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A B S T R A C T   

Although C1 clasts in carbonaceous chondrites are usually mineralogically similar to CI chondrites, they often 
exhibit distinct chemical or isotope characteristics, indicating that the diversity of carbonaceous matter is larger 
than represented by currently known meteorites. Samples returned by the Hayabusa2 mission provide an 
excellent opportunity to directly compare remote sensing data with laboratory spectra and elaborate on 
meteorite-asteroid links. 

We obtained reflectance spectra from 10 carbonaceous samples of extraterrestrial origin to identify spectral 
differences in the wavelength region between 2.5 and 16.5 μm. We investigated seven volatile-rich clasts, two CI 
chondrites, and a fragment from the asteroid Ryugu, recently returned by the Hayabusa2 mission. To obtain 
representative spectra from a lithology, we performed multiple analysis with an aperture size of 100 μm × 100 
μm. Subsequently, spectral features were correlated with petrographic and chemical data. 

The phyllosilicate composition of the investigated C1 and C2 clasts is on average more Fe-rich compared to 
bulk CI chondrites, which is spectrally reflected in lower Christiansen feature (CF)/Reststrahlenband (RB) ratios. 
Our results confirm previous studies that indicate that the band area of the OH absorption band at 2.7 μm is 
dependent on the phyllosilicate composition. A high Mg abundance in phyllosilicates leads to a stronger OH 
absorption band. Varying degrees of aqueous alteration cause mineralogic differences that are observable in the 
reflectance spectra. Either in form of a band center shift towards smaller or longer wavelengths, depending on 
the metal cation giving rise to the M-OH absorption band, and/or a generally weaker OH absorption band, and a 
broad Reststrahlen band (RB) at 10 μm, with two minor RBs emerging at 11.3 and 12 μm. In contrast, most C1 
clasts show a single RB at ≈10 μm, and a constant OH band position at 2.70 μm. The abundance of minor 
constituents, such as sulfides and carbonates, can also affect the spectrum. Dolomite produces two diagnostic 
bands at 6.5 and 11.3 μm, whereas pyrrhotite, devoid of diagnostic bands in this wavelength region, increases the 
background while decreasing the RB intensity. 

Our findings indicate that within a laboratory framework, subtle mineralogic differences among hydrated 
carbonaceous materials can be spectroscopically detected. The spectra of Ryugu sample A0008 show a distinctive 
OH absorption band, as seen in the globally retrieved data by the NIRS3 instrument for Ryugu (Kitazato et al., 
2019). Under specific circumstances, micro-FTIR reflectance spectra can be qualitatively compared to remote 
sensing spectra, and help to further elaborate on meteorite-asteroid links.   

1. Introduction 

IR spectroscopy is one of the most important tools in planetary sci-
ence to investigate planetary surfaces. One key advantage of IR 

reflectance spectroscopy is that material properties can be determined 
via remote sensing, and by comparison with known endmembers, 
spectral features can be linked to mineralogy. Conventionally, the 
visible and near-infrared (VNIR) range of the electromagnetic spectrum 
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has been used for asteroid taxonomy and meteorite-asteroid links (e.g., 
Tedesco et al., 1989; Tholen, 1989; Tholen and Barucci, 1989; Xu et al., 
1995; Bus and Binzel, 2002; DeMeo et al., 2009). However, recently 
more studies have been conducted for the mid-IR (MIR) range (e.g., Lim 
et al., 2005; Osawa et al., 2005; Emery et al., 2006; Takir and Emery, 
2012; King et al., 2015; Vernazza et al., 2015; Morlok et al., 2020; 
Skulteti et al., 2020), as this wavelength region is sensitive to funda-
mental molecular vibrations of Si–O modes in particular, and therefore 
expected to be more diagnostic of mineralogy. 

It is estimated that a fraction of about 53% of the main belt mass is 
populated by C-complex asteroids (DeMeo and Carry, 2013), which have 
been related to hydrated carbonaceous chondrites (Gaffey et al., 1993; 
Takir et al., 2015; DeMeo et al., 2022). This indicates that hydrated CC 
meteorites, such as CI and CM chondrites, are significantly underrep-
resented in the terrestrial meteorite inventory. CI chondrites are very 
rare and of particular importance in geo- and cosmochemistry, as they 
are the most primitive materials in terms of element abundances (Lod-
ders, 2003; Palme et al., 2014). All CI chondrites have experienced 
strong aqueous alteration (petrologic type 1), and impact brecciation on 
their parent bodies (e.g., Tomeoka and Buseck, 1988; Morlok et al., 
2006a; Alfing et al., 2019). CI chondrites contain significant amounts of 
water (up to 10 wt%) in form of hydrated, hydroxylated or oxy-
hydroxylated components (Brearley, 2006). As such, CI chondrites have 
been frequently discussed as a source for the volatile element inventory 
of terrestrial planets (e.g., Schönbächler et al., 2010; Marty et al., 2013; 
Braukmüller et al., 2019; Greenwood et al., 2023). 

Aqueously altered CI and CM chondrites are known to contain 
several characteristic spectral features in the mid-IR region (Beck et al., 
2010; Beck et al., 2014; Bates et al., 2020; Morlok et al., 2020; Hiroi 
et al., 2021). The most prominent features are the Christiansen feature 
(CF), the Reststrahlen bands (RBs), and the H2O/OH absorption bands. 
The CF occurs between 7.5 and 9 μm, and is a point of minimum 
reflectance, regarded as indicative of mineral composition (Conel, 1969; 
Salisbury et al., 1991). The RBs are located between 8.5 and 12 μm and 
are caused by fundamental molecular vibrations of silicates (Salisbury 
et al., 1991). At ≈3 μm fundamental O–H stretching vibrations asso-
ciated with hydrated silicates occur (Salisbury et al., 1991; Miyamoto 
and Zolensky, 1994), more specifically the M-OH bond produces a band 
at 2.7 μm. Also contributing in this spectral area are fundamental 
vibrational bands related to the asymmetric and symmetric stretching 
motions of the H2O molecule. 

Samples returned by the Hayabusa2 mission from C-type asteroid 
16173 Ryugu, provide an excellent opportunity to directly compare 
remote sensing data with in situ acquired spectra from the laboratory, 
potentially allowing for a more definitive link between asteroids and 
meteorites. 

First results of the Hayabusa2 mission indicated that Ryugu is 
composed of material similar to CC meteorites, and that the surface is 
highly porous and dominated by loosely gravitationally bound boulders, 
rather than centimeter-sized regolith as previously anticipated (Kitazato 
et al., 2019; Sugita et al., 2019; Grott et al., 2020; Sakatani et al., 2021). 

