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 2 

Abstract 8 

 As a transition metal that is moderately volatile at high temperatures, Cu shows limited 9 

isotope fractionation in mantle-derived rocks but significant enrichment in its heavier isotope (up 10 

to 12.5 per mil for 65Cu/63Cu) in objects that experienced volatile loss during formation, such as 11 

tektites and lunar rocks. Previous efforts to model the Cu isotope fractionation trend from 12 

measurements of d65Cu in tektites found that the trend cannot be explained by the theoretical 13 

isotope fractionation factor (a) for free evaporation of Cu, making it necessary to experimentally 14 

study Cu isotope fractionation under conditions similar to tektite formation. 15 

 Here we present the first experimental study on Cu isotope fractionation during 16 

evaporation. Our experiments, conducted by laser-heating an aerodynamically levitated glass 17 

sphere to 1750, 2000, and 2150 ºC, show rapid loss of > 99.99% Cu from the molten glass within 18 

60 seconds of experiment duration. The evaporation induced loss of Cu is accompanied by 19 

progressive enrichment in the heavier isotope of Cu in the residue glass, with a maximum 20 

fractionation in d65Cu of ~18‰. The empirical fractionation factor (a) calculated from our laser 21 

levitation data is 0.9960 ± 0.0002. Compared to similar experiments conducted for Zn, Cu 22 

appears to be significantly more volatile and show higher degrees of Cu isotope fractionation, 23 

consistent with observations in natural tektites.  24 

 By simultaneously comparing all available isotope fractionation data in moderately 25 

volatile elements between tektites (41K/39K, 114Cd/112Cd, 122Sn/118Sn, 66Zn/64Zn, 65Cu/63Cu, 26 

208Pb/204Pb) and the bulk silicate Moon (26Mg/24Mg, 30Si/28Si, 65Cu/63Cu, 87Rb/85Rb, 7Li/6Li, 27 

71Ga/69Ga, 41K/39K, 66Zn/64Zn), tektites show more extreme isotope fractionation in moderately 28 

volatile elements relative to the bulk silicate Moon, which indicates a difference in the effective 29 

degree of vapor saturation during their formation. Both tektite formation and Moon formation 30 
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occurred under conditions significantly different from the ideal situation of free-evaporation (0% 31 

vapor saturation). Laser levitation experiments show clear evidence for suppressed evaporative 32 

isotope fractionation under ambient pressure, indicating a strong vapor pressure effect on the 33 

isotope fractionation factor. Therefore, the progressively higher vapor saturation for laser 34 

levitation experiments, tektites, and the bulk silicate Moon may be related to the different vapor 35 

pressures associated with their formation. 36 

 37 

Key words: Cu isotopes, Tektites, Laser levitation experiments, Evaporation, Moon 38 

formation 39 

40 
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1. Introduction 41 

 Copper is a transition metal element with two stable isotopes: 63Cu (69.17%) and 65Cu 42 

(30.83%). It resides in the continental crust and the mantle at trace levels (28 and 30 ppm, 43 

respectively; Rudnick and Gao, 2003; McDonough and Sun, 1995) and behaves as a chalcophile 44 

and moderately siderophile element. Early measurement of Cu isotopic ratios using thermal 45 

ionization mass spectrometry did not properly correct for the instrumental isotopic fractionation 46 

of Cu and had poor analytical precision (Shields et al., 1995). Precise Cu isotope analyses were 47 

not possible until the development of plasma-source mass spectrometry and associated column 48 

purification procedures (Maréchal et al., 1999). Copper isotope measurements of mid-ocean 49 

ridge basalts (MORB), ocean island basalts (OIB), komatiites, and peridotites have yielded 50 

consistent results with an average d65Cu of 0.07 ± 0.10‰, indicating limited Cu isotopic 51 

fractionation during igneous differentiation processes (Li et al., 2009; Savage et al., 2015; Liu et 52 

al., 2015). On the other hand, Cu is also a moderately volatile element with the potential of 53 

isotopic fractionation during evaporation at high temperatures. This is evidently supported by the 54 

heavy Cu isotopic compositions for lunar basalt, lunar soil, and tektites (Fig. 1, Moynier et al., 55 

2006; Herzog et al., 2009; Moynier et al., 2010; Rodovská et al., 2017). In particular, Cu isotopic 56 

compositions as heavy as 12.5‰ have been reported for tektites (Rodovská et al., 2017), 57 

demonstrating its potential in fingerprinting impact-related evaporation processes. Note that Cu 58 

is usually defined as a moderately volatile element based on its 50% condensation temperature 59 

(Tc) of 1037 K (Lodders, 2003); but this temperature was calculated assuming nebular conditions 60 

and cautions are needed when extrapolating to non-nebular processes. 61 

 Tektites are a type of impact ejecta formed by melting of terrestrial sediments during 62 

hypervelocity meteorite impacts. Most tektites are attributed to four known major tektite strewn 63 
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fields: North American, Central European, Ivory Coast, and Australasian tektite strewn fields. 64 

Although tektites show significant variations in composition, they are approximately felsic in 65 

term of major oxides, but relatively depleted in volatiles, including water (e.g. Koeberl, 1988; 66 

Žák et al., 2016). Furthermore, they could contain inclusions of lechatelierite (nearly pure SiO2 67 

glass; 99–100 wt% SiO2) and schlieren of glass with higher SiO2 contents than the bulk tektite 68 

(e.g. Koeberl, 1986, 1988; Glass, 1990; Howard, 2011). The presence of lechatelierite indicates 69 

that tektites reached temperatures of >1700 ºC during their formation (e.g. Barnes, 1958; Glass, 70 

1990), consistent with an impact origin. In a more recent study, Macris et al. (2018) used 71 

interdiffusion between lechatelierite and surrounding felsic melt to estimate the thermal history 72 

of an Australasian tektite and found that tektites were heated to > 2000 ºC for several seconds to 73 

tens of seconds.  74 

Observed volatile depletion in tektites (e.g. Koeberl, 1986; Koeberl, 1988; Žák et al., 75 

2016), the thermal history estimates of Macris et al. (2018), the presence of lechatelierite in most 76 

tektites, and impact modeling (e.g. Melosh, 1989; Stöffler et al., 2002; Artemieva et al., 2004) 77 

indicate that tektites experienced extreme heating during their period of entrainment in the 78 

impact plume. Therefore, tektite parent melts likely underwent volatile depletion due to partial 79 

vaporization at high temperatures. In addition to the evaporative loss of Cu and the enrichment of 80 

its heavy isotopes in tektites (Moynier et al., 2010; Rodovská et al., 2017), similar observations 81 

have also been reported for other moderately volatile elements, namely Zn (Moynier et al., 2009; 82 

Rodovská et al., 2017; Jiang et al., 2019; Wimpenny et al., 2019), Sn (Creech et al., 2019), Cd 83 

(Wombacher et al., 2003), and Pb (Ackerman et al., 2020).  84 
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 85 

Figure 1. Compiled Cu isotope data for chondrites, lunar basalt, lunar soil, and tektites (Moynier 86 
et al., 2006; Herzog et al., 2009; Moynier et al., 2010; Savage et al., 2015; Rodovská et al., 87 
2017). Bulk Silicate Earth Cu isotope composition of 0.07 ± 0.10‰ is from Savage et al., (2015). 88 
Analytical errors of the measurements are smaller than the symbol size.  89 
 90 

 Despite the robust literature on tektites, there are still fundamental outstanding questions 91 

regarding the role of volatilization in their chemical and isotopic fractionation. For example, Cu 92 

is usually expected to be more volatile than Zn based on their half condensation temperatures in 93 

the solar nebular (1037K and 726 K, respectively Lodders, 2003). However, relatively large 94 

magnitudes of Cu isotope fractionation are measured in natural tektites (up to 12.5‰ Rodovská 95 

et al., 2017) compared to more limited magnitudes for Zn (3.65‰ in the same sample, Rodovská 96 

et al., 2017), which is contrary to the expectation. To explain why Cu is isotopically more 97 

fractionated than the more volatile Zn in the same tektites, Moynier et al. (2010) proposed that 98 

isotopic fraction in tektites is controlled by a diffusion-limited regime, in which evaporation of 99 

Cu and Zn is dominated by their diffusivities in silicate melts. This was subsequently supported 100 
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by experiments showing significantly higher diffusivity of Cu than Zn in silicate melts (by 4 101 

orders of magnitude at 1150 ºC, Ni et al., 2017).  102 

On the other hand, recent evaporation experiments have advanced our understanding on 103 

the behavior of moderately volatile elements in silicate melts as a function of temperature and 104 

oxygen fugacity (Norris and Wood, 2017; Sossi et al., 2019). Both studies demonstrated that the 105 

volatility sequence relevant to geological processes could depart significantly from that predicted 106 

based on the 50% condensation temperatures calculated for solar nebular conditions (Lodders, 107 

2003). In Norris and Wood (2017), for example, Cu was shown to be more volatile than Zn at 108 

log f(O2) = -11 to -7 under 1 bar and 1300 ºC. More recently, Jiang et al. (2019) conducted 109 

thermodynamic modeling on fractional evaporation of Chinese loess when producing the Hainan 110 

tektites, and found a volatility sequence of Cu > Zn >> K at 1500 K that best matches the 111 

observed depletion factors in tektites for these elements. The same study reported in situ Zn, Cu, 112 

and K concentration measurements, and Zn and K isotope ratios, from a cross section of a 113 

Hainan splashform tektite (9 cm × 3.5 cm). These data do not show any systematic zoning or 114 

gradients from the center to the edge of the sample, which disfavors the idea of diffusion limited 115 

fractionation. Overall, it is not fully understood yet whether the larger isotopic fractionation in 116 

