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Abstract. We carried out evaporation experiments on a B-type calcium-aluminium-rich inclusion
(CAI) melt in a gas-mixing aerodynamic levitation laser furnace, at 1873 K and an oxygen partial
pressure of 10791 atm, for durations ranging from 60 to 600 s. Evaporation of SiO» and MgO follow the
same trend as those observed in vacuum furnace experiments at the same temperature and starting
composition, showing that their evaporation relative to one another from the melt is independent of
pressure, oxygen fugacity, and hydrodynamical regime specific to the furnace. Isotopic ratios of Mg
and Si in evaporation residues are used to derive fractionation factors of a2/ 24Mgvap_]iq =0.9906 +
0.0004 and a30/ 238ivap,hq =0.9943 + 0.0003, which are both significantly closer to unity than those
found for evaporation in a vacuum, which translates to less isotope fractionation. The residues are
also less isotopically fractionated than expected for cases in which transport of the gas species away
from the melt is diffusion-controlled at 1-atm. By analysing the flow regimes in our furnace, we find
that advection by the levitating gas is the primary mode of mass transport away from the melt surface,
as opposed to diffusion-limited transport in a vacuum or 1-atm tube furnace. A modified Hertz—
Knudsen-Langmuir formulation accounts for this process, and shows that isotopic fractionation
of both Si and Mg reflect a saturation factor (ratio of the pressure of the evaporating species to
vapour saturation pressure) equal to 0.75. This is in perfect accord with recent measurements of Cu
isotopic fractionation using a similar furnace. The fact that three elements (Mg, Si, Cu) with varying
equilibrium vapour pressures, activity coefficients in the liquid, and diffusion coefficients in the gas
have the same scaling behaviour to saturation pressure is a strong indication that the mechanism
controlling evaporation is driven by the hydrodynamical regime imposed in the furnace. Therefore,
this class of experiments can be used to constrain processes in which advection dominates over
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diffusion, such as (but not limited to) planetary ejecta, tektites, giant impacts, nebular condensation
in a turbulent flow, or nuclear fallout material. Finally, the possibility to reach high temperatures
(in excess of 3500 K) in this furnace allows it to be used to evaluate the activity coefficients of melt
components in extreme conditions relevant to molten planetary interiors (i.e., magma oceans), with a

specific focus on refractory elements.

Keywords. Elemental fractionation, Isotopic fractionation, Aerodynamic levitation, Laser furnace,

Extreme conditions, Planetary evaporation.
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1. Introduction

The chemical and isotopic effects of evaporation
from molten silicates, and their cosmochemical con-
sequences, have been widely studied under nebu-
lar conditions [Davis et al., 1990, Hashimoto, 1990,
Tissandier et al., 2002, Tsuchiyama et al., 1999, Yu
et al., 2003]. Under these conditions where the to-
tal gas pressure is extremely low (<107 bar), vac-
uum or near-vacuum evaporation experiments are
pertinent, because the conditions are applicable to
numerous cosmochemical processes taking place in
the early stages of the evolution of the solar nebula
[Mendybaev et al., 2021, Richter et al., 2002].

As planetary accretion proceeds and primitive
condensates agglomerate to form larger bodies, grav-
ity enables them to retain an atmosphere [Massol
et al,, 2016], whether captured from the nebula [Ol-
son and Sharp, 2019] or more likely generated by
the molten body’s (magma ocean) evaporation it-
self [Young et al., 2019]. The evaporation rate of a
species i from a spherical surface of radius r is quan-
titatively described by the Hertz-Knudsen-Langmuir
(HKL) equation,

(%) 4 (Pieq— Pi) m
dr J et 2RM; T

where R is the gas constant, M; the molar mass of
the gas species and T the temperature. Equation (1)
shows that the evaporation rate depends on the dif-
ference between the equilibrium vapour pressure
Pieq and the actual partial pressure at the surface
pi.In planetary environments, free evaporation (e.g.,
when p; tends to 0 and the evaporation rate is max-
imal) is obstructed by the evaporating species build-
ing up in the vapour surrounding the melt surface,
and evaporation is influenced by the rate of chemi-
cal diffusion of the evaporated species away from the
surface [Benedikt et al., 2020, Young et al., 2019]. As
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gas pressure around the evaporating melt increases,
equilibrium begins to predominate over kinetic ef-
fects (i.e., p; approaches p;eq) to produce less net
isotopic fractionation for a given degree of elemen-
tal evaporation, providing a pathway to decouple the
elemental and isotopic effects of evaporation. How-
ever, advection of the surrounding gas can also al-
ter evaporation rates by stripping away the bound-
ary layer and partially nullifying the effect of chemi-
cal diffusion in the gas. This process is relevant to set-
tings such as Moon formation [Charnoz et al., 2021],
tektite formation [Macris et al., 2018, Moynier et al.,
2010], evaporation in the aftermath of a giant impact
[Schlichting et al., 2015] or during highly energetic
events [Day et al., 2020, Wimpenny et al., 2020, 2019],
or evaporation in the presence of supersonic winds
as recently reported for the Moon [Saxena et al.,
2017], or molten rocky exoplanets [Nguyen et al.,
2020, Jackson et al., 2010]. To investigate this process,
we performed an experimental study of evaporation
in a highly advective hydrodynamical regime, using
an aerodynamic levitation laser-heated (ALLF) fur-
nace (Figure 1). We measured elemental and isotopic
evaporation of Si and Mg from a B-type CAI melt that
has already been studied under vacuum conditions
[Knight et al., 2009, Richter et al., 2007]. Our strategy
was to use the same melt composition and tempera-
ture conditions as the previous experiments to isolate
the effects resulting from the novel hydrodynamical
regime particular to the ALLE

