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Supplementary Online Materials 
Modeling of Stable Isotopic Fractionation Induced by Evaporation and Condensation 

1. Speciation of REEs during Evaporation and Condensation 

In this section, we calculate the vapor pressures of the different species of a REE in 
equilibrium with hibonite. Hibonite is a highly refractory mineral that has been implicated in 
establishing the REE abundance pattern of group II CAIs (15, 19). According to equilibrium 
thermodynamics (15, 19), REEs can exist in the form of 6 species under solar nebula 
conditions, where 3 species are present in gaseous forms (noted as 𝑀!

(#) , 𝑀%&𝑂(#)	 , 
𝑀(&𝑂%(#)) and the other 3 species substitute for Ca in solid solution in refractory minerals 
such as hibonite and perovskite (𝑀%&𝑂()), 𝑀*&𝑂+.-()), 𝑀

(&𝑂%())). At equilibrium, the partial 
pressures and molar densities of different species are related to each other through the 
following equilibria:  

𝑀(#) + 𝑂(#) = 𝑀𝑂(#)	,        	
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where 𝐾+–𝐾-  are the equilibrium constants of the chemical reactions, 𝑃ℓ , 𝜒ℓ , and 𝑛ℓ , are, 
respectively, the partial pressures, activity coefficients, and solid molar densities of the REE 
considered (number of moles of M, MO, MO2), 𝑃5 is the partial pressure of atomic oxygen 
(the value of 𝑃5 for solar nebula conditions is provided in (3, 15)), and 𝑛67 is the solid molar 



density of Ca (condensed REEs are expected to substitute for Ca in refractory minerals). One 
can rearrange the equations above and write 𝑃8, 𝑃85, 𝑃85#, 𝑛85#, 𝑛85 as functions of 𝑃5, 
𝐾+ to 𝐾-, 𝜒8, 𝜒85, 𝜒85#, 𝑛85%.' and 𝑛67,  
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The total molar density of a given condensed REE is given by the sum of 3 solid species,  

𝑛Mtot = 𝑛85 + 𝑛85%.' + 𝑛85#.      (S11)	

Accordingly, one can write 𝑛85%.' as a function of 𝑛Mtot using Eqs. S9–S11,  
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In the same manner, the partial pressures of 𝑀(#), 𝑀𝑂(#)	 and 𝑀𝑂%(#) can be written as a 
function of 𝑛Mtot and 𝑃8>?>,  
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where 𝑥ℓ are the mole fraction of the various gas species. We also have for the total vapor 
pressure of a REE, 
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where 𝜅 is a factor that relates the equilibrium vapor pressure to the concentration (molar 
density) in the solid. Equations S13–S15 can be used to calculate the equilibrium pressures of 
gaseous species if the molar density of the REEs in solid, temperature, thermodynamic 
constants, and oxygen partial pressure are known.  

2. REE Abundance and Stable Isotopic Fractionation during Evaporation 

In this section, our goal is to develop a quantitative model of the depletions and stable 
isotopic fractionations of all REEs during evaporation. Most REEs are thought to have been 
quantitative evaporated during the first stage of evaporation envisioned here. The only REEs 
that were not quantitatively evaporated are the most refractory ones, notably Gd and Dy. In 
fine-grained CAIs, we find that these REEs are highly depleted relative to moderately 
refractory REEs and have light isotopic compositions. This is more readily explained if the 
signature of group II REE patterns in CAIs were inherited from an episode of evaporation, 
whereby the most refractory REEs were only partially evaporated in an undersaturated 
medium, resulting in their light isotope enrichment in the gas phase, which latter partially re-
condensed to form CAIs with group II REE patterns. For this first evaporation stage, we are 
therefore primarily interested in the isotopic composition of the vapor. Our primary aim here 
is to use the isotopic composition of the most refractory REEs to put constraints on the rate of 
heating and duration of the evaporation episode. According to the Hertz-Knudsen equation, 
the net flux for each REE 𝑖 during evaporation is given by,  

𝐽@ = ∑ Aℓ,4/.56,ℓ,4B.ℓ,43

9%CDℓ,4EFℓ ,        (S20) 

where ℓ  enumerates the gaseous species 𝑀(#) , 𝑀𝑂(#)	  and 𝑀𝑂%(#) , 𝛾ℓ,@  and 𝑚ℓ,@  are the 
condensation/evaporation coefficients and masses of the corresponding species, 𝑅 is the gas 
constant, 𝑃ℓ,@  and 𝑃HI,ℓ,@  are the partial and equilibrium vapor pressures, respectively. The 
equilibrium vapor pressure 𝑃HI,ℓ,@ in Eq. S20 is the partial pressure that is in equilibrium with 
the condensate at temperature 𝑇, as is derived in Eqs. S13–S15.  

