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Abstract Experiments in laser-heated diamond anvil cells (LH DACs) are conducted to assess

phase diagrams of planetary materials at high pressure-temperature (P-T) conditions; thus, reliable
determination of temperature in LH DAC experiments is essential. Radiometric temperature
determination in LH DACs relies on the assumption of sample's wavelength-independent optical
properties (graybody assumption), which is not justified for major lower mantle materials. The result

is that experimental phase diagrams contain systematic unconstrained errors. Here we estimate

the systematic error in radiometric temperature of nongray polycrystalline bridgmanite (Bgm;

Mgy o6Fe** 0.036F€> " 0,0148109003) in @ LH DAC by modeling emission and absorption of thermal radiation in
a sample with experimentally-constrained optical properties. A comparison to experimental data validates
the models and reveals that thermal spectra measured in LH DAC experiments record the interaction

of radiation with the hot nongray sample. The graybody assumption in the experiments on translucent
Bgm (light extinction coefficient, k < ~250 cm™ at 500-900 nm) yields temperatures ~5% higher than the
maximum temperature in the sample heated to ~1900 K. In contrast, the graybody temperature of dark
Bgm (k > ~1500 cm ™), such as that produced upon melt quenching in LH DACs, underestimates the
maximum temperature by ~10%. Our experimental results pose quantitative constraints on the effect of
nongray optical properties on the uncertainty of radiometric temperature determination in Bgm in the
LH DACs. Evaluating nongray temperature in the future would enable a revision of the Bgm to post-
perovskite phase transition and the high-pressure melting curve of Bgm.

Plain Language Summary We modeled how the color of Earth's most abundant mineral
(bridgmanite) affects temperature measurements in laser-heated diamond anvil cell experiments with
implications to the phase diagram of bridgmanite. We show that, depending on the optical properties of
bridgmanite, temperature determination in such experiments may either systematically overestimate or
underestimate the maximum temperature by up to 5%-10% due to the wavelength-dependent emission
and absorption in the hot sample. Overall, this study shows the phase boundaries in the bridgmanite
system need revision.

1. Introduction

Measurements of the properties of minerals and rocks at high pressure-temperature (P-T) conditions ad-
vance our understanding of planetary interiors. A common experimental approach is to recreate the P-T
conditions of interest in a laser-heated diamond anvil cell (LH DAC), where a small (~10-100 um) sample is
squeezed between the tips of two diamonds and heated with IR (infra-red) lasers. This technique grants rou-
tine access to the thermodynamic conditions of planetary mantles and cores with the sample accessible to
interrogation by a variety of optical, x-ray, and electrical probes (Geballe et al., 2020; Holtgrewe et al., 2019;
Ohta et al., 2012; Petitgirard et al., 2014; Shen & Mao, 2017). LH DAC studies of phase diagrams are particu-
larly important as these can be compared to seismic discontinuities characteristic of the mantle and core.
For example, the melting (solidus) temperature of lower mantle phases places an upper limit on the tem-
perature at the core-mantle boundary as the overlying mantle is mostly solid (Andrault et al., 2011; Fiquet
et al., 2010; Nomura et al., 2014). Similarly, the P-T slope of the phase boundary between bridgmanite (Bgm)
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and post-perovskite (Ppv) corroborates the Ppv interpretation (Murakami et al., 2004; Oganov & Ono, 2004)
of the D” shear-wave velocity increase and splitting anisotropy (Garnero, 2000; Moore et al., 2004; Sidorin
et al., 1998). Both these examples have implications for placing constraints on the temperature gradient
in the thermal boundary layer above the core and heat flow across the core-mantle boundary (Hernlund
et al., 2005; Lay et al., 2008; van der Hilst et al., 2007).

In spite of major advantages of the LH DAC method, accurate characterization of experimental tempera-
tures at high pressures is challenging. Direct measurements of sample's temperature in a LH DAC (e.g., by
a thermocouple) are not yet possible because of severe radial and axial temperature gradients intrinsic to
the LH DAC method (Kiefer & Duffy, 2005; Montoya & Goncharov, 2012; Panero & Jeanloz, 2001; Rainey
et al., 2013). Instead, sample's T is usually inferred indirectly by fitting Planck’s law to the measured spec-
trum of thermal radiation emitted by the heated sample (Benedetti et al., 2007; Benedetti & Loubeyre, 2004;
Campbell, 2008; Du et al., 2013; Giampaoli et al., 2018; Heinz & Jeanloz, 1987a, 1987b; Jeanloz & Heinz, 1984;
Kavner & Panero, 2004; Kunz et al., 2018; Walter & Koga, 2004). Two important assumptions are implicit
in radiometric temperature determination in LH DACs: (i) graybody assumption and (ii) peak temperature
approximation. The first one is that the sample's emissivity (and absorptivity) is wavelength-independent
at ~600-900 nm, the spectral range commonly employed for radiometric temperature measurements. All
major iron (Fe)-bearing lower mantle minerals (Bgm, Ppv, ferropericlase) have absorption bands in this
spectral range (Goncharov et al., 2006, 2010; Keppler et al., 1994). Therefore, as emissive and absorptive
power of a body at a given wavelength are equal (Kirchhoff's law (Kirchhoff, 1860, 1861)), the graybody
assumption for Fe-bearing phases is formally not justified. Unfortunately, the temperature-dependence of
absorption bands of lower mantle minerals remains unknown, which means that their emissivity in LH
DAC experiments is unconstrained. If the emissivity at high P-T is strongly wavelength-dependent, then the
systematic error associated with the graybody assumption may be large, up to 15%-20% of the maximum
T in the sample (Deng et al., 2017; Deng & Lee, 2017; Lobanov & Speziale, 2019). The second assumption
is that the fitted temperature corresponds to the maximum temperature in the sample. This is valid to first
order as, according to the Stefan-Boltzmann law, the total radiated energy of a blackbody in vacuum is pro-
portional to the fourth power of its temperature (Boltzmann, 1884; Stefan, 1879). That is, the contribution of
the hottest part of the sample to the measured thermal radiation spectrum is the strongest. However, along
the axial temperature gradient a sample with nonzero absorptivity attenuates the thermal emission from
the hottest spot and emits light of a colder temperature thereby modifying intensities in the recorded spec-
trum. Radial temperature gradients also contribute to the total spectrum collected by the detector (Manga &
Jeanloz, 1996; Panero & Jeanloz, 2001). The result is that the apparent (fitted) temperature is systematically
lower than the maximum temperature of the heated sample.