Cu versus Zn is due to a diffusion-limited regime, more volatile behavior of Cu during tektite 117 

formation, or some combination of these factors.  118 

 In addition to the relatively larger isotopic fractionation in Cu than Zn, previous studies 119 

also found it difficult to explain the isotope fractionation trend using theoretical isotope 120 

fractionation factors for free-evaporation (Moynier et al., 2009; Moynier et al., 2010; Rodovská 121 

et al., 2017). Wimpenny et al. (2019) conducted evaporation experiments using rhyolitic and 122 

arkosic soils that yielded a fractionation factor (a) of 0.9988 for Zn, broadly matching the 123 
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estimated a values between 0.9988 and 0.9997 for australite tektites. Their experiments 124 

demonstrated suppressed fractionation factors for moderately volatile elements during tektite 125 

formation, consistent with previous experiments that found K isotope fractionation factors to be 126 

pressure-dependent (Yu et al., 2003). Despite recent efforts in understanding Zn isotope 127 

fractionation for tektites (Wimpenny et al. 2019), no similar studies have been done yet to 128 

quantitatively understand Cu isotope fractionation in the same process. In this study, we 129 

conducted laser levitation experiments on Cu-bearing silicate glasses to simulate tektite 130 

formation and evolution in the impact plume. Changes in Cu concentration and isotope 131 

fractionation have been measured in the experimental products to understand the behavior of Cu 132 

and its isotopes during impact-related evaporation processes. Our results are then combined with 133 

similar experiments on Zn in Wimpenny et al. (2019), natural tektite data, and lunar rock data to 134 

provide a general framework on how moderately volatile elements behave during evaporation 135 

under conditions related to tektite and Moon formation.  136 

 137 

2. Methods 138 

2.1. Laser levitation experiments 139 

 The starting material for our experiments was an aliquot of synthesized Cu-bearing 140 

basaltic glass (Et1Cu) previously used for diffusion experiments of Ni and Zhang (2016). The 141 

glass contains 46.18 wt% SiO2, 1.63 wt% TiO2, 18.17 wt% Al2O3, 10.67 wt% FeOt, 5.84 wt% 142 

MgO, 10.69 wt% CaO, 4.45 wt% Na2O, 1.90 wt% K2O, and 1174 ± 121 ppm Cu based on 143 

electron microprobe analyses (Ni and Zhang, 2016). This initial glass (Et1Cu) was fused at 1300 144 

ºC for 3 h using a graphite crucible under a constant N2 flow and contained low H2O 145 

concentration (~10 ppm, Ni and Zhang, 2016). Silicate glasses synthesized following this 146 
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procedure were found to be fairly reducing, with a Fe3+/Fetot ratio of ~0.04 (Guo and Zhang, 147 

2018) and dissolved Cu being monovalent (Ni and Zhang, 2016). Vaporization experiments were 148 

performed in the High-Temperature Conical Nozzle Levitation (HT-CNL) System (this 149 

apparatus is sometimes also called an aerodynamic levitation laser furnace) at Indiana University 150 

– Purdue University Indianapolis (IUPUI). The apparatus components and mode of operation are 151 

shown schematically in Fig. 2. In this technique, a spherical sample, ~0.5 to 3 mm in diameter, is 152 

levitated by a gas (or gas mixture) issuing from a conical nozzle while being heated with a 400 153 

W CO2 laser (10 µm, IR). Sample temperature is measured by a pyrometer while being 154 

controlled by adjusting the laser power to achieve the desired experimental temperature-time (T-155 

t) conditions. Maximum temperatures achievable by the apparatus are ³ 3000 K. Heating and 156 

levitation take place in a controlled-atmosphere chamber. The use of containerless processing by 157 

aerodynamic levitation and laser heating avoids common problems encountered in evaporation 158 

experiments using traditional approaches, such as sample reaction with a container or contact 159 

wire (e.g. Ni crucible in Norris and Wood, 2017; and Pt wire in Sossi et al., 2019).  160 

 161 

Figure 2. Schematic representation of the High Temperature Conical Nozzle Levitation (HT-162 
CNL) system (also known as an aerodynamic levitation laser furnace) at IUPUI showing the 163 
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main components and mode of operation of the apparatus. Inside of an atmospherically-164 
controlled levitation chamber, a small spherical sample (~0.5–3 mm) is freely floated on top of a 165 
vertical gas stream issuing from a conical nozzle while being heated from above with a 400 W 166 
CO2 laser. Temperature is measured by pyrometry while laser power and gas flow as well as gas 167 
mixing are controlled by a LabVIEW program. Parts of the figure are modified after Landron et 168 
al. (2000). The components in the figure are not depicted to scale. 169 
 170 

 Pack et al. (2010) described examples of Earth and planetary science applications using 171 

aerodynamic levitation combined with laser heating, including alkali evaporation during 172 

chondrule melting and in situ reduction of silicate melts. Macris et al. (2018) showed that this 173 

type of instrument can be used to successfully simulate compositions and textures of terrestrial 174 

impact glasses and induce partial vaporization of levitated melts. Experimental procedures in this 175 

study followed those outlined in Macris et al. (2018) and are briefly described below. Prior to 176 

levitation, ~10 mg aliquots of the Cu-bearing starting glass (Et1Cu) were fused into spheres 177 

suitable for levitation in a water-cooled oxygen-free hearth plate by defocused laser heating. This 178 

method of sample preparation results in negligible sample contamination and material loss 179 

(Weber et al., 1996), including in Fe-bearing systems (Alderman et al., 2017a, b). One fused 180 

glass sphere that was not subsequently used in a levitation heating experiment was analyzed as a 181 

control to verify that the fusion process does not result in evaporative loss of Cu or isotope 182 

fractionation (Cu 1.15, Table 1). After being carefully weighed and measured for their diameters, 183 

the fused glass spheres were heated to 1750, 2000, and 2150 ºC for 4 to 120 s while levitated in 184 

99.999% Ar, and then quenched to glass by cutting power to the laser. 185 

 Since the duration of our laser-levitation experiments could be as short as 4 s, the 186 

following correction is conducted to account for the amount of time spent on heating up and 187 

quenching the glass spheres: 188 

"# =
∫&'()

∆+

,-.
//√2∙45

&'()
∆+

,-.6
//726

,                                                                     (1) 189 
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in which "# is the corrected duration at the target temperature 89; T is the recorded temperature at 190 

a given time (t), and ∆: is the enthalpy for the Cu evaporation reaction from Sossi et al. (2019). 191 

A detailed deduction for eq. (1) is provided in Appendix B. This correction typically adds 3 s to 192 

4 s to the recorded duration.  193 

 194 

2.2. Cu isotope analyses 195 

2.2.1 Ion-exchange chromatography 196 

Following the laser-levitation experiments, each quenched glass sphere was weighed and 197 

measured for its diameter again, before being dissolved in a mixture of concentrated HF-HCl 198 

(2:1) in a Teflon beaker. The Teflon beaker was placed on a hot plate for at least two days to 199 

achieve complete dissolution. After dissolution, the sample was dried down and taken up in 1 ml 200 

concentrated HCl, and then dried down again to remove F- in the sample. The process is repeated 201 

twice to minimize F- residue in the sample. The chemical purification procedure in this study is 202 

modified from the long column method in Sossi et al. (2015). In-house custom-made quartz glass 203 

columns with a diameter of 0.4 cm were loaded with ~7.5 cm AG1-X8 (200-400 mesh) BioRad 204 

resin for Cu separation. To purify Cu from matrix elements in the silicate glass, the sample was 205 

loaded onto the column in 1 ml 8M HCl + 0.001% H2O2. As shown in the elution curve based on 206 

BHVO-2 (Supplementary Fig.1), most matrix elements can be eluted in the first 7 ml 8M HCl + 207 

0.001% H2O2, leaving Cu, Co, Fe, and Zn adsorbed on the resin. Copper was then collected by 208 

eluting another 9 ml 8M HCl + 0.001% H2O2 through the column. Subsequently, remaining Co, 209 

Fe, and Zn left on the column was removed by adding 5 ml 1M HNO3. The Cu purification 210 

procedure was repeated again to ensure complete separation of Cu from matrix elements. After 211 

the column procedures, the Cu fraction was evaporated to dryness, re-dissolved in a few drops of 212 
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concentrated HNO3 and dried down twice to drive away Cl-, before being dissolved in 0.4M 213 

HNO3 for mass spectrometer analyses.  214 

After column chemistry, the amount of Cu collected for each experimental sample was 215 

measured by comparing its peak intensity on the mass spectrometer to a solution standard with 216 

known Cu concentration. The Cu concentration in each experimental sample was subsequently 217 

calculated by comparing the amount of collected Cu with the total weight of the experimental 218 

product. The detection limit for Cu concentration is obtained by dividing the procedural blank 219 

(0.5 ng) by the weight of the experimental sample, and was ~0.03 ppm. The error for the 220 

calculated Cu concentration is a complex function of the Cu column yield, the dilution processes, 221 

and the peak intensity measurements on the mass spectrometer, and is estimated to be within 222 

10% relative. The experimental samples selected for Cu isotope analyses contained 51 ng to 22.2 223 

µg Cu, significantly higher than the total procedural blank of 0.5 ng. The recovery rate of the 224 

column procedure was regularly monitored to be > 99% by: 1) running a known amount of Cu 225 

isotope standard (ERM-AE633) through the column and measuring the yield; and 2) checking 226 

for the absence/presence of Cu in the aliquots that bracket the Cu peak in the column procedure.  227 

 228 

2.2.2 Mass spectrometry analyses 229 

 Copper isotopic analyses were conducted in low-resolution mode on the Nu Plasma II at 230 

the Earth and Planets Laboratory, Carnegie Institution for Science. Samples and standards were 231 

typically diluted to ~100 ppb Cu in 0.4 M HNO3 solutions for analyses, except for Cu 1.1 and Cu 232 

1.7, which were diluted to ~10 and ~40 ppb, respectively, because of their low Cu contents. With 233 

a sensitivity of ~2.5 V/ 100 ppb for 63Cu, even analyses using ~10 ppb Cu solutions yielded 234 

sufficient precision (2 s.e. = 0.09‰, n = 11) for our evaporation experiments (Supplementary 235 
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Fig. 2), in which Cu isotopes fractionate by several per mil or higher. Corrections for 236 

instrumental mass bias were made by sample-standard bracketing with the respective signal 237 

levels matched to better than 5% between sample and standard. Each sample was measured 4 to 238 

