S Vijayan 
email: vijayansiva@gmail.com
  
H Harish 
  
K B Kimi 
  
S Tuhi 
  
K Vigneshwaran 
  
R K Sinha 
  
B Sivaraman 
  
Susan J Conway 
  
Anil Bhardwaj 
  
Harish 
  
Boulder Fall Ejecta: Present Day Activity on Mars

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

In addition, boulder falls have been associated with the triggering of slope streaks [START_REF] Chuang | HiRISE observations of slope streaks on Mars[END_REF][START_REF] Dundas | Geomorphological evidence for a dry dust avalanche origin of slope streaks on Mars[END_REF]. Slope streaks extend downslope on dust-covered sloped surfaces and have contrasting albedo [START_REF] Sullivan | Mass movement slope streaks imaged by the Mars Orbiter Camera[END_REF]. They generally originate from a small area or a point, located below knobs, spurs, crater rims, and individual boulders [START_REF] Chuang | HiRISE observations of slope streaks on Mars[END_REF][START_REF] Dundas | Geomorphological evidence for a dry dust avalanche origin of slope streaks on Mars[END_REF]. Slope streaks appear as dark/light-toned features in comparison to the surrounding plains [START_REF] Schorghofer | Three decades of slope streak activity on Mars[END_REF] In the initial reports of new temporal boulder fall tracks in MOC and HiRISE images, these tracks were found to have distinctive ejecta formed at each bounce. Here, we use the term boulder fall ejecta (BFE) to refer to a boulder bounce that repeatedly produces ejecta towards the downslope direction at every bounce point (Fig. 1). Boulder fall tracks with BFE have never been systematically documented prior to this study. We performed a systematic survey of all impact craters in HiRISE images between 2006 and 2020 covering ± 35° latitudes. For identification, mapping, and ejecta analysis see the methods described in the supplementary section for details. 

Boulder fall ejecta on Mars

All new boulder falls mapped in this study (Fig. S1) using multi temporal HiRISE images have BFE and there are no tracks that appear without BFE (Fig. 1; Figs. S2,S3) these are found at 33 different sites. The spatial spread of BFE varies from bounce-to-bounce and boulder-toboulder (Fig. 1a). The ejecta are initiated at the point of contact between the boulder and the sloped surface, which forms a Herringbone shape [START_REF] Oberbeck | On the formation of the lunar herringbone pattern[END_REF]. The ejecta appears v-shaped, with the spread pointing downslope (Fig. 1b,c) and the spacing between each bounce is non-uniform (Fig. 1d,e,f). We observed numerous tracks in close vicinity which had very different patterns of BFE spread (Fig. 1). Another noticeable feature within or around numerous BFE tracks is the presence of smaller sub-tracks (Fig. 1c,f). These sub-tracks are associated with larger main tracks and have a zigzag path with ejecta around them. They may be a result of boulders disintegrating during their fall or superposition on pre-existing boulder tracks. BFE tracks have a variety of lengths (maximum ~2500 m), and morphologies including straight, zigzag, and criss-crossing tracks with different bounce spacings, with subsequent variation in their size and ejecta spread (Fig. 1).

The distribution of BFE tracks on Mars during the HiRISE observation period is shown in Fig. S1 and Supp (Supp Table 2).

We found that the ejecta mapped along several continuous large tracks reveals that the ejecta spread is greater during the initial bounces and decreases along the track in the downslope direction (Fig. S4). We mapped 53 long and continuous tracks located within different craters and this analysis revealed that nearly 55 km 2 of surface dust had been modified during BFE formation. Taking this interpretation towards global scale boulder fall, suggests that a large amount of surface dust is disturbed during boulder falls.This suggests that the boulder falls on sloping surfaces will modify or expose the top of the regolith cover. We determined the slope over which the BFE are occurring based on available HiRISE digital terrain models. We found thatthe slopes where BFE formed are usually <31° (Fig. S4), which corresponds to common angle of repose and indicates movement beyond the originating slope [START_REF] Howard | Avalanche mode of motion: Implications from lunar examples[END_REF] 

BFE and Slope streaks

Two associations between BFE and slope steaks were observed. First BFE tracks formed over or crossed over slope streaks. For instance, we found an example crater (Fig. 2g) where BFE tracks cross from the dark slope streak and enter into the adjacent lighter toned slope streaks. The BFE are dark toned when they are inside the dark slope streak and, when the BFE track enters the lighter slope streak, the BFE still have the same dark tone. We interpret that the lighter slope streaks are mantled by dust [START_REF] Valantinas | Color and multiangular observations of martian slope streaks[END_REF], which is then removed by the BFE. In another instance, a BFE track originated within a dark slope streak (Fig. 2h,i) and extended to the adjacent surface, which is lighter in tone. The BFE did not change tone across the boundary.