These two sources of systematic errors in apparent temperature are recognized (Deng et al., 2017; Kavner &
Panero, 2004; Kunz et al., 2018; Manga & Jeanloz, 1996; Panero & Jeanloz, 2001; Rainey and Kavner, 2014)
but quantitative estimates of their magnitude require that the wavelength-, pressure-, and temperature-de-
pendence of the sample's absorption coefficient are established. In this work, we address systematic errors
implicit in temperature determination in a synthetic sample of Fe-bearing Bgm, a silicate perovskite-struc-
tured mineral with a chemical formula of Mg, osFe*" g 036Fe**0.014510.0905 that closely approximates the phase
representing ~80 vol% of the Earth's lower mantle (Irifune et al., 2010; Wang et al., 2015). We employ
conventional and time-resolved optical spectroscopy experiments to constrain the emissive and absorptive
power of Bgm at lower mantle conditions and use them to model the emission and absorption of light in a
LH DAC experiment. The models agree with direct experimental observations and offer a quantitative es-
timate of the systematic error in graybody temperatures pertaining to measurements on Bgm in LH DACs.
Overall, the results of our work call for a revision of the uncertainties associated with Bgm-Ppv phase
boundary and the Bgm solidus curve.

2. Materials and Methods
2.1. Laser-Heating Diamond Anvil Cell Experiment

The sample studied here is a polycrystalline bridgmanite (Bgm; grain size of 2-4 um) synthesized in a mul-
ti-anvil press (run# 5K2694) as reported by Fu et al. (2018). Electron microprobe and Mossbauer analysis
identified the sample chemical composition as Mgyes Fe**og36Fe* 00145109903 (Fu et al., 2018). The sample
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was double-side polished to a thickness of ~25 um and then loaded into a hole drilled in a rhenium gasket
between two slabs of dry KCl. Immediately after the loading, the DAC was sealed and pressure increased
to ~50 GPa as estimated from the spectral position of the high-frequency edge of the Raman diamond
peak (Akahama & Kawamura, 2006). Once at high pressure, the sample was double-side heated by a con-
tinuous-wave 100 W 1070 nm YLR-100-AC (IPG Photonics) Yb fiber laser with a nearly flat-top intensity
distribution and beam size of ~10 um in the focal plane (Lobanov, Schifferle, et al., 2020). Thermal radiation
was collected simultaneously from both sides by 20x Mitutoyo Plan Apochromat NIR objectives and passed
through two identical spatial filters (each made of two achromatic doublets and a confocal pinhole), which
allowed reducing the thermally-probed region to a circular spot with a diameter of ~10 um and minimizing
the systematic error in T due to radial temperature gradients. Thermal images of both sides of the sample
were projected together with a vertical offset of ~2 mm onto the entrance slit of a dual-output SpectraPro
HRS-300 spectrograph (Princeton Instruments), dispersed by a diffraction grating (300 groves/mm; blaze
wavelength: 500 nm), and recorded simultaneously by a PIXIS-256 CCD camera. The spectral response of
the thermal radiation collection path was calibrated by a using a Conrad Electronics halogen lamp set to
2318 K. The dependence of spectral temperature on electric current was calibrated against a NIST-traceable
bulb at P02.2. beamline (Deutsches Elektronen-Synchrotron DESY). The wavelength calibration of the CCD
camera was achieved by placing an Hg atomic emission light source at the entrance slit of the spectrograph.
Two regions of the CCD images that recorded the thermal emission spectra from the two sides of the sample
were binned, exported, and analyzed for temperature.

2.2. Optical Absorption Measurements at 1 atm and 300 K

The total light extinction coefficient (absorption + scattering coefficients) of a free-standing (1 atm/300 K)
25 + 0.3 um thick polycrystalline Bgm (same as in LH DAC experiments) was measured with a tungsten
light source on a Bruker Hyperion 2000 all-reflective microscope attached to a Bruker VERTEX 80v FTIR
spectrometer equipped with a broadband CaF, beamsplitter and a room-temperature Si-diode detector and
evaluated as:

I sample (l)

{(2) =i xtosa ™) = af2) ) .

where A is wavelength, Impie and Ieprence are probe intensities recorded through the sample and optical
reference (a glass slide), respectively, and ¢ is sample thickness inferred from the spectral separation of
interference fringes scaled by the direction-averaged refractive index of pure MgSiOs-Bgm at 1 atm (Ye-
ganeh-Haeri, 1994). The right hand side of Equation 1 shows that in polycrystalline samples the measured
total extinction coefficient is a sum of absorption () and scattering (s) coefficients.