2. Experimental setup

The ALLF is a contactless furnace where samples
are heated and melted by an infrared CO; laser, and
float in a conical nozzle where they are supported by
a gas stream flowing vertically (upwards) from un-
derneath, so as to counteract gravity [Hennet et al.,
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Figure 1. (a) Detailed view of the conical nozzle in the custom-built gas-mixing aerodynamic levitation
laser furnace (ALLF) at IPGP (Paris, France) used in these experiments. The inset is a closeup view inside
the nozzle, showing the molten spherical sample levitating in the gas stream. (b) and (c) Imaging of the
evaporative (SiO and Mg gases) trail mimics that of a burning incense stick; the gas stream starts laminar
around the sample inside the nozzle, and turns turbulent as it lifts away, due to the increasing Reynolds

number.

2011]. Gas compositions can be changed by mixing
(using multiple gas flow controllers) Hy, CO», and Ar
gases, so as to allow variation in the oxygen fugac-
ity of the surrounding gas. Some key advantages of
this furnace are (i) the capability to perform contact-
less melting experiments, eliminating contamination
from container materials, (ii) the production of ho-
mogeneous glassy samples resulting from a combi-
nation of ultrafast quenching rates (on the order of
1000 °C/s) and the absence of nucleation sites for
crystals in a levitating spherical sample, and (iii) the
ability to reach very high temperatures, in excess of
3000 °C (Figure 2).

The high velocity of the gas stream that levitates
the sample gives rise to an advective hydrodynamical
regime relative to the ones found in vacuum and 1-
atm furnaces. In our experiments, the gas flow is in
the range of 800-1000 sccm (14-18 cm?/s) through
a 1.5 mm diameter hole in the nozzle, yielding an
advective velocity on the order of 8-10 m/s. These
values of gas advection provide the force to counter
gravity and levitate the sample; stable levitation is
achieved when the upwards drag force of the gas on
the spherical sample exactly counters the downwards
gravitational pull, Fyrag = Fgrav. For a gas with specific
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mass pgas at a velocity U, the force on a sphere of
radius r is Fgrag = Cx((1/2) pgas U?)7tr* where Cy is the
drag coefficient. The gravitational force on a melt of
density pmel; and radius r is Fgray = ((4/ 3)7r3) Prmelt &
where g = 9.8 m/s? is Earth’s gravity. Therefore, when
stable levitation is achieved the gas velocity is given
by:

1
8 pmeltr )E @

Ulevitation = (ﬁ 0
x Pgas

Assuming an ideal drag coefficient for a sphere (0.47),
a gas (argon) density of 1.7 kg/m?® and a melt (B-
type CAI) density of 2800 kg/m?, and a sample radius
of 1 mm (typical sample size), we find Ulevitation =
9.5 m/s is consistent with the range of flow rates used.
Note that the drag coefficient is a function of the
Reynolds number, but changes very little in the range
relevant for this furnace.

The Reynolds number characterising the flow
around a sphere is:

_ ULpgas UL
= " ==

Re 3)

where L is the characteristic length of the flow (e.g.,
diameter of the sample in this case), 7 is the gas’
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Figure 2. (Left) Typical heating runs (temperature versus time) of samples produced for this paper
(shown here is that of sample VP4, Table 1). Note that the pyrometer only measures temperatures above
900 °C, and returns a baseline of 900 °C below that. (Right) The same starting composition, stably heated
to 3100 °C for over 120 s demonstrating the temperature capability of the furnace.

dynamic viscosity, and v = n/p its kinematic vis-
cosity. Argon at room temperature has a kinematic
viscosity v = n/p = 1.4 x 107> m?/s) and yields Re
in the range ~1000-1500, which corresponds to a
transitional regime between laminar and turbulent
flows. However, at high gas temperature in the vicin-
ity of the sample, kinematic viscosity increases to 8 x
1075 m?/s (value at 1600 °C) to yield a Re in the 200
300 range. The flow at this scale is expected to be lam-
inar, which is confirmed by imaging of the “smoke”
trail of the evaporating sample in Figures 1(b) and (c);
the flow in the nozzle around the sample is laminar,
and transitions towards turbulence in the far field as
Re increases (due to the combined effects of increas-
ing L and decreasing v), akin to smoke coming out of
an incense stick.

