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Abstract Isotope effects are pivotal in understanding sili-
cate melt evaporation and planetary accretion processes. 
Based on the Hertz–Knudsen equation, the current theory 
often fails to predict observed isotope fractionations of labo-
ratory experiments due to its oversimplified assumptions. 
Here, we point out that the Hertz-Knudsen-equation-based 
theory is incomplete for silicate melt evaporation cases and 
can only be used for situations where the vaporized spe-
cies is identical to the one in the melt. We propose a new 
model designed for silicate melt evaporation under vacuum. 
Our model considers multiple steps including mass trans-
fer, chemical reaction, and nucleation. Our  derivations 
reveal a kinetic isotopic fractionation factor (KIFF or α) 
αour model = [m(1species)/m(2species)]0.5, where m(species) is 
the mass of the reactant of reaction/nucleation-limiting step 
or species of diffusion-limiting step and superscript 1 and 2 
represent light and heavy isotopes, respectively. This model 
can effectively reproduce most reported KIFFs of laboratory 
experiments for various elements, i.e., Mg, Si, K, Rb, Fe, Ca, 
and Ti. And, the KIFF-mixing model referring that an over-
all rate of evaporation can be determined by two steps jointly 
can account for the effects of low PH2 pressure, composition, 
and temperature. In addition, we find that chemical reac-
tions, diffusion, and nucleation can control the overall rate 

of evaporation of silicate melts by using the fitting slope in 
ln(− lnf) versus ln(t). Notably, our model allows for the theo-
retical calculations of parameters like activation energy (Ea), 
providing a novel approach to studying compositional and 
environmental effects on evaporation processes, and shed-
ding light on the formation and evolution of the proto-solar 
and Earth-Moon systems.

Keywords Evaporation · Kinetic isotopic fractionation · 
Chemical kinetics · Hertz–Knudsen equation · CAIS

1 Introduction

Evaporation process can significantly change the isotopic 
composition of an object. Refractory calcium-aluminum-
rich inclusions (CAIs) are the oldest silicate solids formed 
in the solar system (Connelly et al. 2012) and have experi-
enced high-temperature evaporation processes (Grossman 
et al. 2000, 2008). Therefore, CAIs have been used to inves-
tigate how the proto-solar system forms and evolves. Con-
sequently, many evaporation experiments of silicate melts 
were designed to measure the kinetic isotope fractionations 
for various isotope systems, e.g., Mg, K, Ca, Ti, Si, and so 
on. All silicate residues under vacuum showed significant 
heavy isotope enrichments compared to their starting materi-
als (e.g., Wang et al. 2001; Richter et al. 2002; Knight et al. 
2009; Mendybaev et al. 2021).

A theory based on the Hertz–Knudsen equation (H–K 
equation hereafter) (e.g., Hirth and Pound 1963) was first 
proposed by Richter et al. (2002) to explain isotope frac-
tionations during the evaporation process. The Rayleigh 
distillation model was also incorporated into the theoreti-
cal treatment to predict the kinetic isotope fractionation 
factor (KIFF) (Richter et al. 2002, 2004). They concluded 
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that the calculated KIFFs based on the H–K equation only 
depend on the molecular mass ratio of gaseous species, 
i.e., αHK = (m1/m2)0.5, where subscript 1 or 2 indicates 
their molecular mass with light or heavy isotope (Richter 
et al. 2002, 2004). Since then, the H–K equation has been 
widely used in the study of evaporation/condensation pro-
cesses in the communities of geosciences and planetary 
sciences (e.g., Wang and Jacobsen 2016; Hu et al. 2021; 
Nie et al. 2021).

However, there is a clear inconsistency between the 
theoretically predicted results based on the H–K equation 
and the experimental ones. For example, for Mg evapora-
tion experiments, the compositions of silicate melts can be 
divided into two types, i.e., melilitic melt and forsteritic 
melt (Mendybaev et al. 2013a, b, 2021). The experimental 
KIFF for Mg of melilitic melt is 0.9870 ± 0.0002 (Richter 
et al. 2007) or 0.9877 ± 0.0004 (Mendybaev et al. 2021). 
Meanwhile, for the forsteritic melt, the experimental KIFF 
is about 0.9840 (Davis et  al. 1990; Mendybaev et  al. 
2013a, b). However, the experimental evidence suggested 
that the vaporized species of those silicate melts is an Mg 
atom (Shornikov and Yakovlev 2015). According to the 
H–K-equation-based theory, the fractionation factor is 
�25
Mg,HK

=0.9798. This KIFF is different from the experi-
mental results (Fig. 3). Another example is the silicon (Si) 
isotope system and the experimental KIFF for Si is 
0.9898 ± 0.0004 (Knight et  al. 2009), 0.9928 ± 0.0002 
(Davis et al. 1990) or 0.9910 ± 0.0005 (Mendybaev et al. 
2021), but the theoretical KIFF is �29

SiO,HK
= 0.9917(Fig. 4) 

since the dominant vaporized species is found as SiO.
Meanwhile, there are some predictions based on the 

H–K equation that do match the experimental results 
very well. For example, the experimental KIFF is 
0.9812 ± 0.0004 for Fe in wüstite (pure FeO) melt (Dau-
phas et al. 2004), 0.9748 ± 0.0012 at 1200 °C for K (Zhang 
et al. 2021) and 0.9562 for Ca in perovskite  (CaTiO3) 
(Zhang et al. 2014), then they are close to the results based 
on the H–K equation, i.e., �56

Fe,HK
= 0.9820 , �41

K,HK
= 0.9753 

and �44
Ca,HK

= 0.9535 (Fig. 5), respectively.
Note that the reported gas pressure also can signifi-

cantly change the evaporation results (e.g., Wimpenny 
et al. 2019; Sossi et al. 2020; Badro et al. 2021). How-
ever, we focus on the simplest situation here, i.e., the 
evaporation occurs under vacuum conditions. On the other 
hand, how to interpret both mismatching and matching 
results? It could be explained if we change the vaporized 
gas species to other forms (Davis et al. 1990; Wang et al. 
2001; Mendybaev et al. 2021). For example, Magnesium 
escapes melt as MgO instead of Mg species, but it is not 
supported by experiments and calculations (Fedkin et al. 
2006; Shornikov and Yakovlev 2015).

In this study, we point out that under ideal vacuum 
conditions, the H–K-equation-based theory is improper 
for silicate melt cases. Then we rebuild the isotope frac-
tionation theory for the evaporation of silicate melts in 
vacuum by introducing the mass transfer, reaction, and 
nucleation steps.

2  Methods

2.1  The H–K‑equation‑based isotope fractionation 
theory

The essence of the H–K equation is its clear expression of 
the evaporation flux (Hirth and Pound 1963): 

where Je
i
 is the evaporation flux of i in moles per unit second 

per unit area and it represents the rate of collision with the 
gas–melt interface for gaseous species containing i , �i is the 
evaporation coefficient of i , Pi,sat is the saturation vapor pres-
sure of i , mi is the molecular mass of gaseous species con-
taining i , R is the gas constant, T  is temperature in Kelvin.

