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Introduction: The CR carbonaceous chondrites are highly primitive meteorites that escaped thermal metamor-

phism and exhibit a complete aqueous alteration progression, from nearly intact nebular materials to full replacement 
by secondary alteration products [1-3]. The least-altered CR chondrite, Queen Alexandra Range (QUE) 99177 [3-5], 
is an excellent sample to study the earliest stages of aqueous alteration that affected pristine solar system materials. In 
this work, we focus on the characterization of smooth rims around the periphery of chondrules in QUE 99177, because 
they can provide information on the chemical and isotopic evolution of the altering fluid(s) that were present in the 
matrix and modified the anhydrous phases in chondrules. Previous studies on smooth rims [2,6,7] suggested that they 
are the result of interaction of fluids present in the matrix with chondrules, but the precursor of the rims and the 
mechanisms of their formation remain unconstrained. Here, we aim to characterize the phases that constitute smooth 
rims in QUE 99177, unravel their formation mechanisms, and constrain the precursor materials of the rims. 

Experimental procedure: Representative smooth rims around seven chondrules and corresponding adjacent ma-
trices from two thin sections of QUE 99177 were studied using Scanning Electron Microscopy (SEM), Transmission 
Electron Microscopy (TEM), and Electron Probe Micro-Analysis (EPMA). TEM work was performed on FIB sections 
obtained using a FEI Quanta 3D Dualbeam® FEG-SEM/FIB instrument. 

Results: Smooth rims represent about ~70% of the total rims in QUE 99177 and they are texturally very distinct 
from fine-grained and coarse-grained rims, because individual grains cannot be resolved even by FEG-SEM. Smooth 
rims have thicknesses up to 30 µm and exhibit two distinct Z-contrasts in backscattered imaging: darker patches are 
irregular in shape (~5-30 µm) and randomly distributed in a lighter groundmass. Smooth rims are also texturally very 
distinct from the matrix and the interface is very sharp, sometimes decorated with micron-sized sulfur grains. Smooth 
rims are typically found on the edges of chondrules with silica-rich igneous rims (SIRs) [8], characterized by the 
presence of silica grains, which appear to have been partially replaced.  

Chemical Composition. EPMA data show that the smooth rim compositions are dominated by SiO2 and FeO (37.4 
and 37.0 wt%, respectively, averaged data of 111 analyses in seven chondrules) with minor other elements that con-
stitute <10 wt%. The average EPMA total for smooth rims measured using a 3-5 micron beam size is ~83.5 wt%, 
lower than the adjacent matrices, which is ~88.4 wt%, indicating an elevated degree of hydration. In comparison with 
adjacent matrix materials, the smooth rims are generally S- and Ni-free, and enriched in Fe, Mn, Al, and Ca, although 
there is some overlap between the two datasets. Alkalis are variable and do not show any systematic relationship.  

TEM results. Smooth rims are mainly (~70%) composed of an Fe- and Si-rich phase that electron diffraction shows 
is amorphous. Anhedral, equant crystals of pyroxene (~1 µm-size) occur isolated or as elongated arrays embedded 
within the amorphous silicates. These pyroxenes are Mn-rich (~7.5 MnO wt%), with two distinct compositions; Ca-
rich from diopside to augite, and Ca-poor from pigeonite to ferrosilite. Crystalline, anhedral to euhedral albite and 
alkali-bearing silica-rich glass (0.5-1 µm-size) also occur interstitially to the regions of the amorphous silicates.  

Discussion and conclusions: There is very little information on the effects of aqueous alteration on chondrules in 
the least-altered CR chondrites such as QUE 99177. Previous studies, focused on alteration of chondrule glass in type 
IIA chondrules, have shown that glass exhibits limited evidence of interaction with an aqueous fluid [9]. Our new data 
show that smooth rims in QUE 99177 formed by aqueous alteration of an igneous precursor that is extremely suscep-
tible to alteration. Several lines of evidence suggest that this precursor is silica in SIRs. This is consistent with (i) the 
presence of silica relicts in the smooth rims, (ii) the outlines of the amorphous silicate regions, which are often straight 
or curved, indicating that they represent the replacement of primary crystals, and (iii) the compositional similarity of 
the amorphous material to silica replacement products [6]. The remarkable occurrence of the hydrated amorphous 
alteration products of silica in direct contact with very fine-grained regions of unaltered alkali-bearing glass and albite 
demonstrates that silica is extremely susceptible to aqueous alteration. These new discoveries thus show that silica is 
a highly sensitive monitor of the earliest stages of fluid-rock interaction and additionally, the presence of smooth rims 
is not necessarily indicative of higher degrees of alteration for QUE 99177, as previously suggested [2]. 
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