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Abstract

Aims. We present mid-infrared transmission spectra from 2 to 23 μm of the 23 Atacama Desert chondrites of different types (carbonaceous Ornans and ordinary of H, L, and LL groups) as well as of some pure minerals (olivine and diopside). We focus on the characteristics of silicate at 10 μm and 20 μm, analyzing the influence of composition and grain size on peak strengths and spectral shapes. We present the first results of the Cosmic Dust Laboratory, a dedicated facility at the Universidad Diego Portales equipped with a VERTEX 80v vacuum Fourier transform infrared spectrometer.

Methods. Through milling and sieving samples, we obtained different ranges of particle sizes to study the effect of grain size on the intensity and shape of the spectrum.

Results. The resulting spectral library can be compared with astronomical data of protoplanetary disks, debris disks, and even white dwarf disks obtained with instruments such as MIRI on board the James Webb Space Telescope and MATISSE on the Very Large Telescope Interferometer. We also present mass absorption coefficient values, which can be used for radiative transfer modeling of astronomical observations. This study aims to improve dust opacities for astronomical applications, with a focus on circumstellar disks.
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1 Introduction
According to the nebular theory postulated centuries ago by Immanuel Kant, the planets in our Solar System formed in a rotating disk of gas and dust (Kant 1755). This idea was found to be essentially correct. In fact, protoplanetary disks – analogous to the solar nebula that produced our Solar System – are now routinely studied using the world’s most powerful telescopes, including the Atacama Large Millimeter/Submillimeter Array (ALMA), the Very Large Telescopes (VLT), and the James Webb Space Telescope (JWST). Furthermore, recent exoplanet surveys from the ground and from space have found that extrasolar planets are ubiquitous in the Milky Way (Winn & Fabrycky 2015). In particular, the extremely successful Kepler mission has demonstrated that rocky planets such as Earth and mini-Neptunes are much more common than giant planets such as Jupiter or Saturn (Borucki et al. 2011; Lissauer et al. 2023). However, planet formation remains an unsolved problem, as it is a very complex process involving the growth of submicron-sized dust particles into large differentiated bodies that are thousands of kilometers across.
Some of the first steps in planet formation are particularly problematic (Chiang & Youdin 2010) since it is still not understood how small dust aggregates (pulled together by electrostatic sticking) can grow into kilometer-sized bodies massive enough to allow for oligarchic growth (at which point gravity plays a crucial role). Several planet formation barriers exist between the electrostatic and oligarch growth regimes, including the fragmentation barrier and the radial drift barrier. The former refers to the tendency of rocks to fragment (instead of growing) when they collide, and the latter refers to the very rapid inward migration that is expected for dust particles when they reach a certain size (a few millimeters) in a gas-rich disk (Brauer et al. 2008).
Protoplanetary disks are the current equivalents to the early Solar System (Williams & Cieza 2011), making them a particular subject of focus in modern astrophysics (Andrews 2020). Although circumstellar dust typically represents only 1% of disk material by mass (Jones 2007; Williams 2010), it is the main observable because it dominates the opacity at infrared and (sub)millimeter wavelengths. Astronomical observations trace dust grains with sizes similar to the observed wavelengths (e.g., a few μm for JWST and ∼1 mm in the case of ALMA). Interpreting astronomical observations thus requires a detailed understanding of protoplanetary dust. In particular, the mid-infrared (MIR) spectrum of this dust depends on different parameters, such as chemical composition, shape, roughness, temperature, and particle size (Lyon & Burns 1963; Salisbury 1986).
Experimental results have clearly shown that chemical variations in mineral phases, such as olivine, pyroxene, melilite, or plagioclase, which are the main components of circumstellar dust, have different absorption spectra in the MIR (Koike et al. 2000, 2017; Chihara et al. 2002). The spectral features of dust in the MIR spectra of protoplanetary disks are typically analyzed using dust models that incorporate spectral libraries of pure minerals, such as amorphous silicates, forsterite, and enstatite (Kóspál et al. 2023; Pontoppidan et al. 2024; Jang et al. 2024). In addition, using analytical approaches, most studies extrapolate the opacity libraries in grain size and/or wavelength.
Rather than studying artificial mixtures of terrestrially formed minerals (as in the works cited in the previous paragraph), planetary and extraterrestrial materials are likely more physically and compositionally “realistic” analogs to protoplanetary disks. More specifically, their current composition, mineralogy (e.g., silicates), and texture represent a combination of (i) the material they accreted in the disk and (ii) the diverse postaccretional processes that further occurred during the early Solar System and protoplanetary phase (e.g., thermal metamorphism, differentiation, impacts). Creating artificial laboratory mixtures that recreate all of these processes or trying to reproduce them with models are complex and challenging tasks. Moreover, certain physical properties of extraterrestrial materials may differ from those of models of bare mineral mixtures. For instance, interplanetary dust particles (IDPs) have been found to have organic coatings that increase the stickiness coefficient of the material compared to bare minerals. In fact, parameters such as the stickiness coefficient, which plays a significant role in the aggregation of the first dust particles in the solar nebula (Flynn et al. 2013) are often excluded in works using artificial mineral mixtures.
Concerning more realistic samples, it is possible to have access to different extraterrestrial particles in order to perform measurements in the laboratory. Interplanetary dust particles can be found in asteroids and comets, and they can even fall directly on Earth. Organic coatings have been found in chondritic porous IDPs collected from the Earth’s stratosphere by NASA high-altitude research aircraft. These coatings increase the sticking coefficient compared to bare mineral grains and serve as a significant aid in the aggregation of the first dust particles in the solar nebula (Flynn et al. 2013). Moreover, samples returned by the most recent space missions, such as the Hayabusa mission (Nakamura et al. 2011), have been beneficial to different laboratory measurements. Laboratory spectral measurements have been conducted on a variety of extraterrestrial materials, ranging from IDPs (Sandford & Walker 1985; Maupin et al. 2020), particles from sample return missions (Nakamura et al. 2011; Bonal et al. 2015), and meteorites (Salisbury et al. 1991; Beck et al. 2010, 2014). However, meteorites are the most available sources of extraterrestrial materials on Earth, particularly stony meteorites. Due to their silicate groundmass, stony meteorites are a compatible option for the study of protoplanetary disks in the MIR, as the latter predominantly display broad silicate emissions at MIR wavelengths (Morlok et al. 2008, 2012, 2014; Beck et al. 2014). By extension, powders of stony meteorites should be good analogs to dust in protoplanetary disks.
Meteorite classification is based on chemical composition and petrogenesis, grade of weathering, and grade of shock metamorphism. The most relevant parameters used to classify meteorites are petrographic characteristics (texture, mineralogy, and mineral composition), whole-rock chemistry, and oxygen isotopic (O-isotopic) composition (Weisberg et al. 2006). Based on their chemical composition and petrogenesis, stony meteorites can be separated into three main categories: undifferentiated meteorites, known as “chondrites”, which can be either unequilibrated or equilibrated meteorites; differentiated meteorites, which include “achondrites” (a subset of stony meteorites) as well as iron meteorites and stony-iron meteorites; and an intermediate stage referred to as “primitive achondrites” (Weisberg et al. 2006; Scott & Krot 2014; Krot et al. 2014). This classification reflects the range of processes that meteorites can experience, from minimal alteration to extensive differentiation and melting. Chondrites correspond to meteorites that usually contain small spherical mineral agglomerates called chondrules that can vary in size from 0.02 mm to 10 mm from one class of meteorite to another (Weisberg et al. 2006). Chondrites have similar solar elemental abundances (with depletion of volatile elements) and are derived from asteroids that do not experience differentiation. Achondrites correspond to igneous rocks or breccias of igneous fragments that have suffered differentiation processes: melting, partial melting, or melt residues (Tomkins et al. 2020). Primitive achondrites correspond to meteorites that present an achondritic texture (igneous or recrystallized); still, their chemical composition is more similar to the precursor of the chondrite and is considered closer to their primitive parent body than achondrites (Weisberg et al. 2006).
Chondrites are subdivided into three main classes: carbonaceous chondrites (CCs), ordinary chondrites (OCs), and enstatite chondrites (E). In addition, there are two less common classes known as kakangari chondrites (K) and rumuruti chondrites (R; Weisberg et al. 1996; Bischoff et al. 2011; Krot et al. 2014). A meteorite class consists of groups that share a similar primary bulk composition, O-isotopic properties, and other chemical characteristics, such as abundances of refractory lithophile elements (Wasson et al. 2013). In addition to these chemical properties, a meteorite class also tends to exhibit overall petrographic similarities, including chondrule size, abundances of refractory inclusions, and matrix abundances (Hutchison 2004; Weisberg et al. 2006; Krot et al. 2014). It is important to note that OCs are by far the most abundant chondrite class among all discovered meteorites. Although carbonaceous asteroids are more abundant in the Solar System (Gradie & Tedesco 1982; DeMeo & Carry 2013; Kleine et al. 2020), there is a noticeable bias toward the collection of OCs over CCs. This bias is primarily due to the higher survivability of OCs during atmospheric entry and their greater resistance to weathering on the ground (Ceplecha et al. 1998; Flynn et al. 2018; Rubin 2018). Despite CCs being the dominant material in our Solar System (and potentially being more suitable for comparisons with dust from other planetary systems), OCs are more readily available for laboratory analysis due to their durability and higher recovery rates. Our laboratory is working to build a spectral library, starting with Chilean samples from the Atacama Desert. According to the meteoritical database, Carbonaceous Ornans group (CO) are the most common types of CCs found in the Atacama Desert. Therefore, the samples used in this study consist of OCs and COs, with plans to expand the library to include a broader variety of meteorite types in order to be more representative of the diversity of material found in the Solar System and protoplanetary disks.
Meteorite classes are subdivided into clans, and then these clans are further divided into groups (Weisberg et al. 2006). A clan has similar chemical compositions, mineralogy, and Oisotopic content but different petrographic and/or bulk chemical characteristics, suggesting that material with similar petrogenesis likely come from the same reservoir, and thus the difference between two objects could be the product of a secondary process. In the case of OCs, the difference is not presented at the clan level but at the group level. A group is the basic classification unit and usually indicates meteorites from the same parent body (Jacquet 2022). They have similar petrologic (chondrule size, modal abundances, mineral composition), whole-rock chemical, and O-isotopic characteristics (Weisberg et al. 2006).
Besides chondrules, chondrites are made of other primary components and secondary minerals formed through geological processes: chondrule fragments; refractory inclusions such as calcium-aluminum rich inclusions (CAIs); olivine-rich aggregates; hydrated mineral assemblages – for example, we can have Tochilinite/Cronstedtite Intergrowths (TCIs); mineral fragments (from collisional processes); and opaque minerals, and they are cemented in a fine-grained matrix, which may or may not include fine-grained rims surrounding components (Metzler et al. 1992; Pignatelli et al. 2016; Vacher et al. 2019). Primary mineralogy (pristine material) tends to be partially or almost completely altered through secondary geological processes. For instance, meteorites can experience (i) aqueous alteration, which leads to the formation of hydrated phases at the expense of the initial mineralogy (e.g., primary olivine and pyroxene are replaced by hydrated silicates, notably phyllosilicates), the oxidation of some metals into magnetite, and the formation of an aqueous alteration product; (ii) thermal metamorphism, which leads to dehydration, olivine recrystallization, and chemical equilibration; or (iii) collisional processes that can be recorded as brecciation, chondrule fractures, chondrule flattening, and/or potential impact heating (Stoeffler et al. 1991; Scott 2007; Scott & Krot 2014; Lindgren et al. 2015; Hazen & Morrison 2021). Aqueous alteration and thermal metamorphism are often interlinked (e.g., the melting of ice caused by heating leads to aqueous alteration). These processes may result from preaccretionary and/or postaccretionary events, such as the melting of ices inside the parent body, radiogenic heat, solar and/or collisions/impacts, among others (Scott 2007; Krot et al. 2009; Scott & Krot 2014; Hazen & Morrison 2021; Marrocchi et al. 2024).
Furthermore, it is important to consider that chondrites are assigned a number according to the petrologic type defined by Van Schmus & Wood (1967), which was later expanded by several studies (Scott & Jones 1990; Grossman & Brearley 2005; Rubin et al. 2007; Alexander et al. 2012, 2013). This number indicates a relation between pristine and altered material, where type 3.0 is ideally meant to represent the most pristine material, types 3.1 to 6 indicate an increasing degree of thermal metamorphism, and types 2 to 1 represent a rising degree of hydrous alteration. In this way, different meteorites provide information from various stages of planet formation. Some meteorites (e.g., CCs) contain pristine material from the early Solar System, including CAIs, which are as old as the Sun, 4.56 billion years (Kleine et al. 2005; Shollenberger et al. 2018).
Undifferentiated meteorites, such as OCs, trace back to the early stages of disk evolution in the solar nebula, which is analogous to the Class I stage of young stellar objects, when disks are still embedded in their natal envelopes (see Williams & Cieza 2011 for the classification of young stellar objects). However, even in the very early phases of protoplanetary disks, dust can undergo transformative processes, including thermal metamorphism, collisions, and fragmentation. In contrast, achondrites are derived from larger parent bodies that have already undergone differentiation (Gupta & Sahijpal 2010; Gardner-Vandy et al. 2012; Barrat et al. 2015; Day et al. 2015; Tomkins et al. 2020).
Several studies have already presented MIR absorption spectra of meteorites (Morlok et al. 2008, 2010, 2012, 2014; Beck et al. 2014; de Vries et al. 2018). However, few works have studied the effect of particle size on observed spectra or measured their absolute mass absorption coefficients (Morlok et al. 2006).
This study aims to present the first results of the Universidad Diego Portales (UDP) Cosmic Dust Laboratory, a long-term effort to contribute to the construction of dust spectral libraries for astronomical applications. The first components of this library are the MIR (2–23 μm) spectra and the mass absorption coefficient of the meteorite powder of known composition and particle size distributions. The sample includes 20 OCs and 3 CCs collected in the Atacama Desert and some pure minerals (olivine and diopside). In Sect. 2, we provide background information on the meteorite samples and describe the equipment, sample preparation methods, and laboratory measurements. In Sect. 3, we present the absorbance spectra and the mass absorption coefficients obtained. In Sects. 4 and 5, we discuss our results and some of their astronomical applications. A summary of our conclusions is presented in Sect. 6.
2 Laboratory measurements
2.1 Samples
The samples studied herein include 23 stony meteorites collected in the Atacama Desert in the Antofagasta region, northern Chile. Following the standard classification (Hutchison 2004; Weisberg et al. 2006), and according to the meteoritical database, three of the meteorites in the sample correspond to Ornans carbonaceous chondrites (CO group) from the areas of “Catalina”, “Los Vientos” and “El Medano”, inland Taltal. The remaining twenty correspond to OCs of three different groups, classified according to the abundance of Fe and the ratio of metallic Fe (Fe0): H chondrites with Highest total iron, high Fe-Ni metal and lower iron content in silicate minerals (Fe0/FeO = 0.58), L chondrites with Low total iron, low Fe-Ni metal and higher iron content in silicate minerals (Fe0/FeO = 0.29) and LL chondrites with Low total iron and Low Fe-Ni metal and highest iron content in silicates minerals (Fe0/FeO = 0.11; Weisberg et al. 2006). They were collected from the Pampa de Mejillones area, a plain deflation zone of ∼250 km2 in the Mejillones peninsula, and from different deflation surfaces in the Central Depression ∼100 km east of Taltal (Fig. 1). The one exception is Lutschaunig’s stone, which has no specified region in the Atacama Desert (see Table 1).
All meteorites that we studied are registered in The Meteoritical Bulletin, and we present data on the location and year in which they were found in Table 1. The classification, shock stage, weathering information, magnetic susceptibility, and olivine content are available in Table 2. Finally, chemical analysis and mineralogical characterization from Valenzuela Picón (2011) are available in Table 3.
2.2 Sample preparation
Originally, our meteorite samples were in powder format and the mass available for each meteorite ranged from 20 mg to 50 mg. The initial grain size distribution varied from meteorite to meteorite. We first measured each meteorite with the original (unsieved) size to obtain a general spectrum of the sample. We used a dry agate mortar to create a mixture of sample-powder and ultrapure KBr (potassium bromide, commercial IR grade Uvasol). We prepared a solid pellet by pressing the powder mixture with a Specac hydraulic press at 1.7 tons for 5 minutes. Then we measured the prepared solid pellet with a mass concentration ratio of 0.5% to 1% (sample/KBr).
In order to obtain smaller grains, we grounded the mixture in the agate mortar for 60–75 minutes by hand. The mixture was dried for 24 hours at 110∘C in a natural convection oven to guarantee water evaporation and minimize terrestrial or ambient water contamination. The dry mixture powder is compressed at 1.7 tons for 3 minutes to obtain a 7 mm pellet with optimal optical quality. The compression process does not affect the grain size distribution of the sample (see Sect. 3.2). Each pellet was weighed in a microbalance (0.1 mg sensitivity) to register the sample mass.
Table 1 
Official name of meteorites from the Meteoritical Bulletin Database.