 We consider a model where refractory inclusions of similar sizes and evenly 
distributed in space are evaporated. This model is similar to those applied to closed-system 
condensation/evaporation and chondrule formation (22-24, 26, 27). Under these conditions, 
we do not need to track a whole ensemble of refractory inclusions and can only consider a 
single CAI of radius 𝑟 surrounded by a parcel of gas of finite volume 𝑉# = 4𝜋ℛ*/3 with no-
flux boundary conditions at the boundaries (ℛ is the radius of the system inclusion+gas, which 
is much larger than the radius 𝑟 of the inclusion itself). From a practical point of view, this is 
equivalent to considering a local closed-system. We assume that the driver for evaporation is 
heating, with the temperature increasing linearly with time, 𝑇(𝑡) = 𝑇! +Φ𝑡, where 𝑇! is the 
initial temperature, Φ is the heating rate, and 𝑡 is the time elapsed since the onset of heating. 
If inclusion and gas form a closed system, the evaporation flux must be balanced by a change 
in the vapor pressure 𝑑𝑃ℓ,@ (we use the ideal gas law here), 



∑ (Cℛ$K.ℓ,4
*EFℓ = ∑ Aℓ,4/.56,ℓ,4B.ℓ,43

9%CDℓ,4EFℓ 4𝜋𝑟%𝑑𝑡.     (S21) 

Different gas species can be lost at different rates depending on their masses and evaporation 
coefficients, so the speciation of the vaporized gas does not necessarily reflect equilibrium 
vapor pressures. We assume that once in the gas, the different gas species have the opportunity 
to re-equilibrate and we have, 

𝑃ℓ,@ =
.56,ℓ,4
.56,4

𝑃@.         (S22) 

with 𝑃@ = ∑ 𝑃ℓ,@ℓ  and 𝑃HI,@ = ∑ 𝑃HI,ℓ,@ℓ . Using Eqs. S21 and S16-S18 (𝑃HI,ℓ,@ = 𝑥ℓ,@𝑃HI,@), we 
can rewrite Eq. S21 as, 
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with Υ@ = ∑ 𝛾ℓ,@𝑥ℓ,@/,𝑚ℓ,@ℓ . 𝑃@ is related to the total number of moles of 𝑖 in the gas 𝜂#,@ by 
the ideal gas law, and 𝑃HI,@ is related to the total number of moles of 𝑖 in the solid 𝜂),@ through 
Eq. S19. We thus have, 

KM7,4
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EF
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where 𝜂),67 are the total number of Ca substitution sites in the solid. We consider that before 
vapor dissipation, gas and solid form a closed system, so we have 𝜂#,@ + 𝜂),@ = 𝜂>?>,@ with 
𝜂>?>,@ a constant. If we introduce 𝑓#,@ = 𝜂#,@/𝜂>?>,@ the fraction of 𝑖 that has been evaporated, 
we have, 
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If we assume that the precursor is made of hibonite, one can calculate the number of moles of 
Ca sites using the density 𝜌O@P and molar mass 𝑚O@P of hibonite,  

𝜂),67 = 𝜌O@P
(
*
𝜋𝑟* 𝑚O@PP .       (S26) 

We therefore have for Eq. S25, 
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If we change the differentiation variable from 𝑡 to 𝑇 and write	𝑇 = 𝑇(𝑡), Eq. S27 becomes, 

KN7,4
KF

= T4
Ḟ
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Assuming that the temperature increasing linearly with time, 𝑇(𝑡) = 𝑇! +Φ𝑡 , �̇� = Φ . 
Equation S28 takes the form,  
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Equation S29 can be integrated starting at a low temperature with the initial condition 𝑓#,@ =
0	𝑎𝑡	𝑇 = 𝑇!, and we get the fraction of element 𝑖 evaporated,  
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The isotopic composition was calculated by applying Eq. S30 to different isotopes of the REEs 
using 𝛿#,@,%/+ = 1000ln(𝑓#,@,%/𝑓#,@,+) D𝑚@,% −𝑚@,+F⁄ , where 𝑚@,+  and 𝑚@,%  are the molecular 
mass of isotope 1 and 2 of REE 𝑖 respectively. The parameters that can differ in Eq. S29 
between two isotopes are Υ@ and 𝜅@, where Υ@ is a function of 𝛾ℓ,@, 𝑥ℓ,@ and 𝑚ℓ,@. We only vary 
𝑚ℓ,@ and keep the other parameters constant. The fraction and the isotopic fractionation of the 
element evaporated are both functions of the heating rate and final temperature (duration) of 
the evaporation episode. We can therefore constrain the heating rate and duration from the 
depletion of the element considered relative to Sm (fraction evaporated), and the isotopic 
composition of the CAIs with group II REE patterns (corresponding to the composition of the 
gas except for Eu and Yb).  

