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Introduction

The Noachian Nili Fossae region is located on the western border of the 1200 km wide Isidis impact basin and northeast of the Syrtis Major volcanic province [START_REF] Tanaka | Geology of central Libya Montes, Mars: Aqueous alteration history from mineralogical and morphological mapping[END_REF]Fig. 1). Previous studies have shown that the region hosts a rich and diverse mineralogy, with abundant phyllosilicates and other hydrated phases, mafic minerals, and carbonates [START_REF] Hoefen | Discovery of Olivine in the Nili Fossae Region of Mars[END_REF][START_REF] Hamilton | Evidence for extensive, olivine-rich bedrock on Mars[END_REF][START_REF] Mustard | Olivine and Pyroxene Diversity in the Crust of Mars[END_REF][START_REF] Poulet | Phyllosilicates on Mars and implications for early martian climate[END_REF][START_REF] Mangold | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 2. Aqueous alteration of the crust[END_REF][START_REF] Ehlmann | Orbital Identification of Carbonate-Bearing Rocks on Mars[END_REF][START_REF] Ehlmann | Identification of hydrated silicate minerals on Mars using MRO-CRISM: Geologic context near Nili Fossae and implications for aqueous alteration[END_REF][START_REF] Ehlmann | Subsurface water and clay mineral formation during the early history of Mars[END_REF][START_REF] Bramble | The geological history of Northeast Syrtis Major, Mars[END_REF][START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF]. In particular, it exhibits the largest exposures of olivine-rich materials on Mars, as inferred from orbital thermal and near infrared spectroscopy [START_REF] Hoefen | Discovery of Olivine in the Nili Fossae Region of Mars[END_REF][START_REF] Mustard | Olivine and Pyroxene Diversity in the Crust of Mars[END_REF][START_REF] Tornabene | Surface and crater-exposed lithologic units of the Isidis Basin as mapped by coanalysis of THEMIS and TES derived data products[END_REF]. These exposures have moderate thermal inertia (~450 J m -2 K -1 s -1/2 , [START_REF] Hamilton | Evidence for extensive, olivine-rich bedrock on Mars[END_REF]; ~400-500 J m -2 K -1 s -1/2 , [START_REF] Edwards | Carbon sequestration on Mars[END_REF] compared to other Martian olivine-rich bedrocks which have thermal inertia ranging from ~600 to ~1200 J m -2 K -1 s -1/2 [START_REF] Edwards | Evidence for extensive olivine-rich basalt bedrock outcrops in Ganges and Eos chasmas, Mars[END_REF]. [START_REF] Edwards | Carbon sequestration on Mars[END_REF] noted that the thermal inertia values of the Nili Fossae olivine-rich materials are more consistent with a clastic or highly fractured crystalline type of rocks. Similar olivine-enriched deposits are also found to a smaller extent in the southern rim of Isidis, in Libya Montes [START_REF] Hoefen | Discovery of Olivine in the Nili Fossae Region of Mars[END_REF][START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF][START_REF] Tornabene | Surface and crater-exposed lithologic units of the Isidis Basin as mapped by coanalysis of THEMIS and TES derived data products[END_REF][START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF][START_REF] Bishop | Mineralogy and morphology of geologic units at Libya Montes, Mars: Ancient aqueously derived outcrops, mafic flows, fluvial features, and impacts[END_REF][START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF], suggesting they comprise a single unit with the Nili Fossae olivine-rich unit. Unmixing models from Thermal Emission Spectrometer (TES) data predicts the olivine-rich unit is composed of ~10% [START_REF] Salvatore | Bulk mineralogy of the NE Syrtis and Jezero crater regions of Mars derived through thermal infrared spectral analyses[END_REF] to ~30% of olivine [START_REF] Hoefen | Discovery of Olivine in the Nili Fossae Region of Mars[END_REF], while radiative transfer modeling of the Observatoire pour la Minéralogie, l'Eau, la Glace et l'Activité (OMEGA, [START_REF] Bibring | OMEGA: Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité[END_REF] reflectance data predicts a higher phase abundance of 40% [START_REF] Poulet | Quantitative compositional analysis of Martian mafic regions using the MEx/OMEGA reflectance data: 2. Petrological implications[END_REF]. Using the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM, [START_REF] Murchie | Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on Mars Reconnaissance Orbiter (MRO)[END_REF], [START_REF] Edwards | Carbon sequestration on Mars[END_REF] estimated an abundance of 20-25% olivine. These estimates are lowest bound estimates, as all Martian surfaces include a fraction of dust that may mask their mineralogical spectral signature. Thermal inertia values and spectral modeling suggest the unit is composed of sand-sized grains [START_REF] Poulet | Quantitative compositional analysis of Martian mafic regions using the MEx/OMEGA reflectance data: 2. Petrological implications[END_REF][START_REF] Edwards | Carbon sequestration on Mars[END_REF][START_REF] Rogers | Areally Extensive Surface Bedrock Exposures on Mars: Many Are Clastic Rocks, Not Lavas[END_REF].

The high-resolution morphology and stratigraphy of the Nili Fossae olivine-bearing terrains have been widely described in the literature [START_REF] Mangold | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 2. Aqueous alteration of the crust[END_REF][START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF][START_REF] Tornabene | Surface and crater-exposed lithologic units of the Isidis Basin as mapped by coanalysis of THEMIS and TES derived data products[END_REF][START_REF] Ehlmann | Identification of hydrated silicate minerals on Mars using MRO-CRISM: Geologic context near Nili Fossae and implications for aqueous alteration[END_REF][START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF][START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF][START_REF] Bramble | The geological history of Northeast Syrtis Major, Mars[END_REF][START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF]. The olivine-rich unit lies on a phyllosilicate-bearing basement, which has a low albedo and displays a smooth surface at high resolution, with occasional Fe/Mg-rich layered and LCP-rich unlayered megabreccias blocks embedded [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]. At some locations, bright layered Fe/Mg-rich outcrops (substantially bigger than the layered megabreccias blocks) are observed [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]. This dark and smooth basement is truncated by hundreds of meters-long Fe/Mg-rich bright linear ridges, which are potential mineralized fractures or clastic intrusions [START_REF] Saper | Extensive linear ridge networks in Nili Fossae and Nilosyrtis, Mars: implications for fluid flow in the ancient crust[END_REF][START_REF] Pascuzzo | The formation of irregular polygonal ridge networks, Nili Fossae, Mars: Implications for extensive subsurface channelized fluid flow in the Noachian[END_REF]. They do not extend into the olivine-bearing formation, which indicates they predate or are synchronous with the emplacement of the olivine-rich materials [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]. The olivine-rich unit is light-toned and exhibits polygonal fracturing [START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF]. Cross-sections in key locations of the olivine-rich unit display presence of sub-parallel banding or layering, at least a few meters thick [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]. The olivine-rich unit is commonly capped by a mafic capping unit [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]. A similar stratigraphy is observed in Libya Montes, where the olivine-rich unit lies on a phyllosilicate-bearing basement and is overlain by a mafic capping unit [START_REF] Bishop | Mineralogy and morphology of geologic units at Libya Montes, Mars: Ancient aqueously derived outcrops, mafic flows, fluvial features, and impacts[END_REF].

The Nili Fossae olivine-rich unit is locally associated with Mg-carbonates, which might be local alteration products of olivine (Ehlmann et al., 2008b;2009). This alteration could result from surface weathering (Ehlmann et al., 2008b), groundwater percolation in geothermal gradient-driven temperatures [START_REF] Edwards | Carbon sequestration on Mars[END_REF] or hydrothermal serpentinization at the contact between a water-rich phyllosilicatebearing basement and a heated olivine-rich layer [START_REF] Brown | Hydrothermal formation of Clay-Carbonate alteration assemblages in the Nili Fossae region of Mars[END_REF]Viviano-Beck et al., 2013).

