
Table 1. Sulfide exsolution texture groups with example BSE images. 
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INTRODUCTION 
• Sulfide minerals in chondrites: 

• Minor but ubiquitous component. 

• Can provide constraints on intermediate to low temperature processes. 

• May have formed by processes in/on: 

1. solar nebula (primary grains) 

• sulfidization of Fe,Ni-metal  

• crystallization of monosulfide solid solution (mss) in chondrules 

2. asteroidal parent bodies (secondary grains) 

• aqueous alteration processes [3-7]. 

• CM chondrite sulfide mineralogy: 

• Pyrrhotite (po), pentlandite (pn), a sulfide of intermediate composition [1, 2], and troilite. 

• Purpose: Exploring the textural and compositional characteristics of sulfide grains in CM 

chondrites. 

• Focusing on complex, fine-scale exsolution textures in po-pn composite grains. 

• Exsolution textures have the potential to constrain cooling rates and provide data on the low 

temperature thermal history of sulfides (especially at T <600°C, where po-pn begins) . 

• Specific questions addressed:  

1. Can the sulfides be classified into distinct textural groups?  

2. Does composition of the sulfides influence the textures that form?  

3. Does cooling rate of the sulfides influence the textures that form? 

METHODS 
• 122 sulfides studied were located in Type IIA chondrules and as isolated grains in the matrix of CM2s 

QUE 97990, TIL 91722, Mighei, Murchison, Crescent, and Murray.  

• BSE images: FEI Quanta 3D FEGSEM (WD = 10 mm, Vo = 10 kV, ib = 16 nA).  

• Compositional data and quantitative x-ray maps of QUE 97990,31 sulfides: JEOL 8200 EPMA (single 

point analyses: Vo = 15 kV, ib = 20 nA, beam size <1 µm; x-ray maps: Vo = 15 kV, ib = 20 nA, beam size 

<1 µm, pixel size of 0.5 µm, dwell time of 100 msec, and an image size of 256 x 256).  

RESULTS 
• Table 1 lists textural group names, number of sulfides displaying the texture, a brief description of the 

texture, and provides an example BSE image of each texture. 

• Single point electron microprobe analyses from 18 sulfides in QUE 97990 are presented in Fig. 1. 

• Fig. 2. and Table 2 present quantitative x-ray maps and bulk compositional data of two sulfide grains in 

QUE 97990 from different textural groups [(a) irregular lamellae and (b) snowflake/metal]. These grains 

were chosen due to their unfragmented morphology as evidenced by their circular shapes.  

• Fig. 3. is a schematic time-temperature-transformation (TTT) diagram from [10] illustrating the relative 

cooling rates and temperatures at which different exsolution textures will form. As the B curve depicts, 

exsolution textures will evolve and form at different stages (rim pn at high T and pn lamellae at lower T). 

The naming convention of [10] differs from that of this work.  

DISCUSSION 
• Textures observed in sulfide grains in CMs studied are consistent with cooling of mss from moderate 

temperatures (i.e., ≤600°C) based on experiments [9]. Some sulfides (e.g., exsolution textures with 

metal) may have formed from sulfidization reactions. 

• This is strong evidence against a low temperature alteration origin.  

• Po-pn exsolution textures are a strong function of cooling rate and bulk composition [9, 10].  

• Although similar po-pn exsolution textures have been found in all 6 of the CM chondrites we have 

studied, the flame texture that occurs in po-tr grains has only been observed in Crescent and TIL 91722 

[5]. The variable occurrence of this texture in different CM chondrites may be indicative of distinctive low 

temperature (≤130°C) thermal histories on the CM parent body that only some chondrites experienced.  
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Texture # Description 

Ragged  

Blade (a) 
6 

Elongate blades of pn 

propagating  from cracks and 

grain edges. Ragged, porous 

texture of sulfides. 

Composite (b) 7 
Po grains with pn as patches 

on grain boundaries. 

Irregular 

Lamellae (c) 
8 

Irregular, variable thickness 

lamellae of pn in po. 

Sparse  

Lamellae (d) 
5 

Few linear lamellae of pn in 

po. 

Concentrated 

Lamellae (e) 
9 

Thin, linear lamellae of pn 

concentrated in part of the po 

[center of grain in (e)]. 

Irregular 

Patches (f) 
3 

Sub-micron scale rods and 

irregular patches of pn in 

interiors of po grains. 

Thick Blades (g) 5 

Thick blades of pn 

concentrated in part of the 

po. 

Pn Rims (h) 14 
Po grains with sometimes 

continuous rims of pn. 

Flames (i) 4 
Flame-like intergrowth texture 

of tr and po. 

Chevron (j) 5 
Fine-scale chevron-like 

texture of pn and po. 

Metals (k) 12 
Presence of <1 µm Fe,Ni-

metals in the interior of po. 

Snowflake,  

sn (l) 
58 

Dendritic to graphic po 

located in patches of pn. 

Fig. 1. Fe-Ni-S ternary phase diagram (in atomic %) 

showing compositional ranges of monosulfide solid 

solution (mss) and pn (red fields) at 1 atm and 500°C 

after [8]. Po = Fe1-xS, Pn = (Fe,Ni)9S8, mss = (Fe,Ni)1-

xS. Open circles represent single point analyses from 

sulfides with various textures in QUE 97990. They fall 

along po-pn tie-lines consistent with above P-T 

conditions due to beam overlap. 

Fig. 2. Quantitative x-ray maps of sulfides showing (a) irregular 

lamellae and (b) snowflake/metal textures. The pn is more 

enriched in Ni and Co in comparison to the po. There are small Cr-

rich grains in (b) that are not seen in (a).   (a) (b)   

Element Wt. % Wt. % % Δ 

S 33.8 33.0 2.40 

Cr 0.05 0.05 0.00 

Fe 55.5 52.6 5.37 

Co 0.30 0.48 46.2 

Ni 8.05 14.6 57.8 

Total 97.7 100.7   

Table 2. Comparison of bulk 

compositions of sulfides in Fig. 2. 

Ni- and Co- bulk compositions 

show large variations which may 

account for the difference in 

textures in addition to cooling rate 

differences. 

Fig. 3. Time-temperature-transformation (TTT) plot 

from [10] showing different temperatures and 

cooling rates at which different exsolution textures 

will form during cooling of mss. 