For numerical calculations, the precursor is assumed to be a sphere with radius r of 40 
μm, a typical size for hibonite inclusions in Murchison (70 to 150 μm in their longest 
dimensions; (58)). The ambient pressure during  evaporation is set to 10–3 bar H2.  We  assume 
that the system has solar bulk composition. To calculate the whole system radius, we use ℵ67 
the number of moles of Ca condensed per unit volume of the system solid+gas, which is from 
an Excel spreadsheet provided as supplementary online material in (15). Indeed, we have 
ℵ674𝜋ℛ*/3 = 𝑛674𝜋𝑟*/3  and ℛ = 𝑟(𝑛67/ℵ67)+/*  where 𝑛67 = 5.42	mol/L  is the Ca 
molar density of hibonite. The density 𝜌O@P and molar mass 𝑚O@P of the host mineral hibonite 
are 3.84 g/cm3 and 708.8 g/mol, respectively. The radius of the system inclusion+gas ℛ used 
is accordingly ~5 m. The sticking coefficients 𝛾ℓ,@ of the REEs are not known and set to 0.1 
based on the range of the sticking coefficients of Mg and SiO in melt of CAI composition (9). 
The oxygen fugacity PO is from a previous condensation calculation (3) and is provided in an 
Excel spreadsheet in the Supplementary Online materials of (15). The molar masses 𝑚8,@ of 
REEs used for calculation in g/mol are 138.91 (La), 140.12 (Ce), 140.91 (Pr), 144.24 (Nd), 
150.36 (Sm), 151.96 (Eu), 157.25 (Gd), 158.93 (Tb), 162.50 (Dy), 164.93 (Ho), 167.26 (Er), 
168.93 (Tm), 173.04 (Yb), 174.97 (Lu), respectively. Other thermodynamic data for the REEs, 
such as the Gibbs free energy and activity coefficients (𝜒ℓ,@) can be found in the supplementary 
material of (15). The choice of the precursor size and thermodynamic data have little effect 
on the interpretation of the thermal event given the great difference in terms of timescales for 
the astrophysical events that are considered.  

3. REE Abundance and Stable Isotopic Fractionation during Condensation 

We envision a two-step process for establishing group II REE pattern. In the first step, 
all REEs except the most refractory ones are quantitatively evaporated (Sect. 2). This means 
that Eu and Yb are in the vapor. In the second step, the vapor thus produced is partially 



condensed.  Moderately refractory REEs are uniformly enriched in CAIs and display subdued 
stable isotopic fractionations. We therefore expect that during this condensation step, only the 
least refractory Eu and Yb remain in the vapor, while other REEs are quantitatively 
condensed.  

Eu and Yb are depleted in CAIs with group II REE patterns but show rather subdued 
isotopic fractionations. This observation can be explained if condensation occurred under 
near-equilibrium conditions. Cooling must have been protracted to prevent the buildup of 
large supersaturation, thereby limiting the extent of kinetic isotopic fractionation. Indeed, if 
cooling had been fast, the equilibrium vapor pressure would have decreased rapidly and the 
rate of condensation of gas atoms would not have been sufficient to keep up with this decrease. 
Large kinetic isotope effects associated with supersaturation would have developed, which is 
not seen for Eu and Yb. Below, we present a model to translate our measurements into a 
quantitative assessment of cooling rates and timescales. We model condensation assuming 
closed-system behavior (also see (22, 26)) until gas dissipation. 

We assume that the CAIs are of equal sizes and evenly distributed in space.  We 
assume that during cooling and condensation, gas and CAI form a closed system. Elements 
condense following linear cooling until a time/temperature when vapor is dissipated. If the 
CAIs are all identical and evenly distributed, we do not need to track a whole ensemble of 
CAIs and can instead only consider a single CAI of radius 𝑟 surrounded by a parcel of gas of 
finite volume 𝑉# = 4𝜋ℛ*/3 with no-flux boundary conditions at the boundaries, which from 
a practical point of view is equivalent to considering a local closed-system. The decrease in 
the amount of element 𝑖 in the gas residue is related to the condensation net flux,  

