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Global documentation of overlapping lobate deposits in Martian gullies

Gullies on Mars are kilometre-scale sediment transport systems comprising an alcove, channel and debris apron. In some gullies lobate deposits have been observed, implying a debris-flow-like process, but uncertainty remains as to the importance of this process in the gully-population and whether lobate deposits are related to a specific context. Our study utilized the HiRISE image archive to document evidence of overlapping lobate deposits on gully-fan surfaces within craters emplaced between 30˚-75˚ in both hemispheres. We have identified 26 craters in which lobate deposits occur in gullies, of which 6 were previously reported. This corresponds to 3.39% of the 765 gullied craters studied using 1004 HiRISE images. We show that gullies with lobate deposits (1) do not show any location preference, (2) are poleward-facing, (3) are found in craters with and without latitude dependent mantle (LDM) and/or glacier-like-forms, (4) are emplaced at slopes at the foot of the fans that range from 18-25° in the northern and 7-19° in the southern hemisphere, and (5) form in craters of all ages. From our observations, we infer that preservation of lobate deposits in gullies is the main factor leading to their relative paucity within the gully-population.

Further, we observe morphological features associated with terrestrial wet-debris flows including: overlapping tongue-shaped terminal lobes, levees, channel backfilling, plug formation and avulsion. We have not observed any significant present-day changes in the morphology and topography of gullies and/or lobes. We conclude that a debris-flow-like process is likely responsible for the majority of sediment transport in gully-landforms.

Introduction

Morphological studies of Martian gullies have described them as steep slope drainage systems typically consisting an alcove, a channel and a depositional apron [START_REF] Malin | Evidence for recent groundwater seepage and surface runoff on Mars[END_REF][START_REF] Hartmann | Martian hillside gullies and Icelandic analogs[END_REF][START_REF] Dickson | The formation and evolution of youthful gullies on Mars: Gullies as the late-stage phase of Mars' most recent ice age[END_REF][START_REF] Morgan | Gully formation on Mars: Two recent phases of formation suggested by links between morphology, slope orientation and insolation history[END_REF][START_REF] Reiss | Terrestrial gullies and debris-flow tracks on Svalbard as planetary analogs for Mars[END_REF][START_REF] Johnsson | Evidence for very recent melt-water and debris flow activity in gullies in a young mid-latitude crater on Mars[END_REF]. Moreover, a number of additional morphologies have been reported to be associated with gully channels, such as lateral levees and lobate deposits. Many workers (e.g. [START_REF] Costard | Formation of recent Martian debris flows by melting of near-surface ground ice at high obliquity[END_REF][START_REF] Christensen | Formation of recent Martian gullies through melting of extensive waterrich snow deposits[END_REF] Previous studies on morphological comparison of several hundred Martian gullies with their terrestrial counterparts led to the suggestion that most of the Martian gullies do not possess typical evidence of levees and lobate deposits [START_REF] Reiss | Regional differences in gully occurrence on Mars: A comparison between the Hale and Bond craters[END_REF][START_REF] Reiss | Terrestrial gullies and debris-flow tracks on Svalbard as planetary analogs for Mars[END_REF]. Nevertheless, some of the Martian gullies that are consistent with morphologic evidence of levees and lobate deposits exhibit slope-area relationships similar to that for terrestrial water bearing debris flow channels that sometimes it is impossible to unambiguously decide whether gully channels really lack levees. This is mainly because the levees in some cases may be too small (<10 cm) to be resolved in either Mars Orbiter Camera (MOC) or High Resolution Imaging Science Experiment (HiRISE) images.

Recent studies focused on temporal analysis of gullies with HiRISE images reported widespread contemporary activity in gullies which they interpret to be a result of gas released The primary objective of this study is to investigate (1) whether morphologic evidence of overlapping lobate deposits is widespread and (2) infer if the presence of overlapping lobate deposits reflects a global climate signal or not. We further have the following sub-objectives: (a)

What are the orientation preferences of crater wall slopes whereon lobate deposits are found? (b) What are the slope ranges of crater walls whereon the lobate deposits are emplaced? (c) Does age and morphology of the craters containing evidence of lobate deposits bear any influence on their formation and distribution? (d) Do the morphology and topography of gullies and lobate deposits show any changes that can be related to present-day activities?

The paper is structured as follows: We first describe the datasets and methods. Subsequently, we describe the geographic distribution of lobate deposits, detail their morphological characteristics, determine slope ranges and infer orientation preferences of crater walls whereon lobate deposits are emplaced. Thereafter, we describe the morphological characteristics of features observed within craters hosting lobate deposits and determine age relationships. Next, we describe the texture and post-depositional modification of lobate deposits, and search for morphological evidence of present-day activity in gullies associated with lobate deposits. Finally, we summarize the observations and provide a discussion on the possible origin of lobate deposits and their palaeoclimatic implications. Images that contained overlapping coverage of the same portions of crater wall are rendered within ArcGIS to eradicate redundant observations. For a given crater, it is possible that there can be more than one HiRISE image covering different portions of the crater wall in which gullies could be present. Additionally, portions of crater wall for which there is no HiRISE image or the image is poorly illuminated may contain gullies. For instance, there are many larger diameter (e.g. >50 km) craters where HiRISE images do not cover the crater wall completely. If we find gullies in any of the HiRISE images covering the crater wall, we annotate that crater as 'crater with gullies in HiRISE'. For the craters in which we do not find gullies in the available HiRISE images, we annotate those craters as 'crater without gullies in HiRISE'.

