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Abstract

Context. The analysis of the composition of primitive C-complex asteroids is essential to understand the distribution of volatiles in the Solar System since its formation. Primitive low-albedo families within the inner main asteroid belt are of particular interest because they are a significant source of carbonaceous near-Earth asteroids, such as Ryugu and Bennu.

Aims. This study, part of the JWST SAMBA3 project (Spectral Analysis of Main Belt Asteroids in the 3-μm region), report the first spectroscopic analysis of asteroid (84) Klio in the 3 μm region, in order to better constrain its composition.

Methods. We analysed the infrared (0.97-5.10 μm) spectrum of Klio measured by the NIRSpec instrument on board JWST. We used the NEATM thermal model to extract the reflectance spectrum of the asteroid. Several spectral features were then analysed in the 2.8, 3.4, and 3.9 μm regions by different Gaussian fitting.

Results. Klio’s spectrum shows an absorption band at 2.776 ± 0.001 μm that we attributed to phyllosilicates. We compared the position and shape of the feature with that observed in primitive materials such as carbonaceous chondrites and returned samples from Ryugu and Bennu. The position and shape of the 2.8 μm band, as well as the presence of a 0.7 μm band in the visible, suggest that Klio’s spectrum is similar to certain CM2 meteorites. We observed an absorption band around 3.9 μm, with a depth of 0.020 ± 0.001 that could be attributed to carbonates. We could not clearly detect any absorption associated with organics at 3.4 μm.
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1 Introduction
Primitive C-complex asteroids are characterised by low-albedo (typically pv < 10%) surfaces, and are commonly associated with carbonaceous chondrites (CCs), on the basis of similarities in overall spectral shapes (see Campins et al. 2018, and references therein). These meteorites did not reach temperatures high enough for differentiation (hence their name ‘primitive’), but their initial composition still evolved, to varying degrees, through aqueous alteration or thermal metamorphism (Hutchison 2004). CCs and primitive asteroids that have undergone aqueous alteration show evidence of hydrated minerals (such as hydrated silicates or phyllosilicates), and organic compounds in the form of insoluble and soluble (amino acids, aliphatic and aromatic hydrocarbons, etc.) organic matter (e.g. Glavin et al. 2018; De Gregorio & Engrand 2024). The study of primitive asteroids can reveal information about the origin and evolution of our planetary system since its early stages.
Most spectral studies of primitive asteroids have been restricted to the visible to near-infrared wavelength region (0.42.5 μm). Despite many observational efforts, our understanding of the composition of primitive asteroids has been limited by the paucity of diagnostic spectral features at those wavelengths, with few exceptions, including a shallow absorption band around 0.7 μm, associated with Fe-rich phyllosilicates (Vilas & Gaffey 1989; Rivkin 2012; Fornasier et al. 2014). This band is considered a proxy of hydration: whenever it is present, an associated feature at 2.7-2.8 μm is always observed; however, the opposite is not always true (Howell et al. 2011). Therefore, in longer wavelengths (>2.5 μm) more diagnostic and unambiguous absorption bands are detected (Rivkin et al. 1995; Emery et al. 2006; Takir & Emery 2012; Vernazza et al. 2017). In particular, near-infrared spectroscopy up to 4 μm enables the detection and analysis of different absorption features: a sharp band at 2.7-2.8 μm typically associated with phyllosilicates (e.g. Takir & Emery 2012; Usui et al. 2019), a rounded band around 3 μm possibly attributed to water ice (Campins et al. 2010; Rivkin & Emery 2010; Licandro et al. 2011) or NH groups present in ammoniated phyllosilicates (De Sanctis et al. 2015; Rivkin et al. 2022), several absorption bands around 3.4 μm associated with carbon-bearing species such as organics and carbonates (e.g. Kaplan et al. 2020, 2021), and absorption bands around 3.9 μm related to carbonates (e.g. Rivkin et al. 2006). However, the presence of strong telluric absorptions from 2.5 to 2.9 μm only allows a partial characterisation of some of these absorption bands, making compositional analysis challenging and, in some cases, impossible from ground-based telescopes.
Recently, two space missions, Hayabusa2 (JAXA) and OSIRIS-REx (NASA), returned samples from two primitive near-Earth asteroids (NEAs), Ryugu and Bennu, respectively (Yada et al. 2021; Lauretta et al. 2024). The main goal of analysing such samples is to achieve a better and detailed understanding of the origin and evolutionary processes underwent by their parent bodies. These primitive NEAs most likely originated from primitive low-albedo collisional families located in the inner main asteroid belt, delimited by two gravitational resonances: the ν6 secular resonance with Jupiter and Saturn, at ∼2.1 au, and the 3:1 mean motion resonance with Jupiter, at ∼2.5 au (Campins et al. 2013; Bottke et al. 2015; de León et al. 2018). These families include New Polana, Eulalia, Clarissa, Erigone, Sulamitis, Klio, Chaldaea, Svea, and Chimaera (Figures 1 and A.1). They were all studied at visible and near-infrared wavelengths in the frame of the PRIMitive Asteroids Spectroscopic Survey (PRIMASS, de León et al. 2016; Pinilla-Alonso et al. 2016; Morate et al. 2016, 2018, 2019; De Prá et al. 2018, 2020b,a; Arredondo et al. 2020, 2021a,b; Harvison et al. 2024). PRIMASS is the largest dataset at these wavelengths, and at the time of writing two bundles of its associated spectral library (PRIMASS-L) have been uploaded to the NASA Planetary Data System (Pinilla-Alonso et al. 2021, 2024). PRIMASS includes primitive collisional families from the entire main belt, as well as other dynamical groups, such as Hildas or Cybeles. In the present study, we focus on the asteroid (84) Klio, the largest member of the so-called Klio collisional family. In the visible range, Klio shows an absorption band at 0.7 μm (see Section 2), compatible with the presence of Fe-bearing phyllosilicates. This absorption band is seen in 23% of all the observed Klio family members, suggesting a diversity of spectral properties within the family (Morate et al. 2019).
In this paper, we analyse the reflectance spectra of Klio using the Near-Infrared Spectrograph (NIRSpec) at the James Webb Space Telescope (JWST) (Closs et al. 2008; Böker et al. 2022). This object was observed as part of the SAMBA3 program (Spectral Analysis of Main Belt Asteroids in the 3-μm region, 3rd General Observer Cycle, proposal #6384) led by Driss Takir, which includes a total of nine primitive asteroids. We describe observations and data reduction, including thermal analysis in Sections 3 and 4. In Section 5, we present the spectral analysis of the detected features. We discuss the obtained results, as well as what we know about the asteroid (84) Klio itself and its collisional family from previous studies in Section 6. Conclusions are finally presented in Section 7.
	[image: thumbnail]	Fig. 1 Proper inclination as a function of the proper semi-major axis of the low-albedo families in the inner main belt. For the Poiana and Eulalia families, we used the definition from Walsh et al. (2013), which was also used in de León et al. (2016). For the other families, we applied the definition from Nesvorný et al. (2015). The yellow diamond marks the location of the asteroid (84) Klio.



