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Introduction: Tektites are natural glasses formed 

from fast cooling of the molten impact plume. They are 
usually round, black or brown in color (sometimes 
green), and range from submillimeter (microtektites) to 
tens of centimeters (Muong-Nong type) in diameter. 
Tektites are roughly felsic in composition, similar to 
that of average continential crust, but depleted in vola-
tiles such as water and alkalis [1].  

Recent advancements in non-traditional isotope ge-
ochemistry enabled measurements of stable isotope 
fractionation in tektites for moderately volatile ele-
ments, some of which showed enrichment in their heav-
ier isotopes (i.e. Cu, Zn, Sn, and Cd), consistent with 
evaporative loss [2,3,4,5,6]. Fundamental outstanding 
questions still remain, however, regarding the role of 
evaporation in the chemical and isotope fractionation of 
tektites. For example, Zn is expected to be more volatile 
than Cu, but higher degrees of isotope fractionation 
were found for d65/63Cu (up to 12.5‰, [4,5]) compared 
to d66/64Zn (up to 3.65‰, [3,5]). Furthermore, previous 
studies found it difficult to explain Zn and Cu isotope 
fractionation in tektites using theoretical isotope frac-
tionation factors for free-evaporation [3,4], making it 
necessary to experimentally determine the isotope frac-
tionation factors for Cu and Zn under conditions similar 
to tektite formation. 

Here we report laser levitation experiments on Cu-
bearing silicate glasses to understand Cu evaporative 
loss and isotope fractionation under tektite formation in 
the impact plume. Our results are also combined with a 
similar experimental study on Zn [7], natural tektite 
data, and lunar rock data to achieve a general under-
standing of evaporative isotope fractionation of moder-
ately volatile elements. 

Experimental and Analytical Methods: Vaporiza-
tion experiments were performed in the High-Tempera-
ture Conical Nozzel Levitation System (also called an 
aerodynamic levitation laser furnace) at Indiana Univer-
sity – Purdue University Indianapolis (IUPUI) using a 
synthetic basalt glass with ~1200 ppm Cu. About 10 mg 
aliquots of the initial glass were fused into spheres suit-
able for levitation in a water-cooled oxygen-free hearth 
plate by defocused laser heating. The fused glass 
spheres, 2.30 to 2.44 mm in diameter, were then heated 
to 1750 – 2150 ºC for 4 to 120 s while levitated in ultra-
high purity Ar, before being quenched to glass by cut-
ting power to the laser.  

After each experiment, the quenched sample glass 
was dissolved in concentrated acids on a hot plate, and 
Cu was purified using a quartz glass column (0.4 cm * 
7.5 cm) loaded with AG1-X8 (200 – 400 mesh) BioRad 
resin. The column procedure was repeated twice to en-
sure complete separation of Cu from matrix elements. 
Copper isotopic compositions were determined using 
the Nu Plasma II at the Carnegie Institution for Science. 
Analyses were conducted using the sample-standard 
bracketing method. The concentration of Cu in the ana-
lytical solution was between 10 to 100 ppb.  

Results: The experimental samples show rapid Cu 
loss with duration of laser heating. Copper concentra-
tions in the samples decreased by over four orders of 
magnitude, from ~1200 ppm in the starting material to 
below 0.03 ppm within 60 s (Fig. 1a).  

 
Figure 1. Comparing Cu and Zn for evaporative loss (a) and 
isotope fractionation (b) in laser levitation experiments. The 
shadowed regions represent 2s error of the fitting. Experi-
mental data for Zn are from [7]. 
In accordance with the rapid loss of Cu in the laser lev-
itation experiments, Cu isotopic composition of the 
samples also show progressive enrichment in the 
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heavier isotope with a highest fractionation of ~18‰, 
consistent with evaporative loss (Fig. 1b) during heat-
ing. An empirical fractionation factor of 0.9960 is ob-
tained. It is independent of temperature and is sup-
pressed compared to theoretical fractionation factors 
during free-evaporation. 

