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ABSTRACT 
 

We present an updated version of the METEOMOD model (2008) that allows the 

compositional evolution of chondritic systems during Fe-Ni metal reduction when 

heating the starting material above the silicate liquidus to be calculated (Ariskin et al., 

2007; Bychkov et al., 2006). Calculations using this model showed a similarity of the 

calculated metal proportions and composition of the complementary silicate melt to those 

of ordinary chondrites. This was an argument for the hypothesis that the variations in 

maximum temperatures during heating the protochondritic systems above the olivine 

liquidus were responsible for the different degrees of metal and silicate chondrule 

reduction (Ariskin et al., 1997). The formation of metal and proto-chondrule melts by 

thermal reduction does not depend on the redox conditions in the gas-dust nebula. The 

reduction factor is the temperature increase, which causes the metal solubility in the melt 

to decrease. To support this hypothesis, we performed a series of low-pressure 

calculations simulating the thermal reduction of solar-composition gas condensates in the 

presence of primordial dust. The calculations were carried out on mineral compositions 

representing the condensation products of the solar nebula at 800–1200 K (based on the 

Petaev-Wood condensation model, the CWPI code). These compositions were subjected 

to "numerical heating" above the olivine liquidus at 1550–2100° C and constant oxygen 

fugacity (log fO2 = –6.5). As a result, a progressive metal release was observed coupled 

with the formation of a sequence of FeO-depleted and SiO2-enriched residual melts 
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demonstrating a monotonous increase in mg#. A nontrivial result of these calculations is 

that the model relations between the amount and composition of the Fe-Ni metal turned 

out to be identical to the observed metal characteristics in ordinary LL, L, and H 

chondrites. Thus, impulsive heating of a protochondritic material could be an important 

factor of the early high-temperature differentiation and formation of primary metallic 

phases and complementary silicate spherules. 

 

 

FORMULATION OF THE PROBLEM
1 

 

In the early 1980s, King (1982, 1983) experimentally studied the thermal action of a 

concentrated solar beam on samples of meteorites and terrestrial basalts. Rapid heating of 

these materials in a low vacuum to temperatures above 2000° С gave rise to large drops of an 

immiscible metallic phase as a result of local iron reduction from a silicate liquid. Such 

phenomena found analogies with the results of previous peridotite melting experiments in 

a high-frequency setup at 1700° С in an argon atmosphere (Barmina et al., 1974). Efficient 

metal reduction was also observed in melting and evaporation experiments on the Krymka, 

Saratov, and Murchison meteorites (Yakovlev et al., 1985, 1987, 2003). This process was 

called thermal reduction (Yakovlev et al., 1987). The presented experimental data found 

further confirmation in the results of thermodynamic calculations based on the METEOMOD 

model (Ariskin et al., 1997), which was applied to the compositional evolution of chondritic 

systems when the starting material was successively heated and reduced at temperatures 

1570–2100° С (Ariskin et al., 1997). Calculations using an updated version of this model 

(Bychkov et al., 2006) showed a similarity of the calculated proportions and composition of 

the thermal reduction products (both the metal and silicate melt) to those of the mineral 

phases in some types of ordinary chondrites (Ariskin et al., 2006). This suggested that the 

heating of the protochondritic source at temperatures above the silicate liquidus could be 

considered as an important factor that gives rise to a mineral-chemical peculiarity of silicate 

chondrules and regular variations in metal composition (Yakovlev et al., 2008). Accepting the 

reality and analyzing the geochemical peculiarities of this mechanism lead us to the paradoxical 

conclusion that the differences in redox conditions in the solar nebula might not play a crucial 

role in the metal reduction processes. The degree of reduction of the metallic phase from the 

primitive "solar" source was determined not by the scales of deviations of the redox 

conditions from the iron-wüstite (IW) buffer but mainly by the heating rate and the amplitude 

of the corresponding temperature jump. During rapid heating to temperatures 1600–2000° С, 

the presence of a reducing agent (carbon, hydrogen) is not a necessary condition for the 

formation and separation of the metallic phase from a molten protochondritic material. 
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Figure 1. Oxidation state diagram for various groups of chondrites from Krot et al. (2003). The relative 

content of reduced iron in the form of metal and sulfide is plotted versus the iron content in silicates and 

oxides.  

 

Figure 2. (a) Graphs of the isopleths of FeO activity and solubility in silicate melts and (b) schematic 

diagram of metallic iron reduction from a protochondritic source. The line of IW buffer equilibrium and 

the isopleths of FeO activity were estimated from (7) based on thermochemical data for the iron oxide 

decomposition reaction (Myers and Eugster, 1983); the lines of equal FeO solubility were calculated 

using an empirical equation (Ariskin et al., 1992). The arrows in Fig. 2b represent the possible heating 

trajectories that bring the figurative point of the initial composition to the corresponding isopleth of 

solubility in the super-liquidus region (25 % FeO). Further heating suggests successive metal reduction 

with the formation of residual melts (as the source of silicate chondrules?) variously depleted in FeO 

and enriched in SiO2 (normative enstatite). 
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Such a formulation of the problem allows us to take a fresh look at one of the paradigms 

of meteoritics stating that the formation of ordinary chondrites in the sequence LL  EH was 

controlled by the transition to more reducing conditions (see, e.g., Rubin et al., 1988). Here, 

it is pertinent to recall that since the paper by Prior (1916), the ratio of the metallic and 

oxide forms of iron is a universally accepted criterion for the separation of chondrites by the 

redox state. The higher the metal content and the less ferrous the coexisting olivine and 

pyroxene in a chondrite, the more reduced it is (Prior's first rule). Enstatite and carbonaceous 

chondrites have been considered, respectively, as the most reduced and most oxidized groups 

of chondrites (Fig. 1). This understanding of the chondrite compositions gave rise to the 

genetic concept of the existence of zones with various redox conditions in the protosolar 

nebula, where the various types of chondrites were formed. According to Nagahara (1986), 

the differences in redox conditions for the formation of Е-chondrites and С-chondrites are 

~10 orders of magnitude of fO2. It should also be noted that there was probably no metallic 

iron in the primordial material of the protosolar nebula itself. The composition of the most 

primitive objects in the solar system, carbonaceous CI chondrites containing no metallic iron, 

serves as a basis for this conclusion. These chondrites apparently represent compacted interstellar 

dust that has not undergone even weak heating (> 100° С) over the entire history of its existence 

(Simonenko, 1985). The absence of chondrules in carbonaceous CI chondrites also suggests 

that there is no evidence of heating and melting. It can be hypothesized that the metal, along 

with the chondrules, could be formed in a unified process of heating of this primordial dust 

above the melting temperature. 

The proposed concept of thermal reduction of protochondritic materials allows the 

amount of metal, the variations of its composition, and the degree of reduction of the silicates 

to be related to the various degrees of heating of the starting material under an impulsive 

thermal action. Thus, the conjugacy and complementarity of the formation of the silicate and 

metallic components of ordinary chondrites can be naturally explained (see, e.g., Kong and 

Ebihara, 1997; Connoly et al., 2001; Campbell et al., 2005). As will be shown below, the 

amount and composition of the metal produced in such processes are controlled by a heating 

amplitude of ~ 400–500° С.  

 

 

THEORETICAL BACKGROUND AND DEVELOPMENT OF  

THE METEOMOD MODEL 
 

A thermodynamic analysis shows that the process of successive phase separation 

(mineral crystallization or immiscible liquid segregation) in isobaric-isothermal systems as 

the temperature drops is controlled by a partial change in the Gibbs free energy relative to the 

amount of a specified phase precipitating from the melt (see, e.g., Frenkel et al., 1988; 

Ariskin and Barmina, 2000):  

 

G/n = –H (T2 /T1 – 1), (1) 

 

where n > 0 is the amount of mineral or liquant, H is the enthalpy of the corresponding 

phase transition, and the equilibrium temperatures T1 and T2 represent the initial and current 

states of the heterogeneous system. Since the silicate crystallization reactions are exothermic, 
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where Hcr < 0 is usually varies between –60 and –140 kJ/mole (Bouhifd et al., 2007), the 

increase in the degree of crystallization of the system (n > 0) during temperature decrease 

(T2 < T1) is a spontaneous process characterized by a decrease in the system's free energy (G 

< 0).  