Datasets and methods

At

For the identification of gullies in HiRISE images, we adopt the definition of a gully as proposed by Malin and Edgett (2000): "gullies are relatively small steep-sloped drainage systems typically consisting of an alcove, a channel and a depositional apron". Based on this definition, each HiRISE image was inspected for presence or absence of gullies using the Multi-Temporal 

Observations and results

Geographic distribution

In total, 988 craters in the northern hemisphere and 738 craters in the southern hemisphere are analysed using HiRISE images within the 30˚-75˚ latitude range (Figure 1). In the northern hemisphere, we find morphologic evidence of gullies in 278 craters (28.13% of total) covered by a total of 405 HiRISE images. In the southern hemisphere, gullies are found on the crater walls of 487 craters (65.98% of total), covered by 599 HiRISE images. Within these 278 gullied craters in the northern hemisphere, morphological evidence of overlapping lobate deposit is newly found in 6 craters -referred to as 'craters hosting lobate deposits' from this point onwards (Table 1; Figure 1). Previously, 2 craters hosting lobate deposits were identified in the northern hemisphere by 1; Figure 1). Of the 487 gullied craters present in the southern hemisphere, we have newly found 14 craters hosting lobate deposits (Table 1) (Figure 1). In the southern hemisphere, previously 4 craters hosting lobate deposits were identified by Lanza et al. 1; Figure 1). This results in a total of 26 craters in which lobate deposits occur in gullies.

Sinha et al., 2019 (Table

We find that the craters hosting lobate deposits are not clustered in any particular region within either hemisphere. In the southern hemisphere, the craters hosting lobate deposits span a wide range of longitudes (Table 1), while the latitudinal distribution of craters hosting lobate deposits is confined between ~33.0˚-46.0˚S (Figure 1). The craters hosting lobate deposits in the northern hemisphere are found within 134.5˚ W to 26.5˚ E and 40.5˚ N to 53.7˚N (Table 1; Figure 1). Overall, the craters hosting lobate deposits in the northern hemisphere have a slightly larger latitudinal range than the craters hosting lobate deposits in the southern hemisphere. We find that overlapping lobate deposits occur in craters with diameters ranging from ~2 -30 km and ~3 -36 km in the northern and southern hemispheres, respectively (Table 1). The alcoves of gullies consistent with lobate deposits are found at elevations ranging from ~-3.9 to ~2.7 km in the northern hemisphere and ~0.3 to ~5 km in the southern hemisphere (Table 1).

Figure 1. Distribution of overlapping lobate deposits in gullied craters between 30˚-75˚ N and S plotted over the Mars Orbiter Laser Altimeter (MOLA; red is high elevation and blue is low elevation) topographic data superposed on the Mars Odyssey THEMIS daytime thermal infrared global mosaic (100 m/pixel). The colors of the symbols indicate: white circlescraters with gullies in HiRISE, black circlescraters without gullies in HiRISE, red circle with plusgullied craters

with overlapping lobate deposits, and white trianglespreviously reported gullied craters with overlapping lobate deposits. Basemap image credit: MOLA/GSFC/USGS. Table 1. Image credit: NASA/JPL-Caltech/MSSS.

Morphology of overlapping lobate deposits

Figure 2 shows the 20 craters in which morphologic evidence for overlapping lobate deposits are newly found on gullies (Figure 3). The lobes typically have a convex-up tongueshape, and commonly display a straight to slightly sinuous flow pattern in plan view. In some instances lobes are connected to channels, which are often flanked by lateral levees (Figure 4a), while channels are not evidently connected to lobes in other instances, likely as a result of burial by subsequent events (Figure 4b). There can be series of terminal lobes stacked together, often regressively by backstepping (Figure 4c, f), or laterally thereby forming broad deposit complexes (Figure 4g,h). Both these forms co-exist within most of the gullies hosting lobate deposits. Lobes generally form local areas of high relief (Figure 4i,j) that steer subsequent flow deposits towards topographically lower areas (Figure 4k-o). In a few examples, the fan surfaces adjacent to stacked lobes are rich in boulders (Figure 4p).

We often observe patterns of channel plugging, backstepping and avulsion, typical for the spatio temporal evolution of fans formed by lobate deposits (Figure 5) [START_REF] De Haas | Autogenic avulsion, channelization and backfilling dynamics of debris-flow fans[END_REF][START_REF] Mcewen | The Future of MRO/HiRISE[END_REF], 2019c). Most notably, in Taltal, Los, SU-5, SU-7, SU-10, and NU-1 craters, channels that emplaced an elongated lobate deposit or that were blocked by a lobate deposit were completely buried as a result of channel backfilling by subsequent lobe emplacement, ultimately resulting in avulsion (Figure 5a-l). The channel and deposits are elongated when there was effective levee formation (e.g. in SU-4, NU-1) (Figure 5m, n), while the unchannelized flows formed short and wide deposits (e.g. in SU-6) (Figure 5o). These differences appear to be related to the grain size distribution in the lobes, where an absence of sufficient large particles inhibits levee formation and 

Successive emplacement of lobes (HIRISE: ESP_028290_2285, ESP_036324_1425). (g-h) Broad deposits formed from laterally accumulating lobes (HIRISE: ESP_047464_1345, ESP_020774_1445). (i-j) Relatively high relief of lobes in comparison to adjacent fan surface (HIRISE: ESP_016042_1400, ESP_030045_1340). (k) Orientation and emplacement of lobes constrained by the local relief of older deposits (HIRISE: ESP_036324_1425). (l) Emplacement of a lobe constrained by the topography of downslope features (HIRISE: ESP_036839_1420). (m)

Complex stratigraphy of overlapping lobes and associated channels (HIRISE: PSP_007143_1370). (n-o) Channel superposition by lobes (HIRISE: PSP_007143_1370, ESP_036451_2210). (p) Boulder trails evident on the fan surface (HIRISE: ESP_020774_1445).

Image credit: NASA/JPL-Caltech/University of Arizona. 

Figure 5. (a-f) Channel backfilling by backstepping of subsequent lobe deposits (HIRISE: ESP_016042_1400, HIRISE: ESP_020774_1445, ESP_047464_1345, ESP_013870_1450, ESP_028308_1435, ESP_046028_2235). (g) Channel plugs (HIRISE: ESP_020774_1445). (h)

Avulsion leading to formation of new channel (HIRISE: ESP_020774_1445). (i-k)

Slope relationships

Slope is estimated for gullies and lobate deposits within 16 of the 20 craters hosting lobate deposits (Table 1). For the remaining 4 craters (NU-3, NU-4, NU-5 and SU-9), CTX stereo imagery is not available (Table 1). In the northern hemisphere, slopes at the upper and middle portions of gullies associated with lobate deposits are between 22 and 39˚, with an average slope of 32.5˚. The slope of lobate deposits at the foot of the fans ranges from 18-25˚, with an average slope value of 22.5˚. In the southern hemisphere, slopes at the upper and middle portions of gullies associated with lobate deposits are on average 27.5˚ and range between 14 and 40˚. The slopes at the lobate deposits are between 7 and 19˚, with an average slope value of 11.5˚. As such, the slope values estimated for lobate deposits in the northern hemisphere are slightly higher in comparison to slopes at lobate deposits in the southern hemisphere.

