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Abstract
Evaporation of silicate materials from Earth or its precursors may be important in
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shaping their primordial compositions represented by undifferentiated meteorites, e.g.,
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enstatite chondrites; however, the conditions under which evaporation occurs and the
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extent of evaporation-induced elemental and isotope fractionation remain uncertain.
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Here, we experimentally determine the volatility and isotope fractionation of Si, Mg, Ca,

—
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Nb, and Ta during enstatite melt evaporation at 2423-2623 K using a High-temperature
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Conical Nozzle Levitator. Homogenous glasses are recovered after experiments, then we
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use EPMA and LA-ICP-MS to measure the elemental compositions, MC-ICP-MS to
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measure the Si and Mg isotopes, and TIMS to measure the Ca isotopes. Our results show

N
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that the evaporation rates of Si are larger than Mg and the mean vapor/melt isotope

N
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fractionation factors (a=Rvapor/Rmelt; R=isotope ratio) are 0.99585+0.00002 for 29Si/28Si
and 0.98942+0.00130 for 2>Mg/%*Mg. However, neither evaporative loss of Ca, Nb, and
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Ta nor Ca isotope fractionation was observed within analytical errors. In conjunction
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with previous studies, we find that in an evaporation experiment the saturation degree
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(partial vapor pressure/equilibrium vapor pressure) of Si (Ssi) is larger than Sug when Si
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is more volatile than Mg, and vice versa. If the Mg/Ca and Si/Ca ratios and isotopes in
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the bulk silicate Earth are attributed to the evaporation of enstatite chondrite-like
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precursors, evaporation temperatures > 5000 K and Ssi < Smg are required.

W W
N =

Keywords: Enstatite, planetary evaporation, high-temperature experiments, isotopic

(98]
(98]

fractionation, Earth’s composition
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Introduction

The chemical composition of the bulk silicate Earth (BSE) provides tight constraints
on the nature of Earth’s building blocks, and Earth’s formation and evolution processes.
The BSE and enstatite chondrites (EC) share nearly identical mass-independent stable
isotopes of various elements such as O, Cr, and Ti, and therefore it has been proposed
that Earth’s main building blocks are EC-like materials (Warren 2011; Dauphas 2017).
However, this hypothesis has been challenged by the fact that the isotope compositions
of Si and Mg in the BSE are heavier than those observed in ECs (Fitoussi and Bourdon
2012; Hin et al. 2017). Such discrepancies in Si and Mg isotopes were attributed to the
processes producing mass-dependent isotopic fractionation, such as the incorporation
of Si in Earth’s core to explain the BSE’s heavy Si isotopes because of the preferential
partitioning of light Si isotopes into metallic phases (Shahar et al. 2009). However, this
requires Si in Earth’s core (~12 wt.%) in excess of that permitted by geophysical
constraints (Badro et al. 2014) or unrealistically low core-mantle equilibration
temperatures (~1500 K) (Fitoussi and Bourdon 2012). The required ~12% Si in the
core could potentially be reduced if we consider the Si isotope heterogeneity in the
mantle predicted by first-principles calculations, which suggest that the lower mantle
(and hence the BSE) might have lighter Si isotopes compared to the upper mantle
(Huang et al. 2014). However, core-formation cannot explain the BSE’s heavy Mg
isotopes due to the lithophile nature of Mg (Du et al. 2017).

Evaporation of molten planetesimals resulting from the decay of short-lived
nuclides or accretionary collision (Tonks & Melosh, 1993; Young et al., 2019), which will
be referred to as “post-nebular evaporation” hereafter (O’Neill and Palme 2008), may
cause mass-dependent Si and Mg isotopic fractionation and explain the BSE’s heavy Si
and Mg isotopes. Pringle et al. (2014) argued that planetesimal evaporation may explain
the heavy Si isotopes in angrites (volatiles-depleted mafic igneous meteorites from an
early formed asteroid), and a series of melt-vapor equilibration events during
collisional accretion may explain the BSE’s heavy Mg isotopes (Hin et al. 2017). Young et
al. (2019) evaluated the near-equilibrium isotopic fractionation during planetesimal
evaporation, and suggested that the BSE’s Mg and Si isotopes may result from losing
~12% Mg and ~15% Si. However, both the Hin and Young models, if using EC-like
precursors, cannot explain the BSE’s Mg/Ca and Si/Ca ratios due to insufficient Si or Mg
loss. Moreover, whether the use of the equilibrium isotopic fractionation factors («a)

approximated to reduced partition function ratios of gaseous species and forsterite in
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70  these previous models affects the conclusions remains uncertain.

71 To investigate whether post-nebular evaporation can explain the Mg/Ca and Si/Ca
72 ratios and isotopes in the BSE, the a of Si, Mg, and Ca during evaporation of silicate melts
73  of relevant compositions must be determined. Most previous studies focus on
74  evaporation at nebular-like conditions (Davis et al. 1990; Richter et al. 2002, 2007;
75  Mendybaev et al. 2013, 2017, 2021), where the surrounding gas pressure is low (<104
76  bar). However, post-nebular evaporation likely occurs at dynamic gas environments
77  with high surrounding gas pressures and temperatures due to planetary collisions
78  (Visscher and Fegley 2013) or high oxygen fugacities (Sossi et al. 2019), which may
79  resultin different isotopic fractionations. For example, Badro et al. (2021) found that the
80  aof Siand Mg in their 1-atm levitation evaporation experiments are larger than those in
81  the vacuum experiments even though they performed their experiments with the same
82  CAl-like composition at the same temperature (1873 K). To better understand the
83  isotopic fractionation of Si, Mg, and Ca during post-nebular evaporation, here we
84  experimentally measure the a of Si, Mg, and Ca during enstatite melt evaporation at
85 2423-2623 K. We then evaluate whether post-nebular evaporation can explain the
86  Mg/Ca and Si/Ca ratios and isotopes in the BSE.

87

88 Methods

89  High-temperature experiments

90 We synthesized a silicate (~2 g) with enstatite composition and used it as an analog
91  of the silicate part of EC. Pure MgO, SiO;, and CaCO3 powders (>99.995%) in enstatite
92  stoichiometry, doped with trace amounts of Nb and Ta, were mixed in an agate mortar
93  for ~1 hour and then melted in a Pt crucible in a muffle furnace. The sample was heated
94 at 1973 K in air for 1 hour and quenched by dropping the Pt crucible into cold water.
95  The recovered silicate was white due to the formation of micro-sized crystals during
96 quench (Figures 1la-c). The recovered silicate was broken into small pieces using a
97 hammer. Some pieces were cut and polished into beads of ~3mm diameter for
98  subsequent evaporation experiments (Figure 1a), and the other pieces were randomly
99  picked for EPMA and LA-ICP-MS analyses to obtain the chemical compositions. The
100 random pieces of synthetic silicate contained 63.26+1.22 wt.% SiO2, 35.19+1.12 wt.%
101  MgO, 1.27+0.18 wt.% CaO, 84+7 ppm Nb, and 204+16 ppm Ta (Table 1; +20).
102 The evaporation experiments were conducted by using a High-temperature Conical

103  Nozzle Levitator at Materials Development, Inc. This method avoids chemical
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104  contamination from capsule material or wire loops at high temperatures, and provides
105 conditions that achieve evaporation from free surfaces in a controlled-gaseous
106  environment (Tangeman et al,, 2001). Silicate beads of ~3 mm diameter were levitated
107  in an argon gas flow of ~600 SCCM through a 1 mm diameter nozzle, with gas advective
108  velocity *13 m/s. The argon gas was in 99.999% purity, containing ~1 ppm Oz, ~5 ppm
109 N, and ~2 ppm H20+CO+COz2 in volume. The samples were heated within 5 seconds to
110  the target temperatures of 2423, 2523, and 2623 K by using a partially focused CO; laser
111 (10.6 um wavelength, model i401, Synrad, Inc.). The sample surface temperature was
112 measured by using an optical pyrometer (Chino model IRC, Chino Works America), and
113 the temperature fluctuation was ~50 K and occasionally over 100 K in a few
114  experiments (supplementary Figure S1). The experiments were quenched by shutting
115  off the laser after running 2-9 mins. The effect of temperature fluctuation on the run
116  duration at the target temperature was estimated using the procedure of Ni et al. (2021)
117  (supplementary Text S1). The sample was weighed before and after the experiment to
118 calculate the sample mass loss fraction. In our laser-heated experiments, the sample
119  mass loss fraction should not exceed 0.5% at heating up stage (~5 s), given an average
120 mass loss rate of ~0.1% per second at 2623 K, as calculated by assuming a linear
121  relationship between the total mass loss fraction and the run duration. Therefore, the
122 chemical fractionation during the heating up stage is negligible and not considered in
123 subsequent discussions.