	[image: thumbnail]	Fig. 1 Location of the collected samples from the Atacama Desert in the Antofagasta Region, Chile. (A) Pampa de Mejillones, southern of Mejillones city. (B) Areas of San Juan, Catalina, Los Vientos, and El Médano, inland the city of Taltal. The CO meteorites come from this area. The one exception is Lutschaunig’s stone, which cannot be precisely located on this map, as no records exist regarding its specific discovery location.



2.2.1 Sample sieving
The small amount of material available for the meteorite samples prevented us from using them to explore the effect of larger grain sizes on the absorbance. However, we were able to perform the experiment using pure minerals: olivine and diopside. We used the sieves to produce samples with grain sizes in the following ranges: (G) 300–250 μm, (F) 250–125 μm, (E) 125–75 μm, (D) 75–63 μm, (A) 45–38 μm, (1A) <38 μm. We note that increasing the grain size also requires increasing the concentration of the samples to a few percent by mass in the KBr pellets. The adopted nomenclature for grain sizes is listed in Table 4. For instance, sample A-B corresponds to grains that went through sieve-B with a mesh size of 45 μm but did not go through sieve-A with a mesh size of 38 μm.
Table 2 
Classification and properties of previously measured meteorites presented in this work.

Table 3 
Mineral abundances of some samples of ordinary chondrites characterized in this study as determined by X-ray diffraction.

2.3 Spectroscopic measurements
Transmission infrared spectra of samples were measured with the experimental setup of the UDP Cosmic Dust Laboratory in Santiago, Chile. The laboratory is equipped with a Bruker Vertex 80v Fourier transform infrared (FTIR) spectrometer. The spectra were measured using a HeNe laser, a KBr beamsplitter, a Globar IR light source, and a DLaTGS detector, with a resolution of 4 cm−1. The measurements were performed at ambient temperature, using a KBr window, and at primary vacuum (P = 1–3 mbar). The spectral range is from 2 μm to 23 μm, with a standard error of 0.01 μm. Each final spectrum is obtained by averaging sixteen measurements. Furthermore, we measured a background spectrum of pure KBr pellet, with the sample compartment empty and under vacuum ∼1 hPa, which is subtracted from each measurement to obtain the absorption spectrum of the samples with the least possible influence of KBr.
Table 4 
Mesh size and nomenclature used in this work.

2.4 Absorbance and opacities
The transmittance spectrum of each sample is obtained directly by dividing the spectrum of the sample with KBr, by the spectrum of a blank pellet with pure KBr, which is mostly transparent in the infrared range. The Mass Absorption Coefficient (MAC) of the sample, κsample (cm2 g−1), is calculated from the transmittance spectra following the formula of Bohren & Huffman (1998):
[image: equation](1)
where S is the transverse section of the pellet (area in cm2), M is the mass of the sample in the pellet (g) and T is the transmittance spectrum. The absorbance is related to the transmittance by the equation
[image: equation](2)
2.5 Microphotography
In order to characterize the particle size distribution of the samples, we applied image analysis to microphotography. The microphotography images were taken after the spectroscopic measurements. To prepare the samples for photography, we put each pellet in distilled water in a vial, and the dissolved sample is shaken in an ultrasonic bath for 15 seconds to properly disperse the grains and avoid conglomerates.
Each microphotography was taken using a Microscope Leica LM400, with transmitted light with two modes: bright field and dark field, with the largest number of grains possible for optimal statistics and with different amplification (10x, 20x, 50x, and 100x). The images were acquired with a Neubauer camera. Reference images were taken for each amplification using reference squares of 100 μm, 50 μm, and 5 μm to build a real scale for pixel and obtain the grain size distribution for each image.
The images were processed with the open-source software Image1 to obtain the particle size distribution of each sample. A representative photograph of one chondrite is shown in Sect. 3.2. Similar photographs were taken for all the samples.
3 Results
In this section we present the absorbance and opacity spectra of the samples. Regarding absorbance, we focus on the shape and relative intensity of the peaks around 10 μm and 20 μm to observe the silicate features. As detailed in the following analysis, the most common minerals in meteorites are olivine and pyroxene. These two minerals are a solid solution, with a range of compositions with two different extreme members, ranging from Mg-rich to Fe-rich. Olivines (Mg2x Fe2(1−x) SiO4) range from fayalite (x = 0, iron-rich endmember) to forsterite (x = 1, Mg-rich endmember), and pyroxenes (MgxFe1-xSi2O6) range from ferrosilite (x = 0, iron-rich endmember) to enstatite (x = 1, Mg-rich endmember). Regarding opacity, we are interested in absolute values that can be useful for radiative transfer modeling.
3.1 Absorbance
In Fig. 2, we present a representative averaged spectrum of all spectra measured for each group of meteorites. In the three groups, the ∼10–25 μm range is dominated by vibrations of SiO4, particularly features around 10 μm are dominated by stretching modes of Si-O. Absorption bands around 3 μm and 6 μm are due to OH-bearing minerals, -OH stretching, X-OH bending, and a combination of both, and 12–16 μm due to –OH vibration (Gibb & Whittet 2002; Bowey & Hofmeister 2005; Beck et al. 2014). These features can be used to quantify the level of hydration and degree of weathering of samples related to the classification by petrological description. However, this is beyond the scope of this work; therefore, we did not analyze the 3 μm region at all, regardless of whether any features could be attributed to weathering.
From this average, we observe a recognizable difference in the range of ∼10 μm between the two main groups: CO and H-L-LL chondrites. Among OCs, distinguishing differences at the clan level is challenging due to their similar petrological and chemical characteristics. As shown in Table 3, OCs share a comparable mineralogy, consisting of approximately 70–80% olivine and pyroxene. Among our CO3 samples, there are no significant variations; however, Prestgard et al. (2021) studied the MIR spectra of CO3 chondrites and found significant variations. This could be correlated with their petrological grade. Based on the values of Cr2O3 content in Fe-rich olivine listed in The Meteoritical Bulletin, which can be used to classify petrologic grade type-3 chondrites (Grossman & Brearley 2005; Rubin & Li 2019), our three CO3s are all possibly of petrologic grade ≤3.2. The values also indicate that Los Vientos 123 is the least heated among the three.
3.1.1 Absorbance of CO3 chondrites
The CO3s (Fig. 3) show very similar spectra, with the greatest difference in the relative intensity of the peaks around 10 μm. The peaks at 10.2, 11.3, 11.9, 16.3, and 19.7 μm correspond to olivine. The sharpest peaks at 10.2 and 19.7 μm should correspond to forsterite-rich olivine, Mg-rich (Fo>60; Koike et al. 2003b; Hofmeister & Pitman 2007; Pitman et al. 2010). Around 13–15 μm, we see small features related to peaks at 9.5,14.7, and 19.7 μm indicating the presence of intermediate pyroxene (En50; Koike et al. 2000; Chihara et al. 2002; Bowey et al. 2007). However, the sharpest feature around 10 μm points to a predominance of olivine over other minerals in the samples.
The LoV123 sample shows more peaks and features around 10 μm that could imply the presence of different types of silicate in addition to olivine and pyroxene. These features may correspond to minerals such as plagioclase, which can be attributed to peaks at [8.7, 10, 10.9 and 15.4] (Chihara & Koike 2017), or to diopside pyroxene, with peaks at [9.2, 10.41, 10.86, 15.8 and 18.5] (Etzel & Benisek 2008; Chukanov 2014). Similarly, the other samples, El Médano 216 and Catalina 008 show peaks at 8.7 μm and 20.8 μm that could be attributed to the presence of feldspar albite-anorthite (Chihara & Koike 2017).
Likewise, in the three meteorite samples, a strong and well-defined (sharp and very narrow) peak is observed at 7.2 μm, particularly in Catalina 008, where the relative intensity is greater. This band could appear as a product of carbonaceous material (Keane et al. 2001; Gibb & Whittet 2002; Raunier et al. 2004), carbonates, or even sulfates.
The peaks of each MIR spectrum are shown in Table 5.
	[image: thumbnail]	Fig. 2 Average spectra for each group of meteorites in this study. The colored area is the confident interval for 1 σ.



	[image: thumbnail]	Fig. 3 Mid-infrared spectra of CO3s. The spectra correspond to milled samples, with grain size between 1–10 μm. The data presented are normalized to the maximum in the range of 8–12 μm and vertically shifted for a better appreciation of shape and peaks. The vertical lines correspond to characteristic absorption bands of different minerals: light blue, for the water bands (OH); green for olivine bands, orange for the pyroxene bands, and red for plagioclase (Chihara et al. 2002; Koike et al. 2003b; Beck et al. 2014; Chihara & Koike 2017).



3.1.2 Absorbance of OC type H
The spectra of the six ordinary chondrites belonging to group H (H-OC) are also very similar to each other (see Fig. 4), where the observed difference corresponds mainly to variations in the relative intensity of certain absorption bands. In comparison with the CO3 spectra, the H-OC spectra present a complex shape with several peaks in the 10 μm area. These complex peaks indicate a mixture of silicates dominated mainly by sharp and very well-defined peaks at 10.2 and 11.3 μm, which correspond to the presence of olivine. The absorption bands at 11.9 and 19.9 μm also correspond to olivine. The slight differences in relative intensity between 10.2 and 11.3 μm, and small shifts in the olivine peaks, are the product of variations in the composition of this mineral within the samples, which moves within the solid solution of forsterite-fayalite showing a predominance of forsteritic olivine (Fo>50; Koike et al. 2003b; Hofmeister & Pitman 2007; Pitman et al. 2010).
The small peaks between 13 and 15 μm are accentuated with respect to the CO3s chondrites. This, together with the peaks at 9.5, 10.3, 10.7, 15.7, 18.6, and 19.8 μm, is associated with pyroxene enstatite. The small variations in the position of these bands are a product of the variation in the crystallography of the mineral: orthoenstatite (orthorhombic) and clinoenstatite (monoclinic), and variations within the composition of the solid solution enstatite – ferrosilite (Koike et al. 2000; Chihara et al. 2002; Bowey et al. 2007).
Although the peak at 8.7 μm does not stand out in the spectra, along with the peaks at 9.9, 10.9, 16.0, 17.2, and 18.5 μm indicates the presence of plagioclase feldspar. The slight variations in the position of these peaks correspond to differences in the composition within the solid solution of plagioclase albite – anorthite (Chihara & Koike 2017).
Some absorption bands may be associated with multiple minerals, such as the one at 9.8 μm, which indicates the presence both albite and enstatite and is consistent with other peaks in the spectrum. Similarly, the peak at 15.6 μm suggests the presence of enstatite. Additionally, the bands at 15.6 and 18.5 μm correspond to pyroxene enstatite and feldspar albite. The details of the peaks present in the MIR spectra of type H chondrites are provided in Table 6.
Table 5 
Peak positions (in μm) for the absorption bands in our three CO3 chondrite spectra.

