature variation on
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Figure 3. Thermal conductivity of Fe-free (a) Fe,Al and Fe-bearing (b) Bgm as a function of pressure at high temperatures and room temperature. Symbols correspond to
the results of this work determined in XFEL and in-house laser flash experiments. Semi-filled symbols correspond to XFEL experiments where Bgm samples were
crystallized in the XFEL beam, while open and filled squares correspond to the experiments where Bgm was crystallized by laser heating. Various lines correspond to
previously reported experiments (Hsieh et al., 2017; Ohta et al., 2012) at 300 K and at 300 and 2,100 K deduced from the model presented in Ref. (Manthilake

et al., 2011).

the opposite side is about 10-20 K and this temperature peak is delayed by several microseconds. This allows us
to constrain the thermal resistance of the Ir-Bgm-Ir sandwich in the finite-element models. The value of thermal
conductivity of the Ir heat/radiation transducers from both sides of the sample is difficult to determine as it does
not clearly correlate with any feature in the observations; thus, thermal conductivity of Ir was assumed to be close
to that at ambient pressure.

Figure 3 presents the thermal conductivity values as a function of pressure determined for Fe,Al-free (a) and Fe,Al
and Fe-bearing Bgm (b) at high (1,750-3,100 K) and room temperatures. The data determined by different
techniques (XFEL vs. flash heating) are generally consistent even though the values are somewhat scattered. It is
important to note that XFEL thermal conductivity values presented here for Fe and Fe,Al bearing Bgm are from
measurements carried out on material that was pre-crystallized offline using continuous laser heating. This results
in more extensive grain growth in the heated spot, as well as producing a larger crystallized area thanks to the use
of a laser-heating system with larger beam dimensions than that of the XFEL X-ray beam (~10 vs. ~3 pm), as
well as different heating timescales (minutes vs. 10 s of microseconds). This is visually corroborated by the
relative sizes of crystallized areas produced by XFEL and LH heating (Figure S1 in Supporting Information S1).
Some experiments have been carried out on the same samples, at the same pressures, where Bgm has been
crystallized directly in the XFEL X-ray beam. In this case, the thermal conductivity value is always systematically
lower (Table S2 in Supporting Information S1), with smaller temperature dependence, likely reflecting the
significant influence of grain size effects or residual glass on the effective thermal conductivity of the probed
sample region. This highlights the need to have well-crystallized, annealed starting materials to produce accurate
thermal conductivity values in these novel experiments.

The values of thermal conductivity are approximately two times larger for Fe,Al- free bridgmanite compared to
Fe,Al and Fe bearing Bgm. The results for MgSiO; are in a good agreement with theoretical calculations of Refs.
(Dekura & Tsuchiya, 2019; Ghaderi et al., 2017; Zhang & Wentzcovitch, 2021). This result is also in good
agreement with previous multi-anvil studies (Manthilake et al., 2011), but it is at odds with more recent DAC
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Bepth {lam) TDTR measurements (Hsieh et al., 2017), which show very similar values for

581 1457 1871 2250 2625 2891 all Fe, Al compositions below 44 GPa. Our values of thermal conductivity at

e 1 1 1 1 1 300 K are larger than those of Ref. (Hsieh et al., 2017) for Fe-free Bgm, but

-
o
1

Thermal Conductivity (W/m*K)
o

Fe,Al and Fe Bridgmanite

are smaller for Fe and Fe,Al- bearing Bgm. Our data at 300 K for MgSiO; are
also in odd with the 2 ns TDTR measurements of Ref. (Ohta et al., 2012).
These discrepancies with previous TDTR measurements (Hsieh et al., 2017,
Ohta et al., 2012) are curious, given that the same batch of Bgm crystals were
used in our study at high P-T conditions and in a previous TDTR study at high
P and room T (Hsieh et al., 2017). One explanation (which cannot account for
all discrepanies) could be that TDTR experiments were performed at essen-
tially room temperature, while in this work the results are based on the high-
temperature experiments and room-temperature results are inferred. How-
ever, our results agree with Ref. (Manthilake et al., 2011) concerning the
values and general tendencies even though the results of these studies are
model extrapolations to various P-T conditions based on measurements at one
pressure point. The thermal conductivity values determined here for Fe-
bearing and Fe,Al-bearing Bgm at high P-T conditions are in agreement