124  Analytical techniques

125 The recovered samples were homogeneous glasses (Figures 1d-e and Figure S2).
126 One half of the sample was prepared for major and trace element analyses using EPMA
127  and LA-ICP-MS, respectively, and the other half prepared for Si, Mg, and Ca isotopic
128  analyses.

129 Major element compositions of all samples were analyzed with a JEOL JXA-8230
130 EPMA equipped with five wavelength-dispersive spectrometers (WDS). The samples
131  were coated with a thin conductive carbon film (20 nm) before analysis. Operating
132 conditions for quantitative WDS analyses involved an accelerating voltage of 15 kV, a
133 beam current of 10 nA, and a 10 um spot size. The peak counting time was 10 s for §j,
134 Mg, and Ca, and the background counting time was 5 s on the high- and low-energy
135  background positions. Olivine (Si, Mg) and Diopside (Ca) are used as the standards. As
136  for the line scanning, an accelerating voltage of 15 kV, a beam current of 50 nA, and a 2

137  um spot size were used. The dwell time of every spot is 1s.
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138 The Nb and Ta concentrations in the starting enstatite glass and the evaporated
139  silicate glasses were measured by using an Agilent 7900 Quadrupole ICP-MS coupled to
140  a Photon Machines Analyte HE 193-nm ArF Excimer Laser Ablation system (Li, 2018).
141  Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with
142 the carrier gas via a T-connector before entering the ICP. Reference material NIST 610
143 was used as external standard. The Si contents in the samples measured by EPMA were
144  used as internal standard. Analytical uncertainties for the trace elements are within 5%
145  relative.

146 The Si and Mg isotopes of the sample glasses were measured using MC-ICP-MS
147  (Neptune Plus from Thermo-Fisher Scientific) at Key Laboratory of Crust-Mantle
148  Materials and Environments, University of Science and Technology of China. Chemical
149  purification for measuring Si isotopes was processed following the method modified
150  from (Georg et al. 2006). The sample powder was mixed with high purity NaOH and
151  then was fused in a silver crucible at 993 K for 10 mins to produce a water-soluble
152  metastable silicate. The fusion cake was then fully dissolved with ultra-pure water (18.2
153 MQ-cm) and HNO3 was added to attain a sample solution of 1% HNO3z (v/v) for column
154  chemistry. The sample solution (containing ~30 pg Si) was purified through 2 mL of
155  cation exchange resin (AG50W-X12, 200-400 mesh, Bio-Rad, USA) that had been
156  cleaned with 3 mol/L HNOs, 6 mol/L HNO3, 6 mol/L HC], and 6 mL ultra-pure water in
157  sequence. Silicon was collected from the column right after 1 mL sample solution of 1%
158  HNO3 was loaded and then eluted with 6 mL ultra-pure water (Yu et al. 2018).

159 Chemical purification for measuring Mg isotopes was processed following the
160  method of An et al. (2014). A mixture of concentrated HF-HNO3 (~3:1, v/v) was used for
161  digestion. After the initial digestion and evaporation to dryness, samples were treated
162  with aqua regia and dried again. Samples were then refluxed with concentrated HNOs to
163  remove residual fluorides and finally dissolved in 1 mL 2 N HNOs before column
164  chemistry (An et al. 2014). Mg purification was performed through 2 mL of Bio-Rad
165 AG50W-X12 (200-400 mesh) cation resin. Before the start of every chemical separation
166  procedure, the resin was pre-cleaned with 4 mL 4 N HNOz + 0.5 N HF and ultra-pure
167  water alternatively three times, and then conditioned with 3 mL 2 N HNO3 twice. 5 mL
168 2N HNOsz + 0.5N HF and 6 mL1 N HNO3z was loaded to elute the interferential elements.
169  Magnesium was then collected right after 22 mL 1 N HNO3z was eluted.

170 Both Si and Mg isotopes were analyzed using MC-ICP-MS. A quartz dual

171  cyclonic-spray chamber and a PFA microflow nebulizer (Elemental Scientific Inc., U.S.A.)
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172 with an uptake rate of ~50 uL/min were used for sample introduction. The three stable
173 isotopes of Si and Mg were collected by Faraday cup L3 (28Si and 24Mg), C (2°Si and 2°Mg),
174  and H3 (39Si and 26Mg). A block of analysis consisted of 60 cycles of data with an
175  integration time of 2.097 s per cycle. A single analysis is corresponded to 1 bracket using
176  the sample-standard bracketing method, while an analytical session consisted of 3
177  repeated runs of the same solution. An on-peak baseline was measured with 30 cycles
178 and 1 s integration time per cycle. Instrument operating conditions are described in
179  supplementary Table S1.

180 The analyses of Ca isotopes were performed using thermal ionization mass
181  spectrometry (TIMS, Thermo Triton) at State Key Laboratory of Isotope Geochemistry,
182  Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. An aliquot
183  containing ~30 pg of Ca was mixed with #2Ca - 43Ca double-spike solution (4°Ca/42Ca = 7)
184  before purification. The samples were then dried down and re-dissolved in 50 uL of 1.6
185 N HCI for the column chemistry. Calcium purification was performed using 1 mL of
186  Bio-Rad AG MP-50 cation resin. Samples were loaded to preconditioned (with 5 mL of
187 1.6 N HCI) resin, then matrices were eluted with 16.95 mL of 1.6 N HCI, and Ca was
188  collected with 27 mL of 1.6 N HCI (Liu et al. 2017). After the Ca-bearing solution was
189  evaporated to dryness, it was treated with concentrated HNO3 several times and finally
190  re-dissolved it with 10 pL 10% v/v HNO3z for TIMS analysis (Liu et al. 2017). About 3 ug
191 purified Ca isotopes were loaded as calcium nitrate onto a 99.995% Ta filament. The
192  measurement of calcium began when the intensity of the 49Ca signal reached 15 V, and
193  each run consisted of 8 blocks and 26 cycles. Instrumental fractionation was corrected
194  using the #2Ca - 43Ca double spike technique using an offline iterative routine with an
195  exponential law, similar to the method of Heuser et al. (2002). The details of purification
196  procedures and instrumental running conditions are described by Liu et al. (2017) and
197 Wuetal. (2020).

198 The Si, Mg, and Ca isotopes are expressed in the standard §-notation in per mil

199  relative to the standard:

200 e oo = (@), /@)

201  where j and i are the heavy and light atomic number of element E, respectively. The

202  standards for Si, Mg, and Ca isotopes are NBS-28, DSM-3, and SRM915a, respectively. We

standard

- 1] x 1000 (1)

203  routinely measured the isotopic compositions of other standards, BHVO-2, BCR-2,
204  SRM915a, and Seawater. Our obtained data (62%Siguvo-2 = —0.162+0.020%o, 62°Mggcr-2 =

205 -0.108+0.012%o0, 6*4Casrmotsa = 0.01£0.10%o0, 6**Caseawater = 1.88+0.15%0) are in good
6
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206  agreement with the suggested values (http://georem.mpch-mainz.gwdg.de). No

207  mass-independent fractionation was found for Si or Mg isotopes (Figure S3) as for Ca
208  isotopes (Zhang et al. 2014).

209

210 Results

211  Elemental loss fraction and fractionation

212 The chemical compositions and sample mass loss fraction of the recovered samples
213 are summarized in Table 1. The SiO2 contents of the samples (45.30-57.53 wt.%)
214  decrease with increasing the sample mass loss fraction. Much faster evaporation of Si
215  compared to that of other elements results in an increase of the MgO and CaO contents
216  (40.37-52.59 wt.% and 1.32-2.22 wt.%, respectively), as well as the Nb and Ta contents
217  (102-127 ppm and 251-324 ppm, respectively) with increasing the fraction of sample
218  lost.