8 times and each measurement consisted of 20 cycles with 4 s integrations. The bracketing 239 

standard used in the study was ERM-AE633, a new reference material with an isotopic 240 

composition 0.01‰ lighter than the international Cu standard NIST SRM 976, which is no 241 

longer commercially available. To be consistent with previous Cu isotope studies, all our results 242 

are reported relative to NIST SRM 976 after correcting a -0.01‰ difference between ERM-243 

AE633 and NIST SRM 976 (Moeller et al., 2012): 244 

;<=Cu = @(<=Cu/<BCu)Sample/(
<=Cu/<BCu)SRM976 − 1Q × 1000 245 

= @(<=Cu/<BCu)Sample/(
<=Cu/<BCu)AE633 − 1Q × 1000 + 0.01‰         (2) 246 

 An in-house Cu concentration standard was analyzed in each session as a quality-control 247 

procedure. Two geological standards, BIR-1 and BHVO-2, were also analyzed as a comparison 248 

with literature values. Our analyses yielded a d65Cu of 0.08 ± 0.05‰ (n=26, 2 s.d.) for BHVO-2 249 

and -0.07 ± 0.04‰ (n=8, 2 s.d.) for BIR-1, broadly consistent with literature values reported for 250 

both geological standards (0.06 ± 0.01 to 0.19 ± 0.05‰ for BHVO-2; -0.03 ± 0.06 to 0.09 ± 251 

0.01‰ for BIR-1; Moynier et al., 2010; Moeller et al., 2012; Liu et al., 2014; Savage et al., 2015; 252 

Liu et al., 2015; Chen et al., 2016).  253 

 254 

3. Results 255 

 Results of all 17 experiments conducted in this study are summarized in Table 1. Most of 256 

the experiments (15 out of 17) were conducted at two temperatures (2000 and 2150 ºC) to study 257 

the evaporative loss of Cu as a function of time, as well as the associated Cu isotope 258 
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fractionation. One experiment was performed at 1750 ºC to check for the temperature effect at a 259 

lower temperature. Experiment Cu 1.15 did not undergo any laser heating and was used as a 260 

control sample to examine potential Cu loss and Cu isotope fractionation during the fusion 261 

process (starting glass sphere preparation step; see Section 2.1). Analyses of the powdered 262 

starting glass, Et1Cu, yielded 1185 ppm Cu in the glass, with an initial d65Cu = 3.46 ± 0.02‰ 263 

(Table 1). The control sample, Cu 1.15, which only experienced fusion by defocused laser 264 

heating in a water-cooled oxygen-free hearth plate to form a glass sphere, demonstrates limited 265 

loss of Cu compared with the starting glass powder (CCu = 1129 ppm Cu; d65Cu = 3.17‰, Table 266 

1) and provides a reasonable constraint on the initial Cu concentration and Cu isotope 267 

composition for our experiments.  268 

 269 

3.1 Evaporative loss during extreme heating 270 

 During the laser levitation experiments, basaltic glass spheres were heated to 271 

temperatures ranging from 1750 to 2150 ºC and experienced extensive evaporation, as evidenced 272 

by their loss in total mass and rapid decrease in Cu concentration (Table 1). According to the 273 

Hertz-Knudsen equation, the evaporative flux for a particular species through the surface of a 274 

melt sphere over a given time interval is: 275 

4Y

45
= −4[\]

^ec( àbcd`)

√]efg2
,                                                            (3) 276 

where hi/h" is the net evaporative flux; r is the radius of the sphere; Psat is the equilibrium 277 

partial pressure; P is the partial pressure at the surface; j is the molar mass; R is the gas 278 

constant; T is the temperature; and aec is the dimensionless evaporation/condensation coefficient 279 

(0 < lec < 1). Solving eq. (3) (Appendix A; also see Sossi et al., 2019) yields: 280 

mi
n

n6
= −o",                                                                 (4) 281 
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where C/C0 is the concentration change relative to its initial value, t is time, and k is a constant. 282 

Equation (4) is a simplified form of eq. (A10) and it demonstrates that evaporative loss of a 283 

component depends on time exponentially.  284 

 Plotting -ln(CCu/CCu,0) versus time in Fig. 3a shows that the loss of Cu is approximately 285 

logarithmic, consistent with evaporative loss as predicted by eq. (4) and previous evaporation 286 

experiments (e.g. Yu et al., 2003; Wimpenny et al., 2019; Sossi et al., 2019). Overall, Cu 287 

concentration in the melt sphere decreases by four orders of magnitude within one minute, 288 

rapidly reaching the detection limit of ~ 0.03 ppm for Cu. Among the three sets of experiments at 289 

1750, 2000, and 2150 ºC, the best trend in Fig. 3a is obtained for experiments at 2000 ºC. After 290 

excluding the longest-duration experiment with a Cu concentration at the detection limit, the rest 291 

of the experiments at 2000 ºC can be fit with a linear function, which yields -ln(CCu/CCu,0) = 292 

(0.16 ± 0.01)t, with an R2 of 0.992 (Fig. 3a). On the other hand, experiments at 1750 and 2150 ºC 293 

show temperature dependence of the evaporation induced fractionation, as expected from Eq. 294 

(A10). The only experiment at 1750 ºC falls below the trend for 2000 ºC experiments, while 295 

experiments at 2150 ºC with durations of < 60 s are generally above the trend, indicating a 296 

positive temperature effect on evaporation (Fig. 3a). The four experiments at 2150 ºC with 297 

durations of < 60 s do not form a linear trend, making it difficult to quantify the temperature 298 

effect. Although eq. (1) is employed in this study to correct the experimental duration for heating 299 

and quench times, the amount of time needed for the sample to achieve evenly thermal 300 

distribution is not accounted for and may introduce random errors to the experimental duration, 301 

especially for those with short durations and at higher temperatures. 302 
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 303 
Figure 3. Evaporative loss of Cu and the total mass in our laser levitation experiments. a) the 304 
fraction of Cu loss (-ln(CCu/CCu,0)) plotted versus the corrected duration (tc) shows good linear 305 
correlation, which is characteristic for evaporation processes; b) the fraction of Cu loss versus 306 
the fraction of total mass loss. Experiments with durations > 60 s are expected to reach the 307 
detection limit for Cu concentration and are plotted in open symbols. In a), after excluding the 308 
longest-duration experiment (Cu 1.1, marked in open circle), a linear fitting of all other 309 
experiments at 2000 ºC is shown and the shadowed region represents 2s error.  310 
 311 

 In Fig. 3b, the change in Cu concentration of our experiments is plotted versus the total 312 

mass loss in natural logarithm scale for comparison. The maximum mass loss achieved in our 313 

experiments is ~11 to 12 wt% (Table 1), two orders of magnitude higher than what could be 314 

contributed by the loss of Cu (0.11 wt%) from the initial samples. Because the starting basaltic 315 

glass was synthesized in a one-atmosphere furnace with a N2 flow, it contains only ~10 ppm H2O 316 

based on FTIR measurements (Ni and Zhang, 2016). Therefore, the measured mass losses in our 317 

experiments are more likely due to evaporative loss of Na2O (4.45 wt%), K2O (1.90 wt%), and 318 

FeO (10.67 wt%), as shown in similar experiments by Wimpenny et al. (2019). Plotting -319 

ln(CCu/CCu,0) versus -ln(Mass/Mass0) in Fig. 3b shows a broadly positive correlation between the 320 

two parameters, indicating that the total mass loss is also dominated by evaporation. The 321 

correlation is not perfectly linear, probably because the total mass loss is a complex function of 322 

evaporation loss for all vaporizing species, and does not necessarily follow the exponential 323 

function in eq. (4). Nonetheless, experiments at 1750, 2000, and 2150 ºC fall broadly on a single 324 
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trend in Fig. 3b, indicating that temperature affects Cu evaporation loss and total mass loss to a 325 

similar extent, and the effect is more apparent when plotting them versus each other. 326 

 327 

3.2 Copper isotope fractionation during evaporation 328 

 Copper isotope compositions of the glass spheres after heating show a consistent 329 

enrichment in the heavier isotope relative to the starting glass, and the magnitude of isotope 330 

fractionation correlates positively with the heating temperature and duration. The largest extent 331 

of Cu isotope fractionation measured in our experiments is about 18‰ (Cu 1.2), even higher than 332 

the maximum d65Cu of 12.5‰ observed in tektites (Rodovská et al., 2017).  333 

 Isotope fractionation of Cu during evaporation can be related to its concentration change 334 

through the Rayleigh relationship: 335 

f

f6
= p^dq = )

n

n6
/
^dq

,                                                      (5) 336 

where R is the 65Cu/63Cu ratio in a sample after experiment, R0 is its initial 65Cu/63Cu ratio, F is 337 

the fraction of Cu that remains after the experiment and is equal to the ratio of Cu concentration 338 

in the sample (CCu) over its initial Cu concentration (CCu,0), and a is the Cu isotope fractionation 339 

factor. Taking the natural logarithm of both sides of eq. (5), we obtain: 340 

ln	(t/t9) = (l − 1)mip = (l − 1)ln	(u/u9).                              (6) 341 
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 342 
Figure 4. Copper isotope fractionation (1000ln65/63Cu/65/63Cu0) as a function of Cu evaporative 343 
loss (-lnCCu/CCu,0) for the laser levitation experiments. Here 65/63Cu and 65/63Cu0 are the 65Cu/63Cu 344 
ratios in the evaporated samples and in the initial glasses, respectively. A linear fitting of the 345 
data, after excluding one outlier (open square), is plotted as the red straight line. The shadowed 346 
area represents 2s uncertainty on the slope. The slope of the fitted line represents 1000(1-a) and 347 
gives an a = 0.9960 ± 0.0002 (2s) for Cu. Expected isotope fractionation for free evaporation of 348 
Cu is plotted in green dashed curve for comparison. 349 
 350 

 Therefore, by plotting ln	(t/t9) versus -ln	(u/u9), a straight line with a slope of 1 − l 351 

is obtained if the evaporation process obeys the Rayleigh fractionation law. As shown in Fig. 4, 352 

for those samples which we analyzed for Cu isotopes, most fall onto a linear trend, which 353 

propagates from starting material composition. Fitting the trend with a linear function yields a 354 

well constrained Cu isotope fractionation factor of 0.9960 ± 0.0002 (Fig. 4). In comparison, the 355 

theoretical isotope fractionation factor for free evaporation of Cu is 0.9845. The only experiment 356 

that departs from the general trend is the experiment Cu 1.2, which has the lowest Cu 357 

concentration (2.7 ppm) among all samples measured for d65Cu in our study. Because of the low 358 