2.3. Optical Absorption Measurements in a Laser-Heated Diamond Anvil Cell

Optical properties of our Bgm at ~50 GPa were probed by a pulsed (1 ns/250 kHz) broadband supercon-
tinuum laser (Leukos NewWave) both at 300 K and at high temperature. The probe laser was injected into
the optical path of the laser-heating instrument described in Section 2.1 and focused to a spot of ~5 um in
diameter on the sample. The transmitted portion of the probe radiation was recorded by a gated PI-MAX
4 Intensified CCD (ICCD) detector (3 ns gate) installed on the second optical output of the SpectraPro
HRS-300 spectrograph. Detailed description of this experimental setup is provided in Section II (Optical
Setup) of Lobanov, Schifferle, et al. (2020). The use of the gated detector allows for precise synchronization
to the probe laser pulses and is very effective in reducing the amount of thermal radiation that arrives to
the ICCD, enabling optical measurements up to ~2000 K (Lobanov et al., 2016; Lobanov et al., 2017). The
total light extinction coefficient was evaluated using Equation 1 after subtracting thermal and dark current
contributions from the I, (collected upon heating while blocking the probe supercontinuum laser) and
Treference (collected through KCl) signals. Cutting across the decompressed sample with a focused ion beam
allowed estimating the gasket and sample thicknesses as input parameters to the 1-D radiation transport
model described below (Figure S1).
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To model the total thermal spectrum collected by the detector (Zueector)
we employ the previously developed one-dimensional thermal radiation
transport model for LH DAC (Lobanov & Speziale, 2019). Briefly, we
model an axially-symmetric DAC cavity (thickness of 2d um) where the
center of an absorbing sample (2z um thick) is placed at the center of the
cavity and surrounded by two layers of a nonabsorbing pressure medium
(each layer is d—z um thick, see Figure S1). The temperature at the center
of the sample is set to T, and a parabolic axial temperature gradient is
assigned, characteristic of a sample with constant thermal conductivity
(Manga and Jeanloz, 1996), with the temperature at the diamond culet
fixed to 300 K (Kiefer & Duffy, 2005; Montoya and Goncharov, 2012). The
geometry and input temperature profile are similar to those used previ-
ously (see Figure 1 in (Lobanov & Speziale, 2019)) and represent a die-
lectric sample in a DAC cavity laser-heated from both sides by a near-IR
heating laser (e.g., Nd:YAG or Nd:YLF).

Half of the DAC cavity is evenly sliced into n = 10’ slabs and an indi-

50

vidual temperature is assigned to each slab (Ti, i = 1, ..., n) based on the

parabolic axial temperature profile. Thermal emission of the ith slab is

diff. (1 /cm)
o

-50t, . . : . s then given by Planck's law of blackbody radiation scaled by the slab's
22 20 18 16 14 12 o e
emissivity:
Wavenumber (1000 / cm)
. e . 2hc* 1
Figure 1. Top: Extinction coefficients, k(1), of 5K2694 Bgm, (Mg .os I, ( j,) =¢ ( i) 5
Fe*) 036 Fe*0.014S10.0003), measured at 1 atm and 300 K (black dashed A3 %—l @
curve), as well as at ~ 50 GPa before, upon, and after laser heating to the e !

apparent temperature of ~1900 K (black, red, blue curves, respectively).
Bottom: Difference curve (red) in cm™ and its polynomial fit (black)

where f,(/l) is wavelength-dependent emissivity, ¢, h, and k are the

obtained by subtracting the average of the room-temperature spectra at speed of light, Planck, and Boltzmann constants, respectively. The
50 GPa from the high-temperature spectrum at 50 GPa. The red dashed emissivity is given by Kirchhoff's law for partially transparent bodies
curve in the Top panel is a hypothetical extinction coefficient of Bgm at (McMahon, 1950):
1 atm and ~1900 K obtained by adding the difference curve obtained at
50 GPa and ~1900 K to the room-temperature spectrum at 1 atm. [ d]
—a( )t (3)
61(/1)21—10 In10

The large number of slabs (n) ensures a local thermal equilibrium, which is necessary for the application of
Kirchhoff's law. Please note that light scattering in a polycrystalline sample may be substantial; thus, using
experimentally-constrained a(4) in Equation 3 requires subtracting the contribution of scattering from the
total light extinction coefficient via Equation 1. We assume the pressure medium to be strictly nonabsorb-
ing in the modeled spectral range, which allows us to set its emissivity to zero. This is reasonable as many
pressure media used in LH DAC studies (e.g., KCl, Al,0;, MgO) are wide bandgap insulators and do not
absorb in the visible and near-IR range. Even though these insulators may emit in the visible and near-IR
due to defects, their emissivity would be negligible compared to that of absorbing Bgm considered here
(Touloukian & DeWitt, 1972).

Light propagation in the modeled sample is governed by emission, absorption, and scattering within indi-
vidual slabs:

1 (2) = (17 (2) + 1,(2)) x 10% )
where I}, (/1) is the thermal emission spectrum that is passed to the next (i+1) slab after light emission and
attenuation in the ith slab (see Figure 1, inset in Lobanov & Speziale, 2019) and A4; is ith slab absorbance:

N (A) _ lo—k(l)x[%j/lnlo (5)

1
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Note that unlike ¢ (/1) in Equation 3, A; is evaluated from the total measured light extinction coefficient
(k) as both absorption and scattering contribute to light attenuation within the sample. Although the ge-
ometry represents half of the DAC cavity, the contribution from the second modeled half is also computed
(Lobanov & Speziale, 2019). The resulting total spectrum (Ijeecor) i fitted to Planck’s law under the graybody
assumption, yielding Typpqeren: and a single value of emissivity for a given Tqy. The value of T, is a free pa-
rameter in the 1-D Radiation Transport Model and is adjusted manually to reproduce the apparent temper-
ature observed in the experiment. The graybody fit to Iy.ecror Simulates a common LH DAC experiment with
radiometric temperature measurements in a sample with unconstrained optical properties. The difference
between T,pparens and Trax is thus a quantitative estimate of the systematic error in the temperature determi-
nation due to sample's general (nongray) optical properties.

