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Shallow subsurface basalt layer along Cerberus Fossae, Mars: Insights from SHARAD, HiRISE, and CRISM analysis
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We surveyed the subsurface structure along Cerberus Fossae using data from SHAllow RADar (SHARAD), High-Resolution Imaging Science Experiment (HiRISE), and Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) onboard the Mars Reconnaissance Orbiter (MRO). The subsurface structure along the Cerberus Fossae is fundamental to understanding the depositional history of the region. We identified meter-scale stratigraphy using HiRISE images and digital terrain models (DTMs) and found three distinct vertical units 1) ~3 to 5 m thick regolith cover, 2) ~30 m thickly layered unit, and 3) ~260 m thick massive unit dominated by boulders. Using SHARAD radargrams, we identified a subsurface reflector at the interface between units 2 and 3, located ~34 m deep. Our analysis suggests a real dielectric permittivity of 9.34 ± 1.01 (1σ), and a mean loss tangent of 0.027 ± 0.01 for the shallow subsurface material, thus indicating thick, dense shergottite-type basaltic material along the Cerberus Fossae. Using the dielectric permittivity mixing law, we found that the porosity of the shergottite-type basalt is less than 4%. CRISM analysis aids in further constraining the nature of the shergottite-type basalt and suggests the presence of Fe-rich olivine along the Cerberus Fossae, thus, referred as olivine-bearing shergottite-type basalt in this study. We derived the age of subsurface material using the crater size-frequency distribution and estimated the crater retention age of ~4 Ma. Overall, this study suggests a ~30 m thick dense and layered olivine-bearing shergottite-type basalt along the Cerberus Fossae, which is older than 4 Ma. The results of this study are incompatible with the hypothesis of a sea of frozen water in the shallow subsurface (up to 35 m) along the Cerberus Fossae.