Alternatively, carbonates could have formed by precipitation in a lacustrine setting (Ehlmann et al., 2008b). In addition, small exposures of serpentine in the olivine-rich unit have been detected near the Nili Fossae and in the North-east Syrtis location [START_REF] Ehlmann | Identification of hydrated silicate minerals on Mars using MRO-CRISM: Geologic context near Nili Fossae and implications for aqueous alteration[END_REF]2010;[START_REF] Bethany | An in-situ record of major environmental transitions on early Mars at Northeast Syrtis Major[END_REF][START_REF] Amador | A search for minerals associated with serpentinization across Mars using CRISM spectral data[END_REF].

Several scenarios have been proposed to explain the origin of a widespread olivine-rich unit in the region:

1) crustal rocks excavated by the giant impact leading to the formation of Isidis Planitia [START_REF] Hoefen | Discovery of Olivine in the Nili Fossae Region of Mars[END_REF], 2) mafic effusive lava flows occurring before [START_REF] Hamilton | Evidence for extensive, olivine-rich bedrock on Mars[END_REF] or after [START_REF] Tornabene | Surface and crater-exposed lithologic units of the Isidis Basin as mapped by coanalysis of THEMIS and TES derived data products[END_REF] the Isidis impact, 3) pyroclastic eruptions [START_REF] Bramble | The geological history of Northeast Syrtis Major, Mars[END_REF][START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF][START_REF] Rogers | Areally Extensive Surface Bedrock Exposures on Mars: Many Are Clastic Rocks, Not Lavas[END_REF], 4) remnants of the Isidis impact melt sheet [START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF] or Isidis impact silicate vapor condensate (Palumbo and Head, 2018), 5) detrital sedimentation [START_REF] Rogers | Areally Extensive Surface Bedrock Exposures on Mars: Many Are Clastic Rocks, Not Lavas[END_REF].

As noted by [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF], the layering and apparent draping of the topography observed in the olivine-rich unit conflicts with the intrusive origin, but whether the unit results from an impact product, from eruptive flows or from detrital processes is still debated.

Crater counts on capping unit and olivine-rich exposures in Libya Montes return Noachian/Hesperian emplacement ages and Amazonian resurfacing ages [START_REF] Bishop | Mineralogy and morphology of geologic units at Libya Montes, Mars: Ancient aqueously derived outcrops, mafic flows, fluvial features, and impacts[END_REF]. The olivine-rich unit emplacement happened before the Hesperian, as it is overlapped by Syrtis Major Hesperian lava [START_REF] Bethany | An in-situ record of major environmental transitions on early Mars at Northeast Syrtis Major[END_REF]. Additionally, the olivine-rich unit superposition of Jezero, a crater younger than the Isidis impact event, argues for a post-Isidis emplacement [START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF]. However, it is unclear if the olivine-rich parts superposing Jezero crater were emplaced at the same time as the rest of the unit or are made out of recent reworked materials, consequently challenging a post-Isidis emplacement scenario.

Overall, no absolute formation age in the Martian chronology system has yet been proposed for the large deposits in the Nili Fossae region. Here, we combine thermal imagery and spectral datasets in the near infrared to provide an accurate map of the olivine-rich unit's bedrock exposures in Nili Fossae. We estimate the actual regional extent of the unit in Nili Fossae and measure the geometry of its layers to further discuss formation scenarios. We also map the portions of the olivine-rich unit's bedrock exposures that are enriched in carbonates, to estimate how the alteration occurred within the unit. Finally, and in order to refine the formation age of the unit, we investigate key stratigraphic contacts and perform crater size distribution measurements. 

Data and Methods

Combined data from the imaging spectrometers OMEGA and CRISM were analyzed to map olivine and carbonate in the Nili Fossae region. In order to characterize the regional olivine-rich unit, these data were filtered by thermal inertia data to sort out the bedrock and sand components, to be compared to visible imagery at high resolution and Digital Elevation Models (DEMs).

Spectral data products (OMEGA and CRISM)

The OMEGA instrument is a visible and near infrared (VNIR) imaging spectrometer onboard Mars Express, operating since 2003. Hyperspectral cubes are acquired at the wavelength range of 0.35 to 5.1 µm using 352 channels at 7 to 20 nm spectral resolution, distributed in 3 detectors -0.35 to 1 µm, 0.9 to 2.7 µm and 2.7 to 5.1 µm. We use data collected from the second detector as the wavelength range covered is where absorptions of most minerals of interest occur. Given the elliptic orbit of the Mars Express spacecraft, the spatial resolution varies inversely with spacecraft altitude. This resolution ranges from 350 m/pixel to 5 km/pixel.

The CRISM instrument is a VNIR imaging spectrometer onboard Mars Reconnaissance Orbiter, in orbit since 2006. It operates in two distinct modes: (1) a targeted mode, which acquires 10 km by 10-20 km high spatial (from 18 to 36 m/pixel) and spectral (544 channels) resolution data, and (2) a survey mode which was designed to identify key locations for further analysis with the targeted mode, as it provides 10 km wide and hundreds of km long images [START_REF] Murchie | Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on Mars Reconnaissance Orbiter (MRO)[END_REF]. This mode produces lower spatial (200 m/pixel) and spectral (55 to 154 channels) resolution data than the targeted mode but affords the advantage of covering wider areas (Fig. 2). We processed CRISM data from the L detector (from 1.0 to 4.0 µm) since, as for OMEGA data, the overtones of the fundamental vibrational absorptions of the minerals of interest lie in this wavelength range. OMEGA and CRISM survey mode were both used to map the distribution of olivine-bearing surfaces in the region, as combination of both enables regional to local interpretation of the mineralogy and complete coverage of the area (Fig. 2). At the CRISM survey and OMEGA resolution, many rock exposures outcrops are smaller than the pixel size, resulting in a mixing of the spectral signatures of the olivine-rich terrains and the regional phyllosilicate-bearing basement. However, their distinct morphologies help distinguish these units at higher resolution [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]. We also mapped the carbonates present in the olivine-rich unit (described in [START_REF] Ehlmann | Orbital Identification of Carbonate-Bearing Rocks on Mars[END_REF] using both OMEGA and CRISM survey data, in order to infer the distribution of the alteration minerals. OMEGA and CRISM data were processed using the MarsSI application [START_REF] Quantin-Nataf | MarsSI: Martian surface data processing information system[END_REF]. It includes calibration into I/F reflectance and atmospheric correction with the "volcano scan" method [START_REF] Mcguire | An improvement to the volcano-scan algorithm for atmospheric correction of CRISM and OMEGA spectral data[END_REF]. The last processing step consists of the computation of "spectral parameters" or "spectral indexes", which account for the similarity between the observation spectrum and the laboratory spectrum of a mineral species, using band depth intensity at precise absorption positions [START_REF] Pelkey | CRISM multispectral summary products: Parameterizing mineral diversity on Mars from reflectance[END_REF][START_REF] Ody | Global maps of anhydrous minerals at the surface of Mars from OMEGA/MEx[END_REF]. Formulas used to compute the spectral parameters of olivine and carbonates are presented in table 1. Spectral mapping is subject to limitations which should be taken in account for interpretation in term of rock composition and distribution. The spectroscopic signal is strongly affected by the particle size of the surface [START_REF] Clark | Reflectance spectroscopy: Quantitative analysis techniques for remote sensing applications[END_REF]Clenet et al., 2011;[START_REF] Mancarella | The role of particle size in the laboratory reflectance spectra of pyroxenes: The case of the 670-nm minor feature[END_REF]. In presence of coarse grains, the path of photons within the surface is longer than in fine-grained materials, so that with increasing grain size, absorption bands tend to be wider and deeper for the same proportion of a mineral species [START_REF] Clark | Reflectance spectroscopy: Quantitative analysis techniques for remote sensing applications[END_REF] resulting in higher values of the spectral parameters. At a certain point, enlarged bands saturate and flatten. This effect is particularly seen in the reflectance spectrum of forsterite (the Mg-rich endmember of olivine, which corresponds to the usual magmatic olivine on Earth and in Martian meteorites), which tends to mimic a fayalite (the Fe-rich endmember of olivine) spectrum with grain size exceeding a few hundreds of microns (Clenet et al., 2011). The spectroscopic signal is also strongly influenced by the dust and sand cover of the surface, as only a few microns coating is sufficient to impede the mineralogical detection from the rock, meaning that we might underestimate the extent of the olivinerich unit when mapping olivine-rich surfaces with spectral data.

