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Introduction:  The CR chondrites range from 
primitive to highly aqueously altered material; QUE 
99177 and MET 00426 are among the most primitive 
[1-3], while Renazzo, Al Rais, and GRO 95577 are the 
most altered [4,5]. The composition and morphology 
of CR-chondrite silicates, metals, and sulfides allow 
constraints to be placed on their pre- and post-
accretion formation conditions [i.e. 4,6]. Most studies 
have concentrated on the silicate compositions of type-
I and II chondrules, which differ widely [4,7,8], al-
though their may be a petrogenetic relationship [8,9]. 
We have been investigating the pre- and post-
accretionary history of CR chondrites through their 
opaque phases, both in chondrules and in the matrix. 
Below we report a synthesis of our ongoing investiga-
tion designed to address the pre- and post-accretion 
history of CR chondrites as constrained by their 
opaque phases. 

Analytical Procedure:  Thin sections of Renazzo 
USNM1123-1, Al Rais USNM1794-8, EET 96259,12, 
GRA 95229,22, GRO 03116,15, LAP 02342,14, MET 
00426,33, PCA 91082,15, QUE 99177,6, Shişr 033 
UA2159,1, and Y-793495, 72-2 were studied using 
optical microscopy, elemental X-ray mapping tech-
niques, SEM, and EMP. Analyses were performed on 
the Cameca SX-50 EMP at LPL using an accelerating 
voltage of 15 kV and a beam current of 20 nA. The 
eleven CR chondrites of this study cover a total sur-
face area of ~360 mm2. 

Results:  Type-I Chondrules comprise 61.3% of 
the total area studied. Their metal’s Co:Ni ratio is ap-
proximately solar [4,6] with a range of Ni contents, 
1.3-30.0 wt%, and a median of 5.8 wt% (138 points). 
While extremely rare, sulfides are present in type-I 
chondrules. These sulfides are predominantly (Fe,Ni)1-

xS, but rare pentlandite has been observed. There are 
also 2-3 type-I chondrules per thin section which are 
rimmed by fine grained sulfides intermixed with phyl-
losilicates.  

Type-II Chondrules  are 2.8% of the total area stud-
ied, and 4.2% of the total chondrule population.  Type-
II chondrules are mostly fragments, some of which are 
in clusters separated by matrix, although whole chon-
drules reach up to 4 mm in apparent diameter. Olivine 
ranges from Fa0.4-76.4, with a median of Fa29.7 (582 
analyses); which agrees with the mean found for MET 
00426 [10]; relic grains are not abundant.  

 
Figure 1. Metal-sulfide assemblage from a type-II chondrule 
in LAP 02342,14.  

Metal-sulfide assemblages are typically composed 
of monosulfide solid solution (mss) [(Fe,Ni,Co)1-xS], 
pentlandite, and Ni-rich metal (kamacite is rare); al-
though metal is often absent. Metal in type-II chon-
drules range in Ni content from 5.9-66.5 wt%; median 
23.3 wt% Ni (34 points). Ni-rich metal is present as 
rounded and elongated grains within mss, and do not 
have a solar Co:Ni ratio; they are depleted in Co, Cr, 
and P compared to solar ratios with Ni. In these as-
semblages, pentlandite is present as grains intergrown 
with mss and elongated parallel lenses [11] (Fig. 1). 
Pentlandite has been observed in each CR thin section 
studied thus far, with the exception of MAC 87320; 
though only two chondrules were studied [9]. Modal 
analysis of an assemblage from LAP 02342,14 reveals 
74.4% mss, 20.3% pentlandite, and 5.3% Ni-rich 
metal; yielding an estimated bulk composition of 47.8 
at% S, 45.1 at% Fe, and 7.1 at% Ni (Fig. 1). 

Small (<10 µm) rounded and elongated sulfides, 
containing rounded and sometimes euhedral Fe,Ni 
metal grains are observed in type-II chondrules in 
every thin section studied. They are typically too small 
to allow accurate EMP analysis. They are often 
molded around, and attached to olivine grains (Fig. 2). 
Their droplet-like morphology and setting suggests 
they were immiscible liquids during chondrule forma-
tion, and solidified after olivine.  