219 Estimation of the elemental loss fractions requires knowing the composition of
220  starting silicate beads. The compositions measured from random pieces of synthetic
221  starting silicate here were used as the representative of starting composition since we
222 did not measure the compositions of the silicate beads used in our experiments. In order
223 to check the representative of the measured compositions, the CaO contents of the
224  starting silicate beads were estimated by mass balance given its refractory nature.
225  Figure 2a shows that CaO contents of the starting silicate beads are different, but with
226  an average value identical to the CaO content we measured for the bulk starting silicate
227  (1.27%0.18 wt.%), suggesting that the randomly-picked pieces could reasonably
228  represent the silicate beads used in our experiments despite minor heterogeneities. The
229  Si02 and MgO contents of the starting silicate beads should also within the ranges of
230  measured SiOz (63.26%1.22 wt.%) and MgO (35.19+1.12 wt.%) contents of bulk starting
231  silicate as well as CaO, although they could not be estimated in similar way due to the
232 evaporation loss.

233 There are two methods to calculate the molar loss fraction (f) of an element: 1) by
234  mass balance or 2) by the approach of normalization to a refractory element (e.g., Ca)
235 and the starting material as done in previous studies (Richter et al. 2007; Mendybaev et
236  al. 2013). We used both methods to calculate the fsi and fwg. The former method is
237  readily to apply given the total mass loss of the sample and its SiO2 and MgO contents
238  before and after experiment (Table 1). However, the latter method is not suitable to our

239  experiments due to the large uncertainties of starting CaO content (1.27+0.18 wt.%). In
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240  the latter method, fug could be calculated via 1 = (Mg0/Ca0)norm, where (MgO/Ca0)norm
241  refers to MgO/CaO ratio of the sample divided by Mg0/CaO ratio of the starting
242 materials, and fs; is calculated in the same way. However, if calculating (MgO/CaO)norm
243 using the CaO content of the bulk starting silicate, our samples M04, M07, and M09 all
244 produce (MgO/CaO)norm values larger than one and consequently negative fug values
245  (Figure 2b), which should not be possible for evaporation experiments. We noticed that
246  our bulk starting silicate is not homogeneous in CaO (Figure 2a) probably due to the
247  formation of microcrystals during the synthesis (Figure 1c). Therefore, the calculated fug
248  of these three experiments could be seriously affected by the heterogeneity of CaO in the
249  bulk starting silicate. For this reason, the fvalues calculated by mass balance (Figure 2c;
250  Table 1) will be used in below discussions.

251 Plotting fsi and fug as a function of the sample mass loss fraction, Figure 3a shows
252 that up to ~60% Si was evaporated, whereas Mg exhibited significant evaporation only
253  when ~20% sample mass (or ~30% Si) was evaporated. Limited Mg was evaporated at
254  the early stage of evaporation leading to the produced vapor depleted in Mg relative to
255  Si, which is consistent with previous theoretical results on enstatite melt (Xiao and
256  Stixrude 2018). These results also indicate that the evaporation rate of Si is larger than
257 Mg, i.e, Siis more volatile than Mg in our experiments. Our results also demonstrate that
258 Ca, Nb, and Ta were not evaporated within analytical uncertainty (Figure S4). The
259  refractory nature of Ca is consistent with the thermodynamical predictions (Ivanova et
260 al., 2021) and previous evaporation experiments (e.g., Richter et al., 2007; Mendybaev et
261  al, 2013; 2021), which showed that Ca evaporates only after Si and Mg are exhausted. In
262  addition, the refractory nature of Nb and Ta is in accordance with their high 50%
263  condensation temperature (Wood et al. 2019), suggesting that evaporation may not
264  cause Nb and Ta fractionation nor the subchondritic Nb/Ta ratio in the BSE (Miinker et
265 al.2003,2017).

266 Isotopic fractionation

267 As shown in Figure 3b, both the bulk starting silicate-normalized 62%Sinorm (~1-
268  3.5%o0) and §2°Mgnorm (~0.1-1.2%0) increase with increasing sample mass loss fraction.
269  However, initially Si was lost faster than Mg, and 62°Sinorm Was larger than 625Mgnorm.
270  Enrichment of the residual melt in MgO results in faster evaporation of Mg and thus
271  faster increase of 62°Mgnorm after ~20% sample mass was lost. These results indicate
272 that light Mg and Si isotopes partitioned preferentially into the vapor during

273  evaporation, consistent with theoretical expectations and earlier experimental works
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274  (e.g. Richter etal., 2002, 2007; Mendybaev et al., 2021; Badro et al,, 2021). The 6**Canorm
275  did not show any systematic variation because Ca was not evaporated when the Si and
276 Mg remained in the silicate melt (Richter et al. 2007; Mendybaev et al. 2013, 2021;
277  lvanova et al. 2021). Our results of Ca are different from, but not contradictory with,
278  previous experiments on synthetic CaTiOz perovskite at conditions of ~10-¢ Torr and
279  ~2273 K, which showed that up to ~90% Ca was evaporated and the measured
280  6**Canorm was up to ~100%o, with vapor/melt a(**Ca/4°Ca) = 0.9562+0.0040 (Zhang et
281 al. 2014).

282 To quantify the Si and Mg isotopic fractionation induced by evaporation, we assume
283  a Rayleigh distillation to describe the isotopic fractionation. Because in our experiments,
284  the vapor escaped constantly with the argon flow and the recovered samples were
285  chemically homogenous (Figure S2), indicating that diffusion in the melt was sufficiently
286  fastrelative to the evaporation rate. According to the Rayleigh distillation, we have:

287 Ryi/Rjjio = (1 - fi)i/ianp_l (2)
288  where Rj;i and Rj/i0 are the ratio between the heavy isotope j and light isotope i in the
289  residual silicate and starting silicate, respectively. The fiis the molar loss fraction of i -
290  after evaporation and /iy, is the mean isotopic fractionation factor between vapor and
291  melt. The f28Si and f24Mg could be determined by combining the molar loss fraction and
292  measured isotopes of Si and Mg in the samples. Taking the natural logarithm for both
293  sides of Eq. (2), we obtained:

294 In(R/i/Rijio) = (V'@exp — DIn(1 = f) (3).
295  Linear correlations between In(Rj;i/Rjsi0) and In(1 - fi) were observed for Si and Mg
296  isotopes (Figure 4), justifying the assumption of a Rayleigh distillation. The values of
297  /igexp in Eq. (3) can be derived from slopes of linear regressions of the experimental data.
298  Limited temperature dependence of aex, was found in our experiments, yielding a mean
299  dexp 0£0.99585+0.00002 for 29Si/28Si and 0.98942+0.00130 for 25Mg/24Mg (Figure 4).
300 The experimentally obtained vapor-melt isotope fractionation is net isotopic
301 fractionation (4net) and its relationship with equilibrium isotope fractionation (4eq) and
302 Kinetic isotope fractionation (4kin) can be expressed as (Dauphas et al. 2015):

303 Anet=Aeq + (1-5) Akin (4).
304 In Eq. (4), 4 is related to a through 4 = 1000x(a-1), and S is the saturation degree of
305  evaporation, which is defined as S = Pi/P;, sar, where P; and P; sa: refer to the partial vapor
306 pressure and equilibrium vapor pressure of i at the evaporation conditions, respectively,
307 and 0 <S<1.The4eqis afunction of 1/7? (Bigeleisen and Mayer 1947; Urey 1947) and
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308  would be too small to be measured by experiments at very high temperatures, which is
309  thus usually estimated from the ratio of reduced partition function between gaseous
310  species and melts. Since reduced partition function for Si in silicate melt is still lacking,
311 we approximated it with crystalline enstatite (Javoy et al. 2012) because of its similar
312 chemical composition to our enstatite melt, which yielded 4¢q(2°Si) = -2.140x10¢/T2. We
313 used the result of gas-enstatite melt calculated by Luo et al. (2018) for Mg isotopes,
314 yielding 4eq(**Mg) = -0.8772x106/T2. The Axin during evaporation can be calculated by
315 assuming the rate of gaseous species at the evaporating surface following a
316  Maxwell-Boltzmann distribution (Richter et al. 2002):

317 1Akin (%0) = -1000 x [1 - & / & (mi /m;)05] (5)
318  where g, ¢ denote evaporation coefficients, and m;, m; denote the mass of i, j species in
319  the vapor. Assuming that € is mass-independent, the theoretical kinetic fractionation
320 Akin(?°Si) and Axin(?*°Mg) are -11.174%o0 and -19.419%yo, respectively, when SiO and Mg
321  are the dominant species in the vapor (De Maria et al. 1971; Shornikov and Yakovlev
322 2015; Costa et al. 2017). Using the 4¢qand Axin for 29Si and 2°Mg in these previous studies,
323  we calculated the S values in our experiments, which yielded Ssi= 0.662+0.002 and Smg =
324 0.459+0.068.