Table 1 
Observational details of previous visible and near-infrared spectra of asteroid Klio.

2 Previous spectra of Klio in the visible and the near-infrared
Asteroid Klio, as well as a number of Klio family members, have been observed in the past in the visible and near-infrared wavelengths (0.4-2.5 μm). Previous observations include visible spectra from SMASS-II (Bus & Binzel 2002), S3OS2 (Lazzaro et al. 2004), and PRIMASS (Morate et al. 2019) surveys, and near-infrared spectra from Reddy & Sanchez (2020), PRIMASS (Arredondo et al. 2020), and D. Takir (private communication). Details on the observing conditions of these spectra are shown in Table 1.
We show in Fig. 2 the majority of the available spectra. The two near-infrared spectra obtained with the IRTF, in orange and purple, are practically identical, and were acquired at similar values of phase angle. We used the common wavelength interval, between 0.8 and 0.9 μm, to join the SMASS-II visible spectrum (in black) to the near-infrared ones. We have added here the PRIMASS visible spectrum (in black), after we corrected it from phase reddening effects. The correction was done using a slope change of approximately 0.15% per 1000 Å per degree, as estimated for C-type asteroids by Lumme & Bowell (1981a,b). This correction allows the PRIMASS visible spectrum to be rescaled to approximate the reflectance it would have exhibited if observed under the same viewing geometry as the SMASS-II observations. The two visible spectra agree very well, and both clearly show the 0.7 μm absorption band associated with Fe-bearing phyllosilicates. The S3OS2 visible spectrum is not shown here, as it is much noisier than the other two, and presents the same spectral shape.
The near-infrared spectrum by Arredondo et al. (2020) is redder than the ones shown in Fig. 2, obtained with the IRTF (orange and purple). We computed the near-infrared spectral slope, S,, for these spectra, following the same procedure as the one defined in Arredondo et al.’s paper, and obtaining S′=0.483±0.020%∕1000 Å for the orange one (α=8.1°) and S ′=0.3 81±0.040%∕1000 Å for the purple one (α=6.1°). These slopes are smaller than the one obtained by Arredondo et al. (2020) for Klio, i.e. S′ = 1.118 ± 0.011 %/1000Å. As for the case of visible wavelengths, this difference could be attributed to differences in phase angle. There are a few references in the literature studying phase reddening in the near-infrared. Following the work of Clark et al. (2002) with Eros and Sanchez et al. (2012) with a group of ordinary chondrites, we can use a variation in spectral slope due to phase reddening of ∼0.05%/1000Å per degree. Applying this correction, Klio’s near-infrared slope in Arredondo et al.’s paper will be S′corrected = 0.448 ± 0.011%/1000 Å for α=8.1°, in good agreement with the slopes we obtained for the IRTF spectra.
Table 2 
Observational details and asteroid’s orbital and physical properties.

	[image: thumbnail]	Fig. 2 Visible and near-infrared spectra of Klio. The two spectra covering the 0.43-0.92 μm range are from the SMASS-II (in black, Bus & Binzel 2002) and PRIMASS (in green, Pinilla-Alonso et al. 2024) surveys, the latter after phase-reddening correction (see main text). The two spectra covering the 0.7-2.5 μm range were acquired by SpeX/IRTF, in 2003 (in orange, Reddy & Sanchez 2020) and in 2024 (in purple). The grey areas represent the absorption by atmospheric H2O. The complete visible to near-infrared spectra are normalised to unity at 1.6 μm.



