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Abstract

:

Mercury’s peculiar orbit around the Sun (3:2 spin–orbit resonance) and lack of atmosphere result in one the widest temperature ranges experienced at the surface of a planetary body in the solar system. Temperature variations affect the physical and, therefore, spectral properties of minerals to varying degrees; thus, it is crucial to study them in the context of the upcoming arrival of the BepiColombo spacecraft in Mercury orbit in the fall of 2025. In this work, we heated and cooled analog materials (plagioclase and volcanic glasses) at temperatures representative of the hermean surface. With our experimental setup, we could measure near-infrared (1.0–3.5  μ m) and thermal infrared (2.0–14.3  μ m) reflectance spectra of our analogs at various temperatures during a heating (25–400    ∘  C) or cooling cycle (−125–25    ∘  C), allowing us to follow the evolution of the spectral properties of minerals. We also collected reflectance spectra in the visible domain (0.47–14.3  μ m) before and after heating. In the visible spectra, we identified irreversible changes in the spectral slope (reddening) and the reflectance (darkening or brightening) that are possibly associated with oxidation, whereas the temperature had reversible effects (e.g., band shifts of from ten to a hundred nanometers towards greater wavelengths) on the infrared spectral features of our samples. These reversible changes are likely caused by the crystal lattice dilatation during heating. Finally, we took advantage of the water and ice present on/in our samples to study the different components of the absorption band at 3.0  μ m when varying temperatures, which may be useful as a complement to future observations of the north pole of Mercury. The wavelength ranges covered by our measurements are of interest for the SIMBIO-SYS and MERTIS instruments, which will map the mineralogy of Mercury’s surface from spring 2026, and for which we selected useful spectral parameters that are proxies of surface temperature variations.
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1. Introduction


The surface of Mercury undergoes a very wide range of temperature variations, with the temperature up to ∼700 K during the day [1], and dropping to ∼100 K during the night, and even ∼70 K in the permanently shadowed regions (PSR) at the poles [2]. Reproducing these conditions in the laboratory can move us a step closer to ground-truth measurements. This provides important information on how minerals exposed to extreme environments evolve over time and how their spectral properties are affected. It also adds to the understanding of spectra provided by current and upcoming space missions (e.g., BepiColombo [3]) regarding planetary bodies that are affected by extreme conditions. Micrometeoroid bombardment and solar wind irradiation are other major processes of space weathering and are also important surface-modifying agents; thus, they have to be considered to draw a global picture [4]. Given the long timescales over which these exogenic processes are effective, planetary surfaces can be exposed to millions of years of alteration before spectral data are obtained from them.



Generally, the temperature has important effects on the crystal structure and density. Some effects are reversible: for instance, increasing the temperature only causes a temporary dilatation of the crystal lattice [5]. In the case of plagioclase, this expansion is anisotropic [6,7]. Other effects of temperature are irreversible, as reported, for example, for phyllosilicates and carbonates, for which high enough temperatures cause the loss of volatile compounds and even induce permanent phase transitions [8,9].



The mineralogical composition of Mercury’s surface remains uncertain, mainly due to the absence of diagnostic absorption bands in the visible and near-infrared (NIR) spectra acquired both by Earth-based telescopes [10,11] and spacecrafts close to the planet [12,13]. However, ground-based observations of Mercury in the thermal infrared (TIR) [14,15,16] revealed that the hermean surface may be dominated by pyroxenes and feldspars, a hypothesis that has been corroborated by middle-infrared (MIR) measurements [17]. Moreover, recent works showed that some spectral features in the visible range could be detected at the local scale in fresh materials such as hollows [18,19]. Based on elemental composition studies, showing, notably, that Mercury’s surface is low in iron [20,21], some models were developed and predicted the presence of plagioclase, iron-poor pyroxene, and olivine, and volatile-rich minerals such as sulfides [22,23,24].



Northern Volcanic Plains (NVP) are the results of large effusive events close to the north pole of Mercury [25,26], with the richest lava flows in SiO   2  , Al   2  O   3  , and Na   2  O, and the poorest in MgO [21,27,28,29]; however, they are overall low in Al   2  O   3   compared to terrestrial and lunar crustal compositions. These chemical properties agree with the low viscosity observed for the lavas [30,31]. Although it has been shown that the sulfur solubility in silicate melts increases with decreasing oxygen fugacity [32,33,34,35], the effect of sulfur on the polymerization of silicate melts, and thus, on their rheology, remains marginal [36].



Several laboratory studies of heating (or cooling) treatments for these minerals have already been conducted and have evidenced spectral variations. The investigation of the thermal effects on the 1  μ m band region, where the crystal field transition of Fe    2 +    is detected, showed that crystallographic site symmetry is more important than site expansion (metal–oxygen distances) to assess the position of band centres as a function of temperature [37]. In the MIR, the first measurements of an andesite-labradorite poor in Fe (<0.07 wt.%) at typical Mercury daytime temperatures [38] led to the conclusion that the latitude and the time of the day may be of importance to interpret Mercury’s spectra. Moreover, it has been shown that temperature variations and changes in the composition produce the same effects in spectra for common rock-forming minerals (e.g., forsterite and its iron content [39]). Thus, such surface temperature variations can be an issue in correctly interpreting remote sensing spectroscopic data and retrieving the composition of the surface materials. Based on recent findings showing that Mercury’s petrology is closer to komatiites and boninites [40], a measurement campaign regarding these minerals evidenced reddening and darkening heating effects in the thermal infrared [41,42]. More recently, the behavior of sulfide minerals (e.g., FeS, CaS) at high temperatures has been studied [43] since they are expected to be involved in the formation of hollows [44]. Various changes related to albedo and band centres in the thermal spectral range have been reported. Finally, in the thermal infrared, an analysis of the effects of thermal expansion on mixtures of felsic and mafic minerals [45] concluded that spectral variations depend on mineral abundances, even at high temperatures.



The main goal of our contribution consists of investigating the effects of temperature on the spectral properties of two Mercury analogs (plagioclase and volcanic glasses) in both the visible and infrared ranges, providing a consistent framework for interpreting spectral characteristics over a broad wavelength range. Several associated objectives are addressed: (1) more precisely investigating the spectral modifications caused by high temperatures in these analogs (e.g., can we observe irreversible effects of heating on hermean minerals analogs, and if yes, to which physico-chemical transformation(s) are they associated?); (2) determining if it is possible to separate thermal effects from compositional effects in visible and infrared spectra of various mineral analogs of Mercury’s surface. These wavelength ranges are particularly relevant for the ESA/JAXA BepiColombo mission [3], which will investigate the mineralogy of Mercury’s surface from early 2026 in the visible–near-infrared (0.4–2.0  μ m) and in the thermal infrared (7–14  μ m), thanks to the SIMBIO-SYS [46] and MERTIS [47] instruments, respectively.




