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Hydrocarbons such as methane and ethane are present in many solar system objects, including comets, moons and planets. The interaction of these hydrocarbons with water ice at low temperatures could lead to the formation of inclusion compounds, such as clathrate hydrates (water based host cages trapping hydrocarbons guest molecules), modifying their retention, stability and therefore evolution. The occurrence of =clathrate hydrates on solar system surfaces could be established by remote sensing of their spectroscopic signatures. In this study, we measure and analyse ethane clathrate hydrate spectra recorded in the temperature range from 5.3 to 160K, covering most of the temperature range of interest for solar system objects. Specific infrared band signatures are identified for the ethane encaged guest. We provide evidence that ethane clathrate hydrate outcrops can be detected by remote sensing on the surface of planetary bodies.

Introduction

Hydrocarbons are present in many solar system objects. The most abundant hydrocarbons species include gaseous methane or ethane present in the atmosphere of giant planets (e.g. [START_REF] Melin | Jupiter in the Ultraviolet: Acetylene and Ethane Abundances in the Stratosphere of Jupiter from Cassini Observations between 0.15 and 0.19 µm[END_REF][START_REF] Guerlet | Vertical and meridional distribution of ethane, acetylene propane in Saturn's stratosphere from CIRS/Cassini limb observations[END_REF][START_REF] Sada | 13C-Ethane in the Atmospheres of Jupiter and Saturn[END_REF][START_REF] Tokunaga | The detection of ethane on Saturn[END_REF], satellites atmospheres [START_REF] Cours | The 3 . 4 µm absorption in Titan's stratosphere: Contribution of ethane, propane, butane and complex hydrogenated organics[END_REF][START_REF] Lombardo | Ethane in Titan's Stratosphere from Cassini CIRS Far-and Mid-infrared Spectra[END_REF][START_REF] Niemann | Composition of Titan's lower atmosphere and simple surface volatiles as measured by the Cassini-Huygens probe gas chromatograph mass spectrometer experiment[END_REF], comets [START_REF] Villanueva | Ethane in planetary and cometary atmospheres: Transmittance and fluorescence models of the ν 7 band at 3.3 µm[END_REF]Crovisier et al. 2004;[START_REF] Mumma | A Survey of Organic Volatile Species in Comet C/1999 H1 (Lee) Using NIRSPEC at the Keck Observatory[END_REF][START_REF] Mumma | Detection of CO and Ethane in Comet 21P/Giacobini-Zinner: Evidence for Variable Chemistry in the Outer Solar Nebula[END_REF], in the liquid =phase on Titan [START_REF] Farnsworth | Constraining Ethane Concentration in Titan's Lakes and Seas[END_REF][START_REF] Clark | Detection and mapping of hydrocarbon deposits on Titan[END_REF][START_REF] Cordier | An Estimate of the Chemical Composition of Titan's Lakes[END_REF][START_REF] Lunine | The methane cycle on Titan[END_REF], solid =phase on Pluto and Triton [START_REF] Demeo | A search for ethane on Pluto and Triton[END_REF], or Kuiper Belt objects [START_REF] Brown | Methane and Ethane on the Bright Kuiper Belt Object 2005 FY9[END_REF]. The coexistence of hydrocarbons with water ice at low temperatures in some of these environments =raises the question about their ability to form clathrate hydrates. Clathrate hydrates are made of a 3-dimensional watermolecule connected network, linked via hydrogen bonds. To be stabilized, the clathrate network hosts cavities encapsulating guest molecules ("clathrate" meaning closure). Small molecules can be trapped in two main =crystalline clathrate hydrate cubic structures named type I and type II. The type I structure's unit cell (e.g. [START_REF] Sloan | Clathrate hydrates of Natural Gases[END_REF] is made of two dodecahedral (5 12 ) water cages and six larger cages containing twelve pentagonal and two hexagonal faces (5 12 6 2 ) per unit cell. Another structure, the type II structure, possesses sixteen dodecahedral (5 12 ) cages for eight large cages with twelve pentagonal and four hexagonal faces (5 12 6 4 ) per unit cell. =For each structure, the cage's number ratio and the filling ratio with guest molecules influence the spectroscopic signatures of the trapped molecules.