The situation with the thermochemical description of iron crystallization or liquation is 

different: 

 

FeO(L) = Fe
0
 + 0.5O2. (2) 

 

The solid/liquid oxide decomposition reactions are known to require expending a large 

amount of heat. In particular, for the temperature range 1600–2100 K, the enthalpy of the 

reaction FeOsolid = Fe
0
 + 0.5O2 based on the DIANIK database (Shapkin and Sidorov, 2004) 

varies between 267 and 255 kJ/mole. Obviously, the precipitation of zero-valent iron from a 

silicate melt is also a highly endothermic process. In this case, reaction (2), which suggests a 

decrease in the system's free energy as the amount of reduced metal increases (n > 0),  

 

G/n = –HFeO (T2 /T1 –1) < 0, (3) 

 

is possible in principle under the condition T2 /T1 – 1 > 0, which is equivalent to a rise in the 

temperature (T2 > T1). Thus, the experimentally established effects of thermal reduction of 

iron from basalts and ultrabasic materials (Barmina et al., 1974; King, 1982, 1983; Yakovlev 

et al., 1987, 2003) are thermodynamically substantiated as resulting from the absorption of 

heat (energy) by the system accompanied by the increase in the temperature. Basically, this 

conclusion confirms the well-known empirical observation that the solubility of transitional 

metals in silicate melts at constant oxygen fugacity decreases with increasing temperature 

(see, e.g., Holzheid et al., 1994).  

The isopleths of FeO solubility (activity) in a melt presented in Fig. 2a in oxygen 

fugacity-temperature coordinates can serve as a graphical expression of these relationships 

and an illustration of the expected thermal reduction effects. We plotted these graphs based 

on two sources of information. The line of iron-wüstite (IW) buffer equilibrium is given on 

the basis of thermochemical calculations (Myers and Eugster, 1983) 

 

log fO2 = –26834.7/T + 6.471. (4) 

 

These were also used to plot the isopleths of FeO activity (thin lines) based on the 

expressions for the equilibrium constant of reaction (2): 

 

logK(2) = log(aFe0) + 0.5log fO2 – log(a
L

FeO) == –GFeO /2.303RT, (5) 

 

2logK(2) = –2GFeO /2.303RT = –2HFeO /2.303RT ++ 2SFeO/2.303R, (6) 

 

in the approximation of aFe0 = 1: 

 

log fO2 = 2[log K(2) + log (a
L

FeO)] = –26834.7/T ++ 6.471 + 2log (а
L

FeO). (7) 
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The dashed lines in Fig. 2a characterize the FeO solubility in silicate melts (X
L

FeO) 

estimated using an empirical equation constructed from the results of 396 experiments at 

temperatures 1150–1327° С (Roeder, 1974; Doyle and Naldrett, 1986; Doyle, 1988) and 

proposed by Ariskin et al. (1992). Comparison of these data points to a consistency of the 

thermochemical and experimental information. This manifests itself in the presence of 

subparallel trends of variation in X
L

FeO and а
L

FeO and their coincidence or closeness for the 

temperature range in which this empirical dependence was calibrated. 

The thermodynamic relations shown schematically in Fig. 2b reproduce the fundamental 

character of this relationship between log fO2, the reciprocal temperature, and the FeO content 

in a silicate liquid, see Eqs. (2)–(7). In this case, the chemical consequences of the possible 

thermal iron reduction from an ultrabasic source during its impulsive heating manifest 

themselves. The two dashed arrows on this graph indicate the directions of the change in 

intensive parameters if the conditions of constant or variable oxygen fugacity are assumed. In 

both cases, it is implied that the temperature begins to rise from the solid state of the initial 

system and that the heating line crosses the heterogeneous region and extends into the field of 

the silicate melt (Fig. 2b). Suppose that the source contained 25 wt.% FeO. Depending on the 

amplitude of the temperature jump, the heating line can fall on the isopleth of solubility 

corresponding to 25 wt.% FeO in a silicate liquid at certain T-fO2 parameters. The point of 

intersection with this isopleth for each trajectory corresponds to thermodynamic equilibrium 

of the incipient metallic phase and the initial-composition melt. Further heating along the 

specified trajectory means that the figurative point falls into the metastable region of the 

isopleths of lower FeO solubility. Thus, the heating of the initial system can continue only in the 

regime of reduction of some amount of iron from the melt, in accordance with the 

thermochemical constraints (2)–(7).  

These illustrations clearly show metal reduction complementarity and residual melt 

evolution under conditions when the lines of temperature rise intersect the isopleths of FeO 

solubility in the direction of X
L

FeO = 0. The graphs in Fig. 2b also allow us to formulate 

preliminary conclusions about the possible metal reduction scales. Obviously, the heating 

trajectory II (log fO2 = const) shown here gives an example of more efficient metallic phase 

separation, because the corresponding isopleth of solubility is reached at a lower temperature 

than that for trajectory I. Developing this logic, we conclude that the heating along the T-fO2 

trajectories parallel to the IW buffer should not lead to metal reduction at all. The regime of 

heating (not shown here) in which the oxygen fugacity decreases with increasing temperature 

should have been recognized as the most efficient way of metallic phase separation. Thus, the 

amount of reduced metal is determined by the T-fO2 trajectory and the degree of superheating 

of the initial melt relative to the maximum permissible iron solubility for each specific 

composition. The presence of a reducing agent in this scheme plays no crucial role. At known 

contents of carbon in the dust and hydrogen in the surrounding gas, the role of these 

components can be reduced to the binding of oxygen produced by the thermal reduction of 

iron (2). It can also be assumed that the oxygen being released during heating under 

conditions of an open condensed system (by the system we will mean the primordial dust of 

the nebula) disperses in a tenuous gas medium. Thus, we proceed from the assumption that 

rapid (impulsive) heating of the dust component of the initial gas-dust nebula (GDN) did not 

lead to significant changes in the proportions of gas components and the conditions fO2  

const were the most realistic regime of thermal reduction. These principles were realized in 

the first version of the METEOMOD computer program designed to simulate the 
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precipitation of metallic iron from (proto)chondritic sources at temperatures above the 

silicate liquidus (Ariskin et al., 1997).  

 

 

PRELIMINARY CALCULATIONS 
 

The technique for simulating the effects of thermal reduction according to reaction (2) 

can consist in calculating the amount of iron at a given (increasing) melt temperature or 

predicting a temperature rise as the metallic phase is successively reduced. The second 

method turns out to be more convenient, because the METEOMOD program we developed 

(Ariskin et al., 1997) solves the equilibrium problem not at a given temperature but at a fixed 

ratio of the residual melt and the mineral phases precipitated from it according to the 

algorithm presented in Frenkel et al. (1988). Adding the empirical equation for the FeO 

solubility (Ariskin et al., 1992) to this model allowed us to perform a series of test 

calculations simulating the thermal reduction of iron from a melt whose composition 

corresponded to the annealed sample of the Saint Severin LL chondrite (Jurewicz et., 1995). 

These calculations were performed under constant oxygen pressure log fO2 = –10, which was 

chosen in such a way that the first portions of the metallic phase turned out to be in 

equilibrium with the initial liquid at a temperature slightly above than the silicate liquidus – 

about 1570° С (Fig. 3). The simulation results showed that more than 90 % of the metal is 

precipitated at temperatures exceeding the olivine liquidus by 400–500° С at constant fO2. 

Complementary SiO2 enrichment in the melt was also observed, causing the content of 

normative Opx to increase and the residual melt to evolve towards iron-free ("enstatite-like") 

compositions (Ariskin et al., 1997). These results demonstrated a certain analogy in the 

compositional evolution of the modeled melts and the bulk compositions of the silicate 

component of ordinary chondrites (FeO depletion, normative Opx enrichment, general trend to 

more reduced chondrites, etc.). However, further development of the model requires an 

additional argumentation based on available geochemical data. Given the link of this chemical 

evolution with the metal precipitation process, we focus attention on the behavior of siderophile 

elements. Below, we will present results based on our ability to simulate the compositional 

evolution during the precipitation of Fe-Ni alloys. 