The H–K equation was applied to calculate isotope frac-
tionations for evaporation of silicate melts, usually coupling 
with the Rayleigh distillation model (Richter et al. 2002, 
2004):

where α is the KIFF and � =
�2P2,sat

�1P1,sat

√

m1

m2

 ; f = X1

X0,1

 ; R2,1 is the 

ratio of heavy and light isotopes of a given element i , m1 and 
m2 are the molecular masses of the gaseous species with 
light and heavy isotopes; X1 and X2 are the mole fractions of 
light and heavy isotopes in the evaporation residue, respec-
tively; R0 is the ratio of heavy and light isotopes, X0,2

X0,1

 , in 
starting materials where X0,1 and X0,2 are the moles of light 
and heavy isotopes, respectively; f is the fraction of the resi-
due melt. Besides, Eq. (3) indicates an experimental meth-
odology to obtain KIFF; further details can be found in 
Richter et al. (2002, 2007).

For solving � =
�2P2,sat

�1P1,sat

√

m1

m2

, usually it is assumed that �2
�1

 

equals to 1. Bourdon and Fitoussi (2020) found that the 
evaporation coefficient is a function of temperature and their 
ratio should be close to 1 if under sufficiently high tempera-
ture, so neglecting the isotope effect of evaporation coeffi-
cients is reasonable because the studied silicate melts are 

(1)Je
i
=

�iPi,sat
√

2�miRT

(2)R2,1

R0

=
(

X1

X0,1

)�−1

(3)ln
(

R2,1

R0

)

= −(1 − �) ln f
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under high temperatures. Therefore, � = �eq
√

m1

m2

 by rewrit-

ing the ratio of partial saturation pressure into equilibrium 
isotope fractionation factor �eq , if it is under sufficient high-
temperature conditions (Bigeleisen 1961). Another assump-
tion is that �eq can be treated approximately as 1 if under 
high temperature suggested by classical isotope fractionation 
theory (Urey 1947; Bigeleisen and Mayer 1947). For Mg-
bearing silicate melt evaporation at 1673 K, �eq = 0.99989 
from the experiment (Richter et al. 2002) and �eq = 0.99969 
from first-principles calculations (Luo et al. 2018). There-
fore, it can be safely assumed that �eq ≈ 1 under sufficient 
high temperatures. Consequently, the KIFF becomes 
�HK ≈

√

m1

m2

 , which is a simple and beautiful equation 

derived from the H–K equation, where m1 and m2 are the 
molecular mass of vaporized species with light and heavy 
isotopes, respectively (Richter et al. 2002, 2007; Richter 
2004; Knight et al. 2009; Mendybaev et al. 2021).

Theoretically, the H–K equation can be used to study 
the evaporation flux, the frequency of collision of a species 
crossing the interface between gas and solution/melt (Hertz 
1882; Knudsen 1909; Langmuir and Irving 1913). However, 
practically the H–K equation can be used only under these 
conditions when (i) the pressure of a system is sufficiently 
low so that there is no recondensation process, (ii) the sur-
face of melt is not contaminated with species that may retard 
the removal of gaseous species and (iii) the composition of 
the vaporizing species is the same as one in the melt (Hayes 
2014). The prerequisite of the H–K equation, i.e., its rate is 
maximum in vacuum when its evaporation coefficient is unit, 
will be destructed if conditions (i) and (ii) are not met. And 
we can get its expression via a more readily process, i.e., the 
condensation of gases can be described well with the kinetic 
theory of gases (Kennard 1938). Importantly, it leads to that 
the species of both sides must be the same (Fig. 1a), which 
is the condition (iii).

Silicate melts contain complicated network structures 
consisting of different oxides, e.g.,  SiO2, MgO, CaO,  Al2O3, 
and  K2O, however, vaporized species are small molecules, 
e.g., Mg(g), MgO(gas), SiO (gas),  SiO2 (gas),  O2, and other 
complex molecules (Shornikov and Yakovlev 2015). In other 
words, the decomposition process may take place, and tak-
ing Mg as an example, it is Mg-bearing silicate → Mg(gas) 
instead of Mg(melt) → Mg(gas) for the H–K equation. 
Therefore, we propose that the H–K equation may not be 
suitable for the evaporation process of silicate melts, since 
the composition of silicate melt is not identical to gas spe-
cies (Fig. 1b). Maybe it is the reason that causes dispari-
ties existing between experiments of silicate evaporation 
and KIFF predicted by the H–K equation. For situations of 
Fig. 1b, we present a better model or theory that can over-
come the shortage of the H–K equation.

2.2  Our model

2.2.1  Theoretical foundation

Here we present a model to describe the evaporation of sili-
cate melts. Before that, some assumptions must be given: (i) 
the rate of an evaporation process is controlled by chemical 
reactions, mass transfer, and nucleation processes; (ii) the 
overall rate of evaporation is dominated by the rate-limiting 
step. As a result, more details can be deduced via these two 
prerequisites with heterogeneous reactions where Phase 
I and II represent melt and gas phases, respectively. The 
evaporation process we describe refers to elements escaping 
out of Phase I through various mechanisms, such as chemi-
cal reaction, mass transfer, and/or nucleation (see Fig. 2). 
And, we don’t consider those M-bearing species have left 
the interface, as only residual M-bearing species in the 
melt is used to calculate KIFF in experiments (e.g., Richter 
et al. 2002, 2007). Chemical reactions for evaporation can 
either occur inside of the melt as implicated by the works 

Fig. 1  Schematic diagram of 
a the H–K equation and b our 
model for free evaporation. The 
circles to the right of square 
represent the magnified struc-
ture at atomistic level. Circles 
with different colors represent 
different species
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of Townsend et al. (2020) and Caracas and Stewart (2023) 
or at the interface between gas and melt suggested by Hayes 
(2014). The mass transfer can take place anywhere due to 
differences in concentration.

The whole process consists of 5 reactions/steps as illus-
trated in Fig. 2, and each of them can influence the overall 
rate. Therefore, we must analyze how these reactions/steps 
affect the overall rate. There are three cases, i.e., mass trans-
fer, chemical reactions, and nucleation.

2.2.1.1 Case (a): mass transfer in  Phase I (i.e., silicate 
melt) or phase II (i.e., gas) is the rate‑limiting step Firstly, 
given that mass transfer in silicate melts is rate-limiting, its 
rate in Phase I for element M is expressed as follows, 

(4)
(

dn

dt

)

I
= area × kMI

(

CI − Ci
I

)

Secondly, if the overall evaporation process is controlled 
by mass transfer from interface into gas, its rate in Phase 
II is,

where kMI and kMII are the mass transfer coefficient of 
M-bearing species in Phase I or II, respectively; CI or Ci

I
 

denotes the concentration of M-bearing species in bulk 
Phase I or at interface near Phase I; Similarly, CII and Ci

II
 are 

the concentration of M-bearing species in bulk Phase II or 
at interface near Phase II, respectively; area is the surface 
area of the sphere of experimental sample.

In this scenario, the rate of chemical reactions in bulk 
Phase I and at the interface is so fast that these reactions 
approach local equilibrium. If reactions at the interface are 
assumed as a first-order reaction, we can get,

k3 and k4 are rate constants of forward and back reaction, keq 
is the equilibrium constant of reaction at interface.

Also, Ci
II
 is equal to CII when mass transfer in Phase I is 

the limiting step, and  Ci
I is equal to CI for mass transfer 

of Phase II dominating evaporation. Then, Eqs. (4) and (5) 
become, respectively, 

In this scenario, mass transfer is slow. Theoretically, we 
can see the concentration gradient in the profile of silicate 
melt or gas phase (Sossi et al. 2020; Zhang et al. 2021).

