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Abstract

        Context. UltraCarbonaceous Antarctic MicroMeteorites (UCAMMs) represent a small fraction of interplanetary dust particles reaching the Earth’s surface and contain large amounts of an organic component not found elsewhere. They are most probably sampling a contribution from the outer regions of the solar system to the local interplanetary dust particle (IDP) flux.

        Aims. We characterize UCAMMs composition focusing on the organic matter, and compare the results to the insoluble organic matter (IOM) from primitive meteorites, IDPs, and the Earth.

        Methods. We acquired synchrotron infrared microspectroscopy (μFTIR) and μRaman spectra of eight UCAMMs from the Concordia/CSNSM collection, as well as N/C atomic ratios determined with an electron microprobe.

        Results. The spectra are dominated by an organic component with a low aliphatic CH versus aromatic C=C ratio, and a higher nitrogen fraction and lower oxygen fraction compared to carbonaceous chondrites and IDPs. The UCAMMs carbonyl absorption band is in agreement with a ketone or aldehyde functional group. Some of the IR and Raman spectra show a C≡N band corresponding to a nitrile. The absorption band profile from 1400 to 1100 cm-1 is compatible with the presence of C-N bondings in the carbonaceous network, and is spectrally different from that reported in meteorite IOM. We confirm that the silicate-to-carbon content in UCAMMs is well below that reported in IDPs and meteorites. Together with the high nitrogen abundance relative to carbon building the organic matter matrix, the most likely scenario for the formation of UCAMMs occurs via physicochemical mechanisms taking place in a cold nitrogen rich environment, like the surface of icy parent bodies in the outer solar system. The composition of UCAMMs provides an additional hint of the presence of a heliocentric positive gradient in the C/Si and N/C abundance ratios in the solar system protoplanetary disc evolution.
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⋆ Part of the equipment used in this work has been financed by the French INSU-CNRS program “Physique et Chimie du Milieu Interstellaire” (PCMI).



1. Introduction
Micrometeorites represent the largest mass flux of extraterrestrial material falling on Earth (e.g. Love & Brownlee 1993; Taylor et al. 1996; Duprat et al. 2006; Zolensky et al. 2006; Prasad et al. 2013; Engrand et al. 2017). They sample the interplanetary dust present in the inner solar system, a large fraction coming from Jupiter-family comets together with a contribution attributed to asteroids, and Kuiper Belt and Oort Cloud comets (e.g. Janches et al. 2006; Nesvorný et al. 2010, 2011; Poppe et al. 2011; Poppe 2016). The search for and collection of micrometeorites performed on the Antarctic continent has allowed the recovery of particles preserved from significant atmospheric entry heating and which still hold information from interplanetary dust. This information otherwise could only be obtained via sampling by space probes. Several countries are involved in these collecting expeditions (e.g. Nakamura et al. 2005; Duprat et al. 2007; Taylor et al. 2008; van Ginneken et al. 2012; Yabuta et al. 2012, 2017). The Concordia/CSNSM collection contains thousands of Antarctic micrometeorites collected near the French-Italian Concordia station on Dome C during several campaigns performed since 1999 with the help and support of the French Polar Institute Paul-Émile Victor (IPEV). Details of the collecting methods can be found in Duprat et al. (2007). A particularly interesting subset in the collections is the fraction of micrometeorites arising from the outer parts of the solar system, known as Kuiper Belt and/or Oort Cloud comet contributions, which are largely undersampled by space missions. These dust particles contain the record of past formation and evolution in the outer solar system. UltraCarbonaceous Antarctic MicroMeteorites (UCAMMs, Duprat et al. 2010) and a subset of chondritic porous interplanetary dust particles (IDPs) are most probably of this class (e.g. Dobrica et al. 2010). 

        
        	[image: thumbnail]	Fig. 1
            Backscattered electron images recorded at 15 kV of fragments of the UCAMMs samples analysed in this study: a) DC060919, b) DC060594, c) DC021119, d) DC060443, e) DC060718, f) DC060741, g) DC0609119, h) DC060565. Scale bars correspond to 5 μm for each image. The unfragmented UCAMMS initial sizes are respectively: a) 79  ×  50 μm, b) 66  ×  53 μm, c) 110  ×  87 μm, d) 28  ×  24 μm, e)87  ×  53 μm, f)200  ×  80 μm, g) 275  ×  108 μm, h) 44  ×  33 μm.

          



      The UCAMMs are exceptionally organic-rich, in particular containing organic matter that is significantly larger than a micron in size (Dartois et al. 2013; Bardin et al. 2014; Engrand et al. 2015; Charon et al. 2017) that is not found in other types of extraterrestrial matter. The organic content of UCAMMs is high enough to avoid the requirement of prior chemical treatments to be studied in the infrared, and can be compared with the insoluble organic matter (IOM) extracted from meteorites for an insight into their similarities and differences. In this work, we report a μFTIR and μRaman study of UCAMM samples, and discuss the implications for their origin and significance. 