Cu content in Cu 1.2 (51 ng total Cu), it is more easily affected by re-condensation of Cu on the 359 

bead surface after quench. Only several nanograms of isotopically light Cu condensates on the 360 

bead surface is sufficient in explaining its departure from the Rayleigh fractionation curve (Fig. 361 
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4). The same process can be used to explain the relatively high Cu concentration of 0.31 ppm in 362 

Cu 1.5 (~5 ng total Cu), which has the longest heating duration of 120 s at 2150 ºC and is 363 

expected to contain < 0.03 ppm Cu. Nonetheless, four of the laser levitation experiments yielded 364 

Cu concentrations close to the detection limit of 0.03 ppm, indicating that this potential surface 365 

condensation only occurs occasionally. The level of contamination has a more profound effect on 366 

experiments with low Cu concentration (i.e. < 10 ppm), but is marginal to most of the 367 

experiments reported in this study (Table 1). 368 

 369 

4. Discussion 370 

4.1 Comparing to previous laser levitation experiments for Zn 371 

4.1.1 Evaporative loss of Cu and Zn in laser levitation experiments 372 

 In this section, our experiments are compared with previous laser levitation experiments 373 

reported by Wimpenny et al. (2019) to understand the evaporation-induced depletion of both Cu 374 

and Zn. In Wimpenny et al. (2019), two sets of experiments were conducted using an arkosic soil 375 

and a rhyolitic soil, respectively. The arkosic soil, collected from the Trinity nuclear test site, 376 

consists of alkali feldspar, sodic plagioclase, quartz, and limestone fragments; while the rhyolitic 377 

soil consists of K-feldspar, quartz, plagioclase, and glassy groundmass. As mentioned earlier, the 378 

set of experiments conducted using the arkosic soil in Wimpenny et al. (2019) indicates a labile 379 

Zn reservoir that quickly evaporated without causing any Zn isotope fractionation. Such a Zn 380 

reservoir complicates the calculation of Zn depletion factors. Therefore, experiments using the 381 

arkosic soil from Wimpenny et al. (2019) are excluded in our discussion for simplification, as 382 

they are not analogous to the vaporization processes in our experiments. Nevertheless, after 383 

correcting for the effect of quantitative Zn loss, these experiments fall on the same trend as the 384 
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rhyolitic soil experiments. To avoid complications caused by the experimental temperature and 385 

melt sphere diameter, only experiments with the same temperature (2000 ºC) and similar sample 386 

diameters (~2mm) from this study and from Wimpenny et al. (2019) were selected for 387 

comparison. A correction of 3.5 s was added to the reported experimental durations from 388 

Wimpenny et al. (2019) to account for the heating and quench part of the experiments, based on 389 

the corrections done in this study (3 to 4 s).  390 

 In Fig. 5, evaporative loss of Zn and Cu as a function of time and the related isotope 391 

fractionation are compared for laser levitation experiments at 2000 ºC. As can be seen in Fig. 5a, 392 

Cu exhibits significantly higher volatility compared to Zn. Within an experimental duration of 393 

120 s, Zn concentration in the rhyolitic soil from experiments by Wimpenny et al. (2019) 394 

decreased only by 33%, while Cu concentration in our basaltic glass experiments decreased by 395 

over four orders of magnitude in 60 s. Fitting the depletion trends for Cu and Zn in Fig. 5a 396 

yields: 397 

−mi
nCu

nCu,0
= (0.16 ± 0.01)"#, t

] = 0.992,                                        (7) 398 

and 399 

−mi
nZn

nZn,0
= (0.0023 ± 0.00028)"#, t

] = 0.575.                                (8) 400 

 Assuming the loss of Cu and Zn is purely controlled by evaporation, solving the Hertz-401 

Knudsen equation (eq. 3) (Appendix A) gives: 402 
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where uç is the concentration of Cu or Zn at a given time (t), uç,9 is their initial concentration,	jç 404 

is their molar mass, jé&èê is the molar mass of the melt, lë# is the dimensionless 405 

evaporation/condensation coefficient (0 < lë# < 1), s is the saturation index defined as s = 406 
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Pi/Pi,sat (eq. A3), íç is the activity coefficient of Cu or Zn in the melt, ì is the equilibrium 407 

constant, r is the radius of the melt sphere, î is the density of the melt, ï(ñ]) is the oxygen 408 

fugacity, n is the number of electrons transferred in the evaporation reaction, R is the gas 409 

constant, T is the temperature, and " is the experiment duration. 410 

 Defining the experimental factor, oexp, as oexp =
Bgmelt

ÇÉ√]ef2
 and the elemental factor, oele, 411 

as oele =
^}~Ä|Å

7g|

, eq. (9) can be rewritten as: 412 

mi
n|

n|,6
= −(1 − ô) ∙ ï(ñ])

d
á

à ∙ oexpoele".                                        (10) 413 

The experimental factor (oexp) consists of parameters in eq. (9) that are related to the experiment 414 

design, including the radius of the melt sphere (\), the experiment temperature (8), and the 415 

density (î) and molar mass (jmelt) of the melt. For the Zn and Cu experiments compared in Fig. 416 

5, the differences in the above parameters are relatively small (< 20%). Therefore, oexp can be 417 

excluded as a major contribution to the observed volatility difference between Cu and Zn in Fig. 418 

5a. The saturation index (s), as will be shown later based on the isotope data, is not different 419 

enough in laser levitation experiments to cause such a large difference in evaporation rate. The 420 

elemental factor (oele), which consists of parameters in eq. (9) that are specific to the element, 421 

could differ significantly between Zn and Cu. This is especially true for the activity coefficient 422 

(íç) and the equilibrium constant (ì) of the evaporation reaction, which could differ by orders of 423 

magnitude as shown in Jiang et al. (2019) and Sossi et al. (2019).  424 

Oxygen fugacity also plays an important role in affecting the evaporation rate of Cu and 425 

Zn. This is because the valance state change is different for Cu and Zn during evaporation. Zinc 426 

only exists as Zn2+ in natural silicate melts because it has only one possible oxidization state. On 427 

the other hand, Cu is almost always Cu+ in natural silicate melts, as indicated by studies on Cu 428 
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solubility and diffusivity in silicate melts (e.g. Ripley and Brophy, 1995; Holzheid and Lodders, 429 

2001; Liu et al., 2015; Ni et al., 2017). The monovalent state of Cu in silicate melts applies to a 430 

wide range of silicate composition and oxygen fugacity, which means the role of Cu2+ can be 431 

ignored when discussing Cu evaporation in silicate melts.  432 

According to the experiments in Sossi et al. (2019), both Cu and Zn evaporate to the 433 

gaseous phase in the form of native metal over a wide range of oxygen fugacity, consistent with 434 

evaporation reactions of CuO0.5(l) = Cu(g) + 1/4O2 and ZnO(l) = Zn(g) + 1/2O2. Substituting 435 

n=1 for Cu (Cu+ to Cu0) and n=2 for Zn (Zn2+ to Zn0) into eq. (11) shows that Cu evaporation 436 

depends on ï(ñ])
d
ö

à while Zn evaporation depends on ï(ñ])
d
ö

Ü, indicating a stronger 437 

dependence of Zn volatility on oxygen fugacity. Since both sets of experiments used high-purity 438 

Ar as the levitation gas medium, the oxygen fugacity is expected to be similar and was unlikely a 439 

dominating factor in causing the observed volatility difference between Cu and Zn. Future 440 

experiments using different levitation gas mediums are necessary to compare the relative 441 

volatility of Cu and Zn under more oxidizing and reducing conditions. 442 

 443 
Figure 5. Comparison of Cu and Zn evaporative loss and isotope fractionation in laser levitation 444 
experiments. a) Relative change of Cu and Zn concentration (-lnC/C0) as a function of corrected 445 
duration (tc); b) Copper (65/63Cu) and Zn (66/64Zn) isotope fractionation as a function of 446 
evaporative loss. Straight lines in each figure show linear fitting of the trends for Cu and Zn, 447 
respectively. The shaded regions represent 2s error of the fitting. Experimental data for Zn are 448 
from Wimpenny et al. (2019). 449 
 450 
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 Overall, the comparison of Cu and Zn evaporation in laser levitation experiments with a 451 

similar setup shows that Cu is significantly more volatile relative to Zn at related conditions, 452 

which is consistent with both the higher degree of Cu loss than Zn in natural tektites (Moynier et 453 

al., 2010; Rodovská et al., 2017), and thermodynamic calculations that suggest higher volatility 454 

for Cu than Zn under tektite formation conditions (Jiang et al., 2019). We interpret the 455 

dominating parameters affecting the volatility differences of Cu and Zn to be the activity 456 

coefficient (íç) and the equilibrium constant (ì) of their evaporation reactions. Future studies on 457 

the volatilities of Cu and Zn are recommended to conduct experiments with both elements doped 458 

in the same initial samples under different redox conditions.  459 

 460 

4.1.2 Isotope fractionation of Cu and Zn in laser levitation experiments 461 

 In Fig. 5b, our Cu isotope fractionation data are compared to Zn isotope fractionation 462 

data using rhyolitic soil as the starting material (Wimpenny et al., 2019). As can be seen in the 463 

figure, despite the dramatic differences in their volatilities demonstrated by laser levitation 464 

experiments, the isotope fractionation trends for Cu and Zn show similarities. One important 465 

observation for both Cu and Zn experiments is the lack of temperature dependence for the 466 

isotope fractionation factor. Data points plotted in Fig. 5b include experiments from 1750 to 467 