3 Observations and data reduction
The spectra of Klio presented in this paper were acquired using the integral field unit (IFU) of NIRSpec, onboard the JWST. Observations were done with the medium spectral resolution (R ~ 1000) grating/filter combinations: G140M/F100LP (0.97-1.84 μm), G235M/F170LP (1.663.07 μm), and G395M/F290LP (2.87-5.10 μm). A 4-point dither pattern was implemented for each grating setting, and the NRSIRS2RAPID readout mode was employed to optimise detector noise performance. The observations were conducted on July 6, 2024. Observational details, as well as the asteroid’s physical properties retrieved from the JPL Small-Body Database Browser1, are shown in Table 2.
The data processing and spectral extraction methodology was identical to that used in other recent studies of TNOs with JWST (e.g. Souza-Feliciano et al. 2024; Brunetto et al. 2025; De Prá et al. 2025; Hénault et al. 2025; Licandro et al. 2025; Pinilla-Alonso et al. 2025). The fully calibrated spectral data cubes, containing stacks of 2D sky-projected wavelength slices were constructed by running the raw uncalibrated data files through the first two stages of Version 1.15.1 of the official JWST pipeline (Bushouse et al. 2024), with all relevant calibration reference files drawn from context jwst_1256.pmap of the JWST Calibration Reference Data System. The only non-default step executed was the NSClean algorithm (Rauscher 2024), which removes the 1/f pattern noise in the second stage of the pipeline. A local empirical PSF was then constructed at each wavelength by median-averaging the 10 adjacent slices on either side of the considered wavelength, subtracting the background level, and normalising the template to a unit sum. Then, this PSF was fit to the original wavelength slice with a scaling factor and a constant background level. This process was applied to each dithered exposure individually, with the final combined spectrum derived by averaging each dither set together and by cleaning 3-σ outliers on the individual spectra using a 21-pixel-wide moving median filter. The errors on the flux were estimated as the standard deviation of the four dithers. This same process was also applied to IFU observation of P330-E, a G0V calibration star (Gordon et al. 2022), using the same grating/filter combinations from PID 1538 (PI: Gordon). The irradiance spectrum of Klio is shown in Fig. 3, using different shades of blue to differentiate between the spectra obtained with each of the grating-filter combinations. We also included the P330-E spectrum for comparison.
4 Flux spectrum and thermal analysis
The irradiance spectrum of Klio (Fig. 3) includes reflected light and thermal emission. For thermal analysis we started carrying out a first order subtraction of the reflected light using the spectrum of the solar analogue star P330E (Colina & Bohlin 1997), observed by JWST Proposal #1538 (PI: Karl Gordon) and extracted following the same procedure as for the case of Klio. The aperture size in the stellar spectrum extraction was chosen to match the corresponding size used for the target observation. The spectrum of P330E (in red) was first scaled to fit Klio’s spectrum in the 2.2-2.6 μm region (see zoom window in Fig. 3). Notice that at wavelengths beyond ∼3.3 μm the thermal contribution on Klio’s flux starts to be larger than the reflected light. As a second step, the scaled spectrum of P330E was subtracted from Klio’s spectrum. The resulting almost ’pure’ thermal flux spectrum in the 3.5-5.1 μm region was used to compute the diameter and geometric albedo of the asteroid, using the Near-Earth Asteroid Thermal Model (NEATM, Harris 1998). It is known that the measured spectral energy distribution (SED) depends on the object’s size, composition, and temperature distribution. This last term is dependent on several factors, including distance to the Sun, geometric albedo, thermal inertia, surface roughness, rotation rate, shape, and spin-pole orientation. The NEATM is a refinement of the standard thermal model (STM, Lebofsky et al. 1986; Lebofsky & Spencer 1989), which was developed and calibrated for main belt asteroids. Unlike the STM, the NEATM requires observations at multiple wavelengths and uses this information to force the model temperature distribution to be consistent with the apparent colour temperature of the asteroid. The NEATM solves simultaneously for the beaming parameter (η) and the diameter (D). The beaming parameter was originally introduced in the STM to allow the model temperature distribution to fit the observed enhancement of thermal emission at small solar phase angles due to surface roughness. In practice, η can be thought of as a modelling parameter that allows a first-order correction for any effect that influences the observed surface temperature distribution (such as beaming, thermal inertia, and rotation).
Using the NEATM (with bolometric emissivity e fixed at 0.9) we fitted the thermal spectrum of Klio in the 4-5 μm region and derived a diameter D = 78.1 ± 23.9 km and a beaming parameter η = 0.96 ± 0.15. The large uncertainty in the diameter primarily arises from the limited wavelength range used for the fit, which poorly constrains the η value. The best-fitting model is shown in Fig. 4. To estimate the visible geometric albedo pv, we used the standard formula
[image: equation](1)
with the absolute magnitude Hv = 9.34 and our best fit diameter D = 78.1 km, obtaining a value of pv = 0.05 ± 0.03. Both the derived asteroid diameter and the computed geometric albedo are in good agreement with the ones shown in Table 2, extracted from JPL Small-Body Database Browser, obtained from IRAS Asteroid and Comet Survey observations (Veeder & Walker 1995). Likewise, these are consistent with the diameter and albedos obtained by NEOWISE (D = 82 ± 23 km, pv = 0.04 ± 0.02, Mainzer et al. 2019).
	[image: thumbnail]	Fig. 3 Irradiance spectrum of Klio obtained with NIRSpec using the three grating-filter combinations (in different shades of blue) shown in Table 2. The irradiance spectrum of the P330E star is shown in red, scaled to fit Klio’s spectrum in the 2.2-2.6 μm region (zoomed region in the centre of the panel). Note that above ~3.3 μm, Klio’s spectrum becomes significantly brighter than that of P330E, indicating that thermal emission starts to dominate over reflected light.



	[image: thumbnail]	Fig. 4 Thermal emission in Klio’s spectrum (blue) fitted with the NEATM model (red). The deviation below 3.5 μm is due to the presence of a broad absorption band around 2.8-3 μm in Klio’s spectrum.



	[image: thumbnail]	Fig. 5 Klio reflectance spectrum. Small normalisation factors have been applied for a better fitting between the gratings, in the common wavelength region: the reflectance for grism 140M is multiplied by 0.99 and that of 395M (after thermal subtraction) is multiplied by 1.04.



5 Reflectance spectra and mineralogical analysis
To derive the reflectance spectrum of the asteroid, we first subtracted the thermal emission fit obtained with the NEATM from the observed flux calibrated spectrum. Then, the resulting spectrum was divided by that of the solar analogue star, P330E. The uncertainty in the spectrum was computed as the standard deviation over the four dithers. The reflectance spectrum of Klio is shown in Fig. 5, normalised to unity at 2.6 μm for a better comparison with spectra of other small bodies obtained with JWST. The main feature observed in the spectrum is an absorption band around 2.8 μm. We can also observe hints of a minor band around 3.9 μm and an inflexion in reflectance around 3.4 μm that could be related to an absorption.
	[image: thumbnail]	Fig. 6 Top: linear continuum applied to the spectrum to analyse the 3 μm region. Bottom: fit of four Gaussian (in purple, pink, orange, and yellow) applied to the continuum-divided reflectance spectrum (in blue). The resulting fitting curve (sum of the Gaussian) is in black.



