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Introduction: It has been known for over 150 years 

that water has played a fundamental and pervasive role 
in the evolution of our solar system [1]. Beyond the 
snow line, the action of water with primary minerals at 
low to moderate temperatures, termed aqueous 
alteration, modified the original mineralogical and 
textural characteristics of pristine solar system materials 
and modulated the distribution and transport of heat in 
these bodies [2]. Critical to understanding the role of 
water on the evolution of early solar system materials is 
the determination of the degree of alteration and amount 
of hydration of these primitive bodies.  

Primitive C-complex asteroids have been found to 
exhibit absorption features in their reflectance spectra 
that are diagnostic of water (used here to refer to OH 
and/or H2O) in the form of hydrated minerals [e.g., 3–
5]. Specifically, vibrational stretching modes of OH and 
H2O and the first overtone of the H2O bending mode 
give rise to a series of overlapping absorptions in the 
~2.7–4 µm wavelength region that is commonly 
referred to as the “3 µm feature”. Carbonaceous (C) 
chondrites, which are the most hydrated and volatile-
rich of all meteorites, are thought to be genetically 
related to the C-complex asteroids [6, 7]. Therefore, by 
measuring the 3 µm absorption feature in C chondrites 
and comparing it to their measured compositions, we 
can contextualize reflectance spectra of primitive 
asteroids.  

The potential diagnostic capacity of the 3 µm feature 
in determining the degree of aqueous alteration has 
inspired workers to propose taxonomical schemes to 
organize meteorites and asteroids based on the 
wavelength position and shape of the absorption feature 
[e.g., 8]. However, these measurements and others like 
them were performed on powdered meteorites, which 
by their nature are homogenized bulk mixtures that have 
lost all spatial/textural petrologic information. 
Consequently, spectra collected on these powders 
represent an average spectrum of the bulk material in 
which the spectrally dominant component(s) may not be 
the volumetrically dominant component(s).  

With this in mind, the goals of this study are to: (1) 
assess the sub-mm spatial heterogeneity of the 3 µm 
absorption feature within individual C chondrites, and 
(2) to determine the extent to which bulk spectroscopic 
measurements might “smear out” or destroy important 
information about the 3 µm feature below the spatial 
scale of individual components.  

Methods: To achieve this, we measured and 
mapped the sub-mm spatial scale reflectance spectra of 
individual CM2 chondrite chips from 1–16 µm with 4 
cm-1 spectral resolution under dry (dewpoint of -70°C) 

air using a Bruker LUMOS microscope FTIR (µFTIR) 
spectrometer with spot sizes of 125 µm x 125 µm. These 
spectra were then compared to “bulk” IR spectra 
collected on the same meteorites using a Nicolet 
NEXUS 870 FTIR with a spot size of ~1-2 mm. The 
reflectance spectra were then further contextualized by 
determining the bulk modal mineralogy of each 
meteorite via Rietveld refinement of powder X-ray 
diffraction (XRD) patterns acquired with a Bruker D2 
Phaser XRD.  

The meteorites selected for this study are part of a 
previous study [9] that come from the ANSMET 
collection and were chosen to sample a range of 3 µm 
band shapes and positions. They include Allan Hills 
(ALH) 84031, ALH 84048, Elephant Moraine (EET) 
83226, EET 83389, Meteorite Hills (MET) 00630, and 
Queen Alexandra Range (QUE) 97077. The same 
meteorites, except for MET 00630 which was swapped 
with MET 00639 (paired to MET 00630), were also 
used for XRD analysis.  

Results & Discussion: The position of 3 µm band 
minimum was calculated on the continuum-removed 
spectrum for each spot for every meteorite [Figure 1] 
and revealed two apparent groups within our samples: 
the spectrally homogeneous group (ALH 84031, ALH 
84048, MET 00630) and the spectrally heterogeneous 
group (EET 83226, EET 83389, QUE 97077). Figure 2 
shows an example of the variety of spectra exhibited by 
the spectrally heterogeneous meteorite EET 83389. 