MIR spectra obtained by the MARA instrument (4 channels in the 
5.5–15.5 μm range), which is part of the MASCOT lander, support a CC 
origin and highlight that Ryugu experienced strong aqueous alteration 
(Hamm et al., 2022). Hamm et al. (2022) analyzed multiple thin sections 
of CC meteorites, and found that the best spectral match for Ryugu was 
obtained by CI chondrites. In December 2020, the sample return capsule 
of the Hayabusa2 mission successfully returned asteroid samples to 
Earth (Morota et al., 2020; Yada et al., 2022). First studies of the 
returned samples confirmed the link between Ryugu and CI chondrites 
(Greenwood et al., 2023; Nakamura et al., 2023; Yokoyama et al., 2023). 

Primitive volatile-rich matter, analogous to CI chondrites, has been 
found in several meteorites as xenoliths (i.e., clasts), including CR, CH, 
CB, OC, HED, and ureilites (e.g., Bischoff et al., 1993a, 1993b; Endreß 
et al., 1994; Zolensky et al., 1996; Briani et al., 2012; Bischoff et al., 
2018; Patzek et al., 2018; Goodrich et al., 2019). These volatile-rich 
clasts bear significant amounts of aqueous alteration-related minerals 
such as phyllosilicates, carbonates, and magnetite. However, some clasts 
have distinct chemical or isotope characteristics, including phyllosili-
cate chemistry and H-, O-, and S-isotope composition (e.g., Patzek et al., 
2018; Visser et al., 2019; Patzek et al., 2020; Kerraouch et al., 2022). 
Therefore, the term C1 clasts is often preferred in the recent literature, 
emphasizing that these xenoliths are not necessarily identical with CI 
chondrites. These results imply that the diversity of C1 material is larger 
than represented by currently known meteorites. Volatile-rich clasts, 
which do not correspond to known meteorites, can provide insights into 
yet unsampled aqueously altered parent bodies. 

One major aim of this study is to determine whether C1 clasts are 
spectroscopically distinct from CI chondrites. As most clasts are very 
small and embedded in thin sections, micro-FTIR is an excellent tech-
nique to obtain spectral data, otherwise not possible for this sample 
type. We also obtained spectra of Ryugu sample A0008, allowing us to 
correlate in situ measured spectra with remote sensing data. We spe-
cifically paid attention to intra-sample heterogeneity, as Ryugu sample 
A0008 shows a brecciated texture. With the acquired spectral dataset we 
identified similarities and differences between the investigated carbo-
naceous samples. Additionally, we tried to identify the causes of spectral 
differences by comparing spectral information with mineralogy. 

2. Methods 

2.1. Samples 

For in situ analyses, newly prepared polished thick sections (section 
A0008A2 from sample cut A0008A) of Ryugu sample A0008, and the CI 
chondrites Ivuna and Orgueil were used. The Ryugu sample was 
collected at the first touchdown site on the asteroid (sample chamber A). 
Additionally, polished thin sections of seven volatile-rich clasts 
embedded in seven different meteorites were analyzed. The samples 
include two paired CR chondrites (Acfer 079 and Acfer 187), three 
paired CH chondrites (Acfer 182, Acfer 207, and Acfer 214), one ureilite 
(Dar al Gani (DaG) 319), and one H chondrite (Sahara 98,645). The 

Table 1 
Extracted variables from averaged reflectance spectra of Ryugu, CI chondrites, and C1/C2 clasts.        

OH band  

IRIS ID Sample Type Clast type Section ID n= Center Area (cm− 1) FWHM (cm− 1) CF position RB position 

477 Ryugu Asteroid – A0008A2 16 2.70 ± 0.86% 0.13 34 9.05 10.01 
478 Orgueil CI1 – PL23012 5 2.70 ± 0.57% 0.11 33 9.02 9.92 
479 Ivuna CI1 – PL23011 5 2.70 ± 0.60% 0.15 37 9.05 9.91 
481 Acfer 97 CR2 C1 PL92521 5 2.71 ± 0.58% 0.49 47 8.85 9.78 
484 Acfer 187 CR2 C1 PL91023 4 2.71 ± 2.06% 0.36 45 8.83 9.82 
487 Acfer 182 CH3 C1 PL01266 5 2.71 ± 1.26% 0.22 40 9.00 9.95 
489 Acfer 207 CH3 C1 PL91162 5 2.71 ± 0.99% 0.26 37 9.00 9.97 
486 Acfer 214 CH3 C1 PL92271 5 2.71 ± 0.52% 0.62 41 8.89 9.97 
488 Sahara 98645 H3 C1/C2 PL99062 4 2.71 ± 2.10% 0.15 55 8.88 9.88 
485 DaG 319 Ureilite C2 PL17084 4 2.73 ± 3.07% 0.14 98 8.85 9.97  
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Fig. 1. (a) Influence of epoxy resin on the Ryugu spectrum. Epoxy manifests itself in several features in the spectrum, particularly <9 μm. The dotted lines indicate 
several areas where epoxy shows strong features. The RB and CF are unaffected. (b) Raw spectra of epoxy and Ryugu, and the effect of epoxy signal removal. Epoxy 
shows absorption features related to CH-stretching in the 2.7 μm region, however, it does not display a genuine OH absorption band. The subtraction of the epoxy- 
related absorption features improves the spectral quality, while retaining the genuine position and shape of the OH absorption band, providing the basis for the peak 
fitting procedure. 

Fig. 2. BSE images of Ryugu sample A0008: (a) The sample shows a brecciated texture and several clasts are marked by dashed lines. The numbers of the clasts 
correspond to the clasts average spectra shown in Fig. 8. (b). The colored squares represent FTIR measurement sites of the clasts.: green = clast 1, dark blue = clast 2, 
light blue = clast 3, purple = clast 4, yellow = clast 5. The size of the squares is equivalent to the size of the aperture used. The arrows mark the location of spectra 
presented in Fig. 9. (c,d) Elemental maps of Ryugu showing the distribution of (c) Ca (purple) and (d) P (yellow). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Ryugu sample was prepared at the Tohoku University after the pro-
cedure by Nakashima et al. (2023). All other samples were prepared at 
the University of Münster. 

