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Viscous Flow Features (VFF) are widespread in the martian mid-latitudes and indicative of near-surface ice deposits. Their distribution and morphology hint at the regional history of ice deposition and ablation, as well as changes in surface temperature. Here we interrogate the deformation history of a type of VFF, a Lobate Debris Apron (LDA), located in the eastern Hellas region from its surface morphology, discussing the implications it poses for its internal structure and regional climate variability. Our observations integrate data from the Colour and Stereo Surface Imaging System (CaSSIS), the SHAllow RADar (SHARAD), the Context Camera (CTX), the High Resolution Imaging Science Experiment (HiRISE), and the Mars Orbiter Laser Altimeter (MOLA). Morphological observations, spectral analysis of characteristic wavelengths, and ice deformation stability analysis place constraints on the dynamics and deformation history of the deposit. We discuss contrasting hypotheses for the origin

Patterns of martian glacial deformation: implications for glacio-geology, internal structure, and regional climate

Introduction

The flow and deformation of ice-rich material is an important agent of Amazonian (last 3 Gyr) landscape modification in the martian mid-latitudes [START_REF] Head | Modification of the dichotomy boundary on Mars by Amazonian mid-latitude regional glaciation[END_REF][START_REF] Dickson | Patterns of accumulation and flow of ice in the mid-latitudes of Mars during the Amazonian[END_REF][START_REF] Levy | Enhanced erosion rates on Mars during Amazonian glaciation[END_REF].

Ice deposits on Mars are true time capsules [START_REF] Hauber | Geomorphic evidence for former lobate debris aprons at low latitudes on Mars: Indicators of the Martian paleoclimate[END_REF][START_REF] Smith | The Holy Grail: A road map for unlocking the climate record stored within Mars polar layered deposits[END_REF]. Their stratigraphy records the history of mass balance since their emplacement, their deformation structures reflect the balance of forces applied [START_REF] Cuffey | The physics of glaciers[END_REF], the associated landforms may indicate the existence of past liquid water [START_REF] Butcher | Recent basal melting of a mid-latitude glacier on Mars[END_REF], and their presence opens the door to future human in-situ resource utilization (ISRU). Characterizing the origin and evolution of such features through their morphology is important to understand the glacial, geological, and climate history of Amazonian Mars.

Ice-rich landforms are commonly grouped in four types [e.g., 8]: Glacier-like forms (GLF) [START_REF] Hartmann | Martian hillside gullies and Icelandic analogs[END_REF][START_REF] Hubbard | Glacier-like forms on Mars[END_REF][START_REF] Hepburn | Polyphase midlatitude glaciation on Mars: Chronology of the formation of superposed glacier-like forms from crater-count dating[END_REF]; Lobate Debris Aprons (LDA) [START_REF] Squyres | The distribution of lobate debris aprons and similar flows on Mars[END_REF][START_REF] Plaut | Radar evidence for ice in lobate debris aprons in the mid-northern latitudes of Mars[END_REF][START_REF] Holt | Radar sounding evidence for buried glaciers in the southern mid-latitudes of Mars[END_REF][START_REF] Levy | Sequestered glacial ice contribution to the global Martian water budget: Geometric constraints on the volume of remnant, midlatitude debris-covered glaciers[END_REF]; Concentric Crater Fills (CCF) [START_REF] Squyres | Martian fretted terrain: Flow of erosional debris[END_REF][START_REF] Squyres | The distribution of lobate debris aprons and similar flows on Mars[END_REF][START_REF] Dickson | Patterns of accumulation and flow of ice in the mid-latitudes of Mars during the Amazonian[END_REF]; and Lineated Valley Fills (LVF) [START_REF] Sharp | Mars: Fretted and chaotic terrains[END_REF][START_REF] Squyres | Martian fretted terrain: Flow of erosional debris[END_REF]. The last three types are larger (∼ 10-100 km) and are dated throughout the Amazonian period encompassing 3 to <1 Gyr ago [START_REF] Berman | Formation and mantling ages of lobate debris aprons on Mars: Insights from categorized crater counts[END_REF][START_REF] Hepburn | Polyphase midlatitude glaciation on Mars: Chronology of the formation of superposed glacier-like forms from crater-count dating[END_REF], whereas GLFs are smaller (∼ km) and generally more recent [START_REF] Berman | Ice-rich landforms of the southern mid-latitudes of Mars: A case study in Nereidum Montes[END_REF][START_REF] Hepburn | Polyphase midlatitude glaciation on Mars: Chronology of the formation of superposed glacier-like forms from crater-count dating[END_REF], possibly recording recent episodes of glaciation on Mars.

Data from the Shallow Radar (SHARAD) instrument demonstrated that LDAs [START_REF] Dickson | Patterns of accumulation and flow of ice in the mid-latitudes of Mars during the Amazonian[END_REF] are deposits of massive glacial ice covered by a debris layer of unknown thickness [START_REF] Holt | Radar sounding evidence for buried glaciers in the southern mid-latitudes of Mars[END_REF][START_REF] Plaut | Radar evidence for ice in lobate debris aprons in the mid-northern latitudes of Mars[END_REF][START_REF] Petersen | New insights into ice accumulation at Galena Creek Rock Glacier from radar imaging of its internal structure[END_REF]. However, ice mass-balance and deformation history, as well as thickness and internal deposit structure are still matters of debate. The objective of this manuscript is to characterize the deformation patterns and history of an LDA located in the eastern Hellas region. ESA/Roscosmos/CaSSIS/Uni Bern.

Datasets

CaSSIS

The Colour and Stereo Surface Imaging System (CaSSIS) is the main imaging system on board of the ExoMars Trace Gas Orbiter (TGO) mission [START_REF] Thomas | The colour and stereo surface imaging system (CaSSIS) for the ExoMars trace gas orbiter[END_REF].

CaSSIS is a full-swath color stereo image system with a resolution of < 5 m/pixel and a footprint of 9.4 x 50 km. Color/spectral capabilities of CaSSIS come in four bands [START_REF] Thomas | The colour and stereo surface imaging system (CaSSIS) for the ExoMars trace gas orbiter[END_REF][START_REF] Tornabene | Image simulation and assessment of the colour and spatial capabilities of the Colour and Stereo Surface Imaging System (CaSSIS) on the ExoMars Trace Gas Orbiter[END_REF]: A blue-green band (BLU) at 499.9 nm (bandwidth 118.0 nm), an orange-red broadband (PAN) at 675 nm (bandwidth 229.4 nm), a red band (RED) at 836.2 nm (bandwidth 94.3 nm), and a near infrared band (NIR) at 936.7 nm (bandwidth 113.7 nm) [START_REF] Tornabene | Image simulation and assessment of the colour and spatial capabilities of the Colour and Stereo Surface Imaging System (CaSSIS) on the ExoMars Trace Gas Orbiter[END_REF].