2150 ºC for Cu, and from 1600 to 2200 ºC for Zn. Nonetheless, the 400 to 600 ºC difference in 468 

the experimental temperature did not affect the isotope fractionation factors of Cu and Zn in a 469 

measurable way, consistent with a kinetic process driving the isotope fractionation. The trends 470 

for Cu and Zn isotope fractionation as a function of their evaporative loss (-lnC/C0) can both be 471 

fit with a linear function, yielding alpha factors of 0.9960 ± 0.0002 for Cu, and 0.9983 ± 0.0003 472 

for Zn (Fig. 5b).  473 
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 Starting from the Hertz-Knudsen equation (eq. 3), it has been shown in the literature that 474 

the isotope fractionation factor of an element during evaporation (∆Evaporation) can be calculated 475 

as a combined effect of its equilibrium isotope fractionation factor (∆Equilibrium) and kinetic 476 

isotope fractionation factor (∆Kinetic) via the following equation (Dauphas et al., 2015; Nie and 477 

Dauphas, 2019): 478 

∆Evaporation= ∆Equilibrium + (1 − ô)∆kinetic.                                        (11) 479 

In eq. (11), ∆Evaporation is related to l in eq. (5) through ∆Evaporation= 1000(l − 1), s is the 480 

saturation index as defined in eq. (A3) (ô = £ç/£ç,§•ê, 0 < ô < 1), and ∆Kinetic can be calculated 481 

using: 482 

∆Kinetic= 1000¶
^}~
ß

^}~
® å

g®

gß

− 1©,                                                (12) 483 

where lë#
™  and lë#´  are the evaporation/condensation constants for two isotopes of an element, 484 

and j™ and j´ are the molar masses of the two isotopes. 485 

 It is well known since the early work by Urey (1947) and Bigeleisen and Mayer (1947) 486 

that equilibrium isotope fractionation decreases rapidly as a function of the square of temperature 487 

at relatively high temperatures. Since the laser levitation experiments discussed here were 488 

conducted at temperatures over 1600 ºC, the equilibrium isotope fractionation factors 489 

(∆Equilibrium) for Cu and Zn between the silicate liquid and the vapor phase is expected to be 490 

insignificant (e.g. see Xia et al. 2019 as an example for the equilibrium Cu and Zn isotope 491 

fractionation between silicate and metal). The kinetic fractionation factors (∆Kinetic) for Cu or Zn, 492 

which represent the isotope fractionation factor for unidirectional evaporation flux and are 493 

typically determined by vacuum evaporation experiments, have not been studied in the literature 494 
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to the authors’ best knowledge. Nonetheless, a reasonable approximation of ∆Kinetic is to use eq. 495 

(12) and assume lë#
™
/lë#

´ = 1 (Nie and Dauphas, 2019). 496 

 As a result, the saturation index (s) for Cu and Zn in existing laser levitation experiments 497 

can be calculated using eq. (11) to be 0.74 ± 0.01, and 0.89 ± 0.02, respectively. These non-zero 498 

s values reflect suppression on both Cu and Zn isotope fractionation by the ambient pressure 499 

under which laser levitation experiments were conducted. Compared to free evaporation 500 

experiments in vacuum, laser levitation experiments were conducted at one atmosphere in a gas 501 

flow, and the pressure was high enough to cause effective re-condensation of evaporated 502 

materials back to the sample surface, resulting in a non-zero saturation index and suppressed 503 

isotope fractionation factor (Richter et al., 2002; Wimpenny et al., 2019). Similar dependency of 504 

isotope fractionation factor on pressure has also been previously reported for K by Yu et al. 505 

(2003). The difference in the saturation index (s) for Cu and Zn can be explained by one, or both, 506 

of the following two possibilities.  507 

 The first possible explanation is that since these two sets of experiments were conducted 508 

using two different laser levitation apparatuses, their differences in terms nozzle geometry, gas 509 

flow rate, and whether the experiment was conducted in a closed compartment might result in a 510 

discrepancy in the effective saturation index. In other words, the aerodynamics might be 511 

different in experiments conducted at IPGP for Zn and at IUPUI for Cu, causing a difference in 512 

the effective saturation index. Another possibility is that, since the saturation index for Cu and 513 

Zn were calculated assuming their kinetic fractionation factors are ideal, the calculated 514 

difference between sCu and sZn might in fact reflect different degrees of non-ideality in ∆Kinetic for 515 

Cu and Zn. When calculating the saturation index (s) using eq. (11), ∆Kinetic was calculated using 516 

eq. (12) assuming lë#
™
/lë#

´ = 1. If this assumption is not true, ∆Kinetic might not be ideal and 517 
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could lead to a difference in the saturation index for Cu and Zn. Experimental studies on the 518 

kinetic fractionation factors of Cu and Zn in the future will be helpful to verify such a possibility.  519 

 According to eq. (11), the isotope fractionation factor for evaporation does not directly 520 

depend on melt composition or oxygen fugacity. There still exists a possibility, however, that the 521 

melt composition and oxygen fugacity might affect the saturation index (s) or the isotopic 522 

difference in the evaporation/condensation constant (lë#
™
/lë#

´ ), therefore introducing an indirect 523 

effect on the evaporative isotope fractionation factor (∆Evaporation). One important thing to note 524 

here is that eq. (11) was derived for a given evaporation reaction. Therefore, the above 525 

conclusion on the effect of melt composition and oxygen fugacity assumes that they do not affect 526 

the speciation of the element in the silicate melt or the gas phase. In the case of Cu and Zn, this 527 

assumption is mostly valid because they almost always reside in natural silicate melts as Cu+ and 528 

Zn2+, and evaporate in the form of metal (see Sossi et al., 2019). Caution is needed, however, 529 

when applying eq. (11) to elements in a composition or oxygen fugacity range that could involve 530 

speciation changes. 531 

 532 

4.2 Application to Cu isotope data for tektites 533 

 Understanding Cu isotope fractionation during tektite formation requires knowledge 534 

about the chemical composition of the precursor materials for tektites. This has long been an 535 

uncertainty in tektite studies because of the difficulty in precisely identifying the precursor 536 

materials for tektites at individual impact strewn fields. A pioneering study by Rodovská et al. 537 

(2017), for example, studied sediments from the close surroundings of the Ries impact structure, 538 

which are interpreted as precursor materials of moldavites. These sediments vary significantly in 539 

mineralogy and Cu concentration (0.82 to 58 ppm), making it difficult to achieve a conclusion on 540 
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the composition of the precursor materials for moldavites. A more common approach in the 541 

literature, instead, was to assume the average upper continental crust (UCC) as the precursor 542 

material for tektites, which has a Cu concentration of 28 ppm (Rudnick and Gao, 2003) and a 543 

d65Cu close to zero (Li et al., 2009; Moynier et al., 2017). Here we follow the latter approach for 544 

simplification and assume that the precursor material for tektites contain 28 ppm Cu and has a 545 

d65Cu of 0‰. A discussion on the composition of precursor materials as a source of uncertainty 546 

is provided later in the section. 547 

 548 
Figure 6. Copper isotope compositions of tektites plotted versus their relative concentration 549 
depletion (-lnCCu/CCu,0). Different types of tektites are distinguished using different symbols 550 
(Muong Nong, Australasian, Central European, North American, and Ivory Coast). Note that 551 
Muong Nong-type tektites are layered tektites from the Australasian strewn field, and that the 552 
group called Australasian tektites contain only splashform types from the Australasian strewn 553 
field. Data are from Moynier et al. (2010) and Rodovská et al. (2017). Modeled Rayleigh 554 
fractionation trends using a of 0.9960 from our laser levitation experiments, and theoretically 555 
calculated a values for Cu during free evaporation are plotted for comparison. The source 556 
materials for tektites are assumed to contain 28 ppm Cu and have a d65Cu of 0‰. The calculated 557 
trend using a = 0.9960 and an initial Cu concentration of 14 ppm is plotted with the red dashed 558 
line. The effect of quantitative loss of a Cu-bearing phase during tektite formation is marked with 559 
the red arrow. 560 
 561 

 Using the assumed chemical composition for the precursor material, Cu isotope 562 

fractionation and relative Cu loss (-lnCCu/CCu,0) for tektites are calculated and plotted in Fig. 6. 563 
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The tektite data show a general trend correlating Cu isotope fractionation and Cu evaporation 564 

loss, which is consistent with a range of a values between 0.9960 and 0.9995 and an average a 565 

of 0.9988 ± 0.002 (Fig. 6). The Cu isotope fractionation factor determined by laser levitation 566 

experiments is 0.9960, which predicts a fractionation trend higher than the tektite data in Fig. 6 567 

(red solid curve). Theoretical a values calculated for free evaporation of Cu (a = 0.9845) is also 568 

plotted in Fig. 6 for comparison. Overall, it can be seen in Fig. 6 that the observed Cu isotope 569 

fractionation in tektites departs significantly from the predicted trend using the theoretical alpha 570 

value. The laser levitation experiments, on the other hand, better simulates Cu isotope 571 

fractionation in tektites, but the simulation is not perfect.  572 

 The imperfect simulation of the tektite formation process by laser levitation experiments 573 

on Cu isotope fractionation might be attributed to the following factors. First, the estimated 574 

average a value for tektite Cu isotope data assumes that all tektite precursor materials initially 575 

contained 28 ppm Cu. This is clearly a simplification and in reality, initial Cu concentrations for 576 

the tektites are expected to vary from one strewn field to another, and potentially even within a 577 

single strewn field. Measurements of chemically diverse sediments from the close surroundings 578 

of the Ries impact structure by Rodovská et al. (2017), for example, found Cu concentrations 579 

from 0.82 to 58.0 ppm, which would span four natural logarithm units on the horizontal axis if 580 

plotted on Fig. 6. Although the impact process is capable of mixing and melting the sediments, 581 

therefore reducing the Cu concentration variation in tektite precursor materials, the large range of 582 

Cu concentrations in Muong Nong tektites (6 to 18 ppm, Moynier et al., 2010) indicates that this 583 

homogenization effect is incomplete. Muong Nong tektites, also called layered tektites, are 584 

mainly found in the Australasian strewn field, and are thought to have experienced less extreme 585 

heating than splashform tektites, leading to their heterogeneity, higher volatile content, and lesser 586 
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degree of isotope fractionation (e.g., Koeberl et al., 1984, 1992; Moynier et al., 2010). If the 587 

average Cu concentration of the Muong Nong tektites (14 ppm) is used to represent the initial Cu 588 

content for tektites, the calculated trend using our experimental a value moves closer to that of 589 

natural tektites, but still plots on a steeper gradient to that of the tektite data (dashed red curve in 590 