        
        	[image: thumbnail]	Fig. 2
            Left: UCAMM samples μFTIR optical depth spectra. The spectra have been vertically shifted for clarity (left horizontal dashed lines indicate the shift level). They are ordered from top to bottom by decreasing amount of silicate band absorption. The main band contributions are labelled above the upper spectrum. The spectra are deconvolved into several contributions shown with distinct colours, used in the analysis. A zoom on the nitrile region (~2200 cm-1) is provided when a band was measured. Right: UCAMM samples Raman spectra, normalized to the G-band maximum. The spectra are analysed using a classical Raman bands fitting procedure (Sadezky et al. 2005; Kouketsu et al. 2014) contributing to the D (green) and G (red) bands. The D/G band peak intensity ratio is given on the right, as defined in Busemann et al. (2007). A zoom on the nitrile region (~2200 cm-1) is provided when a band was observed. Spectra are vertically shifted for clarity.

          



      
        
        	[image: thumbnail]	Fig. 3
            Measured UCAMMs spectra. Left: CH stretching mode infrared optical depth. Centre panel: μFTIR (red) and Raman (black) close-up spectra in the nitriles region, normalized to the C=C (IR) and G band (Raman) measured intensities. Right: baseline corrected silicate infrared optical depth, along with different absorption models for several size distributions of olivine (forsterite) and pyroxene (enstatite) magnesium rich end members (see text for details).

          



      2. Experiments
We analysed eight UCAMMs from the Concordia/CSNSM collection. Fragments of each UCAMM was micro-manipulated and transferred into a diamond compression cell. The fragments were then flattened to provide an optimal thickness for infrared spectroscopic transmission measurements. The infrared measurements were performed on the SMIS beam line at the synchrotron SOLEIL during several runs in the period from 2010 to 2016. The synchrotron beam was coupled to a Nicolet NicPlan infrared microscope. For the measurements presented in this analysis, the infrared spot size was optimized close to the diffraction limit, with 5 × 5 μm to 15 × 15 μm sampling windows, adapted to the geometry of each UCAMM fragment. A Thermo Fisher DXR spectrometer was used to record a Raman spectrum for each of the samples, using a laser source at 532 nm at minimum power (100 μW on sample) to prevent sample alteration. Ten scans with integration times of 20 s each were co-added for each spectrum. The spot size of the Raman spectra is lower than that of the IR spectra, of the order of a micron. 
For five of the UCAMMS, light element analysis (C, N, O) was conducted at Université Paris 6 Jussieu using a Cameca SX100 or SXFive electron microprobe at 10 keV and 40 nA or 20 nA. Before analysis, the samples and standards were coated with a 9 nm layer of gold using a sputter-coating technique equipped with a quartz thickness monitoring. Care was taken to gold-coat the sample and the standard mounts at the same time whenever possible. The C, N, and O Kα emission lines were recorded using a PC1 crystal (W-Si multilayer crystal), and were calibrated using graphite for C, BN for N, and Fe2O3 for O. As UCAMMs contain variable proportions of minerals intimately mixed with the organic matter; the Na, Mg, Al, Si, P, S, K, Ca, Ti, Cr, Mn, and Fe Kα lines were recorded as well, using adequate analysing crystals (LTAP, LPET, or LLIF) and calibrated on usual mineral standards (albite for Na; Olivine for Si and Mg; orthoclase for Al and K; apatite for P and Ca; pyrophanite (MnTiO3) for Mn and Ti; chromite (Cr2O3) for Cr; Fe2O3 for Fe). Totals different from 100% can be due to porosity and matrix effects slightly differing between the standard and crushed samples or to a high concentration of an element not measured in the standard (e.g. Ni). Since these analyses were performed on crushed grains, only analyses with reasonable totals in wt% (85% < totals < 115%) were selected to calculate the N/C ratios. We note that the ratios between C, N, and O measured in a given sample are robust even in the cases of very anomalous totals as they are measured on the same detector. The typical statistical uncertainties for the determination of C, N, and O in the UCAMMs are on average 4 wt%, 1 wt%, and 0.5 wt%, respectively. The external uncertainty (reproducibility) on the C and N standards are on average 4 wt% and 2.5 wt%. The intrinsic variability of a UCAMM sample N/C ratio is usually larger than the analytical uncertainty. 
3. Analysis
The measured UCAMM infrared and Raman spectra are displayed in Fig. 2. The IR spectra are baseline corrected, in a similar way to previously reported in Dartois et al. (2013), and decomposed into individual contributions corresponding to specific vibrational modes. We also indicate the global fingerprint absorption band in the 1500–800 cm-1 spectral region, together with the silicates stretching complex contribution. We represent by different colours the various contributions to the spectra in Fig. 2. Except for the ~1100–900 cm-1 spectral region, where silicate absorptions prevail if present, the spectra are dominated by the organic matter contribution. The broad band extending from about 3600 to 3000 cm-1 includes contributions from OH and NH stretching modes. The asymmetric profile of the band in this range, by comparison with laboratory analogues (Dartois et al. 2013), indicates a major contribution of the NH stretching mode. We measured the amount of nitrogen in DC060594 and DC060565 independently (N/C ratios of 0.05 and 0.12, locally exceeding 0.15; Dartois et al. 2013). The intrinsic intensity of the OH mode is about ten times higher than the NH stretching mode. It is probable that the broad and structureless feature between 3300 and 3500 cm-1 in DC060919 contains an OH component. 
A few spectra possess a series of CH stretching mode absorptions, shown in yellow in the left panel of Fig. 2, with a close-up shown in Fig. 3, left panel. The main bands are due to aliphatic CH stretching modes (~2960 cm-1, asymmetric CH3; ~2920 cm-1, asymmetric CH2; ~2870–2850 cm-1, symmetric CH3 and CH2). A small contribution at ~3050 cm-1 from the aromatic CH stretching mode is observed for the first time in UCAMMs. We also observed a potential small contribution of aldehyde CH at low wavenumber (2820 cm-1) in DC060919. 
Three out of the eight UCAMM fragment analyses show an infrared C≡N absorption feature at 2200 cm-1, which have also been measured with the Raman spectrometer for five UCAMMs (Fig. 3, centre panel) and previously observed by Dobricǎ et al. (2011) for DC060919. The main vibrational bands associated with the observed IR absorption and Raman emission bands are summarized in Table 1. 
Unlike the other fragment, the DC021119 fragment was retrieved from a previous preparation where it was stuck in a carbon-tape for SEM analysis. The DC021119 UCAMM infrared spectrum is therefore affected, mainly in the carbonyl spectral region, and the carbonyl absorption for this UCAMM will thus not be considered in the following analysis. 