When the guests are relatively volatile species, like hydrocarbons such as methane and ethane, clathrate hydrates will modify their retention time scales in solar system bodies, and also modify their release conditions. =The hydrate term is sometimes used as a semantic shortcut to designate clathrate hydrates but must not be confused neither with hydrates nor with ice mixtures where a molecule is interacting with water ice and not necessarily mediated via an ordered crystalline cage.

Many models do include clathrate hydrates in the evolution or geophysical structure of solar system bodies, (e.g. [START_REF] Combe | Nature, distribution and origin of CO 2 on Enceladus[END_REF][START_REF] Marounina | Role of the global water ocean on the evolution of Titan's primitive atmosphere[END_REF][START_REF] Castillo-Rogez | Insights into Ceres's evolution from surface composition[END_REF][START_REF] Fu | The interior structure of Ceres as revealed by surface topography[END_REF][START_REF] Luspay-Kuti | The presence of clathrates in comet 67P/Churyumov-Gerasimenko[END_REF][START_REF] Marboeuf | A cometary nucleus model taking into account all phase changes of water ice: amorphous, crystalline, and clathrate[END_REF]. A better understanding of clathrate kinetics and their spectroscopic signatures is needed to continue addressing constraints on these clathrate hydrate models. A prerequisite for the identification of clathrate hydrates in the solar system is a thorough characterisation of the vibrational spectroscopic signatures in the infrared, or the specific spectral fingerprints, and their evolution with the ice structure and temperature. For small guest molecules, clathrate hydrates can crystallise in two different cubic structures (I and II), that will affect the filling of the ice cages and therefore the interactions and spectroscopy of the trapped species. Methane is the main hydrocarbon found in cold solar system environments =(e.g. Glein and Zolotov 2020; Guzmán-Marmolejo and Segura 2015, and citations above). Dedicated experiments [START_REF] Dartois | Methane clathrate hydrate infrared spectrum. II. Near-infrared overtones, combination modes and cages assignments[END_REF][START_REF] Dartois | Carbon dioxide clathrate hydrate FTIR spectrum. Near infrared combination modes for astrophysical remote detection[END_REF]Dartois and Deboffle 2008, and references therein) have recorded the clathrate hydrate infrared signatures in the 4K to 140K range, in the 2-4 µm (5000-2500 cm -1 ) range covering the fundamental stretching modes as well as the strongest combinations/overtones.

In addition to methane, ethane has been detected =on Titan and contributes to the hydrocarbon cycle [START_REF] Brown | The identification of liquid ethane in Titan's Ontario Lacus[END_REF][START_REF] Mousis | Sequestration of Ethane in the Cryovolcanic Subsurface of Titan[END_REF][START_REF] Barth | Methane, ethane, and mixed clouds in Titan's atmosphere: Properties derived from microphysical modeling[END_REF][START_REF] Griffith | Evidence for a Polar Ethane Cloud on Titan[END_REF][START_REF] Lunine | Ethane Ocean on Titan[END_REF]. In some instances, such as the surface of Titan, the lower abundance of the ethane hydrocarbon with respect to methane can be compensated by ethane's lower vapour pressure, or its liquid state, and could favour the ethane inclusion in the formation of clathrate hydrates. Missions targeting Titan, such as Dragonfly should better =constrain the surface and lower atmosphere conditions (e.g. [START_REF] Turtle | Dragonfly: In Situ Exploration of Titan's Organic Chemistry and Habitability[END_REF][START_REF] Voosen | NASA to fly drone on Titan[END_REF][START_REF] Lorenz | Dragonfly: A rotorcraft lander concept for scientific exploration at titan[END_REF]. In this article we explore the infrared spectra of the ethane clathrate hydrate in the 5.3-160K range, and provide the spectroscopic signature and band frequencies of the guest ethane trapped molecules.