−∑ (Cℛ$K.ℓ,4
*EFℓ = ∑ Aℓ,4/.ℓ,4B.56,ℓ,43
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The steps in the derivation of the differential equation governing condensation are similar to 
those used to derive Eq. S27 and will not be repeated here, 

KN8,4
K>

= Υ@ Q3G
EF
%C

L#

ℛ$
D1 − 𝑓),@F −

*D94:Q4
√%CEFS94:L

𝑓),@S.    (S32) 

Changing the differentiation variable from 𝑡 to 𝑇, and writing 𝑇 = 𝑇(𝑡), we have,  
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If we parameterize cooling as 𝑇(𝑡) = 𝑇! +Φ𝑡, like in the evaporation section, with 𝑇! the 
starting temperature and Φ (a negative number) the cooling rate, we can write an equation 
similar to Eq. S29 for the solid condensate, 
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Integrating Eq. S29 or S34 starting at a high temperature with the initial condition 𝑓),@ =
0	𝑎𝑡	𝑇 = 𝑇!, we can calculate the fraction of 𝑖 that has condensed as a function of temperature, 
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The numerical values used in the condensation calculation are very similar to those 
used during evaporation. The free parameters are the heating rate and duration of the 
evaporation, which can be constrained by combining measurements of the depletion and 
isotopic fractionation of Eu and Yb. In our calculation, we assume a starting temperature of 
1700 K, at which hibonite is thought to have started condensing but REEs are still mostly in 
the gas phase.   
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Fig. S1. FPLC system. 1. Control station with Labview software. 2. Gas switch. If the 

pressure of the building-supplied high-purity N2 from a nitrogen generator goes below 
60 PSI, the gas source switches to a cylinder of compressed N2. 3. Temperature-
controlled water/reagent reservoirs. 4. Electronic bay and pneumatic PTFE positive 
displacement diaphragm metering pumps. The electronics are within a positively 
pressurized box to avoid contact with acid fumes. 5. Temperature-controlled mixing 
chamber. Reagents introduced by the metering pumps are mixed using a magnetic 
stirring bar controlled by an external pneumatic micromotor. 6. Sample introduction 
loop. 7. Chromatography column. The column is made of a fine PTFE tube (1.6 mm 
inner diameter and 70 cm length here) that runs through a Teflon jacket where water 
is flowing at a set temperature. 8. Stage. A 16-position pneumatic all-plastic stage is 
used to dispense the elution cuts in different beakers. 9. Heating circulating water bath. 
Many modifications were made after (29), notably the conversion to all-pneumatic 
actuation (including fluoropolymer metering pumps), addition of a sample 
introduction loop, migration of the electronics to a positively-pressurized box, and 
development and implementation of a pneumatically-actuated plastic-made 16-
position stage (30). Photo credit: Justin Hu, The University of Chicago. 

 



 

Fig. S2. REE abundance patterns of the 8 CAIs (7 with group II REE patterns) studied 
here, in order of atomic number (15, 34).  

 

  



 

Fig. S3. Scatter plot matrix of 7 group II CAIs. The top right plots are correlations of the 
abundances normalized to CI chondrites, while the bottom left plots are the 
correlations of the stable isotopic fractionations (‰/amu). Circles in grey, red, green, 
yellow, blue, black, purple and orange correspond to CAIs TS32, FG-FT-3, 4, 6, 7, 8, 
9 and 10, respectively. Note that in this diagram, none of the plots displays enrichment 
factor vs. isotopic composition (or vice versa). 



 

Fig. S4. Yb (green) and U (blue) isotopic compositions plotted as a function of their 
depletions relative to Sm in CAIs. The Yb isotopic data are from Table 1, while the 
U isotopic data are from (34). The blue-filled squares are raw U isotopic data (𝛿^U ), 
while the blue filled-circles (𝛿^U_?LL.) have been corrected for decay of 247Cm (t1/2 = 
15.6 My) using an initial 247Cm/235U ratio of 7.0 × 10–5 (34, 59, 60) and using the Nd/U 
ratio as a measure of the fractionation of the Cm/U ratio. As shown, the CAIs show no 
correlation between 𝛿^Yb and 𝛿^U, despite the broad logarithmic correlation of their 
concentrations (34). It is worth noting that the correlation in (34) is visible in 
logarithmic scale but the scatter in the data points around the 1:1 line spans an order 
of magnitude. The lack of correlation between 𝛿^Yb and 𝛿^U could be due to their 
distinct volatilities or due to U mobilization during aqueous alteration of fine-grained 
CAIs (34). 
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Fig. S5. FPLC elution curve of the REEs (A) HCl molarity of the elution solution injected 

in the column as a function of volume. (B) REE recovery as a function of elution 
volume. The chromatography column is 70 cm long, 1.6 mm in diameter, filled with 
1.4 mL of Ln-Spec resin (29), and heated at 70 °C.  