Thermal inertia

In order to differentiate sandy surface from bedrock, the spectral data were filtered based on the thermal inertia of the surface derived from the Thermal Emission Imaging System (THEMIS) nighttime infrared images [START_REF] Christensen | The Thermal Emission Imaging System (THEMIS) for the Mars 2001 Odyssey Mission[END_REF]Fergason et al., 2006). The data were selected based on the following criteria: (1) the acquisition time was between 0 and 4 am local time, (2) the THEMIS team quality level was comprised between 4 and 7 (1 being low quality and 7 being good quality), (3) the acquisition of the data was preferentially made in a low dust season, with solar longitude Ls comprised between ~0° and ~100° (spring time). Minimizing the solar longitude range reduces the effects of thermal inertia variations due to the seasonal cycle of dust. All observations IDs are available in the supplementary materials.

The THEMIS instrument measures the radiance (W cm -2 sr -1 µm -1 ) of the surface. To derive the quantitative thermal inertia values (in J m -2 K -1 s -1/2 , hereafter noted as Thermal Inertia Units, or TIU), the data were processed using the MARSTHERM application [START_REF] Putzig | MARSTHERM: A web-based system providing thermophysical analysis tools for Mars research[END_REF]. This includes the thermal model of [START_REF] Putzig | Apparent thermal inertia and the surface heterogeneity of Mars[END_REF]: the surface temperature is computed considering the thermal inertia, the albedo, the dust opacity, the time of the day, the solar longitude, the latitude as well as the surface pressure. The thermal inertia corresponding to the best fit for the observed surface temperature is given in output. The uncertainty of the returned value is estimated at ± ~20% (Fergason et al., 2006).

In the region, olivine/carbonate-rich bedrock exposures usually have thermal inertia above 400 TIU, while olivine/carbonate-rich sandy surfaces have a thermal inertia of ~350 TIU [START_REF] Hamilton | Evidence for extensive, olivine-rich bedrock on Mars[END_REF][START_REF] Edwards | Carbon sequestration on Mars[END_REF]. The two members were differentiated in the spectral map using a threshold of 400 TIU: pixels mapped by our spectral criteria below this threshold were considered as sand and above this threshold considered as bedrock. Some of the dustiest THEMIS observations exhibited low average thermal inertia compared to rest of the datasets. On these datasets, the automatic mapping of the bedrock and sand based on the 400 TIU threshold was not consistent with the comparison with CTX datasets and inferred bedrock and sand locations. To ensure accuracy of mapping, these observations were calibrated based on low dust observations during the mosaicking process. This allowed an improved distinction between bedrock and sandy surfaces (Fig. 3). 

High-resolution visible images

The Context Camera (CTX) onboard MRO produces panchromatic grayscale images in the visible spectrum at a resolution of 6 m/pixel over a 30 km large swath (Malin et al., 2006). The High Resolution

Imaging Science Experiment (HiRISE) has the highest spatial resolution from all current remote sensing camera available for Martian surface study, acquiring 5 to 6.4 km wide images at 25 cm to 1.3 m/pixel, using three CCD filters: a red filter from 570 to 830 nm, a blue-green filter below 580 nm and a near infrared filter above 790 nm. The red band produces the largest image while the RGB combination of the three other bands produces 1 to 1.3 km wide colored images [START_REF] Mcewen | Mars Reconnaissance Orbiter's High Resolution Imaging Science Experiment (HiRISE)[END_REF]. We used both CTX and HiRISE data to infer the stratigraphic contacts as well as the morphology of the olivine-rich terrains.

Digital Elevation Models

Mustard et al. (2007; 2009) and [START_REF] Bramble | The geological history of Northeast Syrtis Major, Mars[END_REF] proposed that olivine-rich deposits are draping a pre-existing topography, but did not quantify the layers/bands orientations, which might constrain the emplacement mechanism of the unit. Especially, key estimation is to determine whether the layers are conformable between them and with their substrate (e.g. expected for ash fall). Digital Elevation Models (DEMs) aligned on the Mars Orbiter Laser Altimeter (MOLA) topography were computed at a resolution of 30 cm/ pixel from HiRISE data through the stereo-restitution pipeline [START_REF] Shean | An automated, open-source pipeline for mass production of digital elevation models (DEMs) from veryhigh-resolution commercial stereo satellite imagery[END_REF] of MarsSI application [START_REF] Quantin-Nataf | MarsSI: Martian surface data processing information system[END_REF]. Using precisely co-registered HiRISE images and HiRISE DEMs, dip and dip direction measurements were estimated thanks to the ArcGIS extension LayerTools [START_REF] Kneissl | Measurement of Strike and Dip of Geologic Layers from Remote Sensing Data -New Software Tool for ArcGIS[END_REF]. In addition, we computed a mosaic of High Resolution Stereo Camera (HRSC)

DEMs with spatial resolution of 50 m to 125 m/pixel [START_REF] Neukum | HRSC: The high resolution stereo camera of Mars Express[END_REF], using H3047_0000, H1347_0000, H0988_0000, H5270_0000, H5252_0000 and H2228_0002 footprints.

Crater Counts

We performed craters mapping on areas of the olivine rich unit to infer the exposure time of the unit to bombardment. The counting areas are continuous geological units -as identified in visible imagery -that present olivine-rich signatures based on our spectral mapping filtered with thermal inertia data, and where no dense capping or underlying basement was observed, in order to limit any artificial age modification.

We counted craters comprised or intersecting these areas with a diameter superior to 1 km, as old surfaces ages are mostly constrained by the presence of big craters (diameter > 1 km) and because smaller craters are highly affected by obliteration over time [START_REF] Warner | Minimum effective area for high resolution crater counting of martian terrains[END_REF]. Since the olivine-unit is only a few meters thick, there is a possibility that it is overlapping some of the craters. To account for this, we made sure that the craters counted showed evidence of penetration of the olivine-rich unit (i.e. ejecta superposing the unit, see supplementary figure 1). Some craters are intersecting the edges and are not fully inside of the count areas. To avoid increasing artificially the crater count with regards to the area considered, we counted fractions of all intersecting craters. Finally, the age of the unit was determined by comparing the crater size distributions to isochrons generated by the Ivanov production function ( 2001)

and the [START_REF] Hartmann | Cratering Chronology and the Evolution of Mars, in: Chronology and Evolution of Mars[END_REF] chronology function, using the Craterstats software [START_REF] Michael | Planetary surface dating from crater size-frequency distribution measurements: Partial resurfacing events and statistical age uncertainty[END_REF]. There is a definite possibility that the capping unit in our count area protected the olivinerich unit from impact bombardment and was subsequently eroded. This would artificially lower the inferred age of the olivine-rich unit. Considering this possibility, the age returned from our crater count cannot be used to date with accuracy the olivine-rich unit but is rather used to propose a limit on its youngest likely age.