3.1.3 Absorbance of OC type L and LL
The spectra of the 14 ordinary chondrites belonging to the L-OC and LL-OC groups are very similar to each other (see Fig. 5). The difference observed corresponds to variations in the relative intensity of certain absorption bands, except in a couple of samples that present considerable variations that do not appear in the other meteorites. One sample corresponds to the LL group, and the remaining 13 correspond to the L group. The spectra of L-OC and LL-OC are shown together for simplicity; they look very similar and have a similar composition. However, it is not possible to determine any further conclusions related to the difference between L-OC and LL-OC due to the limited number of LL samples. The general spectra of L-OC and LL-OC maintain characteristics similar to those of the H-OC spectra, with shifts that could be assigned to chemical and compositional differences between the minerals. However, the L-OC and LL-OC spectra look significantly more diverse than within the CO3 and H-OC. Hence, it is important to consider a sampling bias as a result of the number of samples of each chondrite group studied in this work.
The L-OC and LL-OC spectra show a complex shape of several peaks around the 10 μm area, corresponding to the silicate mixture mainly dominated by a well-defined sharp peak at 11.3 μm, belonging to olivine, along with peaks at 10.2, 11.9 and 20.1 μm (Koike et al. 2003b; Hofmeister & Pitman 2007; Pitman et al. 2010). Compared to H-OC, L-OC, and LL-OC show a greater difference in the relative intensity of the peaks between 10.2 and 11.2 μm, and the shifts of the olivine absorption bands, which would indicate the greater chemical variation between Fe-Mg of this mineral, although they remain to be Mg-rich olivine than Fe-rich olivine.
Around 20 μm, the absorption band is shifted between 19.9 and 20.1 μm as a product of the variation of the Fe content in olivine. In some spectra (SJ001, Pampa (b), Pampa (a), Lutschaunig stone, PdM011), the peak becomes narrower and more pointed, similar to the observed in H-OC, while in other curves (Pampa (g), PdM010, PdM007) this feature is wider and less defined, which is also consistent with the amount of forsteritic olivine (Mg; Koike et al. 2003b; Hofmeister & Pitman 2007; Pitman et al. 2010). Likewise, the small absorption bands between 13 and 15 μm can be associated with pyroxene enstatite along with peaks at 9.5, 10.3, 10.7, 15.7, and 18.6 μm.
Slight shifts and intensity variations between samples could be associated with three main factors: i) crystallographic difference between ortho-enstatite (orthorhombic) and clinoenstatite (monoclinic), ii) compositional variations between Mg-rich enstatite and Fe-rich ferrosilite solid solution (Koike et al. 2000; Chihara et al. 2002; Bowey et al. 2007), and iii) variations in the abundance of the different mineral phases. Some samples, Pampa (g), PdM010, and PdM007 present less defined peaks (“bumps”) around 9 μm and flatter signatures around 10 μm. These samples also present a relatively featureless region around 20 μm. The bands at 10.42 and 19.23 μm are characteristic of amorphous enstatite (glass; Koike et al. 2000), which are accentuated in these spectra. This probably corresponds to a high contribution of noncrystalline material (amorphous silicates or glass) with a composition of silica, olivine, and pyroxene.
In some samples, it is possible to observe a peak at 8.7 μm, indicating the presence of plagioclase feldspar, along with bands at 9.9, 10.9, 16.0, 17.2, and 18.5 μm. Variations in the position of these peaks correspond to variations in composition within the albite-anorthite solid solution (Chihara & Koike 2017). The well-defined feature at 9.97 μm that appears in H-OC is also observable in some of these samples. In particular, Pampa (c) and La Yesera 002, show a stronger band compared to other LOC and LL-OC.
Considering that all our samples were collected from the same areas, it is possible that some are paired samples. This could affect the diversity of spectra, as paired samples are more likely to have similar spectra. For instance, based on similar classifications, spectra, and terrestrial ages, Pampa (c), Pampa (d), and Pampa (g) might be paired (Pourkhorsandi et al. 2017).
Several absorption bands can be associated with more than one mineral, which is repeated in L-OC and LL-OC. The details regarding the absorbance peaks of each sample are presented in Table 7.
	[image: thumbnail]	Fig. 4 Mid-infrared spectra of H-OC. The spectra correspond to milled samples, with grain size between 1–10 μm. The data presented are normalized to the maximum in the range of 8–12 μm and vertically shifted for a better appreciation of shape and peaks. The vertical lines correspond to characteristic absorption bands of different minerals: light blue, for the water bands (OH); green for olivine bands, orange for the pyroxene bands, and red for plagioclase (Chihara et al. 2002; Koike et al. 2003b; Beck et al. 2014; Chihara & Koike 2017).



	[image: thumbnail]	Fig. 5 Spectra of ordinary chondrites: thirteen L class and one LL class (La Yesera 002). The spectra correspond to milled samples, with grain size between 1–10 μm. The data presented are normalized to the maximum in the range of 8–12 μm and vertically shifted for a better appreciation of shape and peaks. The vertical lines correspond to characteristic absorption bands of different minerals: light blue, for the water bands (OH); green for olivine bands, orange for the pyroxene bands, and red for plagioclase (Chihara et al. 2002; Koike et al. 2003b; Beck et al. 2014; Chihara & Koike 2017).



3.2 Absorbance and grain size
All the absorbance spectra shown in the previous sections correspond to the original dust samples, which contain a range of particle sizes. In order to characterize their size distribution, we used the microphotography technique described in Sect. 2.5. We find that the original samples contain mostly micron-sized grains, but some samples present a few grains that are larger, up to ∼100 μm (see Fig. 6, top panel). In order to produce two different size distributions, we used the pair of sieves A-B to collect particles between 38 and 45 μm. We also ground the small grains for 60–75 minutes in an agate mortar.
Using the two distinct samples (sieved and ground grains), we created new KBr pellets and performed additional absorbance measurements. In Fig. 7, we compare the spectra of the sieved and ground grains with the original spectra. We find that the spectrum of the ground grains remains very similar to that of the original sample, while the sieved sample containing only large grains shows much weaker features. After dissolving the new pellets, we obtained microphotography images corresponding to sieved particles and ground particles, which are also shown in Fig. 6, middle and bottom panels, respectively. We find that the size distributions of both the original and ground samples have a similar peak, which explains the very similar absorbance spectra. This means that the small grains dominate the opacity even though most of the mass might be in a few much larger grains.
Table 6 
Peak positions (in μm) for the absorption bands in our six H-OC spectra.

3.3 Absorbance and grain size in pure minerals
The absorbance spectra of pure minerals as a function of grain size are shown in Fig. 8. As seen with meteorites, the main effect of increasing the grain size is a reduction in the strength of the features, some of which might even disappear.
	[image: thumbnail]	Fig. 6 Microphotography of sample Los Vientos 123 with three different grain size distributions at 10x magnification. The left side is bright field mode (TLBF) and the right side is dark field mode (TLDF). The first row corresponds to the original sample; the second row is the sieved sample with particles in the range 38–45 μm; the last row is the sample milled 60–75 minutes with particles smaller than 10 μm. It is possible to observe a large fraction of small particles in the original sample. These small particles dominate the spectra compared to the larger particles. Therefore, the spectrum of the original sample is very similar to the spectrum of a milled sample with only small particles <10 μm.



	[image: thumbnail]	Fig. 7 Absorbance spectra of three samples of Los Vientos 123 meteorite with three different grain size distributions. The blue line corresponds to the sieved samples 38–45 μm particles, the red line corresponds to the original samples, and the black line corresponds to the dust of 1–10 μm (grounded for 60–75 minutes) in the agate mortar.