Thus, we infer that the boulder bounce is disturbing the top few centimeters of material to produce BFE, which then becomes dust mantled over time.

Secondly, in more than 20 locations, we find evidence that slope streaks originate from BFE tracks (Fig. 3, Figs.S9-S11). A typical set of example is shown in Fig. 3, where the eastern crater wall hosts multiple BFE tracks, and from many of those tracks slope streaks originate from boulder bounce points. Many slope streaks originate from the middle of the track, where individual depressions with raised rims caused by bounces could act as a source for the dust avalanche. The slope streaks and BFE have similar albedo. In most cases, we observed that slope streaks formed from the BFE tracks broadened downslope, are darker than the surrounding terrain, and started at a point source, similarly to slope streaks in general. However, at multiple locations, we also observed shorter and narrower streaks than typical slope streaks (Fig. 2d; Fig. S12). These streaks appear closely spaced and are formed at multiple places along the BFE track. In general, our observations suggest that the formation of slope streaks along the BFE tracks is contemporaneous and we have no temporal images showing that the slope streaks form after the boulder tracks have formed, but we acknowledge this might be possible even if we consider it unlikely.

Our observation that slope streaks form along fresh boulder tracks informs the debate on the origin for the slope streaks, i.e., whether they form by dry 2001). For instance, a couple of BFE formed within a crater (Fig. 4a) located on top of the Olympus Mons could be attributed most readily to wind/aeolian activity. This is because the scarps of the Olympus Mons caldera and other surrounding craters do not have any notable BFE, which might be expected if the trigger were seismic. Further, no nearby fresh impact could be found to explain the BFE.

Within several craters, we observed a large number of BFE tracks. For instance, one crater hosts a large number of BFE tracks (159 individual tracks) whose total integrated length is ~71 km (Fig. 4b). Among the mapped BFE, this particular crater has the most BFE in a single locality. Moreover, this crater hosts BFE with different sizes and spatial extent, which may be correlated to the boulder size, speed, or angle (Fig. 4c). The difference in the spatial spread of the ejecta likely suggests the difference in the extent to which the surface is disturbed and possibly correlated to different boulder sizes. This location has only one HiRISE image, thus it cannot be determined whether the BFE formed coevally. Seismic events are more likely to cause regional increases in rockfall, so is less likely to be the principal factor here. To explain these highly localized concentrations of BFE, we infer that the source materials for the boulder falls are weaker than elsewhere or thermal cracking or several factors combined to trigger them. reported a recent boulder fall in the CF graben. In addition to the observations of Dundas and Daubar (2020), we observed that the adjacent locations also host similar unreported BFE within the graben walls (Fig. S13). Only at three locations we observed BFE within the CF graben wall (Fig. S13). The BFE within the graben walls and within craters are similar. From our study, we found that the craters in and around the CF region host ~30% of the BFE that we observed on Mars (Fig. S1). CF and the surrounding region craters mapped in this study host multiple BFE tracks with (Fig. S10) and without temporal information (Fig. 3).

Cerberus

The InSight lander mission detected two of the largest marsquakes over the CF region with and without temporal information within the same crater (Supp. Table 3). These observations (Fig. S7) suggest frequent boulder fall activity within the crater either at the same location or anywhere within the crater. All the BFE tracks mapped in this study formed side-byside with the older tracks without BFE, which suggests the boulder falls are frequent and occuring over decades on Mars. From our survey, we find rockfall triggered by wind, thearmal cracking and seismic shaking are reasonable triggers for the recent falls causing BFE. Our observations suggest that the present day occurrence of boulder falls is wide spread, and that they are happening more frequently (Fig. 4d,e) than previously reported [START_REF] Dundas | Observations of Mass Wasting Events in the Cerberus Fossae[END_REF]Grindord et al., 2021).

Implications for BFE on planetary bodies

Evidence of boulder falls are very common on the Earth and on the Moon. On Earth, boulder falls do have ejecta during the fall, but they are quickly modified and removed, so cannot be systamatically studies. Recent boulder falls have been observed to produce ejecta (Fig. S15), but there have been no reports of it being preserved in the landscape. Hence, BFE on Mars Thus, the presence of BFE on planetary bodies is an important piece of direct evidence for recent boulder falls within the last few decades and is a good indicator for geologically active regions. 