 

 

Allowance for the Metal Composition Variability 
 

To resolve this problem, results of an additional calibration of the METEOMOD model 

were used. These allow the empirical dependences for the FeO and NiO solubility in silicate 

melts (Ariskin et al., 1996; Borisov and Ariskin, 1996) and the thermodynamic model of the 

Fe and Ni activity in Fe-Ni alloys in a wide range of compositions (Tomiska and Neckel, 

1985) to be combined in a special “metal-melt” subroutine. We recalibrated the equation for 

the FeO solubility based on the same set of 396 experiments carried out at atmospheric 

pressure in the range –14.5 < log fO2
 
< –11.0 (Roeder, 1974; Doyle and Naldrett, 1986; 

Doyle, 1988), see above. The experimental data on the NiO solubility included the results of 

33 experiments on the natural compositions in nickel-enriched Fe-Ni capsules (Campbell et al., 

1979; Snyder and Carmichael, 1992) and 22 experiments on the compositions of Di-An 
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eutectics in equilibrium with metallic Ni (Holzheid et al., 1994). These experiments were 

conducted at P = 1 atm, temperatures 1122–1437° C, and relatively oxidizing conditions –12.6 < 

log fO2 < –8.2. The Ni content in the experimental melts was varied by three orders of 

magnitude. These calibrations are different from the approach in Ariskin et al. (1992) by the 

data parameterization technique. The latter was based on the equation  

 

log (X
L

MeO /a
M

Me) – 0.5 log fO2 = h/T(K) + di Xi, (8) 

 

where X
L

MeO is the FeO or NiO content in the melt (mol.%), a
M

Me is the Fe or Ni activity in 

the metal from the model by Tomiska and Neckel (1985), and the regression parameters h and 

di allowed for the liquid temperature and composition effects (when recalculated to iron-free 

and nickel-free matrix, mol.%). When separating the total iron into the proportions of Fe
3+

 and 

Fe
2+

 cations in the melt, we used an empirical equation from Borisov and Shapkin (1989). The 

corresponding regression parameters are given in Table 1. 

 

 

Figure 3. Amount of metal produced by the thermal reduction of a chondritic melt versus temperature 

of the complementary residual liquid. The initial composition corresponds to the annealed (with a lower 

content of volatiles) Saint Severin LL chondrite. The calculations were performed using the METEOMOD 

program (Ariskin et al., 1997) for constant oxygen fugacity (log fO2 = –10). The initial composition of 

this chondrite is given in Table 6.  

Table 1. Regression constants h and di in Eq. (8) to describe the FeO and NiO solubility 

in silicate melts (Borisov and Ariskin, 1996) 

 

Parameters FeO equation (n = 396) NiO equation (n = 55) 

1/T, K 11185.7 (158.7) 7771.7 (9095) 

log fO2 0.5 0.5 

SiO2 0.00357 (0.00100) –0.01223 (0.00452) 

TiO2 0.01045 (0.00149) 0.02683 (0.01505) 

Al2O3 0.00301 (0.00176) 0.02419 (0.01146) 

MgO 0.00172 (0.00107) 0.00275 (0.00934) 

CaO –0.00411 (0.00147) –0.00950 (0.00586) 

Na20 –0.02027 (0.00374) –0.04076 (0.04048) 

K2O –0.03894 (0.00247) –0.05223 (0.02598) 

The standard deviations (1) are given in parentheses. 
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Figure 4. The results of testing the accuracy of the equations for the FeO and NiO solubility in silicate 

melts (8) for the contents of these oxides, log fO2, and the temperature (Borisov and Ariskin, 1996). The 

calculations using the parameters from Table 1: the calculations for FeO and NiO are on the left and the 

right, respectively. The standard deviations when solving the inverse problem (1): (a) 0.035, (b) 0.049, 

(c) 0.070, (d) 0.097. 

Figure 4 displays the results of testing the accuracy of these equations by solving the 

inverse problem for the selected experimental dataset. Figures 4a and 4b compare the 

observed and modeled NiO and FeO contents in the melts at fixed temperature, log fO2, and 

metal and silicate liquid compositions. Note a good fit of results of these calculations with 

experimental data, especially with regard to NiO for the range 100–200 ppm (Holzheid et al., 

1994) and 1–2 wt.% (Campbell et al., 1979; Snyder and Carmichael, 1992). Such calculations 

were also performed with regard to log fO2 and the temperature at known NiO and FeO 

contents in the melt. These results are shown in Figs. 4c and 4d and demonstrate a high 

accuracy of estimating the oxygen fugacity (within 0.1 log fO2). The histograms on the lower 

graphs give an idea of the accuracy of the temperature calculation.  
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Topological Peculiarities of the Silicate-Metal Model 
 

Equations (8) for the FeO and NiO solubility with the parameters from Table 1 were 

combined into a single module. This allowed a model for the equilibrium of Fe-Ni metal with 

silicate melts of different Fe/Ni ratios to be developed. This subroutine has been incorporated 

into the basic METEOMOD code (Ariskin et al., 1997), which could be used to study the 

stability of Fe-Ni liquid and the dependence of the metal composition on the T-fO2 parameters 

and the NiO content in the silicate melt (Bychkov et al., 2006). Our numerical experiments 

simulated the Fe-Ni metal equilibrium conditions in the super-liquidus region of the Saint 

Severin chondritic melt (Fig. 5), with the NiO contents varying in the range from 10 ppm to 

1 wt.%. The calculations were carried out at –15  log fO2  –7. As a result, we established 

the metal stability field at various NiO contents in the melt (Fig. 5) and revealed the patterns 

of Fe-Ni metal composition variations in Ni (in metal) – log fO2 coordinates (Fig. 6). 

 

 

Figure 5. Isopleths of NiO solubility in a super-liquidus chondritic melt in equilibrium with a Fe-Ni 

liquid (thin solid lines, ppm). The calculations were performed using a revised "nickel" version of the 

METEOMOD model (Ariskin et al., 1997; Bychkov et al., 2006) for a composition corresponding to the 

Saint Severin LL chondrite (see Fig. 2). The dotted lines correspond to oxygen buffer equilibria parallel 

to IW. The thicker line represents the isopleth of pure-iron solubility in the same chondritic melt 

calculated using an empirical equation from Ariskin et al. (1992). The gray background highlights the 

sub-liquidus region for the given composition at T < 1560° C.  

Figure 5 compares the calculated isopleths of NiO solubility in the super-liquidus region 

of a chondritic melt that correspond to equilibrium with a metallic phase of variable 

composition. These isopleths with slight variations in slope cross the lines that are parallel to 
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the IW buffer, and show that increasing the NiO content in the melt leads to an expansion of 

the Fe-Ni metal stability field towards more oxidizing conditions. At NiO contents of  n  

10
3
 ppm, the Ni-enriched metal is precipitated at fO2 higher than that under the conditions of 

pure-iron – silicate melt equilibrium by 1.5–2 log units. This situation has a potential for 

quantifying the relationship between the metal composition and the redox conditions of the 

medium where the processes of silicate chondrule formation, metal precipitation, and 

separation could take place. 

The metal composition in equilibrium with the chondritic melt under specified redox 

conditions can be judged from the diagram shown in Fig. 6. This graph was also plotted on 

the principle of isopleths relating the Ni content in the metal (mol.%) to NiO in the melt and 

T-fO2 parameters. The fact that the results of our calculations point to the existence of a stability 

field of the relatively Ni-rich alloy – "tenite" (> 10 % Ni if NiO in the melt > 50–100 ppm) 

and nickel-depleted "kamacite" (< 10 % Ni if NiO in the melt < 50 ppm) - at T > 1560° C is 

of interest for the subsequent comparison with the metal compositions observed in ordinary 

chondrites. These melts bear no relation to the decay structures and represent the primary 

metal reduction products. 

 

 

Figure 6. Dependence of the Fe-Ni liquid composition above the silicate liquidus of a chondrite on T–

fO2 conditions for various NiO contents in the liquid. For the parameters of the calculations, see Fig. 5. 

The isotherm for the chondrite silicate liquidus T = 1560° С is indicated by the thick line; the isotherms 

in the super-liquidus region are roughly parallel to this curve. The dotted lines indicate the isopleths of 

NiO solubility. A specific metal composition corresponds to each point on these isopleths.  
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The results of these calculations show that the Fe-Ni composition can be an indicator of the 

evolution conditions for super-liquidus chondritic systems. Thus, despite some imperfections of 

the METEOMOD program (a more realistic model for the activity of metal components can 

be developed, the partition coefficients for siderophile elements can be taken into account, 

etc.), it can be used as a geochemical tool for investigating the thermal reduction processes. 

The efficiency of applying this model for genetic reconstructions depends upon the possibility 

of estimating the composition of the protochondritic source that could be subjected to high-

temperature heating.  