Evaporative loss during extreme heating: Assum-
ing in laser levitation experiments, Cu and Zn loss is 
controlled by evaporation at the melt sphere surface, 
solving the Hertz-Knudsen equations yields [8,9]: 
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where 𝐶H is Cu or Zn concentration, 𝐶H,I the initial con-
centration,	𝑀 its molar mass, 𝑀LMNO the melt molar 
mass, 𝛼ec the evaporation/condensation coefficient, s 
the saturation index defined as s = P/Psat, 𝛾H the activity 
coefficient, 𝐾 the equilibrium constant for the evapora-
tive reaction, r the radius of the melt sphere, 𝜌 the 
melt, 𝑓(𝑂B) the oxygen fugacity, and n the number of 
electrons transferred in the evaporation reaction. 

Comparing laser levitation experiments (glass 
spheres) of similar diameters at 2000 ºC for Cu and Zn 
(Fig. 1a) shows that Cu exhibits significantly more vol-
atility than Zn. According to eq. (1), the higher evapo-
ration rate of Cu than Zn are likely dominated by the 
activity coefficient, the equilibrium constant of their 
evaporation reactions, and oxygen fugacity. Future ex-
periments on volatilities of moderately volatile elements 
during tektite formation should be designed to quantify 
these parameters separately. 

The higher volatility of Cu relative to Zn shown in 
laser levitation experiments is consistent with the ob-
served higher degrees of Cu loss than Zn in tektites [4], 
and recent thermodynamic modeling by [10], demon-
strating that the volatility of elements during tektite for-
mation cannot be interpreted based on their half conden-
sation temperatures. The higher volatility of Cu also re-
duces the need to invoke a separate mechanism to ex-
plain the observed higher degrees of Cu loss and Cu iso-
tope fractionation in tektites, such as the “diffusion-lim-
ited” regime [4]. 

Evaporative isotope fractionation: Starting from 
the Hertz-Knudsen equation, it has been shown in the 
literature that the isotope fractionation factor of an ele-
ment during evaporation (∆Evaporation) can be calculated 
as a combined effect of its equilibrium isotope fraction-
ation factor (∆Equilibrium) and kinetic isotope fractiona-
tion factor (∆Kinetic) via [11,12]: 

∆Evaporation= ∆Equilibrium + (1 − 𝑠)∆kinetic,     (2) 
where s is the saturation index defined as s = P/Psat, and 
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the evaporation/condensation constants for two isotopes 
of an element, and 𝑀s and 𝑀t their molar masses. 

Combining eq. (3) with the Rayleigh fractionation 
equation and ignoring ∆Equilibrium at high temperatures, 
the evaporative isotope fractionation of an element (𝛿 −
𝛿I) can be related to its degree of depletion (ln𝐹) and 
the saturation index (s) through [12]: 

𝛿 − 𝛿I ≈ (1 − 𝑠)∆kineticln𝐹.               (3) 
Therefore, plotting 𝛿 − 𝛿I versus ln𝐹 provides a 

way to assess the evaporation conditions based on all  
measured moderately volatile elements. Plotting tektite 
data for K, Cd, Sn, Zn, and Cu in Fig. 2 following eq. 
(3) allows simultaneous comparison of their isotope 
fractionation in tektites. Despite the scatter caused by 
uncertainties in the composition of tektite precurser ma-
terials, theses elements are roughly consistent with each 
other in Fig. 2, broadly defining a tektite trend that is 
apparently above the lunar trend modified from [12]. 
The lower saturation index obtained from the tektite 
trend compared to the lunar trend indicates that evapo-
rative isotope fractionation during tektite formation is 
less suppressed compared to the Moon formation pro-
cess. The laser levitation experiment samples lie on the 
high end of the tektite data in Fig. 2, but they also show 
suppressed isotope fractionation distinct from free-
evaporation in vacuum, which provide strong evidence 
for the pressure effect in suppressing evaporative iso-
tope fractionation for moderately volatile elements. 

 

 
Figure 2. Assessing the saturation index (𝑠 = 𝑃H/𝑃H,sat) expe-
rienced by moderately volatile elements during different pro-
cesses. The lunar trend is modified from [12]; tektite data are 
from [2,3,4,5,6,7,9]; Laser levitation data for Zn are from [7]. 
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