The mass transfer in the above equation consists of advec-
tion and diffusion. If diffusion is dominant in this case, the 
rate of Case (a) can be described via the diffusion equation 
(Richter et al. 2002; Sossi et al. 2020).

2.2.1.2 Case (b): Chemical reactions in  bulk phase I 
or at interface are the rate‑limiting steps Chemical reac-
tions can take place in bulk Phase I or at the interface sepa-
rately, or both. Here we take reactions in bulk Phase I as an 
example to illustrate.

The rate of chemical reaction in bulk Phase I is deter-
mined by the rate constant and concentration of reactant 
and product. We assume that it is a decomposition reaction 
at such a high temperature under vacuum:

(5)
(

dn

dt

)

II
= area × kMII

(

Ci
II
− CII

)

(6)k3C
i
I
= k4C

i
II

(7)
Ci
I

Ci
II

=
k4

k3
= keq

(8)
(

dn

dt

)

I
= kMI

(

CI − CIIk
eq
)

(9)
(

dn

dt

)

II
= kMII

(

CI

keq
− CII

)

Fig. 2  The whole steps an evaporation process can experience. n is 
the amount of substance; (dn/dt) represents the rate of an interested 
element escape from Phase I; (dn/dt)I or (dn/dt)II is the rate of mass 
transfer in Phase I or II, respectively. (dn/dt)nucleation is the rate of 
nucleation. k1 or k2 is the rate constant of forward or reverse reaction 
in bulk Phase I, respectively. k3 or k4 is the rate constant of forward 
or reverse reaction at interface between Phase I and Phase II, respec-
tively
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And the rate for this process is

where nA is the amount of substance of A; CA, CB, and CC 
are the concentration for A, B, and C, respectively. V is the 
volume of melts. The relation between n and C is n = CV.

If the products B and C can be removed rapidly into vac-
uum, the rate is equal to Vk1CA . Note that this illustration 
for reactions in Bulk Phase I is also suitable for those at the 
interface.

The most significant difference between our model and 
the H–K equation is that chemical reactions are considered.

2.2.1.3 Case (c): nucleation The nucleation usually occurs 
in phase transformation. It is another fundamentally kinetic 
process that has been studied systematically (Carey 2020). 
And, we believe that evaporation of silicate also experiences 
the nucleation process, since it involves melts-gas transfor-
mation. The nucleation here refers to the formation of initial 
small species. For instance, MgO(melt) → MgO(gas) and 
 SiO2(melt) →  SiO2(gas).

2.2.2  Isotopic fractionation factor of our model

2.2.2.1 Isotopic fractionation factor based on case (a) For 
Case (a), mass transfer is the rate-limiting step, thus this 
process also controls KIFFs. Mass transfer goes as advec-
tion and diffusion, but till now, the diffusion process is more 
considered compared to advection in the field of evaporation 
for silicate melt.

According to Case (a), there are two scenarios, i.e., mass 
transfer taking place from the interface into gas or inside of 
silicate melt. The former process has been studied well and 
is connected to the H–K equation to give a net flux expres-
sion for evaporation (Richter et al. 2002; Sossi et al. 2020),

Both equations indicate that the net flux will be controlled 
by diffusion if the rate of species i from the interface into the 
surrounding gas is very slow. Its KIFF can be expressed as 
D2/D1 or (D2/D1)2/3 (Richter et al. 2002; Sossi et al. 2020). In 
vacuum, D is proportional to the square root of the mass of 
evaporating species, i.e.,  m0.5, and the KIFF we predict here 
has the same result if the species of diffusion is the same as 
the vaporized one.

(10)A = B + C

(11)−
dnA

dt
= V

(

k1CA − k2CBCC

)

(12)Jnet =
Ji

(

1−
Pi,∞

Pi,sat

)

1+
�ia

Di

√

RT

2�mi

(13)Jnet =
Ji

1+
�iP

kc
√

2�miRT

�

1−exp (�)erfc
√

�

�

When the mass transfer from interface into gas is the rate-
limiting, the concentration at interface will be equal to that 
of bulk silicate melt due to fast mass transfer in silicate melt, 
i.e., CI = Ci

I
 . If the reaction at interface is so rapid that it can 

reach local equilibrium, i.e., C
i
II

Ci
I

=
1

keq
 , where keq is the equi-

librium constant of the reaction at interface. And there is no 
significant concentration of evaporating gas, i.e., CII ≈ 0 , 
and no advection occurs under vacuum, so we can get an 
expression as follows, 

where kMI =
2D

d
 under vacuum (Niranjan 2022), d is the 

diameter of the sphere of experimental samples, CI is the 
concentration in melt.

As the result of the equilibrium isotopic fractionation, 
i.e., keq

1
∕k

eq

2
 , approaching unit at high temperature (Urey 

1947; Bigeleisen and Mayer 1947), we can derive the 
KIFF by Eq. (14) combined with dn/dt = V(dCI/dt) under 
vacuum,

The result of Eq. (15) is identical to the result of Richter 
et al. (2002).

In addition, when there is gas flow in a surrounding melt, 
mass transfer can be classified into two parts, i.e., natural 
convection and forced convection, based on the velocity of 
gas flow. It is natural convection for low velocity of gas flow, 
otherwise, it is forced convection. kMI in Eqs. (8) and (9) is 
proportionate to D2/3 for natural convection (Chilton and 
Colburn 1934; Wimber et al. 1977), so the KIFF is (µ1/µ2)1/3 
where µ is the reduced mass of evaporating gas and sur-
rounding gas species (Sossi et al. 2020). The experiment 
of Badro et al. (2021) suggests that advection, i.e., the fast 
velocity of gas flow on the order of 8–10 m/s, also affects 
isotopic fractionation during evaporation. This is because 
the theory for vacuum and 1-atm (Richter et al. 2002; Sossi 
et al. 2020) cannot explain the observed KIFF in that experi-
ment. However, solving isotopic fractionation caused by 
advection is not in the scope of our study.

In the end, it turns to mass transfer taking place inside 
of silicate melt is rate-limiting, thus concentration gradient 
should occur in a profile of melt which has been observed 
by experiments (e.g., Sossi et al. 2020; Zhang et al. 2021). 
And, some theoretical treatments employing diffusions 
were presented (Richter et al. 2002; Sossi et al. 2020; 
Zhang et al. 2021), which leads to a consequence that its 
KIFF is the square root of the ratio of diffusion coefficient 
of light and heavy isotope inside of melt. However, there 
are so many cases where concentration is homogeneous 
in melt due to fast diffusion (Richter et al. 2007, 2011; 

(14)
(

dn

dt

)

II
=

2DCI

dkeq

(15)KIFF ≈
D1

D2

=
√

m2

m1
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Knight et al. 2009; Mendybaev et al. 2021), and significant 
disparities still occur for KIFFs taking place in this situa-
tion, meaning this is not the real cause for the disparities.

2.2.2.2 Isotopic fractionation factor based on  cases (b) 
and (c) We stress that the H–K equation is not suitable 
for the system in which chemical reactions occur (Hayes 
2014). In case (b) where the rate of chemical reactions is 
slow compared to mass transfer, the KIFFs are dominated 
by chemical reactions. At the same time, it is a reasonable 
assumption that reactions are decomposition reactions for 
the evaporation process under vacuum.