        Table 1

            Infrared and Raman band list.

          

      The baseline corrected silicate optical depth contribution is shown in the right panel of Fig. 3, displayed together with several model absorption spectra of olivine and pyroxene magnesium-rich end members (forsterite and enstatite). The models were calculated with the continuous distribution of ellipsoids (CDE), spheroids (CDS), and hollow spheres (HS) to take into account the variabilities expected due to shape effects in scattering and absorption by randomly oriented particles that are small compared to the wavelength (Min et al. 2003). This statistical approach allows us to compare the amplitude of deformation induced by shapes in the spectra recorded and to infer the silicates composition (one pyroxene and two olivine bands are indicated by vertical dotted lines). It shows notably that the pyroxene band complex still absorbs significantly at higher wavenumbers (above about 1070–1080 cm-1) than the olivine band. UCAMMs contain a mixture of silicates on a much smaller scale than that probed by classical IR wavelength microscopy. DC060919 and DC060594 display typical forsterite-like absorption bands, whereas DC021119 absorbs significantly above 1070 cm-1, indicating an enstatite-like contribution. 

        
        	[image: thumbnail]	Fig. 4
            Raman D band full width at half maximum (FWHM) versus position (left) and G band FWHM (right) diagrams, combining meteoritic IOM (C2, CI, CM: circles, CR: diamonds, triangles: CO, CV and EH, LL: half circles, Busemann et al. 2007), Stardust (squares, Rotundi et al. 2008), previous UCAMM measurements (green stars, Dobricǎ et al. 2011), and UCAMMs from this work (red stars). The fitted trend is associated with the organic matter primitivity; the most primitive meteorites have D band width ≳250 cm-1.

          



      To provide a systematic comparison with the organic matter extracted from meteorite IOM, the published infrared spectra from Kebukawa et al. (2011), Orthous-Daunay et al. (2013), Quirico et al. (2014) were analysed in the exact same way and are discussed below. We also performed infrared measurements at the synchrotron Soleil SMIS beam line on IOM extracted from the Paris meteorite, kindly provided by V. Vinogradoff and L. Remusat (IMPMC/ MNHN)1. The analysis of this spectrum was performed in the same way and added to the results displayed in Figs. 5 and 6. It is difficult to obtain IR spectra covering the full 4000–600 cm-1 range for the insoluble organic matter fraction of IDPs. A few exceptions with Hydrofluoric acid (HF) attack of IDPs to eliminate the inorganic fraction, followed by IR measurements, were recorded by e.g. Matrajt et al. (2005b), and are added for comparison to the analysis presented here. 
The UCAMMs Raman spectra are analysed using a classical Raman bands fitting procedure decomposition contributing to the D and G bands, consisting of the deconvolution of five sub-bands (e.g. Sadezky et al. 2005; Kouketsu et al. 2014) grouped into two main contributions (“D” = D1 + D2 + D4 and “G” = D3 + G), shown in the right panel of Fig. 2. 

        
        	[image: thumbnail]	Fig. 5
            Comparison of UCAMM infrared measurements for carbonyl, displayed with the corresponding infrared features in meteorites. Carbonyl-to-aromatic-carbon ratio as a function of the position of carbonyl stretching vibrations, and corresponding chemical functional groups.