We use CaSSIS data for two purposes. First, to examine the morphology and morphometry of the Lower Reull Vallis cross-section at a high spatial resolution, with lower Signal to Noise (STN) ratios than CTX (100 [START_REF] Thomas | The colour and stereo surface imaging system (CaSSIS) for the ExoMars trace gas orbiter[END_REF] vs. 66 [START_REF] Bell | Calibration and performance of the Mars reconnaissance orbiter context camera (CTX)[END_REF]). Second, we use the CaSSIS BLU band to assess whether surface or near surface ice is currently present. Ice or frost-bearing surfaces have high reflectance values over the entire 400-1100 nm sensitivity range of CaSSIS [START_REF] Appéré | Winter and spring evolution of northern seasonal deposits on Mars from OMEGA on Mars Express[END_REF], and are more reflective in blue wavelengths when compared to other surface materials on Mars [START_REF] Tornabene | Image simulation and assessment of the colour and spatial capabilities of the Colour and Stereo Surface Imaging System (CaSSIS) on the ExoMars Trace Gas Orbiter[END_REF]. We combine the BLU and PAN bands to produce a Color Band Ratio Composite (CBRC) image: CBRC = [BLU-4×PAN]/[4×PAN/BLU], which we use to highlight surface features and examine their morphometry.

We work with CaSSIS image cube MY34 005511 224 0 as shown in figure 1 (also supplement). This cube includes the BLU and PAN color bands at a resolution of 4.6 m/pixel. The image is located within the first 150 km of the Lower Reull segment, oriented N-NW to S-SE and spanning most of Reull Vallis' cross-section.

SHARAD

The search for liquid or frozen water within the first kilometer of the martian subsurface is one of the main objectives of SHARAD. SHARAD is a remote, sub-surface sounding radar that transmits 85-µs linear chirps at a central radio frequency of 20 MHz [START_REF] Seu | SHARAD sounding radar on the Mars Reconnaissance Orbiter[END_REF]. It has a horizontal resolution of between 300 m and 3 km, and a vertical resolution of 15 m in free space, which can translate to up to <10 m in the martian subsurface. The transmitted radar signal is reflected from the subsurface at interfaces that separate materials with different dielectric constants. Therefore, reflections contain information about material dielectric properties, roughness at the radar wavelength, and slope of the surface with respect to the spacecraft [START_REF] Choudhary | Surface clutter and echo location analysis for the interpretation of SHARAD data from Mars[END_REF].

Naturally, subsurface reflections are particularly sensitive to large permittivity contrasts, as is the case with the presence of water ice in contact with solid rock. However, clutter caused by reflections from off-nadir surfaces like vallis walls can also cause increased power at time delays that may be similar to those caused by dielectric constant variations. To assess the extent of the clutter, we must compare SHARAD's two-dimensional radar images (known as radargrams) to simulated clutter models derived from MOLA data [START_REF] Choudhary | Surface clutter and echo location analysis for the interpretation of SHARAD data from Mars[END_REF], as is standard in the analysis of subsurface radar data.

We used six SHARAD observations (Product IDs: S 00365901, S 00878801, S 01301401, S 01700301, S 03948601, S 05716901) corresponding to our area of interest to investigate any subsurface reflectors, which could indicate the presence of water-ice or high-density bedrock in the subsurface.

MOLA/HRSC

We use the gridded, blended MOLA/HRSC elevation map (NASA/ MGS MOLA and ESA/ MEX/ HRSC) [START_REF] Fergason | HRSC and MOLA blended digital elevation model at 200m v2, astrogeology PDS annex[END_REF] at a nominal resolution of 200 m/pixel at the equator, in combination with individual MOLA altimetry points (horizontal footprint of 100 m, vertical resolution ± 3 m) [START_REF] Neumann | Mars Orbiter Laser Altimeter pulse width measurements and footprint-scale roughness[END_REF], to attain an overview of the regional topography and cross-section at our site of interest. Taking Corr = 1/5 as an estimate of the precision to which position may be measured in an image (fractions of a pixel), the vertical precision of our DTM is given by [e.g., [START_REF] Cook | Clementine imagery: selenographic coverage for cartographic and scientific use[END_REF][START_REF] Kirk | High-resolution topomapping of candidate MER landing sites with Mars Orbiter Camera narrowangle images[END_REF]:

res 1 Corr tan(θ) = 5.5 m. (1) 
We use the CTX DTM to characterize LDA surface topography beyond the resolution of MOLA. The orthorectified images provide context for CaSSIS, and allow us to characterize reflectance variation where CaSSIS data is not available. 3), with reflectance decreasing in the last terrace (4) towards the inner trough [START_REF] Smith | The Holy Grail: A road map for unlocking the climate record stored within Mars polar layered deposits[END_REF] and increasing again with the start of the southern deposit (6), smooth deposit [START_REF] Butcher | Recent basal melting of a mid-latitude glacier on Mars[END_REF], and towards the southern rim.

Key results and observations

Lobe morphology, texture, and reflectance show variations across regions

(1)- [START_REF] Butcher | Recent basal melting of a mid-latitude glacier on Mars[END_REF]. Region (1) displays a material contrast, transitioning from a lower reflectivity in the BLU and PAN bands characterizing the layered, resistant material making the vallis walls, to a high reflectivity correlated with the smooth material that makes the LDA. The ridge-and-valley texture that makes the wall topography in region (1) (figure 2) continues as linear troughs in region (2), with lateral changes in reflectivity mapping these patterns. To the west, the texture is pitted with knobs puncturing the deposit.

In region (3) regularly-spaced lobes develop with a well-defined interior arcuate banding pattern (figure 3), which is discussed in more detail below. Reflectance in the PAN and particularly the BLU bands highlights the banding pattern in the downslope and across-flow directions.

The inner trough (5) displays the lowest reflectance in the image as well as the lowest albedo, with minimum values correlated with both sides and decreasing to the east of the image.

In the south deposit (6), CaSSIS BLU reflectance still shows a banding pattern (each band is ∼ 35 m wide) that fades gradually onto region [START_REF] Butcher | Recent basal melting of a mid-latitude glacier on Mars[END_REF]. Unlike the north deposit, there is no visible terminal flow fronts nor a strong reflectance contrast marking the existence of terraces. Instead, the texture continuously changes from subdued lobes to a much smoother surface with a higher reflectance, showing small pits possibly signaling ice ablation processes, as described in next section.

Morphology of surface structures

We analyze the surface LDA morphology from small scale to full cross-section scale as shown in figure 4.