325

326 Discussion

327  Factors controlling Si and Mg isotopic fractionation

328 The Apet is controlled by both temperature and S as shown in Eq. (4). However, the
329  temperature effect could be limited at non-equilibrium conditions because the 4¢q at
330  high-temperature is much closer to zero. This explains that the obtained aex, for 29Si/28Si
331 or 25Mg/2*Mg are temperature-independent in our experiments (Figure 4). At
332 non-equilibrium conditions, the S value could significantly affect Ayt for 29Si and 25Mg.
333 For comparison, the S values obtained in previous experiments are summarized in Table
334  S2 and plotted in Figure 5a. The first-order observation is that the S values obtained at
335  vacuum or near-vacuum conditions (~10-2-10-4 bar) are smaller than those obtained in
336 levitation experiments, which may be determined by the mechanism how vapor escapes
337  from the melt surface. In vacuum or near-vacuum experiments, the gaseous species
338 escape through diffusion triggered by a self-generated composition gradient in the
339  surrounding gas (Richter et al. 2002). The velocity of argon flow in our experiments was
340 ~13 m/s. Using a typical diameter of 3 mm of our samples, we determined a Reynolds

341 number of 390 and Péclet number of 15-22 (Text S2), which indicates the vapor flow in
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342  our experiments was laminar and the dominant mechanism for gaseous species
343  escaping from the melt surface was advection (Sossi et al. 2019; Badro et al. 2021). In
344  the levitation experiments, a gaseous boundary layer could form around the melt sphere
345 and suppress an instant escape of the vapor, which makes S values in the levitation
346  experiments larger than those in the vacuum or near-vacuum experiments (Ni et al,
347  2021; Sossi et al, 2020; Young et al., 2022).

348 Figure 5a also shows that although Ss; is larger than Sumg in our experiments, that Ss;
349 < Smg is also observed in previous experiments. We find that the relative volatility of Si
350 and Mg may determine Ssi < Smg Or Ssi > Smg. As the Ssi and Swvg in Figure 5 were derived
351 from a series of experiments, we used the (Mg/Si)max/(Mg/Si)ini ratio to approximately
352  represent the relative volatility of Si and Mg during evaporation, where (Mg/Si)max refers
353  to the Mg/Si ratio in the recovered sample with a maximum mass loss fraction from a
354  series of experiments, and (Mg/Si)ini refers to the Mg/Si ratio in the starting silicate.
355  Figure 5b shows that the (1-Swmg)/(1-Ssi) and (Mg/Si)max/(Mg/Si)ini are strongly
356  correlated (RZ= 0.81), and that Ss; is larger than Smg when Si is more volatile than Mg,
357 and vice versa. To explain these observations, we used the Hertz-Knudsen equation to
358  describe the evaporation flux of Mg and Si, and the relationship of Ssi and Swg could be
359  written as:

1-Sum £sio Vsioz Ksi\/Mm In(1-fmg)
360 E=-—— - SN g (6)
1-Ssi &Mg ¥Mgo KmgyMsio  In(1-fsi)

361 where Ksi and Kvg are the equilibrium constant of the reactions that describe the
362  evaporation of MgO and SiO; from the silicate melt as gaseous Mg and SiO in the vapor;
363  ymgo and ysioz are the activity coefficients of MgO and SiO: in the silicate melt; Mug and
364  Msio are the molar mass of gaseous Mg and SiO in the vapor. A detailed deduction of Eq.
365 (6) is provided in supplementary Text S3. Eq. (6) shows that the (1-Swg)/(1-Ssi) is a
£sio ¥sioz Ksiy/Mmg

Emg YMgo KmgyMsio
367  the equilibrium constant are constant in an experiment at a given temperature (e.g.,

368 Badro et al, 2021), the (1-Swmg)/(1-Ssi) is a function of the ysio2/ymgo and

366 function of

and In(1-fmg)/In(1-fs;). If the evaporation coefficient and

369 In(1-fwmg)/In(1-fsi). For melt evaporation at given conditions, the increase in the
370  volatility of MgO relative to that of SiO; are usually accompanied by an increase in
371  ywmgeo/Vsioz (Richter et al.,, 2007; Badro et al,, 2021) and an increase in fug relative to fs;.
372 Therefore, the (1-Smg)/(1-Ssi) must decrease with increasing the volatility of MgO
373  relative to that of SiO, qualitatively consistent with our observations shown in Figure

374  5b. Our experiments also show an increase in ymgo/ysio2 as the evaporation proceeded
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375  (Figure S5), consistent with the increased volatility of MgO relative to that of SiO:
376  (Richter et al. 2002, 2007). Accordingly, the silicate melt composition could play an
377 important role in controlling the relative volatility of SiO2 and MgO and Ss; and Swg.
378  However, it should be noted that “volatility” is more an empirical statement than a strict
379  definition in thermodynamic or Kkinetic, and the relative volatility of SiO2 and MgO
380  during evaporation may be a multi-function of not only silicate melt composition but
381 also parameters such as pressure, the quantitative effects of which require future

382  studies.

383
384 Implications
385 The Si and Mg isotopic differences between the BSE, CI chondrites, and EC (42°Sipsg-

386 chondrite; 42°MgBSE-chondrite) are 0.100 + 0.022%o0 for A2°Sipse-c1, (0.160~0.190) = 0.032%o0
387  for A2%Sigsg-rc, 0.011 * 0.011%0 for A25Mggse-c1, and (0.011~0.013) + 0.009%o0 for
388  A25Mggse-kc (Savage and Moynier 2013; Zambardi et al. 2013; Hin et al. 2017). If both
389  A29Sigsg-chondrite and AZ5Mggsg-chondrite Tesult only from post-nebular evaporation, the
390  evaporation-induced Si and Mg isotopic fractionation (42°Sievap and A2°Mgevap) must

391  satisfy:

392 A29Sievap = A29SiBSE-chondrite (7)
393  and
394 Astgevap = AZSMgBSE—chondrite (8)

395  Since evaporation generally occurs in an open system (Nie and Dauphas 2019), the

396  A29Sievap and A25Mgevap can be estimated by using the Rayleigh distillation model:

397 Azgsievap = Anet (2981) 11’1 (1_fél) (9)
398 and

400 In Egs. (9) and (10), the evaporative fs; and fug and the Anec(29Si) and Anet(2°Mg) must be
401  known to obtain A29Sievap and A425Mgevap. To calculate fsi and fug for Earth, we assume that
402  Earth’s precursor bodies have Mg/Ca and Si/Ca ratios identical to those of CI chondrites
403  or EC, and the sub-chondritic Mg/Ca and Si/Ca ratios in the BSE result solely from
404  post-nebular evaporative loss of Si and Mg because Ca is highly refractory as stated
405  above. For instance, the fsi for using a Cl-like precursor was calculated as fsi = [1 -
406  (Si/Ca)sse/(Si/Ca)ci]- To calculate Anet(2°Si) and Anet(2°Mg) for Earth, we used different
407  temperatures (to obtain 4e¢q) and S values in Eq. (4).

408 Figures 6a-b show the calculated A2%Sievap and A25Mgevap as a function of
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409  temperature and S with fixed fsi and fu, for different chondritic precursors. We can see
410 from Figures 6a-b that increasing evaporation temperature and S could effectively
411  decrease 429Sievap and AZ5Mgevap. Figure 6a shows that to explain the observed 42°Sigsg-
412 chondrite, it requires evaporation temperatures of 3000-7000 K and 0.980 < Ss; < 1.
413  However, Figure 6b shows that to explain the observed A25Mggsg-chondrite, it requires
414  evaporation temperatures of 4000-7000 K and 0.998 < Smg < 1. Particularly, if Earth’s
415  precursor bodies have EC-like composition as suggested by the Ca isotopes and many
416  other mass-independent isotopic anomalies (Warren 2011; Dauphas 2017; Huang and
417  Jacobsen 2017), evaporation temperatures > 5000 K are required to explain the
418 observed A%5Mggse-kc (Figure 6b). Therefore, evaporation temperatures > 5000 K are
419 needed to explain both A%25Mggsg-ec and A29Sipsg-ec. In order to further constrain the
420 range of Ssi/Smg that are required to explain both A25Mggsg.-rc and A429Sipsg-ec, we
421  additionally modeled the A25Mgevap/A4%9Sicvap as a function of Ssi/Smg at 5000-7000 K and
422 Swmg of 0.998-1. Figures 6¢-d show that to explain the observed A25Mggsk-rc/42%SiBsE-Ec,
423 the Ssi/Swg must be smaller than 1 at the evaporation temperatures of 5000-7000 K. The
424  required high evaporation temperatures are relevant to planetary collisions (Canup
425  2012).