 

 

SIMULATION OF THE EVOLUTION OF THE METAL COMPOSITION 

DURING THERMAL REDUCTION OF GDN CONDENSATES 
 

Table 2. Thermodynamic basis and possibilities of calculations based on various 

algorithms for simulating the condensation of a solar-composition gas 

 

Possibilities for simulation and 

specification of input parameters 

VAPORS 

Ebel and Grossman 

(2000) 

Shapkin and 

Sidorov (2004) 

CWPI 

Petaev and 

Wood (2005) 

Number of chemical elements 

gas components 

condensed phases  

23 

374 

125 

18* 

total of 250 

compounds 

19  

203 

488 

Thermodynamic database Berman (1988) DIANIK Berman (1988) 

Solid solutions:  

Ol 

Opx 

Cpx 

Spinel 

Plag 

Metal (Fe-Ni) 

Silicate melt 

 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

 

no 

no 

no 

no 

no 

+ 

no 

 

+ 

+ 

+ 

+ 

+ 

+ 

no 

Equilibrium condensation 

Fractional condensation 

+ 

no 

+ 

+ 

+ 

+ 

Varying dust/gas ratio in initial 

system 
+ no + 

Nucleation and growth kinetics of metal 

and Ol grains 
no no + 

*
The minimal set for the presented models including the components in the H-He-O-P-S-N-C-Si-Al-Fe-

Ni-Mn-Cr-Ti-Mg-Ca-Na-K system. 

 

There are several lines of evidence that most silicate chondrules could have been formed 

through the remelting of previously condensed proto-matter under conditions of its interaction 

with the GDN gas component (see, e.g., Libourel et al., 2006). It is hypothesized that such 

melting could have the character of impulsive heating during which the moderately volatile 

components, including FeO and SiO2, had no time to evaporate significantly (Ebel, 2005). 

Therefore, it can be assumed that the consequences of high-temperature evaporative 

differentiation (at least for some siderophile elements) manifested themselves to a larger 

extent at the stage of melt cooling and primordial chondrule quenching, whereas the initial 
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composition of these silicate spherules was more likely controlled by the composition of the 

solar nebular condensate and scales of its thermal reduction (Fig. 2). In attempting to 

numerically simulate such phenomena, the probable composition of the primordial "solar" 

condensate should be specified as initial parameters. This is possible by using the present-

day GDN condensation models allowing for the variations in P-T parameters and 

proportions of gas and dust.  

 

 

Differences between the Condensation Models 
 

In recent years, three solar-composition gas condensation models have been discussed in 

the literature – VAPORS (Ebel and Grossman, 2000), CWPI (Petaev et al., 2003; Petaev 

and Wood, 2005), and the program by Shapkin and Sidorov (2004). These models have 

been developed in the early 1990s and subsequently updated to expand the number of 

components and the set of variables including kinetic condensation modes. Basic 

characteristics of these programs are presented in Table 2. All of them were constructed on the 

principle of minimization of the Gibbs isobaric-isothermal potential GP,T for systems including 

about 20 most abundant chemical elements (250–600 chemical compounds) at P-T 

parameters corresponding to the hypothetical GDN evolution conditions (the initial 

condensation temperatures are about 1800 K and the pressure is 10
–3

–10
–5 

atm). The authors 

used slightly different procedures of searching for the minimum of GP,T, while the Shapkin-

Sidorov program (1994–2004) was supplemented by the possibility of controlling the stability 

of the solution of the thermodynamic equilibrium problem.  

The main differences are related to the use of thermodynamic databases and models of 

solid solutions for the condensed phases to take into account. The VAPORS and CWPI 

models use an internally consistent database (Berman, 1988) for the main petrogenic 

components (Na2O-K2O-CaO-MgO-FeO-Fe2O3-Al2O3-SiO2-TiO2-H2O-CO2) corrected for 

some of the most important reactions and supplemented by an additional information for Ni, 

Cr, Mn and the gases of the H-He-С-N-O system. A.I Shapkin and Yu.I. Sidorov performed 

calculations using the DIANIK thermodynamic database developed at the Vernadsky Institute of 

Geochemistry and Analytical Chemistry, the Russian Academy of Sciences, and adapted for 

solving cosmochemical problems. As regards the solid solutions, the differences here are 

fundamental. The authors of the models (Ebel and Grossman, 2000; Petaev et al., 2003) 

managed to include the algorithm (Ghiorso and Sack, 1995) proposed to describe the Gibbs 

free energy in olivine, plagioclase, pyroxene, and spinel solutions (see the review by Petaev 

and, Wood, 2005), while the Shapkin-Sidorov program postulates the possibility of separate 

condensation for the main end-mineral "rock-forming" phases – forsterite and fayalite, albite 

and anorthite, diopside and hedenbergite (Table 2). The third important difference is 

concerned with the possibility of simulating the composition of a high-temperature silicate 

melt as a condensed phase. Among the listed models, only the VAPORS program gives a 

subsequent solution of this problem based on a regular solution model for the melt 

components (for details on the calibration of the MELTS program, see Ghiorso and Sack, 

1995). This block of calculations is underdeveloped in the CWPI program and is absent in the 

Shapkin-Sidorov program. 
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Figure 7. The sequence of equilibrium solar-composition gas condensation (Anders and Grevesse, 

1989) calculated by the CWPI program (Petaev and Wood, 2005).  

Applying the models disregarding the silicate melt is usually justified by performing 

calculations at a relatively low gas pressure, 10
–3

–10
–4 

atm, which leads to the condensation 

of solid phases, bypassing the stability field of the silicate melt. This is true for an ideal solar 

gas whose composition corresponds to the solar photosphere (Anders and Grevesse, 1989), 

while its condensation gives rise to virtually entirely reduced mineral assemblages including 

both forsterite and enstatite (Fig. 7). Variations in the solar-gas composition to simulate more 

oxidized chondritic materials (which could be the source of silicate chondrules containing a 

significant amount of FeO) lead to an expansion of the stability field of the silicate melt in the 

range of moderate and high dust/gas ratios in the original GDN (Fig. 8). In this case, a 

consistent allowance for the condensation into the liquid phase becomes important 

(Alexander, 2004). 

Verification of the proposed algorithms is usually proceeded by comparing the modeled 

condensation sequences for an ideal solar gas in which the proportions of the assumed dust 

and gas components correspond to the dust/gas ratio equal to 1 (see below). Table 3 presents 

some results of such calculations for a solar composition (Anders and Grevesse, 1989) at P = 

10
–3 

bar. These conditions imply the absence of any liquid condensation products (except for 

the metal) (Shapkin and Sidorov, 2004; Petaev and Wood, 2005). 

It is easy to see that, on the whole, the VAPORS, CWPI, and Shapkin-Sidorov programs 

yield consistent results that show a successive replacement of the Ca-Al oxides by rock-

forming silicates. However, the absolute temperatures and stability ranges for specific mineral 

assemblages can differ significantly. The simulation results from Ebel and Grossman (2000) 

and Petaev and Wood (2005) turn out to be closer than the calculations based on the Shapkin-

Sidorov program. These differences include the absence of hibonite and grossite in the model 

by Shapkin and Sidorov (2004) and revealing of two temperature stages at which the main 

end-members of the rock-forming oxides and silicates appear – pleonaste (1466° С) and 

hercynite (610° С), forsterite (1431° С) and fayalite (423° С), anorthite (1418° С) and albite 

Complimentary Contributor Copy



Impulsive Heating of Gas-Dust Nebular Condensates as a Mechanism … 73 

(819° С). This fundamentally distinguishes the calculations of these authors from other 

models in which “low-temperature” end-members (hercynite, Fa, Ab) are present (although in 

small quantities) in the condensed solid solutions earlier by 600–1000° C. This discrepancy 

cannot but affect the proportions of the main phases of condensed systems and (what is 

especially important) the mineral compositions. In particular, the "average" mg# of olivine in 

the model condensate (Shapkin and Sidorov, 2004) was estimated simply by dividing the 

calculated amount of Fo in the system into the sum of the molecular amounts of Fo and Fa as 

independent phases. In the models by Ebel and Grossman (2000 and Petaev and Wood 

(2005), the Fo content in olivine is calculated for a solid olivine solution.  

We focus attention on this question, because therein lies the cause of yet another 

important mineralogical difference in the composition of the calculated condensates of an 

ideal solar gas. The calculations by Ebel and Grossman (2000) and Petaev and Wood (2005) 

in the case of equilibrium condensation give a Fa content in olivine of no more than 0.1 

mol.%, whereas the Shapkin-Sidorov program yields up to 20–25 % Fa in "averaged" olivine 

from the bulk condensed material. Apparently for this reason, these authors did not face the 

problem of an extremely high degree of reduction of the condensation products of an ideal 

solar gas (Anders and Grevesse, 1989) and the necessity of varying the GDN composition to 

choose the conditions corresponding to more oxidized silicate chondrules that contain 

significant amounts of FeO (Fa in olivine). 