Fig. 6). In the extreme case, if a constant a of 0.9960 is assumed, Cu isotope data of tektites can 591 

be explained by the variation in Cu concentration of their precursor materials from 0.4 to 14 592 

ppm.  593 

 The second factor is the host phase for Cu in the precursor materials of tektites. 594 

Wimpenny et al. (2019) conducted laser heating experiments on arkose soil, which is composed 595 

of alkali feldspar, sodic plagioclase, quartz and limestone fragments, and proposed that a 596 

significant proportion of Zn (~70%) might reside in a labile reservoir in the soil. This proportion 597 

of Zn was lost rapidly and quantitatively upon heating without causing any isotope fractionation, 598 

even for the experiment at 1600 ºC for only 1 s. If a similar reservoir for Cu existed in the 599 

precursor materials for tektites, complete loss of this phase might cause Cu depletion without 600 

fractionating Cu isotopes, which helps reconcile the difference between the laser levitation 601 

experiments and tektite data (Fig.5). Therefore, further studies are needed to verify the existence 602 

of such a labile phase, as well as its Cu isotope composition relative to the bulk precursor 603 

materials.  604 

 Lastly, the basaltic composition for the starting material used in our experiments is 605 

different from that of the precursor materials for tektites, which are more silicic in composition. 606 

The gas composition used in our experiments is Ar, which is also different from the environment 607 

for tektite formation (air), especially in terms of oxygen fugacity. As shown in Section 4.1.2 and 608 

will be discussed in Section 4.4, melt composition and oxygen fugacity are not expected to have 609 
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a direct impact on the isotope fractionation factor (a). On the other hand, the aerodynamics of 610 

the laser levitation experiments might be different from the tektite formation process, resulting in 611 

a difference in the effective degree of saturation (s) in the vapor phase, which in turn could 612 

contribute to the observed difference in a (see Section 4.1.2). 613 

 614 

4.3 Comparison of laser levitation experiments with tektite formation and Moon formation 615 

conditions 616 

 Combining eq. (11) with the Rayleigh fractionation equation (eq. 5 and 6), the isotope 617 

fractionation of an element (; − ;9) can be related to its degree of depletion (lnp) and saturation 618 

index (s) through the following equation (Nie and Dauphas, 2019): 619 

; − ;9 ≈ @∆Equilibrium + (1 − ô)∆kineticQlnp ≈ (1 − ô)∆kineticlnp.                      (13) 620 

For an evaporation process with a given degree of saturation (s) for the moderately volatile 621 

elements, plotting their isotope fractionation (; − ;9) versus ∆kineticlnp should show a straight 622 

line with a slope of (1 − ô). Most previous studies on kinetic isotope fractionation of moderately 623 

volatile elements in tektites and lunar samples focused on understanding individual elements, or 624 

combining two to three isotope systems. Equation (13), however, provides a way to 625 

simultaneously compare all the isotope systems available in the literature to understand the 626 

geological/planetary processes that formed tektites and the Moon.  627 
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 628 
Figure 7. Assessment of the saturation index (ô = £ç/£ç,sat) experienced by moderately volatile 629 
elements. Isotope fractionation of an element during evaporation (; − ;9) is plotted versus the 630 
product of the kinetic fractionation factor (∆Kinetic) and the natural logarithm of its concentration 631 
depletion relative to the precursor material (lnF). Kinetic fractionation factors (∆Kinetic) are 632 
assumed to be ideal. The lunar trend is modified from Nie and Dauphas (2019), updated with 633 
more recent abundance estimation by Ni et al. (2019). Tektite data are from Wombacher et al. 634 
(2003); Moynier et al. (2009); Moynier et al. (2010); Rodovská et al. (2017); Jiang et al. (2019); 635 
Wimpenny et al. (2019); Creech et al. (2019); and Ackerman et al. (2020). Laser levitation data 636 
for Zn are from Wimpenny et al. (2019). The lunar trend and the laser levitation experiment 637 
trend are fit with a linear function, which are shown in solid lines in the figure, with the 638 
shadowed regions representing 2 standard errors of the fitting. Note that the slope of the linear 639 
fitting is 1-s, while the fitting results in the figure are for s. The expected trend for free-640 
evaporation in vacuum (s=0) is also shown for comparison. 641 
 642 

 It has been shown by Nie and Dauphas (2019) that the isotope fractionation of Li, Si, Mg, 643 

Ga, Cu, Zn, Rb, and K for the bulk silicate Moon falls on a linear trend consistent with a 644 

saturation index of s=0.989, indicating a lunar volatile depletion process under a partially 645 

saturated (99%) condition. The fact that different elements evaporated under similar degrees of 646 

saturation indicates a dynamic balance between the net evaporation flux and the vapor removal 647 

in the protolunar disk (Nie and Dauphas, 2019). Note that applying eq. (13) to isotope 648 

fractionation of the bulk silicate Moon does not take into account other processes during Moon 649 

formation (e.g. core formation), which could sometimes be oversimplistic. In Fig. 7, the lunar 650 

isotope fractionation trend from Nie and Dauphas (2019) is plotted after recalculating lnp using 651 
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the more recent estimation of Li, Ga, Cu, Zn, Rb, and K concentrations in the primitive lunar 652 

mantle by Ni et al. (2019). As shown in Fig. 7, the replotted trend for lunar moderately volatile 653 

elements is very similar to that in Nie and Dauphas (2019) and is consistent with an s value of 654 

0.985.  655 

 Using the same approach, tektite isotope data for 41K/39K (Jiang et al., 2019), 114Cd/112Cd 656 

(Wombacher et al., 2003), 122Sn/118Sn (Creech et al., 2019), 66Zn/64Zn (Moynier et al., 2009; 657 

Wimpenny et al., 2019), 65Cu/63Cu (Moynier et al., 2010; Rodovská et al., 2017), and 208Pb204/Pb 658 

(Ackerman et al., 2020) are compared by plotting their isotope fractionation (; − ;9) versus 659 

∆kineticlnp in Fig. 7. Earlier tektite data for 41K/39K measured by secondary ion mass 660 

spectrometry (Humayun and Koeberl, 2004; Herzog et al., 2008) are consistent with those 661 

reported in Jiang et al. (2019), but they are excluded in the plot here because of the higher 662 

analytical uncertainties. Note that tektites have also been studied for 7Li/6Li (Magna et al., 2011; 663 

Rodovská et al., 2016), 11B/10B (Chaussidon and Koeberl, 1995), and 26Mg/24Mg (Esat and 664 

Taylor, 1986; 1987), but the isotope fractionation was found to be small. Therefore, these 665 

elements are excluded from the plot for simplification. If plotted in Fig. 7, these three elements 666 

would be near the origin, similar to K for tektites. The ∆kinetic values used for the plot for 667 

different elements are calculated using eq. (12) assuming ideality (lë#
™
/lë#

´ = 1). Chemical 668 

composition of the precursor material for tektites is adopted from the same references for the 669 

isotope data, which typically used the upper continental crust or the Muong Nong-type tektites as 670 

an approximation. This precursor material is assumed to contain 2.32 wt% K, 125 ppb Cd, 1.6 671 

ppm Sn, 100 ppm Zn, 20 ppm Pb, and 28 ppm Cu, and has an isotope composition of d41K = -672 

0.48‰, d114Cd = 0.24‰, d122Sn = 0.25‰, d66Zn = 0.28‰, 208Pb/204Pb = 39.15275, and d65Cu = 673 

0.07‰. This assumption of a single composition for the precursor material is for simplification. 674 
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But we would like to emphasize that adjusting the composition of the precursor material in a 675 

reasonable range does not affect the general trend for the tektite data in Fig. 7. 676 

 As shown in Fig. 7, the tektite isotope data span a much wider range compared to the 677 

lunar trend. This is understandable because the lunar trend is based on the estimated average 678 

composition for the bulk silicate Moon, while the tektite data are collected on individual tektite 679 

samples from multiple independent strewn fields worldwide. The scatter in tektite data might 680 

reflect: a) heterogeneity in the precursor materials; b) existence of quantitative evaporation that 681 

compromised the isotope fractionation, as discussed in Section 4.2; and/or c) variations in the 682 

physical conditions for tektite formation. Despite the scatter in tektite data, different elements are 683 

roughly consistent, broadly defining a tektite trend with an average saturation index of 0.929 684 

(Fig. 7). The tektite trend lies above the lunar trend in Fig. 7, indicating that the tektite formation 685 

process is evidently more undersaturated (averaged 93%, as low as ~87%) compared to Moon 686 

formation (~99%).  687 

 The laser levitation experiments, on the other hand, fall on the high end of the tektite data 688 

and are consistent with a low saturation index (s) of 0.74 ± 0.01. The lower degree of saturation 689 

for laser levitation experiments relative to tektites indicates that, although laser heating of an 690 

aerodynamically levitated melt sphere is a good experimental simulation of the tektite formation 691 

process, these two kinetic processes are not identical in terms of the effective degree of vapor 692 

saturation. Further studies on molecular dynamic calculations and aerodynamic simulations will 693 

be necessary to quantitatively explain such a difference. Future levitation experiments varying 694 

gas flow, nozzle geometry, and ambient pressure may also contribute to our understanding of the 695 

effect of saturation index on chemical and isotopic fractionation attending partial vaporization. 696 
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 Although the silicate Moon likely experienced a kinetic process (e.g. evaporation in the 697 

protolunar disk) dramatically different from the laser levitation experiments and the tektite 698 

formation process, the observed difference in the saturation index (Fig. 7) can potentially be 699 

attributed to the vapor pressure. Laser levitation experiments were conducted at 1 bar ambient 700 

pressure. Tektites formed in an impact vapor plume, which likely had a pressure higher than 1 701 

bar. Theoretical simulation in Stöffler et al. (2002), for example, showed that tektite-like 702 

particles experienced dynamic pressures as high as 0.4 bar, in addition to the ambient pressure. 703 