5.1 Analysis of the 2.8 μm region
The main absorption band in Klio’s spectrum is located around 2.8 μm. To analyse the position and depth of this feature, we divided the spectrum by a linear continuum, defined using two boundaries before (2.0-2.65 μm) and after (3.5-3.9 μm) the absorption band. Four Gaussian curves were then fitted to the spectrum between 2.68 and 3.16 μm (Figure 6) and the band’s peak position and depth were determined from the minimum of the fitted curve. To estimate the uncertainty in the spectral parameters, we resampled the spectrum for each wavelength using a uniform distribution with width equal to the respective uncertainties. This process was repeated 1000 times to generate a distribution of fitted parameters. The final values and uncertainties were calculated as the mean and standard deviation of the resulting distribution. We obtained a peak position of 2.776 ± 0.001 μm and a band depth of 23.9 ± 0.1%.
We compared the shape, depth, and position of Klio’s 2.8 μm feature with analogues of primitive asteroids, measured in the laboratory. These samples include several classes of CCs measured in asteroid-like conditions from Takir et al. (2013, 2019), i.e., measured under vacuum and under dry conditions, in a chamber heated at temperatures up to 475 K to remove the adsorbed terrestrial water. We also compared our data with the spectra of Ryugu and Bennu samples, recently returned by the Hayabusa2 and the OSIRIS-REx missions. We used the average spectra of the two Ryugu bulk samples from chambers A and C, published in Pilorget et al. (2021), and the average spectrum of the Bennu aggregate sample OREX-800029-0, published in Lauretta et al. (2024). The samples have never been exposed to Earth’s atmosphere prior to the spectral measurements. The spectral comparison of Klio and the samples is shown in Fig. 7, left.
To perform a quantitative comparison, we computed the peak position and the depth of the 2.8 μm feature of all samples. Similar to Klio spectrum, we divided the spectra of the samples by polynomial continuum across the 3 μm band before adjusting a multi-Gaussian fit to the continuum-removed spectra. Depending on the sample, we adapted the polynomial degree and the boundaries of the continuum, as well as the number of Gaussians and the boundaries of the fit. We then estimated the peak position and the depth of the band and their uncertainties using the same resampling method as for Klio’s spectrum. The dispersion graph between the position and the depth of the 2.8 μm band of the samples is illustrated in Figure 7. To better compare Klio and the samples, we grouped the CCs samples into different classes based on their petrologic types. The peak position of Klio is generally compatible with the type 2 chondrites: C2-ungrouped, CM2 and CR2. The closest chondrites in terms of position belong to the CM2 group and are Murchison (CM2), MAC 02606 (CM2) and LAP 03786 (CM2) with peak position values of 2.778 ± 0.002, 2773 ± 0.004, and 2.780 ± 0.002 μm, respectively. We also compared the shape of the 2.8 μm band between Klio and the samples, by computing the spectral distance in the 2.67-3.10 μm range. After dividing each spectrum by its continuum, we normalised them to a band depth of 0.5 in order to emphasise on similarities in band shape rather than band depth. Then, the spectra were resampled to the same wavelength grid and the euclidean distance is calculated as follows:
[image: equation](2)
where K and S correspond to the normalised spectra of Klio and each sample, respectively. N is the number of spectral channels in the range 2.67-3.10 μm. Figure 8 illustrates the euclidean distance of each sample with respect to Klio. The samples with the smallest spectral distance (i.e. the spectrum most similar to that of Klio) are LAP 03786 (CM2), QUE 97990 (CM2) and Bells (C2-ung), with distance values of 0.53 ± 0.03, 0.72 ± 0.02, and 0.74 ± 0.05, respectively.
5.2 Analysis of the 3.4 μm and 3.9 μm region
We investigated the presence of an absorption band in the 3.4 μm region, which could be related with the presence of complex organics and/or carbonates on Klio’s surface. To do this, we divided the spectrum by a 3rd order polynomial continuum, defined using two boundaries, one on each side of the 3.4 μm region: 3.1-3.3 μm and 3.7-3.8 μm. We then fitted one Gaussian curve to the spectrum to estimate its depth and position (Fig. B.1). As with the 2.8 μm band, we estimated uncertainties by resampling the reflectance for each wavelength within the reflectance uncertainty. After performing 1000 Gaussian fits, we obtained a peak position of 3.492 ± 0.130 μm and a band depth of 0.004 ± 0.003. However, the position and depth of the band strongly depend on the continuum definition. For example, varying the left boundary a little, from 3.1-3.3 μm to 3.2-3.3 μm, will result in a peak position of 3.601 ± 0.152 μm and a band depth of 0.000 ± 0.001. Since the parameters depend on the continuum, and given the difficulty to clearly define the continuum because of the 3 μm band, we cannot assert with certainty that the 3.4 μm band is real.
Klio’s spectrum also shows an absorption band around 3.9 μm that could indicate the presence of carbonates. We characterised it by dividing the spectrum by a 3rd order polynomial continuum defined using two boundaries, one on each side of the band: 3.6-3.7 μm and 4.03-4.4 μm range and then, performing a Gaussian fit (Fig. B.2). We estimated uncertainties on the spectral parameters by performing 1000 fits, each time resampling the reflectance for each wavelength within the uncertainty. From the fits, we obtained a peak position of 3.884 ± 0.004 μm, and a band depth of 0.020 ± 0.001.
	[image: thumbnail]	Fig. 7 Left: spectral comparison of the 2.8 μm band between Klio and several samples, including the spectra of CCs published in Takir et al. (2013, 2019), the average spectrum of Ryugu’s bulk C published in Pilorget et al. (2021), and the average spectrum of the Bennu aggregate OREX-800029-0, published in Lauretta et al. (2024). The vertical dashed line indicate the position of Klio’s 2.8 μm feature (i.e. 2.776 μm). An offset have been applied to the spectra for better comparison. Right: dispersion graph between the relative band depth and the peak position of the 2.8 μm band in Klio, various CCs, Ryugu samples and Bennu samples (OREX-800029-0).



6 Discussion
6.1 Klio’s composition
In this work, to constrain the composition of Klio, we analysed the different spectral signatures of the NIRSpec data and compared them with laboratory spectra of analogue samples (CCs and returned samples). The advantage of laboratory analysis is that techniques complementary to spectroscopy can be applied to determine the composition of the samples. However, there are several limitations to the comparison between asteroids and laboratory spectra:

	Physical and observational variations: differences in particle size and porosity as well as measurements with different geometries of observation (incidence, emergence and phase angles) between asteroids and meteorites (e.g. Clark et al. 2002; Beck et al. 2012) can affect the spectral slope, reflectance, and band depth. However, the band position remain unchanged. In this work, we compared measurements obtained with various geometries of observation. Klio has been measured with a phase angle of 23° while Ryugu and Bennu samples have been measured with phase angles of 35° (incidence i ≃ 35°, emergence e = 0°, Pilorget et al. 2021) and 30° (i = 30°, e = 0°, Lauretta et al. 2024), respectively. The spectra of the CCs published in Takir et al. (2013, 2019) have a phase angle of 60° (i = 15°, e = 45°). Moreover, the surface aspect varies among the samples: the CCs are in the form of powders, while Ryugu and Bennu samples consist in coarse grains aggregates. Thus, the variations in band depth, reflectance and slope between Klio and the samples are likely affected by differences in surface aspect and observation geometry. In our analysis, we consider that the peak position is a more robust criterion than the band depth in the comparison.


