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Introduction 48

1.1. Gullies and seasonal frost et al., 2001), to sub-centimetre in thickness at lower latitudes [START_REF] Raack | Present-day 867 seasonal gully activity in a south polar pit (Sisyphi Cavi) on Mars[END_REF]. Most ice deposits are 85 composed of CO2 (~centimetres) (Diniega et al., 2013;Dundas et al., 2015), whereas H2O is a minor material within gully channels via small dry flows on top of the ice. When a critical mass sediment is 113 reached on top of the slab ice, the sediment flows down the still frosted gully on top of the sublimating 114 ice or as a mixture of dry material and sublimating ice as a flow. This accumulation phase means more 115 sediment would be mobilised, explaining the observable thickness of the flow deposits. Previous studies [START_REF] Raack | Present-day 867 seasonal gully activity in a south polar pit (Sisyphi Cavi) on Mars[END_REF]2020) showed that the activity of gullies in Sisyphi Cavi occurs 154 before the seasonal frost disappears from the surface, and thus suggest that a relationship likely exists 155 between gully activity and springtime defrosting. Here we perform a detailed study of seasonal frost 156 evolution on the slopes of Sisyphi Cavi (68-74°S; 345°-5°E) (Fig. 1A), exploring the relationship 157 between gully activity and frost occurrence. We focus on two main points: 1) Investigating the changing 158 appearance of the seasonal frost through the winter and spring before gully activity occurs, to build 159 intuition on the environmental factors leading to gully activity; and 2) the sequence of events and their 160 timing during defrosting, to better understand the potential triggers and conditioning factors for activity. The HiRISE camera is aboard NASA's MRO (Mars Reconnaissance Orbiter) spacecraft, and acquires 166 images with a spatial resolution of 0.25-1 m/pixel and three filters (RED, BLU and NIR centred on 694, 167 536 and 874 nm respectively) (McEwen et al., 2007). The CaSSIS camera is on board ESA's TGO 168 (Trace Gas Orbiter) spacecraft. CaSSIS acquires images with a resolution of ~4.6 m/pixel and four 169 possible colour filters (BLU,PAN,RED and NIR centred on 497.5,677.4,835.4 and 940.2 nm 170 respectively) (Thomas et al. 2017). 171 Given the large dimensions of our study area (68°-74°S; 345°-5°E) we divide the region into 172 "sites", with smaller "areas" defined within each site (Fig. 1). Image data available for Sisyphi Cavi 173 have a spatially discontinuous time coverage with some sites having only one or two images. We divide 174 the region in 3 sites, each containing between 4 and 20 gullies, located at: 1) 68.5°S and 1.3°E (Fig. 1B), 175 2) 70.92°S and 1.2°E (Fig. 1C) and 3) 69.4°S and 347°E (Fig. 1D). Although these sites form the 176 majority of our data analysis, we also use images located elsewhere in Sisyphi Cavi as illustrative 177 examples. A summary of the images used is provided in Supplementary Table S1. 178 To describe the timing of events in this paper, we use the solar longitude (Ls) of the first image 179 where we observe the feature/ activity appear and the Ls when we observe it for the last time. So, the disappearance of the feature occurs after the last Ls provided, but before the Ls of the next image in the 181 sequence (all sequences are visible in the Supplementary Table S1) for the same Mars Year. As 182 interannual variability in the timing of defrosting [START_REF] Piqueux | Variability 853 of the martian seasonal CO2 cap extent over eight Mars Years[END_REF] is less than the typical time gap 183 between images, we sometimes group data from different Mars years to form more complete datasets.

184

The events documented in this paper include: appearance of dark spots, appearance of dark flows, and 185 the assessment of the continuity of frost cover.