 

 

Figure 8. The melt stability fields as a function of the pressure and dust/gas ratio in the nebula. Based 

on the review by Petaev and Wood (2005) with modifications.  
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The Effect of the Dust/Gas Ratio in the Solar Nebula 
 

The solution to the problem of a relatively high oxidation of the GDN regions where the 

proto-source of silicate chondrules was formed is found in spatial variations of the solar-gas 

composition (Ebel and Grossman, 2000; Petaev et al., 2003; Alexander, 2004). In this case, 

it is implied that the constancy of the bulk composition of the solar system is consistent with 

the fact that the GDN composition varied both laterally and vertically at different distances 

from the disk center (Dorofeeva and Makalkin, 2004; Zanda et al., 2006). The physical 

causes of these variations can be different, but experts on the simulation of condensation 

processes use the dust enrichment factor (DEF) or the dust/gas ratios in the initial system as a 

measure or degree of deviation from an ideal solar gas. In particular, Ebel and Grossman 

(2000) used the mixing of two components – an ideal solar gas and dust corresponding to the 

average composition of carbonaceous CI chondrites (Table 4) – to calculate the composition 

of dust-condensate-enriched systems.  

 

Table 3. The sequences of condensation of mineral phases from a solar-composition gas 

(Anders and Grevesse, 1989) at P = 10
–3 

bar 

 

Mineral phase 

VAPORS  

Ebel and Grossman 

(2000) 

Shapkin and Sidorov 

(2004) 

CWPI  

Petaev and Wood 

(2005) 

Temperature range, K (appearance – disappearance of phases) 

Corundum, Al2O3 1770 1726 1771 1466 1775 1751 

Hibonite, CaAl12O19 1728 1686 – – 1770 1495 

Grossite, CaAl4O7 1698 1594 – – 1656 1606 

Perovskite, CaTiO3 1680 1458 1692 1412 1692 1465 

CaAl2O4 1624 1568 – – – – 

Melilite (ss)  1580 1434 1640 * 1440 1608 1450 

Grossite, CaAl4O7 1568 1502 – – – – 

Hibonite, CaAl12O19 1502 1488 – – – – 

Spinel (ss) 1488 1400 1466 2* 1418 1495 1431 

Metal (ss) 1462  1459 3*  1472  

Clinopyroxene (ss) 1458  1440 4* 398 1466  

Olivine (ss) 1444  1431 5*  1449  

Plagioclase (ss) 1406 1318 1418 6* 610 1460  

Ti3O5 1368 1342 1412 1253 1380  

Orthopyroxene (ss) 1366  1381 7*  1372  

Ti4O7 –  – – 1350  

Cordierite, Mg2Al4Si5O18 1330  – – –  

Cr spinel (ss) 1230  – – 1170  

 

Albite (NaAlSi3O8)   819 407   

Hercynite (FeAl2O4)   610    

Fayalite (Fe2SiO4)   423    

Notes. 
* 

Helenite (Ca2Al2SiO7), 
2*

 pleonaste (MgAl2O4), 
3*

 metallic iron, 
4*

 diopside (CaMgSi2O6), 
5* 

forsterite (Mg2SiO4), 
6*

 anorthite (CaAl2Si2O8), 
7*

 enstatite (MgSiO3). 
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Table 4. Relative atomic abundances of elements in an ideal solar-composition gas, the 

CI component (normalized to 10
6 

Si atoms), and dust-enriched model compositions 

relative to the solar composition 

 

 AG89 (=I) Dust (=CI) «100  CI» «1000  CI» II III 

H 2.791010 5.28106 2.841010 3.321010 7.3210
6
 2.8310

6
 

He 2.72109  2.72109 2.72109 2.72105 2.72105 

C 1.01107 7.56105 8.50107 7.65108 6.0010
6
 1.0110

4
 

N 3.13106 5.98104 9.05106 6.28107 3.13102 3.13103 

O 2.38107 7.63106 7.80108 7.65109 4.9210
7
 3.7110

7
 

F 8.43102 8.43102 8.43104 8.43105   

Ne 3.44106  3.44106 3.44106   

Na 5.74104 5.74104 5.74106 5.74107 5.74104 5.74104 

Mg 1.07106 1.07106 1.07108 1.07109 1.07106 1.07106 

Al 8.49104 8.49104 8.49106 8.49107 8.49104 8.49104 

Si 1.00106 1.00106 1.00108 1.00109 1.00106 1.00106 

P 1.04104 1.04104 1.04106 1.04107 1.04104 1.04104 

S 5.15105 5.15105 5.15107 5.15108 5.15105 5.15105 

Cl 5.24103 5.24103 5.24105 5.24106 5.24103 5.24103 

Ar 1.01105  1.01105 1.01105   

K 3.77103 3.77103 3.77105 3.77106 3.77103 3.77103 

Ca 6.11104 6.11104 6.11106 6.11107 6.11104 6.11104 

Ti 2.40103 2.40103 2.40105 2.40106 2.40103 2.40103 

Cr 1.35104 1.35104 1.35106 1.35107 1.35104 1.35104 

Mn 9.55103 9.55103 9.55105 9.55106 9.55103 9.55103 

Fe 9.00105 9.00105 9.00107 9.00108 9.00105 9.00105 

Co 2.25103 2.25103 2.25105 2.25106 2.25103 2.25103 

Ni 4.93104 4.93104 4.93106 4.93107 4.93104 4.93104 

Note. AG89 – the solar composition from Anders and Grevesse (1989) that we used as composition I 

(Tables 5 and 6). The "100  CI" and "1000  CI" compositions represent the GDN composition 

calculations using the technique by Ebel and Grossman (2000): СGDN = (DEF - 1)Сdust + СAG89. 

Compositions II and III represent the calculations with various proportions of conditionally solar 

components using the technique by Wood and Hashimoto (1993) and Petaev et al. (2003): II – 

dust/organics/gas/ice proportions = 1/1/0.0001/0.0001; III – dust/organics/gas/ice proportions = 

1/0.001/0.0001/0.001. 

 

Figure 9 presents the results of the calculations based on the VAPORS program, which 

simulate the change in oxygen fugacity (log fO2) during the condensation of systems with 

different DEFs (Table 4). These data show that an increase in DEF causes the oxygen 

potential in an equilibrium gas system to increase. This is a result of the redistribution of O, 

H, and C species between the silicates and the most important solar-gas components, 

including H2, CO, H2O, and CO2. The oxygen fugacity in the gas medium increases through 

the separation of "reduced" (H2, CO) and "oxidized" (H2O, CO2) components. The degree of 

such separation increases as the dust component is accumulated in the system: at DEF  500–

1000, the redox conditions of the condensing system turn out to be lower than the iron-wüstite 

(IW) buffer by 1.5–2 log units. Under these conditions, much of the iron enters into the silicate 

matrix in the form of FeO. 

Complimentary Contributor Copy



A. A. Ariskin, O. I. Yakovlev, K. A. Bychkov et al. 76 

 

Figure 9. Oxygen fugacity versus temperature of solar-gas equilibrium with the GDN condensates. The 

results of the calculations based on the VAPORS program at two pressures for two solar compositions 

differing by DEF (100 и 1000) from Ebel and Grossman (2000). 

The approach presented above (Table 4, Fig. 9) implies that the compositional component 

of the dust is initially present in the solar gas whose composition can be described as a 

mixture of two end-components – an ideal gas (including H + He + Ne + Ar) and CI dust 

(given the solar element abundances). There are possibilities for expressing the GDN 

composition variations using the proportions (ratios) of other "conditionally solar" 

components. The tradition of such a description originates from the paper by Wood and 

Hashimoto (1993) and includes the consideration of four main components of the solar material 

– gas (H + He), ice (H, C, N, O), organics (H, C, O), and dust. The CWPI program admits 

variations in ratios for these end-components, which lead to a change in GDN composition and 

the corresponding redox conditions. Thus, the integral dust component in the CWPI model is 

represented as a mixture of ice, organics, and residual dust in proportions providing the solar 

element abundances.  

Therein lies the difference between the composition of the non-gas component from 

Petaev et al. (2003) and the CI component used by Ebel and Grossman (2000). These 

differences are most pronounced for С, N, and O, which show an enrichment of the residual 

dust calculated in this way relative to the CI composition approximately by a factor of 13, 52, 

and 3, respectively (Petaev and Wood, 2005). For this reason, lower dust/gas rations (usually 

in the range 0.1–50) than those in the VAPORS program (100–1000) are used to estimate the 

dust-enriched GDN compositions in the CWPI model. These differences are not fundamental, 

because, irrespective of the DEF or the dust/gas ratio, achieving the same degree of oxidation 

of the condensing system requires close bulk compositions for the original GDN. Both 

models allow these compositional characteristics to be varied over a wide range, given that an 

increase in the dust/gas ratio in the initial system shifts the total silicate melt stability pressure 

to the region of lower values (Fig. 8). 