Orientation

The gullies formed in the craters hosting lobate deposits in the southern hemisphere show a poleward-facing trend at latitudes within 30˚-40˚ S (Table 1). At latitudes 40˚-46˚S gullies show both poleward-facing and equatorward-facing orientations; however, the dominant orientation preference is poleward-facing as the population of gullies on the pole-facing wall is relatively denser than that over the equator-facing wall. The lobate deposits associated with gullies in all the craters hosting lobate deposits has a dominant poleward-facing trend (Table 1). There are gullies with an equatorward-facing orientation on the walls of SU-2, SU-4 and SU-5 located at 40˚-46˚S, but these gullies do not host lobate deposits.

In the northern hemisphere, lobate deposits are evident on the equator-facing slopes only within NU-5 located at ~53.61˚N (Table 1). For the remaining 5 craters located between 40˚ and 50˚N, the lobate deposits are found on poleward-facing slopes (Table 1). Within these craters gullies are found on both the poleward and equator facing slopes in NU-4, Gamboa and NU-5, while NU-1, NU-2 and NU-3 have gullies only on their poleward-facing slopes (Table 1).

Association with glacial and LDM deposits

In the northern hemisphere, none of the craters hosting lobate deposits have their interior filled with LDA/CCF (Table 1). This suggests that the gullies and lobate deposits formed in these craters are not associated with glacial deposits. This could explain the relatively high slopes of the gullies with lobate deposits in the northern hemisphere. Still, NU-1, NU-3, NU-4 and Gamboa are characterized by undulated crater floor topography possibly resulting from their hummocky interior and slump terraces over the crater wall and on the floor (Figure 2). These four craters have circular and elongated pits evident on their floor (e.g. Figure 6a). NU-3 and Gamboa are the only two craters with polygons on gully walls and alcoves. In NU-4, the polygons are distinctly mantled to have formed within material draped over the pre-existing surface (Figure 6b). In NU-3 and NU-5 polygonized material is evident on the outer wall region outside the crater (e.g. Figure 6c). All the craters hosting lobate deposits in the northern hemisphere are dominated by numerous clasts/boulders over the gullied walls (e.g. Figure 6d). Fresh boulder trails are evident at the foot of walls of NU-1, NU-4 and Gamboa. NU-4 has also preserved dunes, ripples and transverse aeolian ridges (TARs) on its floor. The softened appearance of the topography of the alcoves and gully-fan deposits in NU-1, NU-2, NU-3, NU-4 and NU-5 suggests that they are covered by LDM deposits (e.g. Figure 7a-c).

The evidence of draped LDM deposits in the downslope of texturally disrupted bedrock on the inner wall is evident in Gamboa, as implied by the patterned ground in these deposits (Figure 7d). In the southern hemisphere, small-scale LDAs are emplaced from the pole-facing crater wall slopes of SU-2, SU-3, Taltal, SU-4, SU-5, SU-7, SU-9, SU-11 and Tarq (Figure 2). The surfaces of these small-scale LDAs are consistent with brain-terrain texture and spatulate depressions at the headwards margin of the LDAs (e.g. Figure 8a-c). Arcuate ridges are commonly observed in all the craters with glacial deposits (e.g. Figure 8d). In SU-1, Los, SU-6, SU-8 and SU-10 glacial deposits are absent. All walls of the craters with lobate deposits in the southern hemisphere are rich in clasts/boulders, suggesting an active weathering environment. Further, polygonized crater wall surfaces and gully alcoves are evident in SU-2, SU-3, Taltal, SU-4, SU-5, SU-6, SU-7, SU-9, SU-11 and Tarq (e.g. Figure 8e). Furthermore, these craters show softened topography resulting from LDM cover (e.g. Figure 8f). In SU-8 and SU-10, there is no evidence of polygonized material although softened crater wall topography and infilled alcoves are evident.

Los is the only crater in the southern hemisphere with no evidence of LDM or glacial deposits.

There is some evidence of fresh gullies in the mantled crater wall of SU-1 (Figure 8g) and beheaded gullies and fans in SU-5, SU-7 and SU-11 (e.g. Figure 8h). Crater wall slopes of SU-1 host gully-fan systems that shows superposing relationships with dunes/TARs in the interior of the crater (Figure 8i).

Figure 8. (a) LDA surface consistent with brain-terrain texture (HIRISE: ESP_036839_1420). (b)

LDA flow feature with spatulate depressions (arrow) (HIRISE: ESP_013870_1450). (c) CCF consistent with brain-terrain surface texture (HIRISE: PSP_007143_1370). (d) Arcuate ridge on the floor of a crater (arrow) (HIRISE: ESP_023640_1430). (e) Polygonal cracks on the wall of a crater (HIRISE: PSP_007143_1370). (f) LDM deposits draped over alcoves and gully walls (HIRISE: ESP_016042_1400). (g) Fresh gullies over the wall of a crater (arrow) (HIRISE: ESP_036324_1425). (h) Beheaded gullies on the wall of a crater (arrow) (HIRISE: ESP_013870_1450). (i) Gully fans superposed over dune/TARs (arrow) (HIRISE: ESP_036324_1425

). Image credit: NASA/JPL-Caltech/University of Arizona.