          



      4. Discussion
The UCAMMs Raman spectra can be compared to previous measurements for meteoritic IOM (Busemann et al. 2007, see also Busemann et al. 2009, 2011; Alexander et al. 2017), Stardust (Rotundi et al. 2008, see also Sandford et al. 2006), and previous UCAMM measurements (Dobricǎ et al. 2011). The broad and relatively intense Raman D band and intensity ratio of the D and G bands underscore the disordered nature of the carbonaceous network for UCAMMs organic matter. In the D-band full width at half maximum (FWHM) versus D-band position diagram and D-FWHM versus G-FWHM shown in Fig. 4, UCAMMs lie in the region associated with the most primitive meteorites and Stardust grains. Busemann et al. (2007) found and discussed a potential correlation of the atomic N/C element abundance ratios with the D band FWHM (Fig. 8, Busemann et al. 2007) and a correlation of the atomic H/C element abundance ratios with the G band FWHM (Fig. 9, Busemann et al. 2007). The UCAMMs measured values are clearly not in line with what would be extrapolated from these correlations, showing that UCAMMs, with their high N/C and low H/C abundances ratios, evolve following another trend. 
The integrated optical depth of the carbonyl divided by the C=C value is reported in Fig. 5 as a function of the carbonyl absorption central position. A chemical function information arises from the position of the carbonyl. Because the electrophile behaviour of neighbouring atoms has an influence on the bond and thus can alter its position in the spectrum, it is not possible to infer an exact attribution of the carbonyl by comparison with the expected classical positions. However, as they appear in the 1680–1705 cm-1 range, it seems to favour an aldehyde or ketone carbonyl function over carboxylic acids and ester. They fall close to the positions of the primitive classes A and B from the spectra from Kebukawa et al. (2011), Orthous-Daunay et al. (2013), and Quirico et al. (2014). 
The integrated optical depth of the carbonyl absorption band divided by the C=C value is reported in Fig. 6 (left panel) as a function of the integrated optical depth of the CH stretching mode to C=C ratio. We did not include DC021119 in this plot because the tape contamination induces a spectral overlapping contamination in the C=O region. The UCAMMs position in this diagram is specific as they clearly lie in the lower left corner with respect to the IOM from meteorites and IDPs. The low ratio of C=O to C=C of the UCAMMs confirms that the O/C ratio in the organic matter of UCAMMs is lower than that of CR and CM meteorites and IDPs. 
The low CH to C=C ratio Fig. 6 (right panel) also indicates a low hydrogen content. In this diagram, UCAMMs for which atomic H/C ratio were not available are set at a zero H/C value. However, given the general trend observed with the measured infrared CH/C=C band ratio, these UCAMMs most probably are below H/C ≲ 0.5. This value is further confirmed for the two UCAMMs for which a H/C ratio was measured with the NanoSIMS (Duprat et al. 2010). The H/C in UCAMMs is substantially lower than those measured for meteorites from the infrared spectra or independently by other means by Alexander et al. (2007). 

        
        	[image: thumbnail]	Fig. 6
            Comparison of UCAMM infrared measurements for carbonyl, aromatic carbon, and hydrogen bonded to carbon, displayed with the corresponding infrared features in meteorite (Orthous-Daunay et al. 2013; Quirico et al. 2014; Kebukawa et al. 2011, separating the first three infrared subclasses defined in the Kebukawa spectral analysis) and IDP (Matrajt et al. 2005b) insoluble organic matter. Left: carbonyl-to-aromatic-carbon ratio as a function of the CH to C=C areas; right: integrated optical depth area of the CH versus C=C bands as a function of H/C ion probe (NanoSIMS) independent measurements. The UCAMMs without available H/C measurements are set at a zero H/C value. Labels correspond to meteorite groups, as reported in these articles

          