Pressure (GPa)

L A with the extrapolations of Ref. (Manthilake et al., 2011), albeit scattered.
80 100 120

The pressure dependencies of thermal conductivity of Bgm with different
composition and at different temperatures show an increase in the value with

Figure 4. Thermal conductivity of Fe, Al and Fe-bearing Bgm as a function of ~ Pressure, but the pressure slope is difficult to determine accurately and sys-
pressure at high temperatures (2,100 K). Black circles with gray filling tematically because the data are fragmentary, and they scatter. Based on the
correspond to in-house laser flash experiments (dotted- Fe,Al and plain- Fe data presented here, omitting data for poorly crystallized samples in XFEL

bearing Bgm, respectively) and red filled squares correspond to XFEL
experiments where Fe,Al Bgm was crystallized by prior laser heating. The
solid red line is the linear fit to all data and the solid gray lines correspond to

experiments, the thermal conductivity of Fe and Fe,Al bearing Bgm along the
mantle geotherm varies from 4(1) W/m/K at the top of the uppermost lower

95% confidence intervals. Dashed lines are thermodynamic models from mantle to 11(4) W/m/K when extrapolated to the base of the lower mantle at
Ref. (Manthilake et al., 2011). Black rectangle corresponds to the best values ambient mantle temperatures (Figure 4). This result provides direct evidence
of thermal conductivity of Fe,Al and Fe-bearing Bgm of this work at the that the thermal conductivity of Bgm is enhanced at deep lower mantle

pressure conditions of the thermal boundary layer in the base of the lower

mantle.

conditions, therefore reducing convective flow and possibly aiding to stabi-
lize thermochemical heterogeneities in the deep lower mantle (Arnould
et al., 2020; Garnero & McNamara, 2008).

The assessed here pressure and temperature tendencies of the thermal conductivity of Bgm support the models
using thermodynamic scaling relations (Dalton et al., 2013; Manthilake et al., 2011), which are based on the
Debye-Griineisen theory. More dense and accurate data are needed to establish the temperature and pressure
dependencies of thermal conductivity at high pressures and high temperatures including a possible suppression of
thermal conductivity of Fe and Fe,Al bearing Bgm above 45 GPa (Hsieh et al., 2017), which cannot be ruled out
based on the data of this work. This latter scenario agrees better with the previous laser flash experiments with
synthetic samples produced from pyrolite glass (Geballe et al., 2020). Thus, further studies are needed to clarify
the temperature-dependence of bridgmanite thermal conductivity at the P-T conditions of the lower mantle.

4. Conclusions

Our experiments determined the values of thermal conductivity of Bgm samples with a range of compositions and
grain sizes at high to room temperatures and pressures up to 80 GPa. The results constrain thermal conductivity of
Bgm with various Fe,Al composition at relevant P-T conditions of the lower mantle up to 85 GPa at 1,450—
2,450 K (flash heating experiments) and of Fe and Fe,Al-bearing Bgm up to 60 GPa and 3,100 K (XFEL ex-
periments). The most reliable data indicate that the thermal conductivity increases in the deep lower mantle, thus
suggesting a reduced convective flow aiding to stabilize thermochemical heterogeneities in the deep mantle. Even
though the value of thermal conductivity at the P-T conditions of the thermal boundary layer (2,500—4,000 K,
120-136 GPa) has a large uncertainty, the results determined at relevant temperatures are valuable as previous
determinations inferred these quantities using scaling relations (Dalton et al., 2013; Hsieh et al., 2017; Manthilake
etal., 2011; Ohta et al., 2012). The best determined value of the thermal conductivity of Bgm at the bottom of the
thermal boundary layer (7.5-15 W/(m*K)) provides a new reliable constraint, which is larger than previously
reported (Geballe et al., 2020; Hsieh et al., 2017; Tang et al., 2014) but in agreement with theory of (Stackhouse
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