Introduction

J o u r n a l P r e -p r o o f

Journal Pre-proof Cerberus Fossae, located southeast of Elysium Mons, is ~1200 km long west-east trending extensional fracture system [START_REF] Berman | Recent Fluvial, Volcanic, and Tectonic Activity on the Cerberus Plains of Mars[END_REF][START_REF] Plescia | Cerberus Fossae, Elysium, Mars: A Source for Lava and Water[END_REF]. It has been characterized as a conduit for the release of 1) water suggesting an aqueous origin [START_REF] Burr | Repeated aqueous flooding from the Cerberus Fossae: evidence for very recent extant, deep groundwater on Mars[END_REF][START_REF] Plescia | Cerberus Fossae, Elysium, Mars: A Source for Lava and Water[END_REF] as well as 2) lava suggesting a volcanic origin [START_REF] Berman | Recent Fluvial, Volcanic, and Tectonic Activity on the Cerberus Plains of Mars[END_REF][START_REF] Plescia | Cerberus Fossae, Elysium, Mars: A Source for Lava and Water[END_REF], which caused water-related channel systems and lava plains in its surrounding [START_REF] Berman | Recent Fluvial, Volcanic, and Tectonic Activity on the Cerberus Plains of Mars[END_REF][START_REF] Plescia | Cerberus Fossae, Elysium, Mars: A Source for Lava and Water[END_REF]. However, to date the origin of Cerberus Fossae's underlying terrain is contentious and the debate persists as to whether it is lava [START_REF] Berman | Recent Fluvial, Volcanic, and Tectonic Activity on the Cerberus Plains of Mars[END_REF][START_REF] Plescia | Cerberus Fossae, Elysium, Mars: A Source for Lava and Water[END_REF][START_REF] Sakimoto | CONSTRAINTS ON THE ORIGINS OF PLATY FLOWS ON MARS: MUD, LAVA, FROZEN SEA[END_REF] or remnants of a sea or lake of ice [START_REF] Balme | Morphological evidence for a sea-ice origin for Elysium Planitia platy terrain[END_REF][START_REF] Murray | Evidence from the Mars Express High Resolution Stereo Camera for a Frozen Sea Close to Mars' Equator[END_REF][START_REF] Sakimoto | CONSTRAINTS ON THE ORIGINS OF PLATY FLOWS ON MARS: MUD, LAVA, FROZEN SEA[END_REF][START_REF] Xiong | Subsurface Reflectors Detected by SHARAD Reveal Stratigraphy and Buried Channels Over Central Elysium Planitia, Mars[END_REF]. Though recent studies [START_REF] Dundas | Exposed Subsurface Ice Sheets in the Martian Mid-Latitudes[END_REF][START_REF] Dundas | Widespread Exposures of Extensive Clean Shallow Ice in the Midlatitudes of Mars[END_REF][START_REF] Harish | Water-Ice Exposing Scarps Within the Northern Midlatitude Craters on Mars[END_REF]) confirmed exposed shallow subsurface water ice on Mars, these observations are currently limited to mid-and highlatitudes of Mars. [START_REF] Alberti | Permittivity Estimation over Mars by Using SHARAD Data: The Cerberus Palus Area[END_REF] investigated the subsurface material of the Cerberus plains; however, the study suggested high porosity underlying material in this region. [START_REF] Morgan | Evidence for the Episodic Erosion of the Medusae Fossae Formation Preserved within the Youngest Volcanic Province on Mars[END_REF] reported an extensive blanket of sediments plausibly mixed with lava to the south of Cerberus Fossae. To the west of Elysium Mons, [START_REF] Meng | Permittivity estimation of subsurface deposits in the Elysium-utopia region on Mars with MRO shallow radar sounder data[END_REF] reported a ~40 m thick lava layer over the possible water-ice deposits. Recently, [START_REF] Xiong | Subsurface Reflectors Detected by SHARAD Reveal Stratigraphy and Buried Channels Over Central Elysium Planitia, Mars[END_REF] investigated the shallow subsurface of the central Cerberus plains, estimated a permittivity value of 3.12, and suggested that the region comprises shallow subsurface water ice; however, the study did not deny the presence of dry low-density materials [START_REF] Watters | Radar Sounding of the Medusae Fossae Formation Mars: Equatorial Ice or Dry, Low-Density Deposits?[END_REF]. Overall, different interpretations have been made over the years and the nature of the shallow subsurface material did not reach a consensus. The Cerberus Fossae has exposed the bedrock of the shallow subsurface [START_REF] Plescia | Cerberus Fossae, Elysium, Mars: A Source for Lava and Water[END_REF], thus providing a window to explore the subsurface material. Here, we present a combined interpretation of shallow subsurface material along the Cerberus Fossae (Figure 1) using SHARAD, HiRISE, and CRISM to reveal the depositional history of this region. [START_REF] Smith | Mars orbiter laser altimeter: experiment summary after the first year of global mapping of Mars[END_REF] draped over THEMIS IR Day mosaic [START_REF] Christensen | The Thermal Emission Imaging System (THEMIS) for the Mars 2001 Odyssey Mission[END_REF].
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Data and methods

For the photo-geological analysis of the surface and exposed bedrock at the walls of Cerberus Fossae, we used Mars Reconnaissance Orbiter (MRO) -High-Resolution Imaging Science Experiment (HiRISE) and Context Camera (CTX) images of resolutions 25 cm/pixel and 6 m/pixel respectively [START_REF] Mcewen | Mars Reconnaissance Orbiter's High Resolution Imaging Science Experiment (HiRISE)[END_REF][START_REF] Malin | Context Camera Investigation on Board the Mars Reconnaissance Orbiter[END_REF]. For the topographical analysis, we used HiRISE DTMs generated by the MarsSI pipeline [START_REF] Quantin-Nataf | MarsSI: Martian Surface Data Processing Information System[END_REF].

For the subsurface analysis, we used Mars Reconnaissance Orbiter (MRO) -Shallow Radar (SHARAD) data, which has a vertical resolution of 15 m in free space and a horizontal resolution of 0.3 to 1 km along the track and 3 to 6 km across the track [START_REF] Seu | SHARAD: The MRO 2005 Shallow Radar[END_REF], J o u r n a l P r e -p r o o f 2007). We carried out the subsurface analysis to distinguish any possible subsurface reflectors. SHARAD radargrams are processed through Colorado Shallow Radar Processing System (CO-SHARPS) [START_REF] Putzig | Custom SHARAD Processing via the CO-SHARPS Processing Boutique[END_REF]. We used CO-SHARP processed data (QDA) with the default parameter values of aperture and Doppler bandwidth as 4096 samples and 1 Hz, respectively. QDA data using Co-SHARPS gives more freedom to play with parameters such as presum and real dielectric permittivity. To identify candidate reflectors, we examined these processed radargrams, which depict delay time versus distance and contain subsurface reflections and reflections from off-nadir points. We compared the radargrams with the cluttergrams, which are generated from Mars Orbiter Laser Altimeter and contain clutter (reflections from odd-nadir topographic features) (Choudhary et al., 2016), and identified the candidate reflector. Once we identified the reflector, we compared the depth of the reflector (Δx) to the time delay between surface and subsurface radar reflections (Δt) to determine the dielectric constant (real permittivity, ε′) of the overlying material along the Cerberus Fossae:

ε′ = ( 𝐶 𝑣 ) 2 = (𝑐 Δ𝑡 Δ𝑥 ) 2 (1)
where c is the speed of light in a vacuum.

We measured the loss tangent (tan δ) of the material, a ratio of imaginary (ε′′) and real parts (ε′) of the dielectric constant of the material, which is related to the slope of the power change S (dB per μs) as [START_REF] Campbell | Dielectric Properties of the Medusae Fossae Formation and Implications for Ice Content[END_REF]:

tan δ = ε′′ ε′ ≈ -0.008 ln(10 𝑆 10 ) (2)
To compute the porosity of the subsurface material, we generated a ternary diagram of the bulk dielectric constant (ε′ bulk ) using a mixture of basaltic rock, air, and water ice similar to [START_REF] Bramson | Widespread Excess Ice in Arcadia Planitia, Mars[END_REF] following the equation given below:

J o u r n a l P r e -p r o o f ε′ bulk 1/γ = ϕ rock ε′ rock 1/γ + ϕ ice ε′ ice 1/γ + ϕ air ε′ air 1/γ [START_REF]This study reveals ~4 Ma old dense and olivine-bearing shergottite-type basalt along the Cerberus Fossae[END_REF] where ε′ rock, ε′ 𝑖𝑐𝑒, 𝑎𝑛𝑑 ε′ 𝑎𝑖𝑟 refers to the real dielectric constant of rock, ice, and air and γ refers to the best-fit exponent for sand-ice mixtures (Stillman et al., 2010).

For the compositional analysis, we used hyperspectral data from Compact Reconnaissance

Imaging Spectrometer for Mars (CRISM) (Murchie et al., 2007). Two detectors of CRISM, S-detector (VNIR) and L-detector (IR) contain 544 channels in the spectral region from 0.4 to 4.0 μm (Murchie et al., 2007). VNIR data ranges in short-wavelength from 0.36 to 1.05 μm, and IR data ranges in large-wavelength from 1.0 to 3.92 μm. We processed the CRISM data using the CRISM Analysis Toolkit (CAT), a plug-in added to ENVI 4.5, by applying corrections for instrumental artifacts, photometric, and atmospheric noise (Murchie et al., 2007;Flahaut et al., 2010). We analyze the spectral data along the wall of Cerberus Fossae and consider a region of interest of a minimum of 5*5 pixels for each spectrum (Supp Table ST1). To confirm the mineral absorptions of the Fe-bearing phases around 1 μm (Sun and Milliken, 2015), we integrate VNIR and IR spectral data in the wavelength range from 0.5 to 2.6 μm. Additionally, to enhance the spectral features, we ratioed the spectra obtained along the wall of CF with the neutral/dust spectra taken from the same column (Ehlmann et al., 2009;Harish et al., 2021).

We used the CraterTools extension (Kneissl et al. 2011) in ESRI's ArcMap software to map the homogenous geological unit and to count the superposed primary craters. In this study, we used the production function by Hartmann and Daubar (2017) and the chronology function of [START_REF] Hartmann | Martian Cratering 8: Isochron Refinement and the Chronology of Mars[END_REF] for deriving the absolute model ages and epochs boundaries by [START_REF] Michael | Planetary Surface Dating from Crater Size-Frequency Distribution Measurements: Multiple Resurfacing Episodes and Differential Isochron Fitting[END_REF]. We also used Poisson timing analysis [START_REF] Michael | Planetary Surface Dating from Crater Size-Frequency Distribution Measurements: Poisson Timing Analysis[END_REF] to estimate the ages more precisely due to the smaller number of craters in the regions of interest. We have excluded highly clustered and ordered secondary craters in our counting area to minimize J o u r n a l P r e -p r o o f errors [START_REF] Salese | A Sedimentary Origin for Intercrater Plains North of the Hellas Basin: Implications for Climate Conditions and Erosion Rates on Early Mars[END_REF]. Using cumulative crater size-frequency distribution, we have obtained the crater retention ages for the study region.