      The physicochemical composition modifications undergone by meteorites, IDPs, and micrometeorites during their atmospheric entry is a long-standing question (e.g. Greshake et al. 1998; Toppani et al. 2001; Matrajt et al. 2005b; Suttle et al. 2017). In the Concordia micrometeorite collection, a large fraction (~35%) of the particles exhibit textures suggesting that they were not substantially altered during atmospheric entry (e.g. Dobrica et al. 2010). Several indicators point toward a moderate heating for most UCAMMs. Chemical and structural modifications expected on minerals during thermal processing give a strong upper limit on the temperature suffered by the UCAMMs. First of all, there is no significant magnetite conversion from pyrrhotite in UCAMMs, estimated to occur in the 500–900 °C range (e.g. Rietmeijer 2004; Craig 1974). The annealing of tracks in the minerals occurs at a temperature below 600 °C. Some of the minerals in UCAMMs display these tracks (Charon et al. 2017). The high organic content of UCAMMs is also an indicator of at most moderate heating. The UCAMM organic matter Raman G and D band FWHMs are large; for some UCAMMs they lie above 140 cm-1 for the G band, the largest among extraterrestrial organic matter, which points toward a low atmospheric entry heating by comparison to experimental simulations (e.g. Bonnet et al. 2015). The high amount of nitrogen in UCAMMs organic matter and the presence of NH stretching modes confirm the low heating; above about 500 °C these NH bonds should be reduced drastically, and this implies that the N/C would otherwise be even higher before entry. The greatest unknown is probably the initial C-H content in UCAMMs, which may be reduced during atmospheric entry. IDPs often preserve higher aliphatic C-H content in their organic matter than measured for UCAMMs. Because IDPs are usually smaller in size, they may have suffered less heating during the atmospheric entry (e.g. Love & Brownlee 1991). Undoubtedly ices, including nitrogen ices, are lost long before the atmospheric entry, in the evolving parent body, and during the journey of the dust grains toward the inner solar system. This evolution most probably helped to form their original macromolecular organic content as discussed in the UCAMMs formation scenarios (Dartois et al. 2013; Augé et al. 2016). The nitrogen budget of UCAMMs before atmospheric entry may be higher than measured in this study if they suffered some heating during atmospheric entry. The nitrogen-to-carbon atomic ratio is indeed expected to decrease with the heating of the particles (e.g. Bonnet et al. 2015), but should remain relatively stable up to about 500 °C. Above such temperatures, the polyaromatic network is also strongly modified and the nitrile infrared signature disappears, whereas it is observed in some of the UCAMMs in this study. If the particles were heated to much higher temperatures, the measured N/C ratios should be considered as lower limits of the initial N/C ratios as heating would result in nitrogen loss. The chemical element the most prone to substantial loss from the organic content of UCAMMs is hydrogen as it is the most labile. The CH content in UCAMMs is variable, as measured in the infrared spectra, and in some cases relatively low. It is therefore not possible to definitely rule on the pre-atmospheric entry CH content of UCAMMs. It may be higher before atmospheric entry than measured in this study and reduced upon atmospheric entry. It could also be the initial and preserved CH content, with the hydrogen being mainly bound as NH, as currently observed. However, taken together, the above-mentioned arguments and measurements provide a substantial body of evidence that UCAMMs probably did not suffer a temperature of more than about 100–500 °C during atmospheric entry. 

        
        	[image: thumbnail]	Fig. 7
            UCAMM nitrogen abundances relative to carbon (atomic ratio) are compared to solar system solids: meteorites (Kerridge 1985; Alexander et al. 2007, green and purple circles, respectively; labels correspond to meteorites groups as reported in these articles), the Bulk Silicate Earth (BSE, Bergin et al. 2015), and the interstellar medium (see text for details). Left: reported in function of bulk nitrogen weight fraction; right: reported in function of heliocentric distance. Figure A.1 summarizes the distance, N/C, and N weight fraction information in a single plot. UCAMMs values are reported in Table B.1.

          