3.4 Opacities
Since the opacity at MIR wavelengths is dominated by small particles (a few microns in size), and given the limited total mass of meteorite samples available in the laboratory, we focused on measuring the opacities of finely ground grains. To achieve this, all samples were ground for 60–75 minutes in an agate mortar, resulting in particle size distributions peaking at 3–5 μm for each meteorite type (see Fig. 9).
The resulting opacities from the grounded meteorites are shown in Fig. 10 for CO3s chondrites, H-OC, L-OC, and LLOC. They are compared with values from the literature compiled by the DSHARP program (Andrews et al. 2018; Birnstiel et al. 2018). The most relevant comparison corresponds to the values provided by Weingartner & Draine (2001), which correspond to small grains with amax<0.1 μm of the interstellar medium (ISM). The fact that our grain size distribution extends to a few microns explains why our opacities are lower than ISM values, and they are likely to be more representative of the grain size distribution observed in protoplanetary disks.
For the CO meteorite Los Vientos 123, we had enough material to measure opacities with grain sizes between 38 and 45 μm. As expected, we find that the larger grains have a significantly lower opacity than micron-sized grains (see Fig. 11, upper panel). We also performed a similar analysis using pure olivine, extending the size distributions to grains as large as 300 μm, at which points the MIR opacity decreases dramatically (see Fig. 11, bottom panel).
The values of opacities and absorbance spectra available for all samples correspond to grain sizes smaller than 10 μm, with a size peak between 3 and 5 μm. In addition, Table 8 lists the samples for which opacities and absorbance spectra are available for different grain size distributions. The data set is in the repository of the UDP Cosmic Dust Laboratory.
Table 7 
Peak positions (in μm) for the absorption bands in our L-OC and LL-OC spectra.

Table 8 
Meteorites and minerals with absorbance spectra and opacities from the UDP Cosmic Dust Laboratory.

	[image: thumbnail]	Fig. 8 Absorbance spectra of pure minerals with different grain size distributions. Range of size distribution: (G–H) 300–250 μm, (F–G) 250–125 μm, (E–F) 125–75 μm, (D–E) 75–63 μm, (A–B) 45–38 μm, (A) <38 μm. Spectra are presented vertically shifted for comparison.



	[image: thumbnail]	Fig. 9 Grain size distribution of CO3s, H-OC, L-OC, and LL-OC grounded for 60–75 minutes in an agate mortar. The red area is center in the peak of the distributions, and the grain size is between 2.5 and 5.5 μm.



4 Discussion
The features of absorbance spectra that appear in all samples are discussed in this section. We briefly mention the relations between the mineralogy of chondrites with the petrological grades, shock stages, and weathering grades of meteorites. However, a more detailed analysis is beyond the scope of this work, and we do not analyze patterns related to these relations with the spectra of our samples.
4.1 Absorbance of CO3s chondrites
The CO3 meteorites exhibit distinct absorption bands around 3.0 μm and 3.4 μm. These bands correspond to the stretching vibrations of OH and CH bonds, respectively, indicating the presence of water molecules and organic compounds (Gibb & Whittet 2002). Additionally, the 3.0 μm band, along with features observed around 6–7 μm, may be associated with terrestrial weathering phases, such as sulfates or carbonate minerals (Koike et al. 2003a).
The CO3s present peaks that correspond to carbon-related molecules, which are not found in our other chondritic meteorites. In particular, in sample Catalina 008 (C008), the peak at 7.25 μm is well-defined, very sharp, and stronger than seen in the other two samples. The intensity of this feature in C008 could be due to the larger amount of carbon material in this sample compared to EM216 and LoV123. Organics tend to be richer in the matrix than in the chondrules. This stronger peak of carbon material in C008 could be due to the higher abundance of matrix in C008 than in the other two CO3s. The bulk matrix abundance for each meteorite reported in The Meteoritical Bulletin is 58% vol of the matrix in C008, 36% vol of the matrix in LoV123, and EM 216 has a chondrule: matrix ratio of around 1: 1, which implies that the matrix abundance is approximately ≤ 50%.
However, it is not clear what compound is responsible for this strong peak. We discuss some options related to observations of similar features in different objects.
Different carbonate minerals (calcite, aragonite, dolomite, magnesite, siderite, and rhodochrosite) show a strong feature around 7 μm, but this band appears to be broader than the peak of 7.25 μm presented in our CO3s samples (Koike et al. 2003a). In Lisse et al. (2012), they show similar features of carbonaceous material observed with Spitzer in the disk around η Corvi that could be attributed to nano-diamonds, according to measurements performed by Gaillou et al. (2010), showing spectra dominated by the main diamond C–C stretch at 7.51 μm, by ppm C–N impurity vibrational features at 6.99 μm, by platelets at 7.34 μm, and by C–H stretches at 7.11, 3.59, 3.21, 3.09, and 2.22 μm.
The 7.25 μm peak can also be attributed to other organic molecules. For instance, HCOOH has a characteristic peak at 7.25 μm due to the C–H bond (Schutte et al. 1999). Similarly, H2 CO has a peak at 5.81 μm and shows a peak at 6.68 μm, a small peak that can be observed in EM216. According to Raunier et al. (2004), astronomical observations of the 7.25 μm peak are assigned to OCN –, which is usually seen at 4.62 μm. They proposed that both must be due to the presence of HNCO. However, 4.62 μm is not a peak present in our meteorite samples. Alternatively, there is the 5.83 μm peak which is usually related to ice, but Keane et al. (2001) mentioned that the intensity of this peak could not be fully explained by ice, since with other ice peaks there is a 40% excess of intensity only at that peak (which is not present in other peaks of H2O ice), and this could be explained by the presence of organic matter containing the C–O group. According to Keane et al. (2001), the peak at 5.83 μm is characteristic of the vibration mode of the C-O bond of the carbonyl group (ketones, aldehydes, carboxylic acid, and esters). This peak is slightly apparent in LoV123 but not in the other samples. However, sometimes samples that do not have a peak at 5.8 μm do present a strong peak near 7.24 μm, which is observed in all CO3s chondrite samples (Keane et al. 2001). All of our meteorite samples are referred to as “finds”. In hot deserts such as the Atacama, sulfates, oxyhydroxides, Ca carbonates, and silica can be formed by weathering (Bland et al. 2006). This terrestrial weathering product can contribute particularly to the 3 μm region.
The features around 10 and 20 μm are assigned to a mixture of silicates, with a major content of forsterite-fayalite (Koike et al. 2003b; Hofmeister & Pitman 2007; Pitman et al. 2010), the presence of pyroxene of intermediate composition En50 (Koike et al. 2000; Chihara et al. 2002; Bowey et al. 2007) and less abundant albite-anorthite plagioclase feldspar (Chihara & Koike 2017). The predominance of olivine implies that it is found in greater relative quantities than the other minerals. It is possible to observe a difference between the peaks in the 8–9 μm range. This peak may be due to the influence of different plagioclase feldspars: In LoV123 a single peak is observed at 8.7 μm, which may indicate a greater influence of plagioclase anorthite, while in EM216 and C008, two peaks are observed at 8.7 and 8.9 μm, which would correspond to plagioclase with albitic composition (Chihara & Koike 2017).
In the case of LoV123, between 10 and 11 μm, several peaks are present that are not as pronounced in the other two CO3 chondrites. This suggests that LoV123 contains a higher proportion of the silicate mixture, leading to more prominent peaks in this range. As a result, LoV123 shows a stronger influence of pyroxene compared to the other two CO3 chondrites.
	[image: thumbnail]	Fig. 10 Comparison of opacities from this work of CO3s meteorites (upper), H ordinary chondrites (middle) and L and LL ordinary chondrites (bottom) with grain size between 1 and 10 μm to opacities from the literature (Andrews et al. 2018).



	[image: thumbnail]	Fig. 11 Comparison of Los Vientos 123 opacities (upper) and opacities from the literature. We show two different ranges of particle size: the blue line indicates a sieved sample with a range of 38–45 μm, and the orange line indicates the grounded sample with a range of 1–10 μm, with peak grain size between 3 and 5 μm. Comparison of olivine opacities (bottom) to opacities from the literature. We show different range sizes from 1–10 μm to 250–300 μm.