The relative magnitude of the two transport mech-
anisms, chemical diffusion and advection, in strip-
ping the evaporating species away from the evapora-
tion surface can be evaluated by the nondimensional
Péclet (Pe) number (dimensionless ratio of advec-
tion/diffusion), which is the product of the Reynolds
number (Re, inertia/viscosity) and the Schmidt (Sc,
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viscosity/diffusion) number:

Sc= n 4)
DPgas
o advection _ ReSc = UL 5)
"~ diffusion D

where D is the diffusion coefficient of the evaporat-
ing species in the surrounding gas (on the order of
10™* m?/s). In the levitation furnace, Pe is on the
order of 10, whereas it drops to 0.1 in the tube fur-
nace (gas flows Sossi et al., 2019, 2020 on the order
of 0.1 m/s) and essentially to 0 in a vacuum furnace,
highlighting advection as the principal mechanism
for mass transport in our experiments compared to
those performed in traditional furnaces where the
only mode of mass transport away from the sample
is due to chemical diffusion of the evaporate in a self-
generated compositional gradient.

These terms are combined in the Sherwood num-
ber (Sh), which is the ratio of mass transfer by con-
vection to diffusion (the mass transfer equivalent of
the Nusselt number for heat), and is defined as:

ker

where k. is the mass transfer coefficient, and can
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Table 1. Elemental and isotopic composition of the evaporated samples from this study (top) in the
levitation furnace, along with the elemental data from evaporated samples in a vacuum furnace [Richter
etal., 2007] carried out on the same starting melt composition (B-type CAI) and at the same temperature

(1873 K)
This study

Sample MgO Si0,  AlbO3 Ca0 MgO/AlL, 03 SiO2/Al,03 f(Mg) f(Si) d26Mg- 2se d25Mg- 2se d30Si- 2se d29Si- 2se

wt%)  (wt%)  (wt%)  (wt%) BHVO-2G %o BHVO-2G %o BHVO-2G %o BHVO-2G %o

%0 %0 %0 %0
Starting 12 46 19 23 0.6316 24211
VP1 11.61 37.62 2299 27.78 0.5050 1.6364 0.800 0.676 -3.78 0.19 -1.98 0.12 -1.73 0.04 -0.78 0.02
VP2 12.05  40.03 21.74  26.18 0.5543 1.8413 0.878 0.761 -439 0.21 -229 012 -263 0.17 -127 0.08
VP3 11.9 41.45 21.16  25.49 0.5624 1.9589 0.890 0.809 -4.80 0.22 -249 014 -268 031 -1.17 030
VP4 11.94 4168 21.08 2531 0.5664 1.9772 0.897 0.817 -4.62 022 -240 013 -279 0.07 -1.33 0.05
VP5 11.9 39.08  22.25  26.77 0.5348 1.7564 0.847 0.725 -4.22 028 -2.19 015 -226 0.28 -0.97 0.26
VP6 10.77  34.81 24.51 29.92 0.4394 1.4202 0.696 0.587 -2.27 0.14 -1.15 0.10 -1.04 0.11 -0.40 0.06
Richter et al. [2007]

Sample MgO SiOy AlpO3 Ca0 MgO/Al,03 SiO2/Al03

Wt%)  (wt%)  (Wt%)  (wt%h)
R2-13 4.55 29.40  30.21 35.84 0.1506 0.9732
R2-15 5.24 30.16  29.53  35.11 0.1774 1.0213
R2-14 0.04 20.86  36.10  43.00 0.0011 0.5778
R2-9 0.02 16.29  39.28 4441 0.0005 0.4147
R2-8 0.03 8.54  45.21 46.22 0.0007 0.1889
R3-2 12.22 46.36 19.31 22.11 0.6328 2.4008
R3-1 9.62 33.93 26.24 3021 0.3666 1.2931
R3-20 6.43 31.01 29.11 33.45 0.2209 1.0653
R3-21 9.44 33.69  26.32  30.54 0.3587 1.2800
R3-4 4.60 30.84  30.20 34.36 0.1523 1.0212
R3-7 0.20 2240  36.01 41.39 0.0056 0.6220
R3-19 6.70 31.34  28.86 33.11 0.2322 1.0859
R3-18 4.34 29.39  30.81 35.46 0.1409 0.9539
R3-8 1.65 26.73  33.21 38.40 0.0497 0.8049
R3-5 0.12 17.74 3836  43.78 0.0031 0.4625

be described by the Frossling correlation [Frossling,
1938] as:

Sh=2+0.552Re? Sc3 =2+0.522Pe? Sc™ 5 (7)

which, with Sc on the order of 0.05 for our experi-
ments, is valid for Re up to ~1000. Equation (7) there-
fore illustrates that higher values of Pe increase mass
transfer (k.) around the sample thereby effectively
decreasing the surface pressure.

