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LGFZ German Research Center for Geosciences, Potsdam, Germany

Abstract Accurate temperature determination is central to measurements of physical and chemical
properties in laser-heated (LH) diamond anvil cells (DACs). Because the optical properties of samples at
high pressure-temperature (P-T) conditions are generally unknown, virtually all LH DAC studies employ the
graybody assumption (i.e., wavelength-independent emissivity and absorptivity). Here we test the adequacy
of this assumption for ferropericlase (13 mol.% Fe), the second most abundant mineral in the Earth's
lower mantle. We model the wavelength-dependent emission and absorption of thermal radiation in
samples of variable geometry and with absorption coefficients experimentally constrained at lower mantle P
and P-T. The graybody assumption in LH DAC experiments on nongray ferropericlase contributes
moderate systematic errors within +200 K at 40, 75, and 135 GPa and T < 2300 K for all plausible sample
geometries. However, at core-mantle boundary P-T conditions (135 GPa, 4000 K) the graybody assumption
may underestimate the peak temperature in the DAC by up to 600 K in self-insulated samples due to
selective light attenuation in highly opaque ferropericlase. Our results allow insights into the apparent
discrepancy between available ferropericlase melting studies and offer practical guidance for accurate
measurements of its solidus in LH DACs. More generally, the results of this work demonstrate that reliable
temperature measurements in LH DACs require that the optical and geometrical properties of the samples
are established.

Plain Language Summary Here we modeled how colored samples affect temperature
measurements in laser-heated diamond anvil cell experiments. We show that the systematic error in
temperature may be large if the wavelength dependence of the sample's optical properties is not considered.
The extant discrepancy in the ferropericlase melting curves at lower mantle conditions may originate from
the improper assumption of its optical properties.

1. Introduction

Temperature measurements in laser-heated (LH) diamond anvil cells (DACs) provide crucial information to
determine the properties of geomaterials within deep planetary interiors. Today, direct characterization of
sample density, elasticity, and phase transitions as a function of pressure-temperature (P-T; Andrault
et al., 2011; Andrault et al., 2014; Fiquet et al., 2010; Grocholski et al., 2012; Nomura et al., 2014; Shim
et al., 2001; Zerr et al., 1998) sets the base for the interpretation of global seismic velocity models as well
as local seismic discontinuities within Earth's interior (Dziewonski & Anderson, 1981; Megnin &
Romanowicz, 2000). Other important physical and chemical properties (e.g., transport properties) of rele-
vant materials can also be probed in situ (Hasegawa et al., 2019; Konopkova et al., 2016; McWilliams
et al., 2015; Ohta et al., 2010; Ohta et al., 2017). Accordingly, the accuracy of temperature measurements
in LH DAGC:s affects our understanding of the structure and dynamics of the deep Earth and is of primary
importance to geosciences.

The community-wide yardstick for temperature measurements in LH DACSs has been the fit of Planck's law
to sample's thermal emission spectrum, which yields temperature as a fitting parameter (Benedetti &
Loubeyre, 2004; Campbell, 2008; Kunz et al., 2018; Ming & Bassett, 1974; Prakapenka et al., 2008). Several
sources of ambiguity are associated with radiometric temperature measurements in LH DAC experiments
(Benedetti et al., 2007; Giampaoli et al., 2018; Walter & Koga, 2004). Notably, previous studies showed that
the spectral sampling of radial and axial temperature gradients, which are unavoidable if a near-infrared
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(IR; e.g., Nd:YAG or Nd:YLF) heating laser is employed but can be mitigated by using a mid-IR CO, laser
(Petitgirard et al., 2014), lead to the underestimation of the sample’'s maximum temperature by up to 10 %
(Kavner & Panero, 2004; Manga & Jeanloz, 1996). While temperature gradients have being well recognized
as a systematic source of error, the reported temperatures (e.g., melting temperatures) are rarely corrected
for such gradients and a cumulative uncertainty of +150 K is usually presumed. Yet there is another systema-
tic and potentially important source of error that is virtually never considered. The determination of tem-
perature by Planck fitting in LH DAC experiments relies on the assumption of wavelength-independent
emissivity (graybody approximation), which comes as a second free parameter into the fitting.
Wavelength-dependent emissivity of mantle minerals has never been characterized at appropriate P-T con-
ditions due to associated experimental challenges, hence the ubiquity of the graybody assumption. Iron-
bearing mantle minerals, however, are nongray semitransparent solids and may show strongly
wavelength-dependent optical properties (e.g., emissivity) at 600-900 nm (Dubrovinsky et al., 2008;
Goncharov et al., 2006; Goncharov et al., 2015; Keppler et al., 1994; Keppler et al., 2007; Keppler &
Smyth, 2005; Lobanov et al., 2017; Lobanov et al., 2017; Thomas et al., 2012; Ullrich et al., 2002), which is
a common spectral range used for radiometric measurements in LH DACs. The application of Kirchhoff's
law of radiation to a partially transparent body entails that the emissive and absorptive powers of the body
at a given wavelength are equal if light reflections are negligible (McMahon, 1950), a condition that is to first
order satisfied in LH DACs on mantle minerals (Goncharov et al., 2009). Accordingly, the graybody approx-
imation can be lifted if the absorption coefficient is known.