3. Results
3.1. Optical Properties of Translucent Bridgmanite

Modeling thermal emission and its propagation in a nongray sample require that the wavelength-depend-
ence of the sample's absorption and scattering coefficients are established in the spectral range of interest.
Toward that end, we measured the total extinction coefficient of a free-standing Bgm sample (1 atm/300 K).
The measured extinction coefficient of our polycrystalline Bgm sample (Figure 1, black dashed curve)
shows a distinct slope and a broad absorption band centered at ~665 nm. Based on its position and width
(Mattson & Rossman, 1987), this band is assigned to a Fe**-Fe** charge transfer (CT), in agreement with
previous optical studies of Bgm (Keppler et al., 1994). The overall slope of the Bgm extinction coefficient at
1 atm and 300 K is likely related to the Fe-O CT, but scattering also contributes to the apparent extinction
due to the polycrystalline nature of the studied sample. The main advantage of the optical measurements
on a free-standing Bgm sample is that the associated uncertainty in the magnitude of the extinction coeffi-
cient is small. This is primarily due to a thick (25 um), flat, and relatively homogeneous sample as well as a
highly-transparent optical reference. Several measurements at distinct sample positions yielded extinction
coefficients within ~15%, which we attribute to sample heterogeneity.

Increasing pressure blue-shifts the Fe’*-Fe** CT band, and at ~50 GPa the band is centered at ~605 nm
(Figure 1), in agreement with previous optical studies of Bgm at high pressure (Goncharov et al., 2015; Kep-
pler et al., 2008). Upon heating at ~50 GPa, the intensity of the Fe**-Fe’* CT decreases continuously and
at T ~1900 K (apparent temperature) this band is no longer discernible in the spectrum. (Please note that
we need to refer to the measured T as apparent T because it was obtained under the graybody assumption
and its relation to the maximum temperature in the sample is unknown.) The observed magnitude of the
extinction coefficients measured at 50 GPa underestimates sample's opacity by approximately a factor of
two because previous high-pressure study of single crystalline Bgm (at 300 K) showed that the magnitude
of Bgm absorption coefficient is insensitive to pressure (Goncharov et al., 2015). The reason to this under-
estimation is likely in the imperfect optical referencing: visual observations of the sample cavity reveal that
KCl is slightly scattering in the visible range (tentatively, due to uniaxial stress field in the DAC). Another
consequence of imperfect referencing is the decreased contrast in absorptivity between the highly transpar-
ent Bgm and KCl, resulting in noisy spectra. Nonetheless, the recorded temperature-induced variation in
sample's absorbance at 50 GPa is reliable because it is related only to the realtive change in transmittance of
Bgm upon heating. That is, our optical measurements at 50 GPa enable an estimate of the absolute change
in the light extinction coefficient upon heating from 300 to ~1900 K but do not offer a reliable spectrum that
can be used in the radiation transport modeling. To circumvent this problem, we sum the difference curve
(Figure 1, bottom), which shows the absolute temperature-induced change in the extinction coefficient
at 50 GPa, with the high-quality extinction coefficient of the same Bgm measured at 1 atm to produce a
hypothetical light extinction coefficient at 1 atm and ~1900 K (Figure 1, red dashed curve). This high-tem-
perature correction is qualitatively appropriate because (i) the pressure-induced blue-shift of the Fe**-Fe**
CT is small (~60 nm and was not corrected for) and (ii) the intensity of this band is not sensitive to pressure
(Goncharov et al., 2015; Keppler et al., 2008).
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Figure 2. Experimental thermal radiation spectra of 5K2694 bridgmanite at ~50 GPa in a double-sided laser-heated
(Yb-fiber laser) diamond anvil cell and corresponding constant-emissivity (¢) Planck fits. The difference in the fitted
values of emissivity is solely due to the different optical responses of the downstream (DS) and upstream (US) legs
(relative to the supercontinuum light source). Left: DS side. Right: US side. Bottom: Difference curves (fit/measured —
1) in %. Planck fitting at 650-820 nm produces a very similar difference curve but yields slightly ~30 K lower apparent
temperatures.

3.2. Radiometric Temperature Determination in Translucent Bridgmanite

Figure 2 shows constant emissivity (wavelength-independent) Planck fits to the observed thermal emission
spectra collected in the course of the high-temperature optical measurements at ~50 GPa reported above.
Averaging the apparent (fitted) temperature from both DAC sides yields ~1900 K. The very small (1-2 K)
statistical (standard deviation) uncertainties on the fitted temperature for the two individual spectra are
typical of LH DAC experiments. However, a closer examination of the fits and the difference curves (Fig-
Planck fit |
Measured
the downstream (DS) and upstream (US) data systematically underestimate the observed intensity at low
(A4 < 670 nm) and high (4 > 790 nm) wavelengths while overestimate it in the middle of the spectral range
(670 < A < 790 nm). The largest differences are of the order of 10% at ~580 nm. The wavelengths at which
the DS and US difference curves change sign are strikingly similar, suggesting that the cause for the residu-
als in DS and US data is fundamentally the same.

ure 2, bottom), which were evaluated as [ jx 100 %, reveals that Planck functions fitted to

Light emission and absorption in our Bgm sample at 50 GPa are modeled as described above by adjusting
Tinax to yield Typparen = 1900 K and geometrical parameters fixed to d = 11 um (half of the measured dia-
mond-to-diamond distance) and z = 5.4 um (both measured in the decompressed sample, Figure S1). Prior
to investigating nongray behavior, we tested whether the experimentally-observed deficiencies in the Planck
fit are due to the spectroscopic sampling of colder parts of the sample along the axial temperature gradient.
This was realized by setting « to a constant (100, 200, and 300 cm ™), which yields wavelength-independent
emissivity via Equation 3. Here, modeling at different o (albeit gray) is necessary because it alters the spec-
troscopic contribution of colder regions to Igeecor- All these models reproduced the shape of the difference
curves plotted in Figure 2 but their amplitude was ~20 times smaller than that observed in the experiment
under any reasonable input parameters (d, z, input axial T profile). Similarly, the radial temperature gradi-
ent, which is not as steep as the axial, produces difference curves with amplitude at least ~50 times smaller
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Figure 3. Constant-emissivity (¢) Planck fits (red curves) to modeled thermal radiation spectra (black dotted curves)
computed assuming nongray emission and extinction in 5K2694 Bgm with experimentally-constrained extinction
coefficient at 1 atm and 300 K (left) and calculated extinction coefficients at 1 atm and ~1900 K (Tpparens) after the
wavelength-independent scattering correction of —100 cm™ (right). Bottom: Difference curves (fit/modeled — 1) in
percentage. Black and red curves are difference curves produced using the different extinction coefficients as labeled.

than that observed in the experiment (Figure S2). Based on this quantitative assessment, we conclude that
both axial and radial T gradients do not explain the residual observed in the experiment.