Arcuate bands CaSSIS and CTX data show fine-scale arcuate banding patterns alternating between high and low reflectivity, convex in the down-flow direction (arrows in figure 4a). Arcuate bands widen along the deformation axis and narrow in cross-slope, with individual band measuring ∼ 30 m in the cross-slope direction. Alternating reflectance patterns in the composite CBRC image may suggest either a surface or compositional difference. An example of the first would be the accumulation of materials of a particular grain size, and an example of the second, a difference in composition (e.g., an ice-rich matrix and substrate). The resolution of the CTX DEM did not allow us to assess whether arcuate bands display crest-and-valley topography associated with the Fine-scale textures Lobe surfaces display a ridge-and-valley longitudinal texture, found also in other LDAs in this region [START_REF] Pierce | Morphologic and topographic analyses of debris aprons in the eastern Hellas region, Mars[END_REF]. This texture is characterized by a succession of ridges and troughs that are of the same scale as arcuate bands, but that are linear and oriented oblique to the main direction of deformation, as visible in figure 4c. Pitted textures with presence of knobs also appear, predominantly in the lower flow fronts (figure 4d). We interpret this texture to be the product of thermokarst sublimation of ice, following previous work [START_REF] Mangold | Topographic analysis of features related to ice on Mars[END_REF][START_REF] Mangold | Geomorphic analysis of lobate debris aprons on Mars at Mars Orbiter Camera scale: Evidence for ice sublimation initiated by fractures[END_REF].

Terraces. Lobe terminations are distributed in terraces visible both in image and topography, as shown in figures 4e and 5a. Inter-lobe spacing in terraces measured in the cross-slope direction varies among regions, with region 4 displaying larger spacing than fronts in regions 2 and 3.

Analysis of dominant length scales

In this LDA we also identify three scales of repeating patterns which are probably deformational and/or structural in origin, as shown in figure 5: The distance between terraces (∆L), the spacing between lobes (λ), and the width of arcuate bands (γ). All three features are clearly visible using CTX and CaSSIS data, and the first two are within the resolution of the CTX DEM.

We now focus on characterizing these patterns under the assumption that they can be related to the deformation of ice or icy material within the LDA [e.g., 51], and with a focus on the northern deposit (zones 2-4). We seek to quantify the dominant wavelengths that characterize the lobe spacing, as well as the length scales of each individual band, comparing results obtained using image and topographic data from CTX. To optimize data return from CaS-SIS reflectance, we first increase the contrast in the banding structure, so that relevant intensity vs. distance spatial series can be produced.

We find that with a color composite image obtained using a ratio of (1BLU-4PAN)/(4PAN/BLU) bands ( [START_REF] Tornabene | Image simulation and assessment of the colour and spatial capabilities of the Colour and Stereo Surface Imaging System (CaSSIS) on the ExoMars Trace Gas Orbiter[END_REF], substituting NIR with PAN), we are able to highlight the inter-lobe space, as well as the arcuate banding pattern (figure 6).

We then use a spectral density estimation to identify the dominant wavelengths in the transverse directions (λ and γ) as defined in figure 5, which will drive our discussion. We use the CBRC product to acquire a set of profiles across the lobes mapping intensity with respect to distance (figure 6 and supplement).

Each transverse profile t1-t10 is obtained perpendicular to the flow direction (note how the transect lines are not parallel) at successively lower elevation, whereas we use longitudinal profiles (l0-l10) aligned with the deformation axis to interrogate arcuate band widths. Transverse profile t1 and longitudinal profile l0 correspond to the spatial characteristics of the basal unit, visible before the detachment of the icy deposit in region 1 (e.g., figure 3, bottom left, and 6, l0 and t1). Note that the CaSSIS image footprint does not extend to cover all transects and lines of interest (figure 6). Where the lines t1-t10 or l0-l10 extended beyond the image, we used CTX K06 055540 1384 XN 41S258W 5m o.

Spectral analysis requires prior detrending and demeaning of the data. Factors such as terrain roughness, noise, presence of clouds, etc. may affect the image reflectance and introduce random noise at smaller wavelengths. To address these we use an order 4 Butterworth filter, that is, a band-pass filtering function with a stopband defined by twice the Nyquist frequency (given by the resolution of CaSSIS, 4.6 m/pixel) combined with the python "filtfilt" function (scipy, signal toolbox), a zero-phase forward and reverse digital IIR filtering function with polynomial coefficients weighted by the length of the spatial series. After pre-processing, we perform a fast Fourier transform algorithm (fft) on the spatial data series. Examples of the resulting power spectra are displayed in figure 6 and the supplement.

Predominant wavelengths in CBRC intensity (figure 6) have higher power values, whereas less common wavelengths score smaller powers. Acquiring the spatial series data in ArcGIS, with transects representing reflectance intensity vs. distance, we explore which wavelengths γ and λ peak commonly, and are thus predominant. We quantify the frequency of each wavelength (in smaller arcuate bands γ and larger lobes λ) using histograms (figure 6), with orange color for arcuate bands and blue for lobes.

The distance between terraces ∆x is measured directly from image data from region 1 to the deformational flow front front in region 2 (∆x 1 ), and from front to front in zones 3 and 4 (∆x 2 and ∆x 3 ) as shown in figure 5.

Summary of results

We find λ ∼ 180 -350 and γ ∼ 25 -33 m to best describe inter-lobe spacing length and arcuate band width, respectively. Inter-terrace distance, as defined in figure 5, is found to be ∆x 1 = 5800 m with σ 1 = 400 m; ∆x 2 = 3100 m with σ 2 = 400 m, and ∆x 3 = 2300 m with σ 3 = 400 m. Whereas the direction of maximum deformation is linear in terraces 1 and 2, the deformation axis is significantly curved in terrace 3, suggesting a complex strain history in response to a combination of stresses.

SHARAD observations

We analyzed six SHARAD observations that overlap our region of interest (product ID: S 00365901, S 00878801, S 01301401, S 01700301, S 03948601, S 05716901), available in the Planetary Data System (PDS). In order to accurately interpret the SHARAD radargrams and characterize the subsurface, it is essential to differentiate clutter from real subsurface reflections [START_REF] Choudhary | Surface clutter and echo location analysis for the interpretation of SHARAD data from Mars[END_REF]. In partic- A similar result is found when analyzing the other five SHARAD observations (supplement).

Data integration

We analyzed the presence of ice in the surface with the CaSSIS BLU band Image data provides the most solid argument for the presence of buried ice in this deposit through the evidence for deformation in the surface morphology, and the overall consistent surface morphology and spatial assemblage of landforms as seen in other VFF that are known to contain ice. The three length scales analyzed in this section (inter-terrace distance, inter-lobe spacing, and width of arcuate bands), in particular, are useful indicators of the type, direction, and magnitude of stresses, past deformation history, and relevance of boundary conditions. We dedicate the next section to discussing the interpretation of these length scales.

