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Abstract

        Context. We interpret multicolor data from OSIRISNAC for the remote-sensing exploration of comet 67P/Churyumov-Gerasimenko.

        Aims. We determine the most meaningful definition of color maps for the characterization of surface variegation with filters available on OSIRIS NAC.

        Methods. We analyzed laboratory spectra of selected minerals and olivine-pyroxene mixtures seen through OSIRIS NAC filters, with spectral methods existing in the literature: reflectance ratios, minimum band wavelength, spectral slopes, band tilt, band curvature, and visible tilt.

        Results. We emphasize the importance of reflectance ratios and particularly the relation of visible tilt vs. band tilt. This technique provides a reliable diagnostic of the presence of silicates. Color maps constructed by red-green-blue colors defined with the green, orange, red, IR, and Fe2O3 filters let us define regions that may significantly differ in composition.

      Key words: comets: individual: 67P/Churyumov-Gerasimenko / methods: data analysis / techniques: imaging spectroscopy


⋆ Appendices are available in electronic form at http://www.aanda.org



1. Introduction
The OSIRIS scientific imager (Optical, Spectroscopic, and Infrared Remote Imaging System, Keller et al. 2007) onboard ESA’s spacecraft Rosetta is an instrument designed to map the comet nucleus of 67P/Churyumov-Gerasimenko (67P) with high spatial resolution, at best a few centimeters per pixel. It provides color information on the surface and studies gas emission in the coma through a set of 26 dedicated filters. OSIRIS will contribute to the definition of the comet terrains, lithology, and mineralogy in synergy with the other instruments onboard the Rosetta spacecraft. This is a common approach in space missions and has proven to be very effective in several occasions. Color maps of many bodies have been produced and analyzed, for instance, the HRI camera on Deep Impact imaged both comets 9P/Tempel 1 (Sunshine et al. 2006) and 103P/Hartley 2 (Li et al. 2013), and the Framing Camera on Dawn revealed important color differences on the surface of asteroid (4) Vesta (Reddy et al. 2012). 
The OSIRIS cameras observe comet 67P in the wavelength range of 250−1000 nm with a combination of 12 filters for the narrow angle camera (NAC) and in the wavelength range of 240−720 nm with a combination of 14 filters for the wide angle camera (WAC). NAC filters are designed for surface composition studies, while WAC filters were selected for gas coma emission studies. This study focuses on a set of techniques targeting the surface composition, that is, which minerals and compositional information can be derived from the NAC filters. 
Detection and separation of the minerals was very important early on in the mission, during the global mapping phase (August-September 2014), because the NAC filter selection could be modified for future observations according to the observed spectral features. At 3.7 AU from the Sun, comet 67P was already active in this phase. However, most of the activity was concentrated in the Hapi region (the transition area between the two lobes of the comet), while other regions were far less active, or not at all (Sierks et al. 2015; Thomas et al. 2015). This trend is compatible with what we expected from earlier ground-based observations, which showed that the active fraction of the surface is quite limited (Snodgrass et al. 2013; Combi et al. 2012) and is no more than 4% of the total area. 
To understand the compositional and morphologic changes induced by activity, it is therefore very important to map the dormant surface in high resolution and update these maps regularly to characterize the evolution of the surface. Observations of resurfaced terrains will lead to understanding the deeper layers and provide hints about the previous surface before activity started. Additionally, by comparing the current mineralogy with the formation conditions of the various minerals, we can reconstruct some of the chemical history of the comet. 
We now describe how we derived the composition and mineralogy of the surface from our observations. The NAC filters (Table 1) were selected for this purpose, but mineralogic identification is not necessarily unique when only a few bandpasses are available in the spectrum. Therefore we discuss here the best filter combinations and analysis techniques for unambiguously identifying different minerals with the set of filters available on OSIRIS NAC. 

        Table 1

            Filters of the narrow angle camera (adopted from Keller et al. 2007).

          

      2. Minerals on comets
Comets are believed to be formed by primordial dusty ice material during the formation of the early solar system (Weidenschilling 2004). Their dust is a mixture of silicates, both amorphous and crystalline, Fe-Ni sulfides, small amounts of oxides, and other minerals. The most common cometary silicates are the Mg-rich olivine (forsterite, Fo: Mg2SiO4) and Mg-rich pyroxene (enstatite, En: Mg2Si2O6) (Hanner & Zolensky 2010). 
In general, different silicate species form at significantly different temperatures. Direct condensation is a natural explanation for the abundance of Mg-silicates in comet dust. Forsterite and enstatite are predicted from thermodynamic models to be the first to condense in hot gas at 1200−1400 K and only react with iron at lower temperature. Therefore, they are assumed to have occurred in the hot inner solar nebula (Hanner 2003). 
The most detailed information of the surface mineralogy of a comet has been obtained by analyzing the samples from comet 81P/Wild 2, collected during Stardust mission. The best-studied tracks mostly contain olivine, pyroxene, and sulfides. Olivine and pyroxene have a wide composition range with a peak at Fo99 and En95 , respectively (Zolensky et al. 2006). 
Observation of the Deep Impact ejecta by Spitzer revealed that olivine and pyroxene were the main components on comet 9P/Tempel 1 (Lisse et al. 2006). Comet 73P/Schwassmann-Wachmann 3 (Sitko et al. 2011) has also been observed with Spitzer, and the analysis showed that dust of both the 73P/SW3-B and 73P/SW3-C components is dominated by amorphous carbon and amorphous silicates of near-pyroxene composition. Comet C/1995 O1 Hale-Bopp shows Mg-rich olivines and pyroxenes according to the analysis of the obtained spectra both from ground- and space-based telescopes (Wooden et al. 1999). After the missions Vega 1, Vega 2, and Giotto, the dust composition of comet 1P/Halley was studied by many authors (see  Hanner & Zolensky 2010, for references) and the dominance of Mg-rich silicates is reported by Langevin et al. (1987). The common minerals found in these studies are Mg-rich silicates, which are the basis of our analysis. More detailed information on the astro-mineralogy can be found in Henning (2010). 

