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Introduction: JAXA’s Hayabusa2 will return sam-

ples from the C-type asteroid Ryugu in 2020 [1] and 

NASA’s OSIRIS-REx will return samples from the B-

type asteroid Bennu in 2023 [2]. Preliminary observa-

tions suggest a complex alteration history on both bod-

ies: Hayabusa2 identified hydrated minerals on the 

surface of Ryugu, but also found evidence for dehydra-

tion [3]. Observations by OSIRIS-REx found hydrated 

minerals similar to highly aqueously altered CM and CI 

chondrites on Bennu [4].  

In order to interpret the results from Hayabusa2 and 

OSIRIS-REx we need to analyse appropriate meteorite 

analogues. To that end we have collected thermal infra-

red (TIR) spectra for a suite of aqueously and thermal-

ly altered CM and CI chondrites. There have been few 

spectral measurements for meteorites under appropriate 

near-surface asteroid conditions, which are known to 

cause changes in spectral signature [5,6]. It is therefore 

critical to perform measurements under simulated as-

teroid environment conditions (SAE) in order to accu-

rately compare between laboratory measurements and 

remote observations of asteroids. Here we present TIR 

emissivity measurements collected under SAE condi-

tions, for a number of aqueously and thermally meta-

morphosed CM, CY and C2-ung chondrites.  

Samples: We investigated three unheated CM 

chondrites:  Alan Hills (ALH) 83100 (CM1/2), ALH 

83102 (CM1/2) and Lonewolf Nunataks (LON) 94101 

(CM2). We also analysed the heated chondrites (heat-

ing stages after [7]) Elephant Moraine (EET) 92069 

(CM2, Stage II, 300 – 500 
o
C), Wisconsin Range 

(WIS) 91600 (CM-an, Stage II), Yamato (Y-) 793321 

(CM2, Stage II) [9,10,11], Pecora Escarpment (PCA) 

02010 and PCA 02012 (paired CM2s, Stage IV, >750
 

o
C) [12], and the CY chondrites Yamato (Y-) 980115 

(Stage III, 500 – 750 
o
C), Y-86789, Y-86789, and Bel-

gica (B-) 7904 (all Stage IV) [13].  

Experimental: Samples were ground to a powder 

with a particle size of <35 µm. TIR emissivity meas-

urements were collected in the Planetary Analogue 

Surface Chamber for Asteroid and Lunar Environments 

(PASCALE) at University of Oxford. The near-surface 

environment of Bennu was simulated by removing at-

mospheric gases (<10
-4

 mbar), cooling the interior of 

the chamber to <-150
o 

C and heating samples from 

above and below until the maximum brightness tem-

perature of the sample is ~75
o 

C. This induces a ther-

mal gradient in the upper hundreds of microns of the 

sample, which is what we would expect on the surface 

of Bennu near local midday [14]. Spectra were collect-

ed using a Bruker VERTEX 70v Fourier Transform 

Infrared (FTIR) spectrometer from 1800 – 200 cm
-1

 

(5.5–50 µm) using a wide range beam splitter at a reso-

lution of 4 cm
-1

. 

Spectral features in thermally metamorphosed 

CM chondrites: Figure 1 shows the TIR spectra for 

representative unheated (blue), Stage II (green) and 

Stage IV (red) CM chondrites. PCA 02010 and ALH 

83102 show very similar spectral signatures to PCA 

20102 and ALH 83100 respectively, and so are not 

included in the figure. In the unheated sample spectra 

we see vibrational features caused by –OH and H2O in 

the phyllosilicates between 1800–1300 cm
-1

. These 

spectra also show a sharp emissivity peak (also known 

as a Christensen Feature or CF) near 1100 cm
-1

, a 

transparency feature (TF) near 870 cm
-1 

and reststrah-

len bands (RB) near 1015 cm
-1

, 430 cm
-1

 and 275 cm
-1

. 

These features are consistent with those observed in 

phyllosilicate spectra [5,14].  

The Stage II sample spectra show a decrease in 

spectral slope between 1800–1300 cm
-1

, and smaller –

OH/H2O vibrational features relative to those seen in 

the unheated CM spectra. These spectra have a broader 

emissivity plateau between 1300–900 cm
-1

, and a TF at 

shorter wavenumbers compared to the unheated CM 

spectra near 800 cm
-1

. The spectra show RB near 920 

cm
-1

 and between 600–200 cm
-1

 that correspond with 

Mg-rich forsteritic olivine [16]. This is consistent with 

EET 96029 and Y-793321 containing ~12 vol% prima-

ry Mg-rich olivine having experienced a low degree of 

aqueous alteration prior to thermal metamorphism 

[10,11]. The abundance of primary olivine  seems to be 

the main control on the observed TIR spectral features. 

The Stage II sample spectra also show a feature at 

850–870 cm
-1

, which is consistent with these meteor-

ites containing ~14 vol% pyroxene [17].  

