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Supplemental Text S1: Thermal Conductivity and Lorenz number of Iron and Iron Alloys

The thermal conductivity of iron and iron alloys are generally determined experimentally by either indirectly
from electrical conductivity measurements or through direct measurements of heat transfer. Estimates of thermal
conductivity from electrical experiments commonly rely on the Wiedemann-Franz law:

kg =L-T- -0 (1)

Where k. is the electronic contribution to thermal conductivity in W/m/K, L is the Lorenz number of the
material (WQ/K?), T is temperature (K) and o is the electrical conductivity (1/Q/m). As a result, thermal
conductivity values derived from electrical measurements require accurate measurements of both electrical con-
ductivity and temperature, and the assumed value for the Lorenz number. The Wiedemann-Franz relationship
arises from the common role of conduction electrons in electrical and thermal transport in metals. In the simplest
free-electron description, the Lorenz number is Ly = %2 (%‘3)2 =2.445 x 1078 W, Q, K2,

Although Lj provides a useful reference value, the Lorenz number is not necessarily constant and can depend on
temperature, pressure, composition, crystal structure, and the dominant electron-scattering mechanisms. Recent
experimental work indicates that the Lorenz number of iron and iron alloys at high pressure can vary with pressure
and composition (Hsieh et al., 2024), while theoretical studies suggest that variations in L under extreme conditions
may be important for reconciling differences between thermal- and electrical-conductivity measurements of hcp
iron (Pourovskii et al., 2017; Zhang et al., 2020). The distinction between total and electronic thermal conductivity
is particularly important when comparing direct thermal-conductivity measurements with values inferred from
electrical conductivity. In general,

k = ka + kiat (2)

where ki, represents the lattice (phonon) contribution. For cubic crystals, symmetry requires the thermal-
conductivity tensor to be isotropic, so thermal conductivity can be described by a scalar quantity. In lower-
symmetry structures, such as hcp iron, thermal conductivity is generally anisotropic and must be described by
a tensor, with potentially different conductivities parallel and perpendicular to the crystallographic (c¢) axis. An
apparent Lorenz number can also be defined from independently measured total thermal and electrical conduc-
tivities.

k
Lapp = To (3)

Because k includes both electronic and lattice contributions, L.y, can differ from the Lorenz number associ-
ated strictly with electronic transport. In particular, a value of L.p, > Lo may indicate a non-negligible lattice
contribution, but deviations from Lg can also arise from non-free-electron behavior and from energy-dependent
or inelastic electron-scattering processes. Conversely, L,p, < Lo may result from inelastic scattering and other
deviations from the assumptions underlying the conventional Wiedemann-Franz relation. Therefore, deviations of
the apparent Lorenz number from Lg should not be interpreted uniquely in terms of a single heat-transport mech-
anism without considering the relevant scattering processes. At ambient conditions, reported Lorenz numbers for
iron can differ appreciably from the free-electron value. For example, values of approximately 2.8 x 10" 8W QK 2
have been reported for bce iron, whereas values of approximately 2.1 — 2.4 x 10" 8W QK ~2 have been proposed
for fce iron (Ho et al., 1972; Secco, 2017). These differences illustrate that the use of a fixed Sommerfeld value
Ly can introduce systematic uncertainties when thermal conductivity is inferred from electrical conductivity.

These differences illustrate that the use of a fixed Sommerfeld value Lg can introduce systematic uncertainties
when thermal conductivity is inferred from electrical conductivity. The lattice contribution to thermal conduc-
tivity is expected to decrease with increasing temperature approximately as T~%5 to T~! in regimes dominated
by phonon-phonon scattering, whereas the electronic contribution can exhibit a different temperature dependence
depending on the dominant scattering mechanism (e.g. Pozzo et al., 2022; Yin et al., 2025; Ohta et al., 2016).
Consequently, the phonon contribution to thermal conductivity in fcc iron at high temperatures is expected to
be relatively small, but it need not be negligible. This distinction is important when comparing measurements
performed using the two approaches: direct measurements determine the total thermal conductivity, whereas
electrical measurements constrain the electronic contribution through the Wiedemann-Franz relation.

