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Introduction: CR chondrites provide a unique 

view into the action of water, as the meteorite samples 
display a range of mineralogy from practically anhydr-
ous (type 3) to completely hydrated (type 1) [e.g. 1, 2].  
Such diversity in the extent of alteration can help to 
document the alteration process by providing con-
straints on alteration conditions and location.  

Although the extent of alteration in CR chondrites 
varies from sample to sample, the alteration products 
are typically similar throughout the meteorite class. 
Alteration of primary silicates and chondrule mesosta-
sis produces phyllosilicates such as serpentine and 
chlorite [2, 3]. Most metal grains, either within chon-
drules or isolated in the matrix, alter into sulfides (pen-
tlandite and pyrrhotite) or magnetite [3]. Weakly al-
tered samples retain some Fe,Ni metal, but also display 
abundant framboidal magnetite in the chondrite matric-
es [1, 3]. Unaltered metal in CR chondrites is reported 
to contain variable P abundances of up to 1.08 mol% 
[4], and 0.46 wt% [5]. Phosphorus and chromium con-
tents in a variety of chondritic metals have been used to 
debate the origin of chondritic metals [4, 6]. 

The present work is part of a broader study to cha-
racterize the progressive alteration in CR chondrites, 
the goal of which is to constrain the conditions and 
timing of alteration in components of CR chondrites. 

Observations:  Thin sections of the CR chondrites, 
EET87770, GRA95229, MAC87320, EET92042, 
EET92174, and two sections of Renazzo were studied 
using optical and scanning electron microscopy and 
energy dispersive X-ray spectroscopy. All of the mete-
orites are classified as petrologic type 2. 

Renazzo, a more highly altered CR2, shows profuse 
aqueous alteration where most of the matrix and chon-
drule mesostasis has been altered to phyllosilicate ma-
terial. Abundant carbonates are found in the matrix, as 
well as large metal-sulfide-magnetite assemblages. As 
a witnessed fall, it is very likely that these minerals are 
not products of terrestrial weathering. Of the Antarctic 
meteorites studied, all appear to be more weakly al-
tered than Renazzo, yet much more terrestrially wea-
thered. One section of Renazzo is of particular interest, 
as it shows 3 distinct styles of chondrule alteration, all 
occurring on type I chondrules, separated by about 200 
microns (Fig. 1).  

Chondrule #1: Dominantly, one type of alteration 
is observed in both Renazzo and Antarctic samples, as 
pictured in chondrule #1 of Fig. 1. Much of the metal 
remains unaltered, even when occurring on the chon-
drule rim. There is minor replacement of metal by sul-

fides and magnetite, and mesostasis is partly altered to 
chlorite. No fine-grained rim is present. 

Chondrule #2: This chondrule contains both unal-
tered Fe,Ni metal and partially altered metal nodules 
that have been replaced mostly by magnetite. Some of 
the altered metals closer to the rim also contain Ca-rich 
phosphates (apatite or whitlockite), which coexist with 
the magnetite, creating a pseudomorph of the original 
metal nodule (see Fig. 2). The fine grained rim con-
tains abundant framboidal magnetite, as well as some 
fine-grained sulfides that litter the surrounding matrix. 
There is evidence of S mobility as Fe-sulfide is precipi-
tated in veins among grain boundaries on the chondrule 
interior. The sharp boundary between the edge of the 
fine-grained rim and the matrix material suggests that 
this chondrule could be a clast. 

Chondrule #3: The outer half of the mesostasis in 
this type I chondrule is altered into an Al-rich phyllosi-
licate, while the inner portion retains its glassy texture 
and composition. The boundary of the chondrule con-
sists entirely of large-grained sulfides, but has no fine-
grained rim. Interior nodules remain unaltered. 

 
Figure 1. Backscattered-electron image of Renazzo 
showing three chondrules in close proximity, but with 
highly different alteration styles, as explained in text. 