Results

Regional distribution

Results from our spectral mapping are shown in Figure 5. Previous spectral maps in the region were obtained using TES, THEMIS, OMEGA and CRISM targeted instruments [START_REF] Hoefen | Discovery of Olivine in the Nili Fossae Region of Mars[END_REF][START_REF] Hamilton | Evidence for extensive, olivine-rich bedrock on Mars[END_REF][START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF][START_REF] Tornabene | Surface and crater-exposed lithologic units of the Isidis Basin as mapped by coanalysis of THEMIS and TES derived data products[END_REF]Clenet et al., 2009;[START_REF] Poulet | Quantitative compositional analysis of Martian mafic regions using the MEx/OMEGA reflectance data: 2. Petrological implications[END_REF][START_REF] Ody | Global maps of anhydrous minerals at the surface of Mars from OMEGA/MEx[END_REF][START_REF] Clenet | A systematic mapping procedure based on the Modified Gaussian Model to characterize magmatic units from olivine/pyroxenes mixtures: Application to the Syrtis Major volcanic shield on Mars[END_REF][START_REF] Ody | Global investigation of olivine on Mars: Insights into crust and mantle compositions[END_REF][START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF][START_REF] Bramble | The geological history of Northeast Syrtis Major, Mars[END_REF][START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF]. Using CRISM survey data and filtering by thermal inertia values allows our mapping to better constrain the distribution of olivine-rich bedrock, and is a compromise between the high spatial resolution but poor coverage of the CRISM targeted mode, and the wide coverage but low spatial resolution of OMEGA. According to our spectral mapping, the olivine-rich unit's bedrock exposures cover a ~18,000 km² wide area. They are detected at the lowest elevations in the eastern part of the region at -3400 m of altitude, and at the highest elevations in the western part of the region at 500 m of altitude.

More than 99 % of olivine-rich unit outcrop detections are comprised between -200 m and -3200 m of altitude. Only 10% of the olivine-rich unit bedrock presents strong carbonate signature (> 3% of absorption). The distribution in altitude of these strong carbonate signatures follows the distribution of the olivine bedrock except they are restricted to altitudes below -900 m. Excluding high sloped erosion windows in the olivine-rich unit and crater rims, olivine bedrock surfaces exhibit gentle slopes with 80 % of detections having surface slopes < 5°. Overall, we do not detect any olivine-rich bedrock in terrain exceeding 10° of slope.

The distribution and extent of the olivine-rich unit is bounded: to the South by Syrtis Major lava flows, to the East by the Hesperian infilling of Isidis basin and to the West by highlands (pitted capping and dusty basement units described by [START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF]. The northernmost extent of the unit is unclear [START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF]: we do not detect any conclusive spectral signature of olivine above 23-24°N (Fig. 5a), even if there is no clear variation in the morphology of the surface that could suggest a change of the geology.

The olivine-rich unit is probably more extended but covered northwards by dust, westwards by the volcanic highlands, as we detect olivine-rich materials in the ejecta of Hargraves crater, and southwards as they are also present in erosion windows through Syrtis Major younger lava flows. We do not observe the signature of olivine in central peaks or ejecta of craters on the western floor of Isidis Planitia that could demonstrate that the olivine-rich unit extends east of the Nili Fossae region and below the Hesperian fill.

However, the Hesperian materials are probably too thick for craters to excavate the material beneath. As first noted by [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF], the relationship between the olivine-rich unit and the tectonic activity of the region and opening of the fossae is clear. Olivine-rich layers are cut by the fossae and are not observed draping the floor or the scarps, supporting the idea that the olivine-rich unit is older than the opening of the fossae. Spectra associated with the olivine-rich unit present a large absorption band centered at 1 µm, which can either correspond to fayalite or large-grained (hundreds of microns) forsterite [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]Clenet et al., 2011). From TES (Thermal Emission Spectrometer) deconvoluted spectra, the region is dominated by forsteritic olivine [START_REF] Koeppen | Global distribution, composition, and abundance of olivine on the surface of Mars from thermal infrared data[END_REF]. Consequently, the olivine-rich unit is most probably composed of coarse forsteritic grains, consistently with the modelled grain size [START_REF] Poulet | Quantitative compositional analysis of Martian mafic regions using the MEx/OMEGA reflectance data: 2. Petrological implications[END_REF][START_REF] Edwards | Carbon sequestration on Mars[END_REF][START_REF] Rogers | Areally Extensive Surface Bedrock Exposures on Mars: Many Are Clastic Rocks, Not Lavas[END_REF]. According to OMEGA and CRISM spectral mapping, the carbonate occurrences are widespread but discontinuous exposures restricted to the olivine-rich unit (Fig. 5). The carbonate spectral signal is stronger at most of the dust-free locations where a strong olivine signal is observed. 

Stratigraphy and high-resolution textures

Stratigraphy

The stratigraphic bottom and top contacts with the unit are resolved at HiRISE resolution and coexist in numerous HiRISE footprints where the olivine-rich unit is present (Fig. 6). The base of the stratigraphy corresponds to the regional phyllosilicate-bearing basement [START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF]. On top of this basement is the light-toned olivine-rich unit, which account for the spectral signature of olivine observed from orbit [START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF]. No layering ever displays local cross-beddings or truncations, which could be indicative of deposition in high-energy transport environments such as aeolian dunes or river flows. We performed dip measurement on over > 190 visible layers. Results indicate low angle emplacement, with mean dip at 4.4 ± 3.7°. As shown in figure 7, the layers/bands are parallel to each other within error and with the basement and the olivine-rich unit contact. The layers/bands are draping the basement, with limited vertical variations of thickness and gentle thickening towards the center of topographic lows. Our measurements on the geometry of the layers are consistent with the complementary study of [START_REF] Kremer | A widespread olivine-rich ash deposit on Mars[END_REF]. The exposures of the olivine-rich unit without any carbonate detection as well as the ones with carbonate detection are both commonly several tens of meters thick (Fig. 6c). Above the olivine-rich unit lies the dark crater-retaining capping unit [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]. This unit is in conformable contact with the olivine-rich unit. It is not observed everywhere in the region and appears to cover the olivine materials more often when in topographic lows (Fig. 8) Figure 8. Capping unit exposures on top of olivine-rich materials located on a depression in the topography. HRSC DEM is overlain on a CTX mosaic [START_REF] Dickson | A Global, Blended CTX Mosaic of Mars with Vectorized Seam Mapping: A New Mosaicking Pipeline Using Principles of Non-Destructive Image Editing[END_REF].

Erosional features

The top of the olivine-rich unit often presents patterns of alternating, parallel linear trenches and ridges that are frequently aligned with the modern wind directions (Fig. 9). In cross-sections, these outcrops display the usual sub-parallel layering without any cross-bedding and truncation Therefore, we favor for these linear features present on top of the olivine-rich unit, either (1) a superficial depositional origini.e. some lithified palaeodunesor (2) an erosive origini.e. yardangs-like features (as suggested by [START_REF] Bishop | Mineralogy and morphology of geologic units at Libya Montes, Mars: Ancient aqueously derived outcrops, mafic flows, fluvial features, and impacts[END_REF][START_REF] Tanaka | Geology of central Libya Montes, Mars: Aqueous alteration history from mineralogical and morphological mapping[END_REF] for the olivine deposits in Libya Montes). From these observations it appears that the olivine-rich unit has been strongly eroded through time and are considerably friable (as suggested by [START_REF] Rogers | Areally Extensive Surface Bedrock Exposures on Mars: Many Are Clastic Rocks, Not Lavas[END_REF]. 