Discussion and interpretation

Characteristic lengthscales: hypotheses of formation

We aim to interrogate the emplacement and evolution history of this LDA from the three length scales measured in previous sections. To drive this discussion, we present and test hypotheses for the emplacement and evolution of these spatial characteristics, as well as their relationship with the environmental (boundary) conditions and stratigraphy. Our leading hypotheses are:

Hλ 1 :
The regular inter-lobe spacing is a result of the deformation of ice on top of regular bed topography, as suggested by the similarity in wavelengths (transect t1 in figure 6).

Hλ 2 : The regular spacing found among lobes is a result of a viscous fingering instability, similar to that occurring in gelifluction or solifluction lobes.

H∆x 1 : The existence of visually and topographically distinct terraces is a result of discrete pulses of enhanced glacial creep deformation.

H∆x 2 : The existence of visually and topographically distinct terraces reflect steps in the basal topography underneath the icy deposit.

Hγ 1 : Arcuate bands reflect changes in accumulation/ablation patterns, similar to band ogives [START_REF] Nye | A theory of wave formation in glaciers, Physics of the Movement of Ice[END_REF][START_REF] Goodsell | Formation of band ogives and associated structures at Bas Glacier dArolla, Valais, Switzerland[END_REF][START_REF] Cuffey | The physics of glaciers[END_REF], arcuate surface discontinuities [START_REF] Mackay | Obliquity-paced climate change recorded in Antarctic debris-covered glaciers[END_REF], or boulder bands on Mars [START_REF] Levy | Surface boulder banding indicates Martian debris-covered glaciers formed over multiple glaciations[END_REF].

Hγ 2 : Fine-scale banding is a form of arcuate foliation patterns as seen in terrestrial glaciers [START_REF] Hambrey | Foliation, minor folds and strain in glacier ice[END_REF][START_REF] Hambrey | Structural styles and deformation fields in glaciers: a review[END_REF][START_REF] Goodsell | Formation of band ogives and associated structures at Bas Glacier dArolla, Valais, Switzerland[END_REF][START_REF] Cuffey | The physics of glaciers[END_REF]. Banding here reflects the cumulative deformation patterns experienced by the ice, including its internal stratigraphy [START_REF] Hudleston | Cumulative deformation in the Barnes Ice Cap and implications for the development of foliation[END_REF][START_REF] Cuffey | The physics of glaciers[END_REF].

4.1.1. Hλ 1 : Do lobes preserve the bed topography spacing found in the source region?

The topographic variability found in region 1, and its similar scale compared to inter-lobe spacing (see transect t1 in figure 6) suggests that this pattern may have propagated down-slope with ice flow. To interrogate whether the presence of lobes in this deposit can derive from variations in ice thickness due to the basal topography in region 1, we consider a model where a layer of ice covers uniformly a substrate with presence of regularly spaced 'bumps' in the crossflow direction. At the base of this ice layer, the pressure of the ice is given by its bulk thickness (h o ) plus/minus small variations given by the substrate topography, with amplitude A y . As a consequence of these small variations, small harmonic stresses develop in the cross-flow direction. Because ice is a strongly non-Newtonian flow, and deformation in any given direction depends on total stresses, deformation in the x direction (downflow) with variations in the y direction (cross-flow) may exist, leading to the development of periodically spaced lobes through time.

To test this hypothesis, we perform a stability analysis of a layer of ice deforming down a slope. Here, bulk (or mean) ice thickness is taken to be enough to drive deformation (stress in excess of yield stress), and variability in this parameter is given by the cross-flow topography of region 1, and is small in comparison: A y /h o 1. We let x be the direction of ice surface slope (downflow direction), z be the vertical direction, perpendicular to ice surface, and y the cross-flow direction. Assuming this initial setup, ice thickness is given by:

h(y) = h o 1 + sin 2πy λ (2) 
The resulting stresses are: σ xz typical of ice masses resting on a slope, and given by the bulk ice thickness and surface ice slope in the x (down-flow) direction; and the much smaller σ yy , σ zz and σ yz resulting from the cross-flow gradients in ice thickness. These stresses constitute the stress tensor, from which the deviatoric tensor τ is calculated to derive deformation directions and rates:

τ = σ -δσ M , (3) 
where σ M = 1/3 (σ xx + σ yy + σ zz ) and δ is the kronecker delta. The next step is to relate the stress field experienced by this icy deposit to the final deformation structures, to analyze the possible formation of regularly spaced lobes. Total deformation rates, including directions and magnitudes, are given by the rate of strain tensor ε, which is related to the deviatoric stresses through the Nye-Glen law [START_REF] Cuffey | The physics of glaciers[END_REF]. We are interested in the variations in ice deformation experienced in the cross-flow (y) direction as the ice flows downstream (x) driven by its own weight (z). That is, we want to know εxz (y), which is given by:

εxz (y) = A(T )τ E (y) n-1 τ xz (y), (4) 
where τ E is the effective stress (second invariant of the deviatoric stress tensor).

We derive a first order approximation to this strain rate using linear stability analysis (see the supplement for more derivation details). Our result shows that the rate of deformation in the downslope direction ( εxz ) becomes a harmonic function of the cross-flow direction (y), with the same wavelength content of the topography in region 1:

εxz = A(T )(ρg) 3 (h o -z) 2 sin(θ) 3 (h o -z) + 3 h o sin 2πy λ (5) 
The basal topography existing in region 1 therefore can trigger the development of regularly spaced lobes with the same periodic characteristics, influencing the planform morphology of the deposit (see supplementary information for a model illustration). After a long period of time, the ice columns that were originally thicker in region 1 (where the total thickness is h o + A y ) will have flowed more than the originally thinner sections (h o -A y ) and will develop lobes, with a length influenced by temperature (through ice softness A(T )) and bulk ice deposit thickness (h o ). Total deformation is given by the time integral of equation 5. For this process to be possible, the bulk thickness of the ice deposit needs be of at least h o ∼ 150 m, setting the driving stresses equal to the yield strength of ice (taking the yield stress τ o = 50 -100 kPa).

Hλ 2 : Do lobes reflect gelifluction processes?