  their tracks are typically observed on Mars and the Moon using highresolution images (McEwen et al., 2007, Robinson et al., 2010). These falls indicate recent active mass wasting processes on these bodies. Such tracks are ubiquitous on steeply sloping terrain, and where particularly abundant have been used to infer active seismicity (Brown and Roberts, 2019; Taylor et al., 2013; Bickel et al., 2019), giving insight into endogenic processes. Repeat temporal imaging has shown that boulder falls are ongoing on Mars, as first observed by the Mars Global Surveyor -Mars Orbiter Camera (Malin and Edgett, 2001) //www.msss.com/mars_images/moc/2005/09/20/bouldertracks/). Subsequently, several studies have used repeat temporal imaging using HiRISE to identify and study recent boulder falls (Dundas et al., 2019; Grindrod et al., 2021; Dundas and Daubar, 2020). The boulder fall tracks are predominantly present on crater walls and floors, but can originate from any steeply sloping surface (Van der Bogert and Plescia, 2014; Kumar et al., 2019; Bickel et al., 2020; Sinha et al., 2020). Earlier studies have hypothesized that the main drivers for such falls are shallow marsquakes, wind/aeolian activity, impact-induced falls, and solar insolation (Roberts et al., 2012; Brown and Roberts, 2019; Kumar et al., 2019; Burleigh et al., 2012; Tesson et manuscript submitted to Geophysical Research Letters al., 2020). Yet, there is still ambiguity about the precise timing of boulder falls and the triggering and preconditioning factors of the falls.

  Mars hosts numerous boulder tracks without ejecta[START_REF] Roberts | Possible evidence of paleomarsquakes from fallen boulder populations, Cerberus Fossae, Mars[END_REF][START_REF] Brown | Possible evidence for variation in magnitude for marsquakes from fallen boulder populations, Grjota Valles, Mars[END_REF][START_REF] Kumar | Recent seismicity in Valles Marineris, Mars: Insights from young faults, landslides, boulder falls and possible mud volcanoes[END_REF]. Since all new boulder tracks in our survey have BFE, we infer that the absence of BFE suggests they were once present but have faded over time. In general, fading of boulder tracks over time is considered modification or evolution of the tracks[START_REF] Dundas | Active boulder movement at high Martian latitudes[END_REF][START_REF] Schaefer | A case study of recurring slope lineae (RSL) at Tivat crater: Implications for RSL origins[END_REF]. To quantify the timescale of fading (Fig.S5)/ disappearance and preservation, we analyzed several BFE tracks with temporal images (Figs. 2 a-c;S6). Fig.2dshows the time intervals for the surveyed HiRISE temporal pairs and shows the fading rate for the BFE. For instance, BFE observed in a 2006 HiRISE image are still visible in 2020 images (Fig.S6c,d). This suggests that the preservation time for BFE is more than ~6 Mars years. Similarly, we found another example where nearly 7 years post BFE formation, the ejecta along a boulder fall track is still visible (Fig.S3c,d). Fig.2a-c provides an example of a BFE which completely faded within ~2 to 4 Mars years. This study reveals that the first feature to disappear is the BFE during the evolution of boulder fall tracks. The fading of the BFE may occur via the same process as fresh dark slope streaks fade towards the background albedo overtime. However, the fading rate for the slope streaks is slower, i.e. ~15 Mars years (Aharonson et al., 2003; Bergonio et al., 2013). The relatively fast fading rate of BFE is likely because of the smaller areal size of ejecta or because of differences in surface roughness or relief. Gradual or stochastic variation in dust deposition over various regions of Mars likely influences the fading or preservation time of BFE. 3 Dark and Light toned BFE manuscript submitted to Geophysical Research LettersAll the new tracks formed on Mars have BFE, and we observed that in ~57% of cases they are darker and in 35% of cases are lighter than the surrounding terrain. In most locations, BFE are all darker or all lighter toned. In 7% of cases lighter and darker toned ejecta are found within the same host crater. This work provides the first observation of such lighter/darker toned BFE present in close proximity within crater (Fig.2a,b). Further, in two locations we observed contrasting ejecta forming in the same locality, (Fig.S8a,b). The lighter toned BFE are observed in the northern wall from the 2010 HiRISE image. Whereas to the immediate left side, darker toned BFE appear six year later in the 2016 HiRISE image. The geographic distribution of darker/lighter toned ejecta appears random, and no preference is observed, which suggests dust mantling is not homogeneous on Mars or tracks formed at different periods with different levels of dust.