        Table 2

            Selected minerals.

          

      The minerals listed in Table 2 were selected from the list of detected components in the samples of comet 81P/Wild 2 (Zolensky et al. 2006), collected during Stardust mission, and the calibration materials of the COmetary Secondary Ion Mass Analyzer (COSIMA) and the Grain Impact Analyser and Dust Accumulator (GIADA) instruments onboard Rosetta spacecraft (M. Hilchenbach; C. Engrand and A. Rotundi, priv. comm.). Laboratory data of these selected minerals were collected from the publicly available database Reflectance Experiment LABoratory (RELAB)1. RELAB files of the selected minerals given in Table 2 are listed in Table B.1. Some of these laboratory spectra have various samples in various sizes, which have various spectral resolutions. No chemical analysis of almost all selected samples is currently available. This prevents investigating the effect of the compositional differences of the samples on the spectral methods we use. The differences in grain size and composition of the samples cause the diversity in the scatter plots presented in Sect. 3. The iron contents, which are higher than expected in cometary silicates, would increase the spectral slopes (see Sect. 3.3) and band tilts (see Sect. 3.2) to a currently unknown degree. Therefore, the sample names given in Table 2 do not indicate the pure minerals, but the sample names given in the RELAB database with the file names given in Table B.1. The olivine and pyroxene mixtures listed in Table 3 are olivine OLV003 and pyroxene PYX150 from the Hyperspectral Optical Sensing for Extraterrestrial Reconnaissance Laboratory (HOSERLab) database2. The absolute spectra of these selected minerals observed by OSIRIS NAC filters were then calculated (see Sect. 3) for further analysis. 

        Table 3

            Mixtures (grain size <45 μm).

          

      
        
        	[image: thumbnail]	Fig. 1
            Absolute spectra of anhydrous silicates (enstatite, forsterite) in the left panel, hydrated silicates (serpentine, smectite) in the middle panel, and oxides (ilmenite, magnetite) in the right panel as they would be observed through the full set of OSIRIS NAC filters. The solid lines above are laboratory data of the corresponding mineral with the central wavelengths of the NAC filters (dots) including their bandwidths (horizontal bars), while resampled laboratory data are arbitrarily (lowered by 1/8 compared to the maxima) offset for display.

          



      The list of mineral samples includes end-members of olivine (forsterite and fayalite), some pyroxenes including enstatite, which is the most common pyroxene found in comets, two hydrated silicates so that we can detect water or hydration, and some expected mineral oxides, carbonates, and sulfides. The main focus of this study are the silicates, preferably the most commonly found silicates in comets, and hydrated silicates. As tracers of water, the hydrated silicates are particularly important and can be detected through their characteristic bands at 700 nm and 3000 nm. OSIRIS is only sensitive to the 700 nm band, but Vilas (1994) and other studies (see Rivkin et al. 2002 for a review) have shown a correlation of up to 80% between the two bands. Therefore an OSIRIS detection of the 700 nm band very likely is a diagnostic of hydrated minerals. Of course, this assumes that we have observations with additional filters next to the minima. A cross comparison with data from the Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS) onboard the Rosetta spacecraft will help to confirm the detection. 
While we here focus on the detection of abundant minerals, comets also contain volatiles. Cometary ices are more challenging for OSIRIS because their spectra do not have features that are directly detectable by OSIRIS in the visible wavelength range. Nonetheless, their presence can be inferred from a bluer slope in the visible spectrum. While this by itself is not a diagnostic, it has been interpreted as signature of ice deposits after imaging and spectroscopic observations of comets 9P/Tempel 1 (Sunshine et al. 2006) and 103P/Hartley 2 (Li et al. 2013). The Hapi region of comet 67P, whose spectrum is bluer spectrum than the average cometary surface, was also the most active region of the comet (Sierks et al. 2015; Fornasier et al. 2015), and VIRTIS results (changes in the spectral slope and absorption feature width, Capaccioni et al. 2015) suggest small amounts of water ice in the active areas. No large icy patches have been observed so far, but Pommerol et al. (2015) presented exposure of water ice at the surface of boulders as the most plausible scenario to explain the bright features on the surface of comet 67P. Definite proof of volatiles on the surface of the comet will require very careful calibration and a more detailed analysis of the data and will be presented in future studies. Additionally, surface composition studies will require the characterization of the coma in between the comet surface and the camera. 
3. Spectral analysis methods used to separate minerals
To determine methods for the mineralogical characterization of the comet surface, we tested several spectral parameters found in the literature, starting from the analysis presented by Le Corre et al. (2011), who used them to distinguish howardite, eucrite, and diogenite (HED) minerals on Vesta terrains observed by the Dawn framing camera filters. The authors proposed specific spectral methods (reflectance ratios, band minima wavelength, and spectral slopes) that could distinguish HEDs and color information to be used to identify Vesta’s terrains. We followed their approach in characterizing minerals with the OSIRIS NAC filters and extend it by additionally studying band tilt, visible tilt, and band curvature techniques. 
3.1. Direct detection
Before introducing the spectral techniques we used to detect and separate the selected minerals, we investigated whether some spectral features of the minerals could be identified directly in our NAC spectra. We limited the scope of the analysis to minerals that are most likely to be found on the surface of comet 67P, given the data obtained by other missions (Table 2). 
For each selected mineral, we resampled laboratory data to the OSIRIS spectral sensitivity by dividing the calibrated laboratory signal by the integrated area of the OSIRIS filter transmission curve over the same wavelength range. The same resampling was also applied to mixture spectra. 
Figure 1 shows a few example spectra of various minerals as seen through NAC filters. These are the most common cometary silicates (Fig. 1, left panel), two hydrated silicates (Fig. 1, middle panel), and two oxides with bands around 500 nm (Fig. 1, right panel). More example spectra of the minerals presented in Table 2 are available in Appendix A (Fig. A.1). The 900 nm band in enstatite samples and the band around 1100 nm in forsterite samples shows that these samples are not pure and contain iron. 
The resampled spectra in Fig. 1 demonstrate that OSIRIS NAC can detect the 900 nm band of enstatite and use this particular band to distinguish enstatite from other minerals. As a result of our limited spectral resolution, the 650 nm band of diopside will appear as a step in the spectrum as well. This is also true for the 700 nm and 900 nm bands of fassaite. More mineral examples are given in Fig. A.1 and are summarized here:

          
            	
              
              the 900 nm bands of selected silicates are detected, 

            

            	
              
              the 700 nm band of serpentine is detected, 

            

            	
              
              sulfides have featureless spectra, but can be separated from other minerals by
                their slopes (Sect. 3.3), 

            

            	
              
              in the carbonate group, calcite has a very flat spectra, while dolomite resembles
                olivines, 

            

            	
              
              for oxides, the 500 nm band of ilmenite and magnetite will be detectable, 

            

            	
              
              chromite is difficult to distinguish from sulfides, while corundum is much more
                easily detectable. 

            

          
Direct detection of chromite, corundum, calcite, troilite, and pyrrhotite will not be possible using OSIRIS NAC, but spectral techniques will help to separate them from each other and from other investigated minerals. The spectral range of our filters, which are limited to the visible and the near-infrared, does not allow us to observe the 1050 nm band of olivine, and the low spectral resolution prevents us from precisely measuring typical band parameters such as band depth or band areas of the detected bands. This apparent limitation, however, does not prevent OSIRIS from being able to separate different minerals, even when no bands are detected. We used various analytical techniques to parameterize the spectra in terms of reflectance ratios, spectral slopes, minimum band wavelength, and band curvature (measurable even if the band is not fully detected). 3.2. Reflectance ratios
Reflectance ratios describe the ratio of two filter values from the resampled spectra. According to the shape of the mineral spectrum or the existing features, these ratios can be used to distinguish different minerals. The main diagnostic here is the ratio of IR and Fe2O3 filters, which allows us to separate enstatite, serpentine, and smectite from the other listed minerals through the existing 900 nm band (see top left panel of Fig. 1). Reflectance ratios were combined with other spectral methods for the analysis. 
Plotting the values obtained from one ratio against another one yields a two-dimensional map of these mineral parameters, in which different minerals will cluster at different locations. 

          
          	[image: thumbnail]	Fig. 2
              Filter ratios of selected silicates.

            



        Silicates are investigated with red/IR ratios, and IR/Fe2O3 ratios show (Fig. 2) a suitable separation of enstatite from the other minerals with only three NAC filters (red, IR, and Fe2O3). Enstatite and forsterite (the two most abundant minerals detected on comets) are clearly separated with these ratios. Plotting all silicates together in Fig. 2 shows a few groups: diopside, enstatite, forsterite, fayalite, and fassaite are easily detected, while other silicates mostly fall onto the same place in the scatter plot. It is difficult to separate end-members of olivines (fayalite and forsterite) from each other with these combinations for the low red/IR ratios, but the separation is clear for higher ratios. Serpentine, smectite, and melilite are very difficult to separate from each other with these selected ratios. The fassaite and diopside groups are well separated with this ratio combination, as is enstatite. Olivine and pyroxene are separated from hydrated silicates. Hydrated silicates fall together as a group, but can be subdivided into smaller clusters. Ratio plots of IR/Fe2O3 vs. green/orange better separate the most common cometary silicates (En, Fo) and hydrated silicates, as shown in the right panel of Fig. 9. 
We define two particularly useful ratios:

          
            	
              1. 
               The band tilt is the ratio between Fe2O3 and IR. It is used to separate enstatite, serpentine, and smectite through their detectable 900 nm band. 