Age relationships

We have estimated maximum ages of gully formation for 16 craters based on the crater size frequency distribution (CSFD) (Table 1). For SU-2, SU-7 and Tarq, CSFD measurements have been done on the small-scale LDA flow units on the crater floor, while for the remaining 13 craters CSFD measurements have been done on the craters' ejecta. For NU-1, SU-4, SU-6 and SU-8, CSFD could not be performed because the ejecta was heavily mantled, the ejecta was not apparent, or the ejecta was mixed with ejecta of adjacent craters.

Lobate deposits are found in host craters of all ages (Figure 9). The host craters in the northern hemisphere have ages in the range of ~1.6±0.2 Ma to ~270±60 Ma (Table 1). In the southern hemisphere, the host craters range in age between ~7.9±3 Ma to ~3.0±0.3 Ga (Table 1).

The glacial deposits emplaced over the floor of SU-2, SU-7 and Tarq yield an average best-fit age of ~30 Ma (Table 1). For these craters cross-cutting relations show that the lobate deposits formed in gullies are younger than the age of glacial deposits emplaced.

All the craters hosting lobate deposits in the northern hemisphere are found to be affected by LDM deposits and unaffected by LDA/CCF regardless of their age (Figure 9; Table 1). In the southern hemisphere Los is the only crater unaffected by LDM or glaciation (Figure 9), and it is also the youngest host crater (~7.9±3 Ma). The other craters hosting lobate deposits in the southern hemisphere are affected by LDM deposits and LDA/CCF, except for SU-10 which is affected by LDM only. This shows that lobate deposits can form in any type of crater wall and source material, either previously affected or unaffected by glacial deposits. SU-4, SU-5, SU-7 and SU-11 contain evidence for multiple generations of gullies and all these craters host glacial deposits (Figure 10), supporting the ideas of De Haas et al. (2019b) that gullies go through phases of removal and formation as a result of glacial advance and retreat. For example, in SU-7, there appear to be five morphologically different gully types representing different generations of gully activity (Figure 10): (i) alcoves that are mantled to an extent such that its gullies and fans are completely obscured, (ii) mantled alcove but unmantled gully-fans, (iii) unmantled alcove-gully-fan, (iv) small and younger alcove-gully-fans on the crater walls that are located below the larger alcoves at the crater rim, and (v) multiple beheaded gully-fan systems.

Overlapping lobes are evident on the gully types that are still connected to an alcove (ii-v), while absent on the oldest type (i) where gully deposits are largely obscured. On the gully fans of SU-11, colour tones on a false colour image reveal gully fan sectors of different age. Hereon we observe that the overlapping lobate deposits are present on the two youngest sectors, which appear in tones of blue and yellow (Figure 11). This shows that only on the most recent parts of the gully fans did lobate deposits form and preserve, while on the older parts of the gully fan they did either not form or did form but were subsequently removed by post-depositional processes. 

Texture of lobate deposits

Large numbers of clasts of varying sizes are present on the walls of craters hosting lobate deposits in the northern and southern hemispheres. In general, clasts are abundant in alcoves, along gully banks and over the fan surfaces. Embedded clasts are evident on the top, near the front and along the sides of individual lobes. Lobate deposits incorporating clasts are found in SU-1, SU-2, SU-3, Taltal, SU-4, SU-5, Los, SU-7, SU-9, SU-10, and SU-11 in the southern hemisphere, and NU-1, NU-3, NU-4, Gamboa and NU-5 in the northern hemisphere (Figure 12). Only in NU-2, SU-6, SU-8, and Tarq craters, the lobate deposits do not show any embedded clasts resolvable at HiRISE resolution (Figure 12q-t). 

Post-depositional modification of lobate deposits

The older parts of the studied gully fans have a relatively smooth texture and host fewer boulders in comparison to the younger parts of the gully fans (Figure 13a-b). On the majority of the gully fans (SU-2, SU-4, SU-5, SU-6, SU-7, SU-8, SU-9, SU-10, and Tarq) (Figure 13c-d), there is a marked difference between the number of lobate deposits on the younger, upslope, parts of the fans versus the older, downslope, fan surfaces, with the younger lobes hosting more and better preserved lobate deposits. If visible on older fan surfaces, lobe margins are generally only faintly evident. The depositional lobes on the younger fan surfaces have a sharper relief and more embedded clasts than the lobes on the older fan surfaces. A few other fans have fan surfaces have been modified by aeolian activity (Taltal, SU-9, and SU-10) (Figure 13e). Some parts of the distal fan surfaces (SU-3, Los, SU-8, SU-11, and Gamboa) are obscured by dust (Figure 13f-g). In addition, some parts of the fan surfaces (SU-2, SU-6, SU-8, SU-10, Tarq, NU-1, NU-3, Gamboa, and NU-5) are covered by LDM deposits (Figure 13h-i).

The observations show that lobate deposits become progressively obscured over time, by a combination of post-depositional processes. Similar post-depositional fan surface modification has been observed on many gully-fan surfaces reported in a previous study (De Haas et al., 2015a).

As lobate deposits are generally only preserved on the youngest parts of gully fans, we infer that they are deposits that formed relatively recently during the latest stages of gully activity. 

Geomorphic evidence of present-day activity

We examine temporal HiRISE imagery for the craters where we have found lobate deposits, to determine whether the main gully systems have been active in the present-day or not.

In the southern hemisphere, 8 out of the 14 craters have temporal coverage by HiRISE. For these craters, there is a HiRISE image of Martian winter, and for all these winter season images there is a corresponding HiRISE image of a different season that has a minimum temporal resolution of half a Martian year. Morphological changes only occurred within the gullies formed in SU-1 and SU-2. Here multiple dark flows have formed within the channels in the upper alcove of a main gully system (Figure 14). These flows did not appear to have caused any change in the topography of the channels, however. In addition, recurring slope lineae (RSL) have formed nearby on the wall of SU-1 (Figure 14) [START_REF] Stillman | Two pulses of seasonal activity in martian southern midlatitude recurring slope lineae (RSL)[END_REF]. These appear to have originated from the rocky outcrops along the crater rim and their presence is ubiquitous at several locations where there are no gullies. It is unclear if the dark flows inside channels and RSL have a different origin mainly because morphologically they do not seem to be different. RSLs are also evident in the summer images of Taltal and Tarq (Stillman and Grimm, 2018).