A certain advantage of the VAPORS program over the CWPI code is the possibility of 

calculating the composition of the condensed silicate liquid. However, this plus is of no crucial 

importance, given that such calculations are based on the MELTS model for the activity of melt 
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components, whose reality even in the calibration range of temperatures (below the liquidus of 

basalt- peridotite systems) is questioned by the authors themselves (Ghiorso et al., 2002). The 

CWPI program appears attractive with regard to condensation calculations under conditions of 

partial or total isolation of the condensed material (Table 2). For the first numerical experiments 

on the thermal reduction of GDN condensates, we chose the CWPI model, whose code was 

kindly provided by M.I. Petaev. 

 

Table 5. The mineral composition of the model condensates calculated using the CWPI 

program (Petaev et al., 2003; Petaev and Wood, 2005) 

 

Wt. % 
I II III 

1000 K 800 K 1000 K 800 K 1200 K 900 K 800 K 

Ol 25.65 15.4 4.74 6.02 46.44 41.00 43.08 

Metal 32.22 31.34 1.27 17.60 24.6 7.70 7.04 

Opx 31.77 42.00 – 29.53 12.60 12.7 10.88 

Cpx 2.6 2.84 –  2.83 3.02 3.37 

Plagioclase 7.45 6.69 – 7.93 10.31 9.71 10.10 

Shreibersite – 0.87 – 0.67 – – – 

Periclase – – 9.04 – – – – 

Spinel – 0.67 3.77 – – 0.72 0.78 

Sulfide (cub. mod.) – – 15.7 
 .59 – – – 

Fe–Ni sulfide – – – 9.12 – 23.27 23.31 

CaS  – – 2.75 1.50 – – – 

Graphite   13.61 21.33 – – – 

Silicides (Me/Si) – – 48.48 – – – – 

– cristobalite – – – – 0.71 – – 

Whitlockite – – – – – – 0.85 

Other phases  0.31  0.11  0.59  0.71  2.45  1.82  0.59 

Notes: I–III – see the model GDN compositions in Table 4. Only the phases whose amount in the 

model condensates is at least 0.5 wt. % are listed. 

 

 

Evolution of the Melt and Metal Compositions during Thermal Reduction 
 

The model calculations have been separated in two stages. Initially, the compositions of 

the "solar" condensates were estimated using the CWPI program for various condensation 

temperatures and dust/gas ratios; subsequently, the compositions of these model condensates 

(recalculated on oxide basis) were used in the METEOMOD program to simulate their 

heating and reduction above the olivine liquidus temperatures.  

The condensation calculations included the specification of P-T parameters in the solar 

nebula for the region of probable chondrule formation (dust/gas ratios) and the bulk 

composition of the condensing system. The pressure in the nebula was estimated by various 

authors to be within the range 10
–4

–10
–3

 atm, while its variations in this range do not affect 

strongly the order of condensation, except for the olivine-metal reversion (Fig. 7). In our 

calculations, we assume P = 10
-4

 atm (see, e.g., Dorofeeva and Makalkin, 2004). The key point 

is to specify the initial GDN composition. Actually, the "ideal solar composition" implies using 

one of the two popular models – those of Anders and Grevesse (1989) and Lodders (2003). 
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However, this most primitive (averaged over the nebula) composition of the solar material can 

be varied through the proportions of dust and gas as the conditionally solar components. Using 

the CWPI program, we calculated and examined three variants of the protochondritic 

source based on the data from Anders and Grevesse (1989): (I) a canonical solar 

composition (AG89) with undisturbed proportions of the conditionally solar components and 

two highly dust-enriched compositions – with relatively high (II, dust/organics/gas/ice = 

1/1/0.0001/0.0001) and reduced (III, dust/organics/gas/ice = 1/0.001/0.0001/0.001) carbon 

contents. The gas content in the compositions II and III was reduced by four orders of 

magnitude (Table 4). The condensation temperatures for these compositions were varied in the 

range 800–1200 K (Table 5). At fixed parameters of our calculations, the volatile components 

(CO, CO2, H2O, sulfur, nitrogen, and alkali metal compounds) are concentrated mainly in the 

gas phase, while the average mineral composition of the calculated condensates may be 

considered as a model of the protosource of silicate chondrules and metal differently depleted 

in volatiles.  

 

Table 6. The chemical composition of the model condensates and a metal-poor  

LL chondrite assuming complete iron and nickel oxidation 

 

Wt. % 
I II III 

STS 
1000 K 800 K 1000 K 800 K 1200 K 900 K 800 K 

SiO2 31.67 32.99 33.77 32.69 32.77 32.66 32.66 40.78 

TiO2 0.1 0.11 0.11 0.10 0.10 0.10 0.10 0.11 

Al2O3 
 .58 2.38 2.46 2.35 2.36 2.35 2.35 2.38 

"FeO" 35.38 35.51 35.75 35.18 35.26 35.16 35.13 26.01 

MnO 0.01 0.01 0.35 0.37 0.36 0.37 0.37 0.32 

MgO 25.43 23.77 21.63 23.56 23.61 23.53 23.53 25.31 

CaO 2.05 1.88 1.95 1.86 1.87 1.86 1.86 1.93 

Na2O 0.00 0.02 0.00 0.88 0.79 0.95 0.96 1.00 

K2O 0.00 0.00 0.00 0.04 0.03 0.05 0.08 - 

P2O5 0.13 0.39 0.31 0.40 0.27 0.40 0.40 0.22 

Cr2O3 0.47 0.56 0.58 0.56 0.56 0.56 0.56 0.58 

"NiO" 2.15 2.02 2.09 2.00 2.00 2.00 2.00 1.35 

TOl,
oC 1595 1587 1568 1567 1558 1558 1558 1552 

Notes: I–III – see the model GDN compositions and their condensation products in Table 4. The 

contents of the iron and nickel oxides were calculated based on the composition of the model 

condensates (Table 5) as "FeO" = FeO + Fe and "NiO" = NiO + Ni. The STS composition 

corresponds to the bulk composition of the Saint Severin LL chondrite from Jurewicz et. (1995). 

The silicate liquidus temperature was estimated by means of the Ol thermometers used in the 

METEOMOD program (Ariskin et al., 1997): the NiO content in the melts was disregarded in this 

case. 

 

Comparing the mineral characteristics of these condensation products is of interest 

(Table 5). For the "solar composition" I, they are represented by a mixture of metal (about a 

third) and silicates. For the carbon-enriched composition II, we point out a sharply reduced 

character of the system containing graphite and metal silicides. The condensation products of 

the most dust-enriched composition III are dominated by olivine (41–46 wt.%) and a metal-

sulfide mixture (collectively 25–30 %) at fairly stable proportions of Opx, Cpx, and plagioclase. 

We consider such mineral compositions as the most probable model systems for the 
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protochondritic source. The results of recalculating these mineral compositions (Table 5) to 

the mass fractions of 12 "petrogenic" oxides are presented in Table 6. The constancy of these 

"petrochemical" characteristics is not surprising – basically, they represent the virtual 

oxidation product of the silicate component of the solar material. For comparison, the last 

column in Table 6 gives the composition of the Saint Severin LL chondrite, which is one of 

the most primitive ordinary chondrites (Jurewicz et., 1995). Obviously, the composition of 

this LL chondrite bears evidence for the early removal of 12 % of the metallic phase with 

subchondritic proportions of Fe and Ni from the solar composition. 

For the further calculations and comparisons, we choose a condensation product of the 

composition III at 1200 K (927° С) and a system corresponding to the Saint Severin chondrite 

(Table 6). Both systems were used as an approximation of the bulk composition of 

protochondritic materials in our calculations based on the "nickel" version of the 

METEOMOD program. 

The simulation of thermal reduction begins with the calculation of two temperatures 

corresponding to olivine-melt (TOl) and metal-melt (TM) equilibrium at arbitrary lоg fO2. Since 

the regime of thermal reduction is to take place in the super-liquidus region of the initial system, 

it is important to choose such an oxygen fugacity that the difference between the metal 

equilibrium temperature and the olivine liquidus TM – TOl > T (where T > 0 is of the order of 

the first degrees). Under this condition and at constant lоg fO2, the calculations start in the 

regime of thermal reduction when the temperature is to increase as a metal of variable 

composition precipitates (see trajectory II in Fig. 2b). We choose log fO2 = –6.70 (TOl = 1558° 

С) for the composition III (1200 K) in Table 6 and log fO2 = –7.00 (TOl = 1552° С) for STS. 