2.2. Micro-FTIR 

The IR reflectance spectra were obtained with a Bruker Hyperion 
3000 FT-IR microscope coupled to a Bruker Vertex 80v at ambient 
conditions. The device is located at the Infrared and Raman for Inter-
planetary Spectroscopy (IRIS) laboratory at the University of Münster. 
The liquid nitrogen-cooled mercury‑cadmium‑tellurium (MCT) detector 
measures in the electromagnetic range between 2.5 and 16.7 μm. The 
microscope and sample chamber were purged with dry air to minimize 
atmospheric interferences. The spectra were obtained using a 15×
Cassegrain objective, and an aperture size of 100 μm × 100 μm. A pol-
ished gold mirror was used for calibration. The analyses were integrated 
over 512 scans. Ryugu, Ivuna, and Orgueil were measured with a 

spectral resolution of 2 cm− 1. For the volatile-rich clasts a spectral res-
olution of 4 cm− 1 was used. The obtained spectral data are available in 
the MERTIS Infrared and Raman for Interplanetary Spectroscopy (IRIS) 
database, using the IDs presented in Table 1. 

For extracting the band position of maximum (RB) and minimum 
(CF) reflectance, the raw spectra were smoothed with an adjacent- 
averaging algorithm (moving window of 10), which is a simple and 
subtle smoothing method. As the region from 2.5 to 3 μm usually showed 
a poor signal-to-noise ratio, it was isolated and smoothed with a more 
potent locally weighted least squares second-order polynomial regres-
sion algorithm (Loess) with a span of 0.2. This method provided the best 
results in retaining the shape of the OH band, while eliminating noise 
(cf. Fig. 1b). The area and the full width at half maximum (FWHM) of the 
OH band were extracted by plotting a straight baseline (range between 
2.6 and 2.8 μm) and applying a Gaussian peak fit. 

Fig. 3. BSE images of the investigated C1 clasts in the CH meteorites (a,b) Acfer 182 (c,d) Acfer 207 and (e,f) Acfer 214. The clast boundaries are represented by red 
dashed lines. The dashed rectangles indicate the location for the images seen on the right side (b,d,f). The arrows aid phase identification in the Figure: Mag =
Magnetite, Pyr = Pyrrhotite, Fe-rich = Fe-rich phyllosilicates, Mg-rich = Mg-rich phyllosilicates. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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2.3. SEM-EDX 

For imaging and elemental analysis, a JEOL 6610-LV scanning 
electron microscope (SEM) was used. The device is located at the 
Interdisciplinary Center for Electron Microscopy (ICEM) at the Univer-
sity of Münster. For energy-dispersive X-ray spectroscopy (EDS) the 
INCA software provided by Oxford Instruments was used. For EDS 
calibration, natural and synthetic standards by Astimex Standards Ltd. 
were used. The device was operated with an excitation voltage of 20 kV 
and a probe current of 1.5 nA. 

3. Results 

3.1. Petrography 

3.1.1. Ryugu & CI Chondrites 
Optical inspection and SEM analysis reveal that Ryugu sample 

A0008A consists primarily of a fine-grained phyllosilicate-bearing ma-
trix, which occupies >90 vol% of the section. The sample is brecciated 
and several clasts are visible (Fig. 2a). The friable and highly porous 
nature of this material leads to abundant cracks throughout the section. 
The matrix also contains small sub-micrometer sized magnetite and 
sulfide grains. Clast 2 shows a particularly high matrix abundance 
compared to the bulk sample (Fig. 2a). Magnetite and pyrrhotite are also 
present as larger grains (>10 μm), sometimes forming local enrichments 
as in clast 3 (Fig. 2a), which contains abundant magnetite grains with a 
plaquette morphology. Large pyrrhotite grains often form laths as seen 
in clast 4 and site of interest M5 (Fig. 2a,b). Magnetite grains are mostly 
compact, but also occur as framboids or spherules throughout the sec-
tion. Carbonates are predominately present as dolomite, and tend to 
form large irregularly-shaped grains (Fig. 2a). The P element map also 
indicates a minor phosphate abundance (Fig. 2d). Overall, the miner-
alogy and the brecciated texture closely resembles CI chondrites. 
Comparing the here investigated samples, the texture and mineral 

Fig. 4. Backscatter electron (BSE) images of C1/C2 clasts in (a,b) Acfer 097 (CR2), (c,d) Sahara 98645 (H3), and (e,f) DaG 319 (ureilite). The clast boundaries are 
represented by dashed red lines. The dashed rectangles indicate the location of the images seen on the right side (b,d,f). The arrows aid phase identification in the 
Figure: Ol = Olivine, Pyx = Pyroxene, Mag = Magnetite, Pyr = Pyrrhotite, Ca = Carbonate, Met = Fe-Ni metal, TCI = tochilinite-cronstedtite intergrowth, Chon =
Chondrule. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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distribution of Ryugu is most similar to Orgueil. Ivuna and Orgueil, are 
mainly composed of saponite and serpentine minerals, which is reflected 
in their chemical composition. The phyllosilicate composition of Ryugu, 
Ivuna, and Orgueil shows substantial overlap (Fig. 5). 

3.1.2. C1/C2 Clasts 
The clasts are texturally distinct from the host rock and often show 

abundant cracks. The size of the clasts is variable, ranging from 580 μm 
(Sahara 98645) to 3.5 mm (Acfer 187) in diameter. A fine-grained 
phyllosilicate-rich matrix is the major constituent in all clasts. Typical 
minor constituents include magnetite grains, mostly of spherical or 
framboid texture, and sulfide grains of compact and irregular shape. 
Sulfide grains are mostly pyrrhotite, and to a minor extend pentlandite. 
Locally, intergrowths of pyrrhotite and pentlandite are present. The 
abundance of magnetite and sulfides is highly variable among the clasts. 
For instance, the clast in Acfer 097 contains abundant magnetite and is 
almost free of sulfide grains, whereas it is reversed for the C1 clasts in 
Sahara 98645. Yet, most clasts show both minerals as minor constitu-
ents, as seen in CI chondrites. Porous and phyllosilicate-rich samples 
have analytical totals below 100 wt% in SEM-EDX and microprobe an-
alyses (EPMA) due to the occurrence of cracks in the analyzed areas and 
the water-content of the high abundance of phyllosilicates (Fig. 3). 

In some clasts, carbonates and phosphates are present as accessory 

phases. 
Compared to other C1 clasts in this study, the clast in Sahara 98645 

contains more olivine and pyroxene grains (Fig. 4). Also, the rim region 
is not as sharp as in the other clasts, as some larger grains from the host 
rock penetrate the clast boundary. While pyrrhotite and pentlandite are 
abundant, magnetite grains are rare. This indicates that aqueous alter-
ation is not as advanced as in the other C1 clasts samples. The large 
olivine (Fa20) in the center of the clast spans 120 μm in diameter. The 
other olivine grains are almost pure forsterite (Fo>98). The phyllosilicate 
composition among the C1 clasts is quite similar, but on average Fe- and 
Si-richer compared to phyllosilicates in CI chondrites (Fig. 5). 