186

Assessing frost/ice cover from optical images is challenging because of the transparency of slab 187 CO2 ice in visible wavelengths and up to 25 cm of CO2 ice can accumulate before the surface is masked 188 in the visible wavelengths (Singh and Flanner, 2016). We address this by using features/patterns in 189 optical data observed by other researchers, where these researchers used spectral datasets to confirm the 190 presence of frost. We infer the presence of transparent ice, by the fact that surface features such as ripples 191 and boulders can be weakly observed on the surface, and the surface shows dark spots and flows 192 indicative of the presence of slab ice (Andrieu et al. 2018;Kieffer et al., 2006;Kieffer, 2000, 193 2007; [START_REF] Piqueux | North and south subice gas flow and venting of the seasonal 857 caps of Mars: A major geomorphological agent[END_REF]. Brightening of the seasonal ice cover at a given location just 194 prior to its retreat has been noted in previous publications (e.g. Langevin et al. 2007;Calvin et al. 2017) 195 and is thought to represent break-up of the CO2 to smaller grainsizes or deposition of water ice frost cold 196 trapped by the CO2. We infer that on partially defrosted surfaces, the remaining CO2 ice acts as a cold 197 trap for water vapour which in turn presents a highly visible, bright surface frost, which contrasts with 198 the lower albedo of the defrosted surfaces. We classify images as completely defrosted when no 199 remaining bright patches can be observed on any surface. We are reasonably confident with this 200 interpretation as these images are always towards the end of spring in our time series and these images 201 which occur later than the time of retreat of the seasonal cap at this latitude as detected by other 202 researchers using thermal and/or spectral data (Brown et al., 2010;[START_REF] Piqueux | Variability 853 of the martian seasonal CO2 cap extent over eight Mars Years[END_REF].

203

We highlight that site n°1 has the best coverage, with 59 HiRISE and 11 CaSSIS images available, 204 so we focus most of our analysis on this site. As Supplementary Table S1 shows, there is good temporal 205 sampling of this region spanning from mid-winter to summer (from Ls 158.4° to Ls 349.5°). However, 206 the lack of images from the middle of summer to the start of winter (from Ls 349.5° to 158.4°) prevented 207 us from studying the emplacement of the seasonal frost. We further divide the site n°1 into several areas, 208 (A to D, Fig. 1B) to distinguish different parts with different hillslope orientations. In this section, we only report results from site n°1 (68.5°S and 1.3°E, Fig. 1B) due to the better multi-213 temporal image coverage (Supplementary Table S1), unless otherwise indicated. S1. 

Defrosting patterns of gullies

251

Here, we report on the frost occurrence and distribution within gullies, including the alcoves, channels, 252 and aprons, during winter and spring in areas C and D (region 1). We observe a consistent sequence of 253 events across martian years, as shown in Supplementary Table S3: 254 -All surfaces are frosted until Ls ~220° (Figs. 2; 3AB; Supplementary Table S3), 255 -Then, alcoves begin to defrost, while areas surrounding the gullies begin to defrost starting at 256 ~Ls 230° (Supplementary Table S3). At the same time or just afterwards the channels and aprons 257 begin to defrost.

258

-The areas around gullies become completely defrosted as early as Ls 210° and as late as Ls 247° 259 (Supplementary Table S3), 260 -The alcoves are completely defrosted. Then the channel and aprons are the last to defrost at ~Ls 261 250° (Supplementary Table S3), where some patches of late persistent frost remain visible at 262 the bottom of alcoves and inside the channels (Fig. 3F),

263

-All surfaces are defrosted around Ls 240-300° i.e., between the middle of spring to the beginning 264 of summer (Fig. 2; Supplementary Table S3).

265

Within this sequence, gully alcoves defrost before channels and aprons on areas C and D (Fig. 3DE; 266 Supplementary Table S3). Yet some patches of frost persist inside the channel and at the bottom of the 267 alcove (Fig. 3F). In general, gullies defrost later than their surrounding terrain (Fig. 3DE; Supplementary 268 Table S3), with the notable exception of sandy areas, such as dunes. S1.

295

For each slope orientation, we observe the same sequence of seasonal defrosting and associated 296 features for each of the areas A, B, C and D, as already described in section 3.1.1, with the detailed time 297 intervals reported in Supplementary Table S4 and on Fig. 5. However, the onset of events in each area 298 is offset in time. For example, there is a lag of 37° solar longitude between the appearance of "bright" 299 frost in area C compared to area D (Fig. 5; Supplementary Table S4), and we observe a lag of 18° solar 300 longitude in the complete defrosting of area C compared to area D (Fig. 5; Supplementary Table S4).

We also observe differences in seasonal frost patterns within gullies (e.g., on the channel flanks) 302 that are related to the orientation of these slope facets, as shown in Fig. 6 and Supplementary Table S3 303 for areas A, B, and C in MY31 and in Figure 7 for site n°2. In summary, equator-facing alcove facets 304 start to defrost first, followed by equator-facing channel facets and parts of the surrounding terrain. In general, the timing of defrosting depends on slope orientation (Supplementary Table S4), and 310 the sequence of events and the distribution of remaining frost remains consistent across regions. (Figs. 311 4, 7; Supplementary Table S4). An equator-facing slope always defrosts before a pole-facing slope for 312 the same material type and slope angle (Figs. 6,8; Supplementary Table S5). Yet, the orientation of 313 slope facets inside an alcove or a channel causes differences in the relative timing of defrosting (Figs. S5). Finally, gully-alcoves always defrost before channels and aprons 315 regardless of gully orientation (Supplementary Tables 3, 4 and5). 