            

            	
              2. 
               The visible tilt is the ratio between the blue and red filters. It is used to detect bluer patches on the comet surface, which are often associated with ice deposits (Sunshine et al. 2006; Li et al. 2013). 

            

          

        The top panel of Fig. 3 shows how band tilt and visible tilt are used to investigate silicates. The two-dimensional parameter map shows that enstatite always has a band tilt parameter lower than 0.8, while other minerals have a band tilt of about 1.0 for smectite, serpentine, melilite, and fassaite and a tilt stronger than 1.0 for the remaining studied minerals. Enstatite, fayalite, diopside, forsterite and smectite are well separated in this plot, while other minerals cluster together. In this cluster only high visible-tilt values correspond to serpentine. 

          
          	[image: thumbnail]	Fig. 3
              Separation of minerals using visible tilt and band tilt.

            



        
          	[image: thumbnail]	Fig. 4
              Separation of silicates: slopes between red and Fe2O3 filters (top); slopes between green and Hydra filters (bottom).

            



        In the bottom panel of Fig. 3, the most common cometary silicates are plotted together with dolomite since the spectral shape of dolomite is similar to silicates because it includes ferrous ion, and it is investigated in visible tilt vs. band tilt plots. There are clearly two main clusters, enstatite alone, and forsterite and dolomite together. High visible-tilt and band-tilt values indicate forsterite, while lower values of the two quantities indicate dolomite. 
The band tilt parameter is sensitive to the band intensity, which is sensitive to the actual mineral compositions. Because we lack a chemical analysis of the samples we used, the magnitudes of the groups are poorly constrained. However, the patterns in the clustering are reliable. This is valid for the analysis of the spectral slopes presented in the following section. 
3.3. Spectral slopes
The second technique we investigated is measuring an analytical spectral slope between red and Fe2O3 filters for silicates and carbonates, green-orange filters for oxides, and blue-red filters for sulfides. The slopes were then combined with reflectance ratios to separate the minerals. 
The spectral slope is defined as [image: equation](1)where R1,2 are the reflectance values in investigated filters and λ1,2 are the corresponding central wavelengths. 
We investigated the spectral slopes of silicates between the red and Fe2O3 filters together with the band-tilt values. The top panel of Fig. 4 shows the spectral slopes applied to all silicates. With the spectral slopes it is difficult to separate end-members of olivine from each other, but low-slope high band-tilt values only correspond to forsterite. Since the band minima of olivine occurs at longer wavelengths, its slope is shallower, and this results in the separation of enstatite from forsterite and fayalite. Enstatite, diopside, fassaite, smectite, and forsterite are well separated from the rest. The most common anyhdrous silicates (enstatite and forsterite) are plotted together with the hydrated silicates serpentine and smectite in the bottom panel of Fig. 4 versus the ratios of the green and Hydra filters. Hydrated silicates are better separated by this method. We also investigated the separation of these four silicates with various filter combinations. The best separation was achieved with the green and Hydra and the red and Fe2O3 filters (see Sect. 4 for more details). 
The spectral slopes between the green and orange filters were used together with the ratios of near-UV and IR filters to investigate sulfides, which only have slope spectra in the observable range of the NAC. High ratios correspond to troilite, while low ratio high slope values correspond to pyrrhotite (top left panel of Fig. 5). Oxides can be separated with the slope between the blue and red filters against their band tilts (top right panel of Fig. 5). The slopes between the red and Fe2O3 filters were used together with the band tilt to investigate carbonates. The bottom left panel of Fig. 5 shows that the calcite band tilt is at unity and the spectral slope between the red and Fe2O3 filters is flat, while the band tilts and spectral slopes of dolomite vary more strongly and extend toward a higher band tilt and negative slopes. The large scatter of dolomite might be due to the compositional differences, as investigated in Gaffey (1986). From investigating minerals showing slope spectra in the NAC wavelength range, we found that it is more difficult to separate sulfides from oxides. Corundum, for which we have only one data set, falls far from the rest, and chromite and troilite are well separated from each other (bottom right panel of Fig. 5). 

          
          	[image: thumbnail]	Fig. 5
              Slopes vs. ratios for the separation of minerals without significant spectral features.

            