The C2 clast in DaG 319 is distinct from the others clasts (Fig. 4e,f). 
Angular olivine (Fo>95) and pyroxene grains are abundant. Kamacite 
and compact and irregular pyrrhotite grains are also present. Addi-
tionally, a fibrous tochilinite-cronstedtite-intergrowth (TCI), and an 
intact porphyritic-olivine-pyroxene (POP) chondrule are embedded in 
the matrix. The phyllosilicates are Fe-richer, which makes them stand 
out from C1 clasts and CI chondrites (Figs. 5,6). These mineralogic 
characteristics indicate that the clast experienced aqueous alteration to a 
significantly lesser degree. The C2 clast is petrographically more similar 
to CM2 chondrites than CI1 chondrites. 

Fig. 5. (a) Ternary diagram displaying the phyllosilicate composition of Ivuna (blue), Orgueil (green), Ryugu (purple field), and the average of each clast (yellow). 
Ryugu field based on data from Yokoyama et al. (2023). (b) Average Mg/Fe ratio of phyllosilicates with range indicated by error bars. Of all measurements, the clasts 
show a smaller variability in their given Mg/Fe ratio than CI chondrites that exhibit a much greater Mg/Fe ratio range. C1 clasts in the studied CR chondrites seem to 
be particularly homogeneous. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Ternary diagram showing the Si, Mg, and Fe phyllosilicate composition of each clast. The average is displayed in circles, individual analyses in diamond 
shape. The grey area shows the typical range observed for CI-like clasts in ureilites, the purple area for CI-like clasts in CH/CR/CH chondrites. Fields based on data 
from Patzek et al. (2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2. Spectra 

All obtained spectra show a prominent Reststrahlen band (RB) at 
≈10 μm, and a reflectance minimum at ≈9 μm, corresponding to the 
Christiansen feature (CF). These features are linked to mineralogy and 
silicate composition (e.g., Salisbury et al., 1991). Some spectra addi-
tionally show a shoulder at 10.8 μm, which is developed to varying 
degrees. Another prominent feature is the absorption band at 2.7 μm, 
associated with M-OH bond stretching vibrations in Mg-rich phyllosili-
cates (Beck et al., 2010; Takir et al., 2013). 

Table 1 shows that the most variable features are the integrated 
water band area (0.09 to 0.62), followed by the CF (8.8 to 9.1 μm), and 
the RB position (9.8 to 10 μm). The band center of the OH band and its 
FWHM are almost constant. The only exception is the C2 clast in DaG 
319, which shows a band center value of 2.73 μm. In Fig. 11, the most 
variable parameters are plotted against the Fe/Mg ratio of the phyllo-
silicates. It displays a weakly linear correlation between CF/RB ratio and 
the Mg/Fe ratio, with Acfer 214 being an outlier within the displayed 
ranges. 

3.2.1. Ryugu & CI Chondrites 
All 17 spectra obtained at 4 different sites of interest in Ryugu A0008 

(Fig. 2b) show similar spectral features with a prominent RB at 10 μm, a 
pronounced CF at 9 μm, and an absorption band at 2.7 μm. One 
exception is a spectrum from site of interest M3 (cf. Fig. 2b), where a 
large carbonate grain produced two additional bands at 6.5 μm and 11.3 
μm (Fig. 9b). These bands are associated with vibrational modes, 
asymmetric stretching (6.5 μm) and out-of-plane bending of the C–O 
bond (11.3 μm) of carbonate anions (Lane and Christensen, 1997). 
Although Ryugu contains different lithologies, the obtained spectra 
exhibit only small variability, especially in terms of band positions 
(Table 2). More subtle differences are still present (Fig. 8b), mostly in 
form of a variable shoulder at 10.8 μm. The magnetite-rich clast 3 shows 
a clear shoulder at 10.8 μm, contrasting to clast 1 and clast 5 (Fig. 8b). 

Fig. 9 displays spectra from selected measurement sites, which are 
enriched in a specific mineral (cf. Fig. 2). The averaged Ryugu spectrum 
(of 16 analysis) is plotted for comparison. At first glance, the average 
spectrum of Ryugu resembles the phyllosilicate-rich spectrum the most, 
especially in terms of absorption intensity of the 2.7 μm band. In the 
sulfide-rich region, the depth of the OH absorption band is less pro-
nounced, and shifted to shorter wavelengths. Additionally, the region 
between 2.8 and 3 μm shows a steeper slope. In the spectrum of the 
carbonate-rich region, the absorption of the 2.7 band is also decreased, 
but no peak shift is present. Compared to the phyllosilicate-rich spec-
trum, the average Ryugu spectrum also shows a weakly positive slope 
between 2.8 and 3 μm. This indicates that minor constituents like sul-
fides have subtle effects on the spectrum, although no diagnostic bands 
are present. 

Fig. 9b displays the spectra in the wavelength region from 3 to 16.5 
μm, and compares them with mineral endmembers taken form the 
RELAB database. The spectrum of the carbonate-rich region shows two 
additional bands at 6.5 and 11.3 μm. By comparison with the dolomite 
reference spectrum, and considering the Ca elemental map (Fig. 2c), the 

grain can be identified as dolomite. Yet, the signature of phyllosilicates 
is still strong in the spectrum, indicated by a prominent RB at 10 μm. The 
other Ruygu spectra show identical features in this wavelength region, 
although the spectrum of the sulfide-rich region shows a decreased RB 
intensity, and an increased background. 

All Ryugu spectra show a peak at 12 μm, which is related to epoxy 
(Fig. 1a). This also applies to the less developed bands between 3.5 and 
8.5 μm. The absorption band at 15 μm is related to atmospheric CO2. As 
these bands are artifacts, they will not be further discussed. Overall, the 
spectra of Ryugu are quite similar to spectra from Ivuna and Orgueil. 
Compared to CI chondrites, the RBs of Ryugu are broader and more 
symmetric. Ivuna and Orgueil show a more pronounced shoulder at 
10.8 μm, and a less pronounced reflectance minimum. In comparison, 
Ivuna shows an overall increased RB, and an additional small band at 
9.2 μm. 