2. Materials and Methods


2.1. Selected Samples


Based on our current understanding of the composition of Mercury’s surface, we selected two materials for this study: a crystalline material and a glass.



Among the crystalline phases, different materials could be chosen since different mineral phases have been retrieved [29,40] or proposed [18,19]. Here, we considered mineral phases that globally characterize the surface of Mercury, i.e., silicate. Between the potential candidates, i.e., plagioclase, pyroxene, and olivine, we considered a terrestrial analog with enough material and an iron abundance compatible with remote sensing data [20,21]. Based on these conditions, plagioclase is the better choice for the crystalline material.



We chose a plagioclase with a 20/80 albite/anorthite ratio, i.e., bytownite (exsolution An   80  , formula (Ca    0.8   ,Na    0.2   )[Al(Al,Si)Si   2  O   8  ]). From the same initial rock, we extracted three samples under different states:




	
The first sample was a powder (grain size = 75–100  μ m) with low FeO content (0.5 wt.%), prepared and provided by the University of Parma [48];



	
The second sample was a pellet (5 mm diameter, see Figure 1b and Section 2.3 for the protocol) made by pressing the powder;



	
The third sample consisted of two slices (thickness = 1–2 mm) of the initial rock.








The choice of three plagioclase samples under different states was motivated by the various forms under which rocks can be found on Mercury. Fine regolith is best simulated by the powder sample. Solid blocks of rock, as can be found in impact crater ejecta or floor, are represented by the slice sample. Finally, what can be considered an intermediate case is simulated by the pellet sample.



A preliminary identification of our measurements with the plagioclase spectra from the United States Geological Survey (USGS) spectral library can be found in Appendix A.



The second material was a pellet (5 mm diameter; see Figure 1d and Section 2.3 for the protocol) produced from a powder of volcanic glasses (grain size = 20–50  μ m) [49,50] provided by the University of Perugia (Italy). This sample was an analog for NVP resulting from large effusive events. As discussed in the introduction, it was unnecessary to consider sulfur effects on NVP lavas rheology; therefore, the sample was S-free.




2.2. Experimental Setups


To apply temperature variations to our samples, we used a heating cell to simulate both Mercury day-side temperature variations and their night-side counterpart. All the heating and cooling treatments were conducted at the Spectroscopie et Microscopie dans l’Infrarouge utilisant le Synchrotron (SMIS) beamline of synchrotron Source Optimisée de Lumière d’Énergie Intermédiaire du LURE (SOLEIL; Saint-Aubin, France).



The heating cell was the FTIR600 model from Linkam Scientific Instruments, composed of a nitrogen-purged chamber (slightly higher than atmospheric pressure) and a heating block (∼4 cm diameter) on which the samples were deposited. The temperature at the heating block was measured by a platinum resistor sensor. In the case of measurements at temperatures lower than ambient, the cooling was produced by a flow of liquid nitrogen passing through small tubes inside the cell. The samples were heated/cooled from below; the consequences and methods used to address this issue are discussed in Appendix B. The experiment parameters (final temperature, rate, plateau duration) were manually set beforehand and thanks to a controller.



The use of a nitrogen-purged chamber to reproduce the ultrahigh-vacuum conditions of the surface of Mercury is not ideal because of the inherent usual limitations of measurements under atmospheric pressure (e.g., fluctuations in temperature in the chamber, lower stability, and sensitivity). Atmospheric absorption features caused by residual water (1.38, 1.87, 2.7 and 6.3  μ m) and carbon dioxide (2.0, 2.7, 4.3 and 15  μ m) vapours can interfere with the sample’s spectral features [51]. However, the former absorption features either occur outside the wavelengths of interest in our spectra or are weak enough to be properly removed with the reference spectrum acquired before the measurements (see Section 2.3). In addition, the nitrogen used to purge the chamber is known to be an inert gas. Based on these considerations, as well as the aforementioned consideration (better sample temperature homogenization), we believe our measurements are still relevant to Mercury.



Lastly, the cell can be assembled to the stage of an FTIR microscope. Two ZnSe IR-transparent windows close the cell (top and bottom) to enable in situ IR measurements as a function of the temperature. We used a reflection configuration due to the large sample thickness and for comparison with remote sensing reflectance measurements of Mercury.



We conducted a spectral analysis in the 0.47–14.3  μ m spectral range with two different setups: one, installed in a clean room at the Institut d’Astrophysique Spatiale (IAS; Orsay, France), was dedicated to visible and near-infrared spectroscopy (VNIR) in the 0.47–1.1  μ m range; the second was installed at the synchrotron SOLEIL and focused on the 1.0–14.3  μ m range, i.e., near-infrared (NIR) and mid-infrared (MIR) spectroscopies.



The VNIR analysis was performed using a Maya2000 Pro (Ocean Optics) spectrometer (setup described in more detail by [52]) operating from 0.47 to 1.1  μ m and coupled to a binocular microscope through optical fibers. This setup was configured in bidirectional reflectance (incidence angle   i =  45 ∘   , emission angle   e =  0 ∘   ) to collect only the diffuse component of reflected light while avoiding the specular component. The illuminated spot was 1 mm in diameter; the analytical spot was 600  μ m in diameter. A total of 400 scans with 40 ms integration time were integrated per measurement. Spectra were ratioed to that of a Spectralon 99% reflectance standard (from Labsphere), and they were all obtained under the same conditions, i.e., at room temperature and with atmospheric pressure.



The NIR-MIR analysis was conducted with an Agilent (model Cary 670/620) FTIR spectrometer, coupled to a microscope [53] and its internal source (Globar), a 15× objective (0.62 numerical aperture) with a collection spot on the focal plane of about 200 × 200  μ m   2  , associated with an MCT detector cooled with liquid nitrogen. MIR spectra were acquired at 4 cm    − 1    spectral resolution, NIR spectra at 8 cm    − 1   . Either 256 or 512 scans were accumulated for each acquisition, always at the same position on the sample during a heating/cooling cycle. The samples were observed in a specific geometric configuration (the reflected light was collected over a large range of angles at all azimuth angles) due to the Schwarzschild objective of the spectrometer. Reflectance spectra were obtained with respect to the gold standard.