Several physical mechanisms may contribute to light absorption at 600-900 nm in iron-bearing phases: (i)
multiplicity-allowed d-d electron transfer (crystal field transitions), (ii) intervalence (e.g., Fe?t- Fe*") charge
transfer (CT), and (iii) Fe-O CT (Burns, 1993). Position and intensity of associated absorption bands are P-,
T-, iron concentration-, and material-dependent; thus, the absorption coefficients of major mantle minerals
have to be mapped onto their stability fields in order to move beyond the graybody approximation. This is a
formidable task as the conventional light sources used for optical absorption measurements are not bright
enough to probe hot radiating samples. Because of this experimental challenge, high-pressure high-
temperature absorption spectra of Earth's two most abundant minerals, bridgmanite (Bgm) and ferroperi-
clase (Fp), are not yet available.

Of these two phases Fp is particularly important as its iron content in the lower mantle is higher than in Bgm
(e.g., Piet et al., 2016) and, consequently, Fp has a stronger light absorption coefficient, which may affect the
analysis of thermal radiance for temperature determination in LH DACs. In addition, iron in Fp undergoes a
spin transition at 50-70 GPa (at 300 K; Badro, 2014; Badro et al., 2003; Glazyrin et al., 2016; Lin et al., 2006;
Lin et al., 2013; Speziale et al., 2005), which modifies the number and intensity of absorption bands in the
visible and near-IR range (Goncharov et al., 2006; Keppler et al., 2007). Accordingly, thermal radiance of
Fp across the temperature-induced high-to-low spin transition integrates the effect of a continuous change
in Fp optical properties, which have never been considered in determining temperature in LH DAC experi-
ments at P > 50 GPa, such as, for example, in studies of Fp spin state diagram (Lin et al., 2007).

Deng et al. (2017) have explored the effect of wavelength-dependent absorption coefficient on the tempera-
ture determination by radiometry under the graybody assumption. Comparing their results to measured
room-temperature high-pressure Fp absorption coefficients, the authors concluded that wavelength-
dependent emissivity and absorptivity contribute a systematic error of up to 700 K to the measurements of
the melting onset in Fp (Deng et al., 2017). To correct for nongray sample behavior, however, one not only
needs to know the optical properties of the sample but also the sample thickness and the temperature profile
across it. Combining ex post analysis of sample geometry with appropriate models of heat fluxes in a LH
DAC and available estimates of Fp optical properties, Deng and Lee (2017) corrected for the nongray beha-
vior and reported solidus and liquidus temperatures of Fp solid solutions. Their solidus/liquidus curves show
a sharp depression at ~50 GPa, correlating with the spin transition pressure (Deng & Lee, 2017, 2019), and
are ~500 K below the solidus/liquidus curves reported by Fu et al. (2018), who did not correct the measured
temperatures for nongray Fp. On its face, the melting curves of Deng and Lee (2017) should be preferred
because the temperature correction is justified for Fp. However, their temperature correction relies heavily
on the absorption coefficients of Fp at high pressure, which are available only for selected compositions and
exclusively at room temperature. Here we attempt to reconcile the discrepant Fp melting data by considering
several independent cases with P-, spin-, and P-T-dependent optical properties of Fp with 13 mol.% Fe that
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Figure 1. 1-D radiation transport model. (left) Geometry and input parameters: sample's half-thickness (z), diamond anvil
cell cavity half-thickness (d), and number of slabs with distinct temperature (n = 103); Tmax 18 the temperature at the
center of the sample. The model quantifies Typparent by fitting the Planck’s law to the thermal radiation spectrum that
reaches the detector (Ietector)- (right) Examples of two input temperature profiles (linear and parabolic) with Tinyy = 2300
K. (inset) The thermal emission of the ith slab (I;) is added to the light that enters the ith slab from the (i—1) slab (I ;). These
two contributions are attenuated by the absorbance of the ith slab and passed to the (i+1) slab (I*Hl).

we measured at appropriate P-T (and spin state) conditions. Our results have implications for the
presence/absence of (Mg,Fe)O melt in the lowermost mantle and its chemical composition, which are
among the key unknowns in elucidating the nature of seismically observed ultralow-velocity zones
(Bower et al., 2011; Wicks et al., 2017; Williams & Garnero, 1996; Yuan & Romanowicz, 2017), and are
thus of primary importance to geosciences.