3.2.2. C1/C2 Clasts 
All clasts show a prominent RB, with band positions ranging from 9.8 

to 10.0 μm (Fig. 10b). The CF ranges from 8.8 to 9.0 μm. The shoulder of 
the RB band at 10.8 μm is significantly less pronounced in all clasts 
compared to CI chondrites. The development of the OH band varies 
considerably (Fig. 10a). While Acfer 214 and Acfer 097 show a clear OH 
band as seen in Ryugu and CI chondrites, the OH band is very subtle and 
of different shape for the clasts in Sahara 98645 and DaG 319. The po-
sition of the OH band is relatively constant with an average of 2.7 μm, 
except for the C2 clast in DaG 319 (Table 1). The clasts from the CR 
chondrites show the highest reflectance intensity, followed by the clasts 
in CH chondrites. The intensity of the RB band is significantly lower in 
the C1/2 clast in Sahara 98645 and the C2 clast in DaG 319. This feature 
correlates with a weaker development of the OH band (Fig. 10). The C2 
clast in DaG 319 shows two additional shoulders at 11.3 μm and 12 μm. 
These are most likely caused by two emerging RBs, indicative of olivine 
(Lane et al., 2011). The clasts in Sahara 98645 and Acfer 207 show two 
bands of minor intensity at 7.1 and 11.4 μm. The band at 11.4 μm is also 
likely related to olivine. 

4. Discussion 

First, we will discuss to what extent the sample mineralogy can be 
inferred from the acquired MIR spectra, as this is a fundamental 
constraint regarding meteorite-asteroid links based on spectroscopy. 
Second, we will evaluate similarities and differences between the 
investigated samples. Lastly, we will discuss whether micro-FTIR spectra 
provide valuable insights in the context of meteorite-asteroid links, also 
with respect to non-compositional effects. 

4.1. Correlating spectra with mineralogy 

In the investigated samples, the phyllosilicate-rich matrix usually 
accounts for >90 vol% of the sample, and has therefore a major influ-
ence on the acquired spectra. Phyllosilicates are known to produce 
characteristic RBs between 8 and 14 μm, often exhibiting a dominant 
band at ≈10 μm (Michalski et al., 2006; Glotch et al., 2007). Although 
phyllosilicates in CI chondrites are composed of saponite and serpentine 
(Tomeoka and Buseck, 1988), the terrestrial reference spectra from the 
RELAB database diverge from the obtained spectra (Fig. 9). The reflec-
tance maximum of the terrestrial phyllosilicates is shifted towards 
shorter wavelengths, and the Reststrahlen band shape is different. Beck 
et al. (2010) have already recognized that terrestrial phyllosilicates are 
poor analogues for CI and CM chondrites. The exact cause for this 
observation is not well-constrained. However, it is potentially related to 
the absence of the crystallographic long-range order in crystalline spe-
cies within the CI matrix, which leads to optical excitation of certain 
vibrational modes (Beck et al., 2010). Disordered and amorphous sili-
cate phases are known to show unstructured band peaking ~10 μm 
(Beck et al., 2010). The comparison of the 10 μm region with synthetic 

Table 2 
Extracted variables from spectra obtained in different clasts of Ryugu A0008 (cf. 
Fig. 2a).   

OH band   

Lithology Center Area 
(cm− 1) 

FWHM 
(cm− 1) 

CF position RB position 

Clast 1 2.70 ± 1.05% 0.12 35 9.04 10.01 
Clast 2 2.70 ± 0.85% 0.14 32 9.06 10.00 
Clast 3 2.70 ± 0.79% 0.09 30 9.02 10.00 
Clast 4 2.70 ± 1.37% 0.14 24 9.03 10.01 
Clast 5 2.70 ± 0.67% 0.09 42 9.03 10.00  
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serpentine does not appear to be a perfect match for the investigated CI 
spectra. However, band positions of minerals in the MIR are sensitive 
even to small changes in their chemical composition, so that a varying 
Mg/Fe ratio, for example in solid solutions, can already shift the position 
of the Reststrahlenband. Taking further into account that laboratory 
measurement conditions are hardly ever reproduced identically, may 
explain the seeming “mismatch” between the database mineral and 
‘fresh’ measurements. Furthermore, terrestrial or synthetic phyllosili-
cate minerals in the form of endmembers likely have not experienced 
alteration pathways that their extra-terrestrial counterparts have un-
derwent (e.g, SW). So that a direct comparison with database minerals is 
possible only with caution and emphasizes the importance of dedicated 
fitting procedures and analogue materials. 

The mineralogy of CI chondrites is dominated by a fine-grained 
phyllosilicate-bearing matrix, which makes up 94 vol% on average 
(Alfing et al., 2019). Yet, all investigated lithologies contain a certain 
admixture of minor constituents. Even if a “pure matrix” spectrum is 
acquired, sub-micrometer sized grains of minerals like magnetite or 
pyrrhotite are present. Typical minor constituents include magnetite 
(4.3 vol%), pyrrhotite (1.1 vol%), carbonates (0.5 vol%), phosphates 
(0.05 vol%), and olivine or pyroxene grains (0.06 vol%) (Alfing et al., 
2019). Due to the brecciated nature of CI chondrites (e.g., Bischoff, 
1998; Morlok et al., 2006a; Alfing et al., 2019), the distribution of these 
minerals is not homogenous, and local enrichments of a certain mineral 
are often present. This is especially relevant on a microscopic scale, and 
raises the question whether a specific mineral contribution, has a 
detectable impact on the MIR spectrum. Two distinct aspects need to be 
considered: 1) Does a mineral show diagnostic features in the investi-
gated wavelength region, and 2) the mineral abundance threshold that 
needs to be exceeded to enable detection in the respective electromag-
netic region. Although the comparison with literature or database data 
should be performed with caution (due to potential differences in 
measurement settings, sample type/quality), it principally shows where 
characteristic bands can be expected (Fig. 9). 

Magnetite is ubiquitous in CI chondrites, and no measurement area 
was completely free of magnetite. Work by Glotch and Rossman (2009) 
implies that magnetite single crystals have no characteristic bands in the 
investigated wavelength region. The influence of magnetite can there-
fore not be spectroscopically inferred, as magnetite does not affect the 
spectrum in this wavelength region. This is further confirmed by our 
observation that analyses from magnetite-rich regions in Ryugu show no 
significant deviation from the average Ryugu spectrum. 

Sulfides seem to affect the spectrum as seen for Ruygu (Fig. 9), 
although diagnostic bands are absent. A high sulfide contribution leads 
to an elevated background and decreased RB intensity. In the OH band 
region around 3 μm, we observed an increased slope between 2.8 and 3 
μm for the sulfide-rich region (Fig. 9a). Additionally, the water band 
area is decreased and the band center is shifted to shorter wavelengths. 
Yet, we cannot certainly attribute these observations to the presence of 
sulfides. In theory, pyrrhotite is known to show graybody behavior in 
the mid-infrared (Hubbard et al., 2023). Material which exhibits sys-
tematic graybody radiation, follows a Planck function with a constant 
emissivity (<1) (Michelsen et al., 2020). Therefore, a pure pyrrhotite 
spectrum is devoid of characteristic bands in der MIR region. 