2.3. Protocols


Pellets of plagioclase and volcanic glasses were prepared at IAS using a Specac manual hydraulic press. This operation was performed under a vacuum to reduce the amount of air trapped between the grains and increase the robustness of the pellet. We used 30 mg of powder for the plagioclase and 40 mg for the glasses. Each pellet was pressed for fifteen min with a pressure of 1.9 tons. The resulting thickness of the pellets was about 1 mm.



The following procedure was used to measure our samples during a heating cycle. Prior to any spectral acquisition, a reference spectrum of an inert, well-characterized material (Spectralon for VNIR measurements, gold mirror for NIR-MIR) was taken. In the case of VNIR measurements, a dark acquisition was also performed and subtracted from both the sample and the reference spectra. The first spectrum of the chosen sample was collected at room temperature (∼298 K [∼25    ∘  C]). Then, the sample was heated to 323 K (50    ∘  C) with a ramp of 5 or 10 K per minute and left at this temperature for ten more min. This plateau is crucial to thermalize the sample properly (see Appendix B). After that, the spectrum at 323 K can be acquired. The previous steps were then repeated, with one spectrum each 50 K, until 673 K (400    ∘  C) was reached. A similar sequence was finally performed while cooling to room temperature. In total, a complete heating cycle (heating and cooling to room temperature) lasts ∼250–320 min (∼140–180 min for heating; ∼110–140 min for cooling).



We similarly analyzed the behavior of our samples at temperatures lower than ambient, down to 148 K (−125    ∘  C). However, to prevent a too-thick ice deposit on the sample due to residual water vapor condensation, fewer spectra were acquired at the lowest temperatures, i.e., at non-constant temperature steps.





3. Results


3.1. VNIR Spectra


We collected several spectra at various positions on two specimens of each sample (one heated, one non-heated) to obtain a more global and representative view of the spectral properties of the samples. The VNIR spectra of the samples of plagioclase and volcanic glasses are shown in Figure 2.



Reflectance values greater than 1 occurred for two samples (the non-heated pellet of plagioclase and the heated pellet of volcanic glasses). These values may be due to the particularly high rugosity of these samples compared to the reference sample (Spectralon), leading to a partial detection of the specular component of the reflected light for specific positions.



In our VNIR spectral range of study (0.47–1.1  μ m), there is no fully identifiable spectral band for either plagioclase or volcanic glasses, similar to the spectra of Mercury. Thus, other spectral parameters have to be taken into account when evaluating the effects of temperature. We chose to use the spectral slope between 0.5 and 0.8  μ m; the ratio of reflectance at 1.0  μ m and 0.8  μ m, which provides a hint regarding the shape and depth of the 1.3  μ m band of plagioclase; and the reflectance at 0.5  μ m. The values of the spectral parameters for the different spectra are summarized in Table 1, Table 2 and Table 3.



From Table 1, Table 2 and Table 3, it is clear that there are variations in spectral slope and reflectance at 0.5  μ m between non-heated samples and heated samples. Since all spectra were obtained at room temperature, any difference noted between a heated sample and a non-heated sample for a given spectral parameter should be attributed to heating. Thus, we interpret these observations as irreversible changes in spectral parameters. Indeed, if the changes were reversible, the values of spectral parameters after heating would be similar to the ones before heating. However, these changes are not always identical from one sample to another. For an overview of all the changes in each spectral parameter and each sample, see Table 4.



The spectral slope is greater for each heated sample, except for the powder of plagioclase (almost constant spectral slope). The ratio 1.0/0.8  μ m increased during heating for all plagioclase samples, but this ratio does not seem to vary for the pellet of volcanic glasses. Finally, the reflectance decreases after heating for the slice and pellet of An   80   but increases for the powder of An   80   and the pellet of volcanic glasses. In sum, despite the high uncertainties on the spectral parameters of the slice of plagioclase (likely due to the fairly different spectrum acquired in position 5; see Figure 2), the slice and the pellet of plagioclase have similar behaviors in the VNIR when heated, while the powder of plagioclase and the pellet of volcanic glasses exhibit specific trends.




3.2. NIR Spectra


3.2.1. Heating


The NIR spectra of the samples of plagioclase and volcanic glasses for the heating experiment are shown in Figure 3.



In the NIR spectral range (1.0–3.5  μ m), we observed three main spectral features: the absorption band around 1.3  μ m, caused by the electronic transitions of Fe    2 +    ions in the crystal structure of plagioclase [54,55,56], a well-known feature on the Moon (e.g., [57]), which has not yet been detected in Mercury’s spectra [12]; the absorption band around 2.9  μ m corresponding to the OH symmetric and asymmetric stretching of hydrated minerals [58], due to the presence of water in the sample; the absorption band at 3.4  μ m, deriving from the absorption of C–H bonds of aliphatic carbon compounds, such as impurities (stretching of methyl CH   3   and methylene CH   2   groups [59]). We determined the variations in band position and depth of the 1.3  μ m band of plagioclase (except for the slice due to band saturation) and the 3.0  μ m band of volcanic glasses. All band positions and depths in this study were determined by removing the continuum and fitting the band with an even-degree (2, 4, or 6) polynomial. The results are presented in Figure 4, Figure 5 and Figure 6.



The 1.3  μ m band of plagioclase does not significantly shift when heating for both the pellet (see Figure 4a) and the powder (see Figure 4c). However, the depth of this absorption band clearly decreases as the temperature increases for both samples (see Figure 4b,d). The band depth decrease is slightly more important for the pellet than for the powder (∼40% and ∼30%; see Figure 4e). It is important to note that the NIR spectra of the pellet were acquired while increasing the temperature, whereas those of the powder were obtained when cooling to room temperature but exhibited the same trend (lower band depth at higher temperatures). Thus, despite both experiments involving two samples under different states, it is reasonable to assume that this variation in the depth of the 1.3  μ m band is reversible. Interestingly, a similar behavior (no significant shift and lower depth when heating) was observed for the band around 3.0  μ m (see Figure 5), whereas a shift towards shorter wavelengths occurred for the band around 3  μ m of volcanic glasses (Figure 6a). Unlike the plagioclase, it is obvious that the shift is non-reversible: when cooling the pellet of volcanic glasses (blue curve), the shift stayed at around −140 nm. Moreover, the shift mainly occurs during the first 100 K increase in temperature, and the depth decreases during the heating but remains stationary (around 20%) when cooling (Figure 6b). Lastly, a C-H stretching band at 3.4  μ m, showing the presence of a carbonaceous contaminant, becomes deeper until reaching 573 K (300    ∘  C) and then disappears.