	Terrestrial contamination: CCs are exposed to the terrestrial atmosphere, which can affect their composition (e.g. Gounelle & Zolensky 2001). Meteorites absorb and adsorb water from the Earth’s atmosphere and, measured by spectroscopy in ambient air, they show a very broad absorption at 3 μm, linked to H2O molecules (Miyamoto & Zolensky 1994; Beck et al. 2010). This effect has been observed when comparing Ryugu samples and CI chondrites (Amano et al. 2023). Here, we compared Klio with meteorites from Takir et al. (2013, 2019) that had been measured in a heated and under vacuum environment in order to limit the biases associated with terrestrial weathering.


	Space weathering: the surfaces of asteroids are exposed to space environment. Solar wind and cosmic rays irradiation and micrometeorite bombardment modify the physical, chemical, and spectral properties of the uppermost surface (e.g. Hapke 2001). Laboratory simulations of space weathering on carbonaceous chondrites have shown that the spectral slope, reflectance, band depths and band positions are affected (e.g. Vernazza et al. 2013; Keller et al. 2015; Lantz et al. 2017). We will further discuss how the position of the 2.8 μm feature in Klio’s spectrum can be affected by this process.



The main feature in Klio’s spectra is the absorption band located at 2.776 ± 0.001 μm. The position and shape of the band generally resemble those of type 2 CCs. In particular, the closest analogues in terms of position and shape can be found in the CM2 class (Murchison, MAC 02602, LAP 03786, QUE 97990) and the ungrouped C2 class (Bells). We can better constrain the closest spectral analogues by extending the comparison to the visible domain. For example, the spectra of the CM2 Murchison, LAP 03786, and QUE 97990 exhibit a 0.7 μm band, which reinforces their similarity to Klio (Figure 9). In contrast, the spectrum of Bells does not display this band. Not all CM2 meteorites have a band at 0.7 μm; for instance, the meteorites QUE 99038 and MIL 07700 do not show this feature (Figure C.1). We can also find the 0.7 μm band in CCs that do not belong to the CM2 class; this is the case for the CM1 LAP 02277 (Figure C.1) and the CR1 GRO 95577 (Beck et al. 2018). However, for the latter, the position of the band at 2.7 μm disqualifies them as analogous to Klio. We have estimated a band position of 2.723 ± 0.002 μm for LAP 02277, while Beck et al. have reported a position of approximately 2.7 μm for GRO 95577. In conclusion, we can state that Klio’s spectrum is most compatible with certain CM2.
CM2 chondrites contain a significant amount of phyllosilicates (Mg-serpentine and Fe-cronstedtite), with abundances typically ranging from 56 vol.% to 84 vol.% and exhibiting varying Mg/Fe compositions (e.g. Rubin 1997; Howard et al. 2009, 2011, 2015). Variations in composition among the CM2 are partly related to the different degrees of aqueous alteration they have undergone and several scales have been established to quantify this degree (e.g. Rubin et al. 2007; Alexander et al. 2013; Howard et al. 2015). In CMs, the peak position of the ∼2.7 μm band is also related to the degree of aqueous alteration. Indeed, the band is primarily attributed to the stretching vibration of OH, bound to a metallic atom in phyllosilicates (Farmer 1974). Depending on the composition and nature of the phyllosilicates, the local environment of the OH bond can vary, leading to changes in the shape and position of the band. For example, the most aqueously altered CM1 chondrites are more Mg-rich and have a peak position at shorter wavelengths compared to CM2 chondrites (Beck et al. 2010; Takir et al. 2013). Linking the different scales of aqueous alteration to the position of the band in CM2 would enable a better interpretation of the degree of alteration in Klio. We have reported several alteration scales for the CM2 analysed in this paper in the appendix (Table D.1). However, it is challenging to precisely determine the alteration degree of Klio, as each scale probes different physicochemical properties, and there is a lack of overlap between the CM2 analysed in this work and in other studies. Rubin et al. (2007) defined a subtype based on several petrologic properties, such as chondrule and matrix alteration, abundances of Fe-Ni metal, sulfides, carbonates, and opaque phases. The scale ranges from 2.0 for CM1 to 2.7-2.9 for the least aqueously altered CM so far (Hewins et al. 2014; Marrocchi et al. 2014). In this study, the CM2 with band positions similar to Klio (2.77-2.78 μm), corresponds to subtypes 2.1-2.5, but not all the CM2.1 have a peak position matching Klio’s. The Howard scale, which is based on the phyl-losilicate/total silicate ratio, typically ranges from 1.2 to 1.7 in CM, with lower values indicating stronger alteration (Howard et al. 2015). Klio’s spectral analogues fall between 1.4 and 1.5. However, there is a lack of overlap between the studies, and this comparison could only be made using seven samples in total (Table D.1). Experimental simulations of solar wind irradiation by He+ ions have been conducted on CCs and phyllosilicates, and showed a shift of the 2.7 μm band towards longer wavelengths (Lantz et al. 2017; Rubino et al. 2020) that is likely due to a decrease of the Mg/Fe ratio in phyllosilicates after irradiation. Similarly, a shift towards longer wavelength have been observed in Ryugu particles exposed to space weathering, compared to the subsurface samples (Le Pivert-Jolivet et al. 2023; Hiroi et al. 2023). Since Klio share compositional similarities with some CM2, space weathering could induce a shift of the OH band from Klio’s surface towards longer wavelengths. We cannot exclude that the deeper layers of Klio have peak positions at shorter wavelengths compared to the surface, pointing to Fe-bearing phyllosilicates with a slightly more Mg-rich composition.
In primitive asteroids, the 3.4 μm region is relevant to detect features associated with organics or carbonates (e.g. Campins et al. 2010; Rivkin & Emery 2010; Licandro et al. 2011; Kaplan et al. 2020), and the 3.9 μm region is also characteristic of carbonates (e.g. Rivkin et al. 2006). We detected an absorption band around 3.9 μm, with a band depth of 0.020 ± 0.001 that could be attributed to the ν1 + ν3 combination mode of the CO32- vibration in carbonates (e.g. Bishop et al. 2021; Beck et al. 2024). On the other side, we were unable to definitively identify the presence of the carbonate and/or organic band around 3.4 μm with our method. The feature could be weak because space weathering would have partly degraded the organic molecules on Klio’s surface. The weakening of the 3.4 μm band has been observed in an irradiation experiment of a Ceres simulant containing undecanoic acid (C10H21COOH) (De Sanctis et al. 2024).
	[image: thumbnail]	Fig. 8 Euclidean distance of the samples (chondrites, Ryugu Bennu) to the spectrum of Klio. The samples have been merged into groups (the number of samples in each group is indicated in parenthesis). The black dot corresponds to the median of the distances within the group.