      4.1. Nitrogen contribution and the N/C solar system gradient
The position of the C≡N band measured in the IR and in the Raman spectra, shown in the central panel of Fig. 3, corresponds to a nitrile function; an isonitrile group would absorb at lower frequencies (e.g. Bonnet et al. 2015). The absorption profile in the fingerprint region (1500–800 cm-1) is significantly different in UCAMMs compared to meteorites’ IOM. It is particularly evident when the organic content is the highest and the silicates represent a negligible fraction of the absorption profile (lower spectra of left panel in Fig. 2). The absorption bands peak around 1380 cm-1, whereas in IOM spectra the maximum of the broad absorptions peaks around 1200 cm-1 (e.g. Fig. 1 Dartois et al. 2014; Quirico et al. 2014; Orthous-Daunay et al. 2013; Kebukawa et al. 2011), with variable methyl and methylene deformation mode contributions on top of the profile at higher wavenumbers. This UCAMM fingerprint region profile is reminiscent of the nitrogen-rich carbonaceous network, as observed in the spectra of laboratory a-CNH analogues (e.g. Augé et al. 2016; Quirico et al. 2008; Lazar et al. 2008; Gerakines et al. 2004; Fanchini et al. 2002; Rodil et al. 2001; Hammer et al. 2000; Ong 1996), in agreement with the higher nitrogen fraction in the organic phase of UCAMMs (Dobricǎ et al. 2011; Dartois et al. 2013). If the main nitrogen contribution to the UCAMMs is not the C≡N, but C=N and C-N bonds contributing to the infrared spectra at lower frequencies, what makes the C≡N feature unique is that it falls in a clean spectral region, and when measured in organic matter, it is in most cases the sign of a high nitrogen content. UCAMMs are probably one of the poles in the nitrogen history of the solar system solids, probably sharing commonalities with some of the nitrogen-rich hot spots found at much smaller scales (i.e. lower organic matter fraction) in some IDPs (e.g. Aléon 2010). The nitrogen-to-carbon abundance ratio in UCAMMs, measured with an electron microprobe for five of them, are shown in Fig. 7 (left panel) together with their nitrogen absolute abundances (in weight fraction), and are compared to other solar system solids. The N/C is one of the indicators used to discriminate between different reservoirs for the organic matter in solar system solids. Although difficult to evaluate, the Bulk Silicate Earth (BSE) N/C value lies about an order of magnitude lower (Halliday 2013; Marty 2012; Bergin et al. 2015, and references therein). The interstellar medium N/C is somewhat more difficult to constrain as – in contrast to measurements on interplanetary carbonaceous dust – nitrogen in diffuse ISM solids is spectroscopically elusive. Nevertheless, an upper limit can be determined assuming that the depletion of nitrogen and carbon observed in the diffuse medium is locked into carbonaceous dust. Considering the missing fraction of nitrogen (δN) one can form the elemental ratio N/C ≲ (δN ×  [N] )/(δC ×  [C]) ≈(0.2 × 80 ppm)/(0.4 × 290 ppm) ≈ 0.14 (e.g. Verstraete 2011, and references therein). This ratio represents a stringent upper limit for the N/C ISM value that is in agreement with the fact that spectroscopic observation of both the aromatic infrared bands emission carriers, also called “astrophysical PAHs” (polycyclic aromatic hydrocarbons), and hydrogenated amorphous carbon solids in the ISM do not show a large incorporation of nitrogen as an heteroatom. Abundances of N/C in the organic matter from measurements for meteorites from the asteroid belt (Kerridge 1985) are also shown in Fig. 7. Their N/C ratio and absolute N abundance are both lower than in UCAMMs, with a slight overlap for the extremes in each distribution. The bulk N abundance in meteorites is lower than that of UCAMM by up to an order of magnitude. UCAMMs are placed in a N/C versus estimated heliocentric distance diagram in the right panel of Fig. 7. As discussed in Bergin et al. (2015), Millar (2015), and Lee et al. (2010), the N/C ratio is sensitive to the disc chemistry and the radial transport, with a greater retention of C over N for thermal or impact events. Disc models (e.g. Piso et al. 2016) endeavor to demonstrate to what extent the C/O and N/C ratio can be related to the abundance of specific carriers, the composition of the ice (dominated or not by water ice, which controls the binding energy of more volatile ices), and the effect on the temporal evolution of disc temperatures on the position of the snow lines of the volatile species. 