3.2.2. Cooling


The NIR spectra of the plagioclase (pellet and slice) samples used for the cooling experiment are shown in Figure 7.



We determined the variations in the 3.0  μ m band position of plagioclase and the NIR spectral slope on the 1.7–2.6  μ m range. The results are presented in Figure 8a,b.



The band at 3.0  μ m shifts towards greater wavelengths when cooling the plagioclase pellet (see Figure 7b and Figure 8a). This behavior is clearly different from the heating experiment, for which no obvious band shift was observed at 3.0  μ m for the same sample (see Figure 3b). Moreover, the process seems reversible, unlike the process for the sample of volcanic glasses (see Figure 3d and Figure 6a). It is difficult to assess if such a band shift occurs for the slice of plagioclase due to its high width (see Figure 7a). Finally, a shallow band at 3.15  μ m appears at very low temperatures (∼178 K [∼−95   ∘  C]) and vanishes when returning to warmer temperatures for both plagioclase samples.



The NIR spectral slope tends to be bluer when cooling both plagioclase samples (see Figure 8b). The process is reversible and has a greater amplitude for the pellet than for the slice of plagioclase.





3.3. MIR Spectra


The MIR spectra of plagioclase samples and volcanic glasses are shown in Figure 9 and Figure 10.



The MIR range (2.0–14.3  μ m in our case) is of high interest when studying the alterations in minerals, especially those containing silicates. Indeed, the Christiansen feature (CF) and the Reststrahlen bands (RB) provide important clues to their composition and structure [60,61,62]. RBs are fundamental molecular vibration bands caused by the stretching and bending motions of the Si-O bonds, as well as by lattice vibrations [62]. The CF is associated with the strongest (i.e., the principal) molecular vibration band and corresponds to a reflectance minimum. In this study, we focused on the CF and two RBs: one at ∼9.0  μ m, labeled RB1, and one at ∼10.5  μ m, labeled RB3 (RB2 at ∼10  μ m was not considered because of its low intensity). In the case of the powder, one can notice the presence of a transparency feature (TF) at around ∼12.1  μ m. This TF usually occurs due to the presence of fine material [63], which can explain its absence for the pellet and the slice. We determined the shift in the CF, RB1, and RB3 of plagioclase and in the single, broad band around 9.5  μ m of volcanic glasses, as well as the depth of the latter band. The results are presented in Figure 11, Figure 12 and Figure 13.



For the three plagioclase samples, we can observe a shift towards greater wavelengths for CF (∼8.0  μ m; see Figure 11a), RB1 (∼9.0  μ m; see Figure 11b) and RB3 (∼10.5  μ m, except for the powder; see Figure 11c) when heating. These variations are also evidenced by normalizing the spectra to the RB3 maximum (see Figure 9d). The TF (∼12.1  μ m) of the powder of plagioclase also shifts towards greater wavelengths with temperature (see Figure 11d). The broad band around 9.8  μ m of volcanic glasses has a local depth minimum at 423–473 K (see Figure 13b).



In addition, we noticed that the shape of RB1 changes when heating the pellet of plagioclase (see Figure 9b): the left component of this double band sharply changes in intensity, between 373 K (100    ∘  C) and 473 K (200    ∘  C). To more precisely determine the temperature at which the transition occurs, we conducted other measurements of the plagioclase pellet with a smaller heating step (one spectrum each 25 K when heating; one spectrum each 10–15 K when cooling to room temperature, see Figure 14);



From these measurements, we estimated the sharp change in the intensity of the left component of RB1 to occur between 398 K (125    ∘  C) and 423 K (150    ∘  C) when heating (see Figure 14a), but between 423 K and 473 K (200    ∘  C) when cooling the pellet of plagioclase (see Figure 14b). Both results are consistent with the initial experiment (see Figure 9b) but do not agree with each other. The different results that occur when heating and cooling to room temperature could be due to an issue with the thermalization of the sample. Indeed, as mentioned in Section 2.2, our protocol ensures that the samples are thermalized with an uncertainty of ∼10 K. However, the heating step decreased to 25 K when heating and 10 K when cooling to room temperature. Due to time limitations, we could not increase the plateau to improve the thermalization of the samples. However, we can expect the change in the shape of RB1 to occur at close to 423 K since this is the common temperature in both results. Lastly, it is interesting to observe that the level of reflectance is overall lower after the complete heating process.



The CF and the unique, broad band around 9.5  μ m of the volcanic glasses sample shift towards greater wavelengths when heating (see Figure 12 and Figure 13a). Both processes are very likely reversible, although the latter band depth is greater after a thermal cycle (see Figure 13b).





4. Discussion


4.1. Irreversible Changes in the VNIR


In the VNIR, we reported a difference between three spectral parameters (spectral slope on 0.5–0.8  μ m, ratio 1.0/0.8  μ m, reflectance at 0.5  μ m) of non-heated samples and heated samples (see Table 1, Table 2, Table 3 and Table 4), which we interpreted as an irreversible change. The spectral slope between 0.5 and 0.8  μ m is linked to the metal–oxygen (here, mainly Fe    2 +   -O and Fe    3 +   -O) charge transfer absorption bands around 0.2–0.3  μ m [64]. Thus, an increase in spectral slope on 0.5–0.8  μ m could be interpreted as a shift in these bands towards longer wavelengths, an effect which is observable in the VNIR spectra (see Figure 2) and can be caused by a change in the oxidation state of Fe [65]. However, we cannot exclude the contribution of the broad electronic absorption band, due to the dehydrogenation via the heating of organic contaminants in our samples, to the reddening of the VNIR spectra.



Indeed this band, although centered in the UV domain, has a wing in the VNIR, thus, inducing a steeper spectral slope (ref. [66]; see Section 4.2 for more details on the dehydrogenation of organics). Reddening as a result of iron oxides is very unlikely given the low Fe content of our samples (see Section 2.1). The ratio between 1.0  μ m and 0.8  μ m is related to the broad absorption band of plagioclase, at around 1.3  μ m. The increase in this parameter is detected for all plagioclase samples and could result from a narrower/shallower band due to heating.



Interestingly, the heated pellet of plagioclase is slightly darker than the fresh pellet of plagioclase in both the VNIR and the MIR, while the opposite is seen for the pellet of volcanic glasses. Both observations seem to strengthen the inner spectral properties of Mercury’s surface, i.e., the heating would contribute to the surface darkening, except in the NVP, where the different composition and structure (amorphous) of the glasses would slightly brighten the surface, thus, increasing the contrast between these two parts of the surface.