4.2 Absorbance of OC
Ordinary chondrites present similar mineralogical characteristics at the group level, and their differentiation is at a more specific level. Although our ordinary chondrites H, L, and LL are spectrally similar, Rubin (1990) noted differences regarding olivine composition: molar percentage of Fayalite (%mol Fa); and the relative abundance of Co in kamacite vs Fayalite in olivine. In addition, H, L, and LL chondrites differ in their degree of oxidation, with H being the most reduced and LL the most oxidized. Metals do not absorb clearly in the MIR range, which may contribute to the similarities of H, L, and LL spectra (Biondi & Guobadia 1968; Stuart 2004; Dombrovsky 2011; Hummel 2011; Yang & Wöll 2017).
Groups are valuable for distinguishing meteorites of the same class, as they reflect variations in oxidation state during their formation. Differences in oxidation state suggest that meteorites with different petrological types formed in distinct chemical environments within the solar nebula, shaped by factors such as the local availability of oxygen, temperature, and proximity to the Sun (Rubin 1990). It is important to note that Fe oxidation can occur in asteroidal environments, but not within the parent body of ordinary chondrites of L 5/6 (Weisberg et al 2006). Abundances of siderophile elements are also used to distinguish from ordinary chondrites: while the H types are the chondrites with the highest content of these elements, LL are the ordinary chondrites with lower amounts of these elements (Kallemeyn et al. 1989; Sears et al. 1991). This explains why the observed spectra of H-OC, L-OC, and LL-OC generally exhibit a similar overall shape, characterized by peaks and bands corresponding to the same major minerals (olivine, pyroxene, and plagioclase), although with minor compositional variations Table 3 provides the measured compositions of thirteen samples, emphasizing compositional similarities among certain meteorites. For instance, La Yesera 004 and PdM 004, classified as L-OC, display nearly identical compositions and closely matching spectra, as shown in Fig. 5. Similarly, Rencoret 001 and PdM 002 exhibit comparable trends within the H-OC group.
Rubin (1990) infers that chondrite types 3–4 accreted less FeO than chondrites type 2 or fine matrix material with a lower FeO content. The shift in the peaks is directly correlated with the amount of Fe present and the precise composition of the silicates. Mostly olivine and pyroxene of intermediate composition occur, which does not exclude the fact that minerals with composition from the extremes of both solid solutions may be present in smaller quantities and are masked by the predominant intermediate composition in the sample.
The spectra of Pampa (g) and PdM010 show broad peaks that are characteristic of amorphous silicates, which typically exhibit a featureless spectrum in the infrared range (Dorschner et al. 1995; Molster & Kemper 2005; Demyk et al. 2017b,a). In particular, these two meteorite spectra look very similar to the spectra of the debris disk BD + 20307 (Song et al. 2005), where pristine glass – typically expected in meteorites with petrological type 3.00 – has been proposed as a possible component. Primitive amorphous phases, in small amounts, have also been reported in Semarkona (LL3.0) by Dobricǎ & Brearley (2020). However, primary amorphous silicates would have been of low abundance and likely restricted to the matrix, which constitutes only 15% of OCs (Yomogida & Matsui 1983; Kallemeyn et al. 1989; Rubin 2005, 2010). Additionally, primary amorphous material quickly recrystallizes with heating, which explains its absence in equilibrated OCs.
The amorphous signatures observed in protoplanetary disks may not necessarily be strictly primary in origin. These glassy minerals could also form as a result of samples being subjected to varying shock pressures during collisions (Stoeffler et al. 1991). In the case of our samples, we interpret these amorphous phases as the result of deformations caused by shock events. Morlok et al. (2010) conducted laboratory measurements on artificially shocked Murchison chondrite (CM), applying pressures ranging from 0 to 49 GPa. Their results demonstrated that glassy material can form from hydrated minerals through shock events, with recrystallization occurring over this glassy material at higher pressures. From our samples, Pampa (g) and PdM010 could be associated with samples subjected to pressures between 30 and 36 GPa, as they exhibit similar spectral features. However, CMs are richer in hydrated minerals, such as phyllosilicates, compared to OCs (Barber 1985; Potin et al. 2020), which are predominantly composed of olivine and pyroxene, minerals that are significantly more resistant to deformation than phyllosilicates. Phyllosilicates are structurally weaker and more prone to deformation than olivine and pyroxene (Wang et al. 2001; Vanorio et al. 2003; Mondol et al. 2008), with their transformation into amorphous phases primarily attributed to dehydroxylation, a process driven by the loss of structural water under shock conditions (Nakamura 2005). On the other hand, the deformation of olivine and pyroxene in OCs is likely mechanical or the result of shock melting during high-velocity collisions (Stoeffler et al. 1991). Consequently, the shock pressure thresholds established by Morlok et al. (2010) may not fully apply to our OCs, given their distinct mineralogical composition and resistance to deformation. In our spectra, we conclude that many of the samples exhibit amorphous phases, which likely correspond to a multitude of low-crystallinity phases or minerals probably produced by shock processes.
Phases of minor minerals, such as magnetite, sulfides, and other oxides, are not observed in the MIR absorbance spectra. This is due to the range in which our measurement was carried out, as oxides and sulfides typically do not show prominent features at these wavelengths (Hony et al. 2002). However, some oxide minerals, such as magnetite, exhibit features in the infrared range, including a band near 17.3 μm attributed to Fe-O stretching vibrations (Jubb & Allen 2010; Li et al. 2012). These features are generally weaker than those of silicates, which dominate the MIR spectra due to their strong Si-O vibrational modes. For instance, Beck et al. (2014) did not report magnetite-related bands in the KBr spectra of magnetite-rich CCs, such as Grosvenor mountains 95577, Bells, Essebi, Wisconsin Range 91600, and Niger. Consequently, the absence of detectable oxide and sulfide features in our spectra is consistent with their relatively low absorbance intensity in the MIR range.
4.3 Absorbance and particle size
Aside from composition, the particle size distribution of the sample has an important effect on the shape of the MIR spectra. This can be observed in both pure minerals and meteorites.
Figure 8 shows olivine and diopside spectra, respectively, with different ranges of size distributions. Spectra of large particle sizes (250–300 μm for olivine and 125–250 μm for diopside) are noisier and/or show less distinguishable features. This is because very little radiation is being absorbed in the KBr pellets that host the largest sample grain sizes, implying that we are predominantly measuring the KBr powder. The characteristic absorption features of olivine begin to appear from sizes less than 75 μm. Spectra of smaller particle sizes (<10 μm) are very well-defined and well-featured with sharper peaks. In both cases, in the MIR measurement range, as the size of particles increases, the characteristic bands and features disappear, obtaining a flatter spectrum with less definition, hence reaching large sizes where only the KBr spectrum can be observed. To obtain well-defined spectra at smaller sizes distribution it is better to use a concentration of 0.5% (variable up to 1%).
For this study, there was an experimental limitation when performing similar measurements with meteorite dust available at the Cosmic Dust Laboratory because the amount of material is limited and there is a high distribution of the initial particle size of each sample. The largest measured sizes for meteorites are less than 100 μm (original size); therefore, for most samples, the spectra in these ranges do not vary much, mainly since the samples of original size contain a large number of small particles. However, it is possible to observe differences in the shape of meteorite spectra of samples with original size (with larger particles) and those grounded for 60–75 minutes, as shown in Fig. 7 for LoV123. For grounded samples, the peak of the size distribution is around 3 μm, as shown in Fig. 9.
In this study, we focused on measuring the effect of the grain size distribution on the observed spectra according to the bulk composition of the meteorites. Although crushing bulk meteorites and sieving them is one way to obtain size fractions the equivalent natural process would be collision/disruption of the parent body and the following grinding sequence producing debris and dust observable in the IR. However, chondrules, CAIs, and matrices existed as separate entities in the circumstellar/protoplanetary disk before being incorporated into larger bodies. Therefore, it will be interesting for future work to obtain spectra from separated samples of these components.
4.4 Opacities
Although this work includes only two meteorite classes, our spectra point toward noticeable heterogeneity regarding mineralogy. Moreover, according to the dichotomy in the composition of the Solar System, carbonaceous meteorites and ordinary chondrites come from different parts of the Solar System (Kleine et al. 2020). Although OCs are believed to come from the inner part of the disk, carbonaceous chondrites are believed to come from the outer part of the disk. Even though carbonaceous chondrites were formed in an environment rich in volatile material and ice, CO chondrites typically contain little water, possibly because they were accreted inside the snowline (Greenwood et al. 2024). Despite these compositional differences, the variation in the absolute values of the opacities within our samples is around ∼10%. This means that the composition has a greater impact on the shape of the spectra than the absolute value of the opacity.
In the case of grain size distribution, although it affects the shape of the spectra, it has an even bigger impact on the total opacity. From Fig. 11 (top panel), it is possible to observe a difference of ∼20% in total opacity between the samples of 3–5 μm and 38–45 μm for Los Vientos 123. From the bottom panel (olivine), it is possible to observe a decrease in intensity when the dust grains exceed 100 μm.
5 Applications
The atmosphere of the Earth becomes very opaque at MIR wavelengths beyond a few microns. Therefore, several generations of space telescopes have been launched in recent decades to fully access the MIR with imaging and spectroscopic instruments. Some major MIR missions include the Infrared Astronomical Satellite (IRAS), the Infrared Space Observatory (ISO), and Spitzer.