Relationship of the olivine-rich unit to the Jezero system

In the southern part of the study region, the Jezero crater Northern rim is highly degraded. The highest and most preserved part of Jezero rim reaches an elevation of ~-1500 m and the eroded parts ~-2300 m. At this location (Fig. 10), olivine-rich bedrock overlaps the eroded rim topography, is cut over by the fluvial networks and appears to fill the floor of the crater [START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF]. A hypothesis regarding the presence of olivine-rich rocks on top of Jezero's eroded rims would be the deposition of regional reworked materials under fluvial and/or eolian activity. The lack of valleys, except the northwest inlet channel of Jezero, at this location and the high elevation are not consistent with deposition under a fluvial environment. At CTX and HiRISE resolution, the usual regional morphology of olivine-bearing rocks (e.g. light-toned, polygonal fracturing and less common but still layering) is observed. More importantly, the bedrock exposures that are draping the rims form a continuous unit that is traceable through the rest of the region. In addition, we do not observe any feature, such as cross-beddings and angular unconformities, that could imply a local reworking of materials transported from other parts of the olivine-rich unit by aeolian dunes sedimentary processes on the rims of Jezero. These observations lead to the conclusion that the olivine-rich material detected in the northern portion of Jezero (except on the fan area, which is made of reworked material) corresponds to a primary deposit overlapping the eroded rim of the crater, and not to reworked material. As noted by [START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF], other craters in the region are draped by the olivine-rich unit. 

Crater distribution-inferred age

The distribution of impact crater sizes of the olivine-bearing exposures is shown in Figure 12b. It aligns on the 3.83 Ga isochron generated by the chronology function of [START_REF] Hartmann | Cratering Chronology and the Evolution of Mars, in: Chronology and Evolution of Mars[END_REF] with

Poisson uncertainties of +70 Ma and -80 Ma. This is consistent within error with the age retrieved from crater counts on the olivine-rich and capping units in the Libya Montes region by [START_REF] Bishop | Mineralogy and morphology of geologic units at Libya Montes, Mars: Ancient aqueously derived outcrops, mafic flows, fluvial features, and impacts[END_REF]. As explained previously, there is a possibility that the capping unit protected the olivine-rich unit from bombardment and was eroded afterwards. In addition, the fact that the olivine-rich unit has extensively been affected by erosion might imply that some big (> 1km) craters might have been erased from the record -even though this crater population is less affected by obliteration than craters smaller than 1 km [START_REF] Warner | Minimum effective area for high resolution crater counting of martian terrains[END_REF]. Both imply that the returned age is probably underestimating the actual age of the unit. Consequently, this result provides the lowest and youngest bound for the unit age: 3.75 Ga (including errors), in the Late Noachian. Taking into account errors, our crater count analysis yields a minimum age for the formation of the olivine-rich unit of the Nili Fossae region at 3.75 Ga. Additional time constraints can be inferred from stratigraphic relationships:

(1) Jezero crater is located between the inner and outer rings of Isidis [START_REF] Schultz | A new survey of multiring impact basins on Mars[END_REF]Mustard et al., 2007). Thus, it is very unlikely that Jezero formed before Isidis, as the preservation state and steep scarp of the southwest part of Jezero rim are not consistent with the excavation and modification stage of a surface affected by a giant impact -here Isidis.

(2) The difference of elevation between the most preserved part of Jezero rim and the most eroded parts is ~800 m. This implies that the most degraded parts of the rim have been eroded of at least 800 meters before the emplacement of the olivine-rich deposits. As detailed previously, the olivine-rich unit is at best a few tens of meters-thick, meaning that the thickness of the latter is negligible to estimate the amount of rim eroded. The lapse of time between the formation of Jezero crater and the emplacement of the olivinerich unit in the crater can be estimated based on an estimate of the erosion rate of the rim. Denudation rates have previously been estimated at several Noachian locations based on crater rims morphology, crater size distribution and crater depths, and range from 0.1 to 10 m/Ma [START_REF] Carr | Post-Noachian Erosion Rates: Implications for Mars Climate Change[END_REF][START_REF] Craddock | Geomorphic evolution of the Martian highlands through ancient fluvial processes[END_REF][START_REF] Craddock | Crater morphometry and modification in the Sinus Sabaeus and Margaritifer Sinus regions of Mars[END_REF]Hynek and Phillips, 2001;[START_REF] Quantin-Nataf | Decline of crater obliteration rates during early martian history[END_REF]. These rates are subject to variations between the different models and for different lithologies but provide an interval of orders of magnitude for the rim erosion rate expected at Jezero crater during the Noachian period. Since the rim was eroded and draped by the olivine-rich unit, it is challenging to infer which physical process led to the erosion of the rim. However, it is possible to estimate the shortest possible lapse of time between the formation of Jezero crater and the emplacement of the olivine-rich unit, based on the maximum possible erosion rate (Fig. 12). Accordingly, taking the maximum Noachian rim erosion rate of 10 m/Ma, the emplacement of the olivine-rich unit in the crater must have occurred at least ~80 Ma after the formation of Jezero crater, the time to erode 800 m of Jezero's rim. The Isidis impact has been dated at 3.96 ± 0.01 Ga by Werner 2008: this yields a maximum formation age for the olivine-rich unit of 3.89 Ga.

Taking into account the fastest time for Jezero rim erosion and the youngest age derived from crater counts, the final refined age of the olivine-rich unit is 3.82 ± 0.07 Ga (Fig. 12). As interpreted by [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF], the olivine-rich unit predates the opening of the regional fossae. These troughs are comparable to concentric grabens around lunar mascons, which usually form due to the subsidence of the infilling-loaded basin [START_REF] Melosh | The tectonics of mascon loading[END_REF][START_REF] Solomon | Lunar Mascon Basins: Lava filling, tectonics, and evolution of the lithosphere[END_REF][START_REF] Wichman | Sequence and mechanisms of deformation around the Hellas and Isidis Impact Basins on Mars[END_REF]. There is no precise constraint on the elapsed time between the formation of Isidis and the resulting concentric faulting.

As the grabens are filled with Syrtis Major lava, the youngest age for their opening is the Early Hesperian age of Syrtis Major (Hiesinger and Head, 2003), which is consistent with our crater counts. Remarkably, our crater count result yields a surface age similar to the age derived from statistics on craters penetrating the capping and the olivine-rich unit in Libya Montes [START_REF] Bishop | Mineralogy and morphology of geologic units at Libya Montes, Mars: Ancient aqueously derived outcrops, mafic flows, fluvial features, and impacts[END_REF], meaning that the capping unit probably formed rapidly after the emplacement of the olivine-rich unit.

Figure 12. Timeline for the formation of the olivine-rich unit in the [START_REF] Hartmann | Cratering Chronology and the Evolution of Mars, in: Chronology and Evolution of Mars[END_REF] chronology system. Red brackets indicate upper and lower constrains on the age of the unit.

Formation scenarios

According to our results and previous studies, we review and discuss here the different scenarios leading to the formation of the olivine-rich deposits of the Nili Fossae and Libya Montes region.

Volcanism-related scenarios

Two main volcanism-related hypotheses have been proposed for the nature of this unit: either lava flows [START_REF] Tornabene | Surface and crater-exposed lithologic units of the Isidis Basin as mapped by coanalysis of THEMIS and TES derived data products[END_REF] or tephra deposits resulting from explosive volcanism [START_REF] Bramble | The geological history of Northeast Syrtis Major, Mars[END_REF][START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF][START_REF] Rogers | Areally Extensive Surface Bedrock Exposures on Mars: Many Are Clastic Rocks, Not Lavas[END_REF]. Meter to submeter scale layering can occur in both situations [START_REF] Walker | Geology of the Reydarfjördur Area, Eastern Iceland[END_REF]Ross and Smith, 1961).