Results

Figure 1 shows the area of study that lies to the north of Cerberus Fossae. It corresponds to a large unnamed crater, whose diameter is ~120 km and crosscut by the Cerberus Fossae.

HiRISE analysis

Thirteen high-resolution HiRISE images cover the study region along Cerberus Fossae (Figure 1). Figures 2 and3 show the vertical structure, a ~300 m deep segment, of the wall of Cerberus Fossae. We observed stratigraphy on the equator-facing wall of the Cerberus Fossae (Figure 2a,b). From top to bottom, we identified three distinct units similar to Warner et al., 2022: 1) the smooth, possibly regolith and dust-covered unit 2) the layered and boulderdominated, cliff-forming unit, and 3) the relatively big-boulder dominated, massive rocks unit (Figure 2b). Here, the smooth unit is mostly dominated by fine grains (anything smaller than ~1 m in size, which includes small boulders), the layered unit is dominated by layers and boulders, and the massive rocks unit is dominated by big-size boulders than boulders visible in unit 2. Figures 2c and2d show elevation and slope maps overlaid on the HiRISE image.

We estimated the thickness of unit 1 and unit 2 as ~3 to 5 m, and ~30 m, respectively.

Though the identified units are primarily horizontal, one-or two-meters variability may exist, as observed in unit 1 (Figure 3). We identified the interface between distinct units (marked in Figure 2b) by using the visible distinct morphology in the HiRISE image and the changes in slope (Figure 2d). The slope map of the Cerberus Fossae outcrop (Figure 2d) reveals average slope values range from 20°-25° for the uppermost unit, ~40-45° for the middle-layered unit, and >45° for the lowermost unit. We observed similar contacts in other HiRISE images along 

Measurements of real dielectric permittivity

The comparative analysis of radargrams and cluttergrams helped us identify a subsurface reflector (marked by yellow arrows in Figure 5) in all the radargrams shown in Figure 1. The absence of a reflector in the cluttergrams indicates that the reflector in the radargrams is a real reflector and not an artifact due to relief on the surface. We found that the surrounding region to the north of Cerberus Fossae (marked by the white arrow in Figure 5) is nearly flat, and topographically elevated features are absent within the range of the radar reflector, which further validates that the observed reflector is not clutter. In all the radargrams studied here (Figure 5), the two-way delay time ranges from 0.61 μs to 0.74 µs (Table 1), with an average two-way delay time of 0.69 µs. By correlating the HiRISE observed stratigraphy (Figure 2) and SHARAD identified reflector (Figure 5), there are three possible sources of the reflector: 1) from the interface between J o u r n a l P r e -p r o o f units 1 and 2 (thickness of unit 1: ~3 to 5 m), b) from the interface between units 2 and 3 (thickness of unit 2: ~30 m, total thickness up to the interface: ~33 to 35 m), and 3) potential interfaces at depths of 80 m and 100 m (Figure 3). We discarded the first interface (located at a depth of ~3 to 5 m) because SHARAD cannot resolve any interface within its vertical resolution i.e., 5.3 m in rock for real dielectric constant 8 (Seu et al., 2007). Also, if the radar reflector corresponds to the deep interfaces at 80 m or 100 m, then the real dielectric constant corresponds to ~1.7 and ~1.1 (following equation 1), respectively. Dielectric constant <2 is unrealistically small for any geologic material; thus, it is implausible that the radar reflector corresponds to interfaces at 80 m and 100 m. Thus, we are left with the interface observed between units 2 and 3 (Figure 2,4), which is located at a depth of ~34 ± 1 m (Figure 3).

Considering that the radar reflector corresponds to the interface observed between units 2 and 3, we determine the real part of the dielectric constant as 9.87, 9.30, and 8.77 at the corresponding interface depths at 33 m, 34 m, and 35 m, respectively using equation ( 1); with an average real dielectric constant of 9.34 ± 1.01 (1σ) for the shallow subsurface material.