Currently, the JWST is the main MIR space facility. The most relevant instrument for laboratory measurements presented in this work is the Mid Infrared Instrument (MIRI), which has an observing mode for Medium Resolution Spectroscopy (MRS) to observe in wavelengths between 4.9 μm and 28.5 μm. JWST has a primary mirror with an area 50 times larger than Spitzer, and MIRI has a higher spectral resolution that goes from R ∼ 3300 at 4.9 μm to R ∼ 1500 at 28.5 μm. These improvements over previous-generation instruments allow us to make a more detailed comparison of astronomical observations with laboratory measurements. For instance, the MIRI observations of protoplanetary disks are rich in narrow atomic and molecular line data on top of broad dust features. The features of dust are typically compared to those of pure crystalline minerals (Pontoppidan et al. 2024), which limits the information that can be extracted from telescopic observations. To address this limitation, measurement of meteorite spectra with varying grain-size distributions can provide better insights into the composition and structure of dust in protoplanetary disks. As shown in Fig. 12, we present a preliminary and basic comparison between the MIR spectra of Fz Tau and two of our meteorite samples. This comparison serves as an initial example of the potential applications of meteorite spectra in interpreting protoplanetary disk observations. PdM010 exhibits a prominent feature associated with amorphous material, which typically appears in small quantities in meteorites. This particular feature in the meteorite spectra shows a qualitative similarity to a feature observed in Fz Tau, though slightly shifted. While this comparison is preliminary and not exhaustive, it highlights the potential of using meteorite measurements to better interpret spectra of protoplanetary disks.
Furthermore, effects of grain sizes on the MIR spectra of protoplanetary disks (e.g., Kessler-Silacci et al. 2006) are usually treated analytically using Mie theory (Mie 1908) and assuming spherical grains. Similarly, the porosity of the grains is usually tackled by adopting distributions of hollow spheres (Min et al. 2005). More complete and realistic opacity libraries constructed with different types of meteorites with known composition and grain size distributions will allow us to tackle interesting problems related to planet formation, including chemistry, crystallization, dust migration, grain growth, and impacts.
Current instrumentation also allows us to study dust features as a function of radius in nearby protoplanetary disks. For instance, the MATISSE instrument on the VLTI has a spatial resolution of ∼8 mas at 10 μm. At 140 pc, the distance of nearby star-forming regions that correspond to the spatial resolution of ∼1 au from the star, well within the Asteroid Belt region in our Solar System, where we expect chondrite-type material (Lopez et al. 2022).
We can make a simple comparison between the spectra of HD 142527, which at r ≤ 3 au looks similar to PdM010, while Lutschaunig’s Stone is more similar in shape to r ≤ 1.5 au. As such, by comparing meteorite MIR data with high-resolution astronomical observations, we can provide a more complete picture of the mineralogy within protoplanetary disks, including at different locations within the disks. We can see how the spectra of the inner disk of HD 142527 show a common type of material that we see in the inner part of the early Solar System. These results could hence prove useful for future models.
Instruments such as MATISSE open the window to the study of regions where terrestrial planets form in solar nebula analogs. They can also be used to study the distribution of different materials across the disk, which is very important because the dust in protoplanetary disks is believed to undergo significant radial and vertical mixing. As evidence of this, crystalline olivine, mainly its Mg-rich member forsterite (Mg2SiO4), is detected in the spectra of comets (Wooden et al. 1999; Kelley & Wooden 2009; Ootsubo et al. 2020), which implies that the crystalline forsterite was well distributed in the places where these comets originally formed (Leone & Tanaka 2023). However, the formation of crystalline forsterite is thought to occur through thermal annealing of amorphous olivine aggregates, which are one of the basic building blocks of the Solar System. Thermal annealing occurs at temperatures of around ∼1000 K (Woolum & Cassen 1999; Nuth et al. 2002), which normally occurs only well within 0.1 au of the Sun. Therefore, the presence of crystalline material in comets requires an efficient radial transport mechanism to transfer this material to the outer regions of the disk, for example, through radial mixing (Bockelée-Morvan et al. 2002) or winds and outflows (Juhász et al. 2012).
While gas-rich protoplanetary disks are analogous to the solar nebula, circumstellar dust can be observed even when the primordial gas has dissipated. Such is the case with debris disks (Hughes et al. 2018), which are seen around objects that are tens, hundreds, or even thousands of millions of years old (e.g., systems even as old as the Solar System). The study of dust in debris disks was revolutionized by Spitzer (Chen et al. 2006, 2014; Lisse et al. 2007), making it possible to spectroscopically verify that the dust is presumably produced by the collision of planetesimals. Observations of this processed or “second-generation” dust can also be compared with our spectral library meteorite dust because they might have similar origins and compositions. The resolution of the JWST and the new observations of debris disks allow us to observe these disks in greater detail. An example that demonstrates this, is the detailed spectra of β Pictoris obtained by Worthen et al. (2024), showing that it is possible to identify characteristic features around 10 μm of silicates, such as olivine and pyroxene.
A different approach to studying circumstellar dust at much later stages of stellar evolution is to observe white dwarfs (WD), the stellar core remnants that most stars leave behind after the end of the giant phase. A special class of WDs, known as polluted WDs (PWDs), are enriched in heavy elements by asteroids, comets, and/or exo-Kuiper objects that fall on their surface (due to their chaotic orbits and the strong gravitational attraction of the WD), where they are quickly destroyed by the impact and the strong gravity. As a result, spectroscopic observations of PWDs can probe the bulk composition of the objects that have fallen. The optical and ultraviolet spectra of PWDs show indications that the pollutants are mostly made of rocky material with a variable fraction of ice and carbon (Xu & Bonsor 2021).
Many PWDs host dusty disks (Farihi 2016), and with JWST it is now possible to observe dust features in the MIR spectra of such WD debris disks. Recently, Swan et al. (2024) presented the first JWST spectra of a WD debris disk (WD 0145+234), which is believed to have experienced a major collision in 2018, producing large amounts of dust. Its spectra look very similar to the meteorites presented in this work in the 10 μm region. Also, WD 0145+234 shows a feature around 7 μm, similar to what we have seen in our CO3 chondrites.
Given all of the above, it is clear that MIR spectral libraries from laboratory measurements of pure minerals and meteorites can significantly contribute to our understanding of protoplanetary, debris, and WD disks. Comparison of the observed spectra to these libraries can be used to identify pure minerals and realistic combinations of minerals that can be connected to chemical and physical processes (e.g., thermal annealing, radial mixing, and collisions). In the case of protoplanetary disks, the use of more realistic spectral libraries can also improve the continuum subtraction and allow for more detailed study of overlapping molecular lines.
Furthermore, opacity libraries are a key ingredient of radiative transfer codes such as RADMC-3D (Dullemond et al. 2012) and MCFOST (Pinte et al. 2006), which are usually used to compare models with astronomical observations. In these radiative transfer codes, individual “photon packets” are emitted from the central star and propagate through the disk. The propagation process is managed by scattering, absorption, and thermal re-emission, which are controlled by both the geometry of the circumstellar environment and the optical properties of the medium, mainly of the dust. The amount of absorbed radiation sets the temperature of the dust and gas and defines the amount of radiation that is re-emitted at thermal wavelengths.
Opacity is a function of composition, grain size distribution, and wavelength. The opacity libraries used for radiative transfer modeling are usually created from extrapolations of a few laboratory measurements, making strong assumptions about the structure and grain size distribution. With more complete libraries, covering a wider parameter space, fewer assumptions and extrapolations are necessary, resulting in more accurate models. The Bruker Vertex 80V spectrometer at the UDP Cosmic Dust Laboratory has cryogenic capabilities that can be used for measurements of cold samples (such as H2O, CO, CO2 ices and iced-covered grains) down to 4 K. It also has a far-IR and a submillimeter detector that allow us to observe at longer wavelengths, overlapping the wavelength ranges observed by the Herschel Space Observatory (55–670 μm) and ALMA (300 μm to 3 mm).
Related to the study of meteorites itself, these databases would be very useful to researchers seeking mineralogical information on individual meteorite samples, adding to the information already present in the meteoritical database.
Infrared spectra of meteorites could help with some misclassified samples (Alexander et al. 2018). For instance, CMs and COs have been misclassified interchangeably on multiple occasions due to their similar petrographic properties. However, spectrally, CMs tend to differ from COs due to their abundant phyllosilicate content (Bunch & Chang 1980; Zolensky et al. 1993; Howard et al. 2015). Another example is ALHA 77003 (CO3; Grossman 1994), which was originally misclassified as an OC. As our data suggest, COs and OCs show clear spectroscopic differences.
Finally, we acknowledge the bias inherent in our samples, as discussed in the introduction, where we noted that OCs are overrepresented in meteorite collections due to their higher survivability during atmospheric entry and greater resistance to weathering. Although OCs are the most abundant chondrite class among meteorite finds, they are not representative of the broader compositional diversity of our Solar System, which is dominated by CCs. To address this limitation and provide a more comprehensive understanding of meteoritic materials, we plan to extend our libraries in future work to include a wider diversity of meteorite samples, particularly CCs, as well as to expand the spectral range of our measurements.
	[image: thumbnail]	Fig. 12 MIRI spectrum of the protoplanetary disk around the young stellar object FZ Tau from Pontoppidan et al. (2024). The spectrum contains both narrow atomic and molecular lines and broad dust features (blue curve). The spectra of two meteorites from this work are shown for comparison.