The olivine-rich layers geometry that has been measured does not conflict with an emplacement in the form of lava flows having an olivine content ranging from 10 to 40 % -consistent with composition from basaltic to komatiitic, as both types of lava would drape underlying terrains at the low angles measured.

The presence of olivine bedrock on very steep slopes would challenge the effusive scenario. However, except from steep slopes due to erosion windows and crater rims, we do not detect any olivine-rich bedrock on terrain exceeding 10° of slope, and at HRSC scale, the majority of Jezero northern rim terrains draped by the olivine-rich unit exhibit gentle slopes inferior to 4°. However, the moderate thermal inertia (400 -600 TIU) of the non-altered bedrock and its high friability conflicts with indurated rocks resulting from cooling of lava flows, which usually have thermal inertia above ~1200 TIU (Fergason et al., 2006).

In the case of pyroclastic flows resulting from explosive eruptions, thick (> ~10 m) deposits are filling topography depressions and lack internal stratification: this is inconsistent with observations on the olivine-rich exposures, which display submeter-scale layering/banding. In a pyroclastic fall deposit hypothesis, ashes fall are deposited by slow decantation vertically through the atmosphere and are more likely to produce draping beds of uniform thickness and parallel to each other, consistently to the geometry of the layers measured in the olivine-rich unit, which present very few dip and thickness variations. However, ash falls are also more likely to drape both topographic highs and lows, while the olivine-rich unit's bedrock exposures are mostly observed on lows. The unit being restricted to lowest parts of the topography does not necessarily dispute the ash fall hypothesis, as vents localized in lows can explain this distribution [START_REF] Rogers | Areally Extensive Surface Bedrock Exposures on Mars: Many Are Clastic Rocks, Not Lavas[END_REF]. The grain size inferred from regional olivine spectral modeling is in the order of 1 mm [START_REF] Poulet | Quantitative compositional analysis of Martian mafic regions using the MEx/OMEGA reflectance data: 2. Petrological implications[END_REF][START_REF] Edwards | Carbon sequestration on Mars[END_REF][START_REF] Rogers | Areally Extensive Surface Bedrock Exposures on Mars: Many Are Clastic Rocks, Not Lavas[END_REF].

Ash fall deposits are fine-grained, usually smaller than 1 mm, with the coarsest fraction being restricted close to the vent source. Hence the deposition of coarse ashes on a >18,000 km² area is not likely or would require several vents scattered around Isidis basin. Another viable hypothesis related to explosive volcanism is the deposition of the olivine-rich material under pyroclastic ground surges. These low density and rapid flows are able to overcome stratigraphic obstacles, resulting in thin deposits (< 1 m) generally mantling the topography (Spark and [START_REF] Sparks | The Ground Surge Deposit: a Third Type of Pyroclastic Rock[END_REF]) -similarly to the Nili Fossae and Libya Montes olivine-rich unit. In addition, they are richer in crystalline clasts -such as olivine -than pyroclastic falls (Spark and Walker, 1973). Lastly, and given the similarities shared between these deposits and the olivine-rich unit, the pyroclastic hypothesis from ash fall, pyroclastic ground surge or, most probably, both sound feasible.

As shown by our results and published works, the VNIR spectral signal of the olivine-unit of Nili Fossae is dominated by the olivine 1 µm absorption. Spectral modeling on thermal and VNIR data show a phase proportion between ~10% and 40% [START_REF] Hoefen | Discovery of Olivine in the Nili Fossae Region of Mars[END_REF][START_REF] Poulet | Quantitative compositional analysis of Martian mafic regions using the MEx/OMEGA reflectance data: 2. Petrological implications[END_REF][START_REF] Edwards | Carbon sequestration on Mars[END_REF][START_REF] Salvatore | Bulk mineralogy of the NE Syrtis and Jezero crater regions of Mars derived through thermal infrared spectral analyses[END_REF]. Terrestrial explosive volcanism is usually associated with high-viscosity magmai.e. high silica content and low ferromagnesian. In the case of the Nili Fossae and Libya Montes olivinerich unit, significant olivine content is deduced from orbit, which implies low-viscosity magma, reducing the probability of explosive volcanism. Due to the Martian low atmospheric pressure facilitating the degassing of the magma at low gas concentration, explosive volcanism is expected to occur more frequently than on Earth [START_REF] Wilson | A comparison of volcanic eruption processes on Earth, Moon, Mars, Io and Venus[END_REF]. However, the atmospheric pressure during the Noachian is not well constrained and it is not excluded that it might have been comparable to the Earth (Jakosky et al., 2018). For this reason, there is no strong argument for a preferential explosive volcanism during the early Mars period. A way to facilitate explosive volcanism is through phreatomagmatic processes. In this aqueous context, explosive volcanism can occur even with low-viscosity magma.

Examples of terrestrial mafic eruptions under subaqueous environment are described by [START_REF] Hay | Petrology of palagonite tuffs of Koko craters, Oahu, Hawaii[END_REF], [START_REF] Goldstein | The Petrogenesis and Mantle Source of Archaean Ferropicrites from the Western Superior Province, Ontario, Canada[END_REF], [START_REF] Németh | Phreatomagmatic volcanic hazards where rift-systems meet the sea, a study from Ambae Island, Vanuatu[END_REF], [START_REF] Stiegler | Fragmentation and dispersal of komatiitic pyroclasts in the 3.5-3.2 Ga Onverwacht Group, Barberton greenstone belt, South Africa[END_REF] and [START_REF] Ort | Explosive eruptions from the interaction of magmatic and hydrothermal systems during flank extension: the Bellecombe Tephra of Piton de La Fournaise (La Réunion Island)[END_REF]. Notably, in the Puu Mahana ash beds [START_REF] Walker | Puu Mahana near South Point in Hawaii is a primary Surtseyan ash ring, not a sandhills-type littoral cone[END_REF], millimeter-sized olivine grains are observed in fraction comparable to the one estimated for the Nili Fossae unit. Quinn and Ehlmann (2019) discussed how the layered sulfates observed northeast of Syrtis Major could have been deposited in a subaqueous environment, either in a lake confined by an ice sheet in Isidis or in a northern ocean. It is unlikely that the olivine is a consequence of vents erupting in a northern ocean, as we detected olivinebearing bedrock up to 3 km above the Arabia shoreline of [START_REF] Carr | Oceans on Mars: An assessment of the observational evidence and possible fate[END_REF] and at least several hundreds of meters above the Arabia shoreline of [START_REF] Citron | Timing of oceans on Mars from shoreline deformation[END_REF]. It is also challenging to reconcile the olivine-rich unit with sedimentation in the hypothesized ice sheet-dammed lake, as this ice sheet has been proposed to cover Isidis at the earliest during the Hesperian (Souček et al., 2015), thus after the formation of the olivine-rich unit. Finally, it has been proposed that widespread formation of Noachian clays on Mars and especially at Nili Fossae could have formed in groundwater environments [START_REF] Ehlmann | Subsurface water and clay mineral formation during the early history of Mars[END_REF]. These water-rich environments might have been maintained at least until the formation of the olivine-rich unit, 3.82 ± 0.07 Ga ago.