	[image: thumbnail]	Fig. 9 Spectral comparison of the 0.7 μm band between Klio (SMASS-II spectrum, Bus & Binzel 2002) and several type 2 CCs, which are considered as good spectral match in the 3-μm region. The CCs spectra are from the RELAB database. The reference of each spectrum and sample, as well as a comparison with other CCs groups is provided in the Appendix C. All spectra are normalised around 0.85 μm and shifted for better comparison.



6.2 Relationship with other low-albedo asteroids
Both the 2.8 and the 0.7 μm bands indicate that Klio’s hydrated minerals could have a composition similar to certain CM2, a class that contains Mg- and Fe-rich phyllosilicates. In the visible range, Klio family members show spectral heterogeneity. Morate et al. (2019) studied 30 asteroids belonging to Klio’s family and showed that 23% of them exhibit the 0.7 μm feature. The 23% of asteroids showing the band is expected to have more iron-rich phyllosilicates than the others. The remaining 77% could either have fewer phyllosilicates in general or have phyllosilicates that are richer in Mg. Understanding which of these two cases is correct, or whether both are, is an open question but important for understanding the degree of aqueous alteration of the parent body of the Klio family.
Previous studies dismissed the Klio family as a potential origin for Ryugu and Bennu, due to spectral differences (Campins et al. 2013; Arredondo et al. 2020), and because dynamical models and observations favour low-inclination families such as New Polana (Campins et al. 2013; Bottke et al. 2015). In this work, we show that the 2.8 μm band of Klio has a distinct position and shape compared to the samples from the two asteroids. This result reinforces the hypothesis that Klio is an unlikely parent body for the Hayabusa2 and OSIRIS-REx targets. Analyses of Ryugu and Bennu samples have shown that their composition is more similar to CI1 chondrites (Ito et al. 2022; Nakamura et al. 2023; Yamaguchi et al. 2023; Lauretta et al. 2024) whereas our results suggest that Klio is more similar to some CM2.
7 Conclusions
We analysed Klio’s spectrum obtained with NIRSpec onboard JWST. We used the NEATM thermal model to derive a geometric albedo of pv = 0.05 ± 0.03, and a diameter of D = 78.1 ± 23.9. The thermal analysis enabled us to isolate the reflected flux from the thermal flux. We then analysed the reflectance spectrum of Klio and identified several absorption bands related to the aqueous alteration history of the asteroid. In particular, we identified a feature at 2.776 ± 0.001 μm, related to phyllosilicates. The shape and the position of the band suggest that Klio could have a composition similar to some specific CM2 meteorites. We could not identify features associated with organics but we observed a band at 3.9 μm, suggesting the presence of carbonates on Klio’s surface.
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Appendix A  Proper elements of the primitive families
	[image: thumbnail]	Fig. A.1 Proper eccentricity as a function of the proper semi-major axis of the low-albedo families in the inner main belt. For the Poiana and Eulalia families, we used the definition from Walsh et al. (2013), which was also used in de León et al. (2016). For the other families, we applied the definition from Nesvorný et al. (2015). The yellow diamond marks the location of the asteroid (84) Klio.




Appendix B  Klio’s spectrum in the 3.4 and 3.8 μm spectral regions
	[image: thumbnail]	Fig. B.1 Top: polynomial continuum applied to the spectrum to analyse the 3.4 μm region. Bottom: Gaussian fit (in black) applied to the continuum-divided reflectance spectrum (in blue).



	[image: thumbnail]	Fig. B.2 Top: polynomial continuum applied to the spectrum to analyse the 3.9 μm region. Bottom: Gaussian fit (in black) applied to the the continuum-divided reflectance spectrum (in blue).




Appendix C  Spectral comparison between Klio and CCs in the 0.7 μm region
Table C.1 
References of the RELAB spectra and samples used in this paper to compare Klio and the CCs in the 0.7 μm region.

	[image: thumbnail]	Fig. C.1 Spectral comparison of the 0.7 μm band between Klio (SMASS-II spectrum, Bus & Binzel 2002) and several CCs from the RELAB database. All spectra have been normalised around 0.85 μm and have been shifted for better comparison.




Appendix D  Aqueous alteration state of type 2 carbonaceous chondrites
Table D.1 
Supplementary information about the aqueous alteration state of CM carbonaceous chondrites used in this study.
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	[image: thumbnail]	Fig. 1 Proper inclination as a function of the proper semi-major axis of the low-albedo families in the inner main belt. For the Poiana and Eulalia families, we used the definition from Walsh et al. (2013), which was also used in de León et al. (2016). For the other families, we applied the definition from Nesvorný et al. (2015). The yellow diamond marks the location of the asteroid (84) Klio.
In the text



	[image: thumbnail]	Fig. 2 Visible and near-infrared spectra of Klio. The two spectra covering the 0.43-0.92 μm range are from the SMASS-II (in black, Bus & Binzel 2002) and PRIMASS (in green, Pinilla-Alonso et al. 2024) surveys, the latter after phase-reddening correction (see main text). The two spectra covering the 0.7-2.5 μm range were acquired by SpeX/IRTF, in 2003 (in orange, Reddy & Sanchez 2020) and in 2024 (in purple). The grey areas represent the absorption by atmospheric H2O. The complete visible to near-infrared spectra are normalised to unity at 1.6 μm.
In the text



	[image: thumbnail]	Fig. 3 Irradiance spectrum of Klio obtained with NIRSpec using the three grating-filter combinations (in different shades of blue) shown in Table 2. The irradiance spectrum of the P330E star is shown in red, scaled to fit Klio’s spectrum in the 2.2-2.6 μm region (zoomed region in the centre of the panel). Note that above ~3.3 μm, Klio’s spectrum becomes significantly brighter than that of P330E, indicating that thermal emission starts to dominate over reflected light.
In the text