On the other hand, Wang and Jacobsen (2016) argued that the suppressed K isotope fractionation 704 

of the Moon was consistent with a pressure of >10 bar. Although further studies are needed, the 705 

increasing vapor saturation index from laser levitation experiments to tektites and bulk silicate 706 

Moon might be indicative of the vapor pressure related to their formation.  707 

 708 

4.4 Further ramifications on evaporative isotope fractionation for moderately volatile 709 

elements 710 

4.4.1 Starting material composition 711 

 Compared to the arkose soil and rhyolite soil used in Wimpenny et al. (2019), a synthetic 712 

basalt glass was used in this study as the starting material. Although a soil sample might better 713 

represent the precursor materials of tektites, the uncertainties on the hosting phase for Cu might 714 

complicate the interpretation of the experiment results. The arkose soil in Wimpenny et al. 715 

(2019), for example, seems to contain a highly volatile Zn-bearing phase that completely 716 

evaporates immediately upon heating, making it more difficult to constrain the initial Zn content 717 

for calculating the Zn isotope fractionation factor. Therefore, in this study a homogenous 718 

synthetic basalt glass is used as the starting material to avoid possible complications caused by 719 
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heterogeneous distribution of Cu in soil samples. In addition to being homogeneous in 720 

composition, using a synthetic glass also allows a higher initial Cu concentration (1129 ppm) 721 

compared to the precursor materials of tektites (28 ppm), which significantly extends the 722 

possible experiment duration before the Cu concentration drops below the detection limit. Here a 723 

basaltic composition is selected for the synthetic glass because it has higher Cu solubility (Zajacz 724 

et al., 2013) and lower viscosity (Hui and Zhang, 2007) compared to a rhyolitic composition, 725 

making it easier to synthesize a bubble-free homogeneous glass with high Cu concentration.  726 

 The effect of melt composition on the volatility of Cu is reflected in its activity 727 

coefficient (íç) and the equilibrium constant (ì) of its evaporation reaction (eq. 9). Experiments 728 

by Zajacz et al. (2013), however, demonstrated that Cu solubility is similar for rhyolite and 729 

basalt in a S-free system, and higher in basalt than in rhyolite in a S-bearing system at < 1000 ºC. 730 

If this observation can be extrapolated to our experimental temperatures, using a rhyolitic 731 

composition for the starting material will cause Cu to be even more volatile than observed. 732 

Therefore, the observed higher volatility of Cu in our experiments than that of Zn in the 733 

experimental study of Wimpenny et al. (2019) is not due to the composition effect. Furthermore, 734 

despite potential indirect effects, melt composition is not expected to have a direct impact on the 735 

evaporative isotope fractionation factor according to eq. (11) (see Section 4.1.2).  736 

 737 

4.4.2 “Bubble-stripping” model 738 

 Jiang et al. (2019) conducted in situ measurements on Zn, Cu, and K concentrations, as 739 

well as Zn and K isotope ratios along a cross section of a Hainan splashform tektite, and found 740 

one point along the traverse that is high in Zn concentration and light in Zn isotope ratios. The 741 

authors hypothesized that the anomalous data point was likely the result of a “trapped” vapor 742 
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bubble mixed with the residual melt – a side effect from the “bubble-stripping” process. 743 

Originally proposed by Melosh and Artemieva (2004), “bubble-stripping” refers to the process 744 

by which low density vapor bubbles form in the melt as other volatiles exsolve; the bubbles 745 

rapidly move to the surface and burst, releasing their vapor load.  746 

 Such a process, if it occurred during tektite formation or laser levitation experiments, 747 

would introduce evaporation into a closed vapor phase, potentially under pressures higher than 1 748 

bar (Melosh and Artemieva 2004). Moderately volatile elements evaporated via this mechanism 749 

likely experienced a higher effective degree of vapor saturation (s) compared to evaporation 750 

from the outer surface of tektites or laser levitation experiment samples, causing suppression of 751 

the isotope fractionation factor. Therefore, the effect of the “bubble-stripping” mechanism is 752 

equivalent to an increase in the effective degree of vapor saturation (s), which suppresses the 753 

evaporative isotope fractionation factor. 754 

 Copper loss in our laser levitation experiments is likely due to direct evaporation at the 755 

melt surface rather than being removed through “bubble-tripping”. This is because, the starting 756 

material used in this study is an anhydrous basalt containing less than ~10 ppm H2O, therefore 757 

lacks the key ingredient for the bubble formation (Melosh and Artemieva 2004). One the other 758 

hand, the precursor materials for natural tektites could be water-rich, and the “bubble-stripping” 759 

mechanism might help explain their suppressed Cu isotope fractionation. 760 

 761 

4.4.3 The role of diffusion 762 

 Previous studies by Moynier et al. (2010) and Creech et al. (2019) proposed the existence 763 

of a diffusion-limited regime within the tektite to explain the higher magnitude of isotope 764 

fractionation in Cu relative to Sn and Zn despite its lower volatility. Although the diffusion-765 
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limited regime is consistent with the significantly higher diffusivity of Cu than Zn and Sn in 766 

silicate melts (Baker and Watson, 1988; Yang et al., 2016; Ni et al., 2017; Ni et al., 2018), it is 767 

unlikely the dominating mechanism for evaporative isotope fractionation in laser levitation 768 

experiments or tektites. The reasons are as follows.  769 

 First, based on our laser levitation experiments and thermodynamic modeling of Jiang et 770 

al. (2019), Cu appears to be more volatile than Zn under tektite formation conditions, making it 771 

unnecessary to explain the higher degrees of Cu loss and Cu isotope fractionation compared to 772 

Zn in tektites using a separate mechanism.  773 

 Second, our laser levitation experiments show clear evidence that Cu concentration 774 

decreases exponentially as a function of time, consistent with an evaporation-dominated process. 775 

If Cu loss is dominated by Cu diffusion in the melt, however, Cu concentration is expected to 776 

decay as a function of √" (Zhang, 2008), which is not consistent with the observation.  777 

 Third, in situ measurements for concentration profiles of Cu, Zn, and K in a Hainan 778 

tektite reported by Jiang et al. (2019) found no clear evidence to support diffusion limitation 779 

even across several centimeters, making it unlikely for diffusion control to occur in our 780 

experiments, where samples are only ~2 mm in diameter and the thermal history is similar to that 781 

of natural tektites. 782 

 Moreover, compared to convective transport, diffusion transport is a kinetic process that 783 

can cause additional isotope fractionation because the lighter isotopes of an element transports 784 

faster than heavier isotopes in silicate melts (e.g. Richter et al., 2009): 785 

Æ|

Æß
= )

gß

g|

/
Ø

,                                                          (14) 786 

where ∞ç and ∞™ are the diffusivities of two isotopes of an element, jç and j™ are their 787 

respective molar masses, and b is a coefficient that is usually determined experimentally (b < 788 
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0.5). In laser levitation experiments or tektite formation processes, moderately volatile elements 789 

are transported to the melt-vapor interface by convection and/or diffusion, and then lost to the 790 

vapor phase by evaporation. Assuming a diffusion-limited regime, the relative importance of 791 

diffusive transport depends on the diffusivity of an element. Since Cu+ has higher diffusivity 792 

than Zn and Sn in silicate melts (Baker and Watson, 1988; Yang et al., 2016; Ni et al., 2017), the 793 

higher percentage of diffusive transport is expected to cause additional isotope fractionation in 794 

Cu, leading to lower effective alpha values compared to Zn and Sn. As can be seen in Fig. 7, Cu 795 

isotope data in tektites appear to be on the same trend as Zn and Sn, and the higher isotope 796 

fractionation in Cu is consistent with its higher degrees of evaporative loss.  797 

 Overall, although the role of diffusion in tektite formation cannot be fully excluded, it is 798 

unlikely to be the dominating factor for the isotope fractionation of moderately volatile elements 799 

in tektites based on current data. Future experiments should confirm these ideas by measuring 800 

compositions in a cross-section of an experimental sample to check carefully for any gradients 801 

from the center to the edge. 802 

 803 

5. Conclusions 804 

 In this paper, we report the first experimental study on Cu isotope fractionation during 805 

evaporation to simulate tektite formation. Our experiments clearly demonstrate a progressive 806 

enrichment in the heavier isotope of Cu correlated with its evaporative loss as a function of 807 

experiment duration, which is consistent with the elevated 65Cu/63Cu ratios previously reported 808 

in tektites. In our experiments, rapid loss of Cu by over four orders of magnitude occurred within 809 

60 seconds, causing fractionation of d65Cu by up to ~18‰ in the residue melt. A well-defined 810 

fractionation factor (a) of 0.9960 ± 0.0002 can be calculated from our experiments.  811 
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 Comparing with previous experiments on Zn evaporation using a similar experimental 812 

setup, we found that Cu evaporation loss is significantly faster than Zn in laser levitation 813 

experiments at 2000 ºC. Copper concentration decreased by over four orders of magnitude within 814 

60 s, while Zn only depleted by ~33% in 120 s. The large differences in the evaporation rates of 815 

Cu and Zn can be attributed to their differences in activity coefficient (g) and the equilibrium 816 

constant for the evaporation reaction (K). The fractionation factor (a) yielded for Cu (0.9960 ± 817 

0.0002) differs slightly from that of Zn (0.9983 ± 0.0003). Such a difference can be explained by 818 

either the higher degree of non-ideality in kinetic isotope fractionation factor (∆kinetic) for Zn, or 819 

slight differences in the experimental setup between IUPUI and IPGP that led to different 820 

effective saturation indexes (s) for the experiments. 821 

 We also demonstrate a way to simultaneously compare isotope fractionation of multiple 822 

isotope systems in the bulk silicate Moon, tektites, and laser levitation experiments by correcting 823 

the degree of depletion using their respective kinetic isotope fractionation factor. We show that 824 

isotope fractionation trends in the bulk silicate Moon, tektites, and laser levitation experiments 825 

are consistent with their formation under various degrees of vapor saturation (~99%, ~93%, and 826 