The multi-step sequential chemical kinetics model 
(MSCKM) and the transition state theory (TST) (Eyring 
1935) are employed here to deal with the isotope fractiona-
tions for the chemical reactions process. TST has already 
been successfully used in the evaporation processes in vac-
uum by many researchers (e.g., Searcy and Beruto 1974; 
Cappa et al. 2007).

If based on the TST, an elementary (or one-step) 
decomposition reaction is given as

An activated complex or transition state,X‡ , will exist 
in the reaction process. Therefore, the elementary reaction 
can be represented as:

Two important assumptions are made here: (i) Acti-
vated complex and reactant are in chemical equilibrium; 
(ii) Once the activated complex is decomposed to the prod-
uct, it won’t be formed in a backward way.

The TST can also lead to the rate equation of an ele-
mentary reaction, which is very similar to the flux expres-
sion equation of evaporation [Eq. (1)]. Assuming that the 
condensation phase is in isotopic homogeneous condition 
due to fast diffusion, the rate of an elementary decomposi-
tion reaction can be expressed as (Bigeleisen 1949)

where X is the amount of substance of reactant in melt; K 
is the transmission coefficient;− dX

dt
 is the reaction rate; Qrct 

and Q‡ are the partition functions for reactant and activated 
complex, respectively; k is the Boltzmann constant; T is the 
temperature in Kelvin; � is the effective mass of activated 
complex; � is the length of the top of the potential energy 
barrier; V  is the volume of melts.

Equation (18) can be expressed for different isotopo-
logues with heavy or light isotope, respectively:

(16)X → A + B

(17)X ⇌ X‡
→ A + B

(18)−
dX

dt
= K

Q‡

Qrct

√

kT

2��

1

�

X

V

where � is assumed as mrct for the decomposition reaction 
here, m1,rct and m2,rct are the mass of reactant species with 
light and heavy isotopes, respectively. It has been further 
approved that, if under very high temperatures , �1 = �2 and 
K1 = K2 (Bigeleisen 1949). Based on Eqs. (19–20), we can 
get an expression:

By comparison, the H–K equation method also can 
derive a very similar equation (Richter 2004):

And we know that the KIFF derived from the H–K equa-
tion is ≈

√

m1

m2

 , where m1 and m2 are the molecular mass of 

vaporized species with light and heavy isotopes, respectively 
(Richter et al. 2002, 2007; Richter 2004). It means that the 
KIFF depends on the type of vaporized gas species. Simi-
larly, based on the MSCKM, its KIFF is expressed as 

We know that α‡eq ≈ 1 at sufficiently high temperature. 
Then,

Note that Eq. (24) is almost similar to the KIFF derived 
from the H–K equation, but it depends on the masses of 
reactant species with different isotopes.

For Case (c), its KIFF is similar to Case (b) and 
depends on the mass of the condensation phase like 
MgO(melt) or  SiO2(melt) for MgO(melt) → MgO(g) or 
 SiO2(melt) →  SiO2(g), respectively.

After instructing the isotopic fractionation factor based 
on Cases (a), (b), and (c), we try to give our description of 
the evaporation of silicate melts. Because silicate melts have 
the structure of networks, the process of evaporation often 
contains a series of steps, including reaction, diffusion, and 
nucleation, 

(19)−
dX2
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where M which is vaporized species under thermody-
namic equilibrium can be a single metal atom (e.g., Mg) 
or a multi-atomic species (e.g., SiO), whereas  MO1 is a 
reactant in chemical reactions like MgO → Mg + 0.5O2 
and  SiO2 → SiO + 0.5O2. It is noticed that not all of these 
four steps are reactions. Step (I) may involve reactions and 
nucleation and (II) are reactions, whereas Step (III) and 
(IV) are mass transfer processes. For Step (I), elements 
are generally presented as cations that bond to oxygen to 
form a network structure, e.g., tetrahedra  (SiO4) and net-
work-modifiers (e.g., Mg). Recent simulation of Caracas 
and Stewart (2023) showed polymers, e.g.,  SiO4 and  Si2O7, 
would decrease, but species SiO and  SiO2 would increase 
with temperature rising, indicating that the  SiO4 tetrahedra 
of silicate melt will break up, leading to the appearance of 
some small species like SiO and  SiO2 inside of melts. And 
we believe that the appearance of  SiO2 and SiO molecules 
is a result of nucleation, e.g.,  SiO2(melt) →  SiO2(gas), and 
reaction, e.g.,  SiO2 → SiO + O or 0.5O2. The latter is Step 
(II) and it occurs not only inside of melts but in surround-
ing gas if  SiO2 escapes out of melts. Then, mass transfer 
of  SiO2 and SiO can take place from melt into surrounding 
gas, leading to the observation of them using Knudsen effu-
sion mass spectrometry (KEMS) (Shornikov and Yakovlev 
2015), which are Steps (III) and (IV). The above is a possible 
process inferred by simulation (Caracas and Stewart 2023).

M(melt)’s isotopic composition is a weighted average of 
the isotopic composition of all M-bearing components in 
melt that consist of tetrahedra and molecules of SiO and 
 SiO2 when taking Si as an example. As known, the slowest 
reaction step determines the rate of the overall process, then 
it is easy to learn that the KIFF of the overall process is con-
trolled by the rate-limiting reaction as well, which has been 
used in catalysis (Liu et al. 2016). According to Eq. (24), the 
KIFF of an overall process is therefore: 

where m(species of the rate-limiting step) is the mass of 
the reactant for the reaction-limiting/nucleation-limiting 
step or species of diffusion-limiting step, so species of 

(I)
MOx(networks or network −modifiers)

breaks up, small species
(

MO1

)
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(II)MO1 → M + 0.5O2
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the rate-limiting step can be  MO1 or M, theoretically; and 
superscript 1 and 2 represent light and heavy isotopes, 
respectively.

3  Results

The KIFFs of the H–K equation are calculated as (m1/m2)0.5 
where m is the molecular mass of gaseous species with differ-
ent isotopes. Our model’s KIFFs are calculated using Eq. (25). 
Those experiments under vacuum and some under gas pressure 
are selected for comparison.

Figures 3, 4, and 5 show the comparisons of KIFFs between 
experiments, the H–K equation, and our model.

4  Discussion

4.1  How to diagnose kinetics of an evaporation process

Before interpreting reported KIFFs of laboratory experi-
ments using our model, it must be made clear whether an 
overall evaporating process of silicate melts is controlled 
by diffusion, reaction, or nucleation. An equation has been 
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Fig. 7  Data of K plotted using Eq. (26). Data from Zhang et al. (2021) and Richter et al. (2007)
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presented to diagnose different kinetics by previous work 
(Sharp et al. 1966; Carter 1961; Hancock and Sharp 1972):

where f is the fraction of an interested element remaining in 
residue after evaporation, t is evaporating time, and B and 
m are constants.

Three groups, i.e., the diffusion-controlled process, the 
phase-boundary-controlled/first-order reaction, and the 

(26)ln (−lnf ) = lnB + mln(t)

reactions that obey the Avrami-Erofe’ev equation, can 
be distinguished according to the value of m (Hancock 
and Sharp 1972). If m ranges from 0.54 to 0.62, it is a 
diffusion-controlled process; if m is from 1.00 to 1.11, it 
is a phase-boundary-controlled or first-order reaction; if 
m is from 2.00 to 3.00, it is the Avrami-Erofe’ev equation 
which is used to describe the nucleation reaction (Hancock 
and Sharp 1972).