Accordingly, direct measurements of thermal conductivity can yield values substantially higher than those
inferred from electrical conductivity if the lattice contribution is significant. Conversely, differences in the opposite
direction, with directly measured thermal conductivity lower than the value inferred from electrical conductivity
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using a fixed Lorenz number, can arise when the actual Lorenz number differs from the assumed value. Such
discrepancies should therefore be evaluated by considering uncertainties in temperature and electrical and thermal
conductivity measurements, as well as the possible pressure-, temperature-, composition-, and phase-dependence
of the Lorenz number, rather than attributing them solely to experimental limitations.
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Supplemental Text S2: System Timing and Streak Camera Calibration

Timing jitter of the pulsed heating laser, as estimated from a comparison of recorded emissions spectra from
single event or multi-event heating, and from a comparison of single and time-averaged laser emissions recorded
on an oscilloscope (tested for up to 40 collections) is negligible relative to the time resolution of the streak
camera, thanks to the use of a Pockels cell to control the temporal shape of the laser pulse. The time-axis and
wavelength-axis calibrations of the streak camera are determined using a SC laser, as this produces ns-width
pulses of white light with a 1 us interval between successive pulses. These time-resolved pulses are recorded as
intense streaks at regular intervals in time, which are used to calibrate the timing of the camera. Accumulations
of the laser pulses recorded on the streak camera either as a single 10 us measurement, or as an average of up
to 5000 repetitions (equivalent to a 5 s measurement in the standard configuration) are used to establish the
timing calibration. Wavelength calibration is determined using two methods, first by passing a green continuous
laser (VERDI) of wavelength 532 nm into the streak camera, and second by passing the SC laser through a
colour wheel with wavelength centers at 488 nm, 532 nm, 632 nm, 694 nm and 780 nm. The system response
of the optical system and streak camera are calibrated using thermal emissions from a tungsten lamp, leading
to systematic uncertainties of +/-200 K when determining temperature from Planck fits to measured thermal
emissions. This uncertainty comes from systematic effects due to uncertainties in the tungsten lamp temperature,
the design of the collection optics (Giampaoli et al., 2018) and the differences in emissivity between DAC samples
and devices for luminance calibration (Andrault et al., 2022). Systematic shifts of baseline temperature do not
have a significant effect on the results of flash heating experiments (Geballe et al., 2020). Temperature fits are
made to the time-varying thermal emissions recorded with the streak camera, binned in the time dimension over
intervals of about 70 ns or 140 ns (equivalent to 5 or 10 pixels on the time axis of the streak camera image),
depending on the signal to noise ratio of the measurement. The wavelength range of temperature fits is typically
between 500 to 750 nm.



Supplemental Text S3: Finite-Element Modelling of Experimental Data

Finite-element models of time-dependent heat transfer are used in order to determine thermal conductivity
values from a given measurement and their errors. The finite-element model calculates the temperature field
which is generated by the continuous-wave lasers, as well as an additional time-dependent heating event generated
by the pulsed laser. Models are calculated using the finite-element solver FlexPDE (PDE Solutions Inc.). The
finite-element codes used in this study have been described previously (Montoya & Goncharov, 2012; McWilliams
et al., 2015). Finite-element (FE) analysis of measured temperature histories requires 22 input parameters: k¢,
p and Cp of diamond, Fe and KCI, the geometrical parameters of the sample chamber, laser energies, pulsed and
continuous heating spot sizes and the shape of the pulsed laser envelope. CW and pulsed laser energies, Fe and KCl
thermal conductivity are treated as free parameters and varied until a good fit to the data is observed. Initially,
CW laser energies are varied to match the baseline temperature of the experiments. After baseline temperatures
are matched between model and experiment, the pulsed laser energy is varied to match the amplitude of the
temperature rise on the DS side of the sample, and thermal conductivity values for KCI and Fe are varied to
match the thermal evolution of the sample during the transient heating event. In our experiments we heat an
iron foil embedded in KCI and watch the sample cool over time. As KCI does not absorb near-infrared laser light,
we directly heat the iron sample. During this heating process, iron heats up first followed by the surrounding
KCl. Consequently, the thermal conductivity of iron controls the heating process at shorter times (Figure S4),
while the KCl thermal conductivity controls the cooling at longer timescales (Figure S5). Therefore a unique
combination of iron and KCI thermal conductivity can be found by varying the thermal conductivity of iron
against the temperature histories at short times (t=2-4 us), and varying the KCI thermal conductivity to data at
longer timescales (t>4 us). Varying the thermal conductivity of KCl by a large amount will have a small effect on
iron thermal conductivity - doubling the thermal conductivity of KCI in the model requires changing the thermal
conductivity of iron by ~15-20% (Figure S5), however this would cause misfit to other parts of the measured
temperature histories which are insensitive to iron thermal conductivity. The thermal conductivity of KCIl can
be constrained by literature values (Beck et al., 2007; McGuire et al., 2018), but it strongly covaries with other
parameters which are directly determined in the experiment such as KCI thickness and laser spot size (Geballe
et al., 2020).