  Fossae (CF) graben walls are known for their large number of boulder fall tracks without BFE and they have been hypothesized to be triggered by marsquakes (Roberts et al., 2012; Kumar et al., 2019). A previous study (Roberts et al., 2012) examined the size frequency distribution of the boulder tracks and another study by Dundas and Daubar (2020)

(

  [START_REF] Giardini | The seismicity of Mars[END_REF] Stahler et al., 2021;[START_REF] Kedar | Analyzing Low Frequency Seismic Events at Cerberus Fossae as Long Period Volcanic Quakes[END_REF]. In agreement, 30% of the BFE identified in our survey are located around the Cerberus Fossae region and all of them are within craters. The CF and surrounding regions are the main hot spot for BFE (Fig.4d), and similar BFE on the CF graben walls provides compelling evidence for potentially currently active regions[START_REF] Taylor | Estimates of seismic activity in the Cerberus Fossae region of Mars[END_REF]. This study highlights that the seismic shaking originating from the CF has also likely affected the surrounding craters within the last few decades and may be related to the faults active in the recently detected events. Our new observations show that the Cerberus Fossae region hosts a large number of BFE which occurred within the last few decades and supports manuscript submitted to Geophysical Research Letters earlier studies (Roberts et al., 2012; Brown and Roberts, 2019) who found that it is one of the most seismically active region on Mars. Zunil, Gratteri, and nine other unnamed craters host numerous BFE (Figs.S3c,d;S14),

  presents a unique opportunity to study the dynamics of boulder-substrate interaction which could inform boulder fall studies essential to understanding the hazard they pose on Earth (Dorren 2003; Caviezel et al., 2021). On the Moon, there have been no reports of BFE along the tracks of boulder falls, despite the prevalence of fine-grained regolith at the lunar surface. Given the large number of boulder fall tracks on Moon, we thought it unlikely that BFE did not exist on the Moon and a short survey reveald that they do (Fig.S15) and are the subject of upcoming work.
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2001; Aharonson et al., 2003; Motazedian et al., 2003; Schorghofer et al., 2007; Chuang et al

  

). Darker streaks become lighter over time due to dust mantling

(Sullivan et al., ., 2010)

. Some studies have noted a coincidence between the point where slope streaks originate and boulder fall tracks/bounces

[START_REF] Chuang | HiRISE observations of slope streaks on Mars[END_REF][START_REF] Yakovlev | Deflecting Slope Streaks on Mars: Possible Formation Mechanism[END_REF]

. Slope streaks are thought to result from a ground hugging flow of either dry

[START_REF] Sullivan | Mass movement slope streaks imaged by the Mars Orbiter Camera[END_REF] Chuand et al., 2007) 

or wet origin

[START_REF] Ferguson | Dark streaks on talus slopes, Mars[END_REF][START_REF] Bhardwaj | Martian slope streaks as plausible indicators of transient water activity[END_REF]

.

Table T1 .

 T1 32% of BFE mapped in this study are identified in temporal manuscript submitted to Geophysical Research Letters HiRISE images (i.e. are not present in the first image, but are present in any of the later repeat coverage images). The formation of BFE seems independent of latitude, and the most recent BFE track formed in Mars Year 35 (Fig.S2). Our temporal observation of HiRISE images confirms that all new tracks are always associated with distinguishable ejecta along the track (Figs.S2,S3).Our finding that BFE are the result of boulder falls that occurred in the last decade(s) means that any BFE from the non-temporal images likely have an equivalent lifetime. So we searched for BFE and found that 68% are observed in non-temporal or from single HiRISE images (single image with no repeat coverage, or present in the first image of a temporal sequence) distributed over 70 sites. In total, we mapped ~4530 tracks, in which 1011 are tracks with temporal information (~180 km) and 3519 are tracks seen only in individual images (covering ~725 km)

(Williams et al., 1991; Sullivan et al., 2001; Chuang et al., 2007) or wet (Ferguson and Lucchitta, 1984; Ferris et al., 2002; Bhardwaj et al

  

., 2019) processes. Our observations show (Fig.3, Figs.S9-S11) that slope streaks originating from BFE tracks are randomly distributed with no latitudinal preference, and we find no evidence that the boulder falls themselves are related to wet processes. The BFE is the result of the excavation of the immediate subsurface material by each bounce of the boulder. As manuscript submitted to Geophysical Research Letters proposed previously (

Williams, 1991; Chuang et al., 2007) the

  BFE related slope streaks are simply material mobilized downslope by dry processes.

	5 BFE formation
	The triggering mechanisms generally presumed for boulder falls on Mars are seismic,
	new impact craters, and/or wind/aeolian activity (

Anderson et al., 1977; Roberts et al., 2012; Brown and Roberts, 2019; Dundas et al., 2019; Kumar et al., 2019; Malin and Edgett,
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where multiple falls occurred within the same crater (CF: Cerberus Fossae region). e), the 466 statistical distribution of the number of tracks, track lengths, spatial spread of tracks and ejecta.