2. Materials and Methods
2.1. 1-D Radiation Transport Model

Flat, single-crystalline ferropericlase (thickness 2z) is placed in the center of the DAC gasket cavity (thick-
ness 2d) and surrounded by nonabsorbing pressure medium that also provides thermal insulation
(Figure 1). Double-sided near-IR laser heating produces steep symmetric temperature profiles across the
sample due to the very high thermal conductivity of the diamond anvils, which remain essentially at 300
K (Bodea & Jeanloz, 1989; Kiefer & Duffy, 2005; Petitgirard et al., 2014; Rainey et al., 2013). The shape of
the temperature profile is most sensitive to the absorption coefficient at the heating wavelength, the pre-
sence of thermal insulator/pressure medium, its thickness, and the sample to insulation thermal conductiv-
ity ratio (Kiefer & Duffy, 2005; Montoya & Goncharov, 2012). Several characteristic temperature profiles
have been revealed in finite-element models of thermal fluxes in LH DACs as a function of these parameters.
Insulators and metals, in particular, develop notably different temperature profiles due to different penetra-
tion depths of the heating laser (Gomez-Perez et al., 2017; Konopkova et al., 2016; Manga & Jeanloz, 1996;
Montoya & Goncharov, 2012; Panero & Jeanloz, 2001; Rainey et al., 2013). Usually, insulators have the max-
imum temperature at the center of the partially absorbing sample while metals at its interfaces with the pres-
sure medium. In this study we treat ferropericlase as an insulator in the entire range of P-T conditions (Ohta
et al., 2017) and, for simplicity, assume a linear (L) and a parabolic (P) temperature profile in a sample with a
constant thermal conductivity (Manga & Jeanloz, 1996; Figure 1, right). We chose the L and P profiles to
qualitatively assess the effect of variable axial T gradients rather than as good approximations of the
steady-state temperature distributions in dielectric samples loaded in a LH DACs. One additional oversim-
plification in our approach is that we do not adjust the axial T profile for a changing sample filling fraction
and thickness. We expect that more realistic temperature profiles produced by double-sided laser heating of
Fp surrounded by a pressure medium (KCl, NaCl, MgO, or Al,0O3) as well as in self-insulating Fp samples fall
in between the L and P cases (e.g.Kiefer & Duffy, 2005, Manga & Jeanloz, 1996, Montoya & Goncharov, 2012)
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where c, h, and k are the speed of light, Planck, and Boltzmann constants,

Wavenumber, cm’ respectively; 4 is wavelength; ;1) is wavelength-dependent emissivity;

and T; is the temperature of the ith slab. The emissivity is given by the

Figure 2. Room-temperature absorption coefficients of ferropericlase Fp;;  Kirchhoff's law for partially transparent bodies (McMahon, 1950):
(13 mol.% Fe) at 1 atm (black), 40 (blue), 75 (green), and 135 (red) GPa.

The gray area depicts the spectral range typical of temperature measure-
ments by radiometry in laser-heated diamond anvil cell experiments. Crystal
field (d-d) band(s) and Fe-O charge transfer are marked with arrows.

&) = 1_10~%@x(4)/n10 )

where a;(1) is the wavelength-dependent absorption coefficient of the ith
slab. Typical pressure media/thermal insulators used in LH DAC experi-
ments (MgO, NaCl, KCl, and Al,03) are wide bandgap insulators and do not absorb light at 600-900 nm,
and we assume that the emissivity of the pressure medium is zero.

Individual slabs emit, attenuate, and transmit thermal radiation:

I, () = ([;(A) + L(4))x10M@W 3)
where T 41(4) is the thermal emission spectrum that is passed to the next slab after light emission and
attenuation in the ith slab (Figure 1, inset); A;(4) is ith slab's absorbance. Although only half the sample
is modeled, we compute the spectral contributions from the entire sample (as schematically shown by
orange and red arrows in Figure 1). The sum of these contributions is the total light that reaches the
detector (Igetector)- BY fitting Planck's 1aw to Ijetector in the 600- to 900-nm spectral range we obtain
Tapparent and a single value for emissivity (wavelength-independent). This procedure simulates a common
LH DAC experiment with radiometric temperature measurements under the graybody assumption. For
computational efficiency we set n to 10° as the output results of these models are within 1 K to that of
models run with n = 10*. Radial temperature gradients are not considered in this work but would lower
the apparent temperatures because of the spectral sampling of colder regions (Kavner & Panero, 2004;
Panero & Jeanloz, 2001).