We also need to consider whether chromatic aberrations due to the use of refractive optics in our exper-
imental setup contribute to the difference curve. We minimize chromatic aberrations by (i) using a plan
apochromatic objective to collect the thermal radiation from the sample as well as (ii) a nearly flat-top
heating laser profile which helps homogenizing the temperature across the field of view of the spatial filter
(although we note that the temperature is not strictly constant across the field of view and a radial temper-
ature gradient is present). Statistical uncertainties in Planck fitting (standard deviation) may indicate the
extent to which chromatic aberrations contribute error to radiometric temperature determination (Walter
& Koga, 2004). In the present case, the statistical uncertainties are small (<2 K); thus, we conclude that
chromatic aberrations in our experimental setup are minimal. We also note that the difference curves that
are typical of chromatic aberrations (Walter & Koga, 2004) are opposite in sign to that observed in our work,
which supports our view that the effect of chromatic aberrations on the experimentally observed difference
curves is unimportant. To further confirm this, we laser-heated a flat hcp-Fe foil (although not an ideal gray-
body (Seagle et al., 2009)) at P ~30 GPa to T ~2000 K and found that indeed the difference curve, which we
presume is entirely due to minor chromatic aberrations in this test case, is opposite in sign to that in the case
of our Bgm sample (Figure S3). We show in the following that the wavelength-dependent optical properties
of Bgm provide a much more viable explanation for the observed difference curve.

To depart from constant emissivity, we assumed that light scattering in our Bgm sample is negligible (s(1)
<< k(Q)) as a starting scenario, which grants computing the wavelength-dependent emissivity (Equations 1
and 3) and light attenuation in the heated sample (Equations 4 and 5). (Below, however, we quantitatively
estimate the scattering coefficient while treating it as an adjustable parameter.) In the first case, we mod-
eled the optical properties of the sample by the extinction coefficient of Bgm measured at 1 atm and 300 K
(Figure 1, black dashed curve). Figure 3 (left) shows the results of this case presented as a graybody Planck
fit (red curve) to the modeled thermal emission spectrum (Ije.cor» black dotted curve). Key features of the
Planck fit are (i) Tyuex = 1791 K (i.e., Topparen: — 109 K) and (ii) the sign of the difference curve opposite to that
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in the experiment (Figure 3 bottom left vs. Figure 2 bottom panels). The higher apparent temperature makes
sense as the slope of the assumed absorption coefficient implies that the emitted spectrum is bluer (i.e., hot-
ter) than that emitted by a graybody at T,,,.. The sample, however, is too transparent and thin to attenuate
this extra blue light. The failure to reproduce the sign of the experimental difference curve suggests that the
convex-like shape of the absorption coefficient at 1 atm/300 K (Figure 1, black dashed curve) is inadequate
for modeling the optical properties of Bgm at ~1900 K.

In the second case, we tested whether using the temperature-corrected extinction coefficient (1 atm/1900 K;
Figure 1, red dashed curve) would reproduce the experimental data. Clearly this model is more successful.
The sign and shape of the difference curve are now correct but the amplitude is approximately half of that
in experiment (Figure 3, bottom right, green). We assessed the model response to the assumed axial T profile
by changing the parabolic temperature gradient to a linear one and found T}, = 1888 K (i.e., Typparen: —
12 K). In this case, however, the difference curve was almost unaffected with only slightly higher ampli-
tude (by ~8% than in the case with parabolic T profile). Modifying sample thickness within +5% produced
Tapparen Within 1 K off 1900 K. The only model parameter that markedly affects the amplitude of the differ-
ence curve is sample's emissivity. A subtraction of 100 cm ™" from the temperature-corrected extinction coef-
ficient (k) to obtain the absorption coefficient («) in order to evaluate emissivity via Equation 3, produces a
difference curve that matches not only the shape but also the amplitude of the difference curves observed in
experiment (Figure 3, bottom right, red in comparison with Figure 2, bottom). The physical meaning of this
subtraction is that it corrects the measured extinction coefficient for scattering in our polycrystalline Bgm:
a(d) = k(4) - s(4), which is necessary to adequately model sample's emissivity. The assumption of a rela-
tively small and constant scattering coefficient across the 580-820 nm spectral range is reasonable because
for 1 < 1000 nm and grain size of ~3 um (i) Mie scattering is (almost) exclusively in the forward direction
(i.e., scattered light ends up on the detector) and (ii) the wavelength-dependence in non-forward scattering
component (i.e. light that does not reach the detector) is small (Hulst, 1957).

In the present case of a translucent sample, the nongray behavior of Bgm results in the overestimation of
the maximum temperature in the sample by ~5%. That is, in the limit of < 2000 K, the systematic error in
T due to nongray optical properties of translucent Bgm is comparable to the typically assumed ambiguity in
the radiometric temperature determination of 50-150 K. The significance of the present case is that it pos-
itively demonstrates that sample's wavelength-dependent optical properties may leave a clear record in the
measured thermal emission spectrum, which can be revealed by analyzing small but systematic deficiencies
in Planck fitting under the graybody assumption.