Other parameters are either fixed to literature values or measured with independent diagnostics. The sample
chamber geometry corresponds to the width of the Fe sample, and the thicknesses of each of the Fe and KCI plates
sandwiched between the diamond anvils. Previous studies have shown that the physical properties of diamond
and rhenium have little influence on calculated sample thermal conductivity (Geballe et al., 2020). As a result, we
omit the Re gasket in the FE model, it is always much farther away from the heated spot than the diamond anvils
(Edmund et al., 2024). p and Cp only appear in the heat diffusion equation together as pCp, and steady-state
heat conduction is independent of density and heat capacity. It is observed in Figure S6a that KCl pCp varies
little at high pressure and high temperatures, because the temperature range investigated here is above the Debye
temperature of KCl, and density does not vary significantly because the thermal expansivity of KCl is low (Walker
et al., 2002; Dewaele et al., 2012; Tateno et al., 2019). Figure S6b shows the results of finite-element models where
the temperature dependence of KCl is explicitly taken into account. Using literature thermal equations of state,
it is shown that accounting for temperature-dependent changes in KCl pCp has no effect on the finite-element
model results. For simplicity, Cp of KCIl has therefore been fixed as a constant. Where available, experimentally-
determined densities have been used from either high temperature or ambient temperature X-ray diffraction at
relevant pressures for Fe and KCI (Supplemental Dataset S1). Otherwise, measured pressures have been used
to estimate density using literature equations of state (Dewaele et al., 2012; Komabayashi, 2014). The effect of
temperature-dependent and temperature-independent models of Fe pCp are shown in Figures S7a and S7b. In
Figures S7a and S7b, temperature-dependent models of Fe pCp are constructed using pCp values calculated from
Komabayashi 2014. These temperature-dependent models are compared to simplified ones where p is determined
using a literature equation of state at 300 K and 28 GPa, and Cp is fixed to the ambient pressure value of fcc-Fe,
650 J/Kg/K (Desai, 1986). Different assumptions for the value of Cp and its temperature dependence have a
negligible effect on the model, justifying the use of a constant value in the present study.

One-colour pyrometry has been used to determine the spatial dimensions of the CW and pulsed heating lasers
(Geballe et al., 2020). The pulse laser envelope is recorded using a photodiode and oscilloscope, and fit with a
series of gaussians for the model input.