2.2. Input Parameters

To constrain the input parameters for the 1-D Radiation Transport Model, we measured the absorption coef-
ficient of a Fp sample (Fp;3: 13 mol.% Fe; Fe**/Feyom ~10 %) at 1 atm (3,000-19,500-cm ™" spectral range)
and at 40, 75, and 135 GPa (3,000-30,000 cm™'; Figure 2). Optical-quality single-crystalline Fp was synthe-
sized by diffusing Fe into an MgO single crystal sandwiched between platelets of (Mg s,Feq )0 powder at 1
atm in a gas-mixing furnace. After the synthesis, the single crystal of Fp was double-polished down to ~16
um with a 3- and 1-um diamond grit, followed by a 0.3-um Al,O5; powder. Rectangular chips of the polished
sample were washed in alcohol and loaded into the DAC sample chamber (20- to 40-um-thick Re gasket)
between dry KCl wafers (5-15 um thick), which served as both a pressure-transmitting medium and the opti-
cal reference in absorbance measurements. Immediately after the loading, the DAC was sealed and brought
to the desired pressure using ruby fluorescence (Syassen, 2008) and/or the diamond Raman edge (Akahama
& Kawamura, 2006) as a pressure gauge. The discrepancy between the two pressure readings was within 5%.
Details on the experimental setup used here to measure the absorption coefficients at high pressure and 300
K have been reported previously (Goncharov et al., 2009; Goncharov et al., 2015).
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Optical absorbance was measured on decompression, allowing the sample thickness to change elastically
(Onhta et al., 2012; Ohta et al., 2017; Okuda et al., 2017), which is important for reliable thickness estimates
at high pressure. First, the thickness of decompressed samples at 1 atm was measured using a Zygo NewView
5032 optical 3-D profilometer after dissolving the KCIl wafers in distilled H,O on a clean glass slide. Next, the
obtained thickness at 1 atm was adjusted upward using the MgO equation of state (Tange et al., 2009) in
order to reconstruct the sample thickness at the pressure of the absorbance measurement. The obtained sam-
ple thickness at high pressure was consistent with the in situ measurement of the gasket thickness at high
pressure by visible light interferometry after scaling by the refractive index of KCl extrapolated to 135 GPa
exploiting its linear increase with density (Johannsen et al., 1997), which we calculated by using the KCl
equation of state by Dewaele et al. (2012). Finally, the high-pressure absorption coefficients were obtained
by scaling the sample absorbance by its thickness (and In(10), see equation (2)). Based on the agreement
between the thicknesses obtained by profilometry ex situ and that by visible light interferometry in situ,
we estimate the possible error in the sample thickness to be within 20 %, which translates to the same order
of ambiguity in the absorption coefficients.

At 1 atm, two distinct absorption bands are resolved in the spectrum (centered at ~9,500 and ~12,000 cm_l).
Both absorption components are related to a single multiplicity-allowed electronic transition: STZg - SEg,
which is split by a Jahn-Teller distortion. The distortion is essentially quenched upon compression to 40
GPa where only the 12,000-cm ™" band is resolved. In addition, strong Fe-O CT band (seen as an absorption
edge) is apparent at >15,000 cm™Y, a characteristic feature of many Fe-bearing minerals (Burns, 1993;
Lobanov et al., 2015; Shankland et al., 1979; Ullrich et al., 2002). Across the spin transition, the single d-d
band is replaced by three d-d bands, which is a consequence of the change in the multiplicity of the ground
state electronic configuration. The contribution of the absorption edge to the absorption coefficient at high
frequency decreases across the spin transition. Overall, these spectroscopic transformations are consistent
with the previous reports on Fp optical properties at high pressure (Goncharov et al., 2006; Keppler et al.,
2007). Serendipitously, the shape of the spectra at 40 and 135 GPa at 600-900 nm is qualitatively similar,
while the spectrum at 75 GPa shows a relatively narrow d-d band almost in the center of the spectral window
used for radiometric temperature measurements.

From the measured absorption coefficients, the wavelength-averaged (600-900 nm) photon mean free path
(1/a) in Fpy3 is ~45 (1 atm), 10.9 (40 GPa), 5.7 (75 GPa), and 4.9 um (135 GPa). These are in the range of gas-
ket thicknesses expected for these pressures (Li et al., 2018); thus, apparent temperatures should appear sen-
sitive not only to the Fp;; absorption coefficient but also to the gasket thickness (2d) and the DAC cavity
filling ratio (z/d). To model light diffusion in nongray Fp, we set d to 10, 5, and 2.5 um for the DAC assem-
blages at 40, 75, and 135 GPa, respectively. This choice is based on our own direct measurements of cavity
thickness in the experiments to determine Fp;3; absorption coefficients (by light interferometry as described
above). Cavity thickness is largely governed by the mechanical properties of the gasket and pressure med-
ium. We used Re gaskets in our spectroscopic experiments, but the obtained thicknesses are in good agree-
ment with that reported for W gaskets at similar pressures (Li et al., 2018). The thickness of the cavity,
however, would definitely be smaller in DAC experiments with stainless steel gaskets, which should be
accounted for in modeling the emission/attenuation of thermal radiation in the future.