6 Conclusion
We have presented the first results of the UDP Cosmic Dust Laboratory, which are aimed at contributing to the development of libraries of absorption spectra and opacities of dust for astronomical applications. Based on our initial results, we derive the following conclusions:

	The measurement of absorbance spectra and absolute opacities for meteorite dust with a known composition and particle size distribution requires detailed laboratory protocols for sample preparation (e.g., the preparation of dry KBr pellets with the right concentration of dust) and characterization (e.g., microphotography for the determination of grain sizes);


	The similarity of our absorbance spectra and opacities to previous studies validates the general procedure performed at the UDP Cosmic Dust Laboratory;


	Characterization of the primary mineralogy of meteorites is possible through their absorbance spectra, where approximate compositions of different mineral phases can be inferred, such as olivine, pyroxene, and plagioclase;


	For CO3 chondrites, even though the amount of carbonaceous material is low, the absorption bands related to carbon are very well defined and easy to identify. We aim to perform a more exhaustive study of MIR spectra in the fluid inclusions of these samples;


	The OH and H2 O bands are also easily identifiable. In a more detailed study of this aspect, the degrees of weathering and alteration of the samples, together with the secondary and hydrated minerals, could be obtained from the MIR spectra in conjunction with Raman spectroscopy. This will be considered for future analysis;


	From the MIR spectra, it is possible to identify meteorites with amorphous material (glass). This aspect could enable studies of the pristine glass material or shock metamorphism during disk evolution;


	The effects of particle size on the absorbance spectra and the opacities are very significant, highlighting the importance of performing measurements with a wide range of grain sizes;


	The MIR spectral and opacity libraries have direct applications for astronomical observations, particularly for some of the most advanced instruments on the ground (VLTIMATISSE) and in space (JWST-MIRI). Such applications can have a promising impact on the modeling of observable spectra of protoplanetary, debris, and WD disks, as we briefly discussed in Sect. 5;


	Tantalizing future directions for new libraries include obtaining samples of meteorites from different classes, extending the measured range to longer wavelengths, measuring samples at different temperatures, and deriving the measurements of astrophysical relevant ices (e.g., H2O, CO, and CO2) and ice covered grains.



