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Introduction:  Refractory Metal Nuggets (RMNs) 

are mainly found in Ca, Al-rich inclusions (CAIs) [1]. 
Some evidence supports the condensation origin of 
RMNs. [1] observed the heterogeneous composition of 
RMNs and proposed that RMNs might have condensed 
in the giant molecular cloud. [2] proposed that RMNs 
could have precipitated from CAI melts, but the measure-
ment of Ru isotopic anomaly between RMNs and host 
CAIs excluded this theory [3]. The RMNs found in pre-
solar grains are almost certainly formed by condensation 
[4]. However, given the low abundance and high surface 
energy of refractory metals, their compositions might de-
viate from those expected from thermodynamic equilib-
rium if the RMN-forming region cooled down rapidly. 
Hence, a kinetic model – NUCON (NUcleation-CON-
densation) – is  developed to explore condensation of 
metal from the solar nebula. 

Methods: The model comprises the following mod-
ules: gaseous equilibrium, nucleation, grain growth, and 
mass balance. The gaseous equilibrium module calcu-
lates the chemical equilibrium among gaseous phases, 
which is to be expected in high temperature gases. The 
nucleation rates of RMNs are computed by the nucleation 
module. The newly-generated nuclei will be stored for 
future computation. The grain growth module computes 
the growth of the nuclei. Finally, the mass balance mod-
ule adjusts the amount of gases and solids based on mass 
conservation.  

Gaseous Equilibrium. Mo and W are subject to oxi-
dation. The gaseous oxide phases MoO, MoO2, MoO3, 
WO, WO2, WO3, and W3O8 are considered. Other oxide 
gases are ignored due to their low abundance. An equi-
librium among gaseous phases of C, H, O, and refractory 
metals is established to derive the fugacity of monatomic 
Mo and W gases.  

Nucleation. Homogeneous nucleation theory [5] ex-
plains how the nucleation rate can be related with equi-
librium state and gas-collision rate. The expression of the 
nucleation rate 𝐽 is followed: 
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where the 𝐷/5,  𝑁$, 𝑁/,78, 𝑘, and 𝑇 are accretion rate of 
species 𝑖, number density of monomer, equilibrium num-
ber density of species 𝑖, Boltzmann constant, tempera-
ture, respectively. The equilibrium number density can 
be obtained from the standard energy of formation, 
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; 𝜇/P and 𝜇$P  are the standard 
chemical potential of species 𝑖 and the monomer. The 

question becomes to calculate 𝐷/5 and 𝜇/P. The accretion 
rate is straightforward, which can be calculated from the 
gas collision theory. The Gibbs free energy of clusters 
can be calculated from a semi-phenomenological model 
proposed by [6], 
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where 𝑝=`>, 𝜎=, 𝑛/ and 𝐴$ are the saturated pressure of the 
solid phase, surface energy, number of particles, and sur-
face area of a monomer, respectively. 𝜎= was obtained by 
[7,8]. 𝜉 can be obtained from the chemical potential of a 
dimer 𝜇1P [6].  

Growing. The growth of a RMN is controlled by both 
condensation and evaporation. The condensation rate 
𝑍/@,/ and the evaporation rate of a pure phase 𝑍bc>,/P 	can 
be represented as [9]: 
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where 𝑃f`=,/, 𝑃=`>,/, 𝑚/, and 𝛼/ are the gas pressure, satu-
rated pressure, mass, and sticking coefficient of the spe-
cies 𝑖, respectively. If the grain is treated as a solid solu-
tion, the evaporation rate of individual element  𝑍bc>,	/ is 
modified as: 

𝑍bc>,	/ = 𝛾/𝑥/𝑍bc>,/P  , 
where 𝛾/ and 𝑥/ are the activity coefficient and molar 
fraction of element 𝑖. The increment of each element 
through time ∆𝑡 is derived from integration: 

𝐽/ = 𝑍/@,/ − 𝛾/𝑥/𝑍bc>,/P  
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where 𝐽/, 𝑆 are the net flux per unit area of element 𝑖 and 
the surface area of an RMN, respectively. This integra-
tion can be solved numerically. An implicit method is 
used in this study,  
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where 𝐽/ is assumed constant during integration and is 
computed from the composition of an RMN at the end of 
each step (𝑡P + ∆𝑡). The implicit method can prevent the 
integration from instability, even with a large step size. 