3. Results and Discussion

3.1. Temperature-Independent Absorption Coefficient at 1 atm

For an empirical demonstration of the effect of wavelength-dependent light absorption on radiometric tem-
perature measurements, we passed the thermal emission of a W spectral calibration lamp (2 V Halogen
lamp, Conrad Electronics) set to 1763 K (Tj,mp) through a spatial filter equipped with a confocal 100-um pin-
hole. The pinhole was either clear (Figure 3, case A) or covered by a 16-um-thick Fp, 3 single-crystal platelet
(case B). By fitting the Planck's law to the transmitted portion of the radiation under the graybody assump-
tion in cases A and B we quantitatively examine the potential of nongray Fp with a thickness typical of DAC
experiments to introduce systematic errors in the temperature determination. Systematically higher appar-
ent temperatures (Tiamp + Fp = Tiamp + 109 K) are recorded when the pinhole is covered by Fpy3, in quanti-
tative agreement with the modeled value (Tiamp + rp = Tiamp + 113 K) based on the Fp;3 absorption
coefficient at 1 atm (see Figure 2, black curve), its thickness (16 um), and the W lamp radiation
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Radiation intensity (arb. units)

temperature of 1763 K. Higher apparent temperatures in case B are due to
perturbed relative intensities in the collected spectrum after the
wavelength-dependent light attenuation by Fp,3. At 1 atm, Fp;5 absorbs
near-IR light more efficiently than visible due to the crystal field band at
~12,000 cm ™. As a result, the spectrum recorded in case B is bluer (i.e.,
apparently hotter) than in case A, albeit less intense. This simple experi-
ment warrants modeling the effect of nongray Fp on temperature mea-
surements at high pressure where the absorption coefficients are
notably different from that at 1 atm.

3.2. Temperature-Independent Absorption Coefficient at High P

Expectation: Here we discuss the results of the models run assuming a temperature-
Tamp o = Tamp ¥ 113 K independent absorption coefficient of Fp;3 at 40, 75, and 135 GPa. These
T T T T T models are displayed in Figure 4, where Timax — Tapparent i plotted as a

12000 13000 14000 15000 16000 17000

Wavenumber, cm™

Figure 3. Measured thermal radiation spectra of a W lamp set to 1763 K
through a clear 100-um pinhole (A) and through a pinhole covered by a
16-um-thick single crystal of Fp;3. Light attenuation by ferropericlase at 1
atm produces a nominally hotter spectrum (red) compared to the one
emitted by the lamp (dark blue) because of the stronger absorption coeffi-
cient at near-infrared than in the visible range (Figure 2; black curve). Inset:
Microphotographs of the 100-um pinhole (A) without and (B) covered with

ferropericlase platelet.
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function of Tyhax. Models run with the Fp;5 absorption coefficients at 40
and 135 GPa yield T,pparent that are up to ~200 K lower (at T, = 2300
K, linear temperature profile, d = z) than Ty, as is shown in Figure 4
(left) and (right). Fp;3 at these pressures is more absorbing in the visible
than in the near-IR. The hotter the sample, the stronger the spectral over-
lap of its thermal emission with its absorption coefficient. As a result,
shorter wavelengths are attenuated in the measured spectrum (Igetector)
compared to the ideal blackbody spectrum at T,y producing colder
apparent temperatures. Such an effect is less pronounced in the case of
the parabolic temperature profile as the sample is hotter on average.

Interestingly, the models run with small filling fractions (e.g., d = 37)
occasionally show nonmonotonous behavior, which may result in the change of sign of Tinax — Tapparent-
We attribute this to the competition between sample’s emittance and absorbance. Samples with stronger
absorption at shorter wavelengths emit bluer spectrum than a blackbody, which results in Ty —
Tapparent < 0 if the sample is not sufficiently thick (z < 1/a) to absorb the extra blue light in the system.
Such behavior is most pronounced in the case of the parabolic temperature profile at 75 GPa with
Tapparent ~200 K higher than T,y at Trmax = 2300 K due to the presence of the d-d absorption band in the
middle of the 600- to 900-nm range. Here it is convenient to evaluate the physical performance of our models
against that of Deng et al. (2017), who modeled the effect of the input optical thickness (z = a X d) on appar-
ent temperature. While sample thickness was fixed in their models, the magnitude of the absorption coeffi-
cient was allowed to vary, which is similar to varying the sample thickness in our study. In a sample with
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Figure 4. The effect of wavelength-dependent (but temperature-independent) light absorption in ferropericlase Fp;3 at 40, 75, and 135 GPa on the apparent tem-
perature. The difference (Tmax — Tapparent) between the actual maximum temperature at the center of the sample and the temperature determined under the
graybody approximation (i.e., wavelength-independent emissivity) is plotted as a function of Tyy,x. Circles depict crossings of the d = z and d = 2z models.
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Figure 5. (left) Modeled linear combinations of the optical absorption spectra of Fp,3 recorded at 40 (pure high spin) and 75 GPa (pure low spin). Note that the
spacing between dashed lines is even for the linear temperature profile, while the solid lines are spaced closer near the high spin spectrum for the parabolic tem-
perature profile. (right) The effect of temperature-induced low-to-high spin transition in ferropericlase at 75 GPa on the apparent temperature plotted as a
function of peak temperature Ty, [F] and [DL] are models with geometrical parameters resembling that in the laser-heated diamond anvil cell melting experi-
ments by Fu et al. (2018) and Deng and Lee (2017).

optical thickness that decreases with the wavelength the apparent temperatures may be both lower [large 7]
and higher [small 7] than Ty, (see Figure 5d in Deng et al., 2017). Such physical behavior is qualitatively
similar to that observed in our models with temperature-invariant absorption coefficients.