3. Experiments and analyses

A B-type CAI composition (Table 1) powder mix
(identical to the one used in Knight et al. [2009] and
Richter et al. [2007]) was made by mixing and milling
high purity powders (SiO2, MgO, Al,O3, CaCOs3), fir-
ing them at 900 °C overnight, and pressing them to

C. R. Géoscience— 2021, 353, n° 1, 101-114

a pellet. At first, six 15-mg chunks of the pellet were
loaded in the conical nozzle of the ALLE and fused at
1600 °C using pure O, levitating gas for 30 s, to ensure
full melting and homogenisation. Oxygen was used
in this preliminary step so as to minimise the evap-
oration of Si and Mg, which have a very low evap-
oration rate at that temperature in an oxidising gas
[Sossi et al., 2019]. The samples were then rapidly
quenched to spherical glass samples (~2 mm diam-
eter) with a cooling rate of 850 °C/s. These six identi-
cal samples were then fused a second time at 1600 °C,
using an Ar-CO,-H, gas mixture, with a fixed molar
ratio 0of 92% Ar, 1.6% CO», and 6.4% H,. At 1873 K, the
oxygen fugacity of that mixture is log fO, = -9.1,
corresponding to 0.5 log unit below the iron-wiistite
buffer (log fO, = —8.6). The samples were evapo-
rated for durations varying between 180 and 900 s,
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Digitate
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Figure 3. Back-scattered SEM image of run
VP6; the spherical sample was cut in half and
polished on the flat (equatorial) side prior to
being imaged and compositionally analysed on
the SEM.

with a typical thermal history shown in Figure 2. The
samples were once again rapidly quenched to glass
by shutting down laser power.

The samples were then cut in two halves using a
diamond saw, mounted in epoxy, diamond-polished
on the flat (equatorial) side, and imaged and chemi-
cally analysed using a Zeiss Auriga 40 field-emission
gun scanning electron microscope (SEM) equipped
with a windowless Bruker Quantax XFlash EDX de-
tector. Inspection using back-scattered electron
imaging (Figure 3) confirmed that the samples were
glassy and homogeneous at all scales, with no sign
of crystal nucleation. Quantitative elemental analy-
ses were performed by standardised EDX using the
K-lines of Mg, Si, Ca, and Al (which with oxygen, are
the only elements in our synthetic sample); large
window scans, line scans, and point analyses again
confirmed chemical homogeneity at all scales (mil-
limetric to sub-micron). The compositions of the six
evaporated samples are reported in Table 1.

The Mg and Si isotopic compositions of the evap-
orated glasses were measured [Deng et al., 2021] by
laser ablation multi-collector inductively-coupled-
plasma mass spectrometry (MC-ICP-MS) combining
a 193-nm ultra-short ATLEX 300si excimer laser sys-
tem with a Thermo-Scientific NeptunePlus at IPGP
(Paris, France). To monitor matrix-induced Mg and Si
isotopic effects, four CaO-Al,03-MgO-SiO, (CMAS)