The Stage IV PCA 02012 and PCA 02010 spectra 

show some similarities with the Stage II spectra includ-

ing a TF at ~800 cm
-1

, RB near 920 cm
-1

 and 870 cm
-1

 

(both contain ~14 vol% pyroxene), and the same fea-

tures between 600–200 cm
-1

. They do, however, have 

much steeper spectral slopes between 1800–1300 cm
-1

, 

overtone Si-O vibrational features near 1765 cm
-1

 and 

1645 cm
-1

, and a RB at 1060 cm
-1

, which can all be 
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Fig. 1: TIR spectra for representative unheated (blue), Stage II 

(green) and Stage IV (red) CM, CY and C2-ung chondrites. Lines 

represent vibrational features for olivine and pyroxene relative to 

PCA 02012, phyllosilicate vibrational bands relative to the unheated 

CM chondrites, and the magnetite vibrational band in WIS 91600. 

attributed to olivine. Spectral contrast for all features is 

stronger than in the Stage II spectra. These differences 

are consistent with PCA 02012 and PCA 02010 con-

taining a higher abundance (~20 vol%) of primary Mg-

rich olivine. In contrast, the presence (~30 vol%) of 

secondary, poorly crystalline Fe-rich olivine in the 

Stage IV CMs does not have a strong effect on the 

spectra. 

Spectral features in the CY and CM-an chon-

drites: Figure 1 also shows the TIR spectra for WIS 

91600, Y-980115, B-7904 and Y-86789. The Y-86720 

spectrum is similar to that of Y-86789 and is not 

shown. The WIS 91600 spectrum shows a broad emis-

sivity peak between 1800–1300 cm
-1

, which could be a 

result of its poorly crystalline, dehydrated phyllosili-

cate component (~70 vol%) [9,18]. The spectrum also 

shows an emissivity peak near 1080 cm
-1

, a RB near 

870 cm
-1

, a TF near 800 cm
-1

, plus features near 410 

cm
-1

 and 285 cm
-1

 that are likely due to Mg-rich olivine 

(~11 vol%), although the spectral contrast in this re-

gion is low. The WIS 91600 spectrum also has a RB 

feature at 340 cm
-1

, which can be attributed to its unu-

sually high magnetite abundance of ~10 vol% [19]. 

This feature has been identified in Bennu spectra sug-

gesting magnetite is present on its surface [4].  

Y-980115 has a similar spectral signature to WIS 

91600, which could be because of its high ratio of 

poorly crystalline/crystalline silicates [13]. The Stage 

IV Y-86789 spectrum shows Si-O overtone features 

between 1800–1300 cm
-1

, a complex emissivity plateau 

between 1250–850 cm
-1

, a TF at 800 cm
-1

, and RB 

between 600–200  cm
-1

. The spectral signature of Y-

86789 is likely a result of its high olivine content (63 

vol% [13]). The difference in shape compared to the 

Stage IV CM spectra in the 1250–850 cm
-1

 and 600–

200 cm
-1

 ranges may be related to the Stage IV CYs 

containing only  secondary, poorly crystalline Fe-rich 

olivine and no primary Mg-rich olivine. B-7904 does 

contain some primary Mg-rich olivine, potentially ex-

plaining the subtle differences between its spectrum 

and the other CY spectra, and its similarity to the PCA 

02010 and PCA 02012 spectra between 600–200 cm
-1

. 

Differences between B-7904’s spectrum, and the CM 

chondrite spectra in other spectral ranges may be due 

to its recrystallized olivine content being much higher 

than the Stage IV CM samples (61 vol% [13] com-

pared to ~27 vol%).  

Conclusions: The TIR spectral signature in CM 

chondrites is controlled by the primary, Mg-rich oli-

vine content, which in turn is determined by the degree 

of aqueous alteration. Samples which have experienced 

less aqueous alteration show overtone and vibrational 

bands associated with forsteritic olivine throughout the 

whole spectral range. Due to the absence of this prima-

ry olivine phase in the CYs, their spectra seem to re-

flect the secondary, poorly crystalline Fe-rich olivine. 

It is therefore difficult to determine whether thermal 

metamorphism has occurred from TIR spectral signa-

ture alone, unless high degrees of aqueous alteration 

occurred. Additionally, spectral features due to mag-

netite are identifiable when abundances are ~10 vol%, 

and as these features have been detected in the Bennu 

spectrum, this implies comparable abundances on its 

surface.  

References: [1] Watanabe, S. et al. 2017 Space Sci. Rev. 208:3 

[2] Lauretta, D. S. et al. 2017 Space Sci. Rev. 212:925  [3] Kitazato, 

K. et al. 2019. Science. 364:272 [4] Hamilton et al. 2019 Nature. [5] 

Donaldson Hanna et al. 2019 Icarus. 319:70 [6] Donaldson Hanna 

et al. 2012. JGR:P. 117:1 [7] Nakamura, T. 2005 JMPS. 100:260 

[8] Russell & MacPherson 1995 Meteoritics. 30:569 [9] Tonui, E. 

K. et al. 2014 GCA. 126:284 [10] Lee et al. 2016. GCA. 187:237 

[11] Nakamura 2006 EPSL. 242:26 [12] Alexander et al. 2013. 

GCA. 123:244 [13] King et al. 2019. Chem Erde - Geo Chem in 

press. [14] Hergenrother et al. 2014 arXiv:1409. 4704 [15] Bishop 

et al. 2008 ClayMiner 43: 35 [16] Lane et al. 2011. JGR. 116:E8 

[17] Hamilton 2000 JGR:P 105:9701 [18] Donaldson Hanna et al. 

2018. 49thLPSC #1867 [19] Howard et al. 2015 GCA 149:206. 

2041.pdfAsteroid Science 2019 (LPI Contrib. No. 2189)