Dolomite shows diagnostic bands that are distinguishable from other 
minerals, having two bands at 6.5 and 11.3 μm. The spectrum obtained 
in the Ryugu section shows a good match with the dolomite spectrum 
from the RELAB database. The 11.3 μm band corresponds to bending 
modes of carbonate ions (Prencipe et al., 2004). The features between 
6.4 and 7 μm are related to asymmetrical stretching modes of carbonate 
ions (Prencipe et al., 2004; Gunasekaran et al., 2006). Although the Ca 
element map indicates that dolomite is quite homogeneously distributed 
in the Ryugu section A0008, only one spectrum shows carbonate bands. 
Therefore, we conclude that a substantial dolomite contribution is 
needed so that characteristic bands are detectable in the MIR spectrum. 

Although anhydrous minerals are rare in C1 materials, they have a 

spectral impact in the MIR region. Olivine and pyroxene are known to 
exhibit characteristic bands in the MIR region (Hofmeister, 1997; Lane 
et al., 2011). Typical olivine bands are found between 10 and 12 μm 
(Morlok et al., 2006b; Lane et al., 2011; Stojic et al., 2021). The abun-
dance of olivine is clearly visible in the spectrum of DaG 319, having two 
bands at 11.3 and 12 μm. The band at 11.3 μm is also seen in the C1/2 
clast in Sahara 98645. 

We obtained spectra from the phosphate-rich region in M5 (cf. 
Fig. 2), in order to test whether a phosphorous-rich matrix would yield a 
distinct spectral signal. However, no spectral difference compared to the 
average Ryugu spectrum was observed. Theoretically, phosphate bands 
can occur in the MIR region due to P–O vibrational modes (Jastrzębski 
et al., 2011). Yet, spectral bands attributable to phosphate minerals are 
likely masked by phyllosilicate Reststrahlen bands, especially as the 
most prominent band, related to asymmetric stretching P–O vibrations, 
is located at 9.9 μm (e.g., Jastrzębski et al., 2011). Additionally, the 
phosphate abundance is in general very minor (0.05 vol%) in CI chon-
drites (Alfing et al., 2019). A spectral feature genuinely related to 
phosphates present in the matrix was therefore not detected. 

Phyllosilicates are by far the most abundant mineral in the investi-
gated lithologies. This dominance is also reflected in the MIR spectra. 
Our data suggest that the Mg/Fe ratio of phyllosilicates has a subtle, but 
systematic effect on the features associated with silicate structure and 
composition (Fig. 11). The correlation between Mg/Fe ratio and CF/RB 
applies to all investigated samples. As aqueous alteration progresses, 
serpentine minerals are enriched in Mg, which is in agreement with 
findings from previous studies by Zolensky et al. (1993), Howard et al. 
(2009), and McAdam et al. (2015). The change in the Mg/Fe ratio also 
affects the bonding cation in the hydroxyl stretching mode (M-OH) 
(Beck et al., 2010). 

4.2. Comparing Ryugu, CI chondrites and volatile-rich clasts 

Ryugu shows a large overlap with CI chondrites in terms of MIR 
spectra, mineralogy, and phyllosilicate chemistry. Ivuna and Orgueil 
show a more pronounced shoulder of the RB at 10.8 μm, which is not as 
evident in the average Ryugu spectrum. The origin of this feature is 
ambiguous. However, as opposed to Ryugu, Ivuna and Orgueil show 
signs of aqueous alteration related to their terrestrial exposure (e.g., 
sulfate-veins, see King et al., 2020) that can hypothetically explain this 
feature present in Orgueil, and Ivuna, and also the absence of which in 
the fresh material of Ryugu (for a detailed spectral analysis of sulfate 
minerals in the NIR/MIR, see e.g., Cloutis et al., 2006). Alternatively, the 
10.8 μm feature might be related to an admixture of an unidentified 
component, or is related to a non-compositional effect, like the afore-
mentioned lack of crystallographic order, or the high sample porosity 
(on average 41 vol%) observed for Ryugu samples (e.g. Nakamura et al., 
2022). Potentially, the splitting of transverse and longitudinal waves of 
silicates (LO-TO splitting) is linked to the shoulder at 10.8 μm, as this 
effect is known to occur in the mid infrared region (e.g., Hofmeister, 
1987). For instance, fayalite-rich olivine in the B2u-orientation exhibits a 
prominent band at 10.87 μm attributed to the υLO vibration (Hofmeister, 
1987). The high sample porosity may explain why epoxy-related fea-
tures are most prominent in the acquired Ryugu spectra, as opposed to 
Ivuna and Orgueil. The ethanol-diluted epoxy used for sample prepa-
ration of the Ryugu section (e.g., Nakashima et al., 2023) infiltrates the 
pore spaces, and a pore size dependent portion of the analyzed sample 
area is comprised of epoxy. 

Despite spectral and mineralogical similarities, Ryugu samples were 
found to be free of sulfates and ferrihydrite (Yokoyama et al., 2023; 
Nakamura et al., 2023), common accessory phases in CI chondrites (e.g., 
Tomeoka and Buseck, 1988; Zolensky et al., 1993). Additionally, the 
amount of interlayer water is different (Yokoyama et al., 2023). Most 
likely, these differences are best explained by terrestrial contamination 
(Yokoyama et al., 2023; Nakamura et al., 2023). These findings stress 
that CI-like material is extremely sensitive for contamination, and Ryugu 
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is more pristine than CI chondrites. 
The spectra of C1 clasts are largely similar to CI chondrites, and show 

in principle the same features. On average, the C1/C2 clasts show a more 
Fe-rich phyllosilicate composition, consistently having Mg/Fe ratios <1, 
which is spectroscopically reflected in slightly lower CF/RB ratios. 
Although the position of the OH band is constant (except for the C2 clast 
in DaG 319), the different nature of the samples (thin sections/thick 
sections) seems to affect the band intensity (i.e., saturation effects). 
Therefore, the OH band area of Ryugu, Ivuna, and Orgueil (thick sec-
tions) cannot be directly compared to the volatile-rich clasts (thin 
sections). 