C. R. Géoscience— 2021, 353, n° 1, 101-114

glasses were synthesised from the starting powders
of the evaporation experiments, and were analysed
along with the evaporated glasses and two other
glasses (BCR-2G and TB-1G). To correct for instru-
mental fractionation, a basaltic glass BHVO-2G was
analysed after every three or four analyses of the sam-
ples. The measurements were carried out with an ab-
lation spot size of 110 um, a repetition rate of 4 Hz
and a He gas flow rate of 1.2 L/min. The typical laser
fluence was 4.05 J/cm?, and each ablation spot con-
tained 400 laser burst shots. The washout time was
10 s after the end of ablation, and the pause time
after each ablation spot was 60 s. The mass spectrom-
eter was operated in medium mass resolution mode
(M/AM = 5000), which is sufficient to resolve the
major isobaric inferences from '?C¥N* on 26Mg",
and from “N'®0* on 39Si*. For Mg isotopes, the
measurements were conducted on the lower masses
of the 2*Mg" (L3-F), °Mg" (C-F) and ?°Mg* (H2-
F) peaks to avoid '2C!*N™. As this cup configuration
and resolution cannot prevent the interference of
48Ca’* on >*Mg", the central mass was moved from
25 to 23 a.m.u. to simultaneously measure the inten-
sities of #*Ca®* (mass 22, L4-F) and >Mg* (mass 24,
H2-F), which were used afterwards to correct for the
48Ca?* interferences. Since all the analysed materi-
als are terrestrial, mass-independent effects on the
raw Mg isotopic ratios can only arise from *Ca?*
interferences on 2*Mg*. This allows for precise de-
termination of the instrumental *4Ca?*/*®Ca* ra-
tio (10.25 +0.37) and thus a reliable correction of
48Ca* interferences. For Si isotopes, the measure-
ments were carried out on the lower masses of 28Si*
(L3-F), 2°Si* (C-F) and 3°Si* (H3-F) peaks to avoid
N6 interferences. Using these instrumental set-
tings, each laser ablation spot measurement consists
of 13 cycles with an integration time of 4 s per cy-
cle for Mg isotope analyses, whereas 21 cycles with
the same integration time were used for Si isotope
measurements. Data reduction was carried out by
integrating these cycles excluding the transient cy-
cles with intensity varying more than 25% from the
plateau intensity at the start or the end of ablation.
The background subtraction was conducted after a
polynomial fit to the background cycles before abla-
tion. The Mg and Si isotopic data of the evaporated
glasses and the other glasses are given in Table 1, in
per mil notation (%o) relative to the bracketing stan-
dard BHVO-2G.
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Figure 4. (Left) Compositional evolution of the evaporating melt (Si and Mg). Our data (blue circles) were
plotted alongside the data (red circles) from Richter et al. [2007] that were gathered on the same melt
composition and at the same temperature, albeit in a different evaporative regime (vacuum evaporation
versus 1-atm evaporation in an advective flow). The path is identical, and the black curve fitting the
evaporative path was fitted only to the Richter et al. [2007] data, illustrating the remarkable agreement
with our data. This is expected, due to the fact that MgO and SiO, evaporation have the same dependence
on the composition of surrounding gas (i.e. fO), see main text. The uncertainties on the analytical data
are on the order of symbol size. (Right) The ratio of activity coeflicients of evaporating components (MgO
and SiOy) in the melt, plotted as a function of residual melt composition.

4. Results and discussion
4.1. Elemental fractionation

The chemical homogeneity of Mg and Si observed
for all samples indicates that diffusion of these el-
ements though the melt to the surface did not in-
hibit their ability to evaporate. The elemental com-
position (MgO and SiO») of the evaporated samples
is plotted in Figure 4, alongside those from the study
of Richter et al. [2007] which were performed on the
same melt composition and at the same tempera-
ture, but under vacuum conditions (i.e. in a diffusive
evaporative regime versus an advective evaporative
regime for the levitation runs). This shows that the
compositional evolution follows the same path, re-
gardless of the difference in pressure and therefore
evaporation regime. Both MgO and SiO, concentra-
tions are normalised to Al,O3 concentration, a com-
ponent that does not readily evaporate, so as to cor-
rectly describe their evaporation from the melt. The
standard method consists of plotting MgO and SiO,
mass loss, which requires measurement of the total
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mass of the glass samples, both before and after evap-
oration. With masses in the 10-mg range and mass
losses in the sub-mg range, the uncertainties on these
measurements are so large, if at all resolvable, that
they disqualify the use of this method.

The noteworthy consistency of the evaporation
trends observed in vacuum experiments and those
presented herein is due to the fact that both Mg and
Si evaporate with the same change in speciation be-
tween liquid and vapour phase (i.e., two electrons
are exchanged). Therefore their relative partial pres-
sures are independent of that of oxygen (fO;) around
them. This is best expressed by the equilibrium con-
stants of the evaporation reactions; with Mg and SiO
the dominant gas species at the (B T, fO») conditions
of the experiments, the evaporation reactions of MgO
and SiO; from the melt are (liquid species on the left,
gas species on the right):

MgO — Mg+ 10, 8)
Si0; < Si0 + 10, 9
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with equilibrium constants given by:

p(Mg) 1
Kig= ——2— . (£0,)? 10
Mg Xnigo g0 (fO2) (10)
SiO
KSi_—p(l ) -(fOz)% (1n

Xsi0, - sio,
where X; are the molar fractions and y; the activity
coefficient of component i in the melt, fO, the par-
tial pressure of oxygen in the gas, and p(i) the pres-
sure of the evaporating species i in the gas.

The residual silicon and magnesium content of
the melt can be obtained by integrating the evapora-
tion flux (Equation (1)) over time [Sossi et al., 2020],
and is given by:

Si() ¥si0, Ksi 3Vimol
i —EXpl—Qec———
Si(0) (fOnz T
1 3
X (—) -t (12)
2ntMsioRT
Mg(1) YMgo * Kvg 3Vinol
o eXpP|—Cec— 1 ——
Mg(0) (fO2)2 r
1 H
. (—) -t (13)
2mtMyigRT

where ¢ is evaporation time, T temperature, . the
evaporation constant, r the radius of the melt sam-
ple, Vol its molar volume, and M; the molar mass
of the evaporating species i in the gas. Note that Si
and Mg on the left-hand side of the equations are not
the molar concentrations (X;) of SiO, and MgQO in the
melt but their actual total content, because the HKL
equation is a mass balance equation.