Table 1  Slopes ms calculated using Eq. (26) for starting materials, size, temperature and pressure

a From Mendybaev et al. (2013a); bfrom Wang et al. (2001); cfrom Richter et al. (2007); dfrom Mendybaev et al. (2021); efrom Richter et al. 
(2002); ffrom Zhang et al. (2021); gfrom Richter et al. (2011); hfrom Zhang et al. (2014); ifrom Sossi et al. (2020). N-MORB and PNB are abbre-
viations of normal mid-ocean ridge basalt and primitive natural basalt, respectively. Uncertainty of standard error  (SE) is calculated by stats 
models which is one module of Python

Starting materials Size (mm in 
diamter)

Temperature 
(°C)

Pressure m 2 SE

Mg FUN1a 2.5 1900 Vacuum 1.63 0.45
Mg Solar  compositionb 6 2000 Vacuum 1.17 0.22
Mg Solar  compositionb 6 1800 Vacuum 0.66 0.23
Mg CAIBc 2.5 1900 Vacuum 2.56 1.33
Mg CAIBc 2.5 1800 Vacuum 2.23 0.32
Mg CAIBc 2.5 1700 Vacuum 1.63 1.55
Mg CAIBc 2.5 1600 Vacuum 2.14 1.12
Mg CAI4B2d 2.5 1600 Vacuum 1.71 0.49
Mg CAI4B2d 2.5 1600 2×10−4 bar 1.37 0.17
Mg BCAIe 1500 2×10−4 bar 1.28 1.10
Si FUN1f 2.5 1900 Vacuum 2.12 0.68
Si Solar  compositionb 2000 Vacuum 0.76 0.15
Si Solar  compositionb 1800 Vacuum 0.65 0.13
Si CAIBc 2.5 1900 Vacuum 1.18 0.21
Si CAIBc 2.5 1800 Vacuum 1.11 0.27
Si CAIBc 2.5 1600 Vacuum 1.14 0.52
Si CAI4B2d 2.5 1600 Vacuum 1.49 0.33
Si CAI4B2d 2.5 1600 2×10−4 bar 1.35 0.34
Si BCAIe 1500 2×10−4 bar 1.32 0.72
K N-MORB-like  meltf 2.5 1400 Vacuum 1.19 0.23
K N-MORB-like  meltf 2.5 1200 Vacuum 0.68 0.02
K Chondrule-like  meltg 2.5 1470 Vacuum 0.68 0.23
Ca Molten  perovskiteh 4 2005 Vacuum 0.77 0.08
Ti Molten  perovskiteh 4 2005 Vacuum 0.68 0.29
Rb N-MORB-like  meltf 2.5 1400 Vacuum 0.78 0.11
Rb N-MORB-like  meltf 2.5 1200 Vacuum 0.91 0.17
Cu PNB-like  melti 1 1500 1 atm, logfO2 = −0.68 and ΔFMQ = 4.72 0.68 0.06
Cu PNB-like  melti 1 1300 1 atm, logfO2 = −0.68 and ΔFMQ = 6.62 0.97 0.02
Cu PNB-like  melti 1 1400 1 atm, logfO2 = −3.07 and ΔFMQ = 3.2 –0.32 0.78
Zn PNB-like  melti 1 1500 1 atm, logfO2 = −0.68 and ΔFMQ = 4.72 0.62 0.22
Zn PNB-like  melti 1 1300 1 atm, logfO2 = −0.68 and ΔFMQ = 6.62 1.04 0.06
Zn PNB-like  melti 1 1400 1 atm, logfO2 = −3.07 0.44 0.74
Zn PNB-like  melti 1 1400 1 atm, logfO2 = −5.5 0.45 0.55
Zn PNB-like  melti 1 1500 1 atm, logfO2 = −8 0.73 0.45
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Previously published Mg and K data are plotted by 
ln(− lnf) versus ln(t) in Figs. 6 and  7, respectively. More 
slopes (m) calculated using Eq. (26) are compiled in Table 1.

There are three different slopes, i.e., 0.66 ± 0.23, 
1.36 ± 0.17, and 2.23 ± 0.32 (Fig. 6). It proves that evapora-
tion for silicate melt can be limited by diffusion, reaction, or 
nucleation. Our model is repeatedly emphasizing this point.

In addition, we want to discuss the rationality of those 
kinetics from a thermodynamic view. Theoretically, the 
evaporation process happens when the energy exceeds the 
maximal activity energy (Ea) of reaction or nucleation. The 
reported Ea is 553 ± 32 kJ/mol and 564 ± 42 kJ/mol for Mg 
and Si systems under vacuum (Mendybaev et al. 2021). 
However, the detailed Ea for each step remains unknown. 
But based on the transition state theory, Ea is higher than its 
enthalpy of formation. For instance, the enthalpy of forma-
tion is up to 591 kJ/mol for  SiO2(melt) →  SiO2(gas) (Chase 
1998). It was suggested as the limiting step by Hashimoto 
(1990). It is 453 kJ/mol for  SiO2 → SiO + O, and 589 kJ/
mol for MgO(melt) → MgO(gas) whereas 334 kJ/mol for 
MgO → Mg + O (Chase 1998). It is reasonable because the 
maximal enthalpy of formation above is lower than or close 
to the observed Ea indeed.

4.2  The explanations about experimental KIFFs

For magnesium isotope, the reported experimental KIFFs 
are closely related to the melt composition, e.g., melilitic and 
forsteritic melts (Fig. 3). The experimental and thermody-
namic calculation both suggest the evaporating species as 
Mg atom for the systems including melilitic and forsteritic 
melt (Fedkin et al. 2006; Shornikov and Yakovlev 2015). If 
based on the H–K equation, the KIFF is �25

Mg

=(24/25)0.5 = 0.9798 and is different from almost all experi-
mental results, e.g., Davis et al. (1990), Richter et al. (2002, 
2007) and Mendybaev et al. (2013a, b, 2021). But Davis 
et al. (1990) and Wang et al. (2001) found that it could match 
well using the H–K equation if the evaporating species was 
MgO, whereas this species was not supported by observation 
and calculation.

Here, we can give a simple and reasonable explanation. 
First, it is normal that mass transfer of species Mg atom also 
cannot explain observed results, because diffusion is not 
observed except the result at 1800 °C of Wang et al. (2001) 
(see Table 1). Table 1 shows that the rate is controlled pos-
sibly by nucleation for melilitic melts including CAIB, 
CAI4B2, and BCAI starting materials, whereas it could be 
any for forsteritic melts for Solar composition and FUN1. 
M e a nw h i l e ,  t h e  n u c l e a t i o n - l i m i t i n g  s t e p 
[MgO(melt) → MgO(gas)] and reaction-limiting step 
(MgO → Mg + 0.5O2) have the same predicted KIFFs based 
on our model, i.e., �25

MgO
=(40/41)0.5 = 0.9877, which can pro-

vide key information about the kinetic mechanism of evapo-
ration. We believe that KIFFs are the results of kinetic pro-
cesses during evaporation, so slope m and KIFFs can be 
coupled with each other. Hence, the expected value of KIFF 
of nucleation MgO(melt) → MgO(gas) matches experiments 
of melilitic melts well. However, it does not match those of 
forsteritic melts (Fig. 3). For forsteritic melts, it is not the 
same as the evaporation of melilitic melts for which a single 
step can reproduce its experimental KIFFs and may encoun-
ter a little bit complex situation where both of reactions 
[Step (i)] and mass transfer [Step (ii)] dominate overall rate 
jointly, resulting in a consequence that the expected KIFF 
value based on our model is among two end-number, e.g., 
�25
Mg