        Because the spectra of dolomite are similar to those of enstatite and forsterite, as described in Sect. 3.2, they were investigated together and are presented in Fig. 6. These three minerals are presented with their spectral slopes calculated between the red and Fe2O3 filters and are plotted with band tilts. Even though dolomite is difficult to distinguish from forsterite for low slope values, the separation is clear in the high slope and high band-tilt values. 
3.4. Minimum band wavelength
If an absorption band, or part of it, was detectable, we applied third-degree polynomial fits to derive the minimum band wavelength precisely. This is the case, for instance, in the range of ortho-NIR-Fe2O3-IR for the 900 nm bands of enstatite, serpentine, smectite, and the range of NUV-blue-green-orange for the 500 nm band of ilmenite and magnetite. 
Figure 7 shows an example of measured band minima of different minerals, plotted against filter ratios. The minerals with bands are grouped together and investigated according to the location of their bands. The top panel of Fig. 7 shows that magnetite and ilmenite can be detected with a minimum band wavelength when it is combined with the ratios of the orange and NIR filters. The minimum band wavelength of magnetite is generally higher than that of ilmenite. Enstatite, serpentine, and smectite can be identified by the ratios of the orange and ortho filters (bottom panel of Fig. 7). The minimum band wavelengths of serpentine and smectite vary similarly, and the serpentine ratios are accumulated in unity, while lower ratios correspond to smectite data. Enstatite has a stable minimum band wavelength in the laboratory samples, but the selected ratio shows the variation in the spectra. 
3.5. Band curvature
The band curvature is designed as diagnostic of the changes in the absorption feature at 900 nm and 500 nm. The band curvatures are defined as follows: [image: equation](2)where R is the reflectance value at the indicated wavelength as subscript. 
This method was then combined with the reflectance ratios and visible tilts. 
Figure 8 shows the results of the band curvature method applied to the 900 nm bands of enstatite, serpentine, and smectite (bottom panel) and to the 500 nm bands of ilmenite and magnetite (top panel). The separation of the selected silicates is clear from the bottom panel of Fig. 8, while it is vaguer for oxides (top panel of Fig. 8). The high band curvatures shown in the bottom panel of Fig. 8 indicate enstatite, while low curvature values indicate hydrated silicates. The separation of the hydrated silicates was achieved with visible tilts. The top panel of the Fig. 8 shows that the high band curvatures indicate ilmenite, while low values indicate magnetite. Additionally, magnetite has only high ratios, while ilmenite is more diverse in wider range of ratios. 

          	[image: thumbnail]	Fig. 6
              Separation of minerals: slopes between the red and Fe2O3 filters.

            



        
          	[image: thumbnail]	Fig. 7
              Separation of oxides by their minimum band wavelength around 500 nm (top panel) and silicated by their minimum band wavelength around 900 nm.

            



        
          
          	[image: thumbnail]	Fig. 8
              Separation of minerals according to band curvature. The top panel shows the band curvature for the 0.9 micron band, while the bottom panel shows that for the 0.5 micron band.

            



        4. Results
Section 3 presented the various spectral techniques we used. Each of them is particularly suited for a given purpose, and not all of them are applicable to each selected minerals. For instance, band curvature and minimum band wavelength can only be applied to minerals that display an absorption band that is clearly resolved by our filters, that is, at 900 nm (enstatite, serpentine, and smectite) or 500 nm (ilmenite and magnetite). Spectral slopes are also more suitable for the minerals whose spectra do not show strong band or no spectral features in the NAC spectral range (corundum, chromite, troilite, and pyrrhotite). The band tilt is designed for the 900 nm band, therefore it is assumed to better fit the separation of enstatite, serpentine, and smectite from the other minerals. It appears that even when the absorption bands are poorly resolved with the OSIRIS NAC filters, we can still combine these techniques to obtain an accurate separation of various minerals. 
Spectral techniques implying the usage of band parameters (minimum band wavelength and band curvature) are unsuitable for the separation of ilmenite and magnetite (top panels of Figs. 7 and 8). In this case, separation was achieved more by using the spectral ratios. The minimum band wavelength and band curvature methods work better for the silicates (bottom panels of Figs. 7 and 8) and separates the investigated silicates. 
In general, we easily separated the most common minerals found in comets with the parameters defined in Sect. 3. A convenient way to represent this information is to assign each filter ratio to a given color and build a color map of the nucleus surface where each shade of red, green, and blue will correspond to a given mineralogy. 
To detect silicates, we propose to use the red-green-blue (RGB) scale with R = red/IR, G = green/orange, B = IR/Fe2O3. Each color range covers the strongest difference in all filter ratios. Figure 9 shows the parameter plots and separation of minerals using these definitions. 
Figure 10 shows where each of the minerals falls on the RGB color model. For instance, enstatite lies in the red-magenta color space because it as much higher values in the ratios associated with red and blue than it does with green. On the other hand, serpentine has similar filter ratios in all colors and therefore is displayed as close to white in our color model. 
Of course, the real material on the comet is likely to be made of mixtures of various materials. While studying the volatiles and organics is beyond the scope of this paper, it is useful to consider how a mixture of minerals would affect our analysis. Spectral changes with various mixing of olivine and pyroxene are represented in Fig. A.2 for the sampled laboratory data. An increasing pyroxene amount in the mixture results in a significantly flat spectrum. The main spectral difference occurs between 40% olivine and 30% olivine mixtures. The spectral techniques we defined to investigate the most common cometary silicates were applied to the mixtures. In the defined RGB ratios, the mixtures with olivine from 100% to 40% fall on forsterite (the magnesium-rich end-member of olivine), and the mixtures with olivine from 30% to 100% pyroxene fall on serpentine clusters (Fig. A.3). These results obtained using the mixtures determine the limitation of our spectral methods. Even if forsterite and serpentine clusters might be hosting the olivine-pyroxene mixtures, the separation of smectite and enstatite from these two clusters will remain unchanged. 

        
        	[image: thumbnail]	Fig. 9
            Example of the three ratios used to define the RGB colors in the map: R = red/IR, G = green/orange, B = IR/Fe2O3.

          



      
        Table 4

            Proposed methods for detecting cometary minerals, listing required filters for the detection of spectral bands of silicates (700 and 900 nm) and oxides (500 nm).