The case of the plagioclase powder is harder to explain. One possible explanation could be the variation in the total area of shadows caused by the large analytical spot (600  μ m) on the irregular surface of the powder. However, this would better explain the variations in reflectance of the spectra than their variations in the spectral slope. The spectral slope was demonstrated to be very sensitive to illumination conditions. This is notably illustrated by phase reddening (increasing spectral slope with increasing phase angle), a well-known effect that occurs at the surface of airless bodies. This was observed and simulated in laboratory [67] and was also observed at the surface of asteroids [68,69], comets [70,71] and, crucially, Mercury [72]. Since powder has an irregular surface shape (at least more irregular than the pellet and the slice; see Figure 1), the light can span a broader range of phase angles; this could explain the relative inconsistency with the other plagioclase samples. Thus, beyond presenting the possibility of directly comparing plagioclase and volcanic glasses, in our case, pellet samples seem to be more reliable in extrapolating the effects of temperature on minerals to Mercury’s surface, as in the above. Although significant, the rather low intensity of the irreversible changes observed in the VNIR may be attributed to the limited heating treatment (a few heating cycles of some hours) compared to what the surface of Mercury underwent during its history.



Early studies of the crystal structure of plagioclase led to the conclusion that the thermal history of a sample, as well as its composition and texture, have to be cautiously considered when analyzing the spectra of such minerals (e.g., [73]). Finally, irreversible alterations in VNIR properties (reddening, decrease in band depth, band shift) were also reported for carbonaceous meteorites [65,74]. Here, we showed that these irreversible changes are also detectable in the VNIR range, which is of particular interest for the future observations of SIMBIO-SYS [46] onboard BepiColombo.




4.2. Changes in the NIR as Proxy for Polar Volatile Materials


The broad band around 3.0  μ m observed in the spectra of volcanic glasses has several components associated with various absorptions due to the water adsorbed on or trapped inside the glasses [58]. It is relevant to study this interaction between water and glasses, despite the very high overall temperatures reached on Mercury, since water is very likely to be present, especially on the floor of PSR at the poles [75], but also, potentially, at lower latitudes [76]. On the Moon, similar cold traps are expected to occur more widely around the poles [77], and these features were recently proposed to be due to surface roughness [78]. Some parts of the broad band, around 3.0  μ m, were eliminated when the volcanic glasses were heated: the 2.9–3.2  μ m range seems to be the most affected by heating. In this spectral range, the band is flattened, mimicking a shift towards shorter wavelengths. An explanation for this could be that the 2.9–3.2  μ m range corresponds to the OH stretching vibrations of molecular water adsorbed on the glass and trapped in the crystal lattice [78,79,80]; these species are sensitive to heating because they are not (strongly) bonded, whereas the 2.7–2.9  μ m range would be caused by the OH stretching of silanol [80,81,82], as these hydroxyl groups are bonded to the silicate group. A similar effect was observed for the 2.7  μ m hydration feature of carbonaceous chondrites [74,83]. Interestingly, the spectral variations in the 3.0  μ m band are completely different for plagioclase: no shift occurred when heating and a reversible shift occurred towards greater wavelengths when reaching very low temperatures. These observations may be explained by the lower adsorption efficiency of molecular water to plagioclase than to volcanic glasses (greater areal density of Si–OH groups on an amorphous surface [84]), and by the slight formation of water ice deposit (estimated thickness ∼0.40  μ m for the pellet, ∼0.24  μ m for the slice; see Appendix C for the computation method) on the samples during the cooling experiment. The thicker water ice deposit for the pellet may also explain its greater amplitude of variation in NIR spectral slope compared to the slice; the ice deposit would smooth the sample surface, acting like a mirror [85].



The absorption band at 3.4  μ m is caused by the stretching of C–H bonds due to the presence of carbonaceous contaminant (amorphous carbon) in our samples. We interpreted the evolution of the depth of this band due to heating (increase between 373 K [100    ∘  C] and 573 K [300    ∘  C]; abrupt decrease at 673 K [400    ∘  C]; see Figure 3d) by breaking C-H bonds between 573 K and 673 K, leading to the release of hydrogens, which combined into the escaping H   2   and to the unsaturation (even the aromatization) of carbon. Indeed, the energetics of the thermal processes leading to hydrogen loss and aromatization in hydrogenated amorphous carbon (HAC) materials were considered in detail in previous studies ([86,87] and references therein). The principal stages in HAC thermal evolution for temperatures ≥600 K (≥327    ∘  C) can be summarized as follows:




	1.

	
600–700 K (327–427    ∘  C): a loss of H, a decrease in the C atom sp3/sp2 ratio, and a closing of the band gap;




	2.

	
700–800 K (427–527    ∘  C): the formation of aromatic clusters with sizes of the order of 1–2 nm, with dangling bonds on their edges;




	3.

	
>1200 K (>927    ∘  C): growth of the aromatic clusters, their alignment, and the eventual graphitization of the solid.









Thus, heating could contribute to the formation of unsaturated carbon and macromolecular organic compounds expected in the low-reflectance polar deposits of Mercury [88], implying possibly ongoing endogenic surface activity, even at the poles.




4.3. Changes in the MIR and Implications for BepiColombo


The change in the shape of RB1 (∼9.0  μ m) when heating may be caused by the grains’ dilatation [39] reduces sample porosity and slightly increases their spectral contrast [89]. However, based on the data available in the literature [6], our plagioclase samples should experience a thermal expansion of 1.65 × 10    − 5    K    − 1   , which is about two times less important than that which occurred for olivine [39]. Thus, the effect of grain dilatation on porosity reduction should be less important. Another factor in the change in the shape of RB1 could be the splitting of transverse optic–longitudinal optic (TO–LO) modes occurring in the MIR [90]. Both arguments are in agreement with the reversible nature of this effect. As in our case, a reversible shift in the MIR for the Reststrahlen bands of olivine was also observed [39], and these observations were explained by the fact that the crystal lattice dilatation due to heating mimics a higher Fe content, based on the previous results [91] (Figure 6). Moreover, the shift of the CF towards longer wavelengths and the unique RB within a collection of synthetic volcanic glasses was attributed to an increase in Mg content (and, thus, a decrease in SiO   2   content) [92]. Our study and the aforementioned studies confirm that the measurements of Mercury surface temperature will be crucial to correctly interpret the NIR spectra taken by SIMBIO-SYS/VIHI and the MIR spectra acquired by MERTIS. For this purpose, a thermal model to produce temperature maps was recently developed and tested on MESSENGER data [1]. In addition, to discriminate between a band shift caused by a variation in temperature and a band shift caused by a variation in composition, we propose that MERTIS data can also be crosschecked with the SIMBIO-SYS/VIHI data acquired at various surface temperatures; thus, taking advantage of the irreversible effects of heating on the spectral parameters of minerals in the visible spectral domain.