          	[image: thumbnail]	Fig. 8
              Left: silicates-to-aromatic C=C integrated area ratio and corresponding silicon-to-carbon atomic ratio (right axis, see text for details) in UCAMMs. Right: UCAMMs (stars) carbon abundances relative to silicon (atomic ratio) are compared to solar system solids: IDPs (Matrajt et al. 2005b; Thomas et al. 1993, triangles and diamonds, respectively), meteorites (Kerridge 1985, circles), the bulk silicate Earth (BSE, Bergin et al. 2015, cross), and the interstellar medium (square, see text for details).

            



        Up to the planetesimals formation phase, observations show outer regions dense and cold enough to condense even the most volatile species. This includes the nitrogen molecule that is unfortunately weakly infrared active via ice interaction induced transitions, and thus escaping to date a direct abundance determination in ice mantles in this phase. These condensation phases are indirectly traced by the observation of related species in the gas phase, such as the N2H+ radical. 
Following this early phase, and for up to 4 Gyr, larger icy bodies at large heliocentric distances can retain volatiles such as CH4 and N2 on their surfaces. An emblematic object of this type is Pluto, with a detailed spatial record of CH4- and N2-rich ices at its surface, recently mapped by the New Horizons mission (e.g. Protopapa et al. 2017). Different terrains and ice compositions were observed, and the dynamical history of Pluto seems to favour ices segregations, with regions stable for very long periods of time, possibly over the age of Pluto itself (Hamilton et al. 2016). Pluto is among the largest bodies with (sub)surface CH4 and N2 volatile ices; however, in the Kuiper belt and the Oort cloud regions many smaller icy bodies should have (sub)surface N2 and CH4 dominated ices (e.g. Brown et al. 2011). These surfaces are exposed to Galactic cosmic-ray irradiation, and macromolecular precursors can be synthesized by irradiation of such ices (see the scenarios and experiments detailed in Dartois et al. 2013; Augé et al. 2016). In UCAMMs we see little evidence of a pristine, directly incorporated and unmodified, interstellar dust organic component. If the UCAMM organic matter was produced closer to the Sun by an alternative scenario, it would be difficult to reconcile with the high N/C and D/H and lower O/C ratios than found in meteorite IOM. The overall results indicate that the UCAMM bulk organic matter is not a direct heritage from and incorporation of the presolar cloud. 
4.2. The C/Si solar system gradient
The silicon-to-carbon abundance ratio in UCAMMs can be evaluated by forming the ratio of the integrated silicates band around 1000 cm-1 to the contribution from the C=C band around 1590 cm-1, which largely dominates the carbon network. Using the integrated absorption cross sections of the silicates band of 1.8  ±  0.2  ×  10-16 cm/Si (Matrajt et al. 2005b; Bowey & Adamson 2002; Dartois 1998) and that of the C=C band of 1.5 ± 0.5 × 10-18 cm/C evaluated in Dartois et al. (2013), this ratio can be converted into Si/C values. They are reported in the right ordinate of Fig. 8, showing that the UCAMM silicates content is low (Si/C ≲ 0.03). This Si/C ratio measured in the infrared confirms the ultracarbonaceous nature of the fragments analysed. In this figure are displayed IDPs measurements of the Si/C by Thomas et al. (1993) and values retrieved from the infrared spectra from Matrajt et al. (2005b). For the latter, the C/Si value reported for each of the seven IDPs analysed, is the mean of the C/Si given in Table 4 of Matrajt et al. (2005b), including only aliphatic carbons, and a reevaluation based on the infrared spectra of the maximum C possibly hidden in the C=C band absorption region. The vertical lines indicate the full range between the two calculated values. The major flux of such IDPs is attributed to parent bodies coming from Jupiter-family comets and asteroids, with heliocentric distances in the 3–10 a.u. range (Poppe et al. 2011; Poppe 2016). Measurements for meteorites from the asteroid belt (Kerridge 1985) are also shown. The bulk silicate Earth (BSE, Bergin et al. 2015, and references therein) C/Si value lies orders of magnitude below. The C/Si can also be evaluated from interstellar medium measurements. An upper limit can be determined by simply forming the cosmic abundance ratio for carbon and silicon, which is around 10, based on recent measurements (Jenkins 2014, 2009; Jenkins & Tripp 2011; Przybilla et al. 2013). The lower bound can be estimated for carbon by looking either at the depletions, attributed mainly to solids formation, or also by quantifying the spectroscopically identified carbonaceous dust (e.g. Dartois et al. 2015, and references therein) or the carbon fraction required in dust models (Jones 2016; Draine 2015; Wang et al. 2014). Most of the silicon is locked into the formation of inorganic compounds (mainly amorphous silicates in the diffuse interstellar medium; Kemper et al. 2004). The lower bound is therefore around 40% of the cosmic abundance. We report the C/Si ratio as a function of the estimated heliocentric distance for the different objects considered (Fig. 8, right panel), and compare it to the interstellar medium. The UCAMMs display the highest ratios above the meteorites and, importantly also above the interstellar value, which is considered the maximum direct C/Si abundance heritage value. As stated in Millar (2015), the carbon abundance appears to be closer to normal value (i.e. C/Si cosmic abundance) in the cooler materials that reside in the outer solar system, but globally the incorporation of carbon into refractory bodies is difficult. The preferential destruction of carbon grains over silicates in the inner protosolar disc (Lee et al. 2010) would naturally explain a carbon deficiency gradient. 
Recent models propose that a large fraction of carbon in the early solar system was removed from the dust component, especially in the inner regions of the solar system. These models thus predict a radial dependence of the abundance of carbon dust and could explain the depletion observed for the carbon abundance in planetesimals in the asteroid belt and in the terrestrial planet region (e.g. Gail & Trieloff 2017). These variations may have observational consequences for protoplanetary discs. In the remote observations of protoplanetary discs, PAH emission lines and carbonaceous dust carriers in general, are conspicuous by their absence, whereas silicates are clearly observed in emission in the zones approximately corresponding to the sizes of the actual inner solar system. In addition to the inherent emissivity lower contrast in bands and/or lines for many carbonaceous solids compared to silicates, such a C/Si radial variation could play an important role in the difficulty encountered to detect them. 
Finding a high C/Si value in an extraterrestrial dust grain – as is found in UCAMMs (C/Si ≳ 10) and some IDPs – associated with a high N/C ratio (Duprat et al. 2010; Dartois et al. 2013), can thus most probably be assigned to an incorporation via a mechanism occurring in the outer solar nebula, such as the proposed irradiation scenario for UCAMMs; this is suggested by the C/Si gradient and also because the direct incorporation from the diffuse ISM would apparently lead to a lower C/Si value. 
5. Conclusion
Infrared and Raman μspectroscopy spectra of eight UCAMMs fragments provide a more comprehensive picture on the physicochemical composition of UCAMMs. The UCAMMs clearly contain a large amount, usually well over a micron in size, of N-rich organic matter that is not found in other types of extraterrestrial matter. The high carbon abundance relative to silicon in UCAMMs is well above that of most solar system primitive samples (IDPs, meteorites). It is also, for some of them, significantly above the mere interstellar C/Si value which is probably not compatible with the hypothesis of a direct incorporation of an interstellar precursor. This favours scenarios in which the N enrichment is acquired as a secondary physicochemical process occurring during the protoplanetary phase or later, and not a heritage from pristine incorporated interstellar matter. The UCAMMs micrometeorites reveal the existence of nitrogen-rich precursors formed beyond the nitrogen snow line, and a chemistry regime occurring in the solar system in outer regions. UCAMMs are additional evidence for the presence of a positive gradient of the C/Si and N/C abundance ratios with heliocentric distance, as expected from protoplanetary disc evolution models and progressively revealed by astrophysical disc observations. 