Experiments

To form the ethane clathrate hydrate we followed a previously proven protocol in evacuated cryogenic cells [START_REF] Dartois | Methane clathrate hydrate infrared spectrum. II. Near-infrared overtones, combination modes and cages assignments[END_REF][START_REF] Dartois | Carbon dioxide clathrate hydrate FTIR spectrum. Near infrared combination modes for astrophysical remote detection[END_REF][START_REF] Dartois | Methane clathrate hydrate FTIR spectrum. Implications for its cometary and planetary detection[END_REF]. The cell was built around two ZnSe windows facing each other, for infrared transmission analysis, sealed to an oxygen-free high thermal conductivity (OFHC), gold coated, copper closed cell. It was thermally coupled to a cold finger whose temperature can be lowered using a liquid He transfer, balanced by a surrounding Minco polyimide thermofoil heater, =which maintains a constant temperature. A high vacuum evacuated cryostat (P < 10 -7 mbar) surrounded the cell. Gases were injected =into the cell (or evacuated) with a stainless steel injection tube brazed at the bottom of the cell. In these experiments, a water ice film was formed first, by injecting water vapour =into the cell maintained just below the water ice freezing point, forming an Ih ice. Deionized water was used. Several freeze-pump-thaw degassing cycles were applied to remove any dissolved gases. The cell temperature was then lowered to 267 K for the clathrate formation.

The cell was pressurised with ethane gas at about 25 bars. This {pressure,temperature} couple is well above the stability curve for ethane clathrate hydrate, which is about 3.5 bars at 267 K.

The system was kept under pressure =for approximately fifteen days, much above the expected diffusion kinetics time scale. If one assumes a typical diffusion coefficient around 10 -12 m 2 /h at 267K (e.g. Falenty et al. 2013, and references therein), in fifteen days the diffusion pervaded ∼20µm. The deposited water ice film thickness was several microns thick (the film deposited on each face of the cell is about 3±1µm thick), thus fully penetrated by diffusion by the ethane gas to make the clathrate. The temperature was then progressively lowered (at a rate of ∼1K/min) while evacuating the ethane gas. During this operation, we maintained the system just below the sublimation/vaporisation curve of pure ethane, and above the ethane clathrate hydrate expected stability curve [START_REF] Roberts | Constitution diagrams and composition of methane and ethane hydrates[END_REF]).

When the system was at a temperature sufficiently low enough so that the kinetics of the clathrate destabilisation becomes very long (typically below 100 K), the system was fully evacuated while the temperature continued to be lowered to its minimum of about 5.3K. The infrared spectra were then recorded with steps of 20K, which allowed us to follow the evolution of the spectral signatures, up to the clathrate hydrate rapid dissociation occurring above 160 K over an hour under our experimental conditions. (In between each temperature stabilised step, the temperature was raised at a rate of ∼1K/min, allowing for proper thermalisation of the clathrate hydrate.) The spectra were recorded with a Bruker Fourier transform infrared spectrometer covering the 5000-700 cm -1 spectral range at a resolution of 0.5 cm -1 , with a globar source, KBr beamsplitter and an HgCdTe detector cooled with liquid N 2 .

Results

The ethane clathrate hydrate transmittance spectrum, at 5.3K, after baseline correction, is shown in Fig. 1. The ethane clathrate hydrate bands in the infrared recorded from 5.3 to 160K are shown in Fig. 2 for the fundamental vibrational modes range (3000-2700 and 1500-1100 cm -1 ), and in Fig. 3 for the combinations/overtones (4470-3600 cm -1 ). These spectra are compared to the spectra of pure ethane ice recorded in the same cell at 77K, =crystalline ethane recorded at 15K [START_REF] Hudson | Infrared spectra and optical constants of astronomical ices: II. Ethane and ethylene[END_REF], and an amorphous H 2 O:C 2 H 6 (20:1) ice mixture from the Cosmic Ice Laboratory 1 in the fundamental modes regions. A spectrum of an ethane:oxirane (7:3) mixed clathrate from [START_REF] Richardson | FT-IR spectra of vacuum deposited clathrate hydrate of oxirane H_2S, THF, and ethane[END_REF] recorded at 90K, is shown above the spectra in the mid-infrared. The oxirane vibrational mode contribution is identified with asterisks. Oxirane is known to form and induce a clathrate hydrate type I structure. Its clathrate type I and II spectral positions are well known, helping to confirm the structure formed and thus assign the vibrational spectrum for other guests trapped in mixed oxirane =clathrate hydrates. A tentative attribution of the vibrational modes and combinations/overtones is over-plotted on these figures. The assignments are based on the gas phase rovibrational analysis presented by [START_REF] Hepp | RESEARCH NOTE Vibration-rotation bands in ethane[END_REF], 1999b[START_REF] Hepp | The jet cooled spectrum of ethane between 4000 and 4500cm-1[END_REF]; [START_REF] Hepp | The v 6 + v 10 band of ethane[END_REF], and assumes a bathochromic shift (a few wavenumbers for fundamental vibrations and up to ten to twenty for the combination modes regions) induced by the ethane clathration in a clathrate hydrate large cage (see Table 1). We also report the band position evolution as a function of temperature in Fig. 4 for selected intense transitions, and compare these band transitions with positions from the ethane:oxirane mixed clathrate spectrum from [START_REF] Richardson | FT-IR spectra of vacuum deposited clathrate hydrate of oxirane H_2S, THF, and ethane[END_REF] for the mid-infrared modes.