In the Antarctic thin sections studied, all of the 
chondrules seen were similar to chondrule #1 in Fig. 1, 
with the exception of one chondrule in EET87770 with 
a framboidal magnetite rim.  This chondrule resides in 
a clast with a magnetite-enriched matrix, and the thin 
section as a whole appears much less altered than Re-
nazzo. The EET87770 chondrule did not display any 
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phosphate inclusions. Phosphates were not identified in 
any of the Antarctic meteorite sections studied. How-
ever, our second Renazzo thin section contains at least 
3 partially altered metal chondrules/nodules that con-
tained significant amounts of Ca-rich phosphates.  

 
Figure 2. False color image of Chondrule #2 interior. 
Red=Fe, Green=S, Blue=P. Metal and magnetite ap-
pear as a pink-red, sulfides are green, and phosphates 
are a purple-blue color. 

Discussion:  The aqueous-alteration style of chon-
drule #1 is typical for type I chondrules in CR chon-
drites, and has been described extensively in literature 
[e.g. 3, 7, 8]. The phosphate-rich altered nodules in 
chondrule #2 seem to be unique to Renazzo. This could 
be due to a number of factors: 1) Chondrule #2 could 
be a foreign clast introduced into the Renazzo breccia. 
However, the presence of phosphate-bearing alteration 
assemblages in a separate Renazzo thin section may 
suggest local production elsewhere on the parent body. 
2) Renazzo has seen more extensive alteration than 
other meteorites studied to date. 3) Localized varia-
tions in pH, fO2, or water:rock ratio may have affected 
the alteration products. For example, phosphates such 
as hydroxyapatite precipitate at higher pH, while the 
dissolution rate of phosphates increases with decreas-
ing pH [9, 10]. 4) As the amount of P dissolved or in-
cluded in precursor metal varies from chondrule to 
chondrule [5, 6] (ranging from 0.13 – 0.43 wt% in Re-
nazzo, dependent on fayalite content [11]), a higher 
abundance of P in chondrule #2 may have allowed for 
ample phosphate formation under oxidizing conditions. 
Analysis of the fayalite composition of unaltered sili-
cates in chondrule #2 may help to determine the like-
lihood of elevated P in the precursor metal. 

Phosphates have been documented as a minor 
phase in many chondrites, although usually in different 
environments, such as at the boundary of chondrule 
metals in contact with Ca-rich silicates in ordinary 
chondrites [12], or in CM chondrites at the chondrule 

boundary and within the fine grained rim [13]. Most of 
the phosphates in CM chondrites were found surround-
ing type II chondrules, although one type I chondrule 
was recognized to contain elevated levels of P in the 
Fe,Ni nodule alteration assemblages. It is thought that 
the P in type II chondrules resides within the chondrule 
mesostasis, whereas the P originates from the metal in 
type I chondrules [13]. If the CM alteration is analog-
ous to alteration in CR, it is likely that the phosphates 
observed in chondrule #2 are the product of aqueous 
alteration of the P-rich precursor metal. However, other 
possible phosphate formation mechanisms should not 
be overlooked, such as: oxidation of the P-rich chon-
drule metal as the chondrule melt cooled [14], or pre-
cipitation during mobilization of P and Ca from chon-
drule mesostasis [13]. 

The alteration of chondrule #3 is unique in that the 
metal surrounding the chondrule has been completely 
altered to Fe,Ni-sulfides. Previous work by Schrader et 
al. [15] shows that it is common in CRs for type II 
chondrules to display a sulfide-rich rim, and they sug-
gest that the sulfide assemblages originally formed in 
gas–solid reactions in the solar nebula, rather than as 
an aqueous alteration product. However, the Ni content 
of the sulfides in this type I chondrule may suggest 
formation by alteration on the CR parent body. Further 
analysis is needed to determine if the sulfides are nebu-
lar or aqueously produced.  

Conclusions: The various styles of alteration 
present in Renazzo suggest that aqueous alteration on 
the CR parent body is complex, with localized varia-
tions in conditions that contribute to unique alteration 
assemblages. If some of the chondrules studied are 
foreign clasts from elsewhere on the CR parent body, 
then large-scale variations in conditions may also be 
represented.  Further work will include in-situ oxygen 
isotopes and radiometric dating of alteration products 
using secondary ion mass spectrometry (SIMS), and 
electron microprobe studies of secondary mineralogy.  
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