          

      
        Table 5

            Minimum observational requirements for detecting cometary minerals.

          

      5. Conclusions and outlook
With all the methods presented here, we are able to distinguish enstatite samples from all other minerals. The detection of hydrated silicates and the most common cometary silicates requires at least observations with red, Fe2O3 , and IR filters, but for color maps it is necessary to have observations in green and orange filters as well. Color maps produced by green, orange, red, IR, and Fe2O3 filters would allow us to detect hydrated silicates and the most common cometary silicates. In the maps created with the presented RGB strategy (Fig. 10), red will indicate pyroxene-rich areas, while olivine-rich areas will be green, and hydrated silicates will be in blue tones. In the nominal observing case due to operational limitations, visible tilt vs. band tilt plots will be helpful to distinguish these silicates. The best separation of these four silicates is achieved by visible tilt vs. band tilt plots and by IR/Fe2O3 vs. green/orange plots. 
OSIRIS NAC will contribute to the detection of surface changes, either topographic or compositional. Our filter analysis is used to optimize the observing conditions and requirements on the detection of color variations on the surface. 
Since each mineral forms in different initial conditions and after different processes, detecting them will place constraints on the history of the comet and the environment it experienced. 
Our results are summarized in Table 4, and Table 5 shows the minimum observational requirements to detect some mineral bands in the observing range of NAC. 
Our techniques are reliable enough for a first evaluation of local compositional differences. They will be improved with cross-calibration from measurements taken by the lander Philae, which will provide a ground-truth of what the surface is really made of. Similarly, synergistic observations with other remote-sensing instruments will allow us to separate icy and mineral patches, and we will be able to define new diagnostics that are sensitive to the observed ices. Combining the high spatial resolution of OSIRIS NAC observations and the high spectral resolution of VIRTIS in the infrared range will help us to refine the detection of icy patches and study the relation of the 700 nm and 3000 nm bands. 

        
        	[image: thumbnail]	Fig. 10
            Filter ratios and RGB color map.

          



      
        
        	[image: thumbnail]	Fig. 11
            Comet 67P in proposed RGB colors (R = red/IR, G = green/orange, B = IR/Fe2O3) overlaid on a grayscale image for distinction. The color sequence was taken on 22/08/2014 around 01:42 UT. The resolution is 1.3 m/px, and the distance to the comet is 70 km. 

          



      With the observations and measurements made during the Rosetta mission, we will be able to compare composition results with those of Stardust and Deep Impact. The synergy among the Rosetta instruments will allow us to perform multidisciplinary science so that we can achieve the best possible understanding of comets. 
The surface of comet 67P is mapped for the time between July-December 2014 in resolutions down to 15 cm/px with various NAC filter combinations. The comet surface shows variations in reflectance of about 20% (Sierks et al. 2015). Figure 11 shows a composite image of comet 67P in the suggested RGB ratios. The color image is overlaid on a grayscale image to display the surface features together with the surface colors. This image shows the neck region together with the two lobes of comet 67P. The overall comet does not display a main color difference, but local color variations are visible especially in the bright Hapi region, inside the pits, and in the depressions (Sierks et al. 2015; Fornasier et al. 2015). In the RGB colors defined by us, these regions of comet 67P are orange, while the rest of the surface of both lobes is blueish. In these RGB colors, orange indicates olivine-rich regions, while blueish would indicate pyroxene-rich regions. To draw a reliable conclusion, a detailed analysis of the comet surface needs to be performed on photometrically corrected coma-contribution-removed images, and the resulting spectra obtained from NAC images need to be investigated. 
The observations taken from various phase angles were the basis for a study of the spectrophotometric properties of the 67P nucleus by Fornasier et al. (2015) and the global spectrum of the comet together with its head, neck, and body are investigated from the spectrum generated from OSIRIS observations. The surface spectral features are not resolved in the global spectrum, except for an excess in the 700−750 nm region. With the photometric corrections of Fornasier et al. (2015), the high-resolution surface data will be photometrically corrected. The methods presented in this study will be applied to these data for a detailed analysis of the comet regions and surface structures. 

    
1 
          http://www.planetary.brown.edu/relabdocs/relab.htm
        


2 
          http://psf.uwinnipeg.ca/Home.html
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    Table 1 

            Filters of the narrow angle camera (adopted from Keller et al. 2007).

          
            
              	
              	Wavelength
              	Bandwidth
              	Science objective
            

            
              	
              	(nm)
              	(nm)
              	
            

            
              	
                

              
            

            
              	Far-UV
              	269.3
              	53.6
              	Surface spectral reflectance
            

            
              	Near-UV
              	360.0
              	51.1
              	Surface spectral reflectance
            

            
              	Blue
              	480.7
              	74.9
              	Surface spectral reflectance
            

            
              	Green
              	535.7
              	62.4
              	Surface spectral reflectance
            

            
              	Neutral
              	640.0
              	520.0
              	Neutral density filter
            

            
              	Orange
              	649.2
              	84.5
              	Surface spectral reflectance
            

            
              	Hydra
              	701.2
              	22.1
              	Water of hydration band
            

            
              	Red
              	743.7
              	64.1
              	Surface spectral reflectance
            

            
              	Ortho
              	805.3
              	40.5
              	Orthopyroxene
            

            
              	Near-IR
              	882.1
              	65.9
              	Surface spectral reflectance
            

            
              	Fe2O3
              	931.9
              	34.9
              	Iron-bearing minerals
            

            
              	IR
              	989.3
              	38.2
              	IR surface reflectance
            

          


            Notes. As a result of the limited spectral range of the laboratory data, the far-UV filter was excluded from this study. The neutral density filter is a broadband filter designed to reduce photon flux from bright sources and was not used for our spectral analysis. 