Gelifluction is the downward movement of topsoil due to freeze-thaw processes, in particular segregation ice growth and frost heave [START_REF] Matsuoka | Solifluction rates, processes and landforms: a global review[END_REF]. Landforms associated with gelifluction are organized in terraces in the downslope direction, and in regularly spaced lobes in the cross-flow direction [START_REF] Matsuoka | Solifluction rates, processes and landforms: a global review[END_REF][START_REF] Rowland | Arctic landscapes in transition: responses to thawing permafrost[END_REF], with a morphology that visually resembles that of the LDA under study. It is typically observed on Earth in periglacial landscapes [START_REF] Matsuoka | Solifluction rates, processes and landforms: a global review[END_REF], with similar landscapes observed on Mars [START_REF] Johnsson | Periglacial mass-wasting landforms on Mars suggestive of transient liquid water in the recent past: Insights from solifluction lobes on Svalbard[END_REF]. Ice in gelifluction lobes is distributed within the pore space, without vertical organization [START_REF] Matsuoka | Solifluction rates, processes and landforms: a global review[END_REF][START_REF] Rowland | Arctic landscapes in transition: responses to thawing permafrost[END_REF].

A recent study [START_REF] Glade | Arctic soil patterns analogous to fluid instabilities[END_REF] proposes a physical explanation (equation 6) for the down slope movement of Arctic topsoil, with applications to proposed martian gelifluction lobes that is consistent with analogue observations [START_REF] Milton | Water and processes of degradation in the martian landscape[END_REF][START_REF] Huppert | Flow and instability of a viscous current down a slope[END_REF][START_REF] Troian | Fingering instabilities of driven spreading films[END_REF][START_REF] De Bruyn | Fingering instability of a sheet of yield-stress fluid[END_REF]. This model explains how regularly spaced lobes arise as the result of the competition between body forces (gravity), cohesion forces at the flow front, and lateral flow due to hydrostatic pressure under topographic bumps. Scaling development of the flow dynamics equations, and stability analysis derives a regular wavelength described in terms of [START_REF] Glade | Arctic soil patterns analogous to fluid instabilities[END_REF]:

λ = C h c β 2S ( 6 
)
Where h c is a characteristic thickness, β is the horizontal scale describing variations in viscosity, and S is the ground slope. C is an empirical constant (field data supports C=6), validated for Earth. We acknowledge that the lack of measurements specific to Mars may introduce error in the estimation of λ through this method. Improved understanding of the characteristics of the substrate on Mars will help improve this calculation. Cross-slope wavelength therefore increases with thickness and cohesion forces and decreases with steeper slopes.

We contrast the results for λ in the previous section with predictions from this equation, taking C=6, h c =5 m (order of magnitude), and slopes of S ∼ 0.1 and S ∼ 0.01 to capture the present day slope as well as a possible paleoslope (based on the cross-section of Reull Vallis just upstream from this site). We then assume that variations in viscosity β are given by the presence of dust, soil, melt fraction, and rocks (supplement). The internal debris content of LDA and LVF is constrained to be <10% based on radar observations [START_REF] Holt | Radar sounding evidence for buried glaciers in the southern mid-latitudes of Mars[END_REF]. Detailed studies of LDAs within Deuteronilus Mensae [START_REF] Baker | Probing supraglacial debris on Mars 1: Sources, thickness, and stratigraphy[END_REF] indicate that 20% of the surface has high boulder abundance in this region, with higher concentrations found near the terminal fronts. We adopt both of these numbers assuming that they are representative of this LDA, although we acknowledge the need for a detailed analysis using HiRISE and TES/ THEMIS data that is out of the scope of this paper. Based on these measurements, we choose β ∼ 1.5 m (supplement) and we derive an expected wavelength of λ ∼ 115 m (taking S=0.01) and λ ∼ 35 m taking S=0.1, using equation 6. The lengthscale observed in the LDA is a factor four larger than that predicted by equation 6.

The results obtained are consistent with the lobe spacing λ measured in section 3.3 within order of magnitude, which does not allow us to definitely reject this hypothesis. However, gelifluction requires the presence of a certain degree of liquid water in the deposit to allow for soil creep, which is hard to justify in the near-surface of Amazonian Mars. Therefore, we favor the previous hypothesis (Hλ 1 ) to explain the formation of regularly-spaced lobes given the consistency between the spatial scales of region 1 and inter-lobe spacing. This interpretation requires the deposit to be thin, be subject to small stresses, and therefore to deform very slowly.

H∆x 1 : Do terraces reflect discrete episodes of deformation?

Terraces are associated with the termination of lobe apexes, and are visibly associated both with deformation of the deposit and a topographic signature.

Our observations of this LDA show no fracture patterns, including crevasses, meaning that the tensile stresses this deposit experienced were always below those of ice fracture, and therefore that strain rates were exceedingly slow. In the current surface temperature conditions, surface or near-surface ice flow is below detection rates on Mars, consistent with observations for low strain rates in this LDA and expectations from models of ice flow elsewhere on Mars [e.g., [START_REF] Nye | The instability of a south polar cap on Mars composed of carbon dioxide[END_REF][START_REF] Byrne | The polar deposits of Mars[END_REF].

However, deformation did occur in this deposit judging from the morphological patterns, and several aspects could have facilitated ice deformation in the past. The most important parameter controlling ice creep would be temperature [START_REF] Cuffey | The physics of glaciers[END_REF]. Warm spells occurring during or after the time of deposit emplacement would have exponentially decreased ice viscosity, making ice softer and helping mobilize layers of icy material downslope. The second player are total stresses, which have a quadratic influence in ice effective viscosity. Increased total stresses, including driving stresses and pressure, would have facilitated ice flow. This includes steeper ice surface slopes, layers of englacial denser material or presence of a thick debris cover (increasing density), and a thicker ice deposit.

Stresses, however, remained always below the critical stress for brittle fracture in this deposit, because crevasses and other fractures are not observed at this resolution. Given the slow nature of ice flow in cold temperatures and the low strain rates inferred and observed, and based on the current understanding of ice rheology, we consider that past warmer episodes are likely necessary to explain the deformation fronts. Topographic signatures associated with terraces can then be explained by accumulations of ice and debris where the flow stopped moving, because of lower temperatures, lower driving stresses (i.e., thinner flows), or a combination. We also note also that englacial entrained debris can have an important effect on ice viscosity, leading to both weakening and stiffening behaviors depending on its concentration and stratigraphy [START_REF] Moore | Deformation of debris-ice mixtures[END_REF][START_REF] Hudleston | Structures and fabrics in glacial ice: A review[END_REF].

Without a deeper understanding of the dynamics of ice-debris mixtures [START_REF] Moore | Deformation of debris-ice mixtures[END_REF], it is hard to quantify exactly the effect of debris in the rheology of this deposit.