The C2 clast in DaG 319 is clearly distinct from the other samples. 
The clast contains Fe–Ni metal, a TCI, and chondrules, phases that are 
absent in the investigated C1 clasts. The high abundance of anhydrous 
minerals (olivine, pyroxene) and metal is related to a lower degree of 
aqueous alteration. Additionally, the phyllosilicates in the C2 clast are 
more Fe-rich, which is reflected in even lower CF/RB ratios (Fig. 11a). 
The spectrum of the clast in DaG 319 shows a less developed water band, 
and a substantial peak broadening in the 10 μm region, with two addi-
tional peaks at 11.3 and 12 μm (Fig. 10). These two are indicative of 
olivine (Lane et al., 2011). The OH absorption band clearly has a distinct 
shape, as recorded by the shifted band position and small band area 
(Table 1). A broad RB band and a shifted band center towards longer 
wavelength has also been observed for CM chondrites (e.g., Bischoff 
et al., 2021; Nakamura et al., 2023). Hence the C2 clast is spectrally 
more similar to CM2 chondrites, and distinguishable from typical CI1 
spectra. 

The high amount of anhydrous minerals in the clast of Sahara 98,645 
indicates that the aqueous alteration is not as progressed as in the other 

C1 clast investigated. This is also spectrally evident in form of a small 
band at 11.4 μm, indicative of olivine. Additionally, the OH band is 
significantly less pronounced compared to the other C1 samples. How-
ever, the OH band center is not shifted to longer wavelengths as in the 
C2 clast, and mineralogically, the C1/2 clast in Sahara 98,645 is also 
distinct from the C2 clast, as Fe–Ni metal, chondrules, and TCIs are 
absent. 

Although considerable textural variability among the clasts is pre-
sent, the clasts show less intra-sample heterogeneity compared to CI 
chondrites (Fig. 5). This might either indicate that the clasts experienced 
different formation conditions, or alternatively, this observation is pri-
marily related to a sample size effect. As the temperature range and 
timing of aqueous alteration in C1 clasts coincides with CI chondrites 
(Visser et al., 2018; Visser et al., 2020), the latter case appears more 
likely. The textural and mineralogic variability would then be the result 
of sampling a certain CI-like/C1 lithology, which are breccias them-
selves. Assuming the secondary processing conditions for C1 clasts were 
similar as for CI chondrites, chemical and isotopic differences are most 
likely related to sampling different parent bodies. Although the diversity 
of C1 parent bodies in the early Solar System is poorly constrained, rare 
examples are found among ungrouped carbonaceous meteorites such as 
Flensburg. The ungrouped C1 meteorite Flensburg is the oldest chon-
drite sample in which contemporaneous episodes of aqueous alteration 
and brecciation have been preserved (Bischoff et al., 2021). With a CF at 
9 μm, and an intense RB at 10 μm, the spectrum of Flensburg is very 
similar to spectra of Ryugu and CI chondrites. However, mineralogic 
differences exist especially in regards to the abundance of minor con-
stituents. Carbonates (≈4 vol%) are the second most common constit-
uent after phyllosilicates (≈90 vol%), followed by sulfides (≈3.8 vol%) 

Fig. 7. Comparison of averaged spectra from Ryugu, Ivuna, and Orgueil. Asteroid spectra of Ryugu from Kitazato et al. (2019), and Bennu from Hamilton et al. 
(2019), Simon et al. (2020), and Nakamura et al. (2023) in grey. The reflectance of asteroid spectra is scaled for better comparison. Dashed lines indicate the (a) 
typical OH band position (2.7 μm), and (b) Reststrahlen band position (10 μm). 
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and magnetite (≈1.9 vol%). Although the MIR spectra of Flensburg and 
CI chondrites are basically indistinguishable from each other, they are 
different from spectra of CM, CH and CV chondrites (Bischoff et al., 
2021). 

In conclusion, aqueous alteration and phyllosilicate chemistry have a 
major impact on the MIR spectrum. If the spectra are of high quality (i.e., 
good signal-to-noise ratio and high spectral resolution), MIR spectra can 
be used to detected even minor differences between carbonaceous 
samples. 

4.3. Linking laboratory spectra with remote sensing data 

One key advantage of the MIR region is that it is sensitive to silicate 
mineralogy. Minerals like olivine, pyroxene, and feldspars are known to 
produce diagnostic features in this spectral range (e.g., Hofmeister, 
1997; Lane et al., 2011; Reitze et al., 2020; Reitze et al., 2021; Stojic 
et al., 2021). However, MIR spectra are also affected by non- 
compositional effects such as grain size, porosity, phase angle, temper-
ature, and ambient pressure (e.g., Logan et al., 1973; Reddy et al., 2015). 

Kitazato et al. (2019) reported that in the NIR spectra of asteroid 
Ryugu the most prominent feature is an absorption band at 2.72 μm, 
associated with Mg-rich phyllosilicates. This feature appears to be con-
stant across Ryugu’s surface, indicating a homogeneous composition of 
the asteroid’s surface. The absorption band at 3 μm has been intensively 
studied and attributed to hydrated silicate minerals (Salisbury et al., 
1991; Miyamoto and Zolensky, 1994). It has also been considered in 
asteroid classification, where it is commonly associated with C-type 
asteroids (Jones et al., 1990; Lebofsky et al., 1990). The OH absorption 
band obtained by the NIRS3 instrument (Kitazato et al., 2019) is in good 
agreement with the spectra of Ryugu A0008 obtained in the laboratory 

(Fig. 7). Compared to the laboratory spectrum, the NIRS3 spectrum 
shows a worse signal-to-noise ratio, and a slightly shifted band center 
towards longer wavelengths. Since the OH absorption feature is not as 
pronounced as in CI chondrites, it was suggested that Ryugu consists of 
CI-like or CM-like material which has been thermally altered (Kitazato 
et al., 2019). However, the difference in band depth between remote 
sensing and laboratory spectra could be related to space weathering, 
which is known to affect the OH band at 2.7 μm (e.g., Lantz et al., 2017; 
Kitazato et al., 2019; Noguchi et al., 2023). Space-exposed surfaces are 
affected by amorphization and partial melting of phyllosilicates, leading 
to reduction from Fe3+ to Fe2+ and dehydration, resulting in a weak-
ening of the OH band (Noguchi et al., 2023). To remove most of the 
outer space weathering affected layer of Ryugu, an artificial impact 
crater was produced at the second touchdown site before sample 
extraction (Saiki et al., 2017; Arakawa et al., 2017, 2020; Nakamura 
et al., 2022). These samples can be considered more pristine compared 
to the outermost surface layer of Ryugu. It was shown that excavated 
material from Ryugu’s subsurface has a stronger and peak-shifted OH 
absorption feature when compared to reflectance spectra of the surface 
(Kitazato et al., 2021). The peak shift of the 2.7 μm absorption band has 
been related to space weathering effects, altering Ryugu’s surface layer 
(Hiroi et al., 2023). Another aspect worth mentioning is that the abso-
lute band depth of the absorption feature at 2.7 μm is also depending on 
the thermal correction of the remote sensing spectra (Kitazato et al., 
2019). The here obtained Ryugu spectra show an overwhelming match 
with CI chondrites. In accordance with these findings, the first labora-
tory studies of Ryugu samples came to the conclusion that Ryugu was 
most likely never heated above 100 ◦C (Yokoyama et al., 2023). 

