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Introduction: The collection of meteorites from 
Antarctica has provided an invaluable resource of new 
materials for study by the scientific community. In 
addition to exciting finds of new meteorite types (e.g. 
ALH85085, LEW 85332), these efforts have generated 
many important samples of existing meteorite groups, 
particularly C2 chondrites. Studies of these chondrites 
have broadened our understanding of aqueous altera-
tion and provided a much more comprehensive view of 
the diversity of alteration in these meteorites. In this 
study, I report the findings of a petrographic and TEM 
study of WIS91600, a C2 chondrite that has experi-
enced a highly unusual style of aqueous alteration that 
has not previously been recognized in C2 chondrites.  
 Results: In the Antarctic Meteorite Catalog, WIS 
91600 is classified as a CM2 chondrite. Detailed petro-
graphic studies confirm the classification C2, but show 
that WIS 91600 cannot be readily classified as a 
typical CM2 carbonaceous chondrite. The meteorite 
consists of abundant fine-grained matrix (~ 70 modal 
percent) with high temperature components (chon-
drules, CAIs and mineral fragments) embedded within 
it. WIS91600 has been extensively brecciated; intact 
chondrules are relatively rare and the meteorite con-
tains a high abundance of mineral fragments that in 
many cases have clearly been derived from chon-
drules. Clasts of compositionally-distinct matrix are 
also relatively common.  
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Figure 1. BSE image of serpentine (Serp), pseudomorphic 
after Fe,Ni metal grains (arrowed) in WIS91600, located on 
the periphery of a type IA chondrules 

Chondrules: Chondrules in WIS91600 are dominated 
by Mg-rich, porphyritic type I chondrules with irregu-
lar to subrounded outlines. Rarer, type IIA chondrules, 
both porphyritic and barred types are also present. 
Fine-grained rims are present on some chondrules, but 
on most chondrules are not as well-developed as those 
typically occur in CM2s. The most striking feature of 
the chondrules, revealed by light optical microscopy, is 
the presence of abundant grains of an unusual, brown-
colored mineral that occurs as grains up to 200µm in 
size that are distributed throughout type I chondrules, 
but are absent in type IIAs. Isolated grains of this 
phase, also occur in the matrix. In crossed nicols, this 
phase is almost isotropic, although in some grains 
weak, anomalous birefringence colors can be ob-
served. The morphology of these grains is typically 
subrounded to rounded and they occur on the interior 
of the chondrules as well as at the peripheries (Fig 1). 
Mesostasis in all chondrules has been replaced by a 
brown alteration product that electron microprobe 
analyses indicate is serpentine and metal is completely 
absent in all chondrules, although it does occur as rare 
inclusions within forsteritic olivine grains. Other pri-
mary chondrule phases such as olivine and low-Ca 
pyroxene show essentially no evidence of replacement, 
indicating that the degree of alteration experienced by 
this meteorite is low. BSE imaging of the brown 
alteration product indicates that many grains are 

teration product indicates that many grains are compo-
sitional homogeneous, with no clear evidence of varia-
tions in BSE contrast. However, some grains are dis-
tinctly zoned, but the zoning is patchy and complex. 
Commonly, the grains are rimmed by a layer of fine-
grained chromite grains. Electron microprobe analyses 
of this phase yield totals of 78-86 wt% consistent with 
a hydrated phase. The phase has some unusual charac-
teristics, including elevated Cr2O3 concentrations rang-
ing (~1 to 3.3 wt%) and Al2O3 from 3 to 8 wt%. The 
Mg(Mg+Fe)*100 ratio varies between 59 and 67. 
Structural formulae calculated on a basis of 7 oxygen 
atoms have Si = ~2, consistent with serpentine, but the 
octahedral cation Σ is usually less than 5, probably due 

to the presence of octahedral vacancies to maintain 
charge balance caused by Al3+, Cr3+ and Fe3+ in [VI] 
coordination. 
 CAIs: Two CAIs have been found in the two thin 
sections of WIS91600 studied. One is a fine-grained, 
highly irregularly-shaped spinel-bearing CAI, whereas 
the second is hibonite-bearing. This latter CAI consists 
of a core of chlorite that is rimmed by a layer 10-20 
µm in thickness consisting of hibonite and diopside. 
Hibonite crystals occur over about half of the periph-
ery of the inclusion, the remainder consisting of diop-
side. The hibonite crystals have irregular, corroded 
outlines, and been partially replaced by phyllosilicates.  
 Matrix: WIS91600 matrix differs in notable respects 
from typical CM2 matrix. It is extremely fine-grained 
and shows considerable textural heterogeneity in BSE 
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images. The dominant feature of WIS91600 matrix is 
the presence of abundant magnetite that is distributed 
heterogeneously throughout the matrix. Some regions 
of matrix are extremely magnetite-rich, approaching 
50 vol% locally. Most magnetite is framboidal, 
occurring as dense clusters of grains <2 µm in size, 
although coarser-grained magnetites up to 20 µm in 
size occur. Fine-grained rims are noticeably free of 
magnetite. Aggregates of PCP that are ubiquitous in 
most CM chondrite matrices are absent. Carbonates are 
also extremely rare in WIS91600 matrix, are usually 
fine-grained (20 µm) and have a porous, appearance, 