Thus, the interface between units 2 and 3, as shown in HiRISE images (Figures 2,4), correlates with the subsurface reflector as identified in SHARAD radargrams (Figure 5). This analysis led to the interpretation that the reflector in SHARAD radargrams originates from the interface between units 2 and 3.
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Measurements of loss tangent

We calculated loss tangent values using equation ( 2) for subsurface interface detections in seven radargrams in the Cerberus Fossae region (Figure 6, Table 2). We made individual fits of power loss versus time delay for these seven SHARAD tracks, and figure 6 displays examples of these fits for two tracks 1813401 and 1870101. Our derived best-fit loss tangent values range from 0.017 to 0.044 with a mean value of 0.027 ± 0.01 for these seven radargrams. These estimated values of loss tangent are consistent with volcanic material at Elysium Planitia (0.022 ± 0.011 by Campbell and Morgan, 2018), and also with terrestrial, lunar, and martian basalts (Carrier et al., 1991[START_REF] Carter | Dielectric properties of lava flows west of Ascraeus Mons, Mars[END_REF] and suggest that radar wave absorbing minerals such as ilmenite, hematite, or magnetite are present in low to moderate concentration. For two of the radargrams, 365601 and 3441902, we cannot derive meaningful loss tangents; thus, they are not considered here for any interpretation. 

CRISM analysis

The spectral signature obtained from the wall of Cerberus Fossae (Figure 7) shows a comprehensive absorption near 1 μm and lacks diagnostic absorption at other wavelengths.

These spectral signatures are indicative of olivine where the relative content of Fe and Mg decides the band centre of the absorption (Burns, 1970;King and Ridley, 1987;Sunshine and Pieters, 1998). Figure 7a shows the regions of interest (blue rectangles) along the wall of Cerberus Fossae from where we obtained the main spectral signatures (blue spectra in Figure 7b). Yellow rectangles in figure 7a show the regions of interest where we obtained the dust/neutral spectra from the same column as of main spectra. We observed that the spectra in blue display absorption around longer wavelengths (>1 μm) and a downslope trend in wavelengths ranging from ~1.1 μm to 1.5 μm similar to the spectra in black (Figure 7b), which is the RELAB spectrum of Fe-rich olivine (Viviano-Beck et al., 2015). These observations indicate an increase in the Fe content of the olivine along the wall of Cerberus Fossae.
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Chronology of shallow basalt layer

To estimate the relative age of the shallow subsurface material along Cerberus Fossae, we used a potential chronostratigraphic unit of platy flows (Figure 8) that covers the area of study (Figure 1). We marked the boundary of the identified unit (blue line in figure 9a) and counted impact craters (yellow circles in figure 9a) over this unit. The mapped unit covers an area of ~5399 km 2 , and we counted 149 craters over this unit, whose diameter ranges from ~43 m to ~325 m. Next, we derived the crater retention age of the mapped unit, using the crater sizefrequency distribution, which tends to be ~3.9 ± 0.4 Ma, by fitting 124 craters with having diameter > 60 m (Figure 9b). 

Discussion

Previously, many studies tried to infer the nature of shallow subsurface material in the Cerberus Fossae region and recommended possibilities of different materials such as volcanic deposits [START_REF] Alberti | Permittivity Estimation over Mars by Using SHARAD Data: The Cerberus Palus Area[END_REF], sedimentary deposits embedded with successive lava flows [START_REF] Morgan | Evidence for the Episodic Erosion of the Medusae Fossae Formation Preserved within the Youngest Volcanic Province on Mars[END_REF], or water-ice deposits [START_REF] Xiong | Subsurface Reflectors Detected by SHARAD Reveal Stratigraphy and Buried Channels Over Central Elysium Planitia, Mars[END_REF]. The nature of the shallow subsurface material along the Cerberus Fossae is the key answer that turned up in our study.

The radargrams analyzed in this study pass through a large spatial extent (~200 km) of the Cerberus Fossae (Figure 1) and suggest the presence of a widespread subsurface radar J o u r n a l P r e -p r o o f reflector along the Cerberus Fossae (Figure 5). The material sandwiched between the reflector and the surface has an average real permittivity value of 9.34±1.01 (1σ) and a mean loss tangent value of 0.027 ± 0.01. Such a material on Mars likely refers to lava or more precisely shergottite-type basalt [START_REF] Ulaby | Microwave dielectric spectrum of rocks[END_REF][START_REF] Campbell | Electrical properties of rocks and their significance for lunar radar observations[END_REF]Carrier et al., 1991;[START_REF] Nunes | Radar subsurface mapping of the polar layered deposits on Mars[END_REF][START_REF] Carter | Dielectric properties of lava flows west of Ascraeus Mons, Mars[END_REF][START_REF] Simon | Studies of lava flows in the Tharsis region of Mars using Shallow Radar (SHARAD)[END_REF] along the Cerberus Fossae that is more than 30 m thick and located below a ~3 to 5 m thick potential regolith layer (Figure 3). CRISM analysis helps to further constrain the nature of the shallow subsurface material and suggests that the shergottite-type basalt contains olivine, which is rich in Fe. Thus, this study recommended olivine-bearing shergottite-type basaltic material in the subsurface along the Cerberus Fossae.