In the northern hemisphere, 4 out of the 6 craters have temporal coverage by HiRISE.

HiRISE images of NU-1 and Gamboa are mainly of summer and spring seasons and despite having a temporal resolution of nearly 3 Martian years we have not observed any significant and/or minor morphological activities in these craters. None of the summer images have evidence of RSL.

Nevertheless, in NU-5 we have observed evidence for defrosting in the gully in the form of dark flows (Figure 15). Nevertheless, these flows do not seem to have caused any significant change in gully topography. Apart from the aforementioned minor activity, we have not found any evidence for present-day formation of lobate deposits nor changes in which the morphology and topography of the gully is distinctly affected. 

Discussion

Our morphological observations of overlapping lobate deposits are in agreement with previous research, which concluded that they closely resemble deposits from debris flows on Earth 1). This corresponds to 3.39% in total of the 765 craters studied using HiRISE images, which implies that craters hosting lobate deposits are not common, yet they have a wide spatial distribution. We suggest that post-depositional modification of gully-fan surficial features may be crucial in hindering the identification of lobate deposits in gullies (De Haas et al., 2013).

For instance, the surface of gully-fan deposits reported here and in the literature have been Despite the presence of LDM deposits in all the craters containing lobate deposits in the northern hemisphere, there is no evidence for the presence of glacial landforms. In the southern hemisphere, all but 4 out of 14 craters contain morphological evidence for glaciation and all but one crater (Los crater) contain LDM deposits, as shown by the softened appearance of the crater wall and infilled alcoves. Among the previously reported craters hosting lobate deposits, Istok, The craters containing lobate deposits studied here show a maximum and minimum age of ~3.0 Ga and ~1.6 Ma, respectively. This implies that lobate deposits thus form on gullies in craters of all ages. Notably, the number of young craters (<10 Ma) is larger in the northern hemisphere (4 craters) in comparison to only 1 crater (Los) in the southern hemisphere. Los is the only young crater that lacks both glacial and LDM deposits. For all other craters, morphological evidence for LDM is present regardless of host crater age. Craters that are unaffected by glaciation do not show a relationship with their age, i.e. craters with age <10 Ma and >10 Ma both lack evidence of glaciation. There are 4 craters that have preserved evidence for episodic gully formation, regardless of their age. Again, these findings are consistent with the gully population as a whole, where gullies are found on steep slopes regardless of their age of formation.

In summary, the lack of particular spatial, orientation or landscape context for the lobate deposits within the general martian gully population argues that the presence of lobate deposits is not due to a specific process occurring in any given context, but rather a result of preservation of the deposits. We argue that the process forming lobate deposits has been active more widely, but that its morphological expression has been hidden by post-depositional processes (De [START_REF] De Haas | Local late Amazonian boulder breakdown and denudation rate on Mars[END_REF]Haas et al., , 2015a;;[START_REF] Dickson | Recent climate cycles on Mars: Stratigraphic relationships between multiple generations of gullies and the latitude dependent mantle[END_REF]. Further, our results suggest that debris-flow-like processes are important for the formation of the lobate deposits and by extension gully-fans on Mars and therefore the transport of sediment through gullies. To produce deposits that resemble those produced by debris flows on Earth, implies the involvement of a fluidizing agent, which is most 

, 2019a).

There are important physical differences between gas-supported granular flows and liquid supported ones, which should result in morphological differences, but detailed numerical or laboratory investigations would be needed to infer these. Hence, we leave open the possibility that such deposits could be created via water-saturated debris flows under different, yet recent climate conditions.

Conclusions

We have analysed the geographical distribution of overlapping lobate deposits, their morphological characteristics, slope relationships, orientation preferences, surface texture, characteristics of their host craters, evidence of LDM and former ice-related landforms, and age relationships to ultimately speculate on their formation mechanisms.

We have identified 26 craters in which lobate deposits occur in gullies, of which 6 were previously reported. Of these sites 8 are in the northern hemisphere and 18 are in the southern hemisphere. We find that gullies with overlapping lobate deposits are not differentiable from the general population, they have similar spatial distribution, orientation, host-crater age range and landscape settings. We infer that the expression of lobate deposits within gullies is based on the preservation of these deposits, wherein, in the older gully fans, the morphological signature of the lobate deposits has been erased by secondary processes, as suggested by De Haas et al.

(2015a).

This inference is supported by evidence for the relatively young age of these deposits compared to other gully-fans, based on our observations of superposition relationships and their association with abundant clasts.

Our observations of overlapping convex-up, tongue shaped terminal lobes, lateral deposits (levees), channel backfilling, plug formation and avulsion and steep deposition slopes (18-25° in the northern and 7-19° in the southern hemisphere), also typical in terrestrial debris flows, reinforce the previous interpretation that these deposits are a result of a debris flow-like process.

Our data do not allow us to distinguish whether the fluidising agent for this process is sublimating CO2 ice or liquid water under past climate conditions. 
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  Reiss and Jaumann, 2003; Lanza et al., 2010; Levy et al., 2010a; Johnsson et al., 2014; De Haas et al., 2015a; Conway et al., 2015; Sinha et al., 2019) have studied such levees and lobate deposits and suggested that debris flows are likely to have formed gullies on Mars. The hypothesis that these debris flows were water bearing has emerged from (1) morphological comparison between lobate deposits found on Mars and Earth (Costard et al., 2002; Mangold et al., 2003; Conway et el., 2008; Lanza et al., 2010; Johnsson et al., 2014; Sinha et al., 2019), (2) detailed morphological study of lobate structures (Levy et al., 2010a), (3) correlation of Martian debris flow frequency with obliquity variations (De Haas et al., 2015b) and (4) sedimentological analysis of outcrop exposures in Martian gully-fans (De Haas et al., 2015a). However, the hypothesis of water bearing debris flows in gully formation does not comply with the fact that: (1) the Martian climate could not have supported substantial amounts of liquid water to flow on the surface during the Amazonian (Ingersoll 1970; Haberle et al. 2001; Hecht 2002; Richardson & Mischna 2005; Sears & Moore 2005), (2) gully-fans bearing debris flow like deposits have only been reported at a few sites (Levy et al., 2010a; Lanza et al., 2010; Johnsson et al., 2014; De Haas et al., 2015a) and (3) morphological features akin to wet debris flows have been reported to also form from CO2 frost sublimation (dry flows) (Dundas et al., 2010, 2012, 2015, 2019; De Haas et al., 2019a). Apart from wet debris flow formation, there are thus a number of alternative models for gully formation, which include: (1) fluvial (McEwen et al., 2007a; Head et al., 2008; Morgan et al., 2010; Reiss et al., 2011), (2) dry granular flows (Treiman, 2003; Bart, 2007; Pelletier et al., 2008), and (3) flows driven by CO2 frost sublimation (Hoffman, 2002; Ishii & Sasaki, 200; Cedillo-Flores et al., 2011; Hansen et al., 2011).