          


  
    Table 2 

            Selected minerals.

          
            
              	
              	 Minerals
              	
              	Number of data
            

            
              	
                

              
            

            
              	 Anhydrous silicates
              	 Olivine:
              	Forsterite
              	23
            

            
              	
              	
              	Fayalite
              	15
            

            
              	
              	 Pyroxene:
              	Enstatite
              	35
            

            
              	
              	
              	Diopside
              	13
            

            
              	
              	
              	Fassaite
              	4
            

            
              	
              	 Melilite
              	
              	9
            

            
              	 Hydrated silicates
              	 Serpentine
              	
              	12
            

            
              	
              	 Smectite
              	
              	10
            

            
              	 Oxides
              	 Ilmenite
              	
              	33
            

            
              	
              	 Magnetite
              	
              	7
            

            
              	
              	 Chromite
              	
              	13
            

            
              	
              	 Corumdum
              	
              	1
            

            
              	 Carbonates
              	 Calcite
              	
              	18
            

            
              	
              	 Dolomite
              	
              	16
            

            
              	 Sulfides
              	 Pyrrhotite
              	
              	4
            

            
              	
              	 Troilite
              	
              	17
            

          


            Notes. Selected data have mixed sizes. See Appendix B for the details of the data used here. 

          


  
    Table 3 

            Mixtures (grain size <45 μm).

          
            
              	Set number
              	HOSERLab ID
              	Mixture
            

            
              	
                

              
            

            
              	1
              	OCMIX1001
              	OLV (100%)
            

            
              	2
              	OCMIX1002
              	OLV (90%)+PXY (10%)
            

            
              	3
              	OCMIX1003
              	OLV (80%)+PXY (20%)
            

            
              	4
              	OCMIX1004
              	OLV (70%)+PXY (30%)
            

            
              	5
              	OCMIX1005
              	OLV (60%)+PXY (40%)
            

            
              	6
              	OCMIX1006
              	OLV (50%)+PXY (50%)
            

            
              	7
              	OCMIX1007
              	OLV (40%)+PXY (60%)
            

            
              	8
              	OCMIX1008
              	OLV (30%)+PXY (70%)
            

            
              	9
              	OCMIX1009
              	OLV (20%)+PXY (80%)
            

            
              	10
              	OCMIX1010
              	OLV (10%)+PXY (90%)
            

            
              	11
              	OCMIX1011
              	PYX (100%)
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            Absolute spectra of anhydrous silicates (enstatite, forsterite) in the left panel, hydrated silicates (serpentine, smectite) in the middle panel, and oxides (ilmenite, magnetite) in the right panel as they would be observed through the full set of OSIRIS NAC filters. The solid lines above are laboratory data of the corresponding mineral with the central wavelengths of the NAC filters (dots) including their bandwidths (horizontal bars), while resampled laboratory data are arbitrarily (lowered by 1/8 compared to the maxima) offset for display.
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              Filter ratios of selected silicates.
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              Separation of minerals using visible tilt and band tilt.
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              Separation of silicates: slopes between red and Fe2O3 filters (top); slopes between green and Hydra filters (bottom).
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              Slopes vs. ratios for the separation of minerals without significant spectral features.
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              Separation of minerals: slopes between the red and Fe2O3 filters.
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              Separation of oxides by their minimum band wavelength around 500 nm (top panel) and silicated by their minimum band wavelength around 900 nm.
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              Separation of minerals according to band curvature. The top panel shows the band curvature for the 0.9 micron band, while the bottom panel shows that for the 0.5 micron band.
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            Example of the three ratios used to define the RGB colors in the map: R = red/IR, G = green/orange, B = IR/Fe2O3.

          

    

  
    Table 4 

            Proposed methods for detecting cometary minerals, listing required filters for the detection of spectral bands of silicates (700 and 900 nm) and oxides (500 nm).

          
            
              	Hydrated and anhydrous silicates
              	green/orange vs. IR/Fe2O3
            

            
              	
              	band tilt vs. slopes (red-Fe2O3)
            

            
              	
              	green/Hydra vs. slopes (red/Fe2O3)
            

            
              	
              	band tilt vs. visible tilt
            

            
              	
                

              
            

            
              	Enstatite-serpentine-smectite
              	orange/ortho vs. min. band wl.
            

            
              	
              	visible tilt vs. band curvature
            

            
              	
                

              
            

            
              	Ilmenite-magnetite
              	orange/NIR vs. min. band wl.
            

            
              	
              	orange/NIR vs. band Curvature
            

            
              	Chromite-corundum
              	band tilt vs. slopes (blue-red)
            

            
              	Sulfades
              	NUV/IR vs. slopes (green-orange)
            

            
              	Carbonades
              	band tilt vs. slopes (red-Fe2O3)
            

          



  
    Table 5 

            Minimum observational requirements for detecting cometary minerals.