Discussion

Pure ethane clathrate hydrate is expected to form a type I clathrate hydrate. =The positions of the ethane bands in our experiment, when compared to the [START_REF] Richardson | FT-IR spectra of vacuum deposited clathrate hydrate of oxirane H_2S, THF, and ethane[END_REF] mixed ethane:oxirane band positions (shown with green diamond in Fig. 4) coincide well with the expected type I clathrate hydrate positions. [START_REF] Richardson | FT-IR spectra of vacuum deposited clathrate hydrate of oxirane H_2S, THF, and ethane[END_REF] however point toward unusual relative intensities of the oxirane band intensities in this experiment, requiring further analysis. It may suggest that the presence of ethane in this mixed clathrate may deform the structure more than for smaller guest species. Peak positions and tentative assignments are reported in Table 1 for the two measured extreme temperatures, 5.3 and 160 K, respectively.

The main outcome of this study is that the formation of an ethane clathrate hydrate gives rise to a recorded very unique band pattern, distinct from the other observed features for ethane in other possible phases. In particular the band splitting in the fundamental ν 7 degenerate mode region around 2970 cm -1 (already observed by [START_REF] Richardson | FT-IR spectra of vacuum deposited clathrate hydrate of oxirane H_2S, THF, and ethane[END_REF]), with a splitting amplitude of a bit more than 10 cm -1 ) is characteristic of the ethane clathrate hydrate, and not observed in other pure ethane or mixed ethane/water ice phases. In the combinations/overtone near infrared region, many bands observed in the pattern are also characteristic (in particular the ∼4400, 4320, 4170, 3980 cm -1 combinations modes splittings). They are clearly distinctive from the other possible solid ethane or ethane simple hydrate phases, pointing toward the uniqueness of the identification of a clathrate hydrate through the observation of these modes.