426 The above results demonstrate that post-nebular evaporation occurring at
427  temperatures > 5000 K and Ssi/Swg < 1 can explain the Mg/Ca and Si/Ca ratios and
428  isotopes in the BSE, if EC-like materials are Earth’s main building blocks. It is worth
429  pointing out that if we use 4eq (2°Si) derived from the gas-crystalline forsterite system, as
430 used in Hin et al. (2017) and Young et al. (2019), the Ss;i value and temperature required
431  to explain the BSE’s Si isotopes will increase by 0.002 and ~150 K, respectively. However,
432 the use of deq (25Mg) derived from the gas-crystalline forsterite system would not change
433 Swmg or the evaporation temperature required to explain the BSE’s Mg isotopes because
434  the Aeq (2°Mg) obtained from the gas-crystalline forsterite and the gas-enstatite melt
435  systems are nearly the same, with a difference of only 0.0014%o at 3000 K (Luo et al.
436  2018).In addition, in our model the isotopic fractionation factor and relative volatility of
437  Si and Mg were assumed to be constant during the evaporation. However, they may be
438  determined by not only the silicate melt composition but also the vapor pressure and
439  the presence of volatiles. Also note that 5000 K is far outside our experiment
440 temperatures and the thermodynamics of the melt under these conditions are highly
441  uncertain. Future experiments that simulate actual conditions of planetary evaporation

442  are needed to better understand its role in shaping Earth’s chemical compositions.
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443 Our evaporation model provides a potential solution to the non-chondritic Mg/Ca
444  and Si/Ca ratios and isotopes in the BSE, as those in recent studies (Hin et al. 2017;
445  Young et al. 2019). Previous studies show that in the early solar system, Si isotopic
446  fractionation between gaseous SiO and forsterite at nebular conditions may explain the
447  variations in Si isotopes among Earth and other planetary bodies (Dauphas et al. 2015),
448  which was further substantiated by Fe isotopes (Sossi et al. 2016). However, Mg does
449  not show considerable isotope fractionation at the same process because limited
450  amounts of initial Mg would be in the gas when forsterite was fully condensed (Dauphas
451  etal. 2015); thus, a post-nebular process is still required. Recently, it was also suggested
452  that Earth’s Si, Mg, and Ca isotopes could be inherited from the accreted materials via
453  pebble accretion without the need of evaporative fractionation, as supported by the
454  identical mass-dependent Ca, Mg, and Si isotopes between Earth and chondrules in CV
455 (Olsen et al. 2016; Amsellem et al. 2017; Kadlag et al. 2021). However, the
456  mass-independent isotopes are distinct between Earth and chondrules of carbonaceous
457  chondrites, but nearly the same between Earth and chondrules of EC (Schneider et al.
458  2020).

459 Our model implies that if Earth’s Si and Mg isotope compositions are attributed
460 alone to the evaporation of EC-like precursors, the evaporation temperatures may be
461  over 5000 K. Such high temperatures imply that moderately and highly volatile elements
462 must be completely lost during evaporation. In this case, Earth’s additional accretion of
463  materials with limited evaporative loss of volatiles or without volatile loss are required
464  to explain Earth’s volatile budget (Li et al. 2022), as supported by the K and S isotopes,
465 and the volatile element depletion pattern in the BSE (Braukmiiller et al. 2019; Li 2021;
466  Tian etal. 2021; Wang et al. 2021).
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475 Figure captions

476  Figure 1. Images of the samples. (a) A typical silicate bead prepared for levitation
477  evaporation experiment (left) and a transparent recovered sample (right). (b)
478  Backscattered electron (BSE) image of the starting silicate. (c) A closer-view of the
479  starting silicate, showing presence of micro-crystals probably formed during quench. (d)
480  BSE image of a recovered sample (run M05). (e) A closer-view of a selected region in
481 image d to show the homogeneity in structure and composition. The circular spots in
482  images b and d are laser pits of LA-ICP-MS analysis.

483

484  Figure 2. (a) The CaO contents in the starting silicate beads estimated by mass balance
485  for recovered samples M0O1 to M09. (b) The Si and Mg loss fraction calculated by
486 normalization approach. Note that the (MgO/CaO)norm, for example, is the MgO/CaO
487 ratio of a recovered sample normalized to that of the bulk starting silicate, ie.,
488  (MgO/Ca0)norm = (MgO/Ca0)sample / (MgO/Ca0)starting. (€) The Si and Mg loss fraction
489  calculated by mass balance approach.

490

491  Figure 3. The Si and Mg molar loss fraction (a) and isotopes (b) of recovered samples as
492  a function of the sample mass loss fraction. Note that the isotopes of the recovered
493  samples were normalized to those of the bulk starting silicate, e.g., §2Sinorm = 62°Sisample
494 - §%9Sistarting. Also note that the variation of 62°Sinorm and 62°Mgnorm are coupled with the
495  Siand Mg molar loss fraction, respectively.

496

497  Figure 4. The correlation between 1000xIn(Rj;i/Rjsi0) and -In(1- f) for Si (a) and Mg (b)
498 isotopes in our experiments (red lines). The experimental results at 1873 K in Badro et
499  al. (2021) are plotted for comparison. The isotopic fractionation factors are obtained by
500 linear fitting not forced to go through (0,0) with errors in 2c. The calculated kinetic and
501  equilibrium isotopic fractionation factors of Si and Mg at 2623 K are also plotted for
502  comparison (see main text for detailed calculations).

503

504  Figure 5. (a) Comparisons of Ss; (open symbols) and Sug (solid symbols) determined in
505  our experiments and previous experiments. Vacuum or near-vacuum experiments and
506 levitation experiments are separated by the dash line. The experimental temperature is
507  color-coded. (b) Correlation between the (1-Swg)/(1-Ssi) and (Mg/Si)max/(Mg/Si)ini with
508 R2=0.80. Note that Ss; is larger than Smg when Si is more volatile than Mg, and vice versa.
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509  The symbols in b are the same as those in a, and the abbreviated references are: B21
510  (Badro etal. 2021), D90 (Davis et al. 1990), W01 (Wang et al. 2001), RO7 (Richter et al.
511  2007), K09 (Knight et al. 2009), M13 (Mendybaev et al. 2013), M17 (Mendybaev et al.
512 2017), M21 (Mendybaev et al. 2021).

513

514  Figure 6. Diagrams constrain the conditions of post-nebular evaporation that could
515  explain the differences in Mg/Ca and Si/Ca ratios and isotopes between the BSE and
516  chondrites. (a-b) The evaporation-induced isotopic fractionation (429Sievap and 425Mgevap)
517  asa function of temperature and S. (c-d) The evaporation-induced isotopic fractionation
518  of 25Mg and 2°Si (425Mgevap/42°Sievap) as a function of Swg, Ssi/Sme, and temperature. Note
519  that the fug and fsi used in the above modelling are fixed at the values determined from
520  the difference in Mg/Ca and Si/Ca ratios of the BSE from those of chondrites (see main
521  text for details). Plots a-b show that to explain the A29Sigsg-kc, it requires evaporation
522 temperatures of 3000-7000 K, whereas to explain the A25Mggsg-gc, it requires
523  evaporation temperatures of 5000-7000 K; plots c-d show that to explain the
524  A25Mggsg-rc/A%9Sipse-Ec, the Ssi/Smg must be smaller than 1. If the core/mantle Si isotope
525  fractionation is considered, as indicated by the line arrow in plot a, the observed
526  A29Sigsg-chondrite WOuld be smaller. CI = CI chondrite; EC = enstatite chondrite (EH, EL).

527  See the main text for more details.

16
Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9111. http://www.minsocam.org/

Lu et al.: Evaporation of Si-Mg-Ca in enstatite melt

528 References cited

529  Amsellem, E., Moynier, F., Pringle, E.A., Bouvier, A., Chen, H., and Day, JJM.D. (2017)

530 Testing the chondrule-rich accretion model for planetary embryos using calcium
531 isotopes. Earth and Planetary Science Letters, 469, 75-83.