(

  Lanza et al., 2010; Conway et al., 2011). De Haas et al. (2015a) pointed out that surficial observations may not be always useful in explaining the processes involved in gully formation, because the surface of gully-fans can be severely influenced by post depositional processes, which would hide surface expressions of lobate deposits. Furthermore, Mangold et al. (2010) suggested

  during CO2 frost sublimation (Diniega et al., 2010; Dundas et al., 2010, 2012, 2015, 2019; Pasquon et al., 2019a, 2019b). These studies have documented morphological evidence for new channel incision, apron deposition, terraces, leveés and lobate deposits, as a result of this ongoing gully activity. The previous assertion that well-developed leveéd channels formed in wet flows should not be evident in dry flows (Reiss et al., 2009; De Haas et al., 2015a) has now been refuted by reports of morphologic evidence of boulder-rich leveéd flows formed at the present day (Dundas et al., 2019). Accordingly, theoretical models involving flows triggered by CO2 gas (Cedillo-Flores et al., 2011; Pilorget and Forget, 2016). Together, these recent observations raise the question of whether liquid water was needed for the formation of Martian gullies, and whether the lobate deposits found in gullies stem from aqueous flows, dry flows, or both? A major step towards solving this question is unravelling the global distribution of lobate deposits in Martian gullies. The Mars Reconnaissance Orbiter (MRO) High Resolution Imaging Science Experiment (HiRISE) (McEwen et al., 2007b) provides a high resolution (~25-50 cm/pixel) view of gully systems and has been the key dataset for the majority of the studies focused on morphological identification of levees and lobate deposits on gullies (Levy et al., 2010a; Lanza et al., 2010; Reiss et al., 2011; Johnsson et al., 2014; De Haas et al., 2015a; Sinha et al., 2019). We have conducted an extensive morphological study utilizing the available HiRISE images of the craters emplaced between 30˚-75˚ in both the northern and southern hemispheres to document evidence of overlapping lobate deposits. Overlapping lobate deposits have been observed on the surface of gully-fans and at the base of crater walls in previous studies (Lanza et al., 2010; Levy et al., 2010a; Reiss et al., 2011; Johnsson et al., 2014; Conway et al., 2015; De Haas et al., 2015a, 2015b; Sinha et al., 2019), while being largely absent on many more gullies (e.g., Reiss et al., 2011; De Haas et al., 2015a).

  a pixel scale ranging from ~25-60 cm, HiRISE images cover a ~5-6 km wide swath (McEwen et al., 2018). In our survey, we investigate the HiRISE images located between 30˚-75˚ in both hemispheres. We have chosen this latitudinal extent because previous studies have revealed that gullies are typically found in these regions (Heldmann and Mellon, 2004; Balme et al., 2006; Heldmann et al., 2007; Kneissl et al., 2010; Dickson et al., 2015; Harrison et al., 2015). The HiRISE images included in our investigation are located only on the slopes of crater walls. We focus on crater walls mainly because they provide us a unique opportunity to assess the influence of slope orientation on the distribution and development of lobate gully-forms (Kneissl et al., 2010). Another reason to exclusively focus on crater wall slopes is that this is the setting for the majority of gullies as shown by a number of previous studies (Balme et al., 2006; Heldmann et al., 2007; Kneissl et al., 2010; Harrison et al., 2015).

