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Presenter
Presentation Notes
Good morning. Before I start, I would like to say thank you for the early career support that enabled me to be here this week to learn more about how SBAG operates. I also want to say thank you for the opportunity to tell you a bit about the work that my collaborators and I have been doing on hydrothermal formation of copper sulfides in the R chondrites.



K.E. Miller 

R Chondrites 
• Highly oxidized, highly sulfidized, high Δ17O 
• Weisberg et al., 1991, Righter and Neff, 2007, McCanta et al., 2008, 

Jackson and Lauretta, 2010, Miller et al., in prep 

• Hydrothermal alteration on parent body 
• McCanta et al., 2008, Mikouchi et al., 2007, Treiman and McCanta, 

2010, Ruzicka et al., 2013, Gross et al., 2013 

Background 

Hornblende in 
LAP 04840; 
from Mikouchi 
et al., 2007; 
FOV ~2.5 mm 

Presenter
Presentation Notes
So the R chondrites are a rare group of meteorites that are recognized by their highly oxidized and highly sulfidized nature, as well as their distinctive oxygen isotopes. They are also noteworthy for the presence of amphibole and biotite in some R5 and R6 lithologies. These mineral phases are evidence for hydrothermal processes on the parent body, and in chondritic meteorites, they are only found in R chondrites. Here is a transmitted light image of hornblende replacing a barred olivine chondrule in LAP 04840. 



K.E. Miller 

Petrologic Types 

Type 1 
Aqueously altered 

Type 3 
Unaltered 

Type 6 
Thermally altered 

Background 

Presenter
Presentation Notes
As many of you are aware, parent body alteration of meteorites is typically classified using petrologic types. This is a linear scale, with the most unaltered material in the middle at type 3, aqueous alteration extending down to type 1, and thermal alteration extending up to type 6. As this scale suggests, the current paradigm in the meteorite community about processes on asteroid parent bodies treats aqueous and thermal processes as isolated from one another, but the R chondrites are a good reminder that this paradigm does not adequately describe the full range of processes that occurred on small bodies. Instead of this linear either-or scale, the R chondrites suggest that something more like this diagram may be appropriate for considering the evolution of small bodies.
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Petrologic Types 

Aqueously 
Altered 

NWA 7514 (R6) 
Thermally 

Altered 

LAP 04840 (R5) 
Hydrothermally 

Altered 

PRE 95404(R3.2) 
Unaltered ALH 83100 (CM1) 

Image: NASA 

~500 µm 

Background 

Presenter
Presentation Notes
As many of you are aware, parent body alteration of meteorites is typically classified using petrologic types. This is a linear scale, with the most unaltered material in the middle at type 3, aqueous alteration extending down to type 1, and thermal alteration extending up to type 6. As this scale suggests, the current paradigm in the meteorite community about processes on asteroid parent bodies treats aqueous and thermal processes as isolated from one another, but the R chondrites are a good reminder that this paradigm does not adequately describe the full range of processes that occurred on small bodies. Instead of this linear either-or scale, the R chondrites suggest that something more like this diagram may be appropriate for considering the evolution of small bodies.
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EMPA 
Survey 

PRE 95404 (R3.2 clast): 
Ubiquitous Cu-rich lamellae in pentlandite 

Cu-rich lamellae in some pyrrhotite 

PRE 95411 (R3): 
12 grains with chalcopyrite chemistry 

Distributed throughout thin section 

PCA 91002 (R3.8 to R5): 
Chalcopyrite in three assemblages 

“Cubanite” in one assemblage 
Cu-bearing phases in less equilibrated lithologies 

NWA 7514 (R6): 
Chalcopyrite in six assemblages 

Data 

FeSNi 
RGB 
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Presentation Notes
During a survey of sulfide mineralogy in the R chondrites, Katrina Jackson found chalcopyrite in PRE 95411. Reports of chalcopyrite in meteorites are very rare. In terrestrial settings, though, chalcopyrite is a very common ore mineral that frequently forms in hydrothermal settings. Because of this, our research group decided to further study the formation of copper sulfides in the R chondrites. We conducted a survey using Cu X-ray maps from the electron microprobe to identify Cu-bearing phases in four different meteorites. These samples range in petrologic type from R3.2 to R6, which covers the full range in the R chondrites. We found bornite lamellae in the R3.2 clast. Chalcopyrite was present in all of the more equilibrated samples. We also found a single grain with cubanite-like chemistry in PCA 91002. I’ll show TEM data from each of these phases next.
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PRE 95404 (R3.2): Bornite 