532 An, Y, Wu, F, Xiang, Y., Nan, X., Yu, X., Yang, J., Yu, H., Xie, L., and Huang, F. (2014)
533 High-precision Mg isotope analyses of low-Mg rocks by MC-ICP-MS. Chemical
534 Geology, 390, 9-21.

535 Badro, J., Cote, A.S., and Brodholt, J.P. (2014) A seismologically consistent compositional
536 model of Earth’s core. Proceedings of the National Academy of Sciences, 111, 7542—
537 7545.

538 Badro, J., Sossi, P.A., Deng, Z., Borensztajn, S., Wehr, N., and Ryerson, F.J. (2021)
539 Experimental investigation of elemental and isotopic evaporation processes by laser
540 heating in an aerodynamic levitation furnace. Comptes Rendus. Géoscience, 353, 101—
541 114.

542 Bigeleisen, J., and Mayer, M.G. (1947) Calculation of equilibrium constants for isotopic
543 exchange reactions. Journal of Chemical Physics, 15, 261-267.

544  Braukmiiller, N., Wombacher, F., Funk, C., and Miinker, C. (2019) Earth’s volatile element
545 depletion pattern inherited from a carbonaceous chondrite-like source. Nature
546 Geoscience, 12, 564-568.

547  Canup, R.M. (2012) Forming a Moon with an Earth-like Composition via a Giant Impact.
548 Science, 338, 1052—-1055.

549  Costa, G.C.C., Jacobson, N.S., and Fegley Jr., B. (2017) Vaporization and thermodynamics of
550 forsterite-rich olivine and some implications for silicate atmospheres of hot rocky
551 exoplanets. Icarus, 289, 42-55.

552 Dauphas, N. (2017) The isotopic nature of the Earth’s accreting material through time. Nature,
553 541, 521-524.

554  Dauphas, N., Poitrasson, F., Burkhardt, C., Kobayashi, H., and Kurosawa, K. (2015) Planetary

555 and meteoritic Mg/Si and & 30 Si variations inherited from solar nebula chemistry.
556 Earth and Planetary Science Letters, 427, 236-248.

557 Davis, A.M., Hashimoto, A., Clayton, R.N., and Mayeda, T.K. (1990) Isotope mass
558 fractionation during evaporation of Mg2Si04. Nature, 347, 655—658.

559 De Maria, G., Balducci, G., Guido, M., and Piacente, V. (1971) Mass spectrometric
560 investigation of the vaporization process of Apollo 12 lunar samples Vol. 2, pp. 1367—
561 1380. Presented at the Proceedings of the Second Lunar Conference, M.I.T. Press.

562  Du, Z.,Jackson, C., Bennett, N., Driscoll, P., Deng, J., Lee, K.K.M., Greenberg, E., Prakapenka,
563 V.B., and Fei, Y. (2017) Insufficient Energy From MgO Exsolution to Power Early
564 Geodynamo. Geophysical Research Letters, 44, 11,376-11,381.

565  Fitoussi, C., and Bourdon, B. (2012) Silicon Isotope Evidence Against an Enstatite Chondrite
566 Earth. Science, 335, 1477-1480.
567  Georg, R.B., Reynolds, B.C., Frank, M., and Halliday, A.N. (2006) New sample preparation

568 techniques for the determination of Si isotopic compositions using MC-ICPMS.
569 Chemical Geology, 235.
570  Heuser, A., Eisenhauer, A., Gussone, N., Bock, B., Hansen, B.T., and Négler, Th.F. (2002)
571 Measurement of calcium isotopes (644Ca) using a multicollector TIMS technique.
572 International Journal of Mass Spectrometry, 220, 385-397.
573  Hin, R.C., Coath, C.D., Carter, P.J., Nimmo, F., Lai, Y.-J., Pogge von Strandmann, P.A.E.,
574 Willbold, M., Leinhardt, Z.M., Walter, M.J., and Elliott, T. (2017) Magnesium isotope
575 evidence that accretional vapour loss shapes planetary compositions. Nature, 549, 511—
576 515.

17

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9111. http://www.minsocam.org/

Lu et al.: Evaporation of Si-Mg-Ca in enstatite melt

Huang, F., Wu, Z., Huang, S., and Wu, F. (2014) First-principles calculations of equilibrium
silicon isotope fractionation among mantle minerals. Geochimica et Cosmochimica
Acta, 140, 509-520.

Huang, S., and Jacobsen, S.B. (2017) Calcium isotopic compositions of chondrites.
Geochimica et Cosmochimica Acta, 201, 364-376.

Ivanova, M.A., Mendybaev, R.A., Shornikov, S.I., Lorenz, C.A., and MacPherson, G.J. (2021)
Modeling the evaporation of CAl-like melts, and constraining the origin of CH-CB
CAls. Geochimica et Cosmochimica Acta, 296, 97-116.

Javoy, M., Balan, E., Méheut, M., Blanchard, M., and Lazzeri, M. (2012) First-principles
investigation of equilibrium isotopic fractionation of O- and Si-isotopes between
refractory solids and gases in the solar nebula. Earth and Planetary Science Letters,
319-320, 118-127.

Kadlag, Y., Tatzel, M., Frick, D.A., Becker, H., and Kiihne, P. (2021) In situ Si isotope and
chemical constraints on formation and processing of chondrules in the Allende
meteorite. Geochimica et Cosmochimica Acta, 304, 234-257.

Knight, K.B., Kita, N.T., Mendybaev, R.A., Richter, F.M., Davis, A.M., and Valley, J.W. (2009)
Silicon isotopic fractionation of CAl-like vacuum evaporation residues. Geochimica et
Cosmochimica Acta, 73, 6390-6401.

Li, Y. (2021) Sulfur evaporation in planetesimals. Nature Geoscience, 14, 803—805.

Li, Y., Li, Y.-X., and Xu, Z. (2022) The partitioning of Cu and Ag between minerals and silicate
melts during partial melting of planetary silicate mantles. Geochimica et
Cosmochimica Acta.

Liu, F., Zhu, H.L., Li, X., Wang, G.Q., and Zhang, Z.F. (2017) Calcium Isotopic Fractionation
and Compositions of Geochemical Reference Materials. Geostandards and
Geoanalytical Research, 41, 675-688.

Luo, H., Bao, H., Yang, Y., and Liu, Y. (2018) Theoretical calculation of equilibrium Mg
isotope fractionation between silicate melt and its vapor. Acta Geochim, 37, 655-662.

Mendybaev, R.A., Richter, F.M., Georg, R.B., Janney, P.E., Spicuzza, M.J., Davis, A.M., and
Valley, J.W. (2013) Experimental evaporation of Mg- and Si-rich melts: Implications
for the origin and evolution of FUN CAls. Geochimica et Cosmochimica Acta, 123,
368-384.

Mendybaev, R.A., Williams, C.D., Spicuzza, M.J., Richter, F.M., Valley, J.W., Fedkin, A.V.,
and Wadhwa, M. (2017) Thermal and chemical evolution in the early Solar System as
recorded by FUN CAls: Part II — Laboratory evaporation of potential CMS-1 precursor
material. Geochimica et Cosmochimica Acta, 201, 49-64.

Mendybaev, R.A., Kamibayashi, M., Teng, F.-Z., Savage, P.S., Georg, R.B., Richter, F.M., and
Tachibana, S. (2021) Experiments quantifying elemental and isotopic fractionations
during evaporation of CAl-like melts in low-pressure hydrogen and in vacuum:
Constraints on thermal processing of CAls in the protoplanetary disk. Geochimica et
Cosmochimica Acta, 292, 557-576.

Miinker, C., Pfander, J., Weyer, S., Buchl, A., Kleine, T., and Mezger, K. (2003) Evolution of
Planetary Cores and the Earth-Moon System from Nb/Ta Systematics. Science, 301,
84-87.

Miinker, C., Fonseca, R.O.C., and Schulz, T. (2017) Silicate Earth’s missing niobium may have
been sequestered into asteroidal cores. Nature Geoscience, 10, 822—826.

Ni, P., Macris, C.A., Darling, E.A., and Shahar, A. (2021) Evaporation-induced copper isotope
fractionation: Insights from laser levitation experiments. Geochimica et Cosmochimica
Acta, 298, 131-148.