Another interesting observation is that at 135 GPa the models d = z and d = 2z intersect at Tp,x ~ 1150-1200
K (showed by circles in Figure 4). At T,.x < ~1200 K, there is almost no blue light in the emission spectrum
and the apparent temperature is mostly governed by the lowest frequency d-d band of Fp;; at 135 GPa (at
~10,000 cm™") and not by the Fe-O CT band at high frequency. Therefore, the crossing of the models is
due to the higher near-IR sample absorbance of the thicker ferropericlase (d = z case), which is more effi-
cient in reducing Trmax — Tapparent at Tmax < ~1200 K. Although not intuitive, such peculiar behavior is qua-
litatively similar to that observed and modeled for the 1-atm case discussed above.

3.3. Spin-Dependent Absorption Coefficient

Available spectroscopic studies of iron-bearing minerals indicate that the width and intensity of the absorp-
tion bands are moderately sensitive to temperature (Burns, 1993; Lobanov et al., 2016; Lobanov, Holtgrewe,
et al., 2017; Shankland et al., 1979; Ullrich et al., 2002). Heating typically results in band broadening, due to
the participation of vibrationally excited states in the electronic transition, and a red-shift due to the thermal
expansion. However, the net effect on the absorption spectrum may remain minor in the limit of 7 < 2000 K
(e.g., (Lobanov et al., 2016; Lobanov, Holtgrewe, et al., 2017). Temperature-induced low-to-high spin transi-
tion, on the other hand, significantly changes the absorption spectrum due to the switch in the ground state
electronic configuration.

We examined the potential effect of a temperature-induced spin transition by supposing a complete transfor-
mation to the high spin configuration upon heating from 300 to 2300 K at 75 GPa, as is expected from the
spin state diagram of Fp (Holmstrom & Stixrude, 2015). The mixed spin absorption coefficient was modeled
assuming linear combinations of the low spin (a;5 gp,) and high spin (a9 gpa) Spectra:

“4)

Ctmixed spin = %75 GPaX(1=flys) + a0 GraXfs

where fis is the high spin state fraction fyys = (T — 300)/(Tys — 300) and Tys is the temperature needed for a
complete transformation to high spin Fp at 75 GPa. We set Ty to 2300 K to reflect the expected temperature-
induced low-to-high spin transition of Fp at 75 GPa (Holmstrom & Stixrude, 2015). We note that the increase
in the high spin fraction with temperature may be nonlinear (especially in approaching pure low and high
spin states; Lin et al., 2007; Sturhahn et al., 2005; Tsuchiya et al., 2006) and our assumption of a linear rela-
tion between the spin fraction and temperature allows only qualitative conclusions. The use of the 40 GPa
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room-temperature spectrum (high spin) as a first-order approximation of the Fp;3 spectrum at 75 GPa and
2300 K (high spin) is appropriate because at these conditions Fp;3 has the same ground state configuration
(Sng). Also, the energy of the Sng -3 E, transition at 75 GPa and 2300 K is similar to that at 40 GPa and 300
K because the crystal field splitting energy reduces with temperature (opposite to the pressure effect at con-
stant temperature; Burns, 1993). One important benefit of our linear mixing approach is that it allows assign-
ing an individual absorption coefficient to each modeled slab of Fp;3 based on its temperature. The linear
temperature profile across the sample produces slabs with evenly spaced absorption coefficients, while the
parabolic profile yields slabs with absorption coefficients grouping near the spectrum characteristic of
Tmax- The produced mixed spin absorption spectra (Figure 5, left) resemble that directly measured in siderite
(FeCOs3) upon its temperature-induced low-to-high spin transition at T < ~1500 K and P = 45-55 GPa
(Lobanov et al., 2016), which is a consequence of the similarity of Fp and siderite iron valence and spin con-
figurations at 40-75 GPa.

The model results for the case of spin-dependent optical properties can be viewed as a combination of the
temperature-independent cases at 40 and 75 GPa (Figure 5, right). When Tp,.x < 1500 K (that is below
Ths), the model results resemble that of the 75 GPa case shown in the previous section (temperature-inde-
pendent absorption spectrum). At Tpax > 1500 K significant part of the sample is in the high spin configura-
tion, and the results for the spin-dependent model are similar to that of the spin-independent model at 40
GPa. Overall, the spin-dependent case allows assessing the magnitude of the systematic error in temperature
determination introduced by the graybody approximation in high P-T experiments on Fp across its spin tran-
sition. Our models suggest that such an error in LH DAC experiments with in situ probing of the Fp spin
state would be small: =75 K < Tppax — Tapparent < 0 K (thermally insulated Fp and parabolic T profile).
This result, however, is not necessarily characteristic of the systematic error in temperature determination
in the spin transition study by Lin et al. (2007) as their sample was richer in Fe (25 mol.% Fe) and thus more
absorbing than Fp;3; modeled here.