A study by Hamm et al. (2022) compared the MIR emissivity of 
Ryugu obtained by the MARA infrared radiometer to reflectance spectra 

Fig. 8. Spectra from different clasts in Ryugu A0008 (see Fig. 2a). The colors correspond to sites of interest marked in Fig. 2b. Dashed lines indicate the (a) typical 
OH band position (2.7 μm), and (b) Reststrahlen band position (10 μm). 
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of thin sections of various carbonaceous chondrites. In principle, emis-
sivity spectra obtained by remote sensing can be converted to reflec-
tance spectra by using Kirchhoff’s law (e.g., Nicodemus, 1965). 
Although the spectral contrast of inverted reflectance spectra can be 
different from emissivity spectra, the position and shape of bands is 
comparable (e.g., Henderson and Jakosky, 1994; Henderson and 
Jakosky, 1997; Byrnes et al., 2007; Lee et al., 2010; Morlok et al., 2017). 
Hamm et al. (2022) concluded that thin sections of CI chondrites pro-
vided a better match for the remotely acquired spectra of Ryugu 
compared to powdered samples. The authors attribute this to Ryugu not 
being dominated by dust and regolith, but rather by highly porous 
boulders. In fine-grained powdered samples, the emissivity is a combi-
nation of Si–O bond vibrations and transparency features caused by 
volume scattering effects. Grain size effects are known to decrease the 
intensity of the RBs inversely proportional to particle size (Salisbury 
et al., 1987; Reddy et al., 2015), and with smaller particle sizes, trans-
parency features (TF) related to volume scattering become more domi-
nant (Le Bras and Erard, 2003). The TF typically emerges in powdered 
samples with particle sizes <50–75 μm (Salisbury and Wald, 1992; 
Salisbury et al., 1997; Le Bras and Erard, 2003). However, it is absent in 
amorphous samples, e.g., space weathered or impacted materials 
(Moroz et al., 2009, Palomba et al., 2019), and is also missing in thin 
sections, where the emissivity maximum is representative of funda-
mental Si–O vibrations (Hamm et al., 2022). The spectral link of Ryugu 
and CI chondrites has been spectrally confirmed by recent studies 
(Nakamura et al., 2023; Dartois et al., 2023). 

If compositional information is derived from spectra, also non- 
compositional effects should be considered. This includes temperature, 
pressure, phase angle, and grain size effects. Depending on the material 

analyzed in the laboratory, different scattering behavior occurs. Multi-
ple scattering between particles and crystal orientation effects can lead 
to differences in reflectance spectra of different materials (e.g., powders 
of different size fractions, single crystals, polished sections). Ideally, the 
surface properties of the target object are well constrained, so that an 
adequate analogue is used, compensating for several non-compositional 
effects. Additionally, secondary processes causing compositional and 
physical changes, e.g., space weathering, have to be considered when 
comparing remote sensing data with laboratory samples. 

Although the spectral differences are subtle, our findings indicate 
that C1 and C2 clasts can be distinguished from CI chondrites within a 
laboratory framework. Presumably, intra-sample heterogeneity seen on 
a microscopic scale does not have a prominent effect at the spatial scale 
conventionally used in remote sensing. The practically more relevant 
aspects for comparison of in situ acquired micro-FTIR spectra and 
remote sensing spectra are 1) the quality and spectral resolution of the 
obtained spectra, and 2) the influence of non-compositional effects. The 
first aspect is strongly bound to the technological progress of the 
analytical instrument used in space missions. The second aspect can be 
addressed by using appropriate analogues, imitating the surface prop-
erties of asteroid surfaces. Spectral databases such as the MERTIS 
Infrared and Raman for Interplanetary Spectroscopy (IRIS) database 
(Hiesinger et al., 2020), can significantly help to interpret data acquired 
by remote sensing by providing the basis for spectral deconvolution. 
Well characterized materials from sample return missions like Hay-
abusa2 and OSIRIS-REx, allow to establish robust spectral endmembers, 
which can help to reduce the ambiguity of meteorite-asteroid links. Our 
study indicates that under ideal conditions, subtle differences among 
hydrated CC materials can be spectrally identified. 

Fig. 9. Ryugu average spectrum (orange) compared to single spectra from different sites of interest enriched in a specific mineral. Mineral spectra in grey are taken 
from the RELAB database for reference. Dashed lines indicate the (a) typical OH band position (2.7 μm), and (b) Reststrahlen band position (10 μm). 
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5. Conclusion 

If analytical artifacts are removed and spectral data are processed in 
a consistent manner, MIR reflectance spectra can be used to investigate 
meteorite-asteroid links. The main findings can be summarized as 
following:  

1) Except for the C2 clast, all investigated samples show similar features 
having a discernable OH absorption band at 2.7 μm, the CF at ~9 μm, 
and a pronounced Reststrahlen band at ~10 μm. 

2) The Ruygu sample A0008 shows a brecciated texture, but is spec-
trally relatively homogeneous. Among the investigated samples, 
Ryugu sample A0008 is spectrally and petrographically most similar 
to Orgueil.  

3) The average phyllosilicate composition of C1 and C2 clasts is more 
Fe-rich compared to bulk CI chondrites, which is spectroscopically 
reflected in lower CF/RB ratios. The investigated samples show a 
weakly linear correlation of the Mg/Fe ratio in phyllosilicates and 
the CF/RB band position.  

4) The C2 clast in DaG 319 is spectroscopically distinguishable from the 
other samples, due to differences in mineralogy related to a lower 
degree of aqueous alteration. This includes a shifted and less devel-
oped OH absorption band, and a broad Reststrahlen band (RB) at 10 
μm, with two minor RBs emerging at 11.3 and 12 μm.  

5) If a certain modal abundance is reached, minor constituents like 
dolomite and pyrrhotite can affect the spectrum. This is especially 
relevant on a microscopic scale, as Ryugu and CI chondrites are 
breccias, and can contain lithologies enriched in a specific mineral. 
However, other minerals like magnetite have no apparent effect in 
the investigated wavelength region.  

6) Considering Ryugu, the spectra obtained by μ-FTIR on sample A0008 
can be compared to remote sensing data on a qualitative level. This 
demonstrates that micro-FTIR is a powerful tool to characterize 
intra-sample heterogeneity and very small samples (< 3 mm). 
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