Effect of surface type on defrosting 345

We next interrogate the relationship of dark spots and dark flows with surface roughness and gully 346 activity using HiRISE and CaSSIS data. We find that surface roughness at the meter scale may influence 347 the number of dark spots, and possibly dark flows present on the surface. We find that surface roughness 348 is present in the form of boulders, depositional and erosional elements including braiding; levees, lobes.

349

For this analysis we focus on the 3 sites shown in Fig. 1, located at: 1) 68.5°S and 1.3°E, 2) 70.92°S and 350 Boulders are common on slopes in the Sisyphi Cavi region (Fig. 10), sourced from a layer that appears 375 at the same elevation as gully alcoves. These boulders measure from 1 m 2 (the limit of HiRISE Contrasts in surface roughness as well as substrate composition and physical properties seem to 394 facilitate the onset of dark spots. For example, the transition between apron and hillslopes host numerous 395 dark spots (Fig. 12CD), which aids in the identification of this transition without having to zoom-in.

396

Another example where dark spots concentrate is at the boundary between a sandy surface and the 397 surrounding terrain, where they also sometimes evolve into dark flows if the terrain is sloping (Fig. In summary, we observe that the presence of metre-scale surface roughness produces a higher number 401 of dark spots and dark flows in winter and spring (Figs. 10,11 12). In Sisyphi Cavi, this roughness 402 takes the form of: 1) boulders (Fig. 10), 2) braided gully surfaces (Fig. 11) and 3) contrasts in substrate 403 properties (Fig. 12). 

68.3°S, 1.3°E). A) A concentration of dark spots/dark flows visible on a boundary between bedrock and

Discussion

425

The aim of this work is to better understand the relationship between gully activity and seasonal frost 426 deposits in Sisyphi Cavi and to investigate if we can draw wider conclusions about this relationship for 427 gullies in general. We place our results into context with previous, related results from the literature. We 428 discuss the significance of our findings regarding the sequence and timing of defrosting first, and the 429 influence of gully activity on the presence of dark spots and dark flows second. Finally, we discuss the 433 [START_REF] Raack | Present-day 867 seasonal gully activity in a south polar pit (Sisyphi Cavi) on Mars[END_REF]Raack et al. ( ,2020) ) inventoried the gully activity of the Sisyphi Cavi area and showed that it occurs 434 on area C between Ls 234° and Ls 252° (Raack et al., 2020) and in area D, between Ls 218° and 226° 435 [START_REF] Raack | Present-day 867 seasonal gully activity in a south polar pit (Sisyphi Cavi) on Mars[END_REF]. Neither activity involved the erosion of material from the wall rock of the gully.