The BepiColombo spacecraft was launched on 19 October 2018 with a complete set of instruments for studying Mercury’s surface composition. Two of these will be crucial: VIHI, the hyperspectral imager channel of SIMBIO-SYS [46], which will acquire data in the visible-near infrared spectral range (VNIR, 0.4–2.0  μ m) at a high spectral resolution (6.25 nm), and MERTIS [47], a thermal infrared spectrometer, which will take spectra in the 7–14  μ m spectral range at a reasonable spectral resolution (up to 90 nm). In the VNIR, the absorption band of primary interest is the one at 1.3  μ m: its depth at 623 K is approximately half its value at room temperature. The VNIR spectral slope (0.5–0.8  μ m) and the ratio of reflectance 1.0  μ m/0.8  μ m are also good indicators of variations in 0.2–0.3  μ m and 1.3  μ m absorption bands, respectively, and are worth observing. In the MIR, CF (∼8  μ m), RB1 (∼9  μ m), and RB3 (∼10.5  μ m) are the critical absorption bands, with total variations in peak position from several tens of nm to ∼100 nm. These values are close to the ones obtained in previous works (e.g., [39]), although these were obtained at temperatures different from our experiments (352–773 K). It is also interesting to mention that the CF of shocked olivine shifts of 200 nm towards greater wavelengths [93], which is in the same order as our results. Thus, our measurements evidence that both instruments will be able to detect the spectral variations mentioned in previous sections, even if the best MERTIS performances will be needed to achieve this goal [93]. However, since space weathering also produces shifts in MIR spectral bands of the order of several tens to hundreds of nm towards greater wavelengths [85,94,95], the resulting total band shift may be even more important, especially for RB3, for which band shifts are much more important (several hundreds of nm for ion irradiation, several tens of nm for heating).



Based on the above discussion, we selected spectral parameters of interest to help analyze the upcoming SIMBIO-SYS and MERTIS data. These parameters, along with the effect that heating has on them, are presented in Table 5.





5. Conclusions


In this study, we performed heating and cooling experiments on mineral analogs relevant to the surface of Mercury. We considered plagioclase and volcanic glasses as good first-order analogs for the global surface of the planet and the Northern Volcanic Plains (NVP), respectively, following mineralogy modeling [22,24]. We collected visible reflectance spectra before and after heating, in addition to infrared reflectance spectra during a heating/cooling cycle, which allowed us to analyze the evolution of the spectral properties of our samples.



Irreversible changes in the spectral slope (reddening) and of the reflectance (darkening or brightening) were observed in the visible, similarly to heated carbonaceous meteorites [65,74]. We suggest that these changes, especially the increased visible spectral slope, are associated with an oxidation of the sample induced by heating [65]. The repeated heating cycles Mercury has undergone in its history could, thus, have quite significantly contributed to the reddening of its surface, as well as its darkening, in the visible spectral range. Future measurements of our samples after multiple thermal cycles could help to determine if additional alterations occurred due to heating. In addition, it is interesting to note that such irreversible changes in the visible part of the spectra, induced by heating, can help discriminate between thermal and compositional effects in the VNIR spectra of Mercury.



In the thermal infrared, however, the spectral modifications (e.g., band shift in Reststrahlen bands) are mainly reversible; therefore, they can be associated with the dilatation of the crystal lattice due to heating, or, more globally, by its volume change [39]. Finally, in the near-infrared, we observed the different components of the absorption band at ∼3  μ m, notably that the component associated with adsorbed water (2.9–3.2  μ m) [79,80,96] is much more sensible to heating than the component of structural water (2.7–2.9  μ m), providing constraints on the spectral properties of permanently shadowed regions.



We identified spectral parameters to support the interpretation of results from the SIMBIO-SYS [46] and MERTIS [47] instruments onboard the BepiColombo space mission, whose operations are planned to start in spring 2026.



Further works should explore synthetic mineral phases or rocks with suitable mineralogy and chemistry to enlarge the information that we can use to interpret the future SIMBIO-SYS or MERTIS data. In addition, Mercury’s surface is not only strongly heated during the day, but it is also severely altered by space weathering processes such as micrometeoroids’ bombardment and solar wind irradiation [4]. The effects of ion irradiation on various samples have already been studied (e.g., [94,95,97]), but never in association with heating. We aim to perform combined heating and irradiation experiments in the future.
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Appendix A


Identification of Plagioclase Spectra



Figure A1 shows plagioclase spectra from the USGS spectral library in the various wavelength ranges used in our study. The spectra in the VNIR and in the NIR are from the same sample (HS201.3B), and the spectrum in the MIR is from a distinct sample (HS349.3B). However, both samples are anorthite, so they are good references when identifying the spectral parameters characteristic of the plagioclase and, by extension, bytownite (i.e., our samples; see Section 2.1).
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Figure A1. Spectra of two anorthite samples from the USGS spectral library. The spectra were restricted to the wavelengths used for our measurements for better comparison. (a) VNIR range (0.47–1.1  μ m); (b) NIR range (1.0–3.5  μ m, but data are only available on 1.0–2.5  μ m); (c) MIR range (6.0–14.3  μ m). 






Figure A1. Spectra of two anorthite samples from the USGS spectral library. The spectra were restricted to the wavelengths used for our measurements for better comparison. (a) VNIR range (0.47–1.1  μ m); (b) NIR range (1.0–3.5  μ m, but data are only available on 1.0–2.5  μ m); (c) MIR range (6.0–14.3  μ m).



[image: Minerals 13 00250 g0a1]





Overall, our spectra are very similar in shape to the USGS spectra, at least for the pellet and powder samples (see Figure 2, Figure 3 and Figure 9). In the VNIR (see Figure A1a), the local maximum is similarly located at around 0.8  μ m, which justifies the choice of two of our spectral parameters in this wavelength range (spectral slope on 0.5–0.8  μ m, reflectance ratio 1.0/0.8  μ m). In the NIR, the absorption band is likewise centered around 1.3  μ m. Its depth is more important for the USGS sample because our samples have a low Fe content (see Section 2.1). Finally, in the MIR, the CF is around 8  μ m, and all Reststrahlen bands (around 9.0, 10.0, and 10.5  μ m) are present, as in our samples, with the highest reflectance point reached for RB3.