  stacking of relatively small-sized individual lobes or laterally elongated lobes at the fan termini or at the fan surface. Images were examined at a map scale of 1:1000 using ESRI's (Environmental Systems Research Institute, Inc. Redlands, CA, USA) ArcMap 10.0. Digital Terrain Models (DTMs) aligned on the Mars Orbiter Laser Altimeter (MOLA) topography were generated at a resolution of ~18 m/pixel from CTX stereo imagery through the stereo-restitution pipeline of the Mars Information System application (MarsSI; emars.univ-lyon1.fr) (Lozac'h et al., 2015; Quantin-Nataf et al., 2018; Tao et al., 2018). Using ESRI's ArcGIS, we overlay the CTX images on the DTM to visually locate the crater wall slope surfaces where gullies and overlapping lobate deposits are found. Gully slopes were measured from alcove head to lobe termini along the main gully channel. Using a combination of HiRISE and CTX images the orientation of crater wall slopes dominated by gullies accompanying overlapping lobate deposits is measured with respect to the geographic north (Heldmann et al., 2007). The absolute elevation of the source alcoves of gullies associated with overlapping lobate deposits was extracted from Mars Orbiter Laser Altimeter (MOLA) data (Smith et al., 2001). The geological context in craters containing evidence of lobate deposits is categorized according to the morphology of the crater wall and floor. The interior of the craters is identified as glaciated or non-glaciated based on the morphologic evidence of flow features such as lobate debris apron (LDA) (Head et al., 2010) and concentric crater fill (CCF) (Levy et al., 2010b). In some cases, where we observed only a portion of the crater floor to be filled by viscous flow features emplaced from a particular face of crater wall, we categorized those craters as glaciated by small-scale LDAs (Sinha and Vijayan, 2017). Previous reports have revealed that these flow features are consistent with evidence of spatulate depressions at their margins (Head et al., 2008), display contrasting ridge structures or lineations on their surface and at the terminus (Arfstrom & Hartmann, 2005), and tend to flow over/around obstacles (Baker et al., 2010; Sinha and Vijayan, 2017). These criteria have been used for the identification of flow features within craters in this study. We interpret the flow features to be associated with possible ice-related formation processes based on the evidence of brain-terrain texture (Noe Dobrea et al., 2007; Levy et al., 2010b), polygonal cracks of varying size and type (Levy et al., 2009) and ring-mold craters (Kress and Head, 2008). Together, based on the evidence of viscous flow features and arcuate ridges (Arfstrom & Hartmann, 2005; Hubbard et al., 2011) within the craters, we classified them as glaciated or non-glaciated host craters. The identification of glaciated and non-glaciated craters was used for assessing the influence of glacial deposits on gullies associated with lobate deposits (De Haas et al., 2019b). We define the topography of the crater interior as undulated on the basis of hummocky units (e.g., cone and mesa-like features) and crater wall slump terraces on the crater wall and on the floor. Morphological evidence of the latitude-dependent mantle (LDM; defined as a smooth, meters thick deposit of ice and dust) (e.g. Head et al., 2003) within the craters is recognized based on the appearance of gully alcoves, gully channels and crater walls. We use evidence of softened topography as the signature for possible drape of LDM deposits (Mustard et al., 2001; Kreslavsky & Head, 2002). Furthermore, we categorize the crater walls, gully alcoves and channels to be consistent with evidence of LDM deposits on the basis of polygonized material and post-fracturing of the softened topography (Levy et al., 2009; Dickson et al., 2015; De Haas et al., 2019b). Polygonal cracks have further been surveyed on the craters' ejecta and outer crater walls to deduce the possible evidence for LDM emplacement. We also studied the downslope region of texturally disrupted bedrock exposures on the inner and outer walls of craters to find the evidence of LDM deposits (Conway et al., 2018). CraterTools is used for measuring the crater size-frequency distribution over the ejecta blanket of craters containing lobate deposits (Kneissl et al., 2011; Michael et al., 2012). For those craters where ejecta is not apparent, appears modified or is superimposed by the ejecta of adjacent craters, we measure the crater size-frequency distribution over the small lobate debris apron (LDA) formed on the floor of the crater (Sinha and Vijayan, 2017). Craterstats 2.0 is used for plotting the counted craters and for determining the best-fit absolute model age. The crater count statistics are interpreted based on the production function by Ivanov (2001). We classify the surface texture of the lobate deposits as either clast-rich or clast-poor (Johnsson et al., 2014). Evidence of recent rock fall activity in the form of boulder trails at the foot of crater wall slope is recognized as reflecting an active weathering environment within the crater (De Haas et al., 2013; Johnsson et al., 2014; Tesson et al., 2019).

(

  2010), Reiss et al. (2011), Johnsson et al. (2014), and De Haas et al. (2015a) (Table

Figure 2 .

 2 Figure 2. CTX mosaics of the 20 craters hosting lobate deposits in the northern and southern

  enhances lateral spreading. Such behaviour is common in terrestrial debris flows (De Haas et al., 2015c).

Figure 3 .

 3 Figure 3. Morphology of overlapping lobate deposits. The location of these zoomed-in figures is

Figure 4 .

 4 Figure 4. Examples of morphologies (shown by arrows) observed within the overlapping lobate

  Examples of unchannelized avulsion (HIRISE: ESP_020774_1445, ESP_013870_1450, ESP_028308_1435). (l) Possible breach and overbank flow (HIRISE: ESP_038473_1415). (m-n) Levees formed in elongated channelized flows (HIRISE: ESP_030045_1340, ESP_046028_2235). (o) Short and wide unchannelized flow (HIRISE: PSP_007045_1450). Image credit: NASA/JPL-Caltech/University of Arizona.

Figure 6 .

 6 Figure 6. (a) Circular and elongated pits on the floor (HIRISE: ESP_028290_2285). (b) Polygon

Figure 7 .

 7 Figure 7. (a) Polygonized alcoves and gully walls (HIRISE: ESP_028290_2285). (b) Softened

Figure 9 .

 9 Figure 9. Maximum age of the gullies with lobate deposits, inferred from LDA (SU-2, SU-7 and

Figure 10 .

 10 Figure 10. Different stages of gully formation and modification within SU-7 (HIRISE:

Figure 11 .

 11 Figure 11. HiRISE false color composite image of lobate deposits within SU-11 using the IR, red

Figure 12 .

 12 Figure 12. Zoomed-in views of lobate deposits. (a-p) Examples in which embedded clasts are

Figure 13 .

 13 Figure 13. Examples of post-depositional modification of lobate deposits on gully-fan surfaces.

( a )

 a Younger and older parts of the gully-fan surfaces. The younger part hosts more boulders and has more pronounced topography (HIRISE: PSP_007045_1450). (b) Older fan surface cross-cut by a channel and superposed by a young channel-fan complex (HIRISE: ESP_036839_1420). (cd) Younger upslope fan surface hosting more lobes than an older more downslope fan surface (HIRISE: ESP_013870_1450, ESP_023640_1430). (e) Fan surface modification by aeolian erosion. Note that the distal part of the fan surface is reworked by aeolian erosion into ventifact or yardang-like features (HIRISE: ESP_028308_1435). (f-g) Distal fan surfaces obscured by dust (HIRISE: ESP_038473_1415, ESP_016757_1465). (h-i) Fan surfaces masked by LDM cover (HIRISE: PSP_007143_1370, ESP_036839_1420). Image credit: NASA/JPL-Caltech/University of Arizona.

Figure 14 .

 14 Figure 14. (a-b) Morphologic evidence of dark flows inside channels formed in SU-1 (HIRISE:

Figure 15 .