Distinct warmer spells, driven, e.g., by obliquity variations, could have contributed to the formation of several episodes of deformation, producing distinct flow fronts. The presence of the several terraced fronts of deformation would be hardly consistent with a single episode of warming (and/or high stress regimes driven by enhanced accumulation), and would require distinct episodes of glacial advance. This remark is consistent with previous studies of boulder accumulation bands in debris covered glaciers [START_REF] Levy | Surface boulder banding indicates Martian debris-covered glaciers formed over multiple glaciations[END_REF]. Given the correlation of arcuate bands with topographic steps, we consider that basal topography played a role in defining terraces. We therefore invoke a synthesis of hypotheses H∆x 1 and H∆x 2 to explain terraces, given the spatial association of deformation fronts, arcuate bands, and surface topography. Indeed, the presence of basal topographic obstacles could have provided a natural barrier for a flow deforming slowly, at low driving stresses, and under largely cold temperatures. This flow could then accumulate, so that the visible topographic signature is a combination of basal topography and thickened parts of the deposit, with the later likely a bigger contribution than the former. Given the lack of surface ice exposure observed with CaSSIS PAN, BLU, and CBRS bands, we favor the former. The arcuate banding observed is then more consistent with ASDs identified on cold-based glaciers in Antarctica [START_REF] Mackay | Obliquity-paced climate change recorded in Antarctic debris-covered glaciers[END_REF] and boulder banding patterns on a small set of LDAs on Mars [START_REF] Levy | Surface boulder banding indicates Martian debris-covered glaciers formed over multiple glaciations[END_REF]. An ASD origin hypothesis would predict spoon-shaped depressions to appear in the current interglaciation conditions, and these are indeed visible in the CTX topography inside lobe terminations (see figure 5b). MBDB are furthermore directly attributed to long-term environmental variations on Earth and Mars [START_REF] Mackay | Obliquity-paced climate change recorded in Antarctic debris-covered glaciers[END_REF][START_REF] Levy | Surface boulder banding indicates Martian debris-covered glaciers formed over multiple glaciations[END_REF],

reflecting changes in accumulation and ablation tied with ice deformation.

If these bands are MBDB, mass-balance variability would likely be related to obliquity cycles as opposed to yearly cycles, in agreement with previous work [START_REF] Levy | Surface boulder banding indicates Martian debris-covered glaciers formed over multiple glaciations[END_REF]. In this case, γ corresponds to the distance ice deformed between periods of low and high accumulation, placing constraints on ice viscosity, deformation rates, and local temperatures [START_REF] Cuffey | The physics of glaciers[END_REF]. As discussed before, the strain rates of this deposit were exceedingly low through history, so that variations across long periods of time of accumulation, flow, and ablation, would be required for ice to produce these patterns. We can assert, however, that both possible interpretations tie the arcuate pattern with time: boundaries between individual strata are likely isochrones [START_REF] Cuffey | The physics of glaciers[END_REF][START_REF] Jennings | Structures and Deformation in Glaciers and Ice Sheets[END_REF], and mass-balance driven banding patterns can be linked to the rate of ice deformation within an accumulation/ablation cycle [START_REF] Nye | A theory of wave formation in glaciers, Physics of the Movement of Ice[END_REF][START_REF] Cuffey | The physics of glaciers[END_REF]. Following the analogue to terrestrial cold-based glaciers [START_REF] Mackay | Obliquity-paced climate change recorded in Antarctic debris-covered glaciers[END_REF], we favor the hypothesis that arcuate bands in this deposit may reflect mass balance cyclicity driven by obliquity variations, tying original ice thickness, ice creep velocity, time between accumulation and ablation episodes, and temperature conditions into the surface morphology of martian LDAs. is important to understand the history of this deposit: It is the time integral of all combined strain rates (i.e. equation 5). To quantify deformation we measure the relative difference between the deformed (L1) and an initial length (L2), divided by L2, using the CaSSIS CRBC image. We define L1 as the length along selected arcuate bands, and we take L2 as transverse to flow direction expanding the extent of the banded lobe in a straight line. To evaluate these parameters, we mapped the lines along continuous ogival bands using ArcGIS (supplement), and calculated ε xy around the direction transversal to deformation (table 1), in descending order.

Our results (table 1) indicate that the maximum finite strain occurs in the lower flow fronts of region 3, whereas the minimum finite strain occurs in the lobes in zone 4. Strain directions (deformation axis) are not aligned with current day topographic gradients. In particular, lobe deformation axis is oriented The presence of arcuate bands, and the absence of crevasses indicates the material has deformed but not failed. This creep requires viscous deformation with maximum tensile stresses below that of the critical fracture stress of ice.

Given the frigid surface temperatures of Amazonian Mars, the relatively low stresses involved, and the absence of fracture patterns, the rates of deformation within this deposit had to be exceedingly low, implying that deformation was likely ongoing for a very long time span. However, a key unresolved matter is the rheology of cold ice under small stresses over very long periods of time [e.g., [START_REF] Greve | Fluid dynamics of planetary ices[END_REF][START_REF] Cuffey | The physics of glaciers[END_REF]. Without further understanding of the rheology dynamics under low stresses it is not possible to reliably quantify the timespan of activity of this deposit. If viscosity was roughly known, this timespan could be estimated from equation 5 and observations in table 4.2.

Based on our observations, we suggest the following evolution for this LDA. 

Figure 1 :

 1 Figure 1: Location and context for our area of study. (a) Global map of Mars (MOLA/HRSC) showing Lower Reull Vallis in a yellow box. (b) Lower Reull Vallis region (MOLA/THEMIS) with previously mapped icy features [15, 36] and our area of interest bounded by a red box. (c) Zoomed in view of the LDA of interest, showing MOLA/HRSC underlain by CTX data and overlain by CaSSIS (black and white image), with blue box locating HiRISE image ESP 049593 1390 RED. MOLA/HRSC: DLR, NASA, Goddard Space Flight Center, USGS; THEMIS IR daytime (v12): NASA/JPL-Caltech/Arizona State University. CaSSIS:
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 4 photogrammetric software. We estimate the vertical precision of the DTM as a function of pixel scale and the convergence angle between the images, as indicated in the ISIS3 USGS guide[START_REF] Kirk | Ultrahigh resolution topographic mapping of Mars with MRO HiRISE stereo images: Meter-scale slopes of candidate Phoenix landing sites[END_REF]. Images N05 064204 1384 XI 41S258W and K06 055540 1384 XN 41S258W have a resolution of res 1 = 5.16 m and res 2 = 5.06 m respectively, and a stereo convergence angle of θ = 10.51 • .

Figure 2 :

 2 Figure 2: Topography and morphology of the LDA. Top panel: Topography (CTX, CaSSIS) indicating the MOLA altimetry track defining our A-A' cross section. Right: Cross-section (elevation vs. distance along A-A') showing individual MOLA laser shots color coded by elevation, annotated with the parts of the LDA (1-8). Bottom: Contrast-enhanced CTX image K06 055540 1384 XN 41S258W 5m o showing the boundaries between morphological zones 1-8 (white dashed lines).