In principle, the evaporation constant aec could
be different for MgO and SiO,, and has indeed been
shown to vary if evaporation were to take place from
the solid state (such as from forsterite, e.g., [Wang
etal., 1999]); but experiments and theory have shown
that @ during evaporation from liquids is indistin-
guishable from unity (see [Burns, 1966, Shornikov,
2015, Sossi et al., 2019], and references therein). In-
tegrating the HKL equation to yield (12) and (13)
assumes that all the terms inside the exponential
are constant during evaporation. This is not formally
true for activity coefficients and molar volume which
depend on composition, nor for sample radii that de-
crease with evaporation. Using the integrated equa-
tions as shown here assumes that any changes oc-
curring during evaporation are sufficiently smooth
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or vary slowly enough to justify brute-force integra-
tion. This is clearly the case during evaporation of
minor components or trace elements for which the
equation was developed [Sossi et al., 2019], but we
stress that these equations should be used with great
caution when considering the evaporation of major
components in the melt.
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The relative depletion (by evaporation) of Si and
Mg from the sample is then described by the ratio:

Si(t) 1
In 555y _ ¥sio, Ksi .(MMg)z

Mg(t) ~ M
Mg(0) Si0

(14)

In Ymgo Kmg

which is independent of gas pressure (and oxygen fu-
gacity in particular) surrounding the sample and only
depends on temperature (K) and the activity coeffi-
cient (y), which may vary with melt composition.

Note that (14) is only formally correct in the ideal
case where the evaporating species does not inter-
act with the melt and is instantly removed from the
surface (i.e. kinetic theory). In a realistic system, a
gaseous boundary layer builds up around the sam-
ple, limiting the evaporating flux by chemical dif-
fusion. This introduces a scaling factor to (Equa-
tions (12)—(14)), a function of the pressure saturation
factor [Sossi et al., 2020, Young et al., 2019], and (14)
becomes:

Si(#) 1 _ _bsio )

In 5 _ ¥sio, - Ksi _(MMg)2 _ (1 Psoca) ()5
Mg(t) ~ K Me; PMmg

Injg  YMeo- Kig sio (1 _ pM_m)

where p; is the actual pressure of evaporating species
i in the gas, and p;eq the pressure for that same
species at liquid—gas equilibrium (i.e. vapour satura-
tion pressure), and the ratio p;/p;eq is the pressure
saturation factor. This realistically brings the evapo-
rative flux to 0 in the limit where gas pressure reaches
saturation pressure, and to the maximum value de-
rived from the kinetic theory of gases (Equation (14))
when the evaporation species is instantly removed
(pi — 0). The fact that the data (Figure 4) is perfectly
reproduced by (14) is an indication that the last term
in (15) is near or equal to unity (i.e., the ratio of the
saturation factors of SiO and of Mg are ~1), which is
confirmed subsequently by isotopic analysis.

Equation (14) (or (15)) can be inverted to express
the activity coefficients of the components evaporat-
ing from the melt as a function of measurable param-
eters, hence allowing a direct measure of these ac-
tivity coeflicients in temperature ranges that are un-
reachable using standard furnaces. Equation (14) be-
comes:

In Mg(t) 1
Ymgo _ "Mgo)  Ksi (Mwg)? (16)
ysio, Ind8  Kug \Msio
2 Si(0) § !

and the left-hand term can be evaluated directly
from the experiments (Si and Mg content) and using
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thermodynamic data to evaluate the equilibrium
constants K of evaporation reactions (10) and (11).
Using the JANAF [Chase, 1998] tables, we find the
following Gibbs free energies of reaction (in kJ/mol)
of the evaporative species (Mg and SiO) from their
melt components MgO and SiOz: ArGmgo-mg =
635.05-0.171 T, and AfGsio,-sio = 759.72-0.232 T,
allowing computation of the relevant equilibrium
constants using K = exp(—(AyG/RT)). The ratio
of the activity coeflicients (Equation (16)) is plot-
ted in Figure 4. Once again, we note a remarkable
agreement (or rather continuity) between vacuum
furnace experiments and our levitation furnace ex-
periments. The ratio ymgo/Ysio, increases during
evaporation as MgO concentration drops (i.e., as
evaporation proceeds), explaining the observed pref-
erential MgO evaporation compared to SiO,. This
behaviour was identified by Richter et al. [2007] and
modelled by Alexander [2002] using the MELTS al-
gorithm of [Ghiorso et al., 2002, Ghiorso and Sack,
1995] and found values near ~0.2 for similar compo-
sitions. That independent thermodynamic estimates
of activity coefficients are similar to those calculated
experimentally, assuming evaporation coefficients
are unity, provides post hoc evidence for such an as-
sumption. We note that the activity coefficient ratios
determined here are integrated mean values over the
evaporation duration. This consideration is impor-
tant because the activity coefficients of Mg and Si, as
major components, change as evaporation proceeds
and the bulk composition of the melt evolves.