distinct from most CM2 chondrites [1,2].  
 We have studied the matrix of WIS91600 using 
transmission electron microscopy (TEM) and scanning 
transmission electron microscopy (STEM). Dark field 
STEM Z-contrast imaging is especially useful for re-
vealing the fine-scale microstructures of the matrix, 
highlighting regions of matrix with differing composi-
tional and textural characteristics much more effec-
tively than conventional TEM. The matrix is mineral-
ogy is dominated by phyllosilicates that occur in dis-
tinct, irregularly-shaped clusters of fibrous crystals 
(Fig. 2). The clusters are typical ~ 2 µm in size and 
consist of randomly oriented to radiating, subparallel 
crystallites that are typically 0.1-0.2 µm in length and 
0.01-0.05 µm in width. High resolution TEM studies 
show that the phyllosilicates consist almost exclusively 
of a phase with a basal spacing of ~0.98nm consistent 
with talc. AEM studies are needed to confirm this 
identification. Serpentine appears to be either absent or 
extremely rare, another notable difference from typical 
CM chondrites. Interspersed between the clusters of 
phyllosilicates are distinct magnetite-rich regions. 

These regions consist of dense aggregates of extremely 
fine-grained magnetite ranging from <50nm up to 0.1 
µm in size, although occasional grains can reach as 
much as 0.5  µm. The grains have rounded to sub-
rounded morphologies, although some of the larger 
grains do show development of facets. These aggre-
gates appear to represent very fine-scale framboidal 
magnetites. Rare sulfides are associated with the mag-
netite, but the most common occurrence of sulfide is as 
highly elongate pyrrhotite grains, 0.2 to 0.5 µm in 
length and 0.01 to 0.06 µm in width.  

Discussion. WIS91600 is clearly not a typical CM2 
chondrite. It has a matrix that is texturally and minera-
logical distinct from typical CMs, being dominated by 
framboidal magnetite, phyllosilicates (probably talc) 
and lacking serpentine, PCP and abundant carbonates 
that are characteristic of CMs. In terms of the magnet-
ite abundance, WIS91600 appears to share a similarity 
with Essebi [3], but in other respects these two meteor-
ites clearly differ. Certainly the most unusual charac-
teristic of WIS91600 is the presence of distinct brown-
colored serpentine in many chondrules. Based on opti-
cal microscope and SEM studies, this phase occurs 
most commonly in Type I, Mg-rich porphyritic chon-
drules. Pristine Type I chondrules commonly contain 
metal nodules that in typical CM chondrites have been 
pseudomorphed by PCP or tochilinite [4,5], phases 
that are rich in Fe, Ni and S, but poor in Si, Mg and Al 
[4,5]. Little or no metal is preserved in Type I chon-
drules in WIS91600 and, based on morphology, it ap-
pears to have been replaced entirely by the serpentine. 
This style of metal alteration is completely different 
from that observed in CM chondrites and appears to be 
unique among altered chondrites. Clearly the condi-
tions of alteration which affected WIS91600 were sig-
nificantly different from those experienced by most 
CM2 chondrites. In WIS91600, extensive transport of 
Si and Mg into altering metal occurred and removal of 
Fe and Ni was extensive. Alteration apparently oc-
curred under conditions outside the stability field of 
tochilinite. The extensive loss of Fe from metal grains 
indicates that Fe was readily transported in solution, 
implying that it was dominantly present as soluble Fe2+ 
rather than the highly insoluble Fe3+, that is readily 
precipitated. This suggests that alteration of WIS91600 
occurred under more oxidizing conditions than most 
CM chondrites, i.e. more similar to CIs, or that pH 
values were relatively acidic. These observations fur-
ther illustrate the diversity in alteration conditions that 
were present during the earliest stages of solar system 
history.  
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Figure 2. Dark field Z-contrast STEM image of matrix in
WIS91600 showing distinct phyllosilicate-rich (Phy) areas
surrounded by magnetite-rich areas (Mgt). 
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