=(24/25)0.5 to �25
MgO

=(40/41)0.5, with accordance of 
Sect. 4.4. As a result, it is reasonable for KIFFs of forsteritic 
melts because our model can predict it in theory. Meanwhile, 
we can diagnose this mechanism via slope m in Eq. (26) in 
principle, then there are two possibilities to interpret the ms 
of forsteritic melts (Table 1). The first one is that, it is nucle-
ation-limiting or reaction-limiting for FUN1 if considering 
uncertainty and is reaction-limiting or diffusion-limiting for 
solar composition at 2000 or 1800 °C, respectively. But its 
expected KIFFs based on this possibility are inconsistent 
with experimental ones. The second one is that ms are the 
results of the mixing of diffusion and nucleation. Hence, we 
prefer the second possibility.

For the silicon isotope system, the thermodynamic calcu-
lation and the results of KEMS both showed that the vapor-
ized species is SiO(gas) dominantly with some  SiO2 mole-
cules (Fedkin et al. 2006; Shornikov and Yakovlev 2015). 
The KIFF based on the H–K equation is = �30

SiO

(44/46)0.5 = 0.9780, which is not consistent with all of the 
experimental results (Fig. 4). In terms of our model, Table 1 
shows that evaporation of CAIB and CAI4B2 seemly is con-
trolled by chemical reaction. As we know, the predicted 
KIFF  o f  r eac t i on   S iO 2 →  S iO  +  O  i s  =  �30

SiO2

(60/62)0.5 = 0.9837, and mismatch the result of either 
CAI4B2 or CAIB but solar composition (Fig. 4). However, 
the KIFFs of CAIB, CAI4B2, and FUN1 indicate a conse-
quence of mixing of mechanisms, i.e., diffusion of species 
SiO and chemical reaction/nucleation. Both KIFFs and ms 
indicate the kinetic mechanisms, so they seem to be para-
doxical. How to reconcile KIFFs and ms? One explanation 
is that their overall evaporation is controlled by two kinetics 
jointly, so these ms of CAIB, CAI4B2, and FUN1 are also 
among two end-numbers, whereas it is determined solely by 
the diffusion of species  SiO2 for solar composition. For 
molten  Mg2SiO4, its KIFFs are larger than = �30

SiO2

(i)MgO(gas) → Mg(gas) + O(gas)

(ii)MasstransferofMgatom
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(60/62)0.5 = 0.9837 and cannot be explained and may be 
affected by additional recondensation processes.

For the potassium isotope system, thermodynamic calcu-
lation showed that the vaporized species is K(gas) (Fedkin 
et  al. 2006). The KIFF based on the H–K equation is 
�41
K

 = (39/41)0.5 = 0.9753, which is discrepant with Richter 
et al. (2011) at 1470 °C, but is very close to the observed 
result of Zhang et al. (2021) at 1200 °C. And the result with 
the uncertainty of Zhang et al. (2021) at 1400 °C covers 
n e a r l y  f r o m  =  �41

K
( 3 9 / 4 1 ) 0 . 5  =  0 . 9 7 5 3  t o 

�41
K2O

 = (94/98)0.5 = 0.9794. Besides the explanation of diffu-
sion-limited evaporation based on the H–K equation (Zhang 
et al. 2021), we also can provide another one. The KIFFs 
derived from the H–K equation and mass transfer of species 
K atom are the same, so this mass transfer in our model 
explains the experiment of Zhang et al. (2021) at 1200 °C, 
which is proved using Eq. (26), while it is a reaction-limiting 
step for the experiment of Zhang et al. (2021) at 1400 °C 
(Table 1). However, it is diffusion-limiting for the work of 
Richter et al. (2011) under vacuum (Table 1), and a possible 
mechanism is the diffusion of species  K2O controlling the 
overall rate of evaporation to reconcile its KIFF and m. As 
for rubidium (Zhang et al. 2021), two ms (Table 1) are cou-
pling to two KIFFs (Fig. 5), respectively, and those two 
KIFFs are close to = �87

Rb2O
(186/190)0.5 = 0.9894 instead of 

�87
Rb

 = (85/87)0.5 = 0.9884 (Fig. 5), meaning our model is use-
ful again.

For the iron isotope system, the vaporized Fe-bearing 
species is the Fe molecule suggested by the thermodynamic 
calculation (Fedkin et  al. 2006) and the KEMS system 
(Costa et al. 2017; Plante et al. 1992). So considering the 
H–K equation, the KIFF is = �56

Fe
(54/56)0.5 = 0.9820, which 

is quite close to the experimental data of wüstite, but not 
consistent with another experiment (Fig. 5; Dauphas et al. 
2004). We can give a simple explanation for this based on 
our model under the condition where m is lacking because 
information about evaporation time, i.e., lnt, is not reported 
in Dauphas et al. (2004). Our model can predict two KIFFs, 
�56
Fe

 and = �56
FeO

(70/72)0.5 = 0.9860 theoretically. The former 
requires gaseous Fe atom as the diffusion species to explain 
the experiment of wüstite (Dauphas et al. 2004; Fig. 5). 
The latter requires the nucleation [FeO(melt) → FeO(gas)] 
or chemical reaction (FeO → Fe + O) mechanism, which is 
close to the observed value of the solar composition (Dau-
phas et al. 2004; Fig. 5).

For the calcium isotope system, the reported KIFF from 
the experiment is roughly consistent with the expected value 
based on both the H–K equation and mass transfer as the 
explanation for Mg, Si, K, and Fe system (Zhang et al. 2014; 
Fig. 5), owing to that the vaporized species was suggested as 

Ca atom (Shornikov and Yakovlev 2015; Shornikov 2020). 
Also, it is true for the titanium isotope system (Zhang et al. 
2014), its KIFF also can be reproduced roughly via both the 
H–K equation and our model with observed evaporating spe-
cies, i.e.,  TiO2 (Shornikov and Yakovlev 2015; Shornikov 
2020; Fig. 5). In addition, both of Ca and Ti system are con-
trolled by diffusion of vaporized species (Table 1), leading 
to the same KIFFs predicted with both the H–K equation 
and our model.

For the oxygen isotope system, there is an obvious phe-
nomenon that there are two different slopes in 
“ 1000lnR2,1

R0

versus − lnf  ” for one evaporation experiment, 
which is similar to Mg isotopic system (Mendybaev et al. 
2013a, b; Fig. 8). We propose that it is another sign of evi-
dence for our model, because our model predicts a coupling 
change between Mg and O isotopic factor, referring that the 
KIFF of O can vary with the variation of the KIFF of Mg. 
First, Mg is present as the form of MgO(melt or gas) and 
Mg(gas) and the F in Eq. (27) of the step involving MgO can 
be different for different compositions, i.e., MgO > 15 wt% 
and MgO < 15 wt%. Then, the step involving MgO changes 
Mg and O isotope fractionations together. Thus, this phe-
nomenon can be predicted according to Eqs. (24 and 27).