These initial parameters correspond to the redox conditions  IW + 1; starting from a 

temperature of 1740° C, both systems evolve at more reducing conditions than those for the 

iron-würstite buffer. This is in good agreement with the data on direct oxygen fugacity 

measurements in various types of ordinary chondrites (Brett and Sato, 1984; McSween and 

Labotka, 1993), see Schaefer and Fegley (2007). As a result of these incremental calculations 

with a step of 1 wt.%, we obtain a set of compositions for chondrule-forming liquids that are 

in equilibrium at different temperatures with a certain amount of Fe-Ni metal.  

Figure 10 displays the calculated co-variations in residual melt composition, equilibrium 

composition, and the amount of reduced metal for the chosen initial compositions during the 

thermal reduction. The estimates of the average composition for three main types of ordinary 

chondrites from Schaefer and Fegley (2007) are given for comparison. Both modeled systems 

cover a wide range of temperatures (1560–2200
о
 С) and degrees of reduction of the initial 

condensates whose melting products change regularly with the precipitated metal proportion. 

For the main oxide components, the calculated trajectories display monotonous trends of 

evolution due to the depletion of FeO in the melt and complementary accumulation of the 

remaining components. This is an obvious result. Note only that if ordinary chondrites are 

assumed to be a mixture of thermal reduction products from the melt (chondrules plus metal) 

and a primitive condensed material (matrix), then compositions similar to those of the Saint 

Severin chondrite approximate satisfactorily the composition of this initial material.  

Also, the model relationships between the metal proportion and composition are 

interesting (Fig. 10). In both cases, a high NiO content and an enhanced oxygen fugacity 

(IW+1) initially leads to the precipitation of a Ni-rich phase with a Ni content of about 90 

%. However, even at 5 % of the metal reduction, we observe a Ni content of about 30 %, 
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which is monotonously decreased towards the "solar" Ni/Fe ratio (Table. 6). This is a 

nontrivial result based on the thermodynamic model for the Fe-Ni alloy (Tomiska and 

Neckel, 1985), the experimental data on the Fe and Ni solubility in silicate systems, and the 

T-fO2 regime of the thermal reduction. The genetic significance of the cosmochemical 

reconstructions is given below. 

 

 

Figure 10. Results of calculations simulating thermal reduction of Fe-Mi metal from the silicate melts 

consistent with possible protochondritic sources. The initial materials included a model condensate of 

solar-composition gas (composition III at 1200 K) and a source corresponding to the primitive Saint 

Severin LL chondrite (STS), see Tables 4–6. The calculations were performed at temperatures above 

the silicate liquidus and P = 1 atm based on a revised version of the METEOMOD program (2006–

2008): the reduction step is 0.5 wt.%, log fO2 = const (-6.70 for III-1200 and -7.00 for STS). The 

average compositions of ordinary LL, L, and H chondrites were taken from Schaefer and Fegley 

(2007). The temperature range of the reduced melts is 1560–2200° С.  
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DISCUSSION 
 

Experiments on the melting of possible protochondritic materials (Cohen et al., 2004; 

Cohen and Hewins, 2004), numerical simulations of the condensation processes in the nebula 

(see above), and local chemical analyses for silicate chondrules and metal grains in the most 

primitive chondrites have allowed one to approach the estimation of GDN parameters in 

chondrule formation regions and to identify the geochemical contradictions when formulating 

various hypothesis of their formation (Connoly et al., 2001; Campbell et al., 2005). About ten 

genetic models have been proposed to describe the origin of metal. These include: 

 

[1] the condensation from the solar nebula into the solid (Grossman and Wasson, 1985; 

Jones, 1994; Campbell et al., 2005) or liquid (Ebel and Grossman, 2000; Varela et 

al., 2006) phases;  

[2] the FeO reduction from the protochondritic melt through the reactions with carbon 

(Hanon et al., 1998; Connoly et al., 2001) and hydrogen (Sears et al., 1996; Cohen 

and Hewis, 2004) or through thermal reduction (Ariskin et al., 1997, 2006);  

[3] the metal precipitation as a result of iron sulfide desulfurization (see, e.g., Zanda et 

al., 1994);  

[4] the Fe
0
 recondensation through the material precipitated previously during the 

evaporation of chondrule-forming melts (for CR2 chondrites, see Connoly et al., 2001);  

[5] the impact on the protochondritic source (Kallemeyn et al., 2001; Campbell et al., 

2002);  

[6] the reduction from silicates during metamorphic processes on the parent body of 

chondrites (Lee et al., 2002);  

[7] the presence of a pre-existed metal. 

 

The large-scale chondrule formation and metal formation processes include the 

mechanisms of GDN condensation and the precipitation of Fe-Ni alloys from high-

temperature protochondritic melts. The primitive (solar) Co/Ni ratios in the condensed 

material that were predicted by the first calculations of solar-composition gas condensation 

(Grossman and Olsen, 1974) and the weakly fractionated spectra of the siderophile elements 

dominating in metal grains from typomorphic samples of ordinary chondrites (Krot et al., 

2003; Campbell et al., 2005) are the main arguments for the condensational origin of the 

metal in chondrites. The studies of the distribution of siderophile elements for carbonaceous 

chondrites of the "CR family", which are characterized by an insignificant degree of 

metamorphism and a high content of the metallic phase (Kong and Palme, 1999; Connoly et 

al., 2001; Campbell et al., 2002; Campbell and Humayun, 2003, 2004), have attracted 

attention in recent years. This group includes Renazzo-type chondrites (CR proper, Weisberg 

et al., 1993), CH (Bischoff et al., 1993), and bencubbinites (the subtypes CBa and CBb, 

Weisberg et al., 2001). These objects are interesting in that the siderophile elements in them 

not only exhibit insignificant deviations of the geochemical ratios from the primitive (solar) 

ones but, in several cases, also show complementarity of the chemical composition of silicate 

chondrules and the amount of metallic phase (Connoly et al., 2001). Data on the metal 

composition in bencubbinites and the Grossvenor Mountains 95551 chondrite strongly 

suggest that the full spectrum of their geochemical characteristics cannot be explained in 
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terms of the model of condensation from the gas phase into the solid one (Campbell et al., 

2002; Campbell and Humayun, 2003).  

The models taking into account the important role of high-temperature chondrule-forming 

melts not only operate with the geochemical ratios but also allow for the physical constraints 

based on the structural observations and the use of partition coefficients in the silicate-metal 

system. These constraints include several fundamental observations (Connoly et al., 2001):  

 

[1] the round shapes and magmatic structures of most chondrules indicate that they 

crystallized from molten droplets;  

[2] the metal in silicate chondrites is also represented by isometric spherules or fills 

interstices between the boundaries of silicate grains – this is evidence for the 

presence of an immiscible metallic melt;  

[3] the presence of a liquid Fe-Ni alloy ( 10 % Ni in the metal) allows constraints to 

be imposed on the minimum temperature of the heterogeneous chondrule-forming 

system, about 1510° С (Swartzendruber et al., 1991);  

[4] the results of experiments on the melting of chondrules and calculations of their 

liquidus temperatures pointing to a range 1550–1800° С (see, e.g., Cohen et al., 

2000) are also consistent with this estimate. 

 

The fact that the silicate chondrules and the metal inside the chondrules existed in the 

form of immiscible melts suggests that efficient partitioning of siderophile elements is 

inevitable. The dependence of the bulk composition of silicate chondrules on the amount of 

metal present in them can be a geochemical signature of such fractionation. Such estimations 

for Renazzo-type (CR2) chondrites show that metal-depleted chondrules turned out to be 

depleted in siderophile elements, irrespective of their volatility (Connoly et al., 2001). The 

problem of stable "nonfractionated" (solar) Os/Ir, Ni/Fe, Co/Ni, Pt/Fe, and other ratios, which 

are typical of the central parts of most metal grains (Campbell et al., 2005), remains. The 

experimental data obtained at P = 1 atm under low oxygen fugacity conditions (log fO2  –10) 

indicate that the metal-silicate partition coefficients in high-temperature basaltic and 

chondritic systems are DM-Sil ~ 10
2
–10

3
 for moderately siderophile elements (Co, Ni) and 

reach DM-Sil ~ 10
4
 for highly siderophile platinoids (Schmitt et al., 1989; Walter et al., 2000; 

Righter, 2003). High contents of siderophile elements in the metal and a fractionated 

spectrum of partitioning relative to the "initial" iron content in CI chondrites were predicted 

on the basis of these data. The dominance of metal grains with a nickel content of about 5–5.5 

% (Fe/Ni  18) in chondrites seems to be in conflict with these estimates; see the "solar" 

composition in Table 4. 