Based on the above identification of the spectral parameters in the USGS spectra, we can confirm that our samples are indeed composed of plagioclase.




Appendix B


Temperature Calibration Using a Silicon Sample



With our setup (see Section 2.2), the samples are heated/cooled from below. Since the thickness of the samples is macroscopic (∼1 mm) and the samples have a thermal inertia, a temperature gradient occurs, which could affect the reliability of our measurements (non-stable temperature during acquisition). Indeed, we needed to make sure the temperature at the top of our samples is not too different from the input temperature (i.e., the temperature of the heating cell resistor, which is in contact with the bottom of the sample), and quantify this difference in temperature. In the case of a too-large difference in temperature, the protocol would be adapted, for example, by increasing the duration of the plateau after a heating ramp, to reduce it to a satisfying value. To check for this issue, we performed a temperature calibration by collecting the transmission spectra of a silicon sample.



We proceeded as follows: first, we collected NIR transmission spectra of a Si standard sample (thickness < 1 mm) at various temperatures, with the same facility as described in Section 2.2 (Agilent FTIR spectrometer coupled to a microscope). We normalized all spectra with respect to the spectrum at room temperature for the next calibration step. The results are presented in Figure A2.
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Figure A2. NIR (1.26–3.57  μ m) transmission spectra of a silicon standard sample at various temperatures, and normalized with respect to the spectrum at room temperature (298 K [25    ∘  C], red line). 
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Then, we used reference NIR transmission spectra of Si (0.5 mm thick) taken at elevated temperatures [98] for comparison with our own measurements. The authors of the study only specified the thickness of their GaAs sample (0.5 mm), but we assume that all their samples (including their Si sample) had about the same thickness for consistency. Based on that hypothesis, both our Si sample and the reference Si sample had approximately the same thickness, and our comparison was relevant.



Finally, we extracted the transmission values at three wavenumbers (4839, 6600, and 7663 cm    − 1   ) in both our spectra and the reference spectra, and we calculated three transmission ratios: 7663 cm    − 1   /6600 cm    − 1   , 4839 cm    − 1   /6600 cm    − 1   , and 7663 cm    − 1   /4839 cm    − 1   . We plotted these ratios as a function of temperature (see Figure A3) to estimate the consistency between both datasets and the reliability of our measurements.



Figure A3 shows a maximum difference of ∼15% between the values of transmission ratios of both datasets, and only for two of the ratios (7663 cm    − 1   /6600 cm    − 1   , and 7663 cm    − 1   /4839 cm    − 1   ). The transmission ratio with the best consistency between both datasets (4839 cm    − 1   /6600 cm    − 1   ) is actually the most critical since it corresponds to the part of the spectra that undergoes the biggest changes with an increase in temperature (see Figure A2). Therefore, we consider our samples to be thermalized by approximately 10 K after a time plateau of about ten min. The heating cell, which has a metallic structure, is thermally conductive, and the nitrogen purge flux probably contribute to the homogenization of the samples’ temperature.
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Figure A3. Transmission ratios at three different wavenumbers (4839, 6600, and 7663 cm    − 1   ) with respect to temperature for both our spectra (labeled as ‘SOLEIL’) and the spectra acquired by [98] (labeled as ‘Harris’). 
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Appendix C


Estimation of Water Ice Deposit Thickness



In both cases considered in our experiments (i.e., pellet and slice; the powder was not used for the cooling experiment), we used the NIR reflectance spectra at room temperature (no ice) and at 148 K (−125    ∘  C) (lowest temperature; thus, the thickest ice deposit). First, we computed the ratio R of the spectrum at 148 K over the spectrum at room temperature. This ratio is set to correspond to 2T, where T is the transmission through the water ice deposit. Factor 2 accounts for both times the light passes through the ice deposit, i.e., once before reaching the surface of the sample and once after. Then, this transmission is converted into absorbance, A, using Equation (A1):


  A = − l n ( T ) = − l n ( R / 2 )  



(A1)







Finally, we extracted the water ice deposit thickness, t, by computing the 3.0  μ m band area,   B  A  3.0     (in cm    − 1   ) and using Equation A2:


  t =   M × B  A  3.0     I B S × d ×  n A     



(A2)




where M = 18 g/mol is the molar mass of water,   I B S   = 2.0 × 10    − 16    cm/molecule is the integrated band strength of O-H bond stretching at 3280 cm    − 1   , d = 1 g/cm   3   is the density of water and   n A   = 6.02 × 10   23   molecules/mol is the Avogadro number.
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Figure 1. The four samples were observed with a binocular microscope. The top row shows the non-heated samples (when available); the bottom row shows the heated samples. (a) the powder of plagioclase (grain size = 75–100  μ m); (b) the pellet of plagioclase (5 mm diameter); (c) the slice of plagioclase; (d) the pellet of synthetic volcanic glasses (5 mm diameter). No obvious difference in brightness or colour is visible between the heated sample and the same non-heated sample. 






Figure 1. The four samples were observed with a binocular microscope. The top row shows the non-heated samples (when available); the bottom row shows the heated samples. (a) the powder of plagioclase (grain size = 75–100  μ m); (b) the pellet of plagioclase (5 mm diameter); (c) the slice of plagioclase; (d) the pellet of synthetic volcanic glasses (5 mm diameter). No obvious difference in brightness or colour is visible between the heated sample and the same non-heated sample.



[image: Minerals 13 00250 g001]







[image: Minerals 13 00250 g002 550] 





Figure 2. VNIR reflectance spectra of plagioclase samples and volcanic glasses. For each sample, several spectra were collected at different positions on the sample to obtain a more representative insight into the spectral properties. Position numbers in labels are specific to each sample. (Left column): non-heated samples; (Right column): heated samples (distinct from non-heated samples). (Row 1): slice of plagioclase; (Row 2): pellet of plagioclase; (Row 3): powder of plagioclase; (Row 4): pellet of volcanic glasses. 
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Figure 3. NIR spectra of plagioclase samples and volcanic glasses at different temperatures for the heating experiment. (a) slice of plagioclase; (b) pellet of plagioclase; (c) powder of plagioclase; (d) pellet of volcanic glasses. 
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Figure 4. Spectral variations in the 1.3  μ m band with respect to temperature for the pellet ((a) shift; (b) depth) and the powder of plagioclase ((c) shift; (d) depth); (e) depths normalized to the lowest available temperature value (313 K [40    ∘  C] for the pellet, 323 K [50    ∘  C] for the powder). 
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Figure 5. Spectral variations in the 3.0  μ m band with respect to temperature for the pellet ((a) shift; (b) depth) and the powder of plagioclase ((c) shift; (d) depth). 
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Figure 6. Spectral variations in the 3.0  μ m band with respect to temperature for the pellet of volcanic glasses. (a) Shift; (b) depth. 
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Figure 7. NIR spectra of plagioclase samples at different temperatures for the cooling experiment. (a) slice; (b) pellet. 
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Figure 8. (a) Shift in the 3.0  μ m band with respect to temperature for the pellet of plagioclase; (b) NIR spectral slope on 1.7–2.6  μ m with respect to the temperature for the slice and pellet of plagioclase. 