436

This timing corresponds to a period when the alcoves have already begun to defrost, when frost is 437 brighter and just before the surface becomes ice free (Fig. 5). For area D, we observe that a new and 438 relatively dark deposit overlies an apron that is covered in brighter frost in both instances of documented 439 gully activity (Fig. 14 B,C, Ls 226° and 227° respectively). In area C, the image acquired prior to the 440 change documented by Raack et al. (2020) shows that the gully is completely covered in frost at Ls 235 441 (Fig. 14A). The following image, ESP_048107_1115 shown in Figure 3 The fact that the gully alcoves defrost first in Sisyphi Cavi (Fig. 15; Supplementary Tables 3,4 464 and 5) independent of orientation means that a factor other than solar insolation controls the onset of ice 465 loss. The expected defrosting sequence starts at steep equator-facing slopes, then progresses towards 466 shallower equator-facing slopes to flat surfaces, afterwards onto shallow pole-facing slopes and finally 467 steep pole-facing slopes defrost. Making the assumption that the steepest slopes are found at the top of 468 the hillslope consistent with the topographic measurements by Raack et al. (2020), this should result in 469 the top of the pole-facing hillslope, where the alcoves are located, defrosting last. Instead we observe 470 that it is the pole-facing aprons that are the last to defrost. We think this could be a key feature that could 471 explain present-day activity in some martian gullies. From an informal survey of HiRISE images of 472 typical mid-latitude gullies taken during the final stages of defrosting, we found several other examples 473 where aprons remained frosted while the alcoves had already defrosted (Fig. 16). However, this does 474 not seem to be a universal pattern in all gullies -for example, for linear gullies in the southern 475 hemisphere [START_REF] Pasquon | Present-day formation and seasonal 836 evolution of linear dune gullies on Mars[END_REF] the channel and apron defrost before the alcove. The difference in 476 behaviour is likely related to the substrate properties. In some gully systems, including those in Sisyphi Bedrock is expected to have values higher than 1200 tiu (Edwards et al., 2009), but is likely mixed 490 with other materials in this area because it does not appear as continuous outcrop, hence we choose intermediate values of 750 and 1000 tiu for illustrative purposes. From these data we extracted the 492 solar longitude at which the surface temperature exceeds the condensation temperature of CO2 as 493 shown in Fig. 13. From these data it can be seen for a constant thermal inertia the expected defrosting 494 sequence starts at steep equator-facing slopes, then progresses towards shallower equator-facing slopes 495 to flat surfaces, afterwards onto shallow pole-facing slopes and finally steep pole-facing slopes defrost 496 last. Assuming aprons have a thermal inertia of 250 tiu and that alcoves are generally steeper than 30°, 497 a pole-facing alcove with a thermal inertia of 750 tiu would defrost at the same time as a pole-facing 498 apron. In contrast, a pole-facing alcove with a thermal inertia of 1000 tiu would defrost nearly 20° Ls 499 before the pole-facing apron. Therefore, we infer the alcoves likely have a thermal inertia between 500 these two extremes to explain the observations. The elevated thermal inertia of the gully alcoves with 501 respect to gully fans could be due to a number of factors including, higher near-surface ice content, 502 higher rockiness, larger grainsizes, or lower dustiness. , 2012;Pasquon et al., 2019a). For the large sinuous gully on the Matara dunefield (49.5°S; 34.7°E), 508 material from the alcove is mobilised over a frosted channel and apron (Fig. 14F; Dundas et al., 2012; 509 Pasquon et al., 2019b). New gully deposits are usually not first imaged/detected during the defrosting 510 season, and therefore we do not know if they were emplaced while the aprons were covered in frost. 511 However, other observations suggest that the activity occurs primarily during the defrosting season 512 (Dundas et al. 2019), meaning it is not unreasonable to assume that the deposits are commonly mobilised 513 over a frosted surface. The only notable exception is for linear gullies, where frost is still present in the 514 alcoves (generally) when activity occurs (Fig. 14E; Dinwiddie and Titus 2021;Jouannic et al., 2012;515 2019;[START_REF] Pasquon | Present-day formation and seasonal 836 evolution of linear dune gullies on Mars[END_REF]. We note that for gullies on sand dunes, discrete scars in the sandy alcoves 516 are often associated with activity (e.g., Pasquon et al., 2019b), yet in gullies with bedrock alcoves, none 517 of the observed activities had detectable erosion of the wall rock in the alcoves (Dundas et al. 2012;518 2019). This lack of erosion, could mean that CO2 related processes are not responsible for the formation 519 of the whole gully landform or could simply reflect that the temporal baseline of observation is not long 520 enough to detect erosion into these presumably more durable materials (Levin et al. 2022). 

Dark spots and flows as an indicator of recent gully activity

537

We observe that boulders, rough surfaces inside channels and on the aprons of gullies, and contrasts in 538 surface type (e.g. the edge of a dune field) are preferential locations for dark spots (and sometimes dark 539 flows) . Boulders have been noted previously as initiation points for dark spots and fans 540 (Thomas et al. 2010). In this context, our observed strong spatial correlation between the appearance of 541 dark spots/flows and surface roughness could be explained by the following hypotheses: 542 1) Surface roughness, in particular non-homogenous thermal inertia, should cause spatial 543 heterogeneities in the temperature field of the substrate and thus also in the sublimation of the 544 ice layer. More gas may be produced on the sun-facing side of a boulder, for example, causing 545 preferential pressure build-up at that location, as warmer surfaces defrost faster. 546 2) Surface roughness (e.g. boulders or levees), in particular gradients in normal stresses caused by 547 variable overburden thicknesses or densities, could cause bending moments and mechanical 548 weakness in the overlying CO2 ice slab. This would pre-condition that location for failure when 549 the gas pressure builds up. 550 3) Both of the aforementioned factors could be at play.