Nie, N.X., and Dauphas, N. (2019) Vapor Drainage in the Protolunar Disk as the Cause for the
Depletion in Volatile Elements of the Moon. The Astrophysical Journal, 884, L48.

18
Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9111. http://www.minsocam.org/

Lu et al.: Evaporation of Si-Mg-Ca in enstatite melt

Olsen, M.B., Wielandt, D., Schiller, M., Van Kooten, EEM.M.E., and Bizzarro, M. (2016)
Magnesium and 54Cr isotope compositions of carbonaceous chondrite chondrules —
Insights into early disk processes. Geochimica et Cosmochimica Acta, 191, 118—138.

O’Neill, H.St.C., and Palme, H. (2008) Collisional erosion and the non-chondritic composition
of the terrestrial planets. Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 366, 4205-4238.

Pringle, E.A., Moynier, F., Savage, P.S., Badro, J., and Barrat, J.-A. (2014) Silicon isotopes in
angrites and volatile loss in planetesimals. Proceedings of the National Academy of
Sciences, 111, 17029-17032.

Richter, F.M., Davis, A.M., Ebel, D.S., and Hashimoto, A. (2002) Elemental and isotopic
fractionation of Type B calcium-, aluminum-rich inclusions: experiments, theoretical
considerations, and constraints on their thermal evolution. Geochimica et
Cosmochimica Acta, 66, 521-540.

Richter, F.M., Janney, P.E., Mendybaev, R.A., Davis, A.M., and Wadhwa, M. (2007) Elemental
and isotopic fractionation of Type B CAl-like liquids by evaporation. Geochimica et
Cosmochimica Acta, 71, 5544-5564.

Savage, P.S., and Moynier, F. (2013) Silicon isotopic variation in enstatite meteorites: Clues to
their origin and Earth-forming material. Earth and Planetary Science Letters, 361, 487—
496.

Schneider, J.M., Burkhardt, C., Marrocchi, Y., Brennecka, G.A., and Kleine, T. (2020) Early
evolution of the solar accretion disk inferred from Cr-Ti-O isotopes in individual
chondrules. Earth and Planetary Science Letters, 551, 116585.

Shahar, A., Ziegler, K., Young, E.D., Ricolleau, A., Schauble, E.A., and Fei, Y. (2009)
Experimentally determined Si isotope fractionation between silicate and Fe metal and
implications for Earth’s core formation. Earth and Planetary Science Letters, 288, 228—
234,

Shornikov, S.1., and Yakovlev, O.1. (2015) Study of complex molecular species in the gas phase
over the CaO-MgO-A1203-Ti02-Si02 system. Geochemistry International, 53, 690—
699.

Sossi, P.A., Nebel, O., Anand, M., and Poitrasson, F. (2016) On the iron isotope composition of
Mars and volatile depletion in the terrestrial planets. Earth and Planetary Science
Letters, 449, 360-371.

Sossi, P.A., Klemme, S., O’Neill, H.St.C., Berndt, J., and Moynier, F. (2019) Evaporation of
moderately volatile elements from silicate melts: experiments and theory. Geochimica
et Cosmochimica Acta, 260, 204-231.

Sossi, P.A., Moynier, F., Treilles, R., Mokhtari, M., Wang, X., and Siebert, J. (2020) An
experimentally-determined general formalism for evaporation and isotope
fractionation of Cu and Zn from silicate melts between 1300 and 1500 °C and 1 bar.
Geochimica et Cosmochimica Acta, 288, 316-340.

Tangeman, J.A., Phillips, B.L., Navrotsky, A., Weber, J.K.R., Hixson, A.D., and Key, T.S.
(2001) Vitreous forsterite (Mg2SiO4): Synthesis, structure, and thermochemistry.
Geophysical Research Letters, 28, 2517-2520.

Tian, Z., Magna, T., Day, J.M.D., Mezger, K., Scherer, E.E., Lodders, K., Hin, R.C., Koefoed,
P., Bloom, H., and Wang, K. (2021) Potassium isotope composition of Mars reveals a
mechanism of planetary volatile retention. Proceedings of the National Academy of
Sciences, 118.

Tonks, W.B., and Melosh, H.J. (1993) Magma ocean formation due to giant impacts. Journal of
Geophysical Research: Planets, 98, 5319-5333.

Urey, H.C. (1947) The thermodynamic properties of isotopic substances. Journal of the
Chemical Society (Resumed), 562—581.

19
Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2023-9111. http://www.minsocam.org/

Lu et al.: Evaporation of Si-Mg-Ca in enstatite melt

Visscher, C., and Fegley, B. (2013) Chemistry of impact-generated silicate melt-vapor debris
disks. The Astrophysical Journal, 767, L12.

Wang, J., Davis, A.M., Clayton, R.N., Mayeda, T.K., and Hashimoto, A. (2001) Chemical and
isotopic fractionation during the evaporation of the FeO-MgO-SiO2-Ca0O-AI203-TiO2
rare earth element melt system. Geochimica et Cosmochimica Acta, 65, 479-494.

Wang, W., Li, C.-H., Brodholt, J.P., Huang, S., Walter, M.J., Li, M., Wu, Z., Huang, F., and
Wang, S.-J. (2021) Sulfur isotopic signature of Earth established by planetesimal
volatile evaporation. Nature Geoscience, 14, 806—811.

Warren, P.H. (2011) Stable-isotopic anomalies and the accretionary assemblage of the Earth
and Mars: A subordinate role for carbonaceous chondrites. Earth and Planetary Science
Letters, 311, 93-100.

Wood, B.J., Smythe, D.J., and Harrison, T. (2019) The condensation temperatures of the
elements: A reappraisal. American Mineralogist, 104, 844-856.

Wu, W., Xu, Y.-G., Zhang, Z.-F., and Li, X. (2020) Calcium isotopic composition of the Iunar
crust, mantle, and bulk silicate Moon: A preliminary study. Geochimica et
Cosmochimica Acta, 270, 313-324.

Xiao, B., and Stixrude, L. (2018) Critical vaporization of MgSiO ;. Proceedings of the National
Academy of Sciences, 115, 5371-5376.

Young, E.D., Shahar, A., Nimmo, F., Schlichting, H.E., Schauble, E.A., Tang, H., and Labidji, J.
(2019) Near-equilibrium isotope fractionation during planetesimal evaporation. Icarus,
323, 1-15.

Young, E.D., Macris, C.A., Tang, H., Hogan, A.A., and Shollenberger, Q.R. (2022) Isotope
velocimetry: Experimental and theoretical demonstration of the potential importance of
gas flow for isotope fractionation during evaporation of protoplanetary material. Earth
and Planetary Science Letters, 589, 117575.

Yu, H.-M., Li, Y.-H., Gao, Y.-J., Huang, J., and Huang, F. (2018) Silicon isotopic compositions
of altered oceanic crust: Implications for Si isotope heterogeneity in the mantle.
Chemical Geology, 479, 1-9.

Zambardi, T., Poitrasson, F., Corgne, A., Méheut, M., Quitté, G., and Anand, M. (2013) Silicon
isotope variations in the inner solar system: Implications for planetary formation,
differentiation and composition. Geochimica et Cosmochimica Acta, 121, 67—83.

Zhang, J., Huang, S., Davis, A.M., Dauphas, N., Hashimoto, A., and Jacobsen, S.B. (2014)
Calcium and titanium isotopic fractionations during evaporation. Geochimica et
Cosmochimica Acta, 140, 365-380.

20
Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



712

713
714
715
716
717
718

Lu et al.: Evaporation of Si-Mg-Ca in enstatite melt

Table 1. Elemental and isotopic? compositions of the starting silicate and sample glasses.