Meanwhile, an elementary analysis of the partitioning laws in the metal-silicate system 

gives an obvious explanation for this contradiction. Consider 1 mole of a silicate system 

containing some amount of Fe and Ni oxides ([SiO2] + … + [FeO] + + [NiO] + … = 1 mole). 

Assume that this system has been separated into f moles of the metal (XNi + XFe = 1) and  

(1 – f) moles of the silicate melt with certain contents XFeO and XNiO. The siderophile element 

balance equations for this heterogeneous system are 

 

[FeO] = (1 – f ) XFeO + f XFe, (9a) 
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[NiO] = (1 – f ) XNiO + f XNi. (9b) 

 

In the case of high Ni partition coefficients between the metal and the melt (DNi ~ 10
3 

>> 

0), it can be assumed that almost all of the nickel is concentrated in the metal, i.e., (1 – f )XNiO  

0: 

 

1 / XNi = f / [NiO]. (10) 

 

Given the stoichiometry, let us express the Fe/Ni ratio in the metal as  

 

XNi /XFe = XNi / (1 – XNi)= 1 / (1 /XNi – 1). (11) 

 

Substituting (10) into (11) gives the predicted composition of the metallic phase 

 

XNi /XFe = XNi / (1 – XNi)= 1 / ( f / [NiO] – 1). (12) 

 

Equation (12) shows that since nickel is highly siderophilic, the equilibrium metal 

composition does not depend on the initial iron content in the system but is determined by the 

amount of reduced phase f and the NiO content in the source. The total iron content serves as the 

constraint f  [FeO], which in the upper limit corresponds to complete metal reduction fmax = 

[FeO]. If we take [FeO]  0.352 and [NiO]  0.02 (Table 6) for the primitive, but oxidized 

solar condensate, then at the maximum degree of reduction we obtain a metal composition 

with Ni/Fe  0.06 that is close to the chondritic one. This approximate calculation shows that 

the observed primitive composition of the metallic grains in chondrites is not only consistent 

with the concept of reduction from a melt but is a direct consequence of the partitioning in the 

metal-silicate system at a high degree of proceeding the reaction (2). Obviously, this logic is 

applicable to other highly siderophile elements whose partitioning can also be described by 

Eqs. (10)–(12). Thus, the clear correlations and the consistency of the cosmochemical ratios 

in the metal for nonvolatile and moderately volatile siderophile elements can be explained – 

this is also a consequence of the extremely high degree of reduction of silicate chondrules. 

The available estimates of olivine compositions in silicate chondrules, which usually point to 

forsterite containing no more than 1–2 mol.% Fa (Krot et al., 2003), serve as an indirect 

confirmation of this regularity. The data on the compositions of silicate minerals in CR 

chondrites, where the Ni content in individual metal grains reaches 8–12 % (Connoly et al., 

2001; Campbell and Humayun, 2003), seem extremely important in this connection. Such a 

composition may be considered as evidence for incomplete metal reduction from the initial 

melts and the expected more ferrous composition for the corresponding silicate matrix.  

We believe that the proposed concept of thermal reduction of Fe-Ni metal offers new 

ways of solving traditional problems of meteoritics. The experimental data on the melting of 

ultramafic materials, thermodynamic analysis of the transitional metal reduction conditions, and 

the models presented above (Fig. 10) indicate that the formation of metal from a silicate molten 

material is inevitable in virtually any high-energy process in which the temperature exceeds 

1500–2000° С. If this conclusion is applied to the formation of primordial silicate chondrules 

and metallic spherules in the solar nebula, then the following mechanisms are proposed as 

realistic physical ones: (1) the action of shock waves on the GDN through a supernova 
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explosion, (2) ablation and/or aerodynamic heating during protoplanetary disk accretion, (3) 

lightning discharges in the gas-dust cloud, and (4) gasdynamic impact heating during the 

collisions of gas streams with different densities and temperatures (Rubin, 2000). Such 

processes may be considered as "impulsive" ones in the sense that their time scale does not 

exceed fractions of a second or the first minutes. It can be noted that for almost complete 

metal reduction in King's experiments (King, 1983), it was sufficient to heat the source from 

1400 to 3000° С in one minute. The chronology of the chondrule formation events in high-

temperature processes corresponds to a time interval of ~2 Myr – from the formation of CAIs 

to the appearance of the first planetesimals (Trieloff and Palme, 2006). The thermal metal 

reduction mechanism at the earliest evolutionary stages of the gas-dust nebula considered is 

consistent with the W-Hf systematics of meteoritic matter, according to which the iron 

meteorites and the chondrite metal have low values of (182
W), from –4 to –3, at Hf/W  0 

(Jones and Palme, 2000).  

 

 

CONCLUSION 
 

We provided experimental evidence (Barmina et al., 1974; King, 1982, 1983; Yakovlev et 

al., 1985, 1987, 2003), thermodynamic arguments (Ariskin et al., 1997), and numeric models 

(Ariskin et al., 2006; Yakovlev et al., 2008) arguing for the wide range of temperatures when 

the protochondritic systems were heated above the olivine liquidus is the main cause of the 

differences in the degree of metal reduction and the conjugate compositional evolution of 

silicate chondrules (Figs. 2 and 3). Thus, the formation of complementary chondrules and 

metal, as the main components of ordinary chondrites, may be considered in the context of rapid 

differentiation in which the scales of the phase separation for primordial materials can be 

directly related to the degree (efficiency) of the temperature jump. Our numerical simulations of 

thermal reduction for chondritic and protochondritic melts were performed assuming log fO2 = 

const, which implies the absence of significant variations in the composition of the gas 

medium under impulsive heating conditions. However, this scheme does not necessarily 

suggest a constant oxygen fugacity. Variations in log fO2 under the conditions of the 

protosolar nebula that correspond to a gentler slope of the dependence of log fO2 on the 

reciprocal temperature than that for the Fe-FeO buffer (Fig. 2) are also possible for the 

manifestation of the thermal reduction effects. This allows us to "build a bridge" from the 

condensation models to the thermal reduction of the GDN compositions by varying the 

proportion of dust in the primordial system (see above) and searching for optimal 

condensation conditions for the realization of succeeding chondrule-forming processes. The 

presence of a reducing agent in this scheme plays no crucial role. The presence of carbon and 

hydrogen can be reduced to the binding of oxygen produced through the thermal reduction of 

the system. This is one of the main corollaries of the proposed mechanism of chondrule 

formation. 

The results of our simulations of the thermal reduction for condensates from the gas-dust 

nebula represent the first attempt in cosmochemistry and meteoritics. The calculations were 

performed on mineral compositions as the condensation products of the solar nebula at 800–

1200 K, that were calculated using the model by Petaev and Wood (2005 – the CWPI code). 

These model condensates were subjected to "numerical melting" above the olivine liquidus up 
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to 1550–2100° C and log fO2  –7. As a result, we observed a successive release of metal 

coupled with the formation of a sequence of FeO-depleted and SiO2-enriched melts 

demonstrating a monotonous increase in mg#. This is an expected result. The nontrivial 

corollaries of our calculations concern the model relations between the amount (wt.%) and 

composition (Ni/(Ni + Fe)) of the metal. They turned out to be identical or close to the observed 

characteristics of the metal in ordinary LL, L, and H chondrites (Fig. 10). The result obtained 

is considered as an important argument for the reality of the impulsive heating of 

protochondritic materials, giving rise to primary metal and complementary silicate spherules 

of various compositions.  

The construction of such polygenetic models opens the possibilities for a systematic 

study of the effect of the GDN composition and P-T-fO2 parameters (including the dust/gas 

ratios, the degree of fractionation, and the kinetic condensation effects) and the scales of 

superheating the previously condensed materials on the compositions of the complementary 

metal and melt ("proto-silicate chondrules"). The results presented can be used to construct 

more advanced models that allow for the possibility of multiple heating of the initial materials 

and mixing of the thermal reduction and condensation products. Obviously, the evaporative 

differentiation processes should also be taken into account here by making allowance for the 

effects of different evaporation of petrogenic oxides and trace elements during the heating of 

condensates (Alexander, 2004) and the cooling of chondrules. Thus, in prospect, the numerical 

simulation of a broad spectrum of ordinary and CR chondrites differing in the degree of metal 

reduction and other petrologic-geochemical characteristics seems to be realistic. 
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