551

The fact that surface roughness promotes more numerous dark spots and flows can be combined with 552 the fact that recently active gullies tend to have rougher surfaces (Dundas et al. 2019). For this reason 553 they could assist in detecting recently active sites without the need for repeat imaging. Repeat images 554 could then be targeted at this zone as active sites are often repeatedly active.

555

We now interrogate what role is played by the dark/spots flows in gully activity. Surface 556 modification events in gullies in Sisyphi Cavi are less frequent compared to gullies on sand dunes or 557 sandy surfaces on Mars, which are generally active annually (e.g. Dundas et al., 2012;2015;2020; 558 Pasquon et al., 2019b). Activity of gullies on dunes is accompanied by a similar sequence of defrosting 559 patterns to those we report for Sisyphi Cavi, including the appearance of dark spots followed by their 560 transformation into dark flows as the surface warms (Jouannic et al., 2012;2019). The activity of gullies 561 occurs generally during the final stages of defrosting. The frequency of activity on Sisyphi Cavi is 562 comparable and consistent with gullies on non-sandy surfaces e.g., crater walls (Dundas et al., 2019), 563 but in contrast observations of dark spots and flows are rather rare in these systems. For both areas 564 studied in detail in Sisyphi Cavi (areas C and D at 68°S; 1.3°E) only 2 out of 33 gullies are active 565 between MY28 and MY35 [START_REF] Raack | Present-day 867 seasonal gully activity in a south polar pit (Sisyphi Cavi) on Mars[END_REF]2020). One gully on area C is active and just once over 566 a period of 8 MY. Only one gully is active in area D in MYs 29 and 31. So, material movement in these 567 two areas seems to be relatively sparse. The disconnect between the widespread presence and annual 568 occurrence of dark spots and dark flows and the low spatial and temporal frequency of activity in gullies 569 might suggests that dark spots and dark flows are not a primary agent in triggering gully activity. . 

Conclusion

In this paper we explored the process of defrosting in gully-incised slopes in Sisyphi Cavi. We explored 573 the sequence, timing, and duration of events that occur during seasonal defrost, and their connection to 574 gully and dark spot/dark flow activity. We find that the general timing and characteristics of the seasonal 575 defrosting patterns in Sisyphi Cavi are very consistent from year to year, and similar to the general trend 576 observed at a global scale for the seasonal frost deposits. Our observations show that the absolute timing 577 of the different stages of the defrosting sequence is influenced by the overall orientation of the host 578 hillslope, with equator-facing slopes generally defrosting earlier than the pole-facing ones. Gully alcoves 579 defrost first before channels and aprons and independently of orientation. This is unexpected because 580 based on incoming solar radiation the defrosting should progress from the top of equator-facing slope 581 down towards the flat floor and up the pole-facing slope, terminating at the top. We argue that this could 582 be due to the dominant effect of contrasting substrates between alcove (rocky materials) and aprons 583 (finer unconsolidated materials) over the role of solar insolation and orientation during the early stages 584 of defrost. We also observe that gullies defrost later than their surrounding terrain, with some frost 585 patches remaining in the interior of channels and alcoves at the end of defrosting, likely due to 586 shadowing.