	[image: thumbnail]	Fig. 4 Thermal emission in Klio’s spectrum (blue) fitted with the NEATM model (red). The deviation below 3.5 μm is due to the presence of a broad absorption band around 2.8-3 μm in Klio’s spectrum.
In the text



	[image: thumbnail]	Fig. 5 Klio reflectance spectrum. Small normalisation factors have been applied for a better fitting between the gratings, in the common wavelength region: the reflectance for grism 140M is multiplied by 0.99 and that of 395M (after thermal subtraction) is multiplied by 1.04.
In the text



	[image: thumbnail]	Fig. 6 Top: linear continuum applied to the spectrum to analyse the 3 μm region. Bottom: fit of four Gaussian (in purple, pink, orange, and yellow) applied to the continuum-divided reflectance spectrum (in blue). The resulting fitting curve (sum of the Gaussian) is in black.
In the text



	[image: thumbnail]	Fig. 7 Left: spectral comparison of the 2.8 μm band between Klio and several samples, including the spectra of CCs published in Takir et al. (2013, 2019), the average spectrum of Ryugu’s bulk C published in Pilorget et al. (2021), and the average spectrum of the Bennu aggregate OREX-800029-0, published in Lauretta et al. (2024). The vertical dashed line indicate the position of Klio’s 2.8 μm feature (i.e. 2.776 μm). An offset have been applied to the spectra for better comparison. Right: dispersion graph between the relative band depth and the peak position of the 2.8 μm band in Klio, various CCs, Ryugu samples and Bennu samples (OREX-800029-0).
In the text



	[image: thumbnail]	Fig. 8 Euclidean distance of the samples (chondrites, Ryugu Bennu) to the spectrum of Klio. The samples have been merged into groups (the number of samples in each group is indicated in parenthesis). The black dot corresponds to the median of the distances within the group.
In the text



	[image: thumbnail]	Fig. 9 Spectral comparison of the 0.7 μm band between Klio (SMASS-II spectrum, Bus & Binzel 2002) and several type 2 CCs, which are considered as good spectral match in the 3-μm region. The CCs spectra are from the RELAB database. The reference of each spectrum and sample, as well as a comparison with other CCs groups is provided in the Appendix C. All spectra are normalised around 0.85 μm and shifted for better comparison.
In the text



	[image: thumbnail]	Fig. A.1 Proper eccentricity as a function of the proper semi-major axis of the low-albedo families in the inner main belt. For the Poiana and Eulalia families, we used the definition from Walsh et al. (2013), which was also used in de León et al. (2016). For the other families, we applied the definition from Nesvorný et al. (2015). The yellow diamond marks the location of the asteroid (84) Klio.
In the text



	[image: thumbnail]	Fig. B.1 Top: polynomial continuum applied to the spectrum to analyse the 3.4 μm region. Bottom: Gaussian fit (in black) applied to the continuum-divided reflectance spectrum (in blue).
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	[image: thumbnail]	Fig. B.2 Top: polynomial continuum applied to the spectrum to analyse the 3.9 μm region. Bottom: Gaussian fit (in black) applied to the the continuum-divided reflectance spectrum (in blue).
In the text



	[image: thumbnail]	Fig. C.1 Spectral comparison of the 0.7 μm band between Klio (SMASS-II spectrum, Bus & Binzel 2002) and several CCs from the RELAB database. All spectra have been normalised around 0.85 μm and have been shifted for better comparison.
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      Table 1 

      Observational details of previous visible and near-infrared spectra of asteroid Klio.

      
        


	Date
	Telescope
	Solar analogue
	α (°)
	Source





	Visible spectra



	




	06/01/94
	Hiltner
	HD 28099
	8.9
	B02



	15/06/99
	ESO 1.52m
	HD 144585
	10.9
	L04



	16/02/22
	GTC
	SA102-1081
	21.8
	M19



	




	Near-infrared



	




	13/08/13
	IRTF
	HD 209847
	8.1
	R20



	03/02/17
	TNG
	SA98-978
	21.5
	A20



	01/04/24
	IRTF
	SAO 157607
	6.1
	DT





      

      
Notes. The table includes date, telescope, solar analogue, phase angle (α), and data sources. Sources: B02 - (SMASS-II Bus & Binzel 2002); L04 - (S3OS2 Lazzaro et al. 2004); M19 - (PRIMASS Morate et al. 2019); R20 - Reddy & Sanchez (2020); A20 - Arredondo et al. (2020); DT - Driss Takir, private communication.




    

  
    
      Table 2 

      Observational details and asteroid’s orbital and physical properties.

      
        


	Grating/filter
	Start time (UT)
	Exposure time (s)
	r (au)
	∆ (au)
	α (°)





	G140M/F100LP
	12:12
	175
	
	
	



	G235M/F170LP
	12:29
	175
	2.555
	2.313
	23.17



	G395M/F290LP
	12:47
	175
	
	
	



	




	a (au)
	e
	i (°)
	HV
	D (km)
	pV



	




	2.367
	0.24
	9.31
	9.34
	79.2±1.6
	0.053±0.002





      

      
Notes. Information includes the asteroid’s distance to the Sun (r) and to JWST (Δ), phase angle (α), proper semi-major axis (a), eccentricity (e), inclination (i), absolute magnitude (Hv), geometric albedo (pv), and diameter (D).




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Visible and near-infrared spectra of Klio. The two spectra covering the 0.43-0.92 μm range are from the SMASS-II (in black, Bus & Binzel 2002) and PRIMASS (in green, Pinilla-Alonso et al. 2024) surveys, the latter after phase-reddening correction (see main text). The two spectra covering the 0.7-2.5 μm range were acquired by SpeX/IRTF, in 2003 (in orange, Reddy & Sanchez 2020) and in 2024 (in purple). The grey areas represent the absorption by atmospheric H2O. The complete visible to near-infrared spectra are normalised to unity at 1.6 μm.