 15 Figure 15. (a-b) Example of defrosting flows (arrows) in the gully channels formed within NU-5

(

  Johnsson et al., 2014; De Haas et al., 2015a; Sinha et al., 2019). The key morphological attributes observed are: convex-up, tongue shaped lobes at channel termini connected to levee deposits along the channel margin, channel backfilling, plug formation and avulsion. Similar spatio-temporal patterns are common on debris-flow fans on Earth (De Haas et al., 2016; 2018; 2019c). The slope of lobate deposits at the foot of the martian gully-fans ranges from 18-25° in the northern hemisphere and 7-19° in the southern hemisphere. These slope gradients are broadly consistent with the slope values reported at the foot of the gully fans dominated by overlapping lobes in Istok, Galap, Domoni and Maricourt craters (Johnsson et al., 2014; De Haas et al., 2015a; Sinha et al., 2019). These in turn are consistent with deposition slopes of debris flow dominated alluvial fans on Earth in arid and Polar Regions (De Haas et al., 2015d) and also deposition slopes for debris flows in talus and hillslope contexts (Lee et al., 2001; Conway et al., 2011; Sinha et al., 2019). By combining the morphological observations of gullies analysed in this study and those that are reported in literature (Lanza et al., 2010; Levy et al., 2010a; Reiss et al., 2011; Johnsson et al., 2014; De Haas et al., 2015a; Sinha et al., 2019), we have identified a total of 26 craters within 30-75° latitudes on Mars in which overlapping lobate deposits are evident at the surface of gullies (Table

  observed to host polygonized material, covered by LDM mantle and reworked by aeolian activity (De Haas et al., 2015a; Dickson et al., 2015). Evidence for the relative youth of these features is their location at the top of the stratigraphy of gully fans (which may or may not have evidence of underlying lobate deposits) and the presence of abundant surface clasts in the lobes in 16 craters in this study bearing morphological resemblance to lobes that are referred to as textured, clast-rich in Johnsson et al. (2014) and Sinha et al. (2019). For the remaining 4 craters clasts are abundant on gully banks and fan surfaces and are more similar to the lobate deposits described by Levy et al. (2010a). However, we have not observed any significant present-day changes in the morphology and topography of gullies with lobate deposits reported in this study. Only in NU-5, defrosting flows within gully channels are present in the winter HiRISE image, but no associated material transport is evident with the available data. Dundas et al. (2019) reported the formation of boulder-rich levees and a lobate deposit in Istok crater which occurred during winter coincident with CO2 frost sublimation. The relative paucity of monitoring data does not allow us to conclude whether overlapping lobate deposits are actively forming at the present-day or not, despite our morphological analysis suggesting they are relatively recent. The gullies hosting lobate deposits reported here do not show any (1) location preference nor (2) correlation with regions reported to have high gully density (Harrison et al., 2015; Conway et al., 2019). The presence of lobate deposits inside gullied craters does not appear to be constrained by the crater's diameter. The absolute elevation of gully alcoves associated with lobate deposits shows a wide range in both the northern and southern hemispheres. We find that the dominant orientation preference for lobate deposits in the northern and southern hemispheres is poleward-facing and consistent with the previous reports for lobate deposits (Lanza et al., 2010; Reiss et al., 2011; Johnsson et al., 2014). We only find one example of equator-facing gullies with lobate deposits, which could reflect the change to equatorward-facing slopes at latitudes >50°, as in Sinha et al. (2019). Our results are concordant with the orientation preference of the entire gully population (Harrison et al., 2015; Conway et al., 2019), which shows a transition from poleward-facing to mixed preference around 40° latitude.

  Galap and Maricourt are the craters in which there is no evidence of glacial landforms and LDM deposits (Johnsson et al., 2014; De Haas et al., 2015a; Sinha et al., 2019). Therefore, lobate deposits are not associated with any particular landscape feature, being found in craters without LDM, with LDM and with both LDM and signs of glaciation, similarly with the gully population as a whole (e.g., De Haas et al., 2019b).

  likely to be CO2 (De Haas et al., 2019a) and/or liquid water (Johnsson et al., 2014). The surface environment of Mars under present climate conditions does not allow for sufficient accumulation of liquid water necessary to mobilise a debris flow, but these conditions could have occurred in the last few million years (e.g., De Haas et al. 2015b). Our data do not allow us to determine if these processes are continuing at the present day, but the observation of new lobate deposits in Istok crater in winter by Dundas et al. (2019) suggests these processes could be ongoing. If substantiated by future observations, this would imply that sublimating CO2 is capable of producing debris-flow like deposits. Dundas et al. (2019) outline the mechanism by which sublimating CO2 mobilises sediment, as follows: a mix of sediment and CO2 ice fails and its potential energy is converted into kinetic energy and consumed in the phase change of CO2 ice to gas while falling downslope within a gully channel, and input of additional heat from eroded sediment should maintain the gas generation (Dundas et al., 2019; De Haas et al., 2019a). A recent modelling study has revealed that even small volumetric fractions of CO2 frost (<1%) within mass flows can generate gas fluxes adequate to fluidize present-day flows in gullies (De Haas et al.
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Erkeling et al., 2016; Heyer et al., 2018), an online tool

  accessible at http://muted.wwu.de/. To identify overlapping lobate deposits, we based our search on morphologies resembling those already identified in the literature (e.g.,

Database of Planetary Image Data (MUTED) (

Lanza et al., 2010, Reiss et al., 2011, Johnsson et al., 2014, De Haas et al., 2015a and Sinha et al., 2019) in which evidence for lobate deposits were reported inside 6 craters (Table 1). Of these 6 craters, 2 craters located in the northern hemisphere are reported by Sinha et al. (2019) and 1 crater each out of the remaining 4 craters in the southern hemisphere is reported by Lanza et al., 2010, Reiss et al., 2011, Johnsson et al., 2014, and De Haas et al., 2015a. By

  overlapping we mean that a lobe partly covers another formerly deposited lobe in the downslope direction. This distinct overlapping characteristic of lobes was previously recognized on a few fans (

Lanza et al., 2010; Levy et al., 2010a; Reiss et al., 2011; Johnsson et al., 2014; De Haas et al., 2015a; Sinha et al., 2019). In

  the present study and in the previous reports, overlapping lobes are recognized by