3.3. Optical Properties of Dark Bridgmanite

Melting of Bgm and other Bgm-bearing samples in LH DAC experiments typically produces a dark circular
feature upon crossing the solidus (Andrault et al., 2014; Zerr & Boehler, 1993). The darker appearance of
the heated spot is likely related to (i) its elevated iron content as iron fractionates into the melt (Andrault
et al., 2017; Heinz & Jeanloz, 1987a; Nomura et al., 2014) and (ii) increased contribution of the non-forward
light scattering component (i.e., light that does not reach the detector) in the submicron-grained quenched
sample. To model the important scenario of radiometric determination of melting temperatures in LH
DACs, we reproduced such a dark circular feature by melting our Bgm sample at ~50 GPa (Figure 4, left
insets). No chemical reactions were observed by synchrotron x-ray diffraction (XRD) after quenching the
sample to 300 K because only Bgm and KCl are present in the XRD pattern (Figure S4). Le Bail refinement
of the XRD pattern suggests that the quenched sample is mostly crystalline because no diffuse signal is
apparent in the difference curve. After the synthesis, the average light extinction coefficient of this dark
Bgm was measured at 300 K using the supercontinuum laser. Please, note that the diameter of the focused
supercontinuum laser is approximately two times smaller than that of the circular dark feature itself; thus,
the laser adequately probes light attenuation in the quenched sample.

We obtained the extinction coefficient of Bgm at 50 GPa via Equation 1 after measuring the thickness of
the laser-heated spot of the recovered sample (Figure S1). Note that here we did not account for elastic
thickening of Bgm upon decompression as such a correction would be small (~5%). Also, we assume that
the resulting quenched sample is optically homogeneous (i.e., the absorption and scattering coefficients
do not change across the sample). The obtained light extinction coefficient (Figure 4, right inset) is ~5-10
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Figure 4. Constant-emissivity (¢) Planck fits to measured (left) and modeled (right) thermal radiation of dark
bridgmanite at ~50 GPa in a double-sided laser-heated diamond anvil cell. Bottom: Difference curves (fit/measured or
modeled — 1) in %. Blue and red curves are difference curves produced using two different extinction coefficients as
labeled. Left insets: Images of the sample before (left) and after melting (right). A confocal pinhole is also imaged in
the photograph on the right-hand side that collimates the field of view to ~10 um. Right inset: Extinction coefficient
measured through the sample after quenching the melt (dark area in the center of the pinhole) assuming cylindrical
shape of the melted region with a total thickness of 2z = 16.4 um (measured by SEM). The ambiguity in extinction
coefficient due to the assumption of its cylindrical shape is < 10%.

times higher compared to that prior to melting (both at 50 GPa/300 K). Because we cannot disentangle the
relative contributions from scattering and absorption we tentatively suppose that the large increase in the
extinction coefficient is due to both processes. The grain size of the quenched sample has not been quanti-
tatively constrained in the present work but is likely small. To cite but one example, a grain size of < 500 nm
is characteristic of a Bgm-bearing sample recovered in melting experiment in LH DACs (Fiquet et al., 2010).
For such a grain size, the forward component of scattering is decreased (Hulst, 1957); thus, the scattering
contribution to the extinction coefficient is likely higher than in the above case of translucent Bgm. The
steep edge-like increase of the extinction coefficient at A < 650 nm in the quenched sample could also be
consistent with increased light scattering at grain boundaries. This assignment, however, is not unique as
the steep edge-like structure can be assigned to light absorption by the Fe-O CT excitations in Fe-enriched
Bgm (Goncharov et al., 2008). The band at ~700-750 nm is most likely related to an absorption process (as
opposed to light scattering) because of its relatively small width. We tentatively assign this band to a Fe**-
Fe’* CT although the center of the band is at lower wavelengths than prior to melting the sample.

3.4. Radiometric Temperature Determination in Dark Bgm

Figure 4 (left) shows a representative thermal radiation spectrum collected from the dark area. The corre-
sponding constant emissivity Planck fit yields Toyparene = 2676 K and a statistical uncertainty of < 1 K. The
difference curve changes its sign at ~610, 700, and 790 nm but, overall, the residual is small (<1 %). Be-
low, we will evaluate the models representing this experimental case by their ability to reproduce the sign,
change of sign, and amplitude of this residual.

The geometrical parameters used in the modeling are fixed to d = 11 um, z = 8.2 um based on direct
measurements in decompressed sample (Figure S1). Unfortunately, the emissivity of dark Bgm cannot
be accurately constrained from the experimental data as the scattering contribution to the total measured
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extinction coefficient is unknown. To overcome this problem, we evaluat-

= constant ed three models with distinct forms of sample’s emissivity that may have
) + k(A)@1atm/1900K relevance to the present case (Figure 5, top). For each choice of emissiv-
— k(A)@50GPa/300K ity, we adjusted Tax to yield Topparens = 2676 K at which point the differ-

ence curve was compared to the experimental one.