    
1  The full spectrum will be published by these authors.
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              UCAMM nitrogen abundances relative to carbon (atomic ratio) are compared to solar system solids: meteorites (Alexander et al. 2007; Kerridge 1985), the bulk silicate Earth (BSE, Bergin et al. 2015), and the interstellar medium (see text for details). The sizes of the symbols for UCAMMs and meteorites give the absolute nitrogen content (in wt %). UCAMM values are reported in Table B.1.
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            Backscattered electron images recorded at 15 kV of fragments of the UCAMMs samples analysed in this study: a) DC060919, b) DC060594, c) DC021119, d) DC060443, e) DC060718, f) DC060741, g) DC0609119, h) DC060565. Scale bars correspond to 5 μm for each image. The unfragmented UCAMMS initial sizes are respectively: a) 79  ×  50 μm, b) 66  ×  53 μm, c) 110  ×  87 μm, d) 28  ×  24 μm, e)87  ×  53 μm, f)200  ×  80 μm, g) 275  ×  108 μm, h) 44  ×  33 μm.

          In the text



	[image: thumbnail]	Fig. 2
            Left: UCAMM samples μFTIR optical depth spectra. The spectra have been vertically shifted for clarity (left horizontal dashed lines indicate the shift level). They are ordered from top to bottom by decreasing amount of silicate band absorption. The main band contributions are labelled above the upper spectrum. The spectra are deconvolved into several contributions shown with distinct colours, used in the analysis. A zoom on the nitrile region (~2200 cm-1) is provided when a band was measured. Right: UCAMM samples Raman spectra, normalized to the G-band maximum. The spectra are analysed using a classical Raman bands fitting procedure (Sadezky et al. 2005; Kouketsu et al. 2014) contributing to the D (green) and G (red) bands. The D/G band peak intensity ratio is given on the right, as defined in Busemann et al. (2007). A zoom on the nitrile region (~2200 cm-1) is provided when a band was observed. Spectra are vertically shifted for clarity.

          In the text



	[image: thumbnail]	Fig. 3
            Measured UCAMMs spectra. Left: CH stretching mode infrared optical depth. Centre panel: μFTIR (red) and Raman (black) close-up spectra in the nitriles region, normalized to the C=C (IR) and G band (Raman) measured intensities. Right: baseline corrected silicate infrared optical depth, along with different absorption models for several size distributions of olivine (forsterite) and pyroxene (enstatite) magnesium rich end members (see text for details).
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            Raman D band full width at half maximum (FWHM) versus position (left) and G band FWHM (right) diagrams, combining meteoritic IOM (C2, CI, CM: circles, CR: diamonds, triangles: CO, CV and EH, LL: half circles, Busemann et al. 2007), Stardust (squares, Rotundi et al. 2008), previous UCAMM measurements (green stars, Dobricǎ et al. 2011), and UCAMMs from this work (red stars). The fitted trend is associated with the organic matter primitivity; the most primitive meteorites have D band width ≳250 cm-1.
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            Comparison of UCAMM infrared measurements for carbonyl, displayed with the corresponding infrared features in meteorites. Carbonyl-to-aromatic-carbon ratio as a function of the position of carbonyl stretching vibrations, and corresponding chemical functional groups.
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            Comparison of UCAMM infrared measurements for carbonyl, aromatic carbon, and hydrogen bonded to carbon, displayed with the corresponding infrared features in meteorite (Orthous-Daunay et al. 2013; Quirico et al. 2014; Kebukawa et al. 2011, separating the first three infrared subclasses defined in the Kebukawa spectral analysis) and IDP (Matrajt et al. 2005b) insoluble organic matter. Left: carbonyl-to-aromatic-carbon ratio as a function of the CH to C=C areas; right: integrated optical depth area of the CH versus C=C bands as a function of H/C ion probe (NanoSIMS) independent measurements. The UCAMMs without available H/C measurements are set at a zero H/C value. Labels correspond to meteorite groups, as reported in these articles
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            UCAMM nitrogen abundances relative to carbon (atomic ratio) are compared to solar system solids: meteorites (Kerridge 1985; Alexander et al. 2007, green and purple circles, respectively; labels correspond to meteorites groups as reported in these articles), the Bulk Silicate Earth (BSE, Bergin et al. 2015), and the interstellar medium (see text for details). Left: reported in function of bulk nitrogen weight fraction; right: reported in function of heliocentric distance. Figure A.1 summarizes the distance, N/C, and N weight fraction information in a single plot. UCAMMs values are reported in Table B.1.
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              Left: silicates-to-aromatic C=C integrated area ratio and corresponding silicon-to-carbon atomic ratio (right axis, see text for details) in UCAMMs. Right: UCAMMs (stars) carbon abundances relative to silicon (atomic ratio) are compared to solar system solids: IDPs (Matrajt et al. 2005b; Thomas et al. 1993, triangles and diamonds, respectively), meteorites (Kerridge 1985, circles), the bulk silicate Earth (BSE, Bergin et al. 2015, cross), and the interstellar medium (square, see text for details).
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              UCAMM nitrogen abundances relative to carbon (atomic ratio) are compared to solar system solids: meteorites (Alexander et al. 2007; Kerridge 1985), the bulk silicate Earth (BSE, Bergin et al. 2015), and the interstellar medium (see text for details). The sizes of the symbols for UCAMMs and meteorites give the absolute nitrogen content (in wt %). UCAMM values are reported in Table B.1.
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