In planetary environments such as Jupiter, Saturn and its satellite Titan, Pluto and other TNOs, as well as comets, ethane is less abundant than methane. When type I clathrate hydrate formers are mixed, they may induce the formation of a type II hydrate, under specific ratios. [START_REF] Subramanian | Structural Transition Studies in Methane + Ethane Hydrates Using Raman and NMR[END_REF] report that in mixed methane and ethane clathrate hydrate studied by Raman spectroscopy, both type I formers taken individually, formed a type II clathrate hydrate under specific composition ranges, typically starting above 72 to 75% of methane. =The structure will go back to type I clathrate hydrate when ethane becomes a trace species, above the upper bound of 95% methane in these experiments. The mixed methane/ethane clathrate hydrate is metastable in some cases =as shown by, e.g., [START_REF] Takeya | Coexistence of structure I and II hydrates formed from a mixture of methane and ethane gases[END_REF]. [START_REF] Takeya | Lattice Expansion of Clathrate Hydrates of Methane Mixtures and Natural Gas[END_REF] measured the lattice constants of mixed methane and ethane clathrate hydrate at 113 K as a function of CH 4 gas content. The mixed system forms the type II clathrate hydrate for about 60 to 80% methane content and type I above and below, with values close to the pure methane hydrate lattice parameters of type I at high methane content. =Type I and type II mixed methane+ethane clathrate hydrates can coexist. The type II has been shown to be a metastable kinetically favoured stage during some mixed clathrate hydrate nucleation experiments, with a slow transformation into sI, the type I being the stable phase to long time scales [START_REF] Kida | Dissociation behavior of methane-ethane mixed gas hydrate coexisting structures i and ii[END_REF][START_REF] Ohno | Raman studies of methane-ethane hydrate metastability[END_REF][START_REF] Murshed | Kinetic studies of methane-ethane mixed gas hydrates by neutron diffraction and raman spectroscopy[END_REF]. In both type I and II clathrates, the ethane molecules occupies the large cage (the 5 12 6 2 in type I and 5 12 6 4 in type II), as ethane is too large to fit into the small cage. The proportions at which this change occurs will vary with the formation temperature of the clathrate hydrate because of the difference in fugacity of these two species. The ratio of small to large cages in each unit of the two clathrate ice structures favours type I when only the large cages are filled. The band positions are expected to shift by a few wavenumbers in between type I and type II clathrate hydrate large cages, being about 4 cm -1 redder for type II with respect to type I in the stretching modes, based on Raman spectroscopy [START_REF] Subramanian | Structural Transition Studies in Methane + Ethane Hydrates Using Raman and NMR[END_REF]. Apart from the shift specific to each clathrate hydrate structure, the pattern observed in the present experiments should be representative. =Several splittings for some vibrational modes/combinations, distinct from the known crystalline phase splittings, characteristic of ethane trapped in the large cages of a clathrate hydrate of type I (or II with an expected moderate shift) should be actively searched for to establish such clathrate hydrates occurence.

=Saturn's moon Titan, with an atmospheric temperature in the 70-180K range [START_REF] Hörst | Titan's atmosphere and climate[END_REF][START_REF] Niemann | Composition of Titan's lower atmosphere and simple surface volatiles as measured by the Cassini-Huygens probe gas chromatograph mass spectrometer experiment[END_REF][START_REF] Mckay | The thermal structure of Titan's atmosphere[END_REF], hosts conditions for hydrocarbon rains, and, with a surface temperature around 90K, harbours liquid hydrocarbons, including methane and ethane lakes (e.g. [START_REF] Mastrogiuseppe | Deep and methane-rich lakes on Titan[END_REF][START_REF] Hayes | Hydrocarbon lakes on Titan: Distribution and interaction with a porous regolith[END_REF][START_REF] Stofan | The lakes of Titan[END_REF]). The stability zone for the formation of methane and ethane clathrate hydrate falls in this temperature range [START_REF] Kalousová | The Insulating Effect of Methane Clathrate Crust on Titan's Thermal Evolution[END_REF][START_REF] Tobie | Evolution of Titan and implications for its hydrocarbon cycle[END_REF][START_REF] Lunine | The methane cycle on Titan[END_REF][START_REF] Thomas | A theoretical investigation into the trapping of noble gases by clathrates on Titan[END_REF][START_REF] Thomas | Clathrate hydrates as a sink of noble gases in Titan's atmosphere[END_REF][START_REF] Atreya | Titan's methane cycle[END_REF][START_REF] Osegovic | Compound clathrate hydrate on Titan's surface[END_REF]. [START_REF] Vu | Rapid Formation of Clathrate Hydrate From Liquid Ethane and Water Ice on Titan[END_REF] recently showed that the kinetics of formation at low temperature of an ethane clathrate hydrate is kinetically possible under Titan conditions, using Raman spectroscopy. These authors report that with a surface temperature of 90K, a full clathration of ice in contact with ethane will occur in about four (Earth) years, i.e. within a time scale shorter than Titan's seasons and summer solstices are separated by about 15 years, directly related to Saturn's orbital period of slightly more than 29 years). An alternative formation at the surface invoked in this study is the contact of ethane rain directly on exposed ice slabs, a situation for which the clathrate hydrate kinetics is more difficult to estimate. However, for such exposed fields, the spectroscopic signatures obtained by remote sensing are directly accessible, and would provide constraints on =clathrates occurrence. In Titan's lakes, the density of liquid ethane being higher than liquid methane (e.g., about 462.7 kg/m 3 (melting line) and 662.8 kg/m 3 (melting line) at 100K for methane and ethane, respectively [START_REF] Younglove | Thermophysical Properties of Fluids. II. Methane, Ethane, Propane, Isobutane, and Normal Butane[END_REF]), a methane/ethane phase separation should occur. =The full nitrogen, methane and ethane system must be investigated under Titan conditions (e.g. [START_REF] Hanley | Titan: Bubbles in focus[END_REF]. At the bottom of these lakes, ethane may therefore be in direct contact with an ice bedrock like the one observed elsewhere on Titan (e.g. [START_REF] Griffith | A corridor of exposed ice-rich bedrock across Titan's tropical region[END_REF]), but residing well below the lake's surface. =Additionally, if the temperature at the bottom of the lakes is higher than the surface temperature, the formation kinetics should be thermally enhanced. [START_REF] Vu | Rapid Formation of Clathrate Hydrate From Liquid Ethane and Water Ice on Titan[END_REF] consider the domain of formation at greater depths if ethane percolates deeper through the surface, with corresponding higher temperatures and favourable formation kinetics, but hardly accessible to spectroscopic means. Many experiments following the cage evolution and spectral signatures of clathrate hydrates are performed using Raman spectroscopy. =In the spectral range considered here, if both Raman and infrared spectrometers can be integrated in space probes that would land on solar system objects, and perform an analysis of the local field, a vast majority of the spectroscopic information is still obtained using infrared only remote sensing by space probes using on-board spectrometers. An outcrop on the surface of icy bodies, or a terrain recently exposed when there is a space probe fly-by may allow for the identification of clathrate hydrates by infrared spectroscopic means. Such a direct spectroscopic detection would considerably anchor our view on the geophysical evolution of these objects.