Run No. Starting MO1 MO02 MO03 M04 MO05 MO06 MO07 M08 M09 BHVO-2> BCR-2b SRM Seawater?
Temperature (K) 2623 2623 2623 2523 2523 2523 2423 2423 2423
Laser-on duration (s) 120 300 420 120 300 540 300 420 540
Final diameter (mm) 3.20 2.80 2.83 3.39 3.11 2.92 3.23 3.02 3.07
Starting mass (mg) 57.3 55.3 60.2 62.5 62.8 55.4 59.9 62.6 52.7
Final mass (mg) 44.9 35 36.2 53.4 47.7 37.3 52.4 44.4 42.1
Sample mass loss fraction 21.6 36.7 39.9 14.6 24 32.7 12.5 29.1 20.1
Si molar loss fraction (%)¢ 33.5 53.7 57.0 23.0 36.4 48.3 20.4 441 32.2
20 1.4 1.0 1.0 1.6 1.3 1.1 1.7 1.1 1.4
Mg molar loss fraction (%) 1.0 7.5 10.2 1.3 1.5 5.1 -0.4 3.7 0.2
20 3.3 3.0 2.9 3.3 3.2 3.1 3.4 3.2 3.3
Ca molar loss fraction (%) -1.2 -6.6 -5.1 3.1 -4.1 -4.4 9.1 -4.4 3.8
20 15.2 15.6 15.2 14.3 15.2 15.1 13.2 15.0 14.2
Si02 (wt.%) 63.26 53.62 4632 4530 57.07 5297 4855 57.53 4991 53.68
20 1.22 0.48 0.38 0.54 0.50 0.42 0.44 0.56 0.30 0.46
MgO (wt.%) 35.19 4444 5140 5259 40.69 4563 49.62 4037 4780 43.97
20 1.12 0.38 0.32 0.38 0.40 0.30 0.40 0.46 0.36 0.38
Ca0 (wt.%) 1.27 1.64 2.14 2.22 1.44 1.74 1.97 1.32 1.87 1.53
20 0.18 0.08 0.08 0.06 0.06 0.06 0.06 0.04 0.04 0.06
Nb (ppm) 84 102 124 127 113
20 7 4 3 3 3
Ta (ppm) 204 251 307 324 287
20 16 11 14 17 6
629Si (%o0) -0.036 1.648 3.199 3459 1.070 1985 2757 0.894 2.169 1.509 -0.162
20 0.032 0.017 0.025 0.036 0.023 0.014 0.027 0.045 0.074 0.067 0.020
630Si (%o0) -0.122 3.202 6.223 6.715 2125 3.895 5416 1.748 4.270 2.954 -0.313
20 0.042 0.031 0.033 0.044 0.014 0.063 0.038 0.044 0.047 0.025 0.031
625Mg (%o) -0.892 -0.666 0.054 0.304 -0.770 -0.593 -0.248 -0.799 -0.508 -0.676 -0.108 -0.108
20 0.023 0.027 0.015 0.026 0.005 0.026 0.017 0.003 0.012 0.025 0.012 0.012
626Mg (%o0) -1.699 -1.280 0.105 0.602 -1.498 -1.171 -0.480 -1.523 -0.969 -1.314 -0.189 -0.189
20 0.056 0.048 0.006 0.032 0.008 0.041 0.030 0.017 0.015 0.041 0.032 0.032
644Ca (%o) 1.498 1.547 1.647 1570 1557 1537 1.680 1.560 1.570 1.450 0.010 1.883
20 0.043 0.066 0.096 0.043 0.052 0.052 0.082 0.107 0.114 0.059 0.100 0.154

Note: a. The standards for Si, Mg, and Ca isotope are NBS-28, DSM-3, and SRM915a, respectively; b. Measured values for these standards are in good agreements
with the suggested values from the GeoReM database (http://georem.mpch-mainz.gwdg.de); c. The mass loss fractions (f}) are calculate by mass balance via f; =
(Mio-M;)/M; o, where M;o and M;; are the starting mass and recovered mass of element i that could be readily obtained by C;oxMsampieo and Ci:xMsampies, respectively.
The Cipand C;; are the starting and recovered content of element i, and the Msampie,0 and Msampie: are the starting and recovered mass of the sample listed above. Note
that although the average molar mass of i of the sample would change after experiment due to the evaporation-induced isotopic fractionation, such minor change is
negligible. Hence, the molar loss fractions could be considered equal to the mass loss fractions.

21



e e s



~
&
-’

(b)

Mg loss fraction (%)
calculated by (MgO/CaO), ..,

~
e
-’

Mg loss fraction (%)
calculated by mass balance

Starting CaO (wt.%)

B Starting [ 2423 K [ 2523 K [ 2623 K

-
n

=
=

-
(3

=
o

ol
.
o

101

—20

30 L

|
[y
(=] (—]
— T —TT

[y
(]
T —TT

[\
=

30 L

T T T T T T T T T T
i :
[ |Bulk starting silicate : + ]
1 1 1 1 :l 1 1 i 1 i
M01 M02 M03 M04 M05 M06 M07 M08 M09
T T T T - 1.2
MO07
. A 111
M09 ]
11.0
109
R 10.8
" 1 " " " 1 " " " 1 " " " 1 " " " ] 0.7
60 40 20 0 =20
Si loss fraction (%)
calculated by (SiO,/Ca0), ..
" T T T
" 1 " " " " 1 " " " " 1 " " " " 1 " " " "
60 40 20 0 -20

Si loss fraction (%)
calculated by mass balance

% (0eD/08IN)



(a) | EStarting W2423K M2523K M2623K |
? | T T T T O
X | OSsi
N - DM
: L
Sasf g ]
~— L
]
“ L
J-_-“ L
” I
2 30 - .
— L
R L
xR
= I
(=] L
515 - .
=~ I Limited Mg I>I>
- evaporation
3 [ P
s 0r--------F- 13- - -
[ 1 ] ] ] ]

- 44 |-
L .. Caonstanto**CGa,,,, —F————> |

0 10 20 30 40

Sample mass loss fraction (%)



~
o
~

w

1000xIn (Ry/R;;,0)
N

| Hk423k 523K [2623K  @Badro et al,, 2021 (1873 K) |

£

(b)ZO . —

1
e p—t
= (V)]
— T T T T T T

1000xIn (R;;/Ry;,)

|
S
n
T

K
1y = 0:99964 (2623 O

Ay = 0.99987 (2623 K)

MR BV '

0.0 | 0.2I — 0.4I — 0.6I — 0.8 1.0 0.0 0.1 | 0I.2I o 0.3I
— In(1- £28Si) —In(1- f**Mg)



S« Bla g €« w z.o_-('b)""'

Volatility: 7
Si<Mg | Si>Mg ]

£
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E
=
2700T ) B } M13 § -
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, H -
2600 § ' E Uﬁw 15 F
2500 T\ RO7&K09 ¢ <
24004l | NN % :;ﬂ
2300 |_‘ . o wWo1 S VIJE
o
S

2200 ' 1.0
2100 - D90 s Sgi < SMg‘

®

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ﬁ
1900 This study —l— 0 z
1800 P R RS S SR | Y A R R R SR
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5



— — S55=0.980 — — 5y,=0.998
0.4 o ————————————r 0.05 ~ 6 o e :
(a) i Observed 4”°Si: | (b) e h N Observed 4**Mg:
NN ]
] \
o ~ BSE-EL —_] N BSE-EL —_]
i NG BSE-EH —_| 0.04 h ~ BSE—EH\
0.3 N D> TN N N g
\ ~ S o BSE—CI ] N S BSE-CI ]
—_ i S~ : =~ - \ = \
g ~ <~ T - ® 0.03 - -
g T &
£0.2 i K
e N 1.1
= N N ITE 0.02 |
N ] <
110 B P N S, T ] [ e SR ETEI L *x
1’ oot | e - ek
Si in the core| | R ]
0.0 N N N .V 1 W. N N 1 N N N N 1 N N 1 N N N N 0.00 L N N N N 1 N N N N Ivu N N N 1 N .V. V. 1 N N N N ]
2000 3000 4000 5000 6000 7000 2000 3000 4000 5000 6000 7000
T (K) T(K)
30— — 30— 777 Y L
: il i /
(C) - | s000K j! 1 (d) - | Il 500K §° 7/
025 | Il 6000 K L y 025 | g 6000 K /,: » y
.|| 7000k 4 - [ |HH 700K S
2020 S/ p 00| ]
R N / e 2
a 7 S a
\ ? \
%0 15 | y %0 15 - ]
> >
%010 F - % 0.10 | .
N [ ] N [ - =
w5k ====7 /_*— 005F= ~ ﬁ—
C . A5M 147si
E AP Mg gy 147 Sipsp_gn F — L
0.00 I L1 L L Ll ] 0.00 I N L1 L1 Ll
0.95 0.96 0.97 0.98 0.99 1.00 0.95 0.96 0.97 0.98 0.99 1.00

Ssi/ Swmg Ssi/ Sug



	Article File
	Figure1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6