Validation of the growing module: When the cool-
ing rate is low enough, the kinetic condensation should 
converge to the equilibrium condensation. A scenario is 
set up to test this convergence: the model starts with some 
RMNs in equilibrium with the solar nebula at 1843 K and 
103t atm. Remaining gases will condense directly on the 
RMNs. The nebula cools down linearly with the cooling 
rate of  1.5×103x K/year. The number density of the 
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RMNs is 1	m3x and the initial radius is 70 nm. The tem-
perature decreases from 1843 K to 1400 K, which is di-
vided into 8000 steps. The fraction of remaining gases is 
used to describe the degree of condensation (Fig. 1).  

 
Figure 1. (a) The fraction of remaining gases at the ki-
netic condensation with a cooling rate of 1.5×103x 
K/year. (b) The fraction of remaining gases at the equi-
librium condensation. (c) The deviation of the fraction of 
gases between the kinetic and equilibrium condensation. 
At this low cooling rate, the condensation of all elements 
behaves similarly to equilibrium condensation, except W. 
Since the solar nebula is reducing and most W exist as 
WO and WO2, the condensation rate of W is limited by 
the low fugacity of the monatomic gas. Therefore, W fails 
to achieve equilibrium even at such slow cooling. The de-
viation between kinetic and equilibrium condensation is 
shown (Fig. 1c). At 1840 K, a deviation of Os and Re 
exists because the RMN is too small and the condensa-
tion rate is too low to achieve equilibrium. At around 
1600 K, small deviations of Ir, Mo, and Ru exist due to 
low condensation rate, which results from their unsatu-
rated monatomic gases. Overall, the modelled kinetic 
condensation behaves similarly as the equilibrium con-
densation at slow cooling, while disequilibrium still ex-
ists at such a low cooling rate. 

Result: An example is given for the condensation of 
RMNs from the solar nebula with pressure and cooling 
rate of 103t atm and 0.15 K/year (Fig. 2). Given the high 
surface energy of Os, RMNs start to nucleate signifi-
cantly below 1520 K. 

 
Figure 2. (a) The fraction of remaining gases from the 
kinetic condensation with a cooling rate of 0.15 K/year. 
(b) Number density of RMNs depending on the radius at 
1396 K. (c) The composition of RMNs with different radii 
at 1396 K. 
Thus, Os, Re, Ir, and Ru become extremely supersatu-
rated and condense kinetically on the generated nuclei. 
From 1520 K to 1450 K, over 99% Re, Os, Ir, and Ru 
have condensed in 600 years. Only 10% Mo exists as 
monatomic gas, so its condensation is relatively slow. 
80% Mo has condensed in 600 years after nucleation. 
95% Mo has condensed when the temperature reaches 
1396 K. W is more easily oxidized than Mo, so most W 
remains in gaseous phases even at 1396 K. Given the low 
cooling rate and the volatility of Fe, Ni, and Pt, their gas 
and RMNs are in equilibrium (Fig. 2a). 

At 1396 K, most refractory metals have condensed 
completely, except Pt and W.  The radius of the RMNs 
ranges from 250 to 2000 nm, with the highest frequency 
at 500 nm (Fig. 2b). The larger grains are enriched in Os, 
Ir, and Ru, while the smaller grains are enriched in Mo, 
which condenses relatively slowly due to oxidation (Fig. 
2c). The model shows the nucleation and growth of 
RMNs deviate significantly from equilibrium process at 
this cooling rate. 
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