Pn 

Po 

100 µm 

100 µm 

Pn = pentlandite 
Po = pyrrhotite 
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Presentation Notes
On the upper left is a Cu X-ray map from a sulfide nodule in the unequilibrated clast. Cu phases show up white. I’ve outlined pentlandite in blue and pyrrhotite in yellow. This is the most common morphology for these features. My collaborator Eve Berger performed TEM analysis on two FIB sections from this clast. Here I’ve shown a bright field image and electron diffraction patterns from one of those sections. In both sections, the Cu-bearing phase is consistent with bornite.
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Pre-Accretionary Bornite 

Analysis 
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Presentation Notes
These sulfide nodules formed at high temperatures in a pre-accretionary environment. Here I’ve plotted the sulfur fugacity and temperature conditions thermodynamically predicted for formation of these nodules. I’ve also plotted the stability fields for different copper sulfides. The red star here corresponds to the two nodules analyzed via TEM. It is in the bornite stability field, which means that bornite is thermodynamically consistent with pre-accretionary formation.
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PRE 95411 (R3): Chalcopyrite 

chalcopyrite troilite 

HAADF 

Data 
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Presentation Notes
Turning now to copper sulfides in more equilibrated lithologies, we found that TEM analysis of a FIB section from PRE 95411 is consistent with chalcopyrite. Here I’ve shown a HAADF image of the FIB section, as well as electron diffraction patterns. One of the most interesting features of this FIB section is this vein-like material that runs between chalcopyrite and troilite. Looking at the chemical maps, we can see that the vein is Fe, Ni, and O rich. The morphology of this vein strongly suggests fluid processes.
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PCA 91002 (R3.8-5): Isocubanite 
BF 

Data 
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Presentation Notes
Finally, we collected TEM data on a FIB section from PCA 91002. Electron diffraction patterns and microprobe analyses of this sample are consistent with isocubanite, which is the high-temperature form of cubanite.
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Temperature Constraints 
Assemblage 
Source 

Phase Temperature 
Constraint 

PCA 91002 Isocubanite Formation  
> 210 °C 

PCA 91002 Pyrrhotite with 
superstructure 

Equilibration ≤ 308 
°C 

PCA 91002 Isocubanite + pyrrhotite Equilibration 
between 200 and 
300 °C, 
hydrothermal 

PRE 95411 Chalcopyrite + pyrrhotite 
Vein structure 

Equilibration to  
≤ 200 °C 

PRE 95411 
 

Troilite Formation ≤ 140 °C 
 

Isocubanite Chalcopyrite + Pyrrhotite 
< 210 °C 

Conclusions 

Presenter
Presentation Notes
Based on the presence of chalcopyrite with troilite, and isocubanite with pyrrhotite that super structure, we can formulate temperature constraints on the formation of these features. Isocubanite only forms above 210 degress Celsius. The presence of superstructure in pyrrhotite indicates that this assemblage equilibrated to temperatures below 308 degrees Celsius. When we compare the composition of this assemblage to phase diagrams under hydrothermal conditions, the mineralogy is consistent with equilibration of this assemblage to temperatures between 200 and 300 degrees. When isocubanite is cooled to temperatures below 210 degrees C, it breaks down to form chalcopyrite and pyrrhotite, which may have been the origin of the assemblage in PRE 95411. The mineralogy is consistent with phase diagrams at 200 degrees Celsius. The vein structure suggests fluid activity during formation. Troilite exsolves from pyrrhotite below 140 degrees Celsius, suggesting that the assemblage at least partially equilibrated to even lower temperatures. 
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Formation 
of copper 
sulfides 

Conclusions 

Hydrothermal 
alteration in 
low petrologic 
types! 

Bornite 

Isocubanite, Chalcopyrite 

Formation  
> 210 °C; 
equilibration 
to ≤140 °C 
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Presentation Notes
Following pre-accretionary heating, the sulfide nodules cool, and bornite lamellae form. The nodules are then accreted to the parent body. After accretion, hydrothermal processes on the parent body altered bornite in sulfide assemblages to form isocubanite and chalcopyrite. These processes were active even in sulfides from low petrologic types. Isocubanite formed at temperatures above 210 degrees C, while chalcopyrite assemblages record equilibration to below 200 degrees C. In some instances where troilite is present, they cooled below 140 degrees.
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