95+

Emissivity (% of mean)

In the first case, we modeled the behavior of a gray sample by fixing
the emissivity to a constant and the extinction coefficient to 1750 cm™
(roughly the average of the measured value). Not surprisingly, the result-

ing difference curve fails to reproduce the experimental one (Figure 5,
black difference curve). Nonetheless, this is a useful test as it isolates

the systematic error in temperature determination due to the axial tem-
perature gradient in the sample (see Section 3.2). Here, we satisfied the

condition of Typparens = 2676 K at Ty = 2865 K, that is the systematic
error in measured T is ~7%. This estimate is not universal as it is sensitive

to sample geometry, the form of the axial temperature gradient, and the
magnitude of the extinction coefficient. In the second case, we employed

the emissivity of translucent Bgm given by its extinction coefficient at

1 atm/1900 K. Again, the modeled difference curve (Figure 5, orange dif-

ference curve) fails to reproduce the sign of the experimental difference
curve at 1 < 620 nm and the maximum amplitudes. The third choice of

600

650

700 750 800 emissivity was assuming that for dark Bgm a(1) = k(4), which results in

Wavelength (nm) emissivity that follows the flexes observed in the measured extinction co-

efficient. This choice of emissivity performs well yielding the difference

Figure 5. Top: Three qualitative emissivity models of dark Bgm: constant curve of correct sign, wavelengths of the change in sign, and amplitude

emissivity (black), based on the absorbance of translucent Bgm at 1 atm
and 1900 K (orange), and based on the extinction coefficient of dark Bgm
measured at 300 K after melting at ~50 GPa (blue). Bottom three panels:

of ~2/3 that in experiment (Figure 5, blue difference curve). The success
of this emissivity model suggests that a(4) >> s(1), which is expected

Three difference curves (fit/modeled - 1) in % obtained with the three because the iron content of Bgm quenched from the melt is higher than

emissivity models while satisfying T,ppqren: = 2676 K.

that prior to melting. The third choice of emissivity works best because it
accounts for the band at ~700-750 nm which, as we discussed above, is
likely related to light absorption, making it a reasonable approximation
to sample's true emissivity. Overall, the comparison of the difference curves modeled with three distinct
forms of emissivity suggests that sample's nongray behavior is dominated by both wavelength-dependent
emissivity and light attenuation.

To improve the agreement between the model and experiment we adopted the third form of emissivity and
investigated the effect of individual model parameters on the difference curve. As in the case of translu-
cent Bgm, the difference curve is most sensitive to the magnitude of the extinction coefficient. Using the
room-temperature extinction coefficient we obtained a difference curve in agreement with the experiment
except the modeled amplitude is ~2/3 lower (Figures 4 and 5, blue curve in the bottom panel). However,
light absorption in Bgm (and other iron-bearing silicates) is continuously enhanced with heating as the
UV absorption edge red-shifts into the visible range (Lobanov et al., 2017; Shankland et al., 1979; Ullrich
et al., 2002). For example, the absorption coefficient of Bgm at T > ~2000 K increases by ~0.4-1 cm™'/K
(Lobanov, Holtgrewe, et al., 2020; Lobanov et al., 2021). Accepting a temperature-induced increase in the
extinction coefficient (due to temperature-enhanced absorption) of 1000 cm™ we generate a difference
curve that is very similar to the experimental one (Figure 4, red line in the bottom panel). The condition of
Tapparent = 2676 K is satisfied for T, = 2975 K. That is, the fitted temperature observed in the experiment
underestimates the maximum temperature in the center of the LH DAC by ~10%. At this point it is conven-
ient to depart from the parabolic temperature profile and explore the effect of the shape of axial temperature
gradient on the modeled T4 A near-linear axial temperature gradient can be realized when the thermal
insulation is ineffective (Kiefer & Duffy, 2005). Keeping all other parameters fixed (e.g., emissivity profile,
geometry) and imposing a linear axial temperature profile, we satisfy the condition of T,pperen = 2676 K at
Tmax = 3152 K. Therefore, the fitted temperature may underestimate the maximum temperature in dark
Bgm by up to ~15% in the case of a linear axial temperature profile.
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4. Discussion

We showed that two distinct scenarios are characteristic of radiometric temperature determination in Bgm
laser-heated in a DAC. The first scenario represents translucent Bgm such as in the case of a single-crystal-
line or polycrystalline sample with a relatively large grain size (> 2 um). For such a case, our results show
that the usual assumption of Topparent = Tmax in LH DAC experiments results in the overestimation of Ty
in the sample by up to 5% (at T, < 2000 K). The amplitude of the difference curve shows significant de-
viations of up to ~10% (Figure 2). This relatively large amplitude of the difference curve is due to sample’s
rapidly increasing emissivity at A < ~650 nm (red curve in the top panel of Figure 5) while the extinction co-
efficient is too low to significantly attenuate the extra light. We expect that this scenario holds in the limit of
Bgm with relatively low Fe content (e.g., 5 mol. % Fe used here) but may reverse as the extinction coefficient
is increased at higher Fe concentrations and the wavelength-dependent light attenuation becomes more
important. The second scenario sets in when sample's extinction coefficient is high and prevents the extra
short-wavelength light from reaching the detector, the direct consequence of which is the small maximum
amplitude of the difference curve (<1%, Figure 4). In spite of the good fit, the apparent temperature system-
atically underestimates Ty, by ~10%. Therefore, the small amplitude of the difference curve is deceiving
and does not validate the graybody assumption. A two-color pyrometer fit to the experimentally-observed
thermal emission spectrum helps to identify problems in Planck-fitting under the graybody assumption
(Figure S5) as is indicated by a large spread of the two-color temperature both below and above Tparent-
However, it does not allow addressing the magnitude of temperature underestimation that results from the
graybody assumption. The latter requires quantitative information on the sample's optical properties at high
P-T conditions which can be measured (as in this study) or computed (Lobanov et al., 2021).

In both scenarios a closer resemblance of the experimental and modeled difference curves was achieved by
modifying the optical properties of Bgm by a constant (see red modeled curves in the bottom right panels
of Figures 3 and 4). However, the physical justification for such a correction was different. In the case of
translucent Bgm, it serves to account for light scattering as opposed to temperature-induced changes in
the extinction coefficient in the case of dark Bgm. Such a simple correction is convenient and potentially
accounts for multiple experimentally-unconstrained factors that affect light transport in a real laser-heated
DAC experiment. These include deviations from the assumed T profile, varying optical properties along the
axial T profile, spectral contributions of colder regions along the radial T gradient, sample thickness and its
actual shape, and non-symmetrical sample position in the cavity.