4.3  Cases cannot be explained

Besides evaporating experiments of silicate melt under vac-
uum (near vacuum) and low  PH2, there are others performed 
under higher ambient pressure or different oxygen fugacity 
controlled by gas composition mixture, e.g., Ar, He, 
CO–CO2, and Air, and flow rate. The KIFFs of Cu, Zn, K, 

Fig. 8  O isotopic composition of the evaporation residues plotted 
as 1000 ln  R2,1/R0 versus − ln f 16O. Data are from Mendybaev et al. 
(2013a)
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Cr, Te, Si, and Mg have been reported (Yu et al. 2003; Rich-
ter et al. 2011; Ni et al. 2021; Wimpenny et al. 2019; Sossi 
et al. 2020; Neuman et al. 2022; Renggli et al. 2022; Young 
et al. 2022; Badro et al. 2021). These experiments cannot be 
matched by both the H–K equation and our model under 
vacuum. Taking the result of Sossi et al. (2020) as an exam-
ple, �65

Cu,exp
 and �66

Zn,exp
 are different from those theoretically 

predicted based on different vaporized species, such as 
�65
Cu

= 0.9845 , �65
CuO

= 0.9876 , �65
Cu2O

= 0.9862 , �66
Zn

= 0.9847 , 
and �66

ZnO
= 0.9877 , etc. Our model also cannot explain them 

(Fig. 9). These experiments were performed under condi-
tions that are far away from the vacuum, e.g., with a gas flow 
of air, Ar, etc. They do not meet the requirements of either 
our model or the H–K equation. But that can be interpreted 
by diffusion using (µ1/µ2)1/3 that was developed by Sossi 
et al. 2020 where µ is the reduced mass of vaporized species 
and surrounding gas. It was considered a diffusion-limiting 
region because concentration zoning was observed (Sossi 
et al. 2020). Using Eq. (26), most obtained ms of Cu or Zn 
are quite close to the value of diffusion except one under the 
condition of logfO2 =  − 0.68 and ΔFMQ = 6.62 (Table 1), so 
this is another evidence of diffusion controlling evaporation 
of this case. But this formula, (µ1/µ2)1/3, is defective because 
it cannot explain the KIFF of Zn under the gas flow of Ar 
(Sossi et al. 2020). Therefore, future modifications of our 
model are necessary to reproduce these experimental KIFFs 
of Zn and Cu mentioned here. The goal of those theoretical 
considerations is to make the current version of our model 
become one that can be suitable for conditions far away from 
a vacuum. One important theoretical consideration is to add 
other components, such as  H2,  CO2, S, Cl, N, and so on to 
evaluate the effects of different kinetic mechanisms, which 
may be different from those under vacuum conditions.

4.4  The KIFFs‑mixing model

Though our model can explain more the experimental KIFFs 
than the H–K equation under vacuum till now, there are still 

so many other phenomena to be discussed, such as composi-
tion, temperature, and low  PH2 effects (Richter et al. 2002, 
2007; Dauphas et al. 2004; Zhang et al. 2021; Mendybaev 
et al. 2021). Although we have employed our model to give 
a simple explanation for the observed KIFFs, e.g., Mg, K, Si, 
Ca, Ti, and Fe isotope systems, a more detailed description 
is proposed as follows,

For a chemical process, as the result that it can experience 
many steps, each step has its pre-exponential factor (A) and 
activation energy (Ea) according to the Arrhenius equation 
expressed as k = Aexp(− Ea/RT) or lnk = lnA − Ea/RT. The 
simplest situation is that only one single step, the slowest 
step, controls the overall rate, which can explain the KIFFs 
of K, Ca, Ti, and Fe systems. For Mg and Si systems, a 
more complex situation where at least two steps both control 
the overall rate simultaneously should be invoked. An arbi-
trary line in based on the Arrhenius equation can be deter-
mined by two parameters, i.e., A and Ea. And two lines will 

Fig. 9  Cu and Zn isotopic composition of the evaporation residues plotted as 1000ln  R2,1/R0 versus − ln f 1X where 1X represents 63Cu or 64Zn. 
Data are from Sossi et al. (2020)

Fig. 10  Two lines based on Arrhenius equation. Three regions 
can be divided by temperature, i.e., Region A (T > Ta), Region B 
(Tb < T < Ta), and Region C (T < Tb)
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intersect if their Ea are different. Three regions can be classi-
fied by temperature in Fig. 10 i.e., Region A (T > Ta), Region 
B (Tb < T < Ta), and Region C (T < Tb). Reaction α or β con-
trols the overall rate in Region A or C, respectively, whereas 
both Reaction α and β jointly control that in Region B. As 
temperature can affect the rate constant significantly, there 
must be a situation where the overall rate can be determined 
by both two reactions together within a certain temperature 
range, i.e., Region B. Therefore, under this condition, the 
KIFF can be expressed via a two end-member mixing model,

where wα or wβ are the KIFFs at certain T and Fα is the frac-
tion of the wα. Then, if T > Ta or T < Tb, the overall process 
will be controlled by a single reaction owing to the very 
large difference between two rate constants (Fig. 10). We 
name this the KIFFs-mixing model.

The composition and temperature effects can be explained 
by the KIFFs-mixing model.

Because the relation in Fig. 10 is just suitable for chemi-
cal reactions, we assume that the diffusion coefficient and 
the constant in the nucleation process also can be described 
by the Arrhenius equation. The basic physical meaning is 
not lacking, though conditions are simplified.

4.5  The explanations for effects of composition, 
temperature, and low‑PH2

4.5.1  Composition effect

Mendybaev et al. (2013a, b) found that KIFFs of Mg and O 
will vary from residues with more than 15 wt% MgO (i.e., 
forsteritic melts) into one with less than 15 wt% MgO (i.e., 
melilitic melts), but KIFF of Si doesn’t vary. It is called as 
composition effect here. The reason for the phenomena of 
Mg and Si can be described by the KIFFs-mixing model. 
The slope ms in Eq. (26) for melilitic melts (Table 1; see 
the discussion in Sect. 4.2) suggests that this evaporation 
process takes place in Region A or C dominantly, whereas 
the case for forsteritic melts is controlled by both nucleation 
and mass transfer, so it belongs to Region B dominantly. 
Therefore, their KIFFs vary naturally from Region A or C 
into Region B with melt composition varying. The reason 
why KIFF of Si doesn’t vary is that its region is unchanged 
and is in Region B dominantly when melt composition is 
changed (see the discussion in Sect. 4.2).

4.5.2  Temperature effect

The temperature effect found firstly by Richter et al. (2007) 
is that the KIFFs of Mg will change with temperature, while 
the KIFFs of Si cannot (Knight et  al. 2009). And, its 

(27)KIFF = F�w� +
(

1 − F�

)

w�

temperature effect can be readily predicted based on the 
KIFFs-mixing model if the contribution of mass transfer, F 
in Eq. (27), slightly increases with temperature rising in 
Region A or C for the Mg system because the change of its 
KIFF just is slight and its value still is close to �25

MgO
 in gen-

eral, whereas F does not increase with temperature in Region 
B for Si systems. Theoretically, we also can obtain a slight 
change of m, but it could be indistinguishable experimentally 
considering uncertainty (see Table 1).