 

Fig. S6. Flowchart of 2-step FPLC elution of the REEs. Each elution in the flowchart uses 
the same gradient elution of HCl displayed in Fig. S5A but ends at different acid 
volume. After the first elution, REEs that are not neighbor to each other (i.e., Sm/Gd/Er 
and Eu/Dy/Yb) are recombined and loaded onto the FPLC system (Fig. S1) for a 
second elution. The Eu cut from the first 0–188 mL elution contains minor Gd, which 
is separated from the second 0–188 mL elution and recombined with Gd cut from the 
0–156 mL elution.  

 

  



Table. S1. Titanium isotopic fractionation (determined by double spike) and isotopic 
anomalies of geostandards and CAIs 

 
εTi is normalized to 49Ti/47Ti = 0.74977; isotopic anomalies and stable isotopic fractionations 
(relative to the OL-Ti standard) using sample-standard bracketing (SSB) are published in (15). Some 
sample names in Table 1 of (15) were incorrect and are corrected in the present table.   

Sample Name
G3 0.21 ± 0.06

BCR2 0.01 ± 0.08 -0.01 ± 0.06
TS32 1.79 ± 0.06 0.45 ± 0.04 9.27 ± 0.09 0.07 ± 0.08 0.04 ± 0.06

ME-3364-22.2 FG-FT-2 1.61 ± 0.50 0.31 ± 0.30 9.76 ± 0.67 0.06 ± 0.12 0.30 ± 0.06
ME-3364-25.2 FG-FT-3 1.76 ± 0.36 0.48 ± 0.23 10.01 ± 0.32 0.24 ± 0.04 0.64 ± 0.06
ME-2639-16.2 FG-FT-4 1.77 ± 0.12 0.42 ± 0.07 9.35 ± 0.13 1.02 ± 0.07 0.99 ± 0.06
ME-2639-49.7 FG-FT-6 2.51 ± 0.55 -0.03 ± 0.40 12.98 ± 0.42 0.57 ± 0.52 0.75 ± 0.06
ME-2639-51.1 FG-FT-7 1.55 ± 0.57 0.25 ± 0.08 6.54 ± 0.30 -0.37 ± 0.19 -0.05 ± 0.06

AL3S5 FG-FT-8 1.52 ± 0.48 -0.46 ± 0.39 8.16 ± 0.88 0.32 ± 0.28 0.69 ± 0.06
AL4S6 FG-FT-9 2.02 ± 0.09 0.12 ± 0.05 13.71 ± 0.07 0.20 ± 0.05 0.36 ± 0.06
AL8S2 FG-FT-10 2.15 ± 1.98 0.53 ± 1.05 9.54 ± 1.53 -0.36 ± 0.57 -0.19 ± 0.06
AL10S1 FG-FT-11 1.97 ± 1.98 0.64 ± 1.05 9.39 ± 1.53 -0.63 ± 0.57 -0.20 ± 0.06

δφTi (DS)ε46Ti ε48Ti ε50Ti δφTi (SSB)



Table. S2. Cup configuration of analyzed REEs.  

  
Faraday cups with * are connected to 1012 Ω amplifiers while the ones unlabeled are connected to 1011 
Ω amplifiers.  

Faraday cups with n are used to normalize the signals of subconfigurations to the main configurations.  

L4 L3 L2 L1 C H1 H2 H3 H4

Ce Main 131Xe - 136Ce 137Ba 138Ce 139La 140Ce 142Ce 145Nd

Nd Main 140Ce 142Nd 143Nd 144Nd 145Nd 146Nd 148Nd 150Nd 152Sm

Sm Main 144Sm 145Nd* 147Sm 148Sm 149Sm 150Sm 152Sm 154Sm 156Gd*

Eu Main - 151Eu 153Eu 156Dy 158Dy 161Dy 162Dy 164Dy 166Er*

Gd Main 150Sm* 152Gd 154Gd 155Gd 156Gd 157Gd 158Gd 160Gd 162Dy*

Dy Main 156Dy* 157Gd* 158Dy 160Dy 161Dy 162Dy 163Dy 164Dy -

Sub - - - - 163Dyn 164Dy - 166Er -

Yb Main 168Yb 170Yb 171Yb 172Yb 173Yb 174Yb 175Lu* 176Yb 180Hf*

Sub 166Er - 169Tm - 171Yb 172Yb 173Ybn - 178Hf

Cup configurations
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