To infer the porosity of this material, we prepared a ternary diagram using the mixing model (equation 3) of a mixture of basaltic rock, air, and water ice. Figure 10 displays the ternary contour diagram modified after [START_REF] Bramson | Widespread Excess Ice in Arcadia Planitia, Mars[END_REF] by considering the real dielectric constant for lava/dense basalt as 9.8 [START_REF] Campbell | Electrical properties of rocks and their significance for lunar radar observations[END_REF]Moore and Jakosky, 1988) and keeping the values for air and water-ice as 1 and 3.15 (e.g., [START_REF] Bramson | Widespread Excess Ice in Arcadia Planitia, Mars[END_REF] respectively. The ternary diagram includes non-unique solutions and a dielectric constant of ~9.34 is consistent with either 1) a possible basaltic rock and air mixture with ~4% porosity or 2) a basaltic rock, air, and ice mixture, where water ice contents possibly ranging from 0% to 2% (Figure 10). 1998;McEwen, 1999;Keszthelyi et al., 2000;[START_REF] Berman | Recent Fluvial, Volcanic, and Tectonic Activity on the Cerberus Plains of Mars[END_REF][START_REF] Plescia | Cerberus Fossae, Elysium, Mars: A Source for Lava and Water[END_REF].

Our estimated crater retention age of the region of interest tends to be ~4 Ma (Figure 9c) and agrees with ages found by [START_REF] Vaucher | The volcanic history of central Elysium Planitia: Implications for Martian magmatism[END_REF] Overall, we conclude that the shallow subsurface material along the Cerberus Fossae indicates ~30 m thick, layered, dense, and low porosity olivine-bearing shergottite type basaltic material, which is 4 Ma or older and lacks water-ice. 

Conclusion
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We carried out a coordinated analysis of SHARAD, HiRISE, and CRISM data along Cerberus Fossae to determine the nature of exposed material on the fossae wall and to identify their possible origin. In all the radargrams that cross-cut the Cerberus Fossae in our study area, we identified a subsurface reflector correlated with exposed stratigraphy on the fossae wall. We found a strong link between the subsurface reflector, observed in SHARAD, and the interface between units 2 and 3, observed in HiRISE, indicating a ~34 m deep interface along the Cerberus Fossae. Our estimated mean value of real dielectric constant (9.34) and mean loss tangent (0.027) of the material sited between the surface and interface recommends dense shergottite-type basalt along the Cerberus Fossae, which is older than 4 million years. Compositional analysis suggests the shergottite-type basalt along the Cerberus Fossae contains olivine with a high Fe content. The dielectric mixing model suggested an upper limit of ~4% for air or water ice volume fraction. This low porosity conceivably indicates that the pore-filling ice is possibly absent in the shallow subsurface along the Cerberus fossae, thus, discarding the possibility of a shallow frozen sea in the study area.

Figure 1 :

 1 Figure 1: Area of study along Cerberus Fossae. Dotted white lines show the path of SHARAD tracks and image footprints along the Cerberus Fossae show HiRISE images used in this study. MOLA DEM[START_REF] Smith | Mars orbiter laser altimeter: experiment summary after the first year of global mapping of Mars[END_REF] draped over THEMIS IR Day mosaic[START_REF] Christensen | The Thermal Emission Imaging System (THEMIS) for the Mars 2001 Odyssey Mission[END_REF].

  J o u r n a l P r e -p r o o fJournal Pre-proof the Cerberus Fossae (Figure4a, b). Thus, the stratigraphy could be identical in the entire study area along the Cerberus Fossae.