4.2. Isotopic fractionation

Isotopic analysis (Si and Mg isotopes) of the sam-
ples show that they are fractionated, following a
mass-dependent fractionation law, as seen on three-
isotope plots (Figure 5). Our experimentally derived
slope for magnesium (6 2°Mg-626Mg) is 0.531 +0.006
and that for silicon (§2°Si-63%Si) is 0.522 + 0.16.
These values are consistent, within uncertainties,
with the theoretically expected slopes for equilib-
rium and kinetic fractionation lines [Young et al.,
2002], given by ((1/my) — (1/my))/((1/my) — (1/m3))
and (Inm; —Inmy)/(In m; —Inms), respectively. With
Mg being the predominant gas species for magne-
sium evaporation, the theoretical equilibrium slope
is 0.520 and the theoretical kinetic slope is 0.510. For
silicon, with SiO as the predominant gas species, the
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theoretical equilibrium slope is 0.511 and the theo-
retical kinetic slope is 0.506.

Accurate isotopic fractionation factors (a) from
our experimental runs can be obtained directly by
comparing the isotopic fractionation to the evap-
orative loss f of each element (i.e. Si/Sijpjia and
Mg/Mginitial), Which are reported in Table 1. Our data
for Mg and Si is plotted in Figure 6, and shows a linear
dependence on In f (Rayleigh fractionation) defined
by:

ln(ﬁ):(l—a)lnf 17
Ro

where R is the isotopic ratio (*°Mg/?*Mg, 2Mg/?>*Mg,
295i/28si, 30s5i/288i) in the evaporated sample nor-
malised to that of a standard (here, the BHVO-2G
standard), and Ry that same ratio in an unevaporated
sample. Since samples produced in the levitation fur-
nace are always evaporated to some extent, Equa-
tion (17) can be rewritten as:

InR=(1Q-a)lnf+InRy (18)

where the last term is a constant related to the iso-
topic difference between the samples’ starting mate-
rial and the standard used. Because this only adds an
arbitrary intercept to the Rayleigh equation (Equa-
tion (17)), it does not affect the slope, which is the
essential parameter we are seeking to determine. All
data plotted in Figure 6 is corrected for that intercept
value, to make the figure more readable and more
consistent with a traditional Rayleigh plot, with all
fits going through the origin.

Firstly, we verify that for each element, the ratio
of slopes (1-a) of the lighter versus heavier isotope in
Figure 6 is equal (within uncertainties) to the slope
found in the 3-isotope plot (Figure 5).

The isotopic fractionation factors a observed in
our experiments can be compared to those measured
in purely kinetic (vacuum) evaporation experiments.
The isotopic fractionation factors in our experiments
are much higher (closer to unity), indicating less iso-
topic fractionation for an otherwise constant degree
of elemental evaporation (Table 2). Our data can also
be compared to those expected in a 1-atm tube fur-
nace [Sossi et al., 2020] in which diffusion through
the gas phase is the limiting variable, and again,
our isotopic fractionation factors are also closer
to unity.
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This important difference in isotopic fractionation
factors between previous experiments (vacuum or 1
bar) and ours must be due to the fundamental dif-
ference in the mass transport mechanism involved.
While chemical diffusion away from the sample (in a
self-sustained chemical gradient) is the main mode
of transport in vacuum or tube furnaces because the
gas flow around the evaporating sample has Pe < 1,
advective transport dominates in the levitation fur-
nace where Pe > 1 as seen on its effect on the Sher-
wood number (Equation (7)). Empirically this change
in mode of mass transport has a strong effect on iso-
topic fractionation, and we argue here it is the rea-
son for our observation of isotopic fractionation fac-
tors that tend closer to unity than predicted. Indeed,
in the limit where diffusion is overrun by advection,
the difference in the diffusion constants of two evap-
orating isotopic species tends to vanish, and their ef-
fective values converge, e.g. their ratio (D;/D;) — 1.
In this case, the formalism of ideal isotopic fractiona-
tion in vacuum (purely kinetic) can be applied to the
isotopic fractionation factors so that:

1
M; )j ( pi )
a; =1-({— —-1||1- (19)
inet (( M; ) Pieq

where a;net, M;, pi and p;eq are the observed (i.e.
net) isotopic fractionation factor (Table 2), mass,
pressure and vapour saturation pressure of evaporat-
ing species i, respectively, and M; the mass of the ref-
erence species (24 for Mg, 44 for SiO). One can ver-
ify that this equation satisfies both limits, where the
ideal value of (M;/M;)'"? is found in perfect vacuum
(i.e. p; — 0) and where no fractionation (&; pet = 1) is
observed for melt-vapour equilibrium at saturation
(i.e. pi = Pi,eq)- This formulation assumes that equi-
librium isotopic fractionation between melt and gas
is zero, which is reasonable considering the high tem-
perature of the experiments and its 1/ T? dependence
[Urey, 1947].