          
            
              	Bands
              	Minerals
              	Filters
            

            
              	
                

              
            

            
              	0.9 micron
              	enstatite, fassaite, smectite, serpentine
              	Hydra-NIR-Fe2O3-IR
            

            
              	0.7 micron
              	serpentine, smectite
              	green-Hydra-red-ortho
            

            
              	0.5 micron
              	ilmenite, magnetite
              	NUV-blue-green-orange
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            Filter ratios and RGB color map.
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            Comet 67P in proposed RGB colors (R = red/IR, G = green/orange, B = IR/Fe2O3) overlaid on a grayscale image for distinction. The color sequence was taken on 22/08/2014 around 01:42 UT. The resolution is 1.3 m/px, and the distance to the comet is 70 km. 
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                Absolute spectra of anhydrous silicates, hydrated silicates, sulfides, carbonates, and oxides as they would be observed through the full set of OSIRIS NAC filters. The solid lines above are laboratory data of the corresponding mineral, with the central wavelengths of NAC (dots) and with their bandwidths (horizontal bars), while resampled laboratory data are arbitrarily (lowered by 1/8 of the maxima) offset for display.
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    Table B.1 

                References for RELAB data.

              
                
                  	 Mineral
                  	 RELAB file
                

                
                  	
                    

                  
                

                
                  	 Enstatite
                  	 C2PE13, BKR1PE011, C2PE12, C2PE14, C2PE15, C2PE19, CAPE22, SAPE22, C1PE24, C2PE25, S2PE25,
                

                
                  	
                  	 C1PE30, C4PE30, C5PE30, C6PE30, C1PE31, C3PE31, C1PE32, C2PE32, C5PE32, C3PE34, CAPE34, CBPE34,
                

                
                  	
                  	 CBPE34, CCPE34, CDPE34, CEPE34, CFPE34, CHPE34, CIPE34, CJPE34, C1PP13, C1PP43, C1PP87
                

                
                  	 Forsterite
                  	 C1PO76, C1PO77, CAPO04, C1PO50, CAPO50, C3PO51, C1PO52, C3PO53, C3PO54, LAPO54, C1PO60, C3PO61,
                

                
                  	
                  	 C1PO40, c1ol02, c2ol02, c1ol03, c2ol03, c1ol04, c2ol04, c1ol10, c1ol13, c1ol13 
                

                
                  	 Serpentine
                  	 C1FB19, C2SM80, C1SR91, CASR14, CASR15, CASR16, CASR19, CASR20, CASR22, CASR24, C1SR64, C1SR64A
                

                
                  	 Smectite
                  	 CCC04A, CCC04B, CCC04C, CJB170, CJB173, CJB173, CJB176, CJB177, CJS177, CJS178
                

                
                  	 Diopside
                  	 BKR1DD074, C1PP20, C1PP21, C4PP21, C5PP21, NBPP21, C1PP22, C3PP22,
                

                
                  	
                  	 C1PP23, C5PP23, NBPP23, C1PP25, C1PP26
                

                
                  	 Fayalite
                  	 C1DD46, C1DD98, C1DD98P, C1PF30, C1PO70, C1PO71, C1PO72, C1PO73, C1PO74, C1PO75,
                

                
                  	
                  	 C1PO78, C1PO79, CAPO05, C1PO58, C3PO59
                

                
                  	 Melilite
                  	 CAME04, CAME05, CAME06, CAME07, CAME08, C1SC66, CASC66, C1SC67, CASC67
                

                
                  	 Fassaite
                  	 C1PP103A, C1PP91, C1SC69, C1SC70
                

                
                  	 Calcite
                  	 CACA10, CACB10, CACB11, CACB12, CBCB12, C1CY05, C1GR01, C1MA44, C1OS19, C1OS20,
                

                
                  	
                  	 C1PC50, C2PC50, C1SG09, C2SG55, C1SG67, C1SS11, C2XT10, C1XT10 
                

                
                  	 Dolomite
                  	 CACB03, CBCB03, CACB17, C1CY07, C1JB779, C2PD05, C1SH07, C1SH08, C2SH08, C1SH78,
                

                
                  	
                  	 C1SH79, C1SH85, C1SH86, C1SH87, C1SH90, C1SH91 
                

                
                  	 Pyrrhotite
                  	 C1PY01, C2PY01, C1RP02, C1SC76
                

                
                  	 Troilite
                  	 CAEA01, CBEA01, CAEA09, CBEA09, C1MB06, CAMB06, CBMB06, CCMB06, CDMB06, CEMB06,
                

                
                  	
                  	 CFMB06, C1SC64, C1TB05, C1TB06, C1TB49, S1TB49, C1TB50 
                

                
                  	 Chromite
                  	 CACR11, CACR12, CACR13, CACR14, CACR15, CACR16, CACR17, CACR18, CACR19, C1PC21, S1PC21,
                

                
                  	
                  	 C1PC22, CATW01 
                

                
                  	 Corundum
                  	 CACD01
                

                
                  	 Magnetite
                  	 C1JB764, CAMG04, CAMG05, CAMG07, CAMG11, CAMG21
                

                
                  	 Ilmenite
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