Figure 2 :

 2 Figure 2: HiRISE ESP_016862_1895 zoomed-in view of equator facing wall of Cerberus Fossae (a). Distinct units/contacts identified are marked by yellow dotted lines and profile line AA' is shown (b). Topographic (c) and slope maps (d) reveal stratigraphic variation, the thickness of distinct units, and variation in the slope. For a colourblind friendly scheme of figure 2c refer to supplementary figure S1. (HiRISE DTM ID: HI_016862_1895_060272_1895) J o u r n a l P r e -p r o o f

Figure 3 :Figure 4 :

 34 Figure 3: Topographic profile AA' from Cerberus Fossae (Figure 2b). Three distinct units and their interfaces are marked and a possible stratigraphic column is provided in the right panel. Two other possible interfaces at 80 m and 100 m are also marked. J o u r n a l P r e -p r o o f

Figure 5 :

 5 Figure 5: The figure shows all 9 radargrams and their corresponding cluttergrams with a reflector (in all radargrams) highlighted with yellow arrows across the Cerberus Fossae. The white arrow shows the location of Cerberus Fossae. The vertical scale shows the two-way delay time. North is towards the left.

Figure 6 :

 6 Figure 6: Power loss (dB) versus round-trip time delay for two example radargrams.

Figure 7 :

 7 Figure 7: a) Regions of interest (ROIs) of main spectra (blue rectangles) and dust spectra (yellow rectangles) along Cerberus Fossae in CRISM ID FRT000167FE_IF165. B) CRISM ratioed spectra for olivine (blue), interpreted due to diagnostic 1 μm absorption spectral feature. Spectra in black is a laboratory-derived spectrum from RELAB of Fe olivine. For the information of locations, spectra from top to bottom in figure 7b corresponds to rois from left to right in figure 7a.

Figure 8 :

 8 Figure 8: Platy textured flows observed on the surface in the study area. For information of the location, refer to Figure 9. (CTX ID: P16_007210_1909)

Figure 9 :

 9 Figure 9: a) Boundary of the unit (blue line) consists of platy flows and sampled impact craters (yellow circles) in the study area. b) Crater retention age of the mapped unit. Inset showing randomness analysis of determined crater size-frequency distribution.

  The age of Cerberus plains was reported as ~10 Ma byTaylor et al. (2013) and 4.3 ±1 Ma by Vaucher et al. (2009). A recent study by Horvath et al. (2021) reported very young volcanism of age ~50 to 200 ka near the study area. In line with our observation of platy flows in the study area (Figure 8), previous studies analyzed the surface morphology of the surrounding plains of Cerberus Fossae and reported platy lava and regional lava flows (McEwen et al., J o u r n a l P r e -p r o o f

Figure 10 :

 10 Figure 10: Ternary contour diagram of the bulk dielectric constant modified from Bramson et al. (2015). The light grey triangular zone in the left bottom indicates implausible porosities at depth (assumed to be >50%) and the dotted triangle in the right bottom shows the pore-filling ice. The bold curved lines represent the contours for two dielectric constant values (8 and 9).

Table 1 :

 1 The table shows the two-way delay time and real dielectric constant value for the studied radargrams.

	SHARAD	Two-way delay		Real		Average Real
	Track	time		Permittivity at		Permittivity
			Depth =	34m	33m	
			35m			
	2174701	0.68	8.49	9.00	9.55	9.02
	3427401	0.67	8.25	8.74	9.27	8.75
	914101	0.69	8.74	9.27	9.84	9.28
	1813401	0.67	8.25	8.74	9.27	8.75
	1870101	0.70	9.00	9.54	10.12	9.55
	5906502	0.73	9.79	10.37	11.01	10.39
	365601	0.74	10.06	10.66	11.31	10.68
	3441902	0.73	9.79	10.37	11.01	10.39
	5667801	0.61	6.83	7.24	7.69	7.25
	Average=	0.69 ± 0.04	8.77 ±	9.30 ± 1.01	9.87 ±	9.34 ± 1.01 (1σ)
			0.95		1.07	

Table 2 :

 2 Power loss (dB/μs) and derived loss tangents.

	Loss tangent

SHARAD ID Slope (dB/µs) Standard error Intercept (dB)

  (for plain ). This age is also supported by Zunil's secondaries, which are observed in the study area. The Zunil crater's age was reported as~ 1 Ma (Williams et al., 2014); thus, the last large-scale geological activity in our study region should have occurred pre to ~1 Ma. Otherwise, it could have erased the evidence of secondaries.
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