Noninsulated samples may result in larger systematic errors (Tinax — Tapparent > 100 K at Tipax = 2300 K).
Therefore, another application of our results is to the potential discrepancy between temperature determina-
tions in Fp in the presence of a thick layer of pressure medium and without it. Our models with parabolic
temperature gradient and a filling fraction of d = 2z [F] (Figure 5, right) are representative of the melting
experiments by Fu et al. (2018), based on the reported experimental details. For these input parameters
our models yield a systematic error of <30 K at all temperatures below 2300 K, which is negligible in the view
of the overall uncertainties in temperature, pressure in LH DAC experiments. Our model with d = z [DL]
and parabolic temperature profile is more adequate to describe the experiments by Deng and Lee (2017)
and shows that at T,,, = 2300 K the apparent temperature is ~120 K lower. The difference between the
apparent temperatures Tapparent[F] — Tapparend DL] increases with Tpay. This result suggests that the
presence/absence of the pressure medium may be the source of the discrepancy in the reported Fp solidus
temperatures at P > 50 GPa in the studies by Fu et al. (2018; Toiqus ~ 4000 K at 50 GPa) and Deng and
Lee (2017; Tsolidus ~ 3500 K at 50 GPa). Even though Deng and Lee corrected for nongray Fp by assuming
temperature-independent absorption spectra of low spin Fp, such correction may not be adequate at these
pressures because of the unavoidable temperature-induced low-to-high spin transition in Fp (Holmstrom
& Stixrude, 2015; Lin et al., 2007). We note, however, that this inference may not be conclusive because
(i) the melting temperature of Fp is above 3500 K at P > 75 GPa and Fp absorption coefficients at comparable
temperatures are needed to properly address the discrepancy in the published Fp melting curves and (ii) our
models may be inadequate for modeling experiments with nonnegligible melt fractions whose optical prop-
erties are unknown.

3.4. Temperature-Dependent Absorption Coefficient

Our recent measurements of Fp opacity in the visible and near-IR range by a streak camera (performed on
the same sample as studied here) recorded a rapid temperature-induced red-shift of the Fe-O CT band at 135
GPa up to 4000 K (Lobanov et al., 2019). The resulting absorption coefficient of Fp;3 at T ~ 4000 K is very
high (a = 6,000-9,000 cm~ ! in the range of 600-900 nm), featureless (no distinct absorption bands), and
has a characteristic negative slope (@00 nm/@00 nm ~1.5-2). The observed rates of increase in mean Fp opa-
city (a/T) at 600-900 nm are ~1-2 cm /K (averaged over the 300-4000 K range). Here we model the effect of
these profound temperature-induced changes in Fp absorbance by assuming a linear absorption spectrum at
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Figure 6. The effect of temperature-dependent absorption coefficient on the apparent temperature at 135 GPa and T,y = 4000 K as a function of the input model
parameters and the mean absorption coefficient (600-900 nm) at P = 135 GPa, Tiax = 4000 K). (left) Linear temperature profile, d = z = 2.5 um; (center)
parabolic temperature profile, d = z = 2.5 um; (right) parabolic temperature profile, d = 2z = 2.5 um. The black box depicts experimentally constrained optical
properties of Fpy3 at ~135 GPa and ~4000 K (Lobanov et al., 2019).

Tmax (fixed to 4000 K) and varying its slope (00 nm/®%00 nm between 1 and 3), and its mean absorption
coefficient in the range of 4,000-11,000 cm™*. We intentionally investigate a wider variation in these
parameters than that experimentally observed in Fp;3 at 135 GPa and 4000 K in order to generalize our
results to systems with different optical properties, such as Fp at different P-T conditions or of a different
composition, once they are established. Each of the hypothetical absorption spectra at Ty, (as defined by
the g0 nm/%00 nm and the mean absorption coefficient at 4000 K) is combined linearly with the
measured 300 K spectrum (135 GPa) to produce intermediate absorption coefficients for T = 300-4000 K
that are assigned to the modeled sample slabs based on their temperature. As in the spin-dependent case
discussed above, the introduction of intermediate spectra is necessary to account for the temperature-
dependent absorption coefficient across the Fp in LH DAC. The resulting mixed absorption coefficients
are broadly consistent with those measured in Fp;3 at 2500 < T < 4000 K (Lobanov et al., 2019).

The results for three specific cases (Figure 6) show that the sign and magnitude of Tinax — Tapparent are sen-
sitive to the rate of increase in Fp opacity with T and, to a lesser extent, to the slope of the absorption coeffi-
cient (¢tg00 nm/%00 nm) at 4000 K. Note that these results cannot be directly compared with the models of
Deng et al. (2017) as we account for the temperature-dependence of Fp absorption spectrum. Because of this
important difference, our models yield apparent temperatures that are up to 700 K lower than T, even if
the slab at Ty, has a spectrum with a0 nm/%00 nm = 1 (graybody behavior) owing to different agog nm/co00
nm 7 1 (nongray body behavior) of all the colder slabs. Regardless of the above mentioned principal distinc-
tion in the modeling, our model results tend to converge with that of Deng et al. (2017) at Fp mean absorp-
tion coefficients (at 4000 K) smaller than ~5,000 cm™".