At the pressure range of interest, between 5 to 40 GPa, the primary sources of error for Fe thermal conductivity
are uncertainties in baseline temperature, and uncertainties in thickness. Uncertainties in baseline temperature
refer to the temperature of the sample prior to heating with the pulsed laser. Polarization control of the pulsed
laser waveform is imperfect, resulting in a temperature rise of 5 K to 10 K prior to the arrival of the nearly-square
wave output from the Pockels cell. This leads to intrinsic uncertainties in modelled thermal conductivities of 2-3
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W/m/K which becomes comparable to other sources of uncertainty for the most precise measurements in the
present study. In this pressure range, diamonds act as flat rigid bodies (Dewaele et al., 2003) which significantly
reduces uncertainties when measuring sample chamber geometry with the WL technique, such that uncertainties
in sample and KCI thickness are about 10% and 5% respectively. Uncertainties in sample thickness primarily
relate to deformation of the sample during compression, decompression, and due to thinning of the sample during
laser heating (Lobanov & Geballe, 2022). Laser thinning, the reduction in sample thickness over time during
laser heating, is minimized by using short heating durations and few heating runs per sample position. The unit
cell volume of iron increases by 7.5% when heating from 300 K to 2000 K at 30 GPa under isobaric conditions
(Dewaele et al., 2006; Komabayashi, 2014), which corresponds to a 2.4% change in sample thickness. As thermal
expansion is hindered by surrounding materials, thermal pressures of 2 GPa to 5 GPa can be expected which
reduces linear expansion to between 2.2% and 1.8% during heating (Dewaele et al., 2012; Tateno et al., 2019).
This effect is smaller than other sources of uncertainty and is neglected in the present study. The effect of thermal
pressure on the results is negligible, because thermal pressure is too small at these conditions to significantly alter
the density or heat capacity of iron (Morard et al., 2018).
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Figure S1. Iron sample thickness vs. pressure. Closed
symbols indicate the results of in situ white light mea-
surements at high pressure. Open symbols indicate thick-
ness measurements from ez situ measurements of recov-
ered samples. Dashed lines indicate the extrapolation
of ex situ measurements to high pressure using an equa-
tion of state for iron (Dewaele et al., 2006). It is observed
that in situ white-light measurements give systematically
larger thicknesses than measurements on recovered sam-
ples, highlighting previous observations that decompres-
sion from high pressures involves significant plastic de-
formation of the sample (Dewaele et al., 2003; Lobanov
& Geballe, 2022). Error bars reflect the variability of
foil thickness over different measurement points within
the heated regions of the sample. Thermal conductivity
measurements were not successful for Run 3.
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Figure S2. Diffraction of Fe samples from various exper-
imental runs after heating. All reflections are attributed
to Fe or KCI. Black ticks correspond to KCI reflections,
gold ticks correspond to hcp-Fe reflections. Black aster-
isks indicate metastable quenched fcc-Fe, which is ob-
served at low pressure.
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Figure S3. Temperature vs. time as measured during
Mixed Mode (MM) heating, Run 9 P2 APS in Table 1,
and its comparison to a finite element model with krp, =
40 and kxc; = 8.Models with kre = 50 and kxc; = 8
and kpe = 25 and kxci = 8 are shown for comparison,
which more poorly fit the dataset. Inset: Pulse shape
of the pulsed laser used to generate the transient heat-
ing event. The present results demonstrate that thermal
conductivity measurements can be directly implemented
on synchrotron beamlines.
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Figure S4. Effect of varying thermal conductivity of
iron (kre) at constant KC1 thermal conductivity (kxc:)
on modelled temperature histories. kp. influences the
change in temperature of the sample during and shortly
after heating.
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Figure S5. Effect of varying thermal conductivity of
iron (kpe) and KCI (kxci) on modelled temperature his-
tories. kre is varied to keep the amplitude ratio between
the DS and US temperature maxima the same, the pri-
mary observable used to determine kr.. Changing kxc:
by a factor of two is compensated by changes in kp. of
~15-20%.
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Figure S6. a) pCp for KCI vs. temperature at pres-
sures near 28 GPa. Gold line indicates the model value
of pCp used in finite-element modelling for Run 9 P2,
where the measured 300 K density is used, multiplied by
the ambient P-T Cp value for KCl. Other lines show
pCp values as a function of temperature, calculated from
Tateno et al. (2019). P, indicates the assumed ther-
mal pressure in the model, the change in pressure of the
sample with a change in temperature. As pressure can
vary during heating, different pCp models are shown us-
ing different thermal pressure assumptions. b) Results of
finite element model calculations using the geometry of
Run 9 P2. Black and red lines indicate downstream and
upstream sides of the Fe foil using the pCp model used in
the manuscript. Blue and green lines show results where
the temperature-dependence of KCI1 pCp is explicitly in-
corporated into the model (Pth = 0.5aK 7, Tateno 2019).
Differences in temperature histories are less than 1 K.
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Figure S7. a) pCp for Fe vs. temperature at pressures
near 28 GPa. Gold line indicates the model value of pCp
used in finite-element modelling for Run 9 P2, where the
measured ~1500 K density of Fe is used, multiplied by
Cp calculated at the baseline temperature of the exper-
iment using the thermodynamic model of Komabayashi
(2014). P, indicates the assumed thermal pressure in
the model, the change in pressure of the sample with a
change in temperature. Black and magenta lines show
pCp values as a function of temperature, calculated from
Komabayashi (2014) using different thermal pressure as-
sumptions. The black line indicates isobaric heating,
while the magenta line uses the upper limit on the ther-
mal pressure of KCI at these conditions, about 6 GPa
at 2500 K (Tateno et al., 2019). Cyan line shows pCp
where the density is the same as the model used in the
present study, while Cp is fixed to the ambient value for
fcc Fe. b) Results of finite element model calculations
using the geometry of Run 9 P2. Differences between
parametrizations of pCp are less than 1 K, irrespective
of the parametrization used from Figure S2a, indicating
that this is not a significant source of error in the present
experiments.
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Figure S8. Initial temperature distribution from the core-mantle boundary to Mercury’s crust.
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Figure S9. Solidus melting of iron-silicon alloys vs.
pressure based on diamond anvil cell (DAC) and large-
volume press literature at the pressures of Mercury’s core
(Berrada et al., 2021; Edmund et al., 2022; Ezenwa et
al., 2024). Grey bands indicate the uncertainty in tem-
perature associated with spectroradiometric methods in
DAC experiments. Solid lines indicate P-T regions where
experiments were conducted, dashed and dotted lines in-
dicate regions not covered by experiments in each study.
Data agrees where coverage overlaps, but studies disagree
on the slope of the melting line. Our thermal evolution
models assume the solidus curve of Edmund et al. (2022)
and a eutectic composition of 12.5 wt%Si. The study of
Ezenwa et al. (2024) shows that melting curves for Fe-
9wt%Si and Fe-17Twt%Si converge above 20 GPa within
experimental uncertainties, consistent with this eutectic
composition.
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Figure S10. Pressure dependence of iron-silicon alloy
thermal conductivity at Mercury’s core pressures. Grey
boxes as well as dashed and dotted lines indicate differ-
ent thermal conductivity models used in previous ther-
mal evolution studies for Mercury (K18: Knibbe and van
Westrenen (2018), D24: Davies et al. (2024)). Studies
which report ke; values for Fe-Si alloys show that the ef-
fect of composition is small with respect to pure iron,
but the pressure dependence becomes smaller with in-
creasing Si content (S19: Silber et al. (2019), H20:Hsieh
et al. (2020), B20: Berrada et al. (2020), B21: Berrada
et al. (2021)).
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