Because p; and p; ¢q cannot be measured, we con-
sidered the ratio p;/p;q (the saturation factor) ap-
pearing in (19) as a variable that can be constrained
from our data. For both §2Mg and §2°Mg (with Mg
as the gas species), we find p;/pjeq = 0.74+0.02, a
value indistinguishable from that obtained for both
639Si and 6§2°Si (with SiO as the gas species) where
Pil Pieq = 0.76 £0.04. It is noteworthy that this value
of 0.74 + 0.01 was found recently for Cu evaporation
conducted in a levitation furnace [Ni et al., 2021].
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Figure 5. Isotopic composition of the evaporated samples shown in a three-isotope plot. Delta values
are calculated with respect to the terrestrial BHVO-2G standard (Table 1). Both Mg (left) and Si (right)
isotopes show quasi-perfect, straight lines consistent with mass-dependent isotopic fractionation. The
slopes are consistent, within uncertainties, with theoretically calculated slopes for equilibrium and

kinetic fractionation (see main text).
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Figure 6. Isotopic composition of the evaporated samples as a function of evaporative loss. Magnesium
is shown on the left and silicon on the right panels. The blue and red lines correspond to the lighter (*>Mg
and 2%Si) and heavier (Mg and 3°Si) isotope, respectively. The standard to which all data is normalised
is the terrestrial BHVO-2G standard. The log-log plot of the data shows a remarkable linear behaviour,
fully consistent with a Rayleigh evaporation regime (i.e., distillation). The dashed area corresponds to the
1-sigma uncertainty in the fit, and «a is the isotopic fractionation factor (Equation (17)) and is equal by

definition to (1 — slope/1000).
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Table 2. Isotopic fractionation factors from this study in the levitation furnace, compared with those
obtained on the same composition and at the same temperature in a vacuum furnace [Richter et al.,
2007], and to those expected at 1 bar for a diffusive transport mechanism recalculated from Sossi et al.

[2020]
Advective (this study) 2SD  Vacuum [Richter et al., 2007] 1-atm [Sossi et al., 2020]
530si 0.9943 0.0006 0.9780 0.9933
52%si 0.9970 0.0004 0.9888 0.9966
5%Mg 0.9906 0.0008 0.9608 0.9841
6¥Mg 0.9950 0.0006 0.9798 0.9918

The fact that the saturation factor is the same for Si,
Mg, and Cu despite their differing evaporation rates
from the melt and differing diffusion rates through
the gas implies that this factor is controlled by a prop-
erty common to all systems. We argue that this prop-
erty is the effective pressure reduction due to in-
creased mass transport in a flow with a high Sher-
wood number. While in principle this pressure reduc-
tion could be calculated from (7), we note that flows
in which Re > 200 are inherently unstable (i.e., transi-
tional) and require detailed hydrodynamic treatment
to fully resolve [Michaelides, 2003], and hence cannot
be applied in a quantitative manner in this work. It
shows that advection is acting more quickly than the
timescale for which a diffusive gradient can be estab-
lished around the melt, and hence, the flow condi-
tions around the sample are imposing a steady state
transport rate.

5. Conclusions

These experiments demonstrate that the levitation
furnace is an effective tool to study elemental and
isotopic evaporation of silicate melts. Because this
furnace is capable of reaching temperatures in excess
of 3400 K, which are well beyond the limits of tradi-
tional (vacuum or tube) furnaces, it is well adapted
to the study of the evaporation of refractory ele-
ments. Moreover, it would allow the measurement of
activity coefficients of melt components at extreme
temperatures (using (16)), and because the experi-
ments are quick (on the order of minutes) and have a
rapid turnover, could facilitate the gathering of large
amounts of highly reproducible data to provide accu-
rate measurements of these coefficients over a large
range of previously unattainable temperatures.
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Isotopic fractionation shows that the evaporation
process here is controlled by advection instead of
diffusion. Such a regime is relevant in certain astro-
physical environments, and these experiments can
help constrain evaporation processes occurring in
such conditions [Macris et al., 2018, Schlichting et al.,
2015, Saxena et al., 2017, Nguyen et al., 2020, Jackson
et al.,, 2010, Charnoz et al., 2021]. The possibility of
reaching a diffusive regime that is relevant to other
planetary processes could be envisioned by increas-
ing the evaporation rates so as to restore a diffusive
boundary, either by working at higher temperature,
or more effectively so by operating at lower oxygen
fugacity to increase the net evaporating flux. With a
square root dependence of the flux of Mg and Si on
fO2 (Equations (10)-(11)) and with the capability to
scan ten orders of magnitude in fO,, we can achieve
in principle a five orders of magnitude change in the
evaporation rate, which could eventually re-establish
diffusive boundary condition, which remains to be
tested by further experiments.
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