Projecting the range of experimentally constrained absorption coefficient of Fp;5 (135 GPa/3,000-4,000 K)
onto the model results presents an important observation: the use of self-insulating samples leads to appar-
ent temperatures that are 300-600 K lower than Ty, While Trax — Tapparent iS in the range of —300 to 100 K
for the filling fraction of d = 2z (Figure 6). In other words, reducing the thickness of absorbing Fp by adding a
layer of thermal insulation mitigates the effect of strong absorption in a thick and relatively cold (i.e., non-
insulated) sample on temperature determination. Thus, radiometric temperature measurements in Fp in
this pressure-temperature range may not require a correction for nongray sample behavior, provided that
the sample filling fraction is small and the optical absorption of the first melt is not significantly different
from that of the coexisting solid. Future studies of Fp properties at lower mantle conditions can readily take
advantage of this practical inference.

Our results offer a possible explanation for the apparent discrepancy in the Fp solidus curves of Fu et al.
(2018) and Deng and Lee (2017). The very low melting curves (even after correction) reported by Deng
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and Lee (2017) in experiments with self-insulating samples may be due to the combination of self-
insulating sample geometry (which produces very low apparent temperatures) and the assumption of
temperature-independent Fp optical properties to correct for nongray sample behavior. This assumption
turns out to be inadequate for Fp at high temperature because of its strongly temperature-dependent
absorption coefficients, which, however, had not yet been measured at the time of the study by Deng
and Lee (2017). As a result, the temperature correction applied by the authors was rather small (+
~50-100 K at 80 GPa) due to the underestimated Fp opacity at high temperature. We suppose that if
the optical properties of Fp at high P-T were available to the authors, their temperature correction may
have yielded melting curves above the ones they reported and likely in a better agreement with the results
of Fu et al. (2018). The experimental sample geometry used in our work, however, is not adequate for
modeling light extinction in samples heated above the solidus temperature not only because the optical
properties of (Mg,Fe)O melt are unknown but also because of light scattering at melt-solid interfaces.
Light scattering may become dominant in a nonhomogeneous sample, and its total light extinction coef-
ficient is larger than the weighted sum of the absorption coefficients of the individual phases. The major
challenge is to constrain the wavelength-dependence and angular direction of light scattering in a micron-
thin sample with geometry that continuously changes above the solidus temperature. Therefore, our
results do not have direct implications to temperature measurements in samples with melt fractions that
significantly affect the system's optical properties.

Our results lend support to the hotter Fp solidus reported by Fu et al. (2018) whose melting curves (for Fp
with 14 mol.% Fe) only cross the Earth's geotherm in the lowermost mantle and if the core-mantle boundary
temperature (Tcyp) exceeds 4200 K. Current estimates of Ty are generally below 4200 K (Andrault et al.,
2011; Fiquet et al., 2010; Nomura et al., 2014) but, in principle, Tcyp in excess of 4200 K are not ruled out
(Anzellini et al., 2013). Therefore, our results suggest that Fp is unlikely to be globally molten near the CMB.

4. Conclusions

In this work we modeled the effect of the pressure-, temperature-, and wavelength-dependent optical proper-
ties of ferropericlase on temperature determination in laser-heated DAC experiments. Our results show that
the community-wide graybody approximation contributes moderate (+ 200 K) systematic error to the tem-
perature determination in experiments where the maximum temperature does not exceed 2300 K. However,
at the pressure-temperature conditions of the core-mantle boundary the graybody assumption may under-
estimate the temperature by up to 600 K in self-insulated samples. Our results suggest that the discrepancies
in the reported solidus curves of ferropericlase are due to its strongly wavelength-dependent optical proper-
ties as well as the presence/absence of thermal insulation in the melting experiments. More generally, our
study advocates for a new community-wide approach to temperature measurements in LH DACs beyond
the graybody approximation. Toward this end, we will continue to measure the optical properties of relevant
geological samples at mantle pressure-temperature conditions.
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The errors have been corrected, and this may be considered the official version of record.

LOBANOV AND SPEZIALE

12,836


https://arxiv.org/abs/1909.01438
https://doi.org/10.1126/science.1248186
https://doi.org/10.1107/S1600577513027434
https://doi.org/10.1073/pnas.1605290113
https://doi.org/10.1073/pnas.1605290113
https://doi.org/10.1080/08957950802050718
https://doi.org/10.1080/08957950802050718
https://doi.org/10.1038/35079053
https://doi.org/10.1029/2005GL022802
https://doi.org/10.1029/2008JB005813
https://doi.org/10.1103/PhysRevLett.96.198501
https://doi.org/10.1126/science.aan0760


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