The practical outcome of the present work is that it shows that radiometric temperature determination
under the graybody assumption may introduce a potentially significant error to the phase diagram of Bgm
(up to 10% in T). The case of translucent Bgm is representative of radiometric temperature determination
in LH DAC experiments at T < Tyyjqus (i-€., prior to melting the sample). This is the temperature regime
of some previous studies of the Bgm-Ppv phase boundary that were based on the graybody-fit to the spec-
trum emitted by the hot silicate sample (Catalli et al., 2009; Sun et al., 2018). We estimated the difference
between Tinqx and Typparen: in the case of a hypothetical experiment performed at P ~120 GPa and graybody
temperature (Typparens) = 2500 K (which roughly corresponds to the Bgm-Ppv crossover) by accepting the
1 atm/1900 K extinction coefficient of translucent Bgm and sample geometry characteristic of DAC exper-
iments at P > 100 GPa (d = 2.5 um, g = 2.0 um). The use of this extinction coefficient is adequate to first
order for reasons discussed in Section 3.1. If the optical properties of Bgm/Ppv at the core-mantle boundary
(CMB) are those of Bgm at 1 atm and 1900 K, then Ty, and Typparene are within 0.5%; that is, negligible sys-
tematic error in temperature determination. However, we also consider the effect of plausible minor T- or
P-induced changes in the absorption coefficient of Bgm by allowing it to vary in the limit of 100 cm™ (i.e.,
overall increase or decrease in the coefficient). Temperature-induced changes in the absorption coefficient
of Bgm are wavelength-dependent and may be both positive and negative in visible and near-IR range with
the net effect of ~0.05 cm™/K at T < ~2500 K (Lobanov et al., 2021). This is compatible with the reported
T- and P- changes in optical absorption of other ferromagnesian minerals at T < ~2000 K (Lobanov, Holt-
grewe, et al., 2020; Lobanov et al., 2017; Ullrich et al., 2002). The purpose of considering a wavelength-inde-
pendent change in the coefficient by 100 cm™" is to bracket the systematic error in the experimental T de-
termination of the Bgm/Ppv phase transition due to nongray but yet not fully constrained optical properties
of Bgm/Ppv at P-T conditions representative of the CMB. We found that under these model parameters the
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Figure 6. Possible systematic error in the phase diagram of translucent
Bgm due to its nongray optical properties (light green and blue areas).
Black stars are Tpparens Used in the modeling of T4y, Which are shown

as bounds around the Bgm-Ppv transition and Bgm solidus. These

bounds illustrate the importance of optical properties of Bgm (or Ppv)

in constraining the phase diagram. The numbers near the bounds

depict possible but yet unconstrained P- and T-induced changes in the
(experimentally-based) extinction coefficient of Bgm used in modeling
Tmax (as described in the text). The Bgm-Ppv phase boundary (green

solid line) has the same pressure dependence as measured by Tateno

et al. (2009) for pure MgSiO; but shifted to qualitatively represent the effect
of Fe-Mg substitution (Hirose et al., 2017). The solidus of Bgm is shown by
a blue solid curve after Andrault et al. (2017).

5. Conclusions

apparent temperature may overestimate T, by up to ~8% (for a decrease
in a of 100 cm™) or underestimate T}, by up to ~2% (for an increase
in a of 100 cm™). These modeling results are schematically depicted in
Figure 6 as the light green band, representing a plausible range of system-
atic error introduced by the graybody approximation in reference to the
Bgm-Ppv boundary (solid green line). While our modeled bounds would
still be consistent with the Ppv interpretation of the D” seismic disconti-
nuities, the presented case illustrates that optical properties of the Bgm-
Ppv system at near-CMB conditions are needed for a more rigorous deter-
mination of the Bgm-Ppv phase transition, especially when multiphase
mantle-like samples are investigated in the LH DAC.

In a similar way we can estimate the potential error in the position of
the experimental Bgm solidus curve based on graybody Planck fitting in
LH DACs. In experiments to constrain Ty,q,s 0ne may record radiomet-
ric temperatures upon gradually increasing the laser heating power. In
such a case, temperatures recorded prior to the onset of melting constrain
the lower bound on Tyyqys- Using the 1 atm/1900 K extinction coefficient
of translucent Bgm, we obtained that Tmax is ~3% lower than T,y
ene = 5200 K at CMB (P = 135 GPa). However, due to the vast difference
between our experimental conditions (1 atm/1900 K) and those at the
CMB, we need to account for the likely positive temperature dependence
of the absorption coefficient of Bgm at high temperature of ~0.4 cm™'/K
at T > 2000 K (Lobanov et al., 2021). By accepting that « increases by 1000
cm™', we obtained that T, is ~9% higher than Tapparent = 5200 K (Fig-
ure 6). While these models allow only semiquantitative inferences, they
urge a new approach in determining/evaluating radiometric Bgm-Ppv
phase transition temperatures as well as melting temperatures of Bgm-
rich samples in LH DACs that accounts for sample's optical properties
constrained at high P-T.

We showed that the deviations of measured thermal emission from an ideal graybody behavior carry in-
formation on the interaction of light with the hot nongray Bgm in a LH DAC. Temperatures measured in
LH DAC experiments on Bgm may both underestimate and overestimate the maximum temperature in
the sample, depending on its optical properties. In our experiments we find that the difference between
sample's maximum and measured temperatures in LH DAC experiments is resolvable and can be corrected
through modeling the emission and transport of thermal radiation in the sample with established wave-
length-dependent optical properties. Extrapolating the results of the present work, including qualitative
pressure and temperature effects, to lowermost mantle and core-mantle boundary conditions shows that
consequences of this previously unaccounted error in the phase diagram of Bgm may be significant. Our
study, therefore, warrants a careful re-evaluation of phase boundaries in the Bgm system enabled by its
optical properties constrained at appropriate P-T conditions.
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