We expect the data presented in this study will serve as a valuable resource for the astronomy community, contributing to more accurate simulations and a deeper understanding of planetary formation. Looking ahead, we plan to expand meteorite measurements and analyses in the UDP Cosmic Dust Laboratory, further advancing our knowledge of extraterrestrial materials.

[bookmark: S7]Data availability
The first MIR (2–23 μm) libraries from the laboratory are publicly available on Zenodo (https://doi.org/10.5281/zenodo.14919560). Additional data and resources can be accessed at the Cosmic Dust Laboratory webpage (https://astronomia.udp.cl/en/collaboration/udp-cosmic-dust-laboratory/).
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	[image: thumbnail]	Fig. 1 Location of the collected samples from the Atacama Desert in the Antofagasta Region, Chile. (A) Pampa de Mejillones, southern of Mejillones city. (B) Areas of San Juan, Catalina, Los Vientos, and El Médano, inland the city of Taltal. The CO meteorites come from this area. The one exception is Lutschaunig’s stone, which cannot be precisely located on this map, as no records exist regarding its specific discovery location.
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	[image: thumbnail]	Fig. 2 Average spectra for each group of meteorites in this study. The colored area is the confident interval for 1 σ.
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	[image: thumbnail]	Fig. 3 Mid-infrared spectra of CO3s. The spectra correspond to milled samples, with grain size between 1–10 μm. The data presented are normalized to the maximum in the range of 8–12 μm and vertically shifted for a better appreciation of shape and peaks. The vertical lines correspond to characteristic absorption bands of different minerals: light blue, for the water bands (OH); green for olivine bands, orange for the pyroxene bands, and red for plagioclase (Chihara et al. 2002; Koike et al. 2003b; Beck et al. 2014; Chihara & Koike 2017).
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	[image: thumbnail]	Fig. 4 Mid-infrared spectra of H-OC. The spectra correspond to milled samples, with grain size between 1–10 μm. The data presented are normalized to the maximum in the range of 8–12 μm and vertically shifted for a better appreciation of shape and peaks. The vertical lines correspond to characteristic absorption bands of different minerals: light blue, for the water bands (OH); green for olivine bands, orange for the pyroxene bands, and red for plagioclase (Chihara et al. 2002; Koike et al. 2003b; Beck et al. 2014; Chihara & Koike 2017).
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	[image: thumbnail]	Fig. 5 Spectra of ordinary chondrites: thirteen L class and one LL class (La Yesera 002). The spectra correspond to milled samples, with grain size between 1–10 μm. The data presented are normalized to the maximum in the range of 8–12 μm and vertically shifted for a better appreciation of shape and peaks. The vertical lines correspond to characteristic absorption bands of different minerals: light blue, for the water bands (OH); green for olivine bands, orange for the pyroxene bands, and red for plagioclase (Chihara et al. 2002; Koike et al. 2003b; Beck et al. 2014; Chihara & Koike 2017).
In the text



	[image: thumbnail]	Fig. 6 Microphotography of sample Los Vientos 123 with three different grain size distributions at 10x magnification. The left side is bright field mode (TLBF) and the right side is dark field mode (TLDF). The first row corresponds to the original sample; the second row is the sieved sample with particles in the range 38–45 μm; the last row is the sample milled 60–75 minutes with particles smaller than 10 μm. It is possible to observe a large fraction of small particles in the original sample. These small particles dominate the spectra compared to the larger particles. Therefore, the spectrum of the original sample is very similar to the spectrum of a milled sample with only small particles <10 μm.
In the text



	[image: thumbnail]	Fig. 7 Absorbance spectra of three samples of Los Vientos 123 meteorite with three different grain size distributions. The blue line corresponds to the sieved samples 38–45 μm particles, the red line corresponds to the original samples, and the black line corresponds to the dust of 1–10 μm (grounded for 60–75 minutes) in the agate mortar.
In the text



	[image: thumbnail]	Fig. 8 Absorbance spectra of pure minerals with different grain size distributions. Range of size distribution: (G–H) 300–250 μm, (F–G) 250–125 μm, (E–F) 125–75 μm, (D–E) 75–63 μm, (A–B) 45–38 μm, (A) <38 μm. Spectra are presented vertically shifted for comparison.
In the text



	[image: thumbnail]	Fig. 9 Grain size distribution of CO3s, H-OC, L-OC, and LL-OC grounded for 60–75 minutes in an agate mortar. The red area is center in the peak of the distributions, and the grain size is between 2.5 and 5.5 μm.
In the text



	[image: thumbnail]	Fig. 10 Comparison of opacities from this work of CO3s meteorites (upper), H ordinary chondrites (middle) and L and LL ordinary chondrites (bottom) with grain size between 1 and 10 μm to opacities from the literature (Andrews et al. 2018).
In the text



	[image: thumbnail]	Fig. 11 Comparison of Los Vientos 123 opacities (upper) and opacities from the literature. We show two different ranges of particle size: the blue line indicates a sieved sample with a range of 38–45 μm, and the orange line indicates the grounded sample with a range of 1–10 μm, with peak grain size between 3 and 5 μm. Comparison of olivine opacities (bottom) to opacities from the literature. We show different range sizes from 1–10 μm to 250–300 μm.
In the text



	[image: thumbnail]	Fig. 12 MIRI spectrum of the protoplanetary disk around the young stellar object FZ Tau from Pontoppidan et al. (2024). The spectrum contains both narrow atomic and molecular lines and broad dust features (blue curve). The spectra of two meteorites from this work are shown for comparison.
In the text





    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Mid-infrared spectra of CO3s. The spectra correspond to milled samples, with grain size between 1–10 μm. The data presented are normalized to the maximum in the range of 8–12 μm and vertically shifted for a better appreciation of shape and peaks. The vertical lines correspond to characteristic absorption bands of different minerals: light blue, for the water bands (OH); green for olivine bands, orange for the pyroxene bands, and red for plagioclase (Chihara et al. 2002; Koike et al. 2003b; Beck et al. 2014; Chihara & Koike 2017).
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        Spectra of ordinary chondrites: thirteen L class and one LL class (La Yesera 002). The spectra correspond to milled samples, with grain size between 1–10 μm. The data presented are normalized to the maximum in the range of 8–12 μm and vertically shifted for a better appreciation of shape and peaks. The vertical lines correspond to characteristic absorption bands of different minerals: light blue, for the water bands (OH); green for olivine bands, orange for the pyroxene bands, and red for plagioclase (Chihara et al. 2002; Koike et al. 2003b; Beck et al. 2014; Chihara & Koike 2017).
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        Absorbance spectra of three samples of Los Vientos 123 meteorite with three different grain size distributions. The blue line corresponds to the sieved samples 38–45 μm particles, the red line corresponds to the original samples, and the black line corresponds to the dust of 1–10 μm (grounded for 60–75 minutes) in the agate mortar.
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      Fig. 10 
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        Comparison of opacities from this work of CO3s meteorites (upper), H ordinary chondrites (middle) and L and LL ordinary chondrites (bottom) with grain size between 1 and 10 μm to opacities from the literature (Andrews et al. 2018).

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Comparison of Los Vientos 123 opacities (upper) and opacities from the literature. We show two different ranges of particle size: the blue line indicates a sieved sample with a range of 38–45 μm, and the orange line indicates the grounded sample with a range of 1–10 μm, with peak grain size between 3 and 5 μm. Comparison of olivine opacities (bottom) to opacities from the literature. We show different range sizes from 1–10 μm to 250–300 μm.

      

    

  
    
      Fig. 12 
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        MIRI spectrum of the protoplanetary disk around the young stellar object FZ Tau from Pontoppidan et al. (2024). The spectrum contains both narrow atomic and molecular lines and broad dust features (blue curve). The spectra of two meteorites from this work are shown for comparison.
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