Matrix, with dark inclusions, consists of 33.1% of 
the total area studied. Fine grained sulfides in the ma-
trix are abundant, although EMP analyses are re-
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stricted to larger sulfides (>5µm in diameter). These 
sulfides are chemically and morphologically similar to 
those in type-II chondrules (mss and pentlandite), but 
lack metal. Considering that type-II chondrule frag-
ments are throughout the matrix, it is possible that 
some of these sulfides may have been liberated from 
type-II chondrules, or formed by a similar process. 

 
Figure 2. Metal-sulfide assemblage from a type-II chondrule 
in QUE 99177,6.  

Discussion: Metal in type-I chondrules has ap-
proximately solar Co:Ni ratios [4,6], whereas metal in 
type-II chondrules does not. Sulfides in type-I chon-
drules are extremely rare, and are predominately 
(Fe,Ni)1-xS. Some type-I chondrules have fine grained 
rims of sulfides and phyllosilicates. In contrast, sul-
fides are ubiquitous in type-II chondrules, contained 
within the chondrules, and are (Fe,Ni,Co)1-xS and pent-
landite. Sulfides large enough for EMP analysis in the 
matrix are similar to those in type-II chondrules and 
may be related. 

Type-II chondrules are more abundant in CR chon-
drites than previously thought, 4.2% compared to <1% 
of the chondrule population [4]. The presence of type-
II chondrule fragment clusters separated by matrix 
suggests brecciation. Fa76.4 is the most FeO-rich analy-
sis reported for the CR chondrites. The high FeO con-
tent of the silicates, and the depletion of Co, Cr, and P 
in the Ni-rich metal in type-II chondrules suggest they 
formed under relatively high fo2, compared to that of 
their type-I chondrule precursors [9,12].  

Small rounded sulfides in type-II chondrules, some 
molded around olivine, were likely immiscible melts 
(Fig. 2); suggesting metal and sulfide were liquids 
during chondrule formation, and crystallized after oli-
vine. Bulk compositional analysis on a liquidus projec-
tion suggests a metal-sulfide assemblage from a type-II 
chondrule in LAP 02342,14 (Fig. 1) was liquid at 
~1150 °C [13]. Its morphology and bulk composition 

suggest that the mss and Ni-rich metal crystallized 
from a S-bearing liquid, and pentlandite exsolved from 
the solid product. The Fe:Ni ratio of this type-II chon-
drule metal-sulfide assemblage is ~6, compared to ~20 
for metal in type-I chondrules. The depletion of Fe in 
type-II chondrule assemblage is consistent with Fe 
from type-I chondrule metal being oxidized into the 
silicate (increasing the FeO content). This is consistent 
with corrosion occurring while molten chondrules 
cooled in a region of enhanced fo2 and fs2. 

Pentlandite in type-II chondrules is ubiquitous in 
the CR chondrites of this study, from the primitive 
QUE 99177 to the highly altered Al Rais. MAC 87320 
from [9] is an exception, but this is likely due to only 
two type-II chondrules being studied. This suggests 
that all CR chondrites have undergone enough aqueous 
alteration to form pentlandite, or that pentlandite is not 
solely an aqueous product. While pentlandite is com-
monly thought to be a signature of aqueous alteration 
in the CR chondrites [10,14,15], it can also form 
through a peritectoid reaction between Ni3S2 and mss 
during cooling at 610 °C [16]; which is most likely the 
origin of the pentlandite lenses. Some pentlandite in 
the CR chondrites, present along the edges of grains, 
may still be aqueous products [9].  

In summary, metal-sulfide assemblages within 
type-II chondrules likely formed by the incomplete 
melting of type-I chondrules under relatively enhanced 
fo2 and fs2 in the nebula; mss and metal crystallized 
from a S-bearing liquid, Ni-rich metal exsolved from 
the solid, and pentlandite may have formed by peritec-
toid reaction during cooling (interior lenses). Some 
pentlandite may also have formed by aqueous altera-
tion (i.e. grains along edge of sulfide), and therefore its 
morphological setting must be carefully considered.  
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