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Introduction:  Refractory metal nuggets (RMNs) 

are predicted to be among the first solids to condense 

from a cooling solar composition gas, over a tempera-

ture range of 1400 K to 1600 K (at 10
-4

 bar) [1].  They 

contain the early condensing refractory siderophile 

elements Re, Os, Ru, Ir, Mo, W, Pt and Rh. These 

nuggets are found in CAIs from chondritic meteorites 

[e.g. 2], but similar ones have also been observed in 

presolar graphite grains [3].  Concerning the “solar 

nuggets”,  it has become evident that CAIs often have a 

complex alteration history involving reactions at lower 

temperatures with the ambient gas leading to modifica-

tions of the primary mineralogy. In addition, most 

CAIs were once molten [4], thus erasing a possible 

primary nebular record. How the RMNs enclosed by 

molten CAIs were affected by these secondary pro-

cesses is not clear. From [5], who studied the oxidation 

behavior of similar alloys, it is clear that Mo, Re and 

W are not very stably bound in those alloys. Tungsten 

was found to be more easily oxidized than Mo, so in 

the process the alloy will first lose W and then, with 

increasing oxygen fugacity, Mo. Thus, RMNs from 

meteorites with a significant thermal alteration history 

could have been affected by oxidizing processes, which 

would also erase a possible primary nebular record. A 

pristine nature for 88 extracted and analyzed RMNs 

from the chondritic meteorite Murchison was assumed 

by [1], who calculated effective condensation tempera-

tures for each grain based on a multi-element fit to the 

condensation model of [6]. 

Extending the work of [1] we present a statistical 

analysis of chemical compositions of extracted RMNs 

from the chondritic meteorites Murchison, Allende and 

Leoville. We studied a variety of RMNs from meteor-

ites with different alteration histories and oxidation 

stages in order to gain insight whether the RMNs are 

altered or are indeed pristine. We will also discuss 

formation of RMNs in different scenarios e.g. conden-

sation and precipitation during melting processes. 

 

Extracting RMNs:  Following the approach of [1] 

three new SiC rich acid resistant residues were pre-

pared from ~15 g of the meteorite Murchison, ~15 g of 

Allende and  ~4 g of Leoville, using procedures de-

scribed by [7] that originally were developed for isola-

tion and enrichment of presolar grains. Additionally we 

performed a density separation on the residue using 

diiodomethane (3.31 g/cm
3
) in order to enrich the 

RMNs in the heavy fraction. An estimated number of 

several thousand RMNs were found deposited on the 

platelets of each sample within an area of 2 mm in di-

ameter. Several hundred RMNs were identified and 

analyzed in the residue by scanning electron microsco-

py (SEM) and energy dispersive X-ray spectroscopy 

(EDS). The chemical compositions of 212 extracted 

nuggets (including RMNs from all three meteorites) 

were obtained by standardless quantitative EDS analy-

sis. The reliability of the EDS quantification was veri-

fied by the analysis of two standard alloys with known 

composition. 

 

Results:  RMNs from the three meteorites have 

similar sizes ranging from ~40 nm to ~ 1µm (Murchi-

son) or ~3µm (Allende). RMNs from Leoville have 

smaller range between ~150 nm and 800nm. Figure 1 

shows data of all measured RMNs for selected ele-

ments compared to the condensation trends according 

to the model of [6]. The alloys consist mainly of Os, Ir, 

Ru and Mo, but show a large variation in the abun-

dance of these main elements. The populations from 

the three different meteorites differ slightly. While 

some RMNs from Allende are W depleted (Figure 1a),  

in Murchison and Leoville RMNs this element are vir-

tually constant, and the W/Re ratio is remarkably close 

to the solar system ratio as given by [8]. For these the 

data plotted in Fig 1 partly agree with the predictions 

for the lower condensation temperature range around 

1400 K, but even for these there are inconsistencies 

due to the Ru (Figure 1b), Ir and Pt contents [9].  

 

Alteration of RMNs:  According  to [10] many 

CAIs - probably the main carrier of RMNs in Allende - 

were affected by high thermal alteration processes. 

Most susceptible to oxidation at high temperatures at 

increasing oxygen fugacity are W and Mo [5]. While 

several RMNs from Allende are oxidized and depleted 

in W and slightly depleted in Mo [9], others have a 

solar Re/W ratio. Given this behavior of W and Mo in 

the Allende RMNs and the generally solar Re/W ratios 

in RMNs from Murchison and Leoville, we suggest a 

pristine nature of these nuggets and a thermal alteration 

for several Allende RMNs prior incorporation into the 

parent body. 
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Formation of RMNs: RMNs contain only low va-

por pressure metals. They must have formed at high 

temperatures, either by condensation from a gas of 

solar composition or by evaporation of chondritic ma-

terial. The presence of appropriate amounts of W and 

Mo makes the second possibility unlikely (see [1]). 

Since all observed RMN are probably from CAI, the 

question arises whether the observed nuggets are direct 

nebular condensates or whether their present composi-

tion is affected by melting of CAI or other secondary 

processes.  

- Strong arguments for the condensation origin 

of Murchison RMNs were provided by [1], 

who showed that their composition fits on av-

erage with condensation calculations. These 

calculations were based on ideal solid solution 

of metals and continuous nebular cooling. The 

too high Ir, Ru and Fe contents would then in-

dicate non-ideality. During condensation the 

metals will form a single alloy and will be 

completely removed from the nebular gas by 

incorporation into simultaneously condensing 

oxides and silicates. Condensation was favored 

by [10] who found RMNs enclosed in “Fluffy” 

Type A CAIs, which are assumed to be the 

most pristine solar material and show no signs 

of melting. Moreover, a very strong argument 

is the finding of very similar RMNs enclosed 

in presolar “stardust” graphite grains, which 

undoubtedly must represent stellar (rather than 

solar) condensates [3]. 

- Whether the RMNs condensates were later af-

fected by alteration in the parent body or by 

CAI melting is unclear. The low W/Os for Al-

lende nuggets in Fig. 1 could indicate oxida-

tion of Allende RMN. Allende RMNs also de-

viate in the Ru vs. Os plot (Fig.2) from calcu-

lated condensates and RMNs in other meteor-

ites. CAIs may contain a variety of RMN com-

positions depending on the onset and end of 

condensation. Dissolution and reprecipitation 

of refractory metals in CAI melts may produce 

average compositions that cannot be easily fit-

ted with simple condensation models.  

At present it is difficult to decide to what extent CAI 

melting has affected RMN compositions. [12] found 

the majority of refractory metals in metal inclusions of 

CAI minerals, not large opaque assemblages which 

would argue against crystallisation of RMNs from 

melts. Unfortunately the thermodynamic and kinetic 

properties of RMN alloys during processes of conden-

sation and crystallization from a melt are poorly 

known. The observed hexagonal closed packed single 

crystal structure of all RMN so far analysed is assumed 

to be the stable phase for such alloys at high tempera-

tures [11]. It cannot, however, distinguish between an 

origin by condensation and one by precipitation. 
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Figure 1: Elemental ratios Re/Os and W/Os of the measured 

RMNs from residues in comparison to the thermo-dynamic 

model predictions from [6] for the range from 1400 (at the 

black arrow) K to 1700 K. 

  
Fig. 2: Weight fraction of  Ru plotted vs. weight fraction of 

Os for all measured RMNs in comparison with the model 

predictions from [6]. Signs, symbols and temperature range: 

See Fig. 1. 
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