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Introduction: The R chondrites are a group of highly oxidized and sulfidized meteorites that formed in a vola-

tile-rich environment [1, 2]. Petrologic types range from 3 to 6 [3], but there is evidence of extensive hydrothermal 

alteration in some type 5 and type 6 samples [4-6]. This high-temperature alteration is distinct from the low-

temperature aqueous activity recorded by the carbonaceous chondrites. Copper sulfides commonly occur in terrestri-

al hydrothermal deposits. They have been reported in meteorites [7-9], but their origin is unclear. Here we report on 

chalcopyrite, isocubanite, and bornite in the R chondrites. 

Methods: Four R chondrite thin sections were selected for this study: Mount Prestrud (PRE) 95404 (R3.2-R4), 

PRE 95411 (R3 or R4), (PCA) 91002 (R3.8-5), and Northwest Africa (NWA) 7514 (R6). Electron microprobe work 

was conducted using the Cameca SX-100 at the University of Arizona following standard procedures. Cu X-ray 

maps were made of each thin section to identify Cu-rich regions. These areas were further characterized using WDS 

spot analyses of both Cu-bearing phases and the surrounding sulfides. 

To complement phase identification via chemistry, we acquired selected-area electron-diffraction (SAED) pat-

terns of Cu-sulfide phases. Focused-ion-beam (FIB) sections of four Cu-bearing assemblages were prepared for 

transmission electron microscope (TEM) analysis. Analysis of Assemblage A (PRE 95411) has been previously 

described [10]. Assemblages B (PCA 91002), C (PRE 95404), and D (PRE 95404) were analyzed using the JEOL 

2500SE 200kV field-emission scanning transmission electron microscope (S/TEM) at Johnson Space Center. 

Results: Cu-bearing phases occur in all four thin sections. In R3.2 material, these phases occur as lamellae in 

pentlandite. Cu-bearing inclusions in pyrrhotite are less common, but also occur. Electron-diffraction patterns from 

Assemblage C and D are consistent with bornite embedded in troilite and pentlandite respectively. In the case of 

Assemblage C, bornite fills a triple junction between pyrrhotite grains. In PRE 95411 and NWA 7514, Cu-bearing 

phases are stoichiometrically similar to chalcopyrite, and appear in pentlandite and pyrrhotite assemblages from the 

matrix. SAED patterns from Assemblage A are consistent with chalcopyrite and troilite, and DF and X-ray images 

indicate the presence of an oxide vein that cuts between chalcopyrite and troilite [10]. PCA 91002 contains multiple 

grains of chalcopyrite, as well as a single lenticular grain with cubanite-like chemistry (Assemblage B). Electron-

diffraction patterns are consistent with isocubanite embedded in 5C pyrrhotite. 

Discussion: The occurrence of bornite in an unequilibrated, R3.2 clast suggest that it may be a pre-accretionary 

phase. Thermodynamic calculations indicate that at a solar H2S/H2 ratio [11], bornite forms at 387 °C via gas-solid 

reaction. This is close to the temperature at which troilite forms [12], suggesting that its formation may not be kinet-

ically inhibited.The presence of chalcopyrite and isocubanite in more altered samples suggests their formation by 

secondary processes, thereby constraining conditions for parent-body alteration of pre-accretionary bornite. Chalco-

pyrite is reported in a number of meteorites with low shock stages, suggesting that it is not solely a product of im-

pact heating. The chalcopyrite in Assemblage A is consistent with hydrothermal formation and equilibration down 

to ~200 °C [10]. Assemblage B is consistent with phase diagrams at 300 °C in aqueous conditions [13]. Pyrrhotite in 

Assemblage B further constrains the temperature to ≤ 308 °C [14]. Isocubanite only forms above 210 °C, and de-

composes to chalcopyrite and pyrrhotite below this temperature [15-17], although rapid cooling can preserve 

isocubanite at lower temperatures [17]. We hypothesize that bornite on the parent body interacted with an aqueous 

fluid at temperatures between 210 and 308 °C to form isocubanite and chalcopyrite. Experimental data suggest the 

fluid was Fe-bearing [18]. Most assemblages subsequently equilibrated to ~200 °C, resulting in formation of chalco-

pyrite from isocubanite. Since chalcopyrite is found throughout PRE 95411, this suggests that hydrothermal altera-

tion of sulfides occurred even in low petrologic types. 
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