      

    

  
    
      Fig. 3 
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        Irradiance spectrum of Klio obtained with NIRSpec using the three grating-filter combinations (in different shades of blue) shown in Table 2. The irradiance spectrum of the P330E star is shown in red, scaled to fit Klio’s spectrum in the 2.2-2.6 μm region (zoomed region in the centre of the panel). Note that above ~3.3 μm, Klio’s spectrum becomes significantly brighter than that of P330E, indicating that thermal emission starts to dominate over reflected light.

      

    

  
    
      Fig. 4 
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        Thermal emission in Klio’s spectrum (blue) fitted with the NEATM model (red). The deviation below 3.5 μm is due to the presence of a broad absorption band around 2.8-3 μm in Klio’s spectrum.

      

    

  
    
      Fig. 5 
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        Klio reflectance spectrum. Small normalisation factors have been applied for a better fitting between the gratings, in the common wavelength region: the reflectance for grism 140M is multiplied by 0.99 and that of 395M (after thermal subtraction) is multiplied by 1.04.

      

    

  
    
      Fig. 6 
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        Top: linear continuum applied to the spectrum to analyse the 3 μm region. Bottom: fit of four Gaussian (in purple, pink, orange, and yellow) applied to the continuum-divided reflectance spectrum (in blue). The resulting fitting curve (sum of the Gaussian) is in black.

      

    

  
    
      Fig. 7 
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        Left: spectral comparison of the 2.8 μm band between Klio and several samples, including the spectra of CCs published in Takir et al. (2013, 2019), the average spectrum of Ryugu’s bulk C published in Pilorget et al. (2021), and the average spectrum of the Bennu aggregate OREX-800029-0, published in Lauretta et al. (2024). The vertical dashed line indicate the position of Klio’s 2.8 μm feature (i.e. 2.776 μm). An offset have been applied to the spectra for better comparison. Right: dispersion graph between the relative band depth and the peak position of the 2.8 μm band in Klio, various CCs, Ryugu samples and Bennu samples (OREX-800029-0).

      

    

  
    
      Fig. 8 
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        Euclidean distance of the samples (chondrites, Ryugu Bennu) to the spectrum of Klio. The samples have been merged into groups (the number of samples in each group is indicated in parenthesis). The black dot corresponds to the median of the distances within the group.

      

    

  
    
      Fig. 9 
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        Spectral comparison of the 0.7 μm band between Klio (SMASS-II spectrum, Bus & Binzel 2002) and several type 2 CCs, which are considered as good spectral match in the 3-μm region. The CCs spectra are from the RELAB database. The reference of each spectrum and sample, as well as a comparison with other CCs groups is provided in the Appendix C. All spectra are normalised around 0.85 μm and shifted for better comparison.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Proper eccentricity as a function of the proper semi-major axis of the low-albedo families in the inner main belt. For the Poiana and Eulalia families, we used the definition from Walsh et al. (2013), which was also used in de León et al. (2016). For the other families, we applied the definition from Nesvorný et al. (2015). The yellow diamond marks the location of the asteroid (84) Klio.

      

    

  
    
      Fig. B.1 
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        Top: polynomial continuum applied to the spectrum to analyse the 3.4 μm region. Bottom: Gaussian fit (in black) applied to the continuum-divided reflectance spectrum (in blue).

      

    

  
    
      Fig. B.2 
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        Top: polynomial continuum applied to the spectrum to analyse the 3.9 μm region. Bottom: Gaussian fit (in black) applied to the the continuum-divided reflectance spectrum (in blue).

      

    

  
    
      Table C.1 

      References of the RELAB spectra and samples used in this paper to compare Klio and the CCs in the 0.7 μm region.

      
        


	name
	RELAB Sample ID
	RELAB Spectrum ID





	Alais
	MT-KTH-264
	C1MT264



	Ivuna
	MB-TXH-060
	C1MB60



	Tagish Lake
	MT-MEZ-01
	C1MT11



	Bells
	MB-TXH-053
	C1MB53



	LAP 02277
	TB-MDD-355
	C1TB355



	LAP 03786
	MP-TXH-219
	CAMP219



	Murchison
	MB-TXH-064-B
	C3MB64



	Murray
	MB-TXH-056
	C1MB56



	QUE 97990
	MT-JMS-219
	C1MT219



	QUE 99038
	MP-TXH-233
	CAMP233



	MIL 07700
	MP-TXH-229
	CAMP229



	Al Rais
	MT-KTH-265
	C1MT265



	MIL 15328
	MP-TXH-258
	CAMP258



	Mokoia
	MT-KTH-272
	C1MT272



	Vigarano
	MB-TXH-059
	C1MB59



	Felix
	MT-KTH-298
	C1MT298



	Isheyevo
	TB-MDD-362
	C1TB362





      

    

  
    
      Fig. C.1 
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        Spectral comparison of the 0.7 μm band between Klio (SMASS-II spectrum, Bus & Binzel 2002) and several CCs from the RELAB database. All spectra have been normalised around 0.85 μm and have been shifted for better comparison.

      

    

  
    
      Table D.1 

      Supplementary information about the aqueous alteration state of CM carbonaceous chondrites used in this study.

      
        


	Name
	Classa
	Petrologic subtypec
	Alexander Scaled
	Howard Scalef





	Banten
	CM2
	-
	1.7d
	1.6g



	Cold Bokkeveld
	CM2
	2.2b,c
	1.3d
	1.4f



	Crescent
	CM2
	-
	-
	-



	LAP 02277
	CM1
	2.1b/2.0c
	1.4g
	1.2g



	LAP 03786
	CM2
	2.2b,c
	-
	-



	MAC 02606
	CM2
	2.1b
	-
	-



	MET 00639
	CM2
	2.2b/2.0-2.1e
	1.6e
	1.3e



	MIL 07700
	CM2
	2.3b
	-
	-



	Murchison
	CM2
	2.5c
	1.6d
	1.5f



	Murray
	CM2
	2.4∕2.5c
	1.5d
	1.5f



	QUE 97990
	CM2
	2.6b,c
	1.7d
	1.6f



	QUE 99038
	CM2
	2.4b
	-
	-





      

      
a Class used by Takir et al. (2013, 2019)


b values in Takir et al. (2013)


c Definition of the scale / values in Rubin et al. (2007)


d Definition of the scale / values in Alexander et al. (2013)


e values found in Davidson et al. (2019)


f Definition of the scale / values in Howard et al. (2015)


g values found in Krietsch et al. (2021)
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