The spectrally homogeneous group is characterized 
by 3 µm features with band minima positioned at shorter 
wavelengths that show much less variance in position. 
The position of of the 3 µm features observed for ALH 
84048 and ALH 84031 are consistent with Group 2 
meteorites in the alteration scheme proposed by [8], 
whereas those for MET 00630 overlap between Group 
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Figure 1: A box and whisker plot of the 3 µm absorption band 
minimum calculated from the µFTIR reflectance spectra of each 
meteorite. Stars are spectra acquired of the bulk meteorite. 
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3 and Group 2 in the scheme of [8]. When considering 
the statistical outliers, the range in 3 µm band position 
for the spectrally homogeneous group extends from 
~2.71–2.80 µm, which overlaps Groups 1, 2, and 3 from 
[8]. In other words, the 3 µm band positions found 
within individual meteorites spans the entire range of 
previously proposed taxonomic groups.  

The spectrally heterogeneous group is characterized 
by 3 µm band minima positions at longer wavelengths. 
The 3 µm band positions for meteorite QUE 97077 and 
EET 83389 are most consistent with Group 3 meteorites 
[8], but when considering statistical outliers a much 
wider range of positions is observed, with QUE 97077 

even exhibiting Group 2-type spectra. EET 83226 
appears to be an outlier in the sense that its calculated 3 
µm absorption features do not neatly fit into any of the 
three groups. 

A comparison of the distribution of 3 µm band 
positions to the total abundance of phyllosilicates 
(measured via XRD) [Figure 3] supports the 
relationship observed by [8] that spectra of the least 
altered C chondrites (lower abundance of 
phyllosilicates) have 3 µm band features centered at 
longer wavelengths whereas spectra of the most altered 
samples exhibit 3 µm band positions at the shortest 
wavelengths. We also observe that the least altered 
meteorites (those with less phyllosilicate) exhibit the 
widest range of 3 µm band positions whereas those for 
the most altered show much less variance in band 
minimum position.  

Implications: Measuring and mapping reflectance 
spectra at µFTIR reveals a remarkable diversity in the 
shape and position of the 3 µm absorption feature within 
individual CM2 chondrites. The range of 3 µm features 
calculated for the most phyllosilicate-rich meteorites is 
relatively narrow, which implies that the bulk 
reflectance spectrum is represenative of the entire 
meteorite. This is likely due to progressive aqueous 
alteration homogenizing the mineralogy and chemistry 
of the meteorites at this spatial scale. Alternatively, the 
least altered meteorites exhibit a wider range of 3 µm 
band minimums, which implies that the absorption 
feature calculated from the bulk reflectance spectrum 
may not necessarily be represenative of the meteorite as 
a whole but is instead an average. By extension, 
asteroids exhibiting 3 µm absorption features in their 
reflectance spectra consistent with those measured here 
may be interpreted in a similar framework in which the 
spectrum of the least altered asteroids represents an 
average that belies the true diversity of mineralogy and 
chemistry of the body. Confounding the interpretation 
of hydration features in lab spectra is our observation 
that some of the lesser altered CM2s contain hydrous 
Mg-sulfate, presumably of terrestrial origin, that 
dominates the 3 µm region in a manner disproportionate 
to its abundance relative to phyllosilicates. This 
highlights the importance of independent verification of 
sample mineralogy to properly link spectral 
features/variations to degree of aqueous alteration and 
thus parent body processes.   

References: [1] Pisani F. (1864) Comptes Rendus 
de l’Académi des Sciences, 59, 132–135. [2] Brearley, 
J.H. (2006) Meteorites and the Early Solar System II, 
587–624. [3] Takir, D. and Emery, J. P. (2012) Icarus, 
219(2), 641–654. [4] Rivkin, A. S. et al. (2015) 
Asteroids IV, 65–87. [5] Hamilton, V. E. et al. (2019) 
Nature Astronomy, 3(4), 332–340. [6] Pieters, C. M. and 
McFadden, L. A. (1994) Annual Review of Earth and 
Planetary Sciences, 22, 457–497. [7] Hiroi, T. et al. 
(2001) Science, 293(5538), 2234–2236. [8] Takir D. et 
al. (2013) Meteoritics & Planetary science, 48, Nr 9, 
1618-1637.  [9] Hiroi T. et al. (2021) Polar Sci. 29, 
100723. 

Figure 2: The infrared spectra of the spectrally 
heterogeneous CM2 chondrite EET 83389 acquired via 
µFTIR. The spectra in the top panel are continuum-
removed. 

Figure 3: A violin plot showing the distribution of the band 
minimum position of the 3 µm absorption feature of each 
meteorite plotted as a function of the total abundance (wt.%) 
of phyllosilicates measured via XRD. 
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