Conclusion

We measured the temperature dependence, in the 5.3 to 160 K range, of the near and mid-infrared spectral signatures of ethane trapped in a type I clathrate hydrate structure, identified by comparison to literature spectra of mixed oxirane:ethane clathrate hydrate. The =ethane molecule occupies the large cages of the ice crystal structure formed by the host water molecules. The large number of individual transitions observed in the fundamental modes of vibration and the numerous combinations/harmonics represent distinctive spectroscopic fingerprints that will allow remote identification if ethane is present in a clathrate hydrate in solar system ices. Further experiments are foreseen to explore the type I and II clathrate hydrate differences in the infrared over a large range of temperatures. When ethane occupies the large cage of type I or II clathrate hydrates, only a mild shift of about four wavenumbers between ethane bands in each structure is expected, =and, apart from a shift of such magnitude, the measured spectra in this study will be similar to those of both structures. These signatures can be used to analyse planetary remote sensing data and may be used for future proposed missions exploring the icy worlds of the solar system, in particular, ones targeting Saturn's moon Titan, such as the Dragonfly mission.
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 1 Fig.1. Baseline corrected ethane clathrate hydrate transmittance spectrum recorded at 5.3K. Note the imperfect cancelation of the Fabry-Perot fringes in the space between the ZnSe windows, leading to small waves observed superimposed on the =spectrum (e.g. in the 2500-1700 cm -1 interval). Scattering effects deform the water ice bands because of imperfect film surface roughness once clathration is achieved.
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 34 Fig. 3. Temperature dependent infrared spectra of the ethane clathrate in the combination/overtone regions. The crystalline pure ethane spectrum of Hudson et al. (2014) recorded at 15K is shown above. The pure ethane spectrum recorded in the cell at 77K is shown above too. Tentative assignments of the implied vibrational modes are given (see text for details). Spectra are offset for clarity.

Table 1 .

 1 The ethane centroid vibrational positions for an ethane:oxirane (7:3) mixed clathrate spectrum from[START_REF] Richardson | FT-IR spectra of vacuum deposited clathrate hydrate of oxirane H_2S, THF, and ethane[END_REF] recorded at 90K, are shown with green diamonds. Oxirane is known to form and induce a clathrate hydrate type I structure, helping to confirm the structure formed and also assign the C 2 H 6 vibrational bands in this mixed oxirane clathrate hydrate.

Hudson et al., https://science.gsfc.nasa.gov/691/cosmicice/spectra.html
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