~74%) that is well above the case for free-evaporation (0%). The tektite isotope fractionation 827 

trend appears to be more scattered compared to the lunar trend, largely due to uncertainty in the 828 

compositions of tektite precursor materials. Laser-heated aerodynamic levitation experiments 829 

show Cu and Zn isotope fractionation that is consistent with slightly lower degrees of vapor 830 

saturation compared to tektites. The progressively higher vapor saturation index estimated for 831 

laser levitation experiments, tektites, and bulk silicate Moon may be attributed to the differences 832 

in vapor pressure during their formation. 833 

 834 
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Table 1. Experimental conditions, Cu concentrations, and isotopic compositions for all experimentally heated basalt glass samples.  843 

Sample d0 (mm) d (mm) M0 (mg) M (mg) DM (%) tr (s) tc (s) T (ºC) CCu 
(ppm) 

d65Cu (‰) 2 s.e. n 
Et1Cu - - - - - - - - 1185 3.46 0.02 12 
Cu 1.15 2.3 2.42 19.664 - - - - - 1129 3.71 0.03 4 
Cu 1.12 2.42 2.36 20.044 19.822 1.11 8 17.9 1750 517 7.10 0.04 8 
Cu 1.14 2.38 2.32 19.072 18.486 3.07 4 6.7 2150 50 16.14 0.06 8 
Cu 1.17 2.34 2.31 20.008 19.270 3.69 8 10.0 2150 34 n.d. - - 
Cu 1.18 2.31 2.39 19.958 18.632 6.64 16 18.6 2150 35 n.d. - - 
Cu 1.2 2.43 2.36 20.040 19.180 4.29 30 33.8 2150 2.7 21.57 0.19 6 
Cu 1.3 2.43 2.19 20.196 18.632 7.74 60 59.1 2150 0.028  b.d. - - 
Cu 1.4 2.44 2.33 20.160 17.724 12.08 90 75.4 2150 0.028  b.d. - - 
Cu 1.5 2.44 2.33 20.154 17.986 10.76 120 84.5 2150 0.31 b.d. - - 
Cu 1.13 2.41 2.41 19.558 19.306 1.29 4 7.9 2000 323 9.59 0.11 8 
Cu 1.11 2.43 2.41 20.008 19.590 2.09 8 12.3 2000 126 13.66 0.06 8 
Cu 1.9 2.44 2.30 20.220 19.720 2.47 16 16.7 2000 73 13.91 0.05 8 
Cu 1.19 2.31 2.39 19.964 19.296 3.35 16 17.5 2000 42 n.d. - - 
Cu 1.10 2.42 2.42 20.140 19.388 3.73 16 25.5 2000 18 21.07 0.03 6 
Cu 1.7 2.41 2.30 20.082 19.572 2.54 30 34.4 2000 12 20.25 0.06 6 
Cu 1.8 2.42 2.33 20.046 18.822 6.11 60 62.9 2000 0.056  b.d. - - 
Cu 1.1 2.41 2.42 19.902 17.900 10.06 120 108.6 2000 0.035 b.d. - - 
Note: d0 and d are diameters for the glass sphere before and after the heating experiment; M0 and M are the masses of the glass spheres 844 
before and after the experiment; tr is the recorded duration at the peak temperature; tc is corrected experiment duration using Eq. (1) 845 
for the evaporation process; and T is the experiment temperature. In the table, “n.d.” means “not determined”, “b.d.” means “below 846 
detection limit”, and Cu concentrations close to the detection limit are italicized. 847 
 848 
 849 
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APPENDIX A: SOLUTION OF THE HERTZ-KNUDSEN EQUATION FOR 850 

EVAPORATION OF AN ELEMENT FROM A MELT SPHERE 851 

 The derivation below is very similar to that in Sossi et al. (2019), but with some minor 852 

changes. For a metal oxide component of the melt that evaporates to a gaseous species with a 853 

different valence state, the chemical reaction is: 854 

MO(x+n)/2(*) = MO,/-	(/) +	
0

1
O-,                                                  (A1) 855 

in which M is the metal, x is its charge in the gaseous phase, and n is the number of electrons 856 

transferred in the reaction. According to the Hertz-Knudsen equation, the net evaporation flux of 857 

M from the melt sphere is (e.g. Richter et al., 2007; Dauphas et al., 2015; Sossi et al., 2019): 858 

304
35
= −489-

:;<(=4,>?@A=4)

B-CDE4F
,                                                            (A2) 859 

in which GHI/GJ is the net evaporation flux in mol/s; r is the radius of the melt sphere in m; Pi,sat 860 

is the equilibrium partial pressure of element i in Pa; Pi is the partial pressure of element i at the 861 

surface in Pa; KI is its molar mass in kg/mol; R is the gas constant (R=8.314 J/mol/K); T is the 862 

temperature in K; and LMN is the dimensionless evaporation/condensation coefficient (fraction of 863 

molecules sticking onto the surface, 0 < LMN < 1). Define the saturation index R	as: 864 

R = SI/SI,TUV,                                                                    (A3) 865 

and convert HI to its mole percent (WI) in the melt sphere with H5X5 total molecules using: 866 

WI =
04
0@Y@

= 04
1CZ[\/(]E^_`@)

,                                                           (A4) 867 

eq. (A2) can be converted to: 868 

3a4
35
= −

]:;<(bAc)=4,>?@
Z\

E^_`@

BE4
d b

-CDF
.                                                    (A5) 869 

Here KefgV is the molar mass of the melt in g/mol, and h is the density of the melt in kg/m3. 870 



 43 

 Since the saturation pressure of element i can be calculated using the equilibrium 871 

constant (i) of reaction (A1) through: 872 

SI,TUV =
ja4k4

l(mn)
o
p
,                                                               (A6) 873 

where qI is the activation coefficient of element i in the melt and r(s-) is the oxygen fugacity, 874 

eq. (A5) can be further converted to: 875 

3a4
a4
= −]:;<(bAc)k4j

Z\l(mn)
o
p

E^_`@

BE4
d b

-CDF
GJ.                                       (A7) 876 

Integrating Eq. A7 on both sides with respect to GWI and GJ yields: 877 

*H a4
a4,t

= − ]:;<(bAc)k4j

Z\l(mn)
o
p

E^_`@

BE4
d b

-CDF
J,                                       (A8) 878 

where WI/WI,u denotes the mole fraction of an element i at a given time relative to its initial mole 879 

percent in the melt.  880 

 The mole fraction of an element (WI) in the melt is related to its concentration (vI, in 881 

wt%) through: 882 

vI =
a4E4

Ew;xy
× 100	{J%.                                                (A9) 883 

If the molar mass change of the melt phase during evaporation is ignored, eq. (A8) can also be 884 

expressed in the form of elemental concentration as: 885 

*H }4
}4,t

= − ]:;<(bAc)k4j

Z\l(mn)
o
p

E^_`@

BE4
d b

-CDF
J,                                       (A10) 886 

  887 
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APPENDIX B: DURATION CORRECTION FOR EVAPORATION EXPERIMENTS 888 

WITH A TIME-DEPENDENT THERMO HISTORY 889 

 As derived above in Appendix A, evaporation loss of an element i with the chemical 890 

reaction A1 can be described using Eq. (A7). Among all the parameters on the right-hand side of 891 

Eq. (A7), assume only the equilibrium constant K is temperature-dependent, it can be calculated 892 

using thermodynamic parameters through: 893 

i = exp Ä ∆Ç

ADF
É = exp Ä∆ÑAF∆Ö

ADF
É = exp	(− ∆Ñ

DF
) ∙ exp	(∆á/à),                     (B1) 894 

where ∆â and ∆á are the enthalpy and entropy for reaction A1, respectively. Define a 895 

temperature-independent parameter a as: 896 

ä =
]:;<k4 fãåÄ

∆ç
é
É

Z\l(mn)
è
p

∙ (1 − R) ∙ E^_`@

BE4
∙ d b

-CD
,                                      (B2) 897 

and substitute into eq. (A7), a simplified form of eq. (A7) is obtained as: 898 

3a4
a4
= −ä	exp	(− ∆Ñ

DF
)/√ë ∙ GJ.                                           (B3) 899 

 For an ideal experiment without heating, quenching, or any temperature fluctuation, the 900 

relative change of concentration for element i (WI/WI,u) in the evaporating melt sphere at the 901 

target temperature T0 for a duration of tc can be obtained by integrating both sides of eq. (B3) 902 

that yields: 903 

*H a4
a4,t

= −ä	exp	(− ∆Ñ

DFt
)/Bëu ∙ Jí.                                         (B4) 904 

 In reality, an experiment has a thermal history involving heating up from ambient 905 

temperature to the target temperature, quenching from the target temperature to ambient 906 

temperature, and temperature fluctuations during the experiment. Therefore, integration of the 907 

right-hand side of eq. (B3) can be done numerically using the thermal history as follows: 908 
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*H a4
a4,t

= −∫ä exp Ä−
∆Ñ

DF
É /√ë ∙ GJ = ∑ ï−ä	exp	(− ∆Ñ

DF4,4ñè
)/BëI,Iób(JIób − JI)òô

Iöu , (B5) 909 

where N is the number of data points recorded in the thermal history; JI is the time recorded at 910 

the ith data point; ëI,Iób is the average temperature recorded at JI and JIób. Combining eq. (B4) 911 

and eq. (B5) we get the corrected duration as:  912 

Jõ =
∫ expÄ

∆â
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.                                 (B6) 913 

 In this study, a ∆â of 264 kJ/mol/K from Sossi et al. (2019) for Cu evaporation is used 914 

for the duration correction. In the above calculations, certain parameters such as the saturation 915 

index (s) and the evaporation/condensation parameter (LMN) are assumed to be temperature-916 

independent, which might not be true for the evaporation experiments. Nonetheless, when 917 

correcting for heating-up and quenching, the most sensitive parameter is the equilibrium constant 918 

i, which decays exponentially	as temperature decreases. With a ∆â of 264 kJ/mol/K, it 919 

effectively reduces the evaporation flux by one order of magnitude when temperature decreases 920 

from 2000 ºC to 1600 ºC. For the other term in eq. (B4), for example, √ë only reduces by <10% 921 

during the same temperature change. Therefore, potentially small variations in parameters 922 

assumed to be temperature independent are less important for the duration correction.  923 

  924 
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