Figure 8. (a) Shift in the 3.0  μ m band with respect to temperature for the pellet of plagioclase; (b) NIR spectral slope on 1.7–2.6  μ m with respect to the temperature for the slice and pellet of plagioclase.



[image: Minerals 13 00250 g008]







[image: Minerals 13 00250 g009 550] 





Figure 9. MIR spectra of the samples of plagioclase at different temperatures. (a) powder; (b) pellet; (c) slice; (d) slice at T = 373 K (100    ∘  C) and 673 K (400    ∘  C) normalized to the RB3 maximum. The approximate positions of CF, RB1, RB2, RB3, and TF are indicated on each panel. 






Figure 9. MIR spectra of the samples of plagioclase at different temperatures. (a) powder; (b) pellet; (c) slice; (d) slice at T = 373 K (100    ∘  C) and 673 K (400    ∘  C) normalized to the RB3 maximum. The approximate positions of CF, RB1, RB2, RB3, and TF are indicated on each panel.



[image: Minerals 13 00250 g009]







[image: Minerals 13 00250 g010 550] 





Figure 10. MIR spectra of the samples of the pellet of volcanic glasses at different temperatures. (Left) During heating; (Right) when cooling to room temperature. 
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Figure 11. Shift in the main MIR bands with respect to the temperature for the plagioclase samples. (a) CF; (b) RB1 (9.0  μ m); (c) RB3 (10.5  μ m); (d) TF (12.1  μ m). 
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Figure 12. Shift in the CF with respect to temperature for the pellet of volcanic glasses. 
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Figure 13. Spectral variations in the 9.8  μ m band with respect to temperature for the pellet of volcanic glasses. (a) Shift; (b) depth. 
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Figure 14. MIR spectra of the pellet of plagioclase at different temperatures and with different heating steps. (a): During heating (heating step = 25 K); (b): When cooling to room temperature (heating step = 10 K between 423 K [150    ∘  C] and 373 K [100    ∘  C], 15   ∘  C between 373 K and 313 K [40    ∘  C]). 
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Table 1. Mean values of spectral slope (%/100 nm) between 0.5 and 0.8  μ m for each sample. Uncertainties correspond to 1 σ .
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	Sample
	An    80    Slice
	An    80    Pellet
	An    80    Powder
	Glasses Pellet





	Non-heated
	−1.81 ± 1.02
	2.31 ± 0.37
	3.09 ± 0.8
	0.60 ± 0.21



	Heated
	−0.99 ± 0.36
	4.29 ± 0.15
	3.15 ± 0.16
	1.61 ± 0.1
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Table 2. Mean values of ratio 1.0/0.8  μ m for each sample. Uncertainties correspond to 1 σ .
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	Sample
	An    80    Slice
	An    80    Pellet
	An    80    Powder
	Glasses Pellet





	Non-heated
	0.854 ± 0.03
	0.963 ± 0.005
	0.953 ± 0.02
	0.995 ± 0.005



	Heated
	0.880 ± 0.02
	0.983 ± 0.004
	0.980 ± 0.1
	0.995 ± 0.005
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Table 3. Mean values of reflectance at 0.5  μ m for each sample. Uncertainties correspond to 1 σ .






Table 3. Mean values of reflectance at 0.5  μ m for each sample. Uncertainties correspond to 1 σ .





	Sample
	An    80    Slice
	An    80    Pellet
	An    80    Powder
	Glasses Pellet





	Non-heated
	0.478 ± 0.120
	0.934 ± 0.024
	0.529 ± 0.084
	0.829 ± 0.016



	Heated
	0.375 ± 0.130
	0.790 ± 0.012
	0.801 ± 0.108
	0.990 ± 0.005
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Table 4. Variations in spectral parameters with heating. ‘+’ means an increase, ‘-’ a decrease and ‘=’ no variation. (?) is to warn of uncertainty because too few points were taken for the mean.






Table 4. Variations in spectral parameters with heating. ‘+’ means an increase, ‘-’ a decrease and ‘=’ no variation. (?) is to warn of uncertainty because too few points were taken for the mean.












	
	An    80    Slice
	An    80    Pellet
	An    80    Powder
	Glasses Pellet





	Spectral slope (0.5–0.8  μ m)
	+
	+
	=
	+



	Ratio NIR (1.0/0.8  μ m)
	+
	+
	+
	= (?)



	Reflectance at 0.5  μ m
	-
	-
	+
	+
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Table 5. Expected effects of heating on selected spectral parameters of interest for the SIMBIO-SYS (VNIR range) and MERTIS (MIR range) instruments in two different locations on Mercury: intercrater plains (analog = plagioclase) and Northern Volcanic Plains (analog = volcanic glasses). ‘+’ stands for an increase in the spectral parameter, ‘-’ for a decrease, and ‘N/A’ if the spectral parameter is unavailable for the corresponding analog.






Table 5. Expected effects of heating on selected spectral parameters of interest for the SIMBIO-SYS (VNIR range) and MERTIS (MIR range) instruments in two different locations on Mercury: intercrater plains (analog = plagioclase) and Northern Volcanic Plains (analog = volcanic glasses). ‘+’ stands for an increase in the spectral parameter, ‘-’ for a decrease, and ‘N/A’ if the spectral parameter is unavailable for the corresponding analog.





	
Wavelength Range

	
Spectral Parameter of Interest

	
Intercrater Plains (Plagioclase)

	
Northern Volcanic Plains (Volcanic Glasses)






	
VNIR (0.4–2.0  μ m)

	
1.3  μ m band depth

	
-

	
N/A




	
VIS spectral slope (0.5–0.8  μ m)

	
+

	
+




	
Reflectance at 1.0  μ m / reflectance at 0.8  μ m

	
+

	
N/A




	
MIR (7–14  μ m)

	
Christiansen feature position (∼8  μ m)

	
+

	
+




	
Reststrahlen band 1 position (∼9  μ m)

	
+

	
+
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