On Mars, orbital and in situ data suggest occurrences of pyroclastic deposits, implying that explosive processes might have happened frequently throughout Mars history [START_REF] Hynek | Explosive volcanism in the Tharsis region: Global evidence in the Martian geologic record[END_REF][START_REF] Loizeau | Phyllosilicates in the Mawrth Vallis region of Mars[END_REF][START_REF] Lewis | Structure and stratigraphy of Home Plate from the Spirit Mars Exploration Rover[END_REF][START_REF] Kerber | The dispersal of pyroclasts from ancient explosive volcanoes on Mars: Implications for the friable layered deposits[END_REF]. The olivine-rich unit's extent and thick beds imply that the hypothetical explosive eruption(s) that formed the unit would have produced a volume of material similar to terrestrial Plinian super-eruptions [START_REF] Larry | Modeling ash fall distribution from a Yellowstone supereruption[END_REF]. From what we observe today, the most significant sourceimportant enough to produce a widespread amount of depositsis the Syrtis Major volcano [START_REF] Kerber | The dispersal of pyroclasts from ancient explosive volcanoes on Mars: Implications for the friable layered deposits[END_REF], in a potential early explosive phase. Yet, the source(s) might just as easily be covered today by more recent terrains or eroded, making it impossible to clearly identify from orbit.

Pre-Isidis and Isidis impact-related scenarios

As discussed in section 4.1, Jezero crater is younger than Isidis impact and is draped by the olivine-rich unit. This leads to the conclusion that there is a gap of time between the Isidis impact and the emplacement of the latest olivine-rich exposures; this is inconsistent with the pre-Isidis, Isidis impact melt (as noted by [START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF][START_REF] Bramble | The geological history of Northeast Syrtis Major, Mars[END_REF] and Isidis silicate condensate scenarios. As demonstrated by [START_REF] Kremer | Origin and Emplacement of the Circum-Isidis Olivine-Rich Unit[END_REF], and confirmed by our spectral mapping, olivine-rich bedrock is also observed on the floor of other post-Isidis craters, testifying to a post-Isidis scenario. The unit being a product of another than Isidis impact is very unlikely, as no significant structure is observed in the region, neither in topography nor gravimetry data.

Still, the olivine-rich unit presents a clear circumferential to Isidis spatial distribution, which might suggest a relation with Isidis basin. Lunar and Martian main impact basins exhibit a thinner crust [START_REF] Zuber | Internal Structure and Early Thermal Evolution of Mars from Mars Global Surveyor Topography and Gravity[END_REF], probably owing to the excavation of the impacted crust and the uplifting of the mantle [START_REF] Wise | Mascons as structural relief on a lunar 'moho[END_REF]. Especially, the thinnest crust on Mars has been inferred beneath Isidis basin [START_REF] Zuber | Internal Structure and Early Thermal Evolution of Mars from Mars Global Surveyor Topography and Gravity[END_REF]. Moreover, after a giant impact, fault networks are most likely to develop in response to basin loading (Melosh, 1976): in a context of impact-weakened and thinned crust, magma would have propagated through the fractures and easily reached the surface, supporting the hypothesis of volcanism.

As the observable Nili fractures truncate the olivine-rich unit [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF], it appears unlikely that the volcanism at the origin of the olivine-rich unit was associated with the opening of these fossae, but rather with older faults, later covered by the volcanism products. Results from TES and OMEGA global surveys on olivine [START_REF] Koeppen | Global distribution, composition, and abundance of olivine on the surface of Mars from thermal infrared data[END_REF][START_REF] Ody | Global investigation of olivine on Mars: Insights into crust and mantle compositions[END_REF] have shown that olivine is detected in Noachian terrains circumferential to impact basins of Isidis, Argyre and Hellas. Since these terrains exhibit the highest content in Mg-olivine of the surface, they could result from the excavation of early and Mg-enriched mantle materials [START_REF] Elkins-Tanton Linda | Possible formation of ancient crust on Mars through magma ocean processes[END_REF][START_REF] Koeppen | Global distribution, composition, and abundance of olivine on the surface of Mars from thermal infrared data[END_REF]. However, from the study of [START_REF] Koeppen | Global distribution, composition, and abundance of olivine on the surface of Mars from thermal infrared data[END_REF], there is not enough forsterite composition endmember in these rocks to account for a pure mantle origin, and it was proposed that these rocks could have been mixed

with crustal materials during the excavation or eroded afterward. In a volcanism scenario, differentiation processes during melting could explain the depletion of Mg compared to the inferred composition of an early mantle. The fact that Mg-rich olivine is observed in relation to other bigger than 1000 km Noachian impact basins might imply similar post-impact volcanic processes in the early history of Mars. In this scenario, the Nili Fossae region would present the most preserved rocks associated with these processes, and/or at least the most visible from orbit owing to the regional low dust coverage.

Sedimentary scenarios

In absence of apparent cross-beddings and angular unconformities, it appears very unlikely that the olivine-rich unit represents the result of pervasive fluvial or aeolian processes in the forms of dunes deposits or wind-driven deflation products. Sedimentation of neighboring volcanic products (e.g. early phases of Syrtis Major) in deep lacustrine or marine setting are expected to drape the topography at the low angles measured in the olivine-rich unit and would also account for its circum-Isidis distribution.

However, and as detailed previously, it is unlikely that either a northern ocean or an ice-dammed lake (Quinn and Ehlmann, 2019) was involved in the formation of the olivine-rich unit. In addition, olivine dissolves rapidly in water over geological times [START_REF] Stopar | Kinetic model of olivine dissolution and extent of aqueous alteration on mars[END_REF]. All of the above elements lead us to assume that the olivine-rich unit probably did not formed through sedimentary processes.

Implication on Isidis impact melt and ejecta

We have previously ruled out an olivine-rich impact melt: thus, where are the ejecta and melt sheet of Isidis? If not entirely removed by erosion, the ejecta and melt blankets should be visible in the region. [START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF] compared the Isidis basin to the well-preserved lunar Orientale complex impact basin and interpreted, by analogy of positions, the Nili Fossae region to be comprised in the impact melt flow zone induced by Isidis-forming event. We know from the regional layered megabreccias that some of the surface hit by the giant impactor of Isidis was composed of layered, Fe/Mg clay-rich materials [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF]. Hence the melt sheet and ejecta are likely to be Fe/Mg-rich in composition, which is the case of the dark phyllosilicate-rich basement. It is also clear from HiRISE imagery that megabreccias are fully embedded in this dark basement unit. This means the basement formed contemporaneous to the impact event leading to the megabreccias or is a product of global remobilization and deposition of materials that embedded the megabreccias. Thus, there is a possibility the Nili Fossae regional dark basement unit might correspond to the melt or ejecta sheet of Isidis impact. The light-toned exposures of Fe/Mg clay-rich layers would then correspond to portions of the primary phyllosilicatebearing basement, older than Isidis impact event and the dark phyllosilicate-bearing basement, and source of the layered-megabreccias.

Alteration of the olivine-rich unit

It is not clear how the olivine-rich was altered to form carbonates. The mineralized hardened fractures in the dark basement unit are restricted to the basement and do not extend into the olivine-rich unit. Given the stratigraphy, the emplacement of olivine-rich materials and formation of carbonates would take place after the alteration of the basement that formed ridges and Fe/Mg phyllosilicates. From spectral data, the majority of olivine bedrock exposures are unaltered, meaning the alteration was not pervasive or the proportion of carbonates in the rock is too low to be detected (either because the alteration was not strong or because some carbonates were dissolved afterwards by acidic water). Still, detections of carbonates occur sparsely throughout the whole olivine-rich unit, meaning the carbonatation process must have been regional. From the hypotheses of formation proposed by Ehlmann et al. (2008b), serpentinization, surface weathering, percolation in ephemeral lakes and alteration in cold and dry environment could result in the carbonate distribution we observe. Contact metamorphism between a hot olivine layer and a water-rich basement (Ehlmann et al., 2008b;[START_REF] Brown | Hydrothermal formation of Clay-Carbonate alteration assemblages in the Nili Fossae region of Mars[END_REF]Viviano-Beck et al., 2013) would occur in the first meters of the unit. From our results, this hypothesis is challenged by the fact that for the same outcrop we detect carbonates at elevations separated by tens of meters. Timing for this alteration phase is also poorly constrained. No carbonates were detected in the cap unit [START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF][START_REF] Edwards | Carbon sequestration on Mars[END_REF]. However, its emplacement age cannot be used to estimate the end of the carbonation phase, as the presence of olivine minerals seems to be required to produce the Nili Fossae carbonates (Ehlmann et al., 2008b and2009) and the cap unit is poor in olivine.