Figure 3 :

 3 Figure 3: THEMIS daytime IR data (NASA/ ASU) overlapped with CaSSIS BLU color band (ESA/ Roscosmos/ CaSSIS) stretched at 2.5 standard deviation for panels (a)-(e). (a) Overview of CaSSIS MY34 005511 224 and footprint extent. (b) Deposit alcove (zone 1). (c) North deposit (zones 2-4). (d) south deposit (zones 6-7). (e) inner trough (zone 5).

Figure 4 :

 4 Figure 4: CaSSIS PAN colour band showing the morphology of the area of interest. (a) Arcuate banding patterns showing convex nested bands alternating in reflectance. (b) Periodic lobes elongated in the down-flow direction, showing regular spacing. (c) Ridge-and-valley texture. (d) Knob (left arrow) and pitted texture (right arrow) found predominantly in the lower flow fronts on the north deposit. (e) Flow fronts marking the topographic terracing associated with lobe terminations. (f) Buried fronts showing possible compressional deformation.

  Figure 5: Characteristic spatial scales of the LDA. Left: CTX K06 055540 1384 XN 41S258W 5m o overlapped by CTX DEM showing the interterrace distance ∆x 1 , ∆x 2 , ∆x 3 . Terrace termination is defined by a step in topography (overlying image data) as well as with a marked lobate flow front. Right (top): CTX K06 055540 1384 XN 41S258W 5m o overlapped with CTX DEM showing the wavelength λ, marking the regular spacing between deforming lobes. Right (bottom): CaSSIS image MY34 005511 224 showing reflectance variability between arcuate bands, alternating at a distance γ.

Figure 6 :

 6 Figure 6: (a) CaSSIS CBRC overlaying CTX K06 055540 1384 XN 41S258W 5m o, with transverse profiles (t1-t10) in blue, and longitudinal profiles (l0-l10) in orange. (b,c) example power spectra for arcuate bands (b) and for lobe spacing (c). (d,e) Power spectra corresponding to the spatial characteristics of the basal deposit ((d),transect t1, (e) long section l0). (f,g) histogram showing counts vs. wavelength for all transect profiles t2-10 (left), with peak corresponding to most common λ, and all longitudinal profiles l1-l10 (right) with peak corresponding to most common γ.

Figure 7 :

 7 Figure 7: SHARAD observation S 00365901 over the area of interest. (Left) Radargram, note the presence of a possible subsurface reflector (arrow). (Middle) MOLA clutter simulation. Note the presence of clutter where the reflector is (arrow). (Right) Image showing an overlap of the radar and cluttergram to highlight the presence of multiple clutter reflectors correlated with the position of the possible reflector.

  and in the subsurface with SHARAD radar data. Whereas the CaSSIS BLU band shows that reflectance correlates with the lobe banding structure, we interpret this to be a result of surface roughness variability due to flow front accumulation patterns, and not indicative of the presence of surface ice. Radar data is inconclusive: It is difficult to assess whether ice is indeed present in the vallis and driving the instability on the flank and into the valley bottom, or the reflections observed are solely the result of clutter. Lack of clear subsurface reflectors can also be due to a homogeneous mixture of debris and ice in the subsurface, making a clear dielectric contrast surface nonexistent.
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 14 H∆x 2 : Do terraces reflect steps in the basal topography?Whereas the thickness of the deposit could not be estimated quantitatively from radar data, thinning of the deposit due to ice sublimation likely occurred since the episodes of deformation recorded in the surface morphology. This is supported by the presence of pitted textures (figure4d), and the mismatch between current topography and deformation directions. An association of terraces with basal topographic steps is further supported by the correlation of arcuate bands with the topographic steps associated with terraces. Both ogives and foliation patterns, invoked to explain the presence of these bands (hypotheses Hγ 1 and Hγ 2 ) tend to form associated with areas of intense deformation such as steep slopes [e.g.,[START_REF] Nye | A theory of wave formation in glaciers, Physics of the Movement of Ice[END_REF][START_REF] Waddington | Wave ogives[END_REF][START_REF] Goodsell | Formation of band ogives and associated structures at Bas Glacier dArolla, Valais, Switzerland[END_REF][START_REF] Cuffey | The physics of glaciers[END_REF]. Additionally, ice deposits tend to smooth subglacial topography so that surface wavelengths grow with ice thickness and ice viscosity [e.g., 73].
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 152 Hγ 1 : Are the arcuate bands related to mass balance cyclicity? Ogival bands are arcuate bands that extend across the surface of terrestrial glaciers, with albedo patterns alternating between dark and light and convex in the direction of flow [e.g., 53, 51]. When associated with ice falls, ogives result from a combination of variations in ice deformation and mass balance [e.g., 53, 72, 6, 74]. ASD (arcuate surface discontinuities) are another type of mass-balance driven banding (hereafter referred to as MBDB). ASD form as follows [54]: (1) During obliquity-driven ice accumulation periods, exposed ice is found at the accumulation zone and becomes covered by a debris layer that thickens down-slope. When conditions shift to net ablation, ice loss occurs predominantly where ice was exposed at the surface, with reduced rates of sublimation where ice is buried under thicker debris lags. Eventually a spoon-shaped depression forms near the original accumulation zone where a lag of debris develops, involving the exposure of englacial debris, rockfalls from the alcove, and dust. (3) When conditions shift again to net accumulation, snow and glacial ice infill the spoon-shaped depression, and glacial creep deforms and transports the filled depression downflow, forming a raised arcuate band. Upon multiple successions, arcuate bands displaying alternating patterns of surface debris roughness develop. CaSSIS data helps to distinguish band ogives from ASD. The difference in reflectance between bands in the composite CaSSIS CBRC image may suggest either a surface or compositional difference, as pointed out in section 3.1.2.

4. 1 . 6 .