4.5.3  Low‑PH2 effect

Experiments by Richter et al. (2002) and Mendybeav et al. 
(2021) found that low-PH2 can increase the evaporating rate 
but have no influence on KIFFs for both Mg and Si. They 
gave a reasonable explanation that saturation vapor pres-
sures of Mg and SiO species in the H–K equation increase 
with hydrogen pressure as 

√

PH2 , so resulting in increasing 
the rate with PH2. However, it still cannot explain the phe-
nomenon of no variation of KIFFs. Here we try to give a 
possible explanation from the view of our model. For Mg, 
the kinetic is nucleation-limiting under vacuum and becomes 
reaction-limiting under low PH2 pressure (Table 1), and  H2 
may increase the frequency of molecular collisions, resulting 
in acceleration of the reaction rate. Then, we know KIFFs of 
nucleation and decomposition of MgO are the same. Hence, 
we think it is the mechanism for the low-PH2 effect for Mg. 
For Si, m is about 1 (Table 1) both under vacuum and low-
PH2, and the explanation for Mg is invalid for Si, thus it 
needs another interpretation. We guess that the reaction 
0.5O2 or O+H2 →  H2O can consume O or  O2 in reaction 
 SiO2 → SiO + O or 0.5O2, so that the rate of decomposition 
of  SiO2 is increasing but its KIFF is not changed, since its 
mechanism does not vary and just the product of O or  O2 is 
consumed (Eq. 11).

4.6  Vapor saturation approaches zero under vacuum

The vapor saturation S can be determined by this equa-
tion where Δ = α–1; α is the experimental KIFF, i.e., αexp, 
equilibrium isotope fractionation factor, i.e., αeq, or KIFF 
based on the H–K equation, i.e., αkin, for Δ, Δeq or Δkin, 
respectively; αeq is close to 1 under high temperatures; αkin 
is (m1/m2)0.5 where m is the mass of gaseous species with 
isotopes; S = Pi/Pi,sat where Pi is the vapor pressure at the 
evaporating surface and Pi,sat is saturation vapor pressure; 
Eq. (28) is derived from the H–K equation (Richter et al. 
2002; Dauphas et al. 2015).

There is an observation that the vapor saturation S 
calculated as Eq. (28) is larger than zero for most experi-
ments (Davis et al. 1990; Richter et al. 2002, 2007; Wang 

(28)Δ = Δeq + (1 − S)Δkin
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et al. 2001; Mendybaev et al. 2013a, b, 2021) except Fe, 
Ca, and K (Dauphas et al. 2004; Zhang et al. 2014, 2021) 
under vacuum. It means that experiments performed under 
vacuum (i.e., S close to zero) lead to a consequence of 
nonvacuum calculated as Eq. (28) (i.e., S is significantly 
larger than zero). For instance, the vapor saturation ranges 
from 0.31 to 0.42 for experiments of Richter et al. (2007) 
at 1600–1900 °C under vacuum. Our model can address 
this problem, i.e., S is close to zero relatively (S = −0.14 to 
0.04) if theoretical kinetic αkin equals 0.9877 predicted by 
the decomposition reaction of MgO or nucleation.

4.7  Implications

1. CAIs are the oldest solids (Connelly et al. 2012) in the 
solar system, so it is suggested as a good object to study 
the formation and evolution of the early solar system. 
One feature is experiencing evaporation and condensa-
tion processes (Clayton et al. 1988; Davis et al. 1990). 
However, there are lots of unclear details. For instance, 
what is the precursor of CAIs, and how to know those 
conditions or processes (e.g., pressure, cooling rate, and 
heating time) quantitatively? Addressing those questions 
can help us learn the history of the early solar system. 
Thus, an indispensable thing is to build a relationship 
between the rate of evaporation or KIFFs and those con-
ditions such as composition, temperature, and pressure, 
which was performed by laboratory experiments and 
conventional theory before. For conventional theory on 
evaporation, the H–K equation has been employed, but it 
cannot explain many reported isotopic results of evapo-
ration experiments (Richter et al. 2007, 2011; Knight 
et al. 2009; Mendybaev et al. 2021). In this study, the 
model we present can overcome that problem. There-
fore, we can also study the proto-solar system through 
theoretical calculation based on our model, while the 
H–K equation cannot make it because the evapora-
tion coefficient is an empirical parameter and there 
is no way to access it via theoretical calculation. Our 
model predicts that the KIFF is determined by the rate-
limiting step, so the goal is to obtain it by calculation. 
For example, we can search the transition state for an 
elementary reaction through the first-principles calcu-
lation software. Then, the limiting step can readily be 
recognized by comparing the rate according to activation 
energy and pre-exponential factor of a series of elemen-
tary reactions of interest. Therefore, we provide another 
theoretical method to study the evaporation process. In 
terms of CAIs, no matter what is mass transfer, chemi-
cal reaction, or nucleation, once their rate constants can 
be acquired through theoretical calculation, the kinetic 
mechanism is also known, leading to the determination 

of the overall rate and KIFF of evaporation. Finally, we 
can apply it to address those problems about CAIs in the 
end.

2. Another potential application is to study the forma-
tion and evolution of the Earth-Moon system. Abun-
dances of many moderately volatile element and their 
isotopic fractionation between the Moon and Earth are 
distinct, which can infer isotopic fractionation factors, 
e.g., 0.9996 ± 0.0001 for Zn, 0.9994 ± 0.0003 for Cu and 
0.9998 ± 0.0001 for K, assuming following Rayleigh dis-
tillation model (e.g., Lock et al. 2020; Wang and Jacob-
sen 2016; Wang and Becker 2015; Taylor and Wieczorek 
2014; Paniello et al. 2012; Nie and Dauphas 2019), then 
one possible explanation is evaporation (e.g., Wang and 
Jacobsen 2016; Wang et al. 2021). A series of evapora-
tion experiments have been done, but none reproduces 
those observed isotopic fractionation factors, i.e., the 
results of all experiments are lower than those observed 
values (Wimpenny et al. 2019; Sossi et al. 2020; Neu-
man et al. 2022). It leads to puzzles as to why is hard to 
interpret well those observed KIFFs via today’s labora-
tory experiments, and whether it can be addressed by 
theoretical calculation. However, theoretical calculation 
is lacking now and can play a significant role undoubt-
fully, so it is quite important to develop a theoretical 
model that can guide us to study via calculation. There-
fore, our theoretical model may be a possible tool to 
give some interpretations in the future. Theory till now 
is incapable, but it is possible if we improve our model 
continually. An eventual model that can simulate real 
natural conditions such as nonvacuum, size of a planet, 
and recondensation, can provide a reasonable constraint 
for the formation of the Earth-Moon system.

5  Conclusions

The well-accepted isotope fractionation theory, which 
is based on the Hertz–Knudsen equation, is improper for 
explaining experimental data on the evaporation of silicate 
melts. The reason why we propose this is that the factual 
situation where the evaporating species is not identical to 
one in the melt is not suitable for the scope of the H–K 
equation. Then we present a model and it can explain well 
the most reported results compared to the H–K equation. We 
point out that one advantage the H–K equation doesn’t have 
is that our model can be performed by theoretical calcula-
tion. In addition, we find that the chemical reaction indeed 
can control the overall rate of the evaporation process, which 
is important for our model. At the same time, diffusion and 
nucleation also are found to be able to dominate the overall 
rate by plotting data on ln(− lnf) versus ln(t). In the end, 



675Acta Geochim (2024) 43:661–676 

1 3

our model has potential applications in the formation and 
evolution of the early solar system and Earth-Moon system.
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