The summary of previous discussed events is proposed in figure 15.

Figure 13. Timeline of discussed events in the Nili Fossae region (time not on scale). Syrtis Major lava flows were dated to the early Hesperian by [START_REF] Hiesinger | The Syrtis Major volcanic province, Mars: Synthesis from Mars global surveyor data[END_REF].

Testing the hypotheses from in situ measurements

The Mars 2020 mission will analyze in situ the olivine-rich unit, as it is well exposed at the landing site.

We favor a pyroclastic origin for the unit, which will be testable (e.g. presence of centimeter-sized layers, variable grain size from volcanic dust/ash to lapilli/bombs products and layers affected by bomb sags).

According to our spectral mapping, carbonate is more scarcely detected inside Jezero crater than in the rest of the region, where the carbonate signature is stronger. In an extended mission scenario, the Mars 2020 rover might be able to investigate terrains outside of Jezero crater, with the possibility of inferring if the bedrock is actually more altered or if it is better exposed at these locations. Finally, we hypothesized that the dark and smooth parts of the phyllosilicate-bearing basement might be remnants of the Isidis impact melt. This could also be investigated, by looking for impact-related materials in the basement (e.g. abundant shocked glassy grains, shatter cones and microbrecchias).

Conclusion
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We produced a new mapping of the olivine-rich unit of the Nili Fossae region, including the CRISM survey mode data in addition to the OMEGA and CRISM targeted mode data previously used to map the unit in the NIR range [START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF][START_REF] Ehlmann | Identification of hydrated silicate minerals on Mars using MRO-CRISM: Geologic context near Nili Fossae and implications for aqueous alteration[END_REF][START_REF] Mustard | Composition, Morphology, and Stratigraphy of Noachian Crust around the Isidis basin[END_REF][START_REF] Poulet | Quantitative compositional analysis of Martian mafic regions using the MEx/OMEGA reflectance data: 2. Petrological implications[END_REF][START_REF] Clenet | A systematic mapping procedure based on the Modified Gaussian Model to characterize magmatic units from olivine/pyroxenes mixtures: Application to the Syrtis Major volcanic shield on Mars[END_REF][START_REF] Ody | Global maps of anhydrous minerals at the surface of Mars from OMEGA/MEx[END_REF][START_REF] Ody | Global investigation of olivine on Mars: Insights into crust and mantle compositions[END_REF][START_REF] Edwards | Carbon sequestration on Mars[END_REF][START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF].

Using a thermal inertia filter, we were able to produce a map of altered and unaltered bedrock in the region. Key takeaways are: (1) the formation of the unit occurred 3.82 ± 0.07 Ga ago (Mid to Late Noachian). ( 2) The unit draping of a crater younger than Isidis conflicts with the following origin scenarios: the pre-Isidis scenario [START_REF] Hoefen | Discovery of Olivine in the Nili Fossae Region of Mars[END_REF][START_REF] Hamilton | Evidence for extensive, olivine-rich bedrock on Mars[END_REF], the Isidis impact melt [START_REF] Mustard | Mineralogy of the Nili Fossae region with OMEGA/Mars Express data: 1. Ancient impact melt in the Isidis Basin and implications for the transition from the Noachian to Hesperian[END_REF], as also deduced by [START_REF] Goudge | Assessing the mineralogy of the watershed and fan deposits of the Jezero crater paleolake system, Mars[END_REF] and [START_REF] Bramble | The geological history of Northeast Syrtis Major, Mars[END_REF], and the Isidis condensate origin (Palumbo and Head, 2018). (3) Thermal inertia, geometry of layers/bandings and analysis on slopes are in agreement with emplacement of ash fall and/or pyroclastic surge. (4) The olivinerich unit's apparent circum-Isidis distribution can be explained by volcanism in a thinned and weakened crust as a consequence of the giant impact of Isidis (as hypothesized by [START_REF] Tornabene | Surface and crater-exposed lithologic units of the Isidis Basin as mapped by coanalysis of THEMIS and TES derived data products[END_REF]. ( 5) Most (~90%) of the bedrock appears poorly altered or not altered; however, alteration occurred in tens of meters through the unit, conflicting with the contact metamorphism scenario (Ehlmann et al., 2008b;[START_REF] Brown | Hydrothermal formation of Clay-Carbonate alteration assemblages in the Nili Fossae region of Mars[END_REF]Viviano-Beck et al., 2013). In situ investigation by the Mars 2020 rover and returned samples will provide a direct way to assess the age and the formation scenario that we propose for the olivine-rich unit. 
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 1 Figure 1. Localization map of the Nili Fossae region. MOLA colored altimetry is overlain on MOLA

Figure 2 .

 2 Figure 2. Orbital data coverage of the region of interest: (a) OMEGA footprints used in the spectral

Figure 3 .

 3 Figure 3. Examples of spectral mapping filtered by thermal inertia values. (a) CTX mosaic(Dickson et al., 
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 4 Figure 4. Geographic context of figures and locations of geometry measurements on the olivine-rich

Figure 5 .

 5 Figure 5. (a, b) OMEGA, CRISM survey and THEMIS data combined mapping of olivine-rich and carbonate-rich terrains overlain on MOLA altimetry and THEMIS daytime infrared radiance mosaic.

Figure 6 .

 6 Figure 6. (a) HiRISE PSP_006712_2020 color imagery draped over the HiRISE stereopair DEM

Figure 7 .

 7 Figure 7. Geometry of olivine-rich layers. (a, b) Layers and contacts dips and directions measured on

Figure 9 .

 9 Figure 9. Top of the unit presenting patterns of alternating, parallel linear trenches and ridges (in red)
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Figure 10 .

 10 Figure 10. CTX-scale interpretative map of exposed olivine-rich materials (white) based on spectral data

Figure 11 .

 11 Figure 11. (a) Crater counts on olivine-rich bedrock and areas considered. Only the craters that are penetrating the olivine-rich unit were considered. Gaps in the spectral data coverage are displayed in

  Fig.3c, 3d and 9
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Table 1 .

 1 Different spectral parameters used in this study.

	Name	Parameter value	Criteria
		Mean of band depths at 1.08,	-at least 3 out of the 4 band depths are positive
		1.26, 1.37 and 1.47 µm* based	(allows for some noise)
	Olivine index		
		on a linear continuum anchored	-at least 1 out of the 2 convexities at 1.26 µm*
		at 1.63 and 2.53 µm*	(forsterite) and 1.34 µm* (fayalite and coarse
			forsterite) are present
		Mean of band depths at 2.3 and	-the two band depths are positive
	Carbonate index		
		2.5 µm*	-the 2.5/2.3 µm band depths ratio is comprised
			between 0.8 and 3
	* Precise considered absorptions were adapted to the band availability of the instruments. In order to
	lower the noise effect, reflectance values used for absorption centers and anchors correspond to medians
	of up to 4 spectral bands.	
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