 16 Hγ 2 : Are the arcuate bands foliation patterns?Foliation is a planar or layered structure that develops in a glacier during flow, and that produces the compression, folding, and deformation of any heterogeneity within the ice. Terrestrial foliation structures are laterally continuous for no more than a few meters, and typically 10 to 100 mm thick [e.g.,[START_REF] Goodsell | Formation of band ogives and associated structures at Bas Glacier dArolla, Valais, Switzerland[END_REF][START_REF] Cuffey | The physics of glaciers[END_REF].To interrogate the presence of foliations leading to arcuate banding, we compare their characteristic wavelength to that of the layered deposit exposed in the alcove region (1, figure2), as well as with an exposure of layering within a similar deformable material exposed 14 km downslope Reull Valles. We use HiRISE image ESP 049593 1390 RED with center coordinates 100.78 • E, -41.02 • N for the purpose of measuring layer thickness, that captures an area north-west of our site and along the south facing slope of Reull Vallis (supplementary information, figureS4), bearing in mind that this image corresponds to a slightly different location. Each vertical layer in this exposure measures ∼ 20 m (after accounting for a surface slope of ∼ 0.15 and a planform distance of ∼ 100 m), comparable to the wavelength measured for the stratigraphy in the region 1 γ 1 = 42 -35 (transect l0 in figure and corresponding power spectra 6). Power spectra using HiRISE data was not attempted owing to the high spatial resolution and consequent high frequency structure that would hinder a comparative wavelength analysis.Terrestrial foliation patterns tend to be discontinuous [e.g.,[START_REF] Goodsell | Formation of band ogives and associated structures at Bas Glacier dArolla, Valais, Switzerland[END_REF][START_REF] Cuffey | The physics of glaciers[END_REF]], but at the resolution of CaSSIS and CTX it is not possible to evaluate the lateral continuity of arcuate bands. It could very well be the case that both foliation and massbalance driven banding are present in this deposit. However, the strong spatial correlation of these arcuate bands with surface slopes (terraces) as well as their morphological similarity to terrestrial ASDs support the previous hypothesis more strongly.
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  counterclockwise from the topographic slope. Because lobes deform in the direction of the downslope stress, the orientation of the slope at the time of lobe formation must have been different. Region 4 (the lowest terrace in the northern deposit) deserves a mention. In region 3, we can observe how the axis of deformation slightly curves towards the west. Lobes in region 4 curve westwards and then eastwards, suggesting a compression following extensional deformation. This strain pattern agrees with previous interpretations of LDA evolution in the region, reflecting the past confluence of the south flowing deposit with the north flowing deposit in the northern and southern walls of Reul Vallis[START_REF] Levy | Sequestered glacial ice contribution to the global Martian water budget: Geometric constraints on the volume of remnant, midlatitude debris-covered glaciers[END_REF]. The inner trough (region 5), seems to have been incised during or after the convergence of both LDAs, perhaps by the action of wind funneled in the trough.

First, the deposit

  originated through cycles of accumulation (snowfall) and compaction, sediment and dust deposition (i.e., dust), and ablation through sublimation. A continuous icy deposit likely covered a good portion of Reull Vallis' cross-section, based on the existence of deposits both in the southern and northern wall, the presence of multiple LVF and LDAs within Reull, and the unlikely deposition of ice only on canyon walls. After the emplacement, ice ablation exhumed the canyon walls and separated the deposit into northern and southern components. Episodes of accumulation and ablation, as well as warm spells occurring after this point likely enhanced deformation in the north and south ice deposits, triggering glacial creep in the form of lobes, and buttressing (compression) upon collision of the north and south deposit's lower layers, as reflected in the complex deformation axis of zone 4.Mass balance variability at long timescales -possibly obliquity driven -combined with slow glacial deformation and debris covering triggered the formation of arcuate MBDB patterns in at least three distinct events, defined by distinct zones in figure5separated by flow fronts. In the current mid-latitude interglacial period, decreased temperatures slowed ice creep to a negligible rate, whereas wind erosion continued carving Reull Vallis' current cross-sectional topography, including the inner trough (region 5). Deposit deflation occurred after deformation, setting the current day slopes which do not coincide with the axis of deformation. The final morphology of the deposit therefore reflects the history of ice accumulation, wind ablation, and ice deformation; whereas the banding patterns likely reflect the mass-balance history of ice deposition and its posterior deformation.5. ConclusionsIn this paper, we use CaSSIS image cube MY34 005511 224 and derived Color Band Ratio Composites (CBRC), integrated with topographic (MOLA and CTX DEMs) and SHARAD data, to investigate the origin and morphology of a Lobate Debris Apron (LDA) located inside lower Reull Vallis. The LDA extends from the northern wall towards the bottom of Reull Vallis, and continues with more subdued morphology in the south. Integrated analysis of CaSSIS BLU and CBRC shows that ice is not currently present in relevant concentrations on the surface, whereas SHARAD data yields inconclusive subsurface observations due to the presence of surface clutter returns. Morphological analysis of this site, previous work, and the presence of multiple ice bodies in the region of eastern Hellas and Reull Vallis strongly support that ice deformation is involved in the formation and evolution of this deposit. We use image and topographic data to reconstruct the deformational history of this deposit and interrogate its interior structure.We characterize the deformation patterns of this deposit in terms of three scales: distance between deformation fronts or terraces (∆x), inter-lobe spacing (λ), and width of the arcuate banding patterns found inside the lobes (γ). We use spectral analysis to quantify the characteristic wavelengths for arcuate band width and inter-lobe spacing, and measure the distance between terraces from topographic data. The finite strain measurements and the deviation between the deformation axis of the lobes compared with current surface topographic gradients show that the deposit major flow events responded to a past ice thickness and climate conditions. Regularly spaced lobes reflect in their wavelength the basal topographic characteristics of the source region. Arcuate bands, displaying alternating high and low reflectance in CaSSIS data, are interpreted to be Mass-balance Driven Banding (MBDB), and are particularly similar to Arcuate Surface Discontinuities observed in cold-based Antarctic glaciers. The identification of arcuate bands as MBDB opens the door to linking changing environmental conditions with the surface morphology of viscous flow features on Mars similarly to band ogives on Earth, making VFFs valuable time capsules of the recent mid-latitude climate record. also gratefully acknowledged. We also acknowledge the financial support from Région Pays de la Loire, project étoiles montantes METAFLOWS (convention N • 2019-14294). The authors express their gratitude to the research groups led by professors Kelin X. Whipple and Philip R. Christensen for guidance and insightful discussions. The authors would also like to thank Michael Christoffersen for the help and guidance provided with SHARAD data processing, Erik Young for insightful discussions on glacial deformation, and two anonymous reviewers for their careful consideration and helpful suggestions.

Table 1 :

 1 Deformation lengthscales and strain

	Lobe	Region	L1	L2	ε xy
	Lobe 1	2	5550 1700 2.3
	Lobe 2	2	3740 2600 0.4
	Lobe 3	3	10960 6500 0.7
	Lobe 4	3	11190 6700 0.7
	Lobe 5	3	38460 6700 4.7
	Lobe 6	3	33920 7600 3.5
	Lobe 7	4	7930 7000 0.1
	Lobe 8	5	5190 3100 0.7
	Lobe 9	5	3918 2100 0.9

4.2. Deformation history of this LDA

Mapping and quantifying the total deformation (finite transversal strain ε xy )
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