587

We also find that dark spots and flows concentrate in areas of increased surface roughness. This 588 suggests that gully activity, which creates surface roughness via contrasts in material types, deposition 589 of boulders levees and lobes and erosion to form braiding, can facilitate the appearance of dark spots 590 and dark flows over the affected area the following winter. We therefore infer that dark spots and dark 591 flows could be used to help to detect recently active gullies on Mars without repeat imaging, but they 592 themselves are not a precursor to gully activity. 593 Finally, we note that a prerequisite for gully activity in Sisyphi Cavi is a frosted apron surface. We show 594 that such a configuration is found in gully-sites elsewhere on Mars, raising the possibility that this is a 595 common precursor for gully activity, where seasonal frost is present. We note that this type of activity 596 is not associated with detectable erosion of the wall rock in the alcoves, which could mean erosion by 597 CO2 related process is too small to be detectable in these durable materials or that another process is 598 responsible for the initial formation of gullies. 599 Tanaka, K. L., and D. H. Scott, (1987), Geologic map of the polar regions of Mars, In :USGS Map I-897 1802C 898 899 Thomas, N., Cremonese, G., Ziethe, R., Gerber, M., Brändli, M., Bruno, G., Erismann, M., Gambicorti, 900 L., Gerber, T., Ghose, K., Gruber, M., Gubler,P.,Mischler,H.,Jost,J.,Piazza,D.,Pommerol,A.,901 Rieder, M., Roloff, V., Servonet,A.,Trottmann,W.,Uthaicharoenpong,T.,Zimmermann,C.,Vernani,902 D.,Johnson,M.,Pelò,E.,Weigel,T.,Viertl,J.,De Roux,N.,Lochmatter,P.,Sutter,G.,Casciello,A.,903 Hausner, T., Ficai Veltroni, I., Da Deppo, V., Orleanski, P., Nowosielski, W., Zawistowski, T., Szalai, 904 S., Sodor, B., Tulyakov, S., Troznai, G., Banaskiewicz, M., Bridges, J.C., Byrne, S., Debei, S., El-905 Maarry, M.R., Hauber,E.,Hansen,C.J.,Ivanov,A.,Keszthelyi,L.,Kirk,R.,Kuzmin,R.,Mangold,N.,906 Marinangeli, L., Markiewicz, W.J., Massironi, M., McEwen, A.S., Okubo, C., Tornabene, L.L., Wajer, 907 P., Wray, J.J. ( 2017 

Fig. 1 :

 1 Fig. 1: Map of Sisyphi Cavi on Mars: A) overview images of the 3 sites studied in this paper (Mars

  study on the analysis of HiRISE (High Resolution Imaging Science Experiment; McEwen 164 et al., 2007) and CaSSIS (Colour and Stereo Surface Imaging System; Thomas et al., 2017) image data.
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Fig. 2 :

 2 Fig. 2: Defrosting timing at site n°1, area C (68.5°S and 1.25°E see Fig. 1AB) for martian years 28 to

Fig. 3 :

 3 Fig. 3: Typical seasonal frost evolution in Sisyphi Cavi for site n°1, area C (68.5°S; 1.3°E)A) Dark spots

Fig. 4 :

 4 Fig. 4: Influence of gully orientation on seasonal frost deposits in Sisyphi Cavi (site n°1: 68.5°S; 1.3°E).
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  7). For site n°1, area A has a slope orientation of 80°-85°N, area B: 95°-105°N, area C: 130°-140°N, 285 and area D: 0° -10°N (Fig.1B). For site n°2 (Fig.7), we divide the gullies observed into two groups 286 according to their slope orientation. Slopes in gully group 2A are oriented 225° with respect to north, 287 on average, whereas group 2B has an orientation of 200°.

Fig. 5 :

 5 Fig. 5: Defrosting sequence for areas A, B, C and D which have different orientations -site n°1 (68.5°S;

  305Equator-facing alcove facets can be completely defrosted while pole-facing ones are only starting to 306 defrost. On the contrary, pole-facing alcove and channel facets are the last to defrost. Slight east (or 307 west) deviations on an equator-facing slope facet delay initial and complete defrosting, and conversely 308 advance pole-facing slope facet defrosting.309

Fig. 6 :

 6 Fig. 6: Seasonal frost distribution inside gullies for site n°1 (68.5°S, 1.3°E), areas B and C: A) only

Fig. 7 :

 7 Fig. 7: Influence of slope orientation on the seasonal frost distribution at site n°3 (69.4°S, 347°E). The

  Fig. 10: Relation between boulders and dark spots/dark flows for site n°2 (70.7°S, 1.5°E). A) The west

  398

  Fig. 11: Relation between gully morphologies (alcove, channel, apron) and dark spots/dark flows. A)

  419 a sandy substrate: HiRISE image ESP_046116_1115, Ls 159.9°. B) Zoom in on part of panel A with 420 annotations and arrows pointing to aligned dark spots. C) The edge of gully aprons have a concentration 421 of dark spots. HiRISE image ESP_028802_1115, Ls 173.3°. D) Annotated zoom in on panel C with the 422 edge of the apron outlined by arrows. Image credit: NASA/JPL/UofA. Note that each image was 423 individually contrast-stretched.

  424

  430 possible factors leading to gully activity and the possible effects of inhomogeneous frost distribution on 431 gully morphology.

  Fig. 13:Solar longitude of when defrosting of CO2 occurs on slopes with different angles, where negative

Fig. 14 :

 14 Fig. 14: Distribution of frost on gullies just before or just after gully activity: A) Site n°1, 68.5°S; 1.3°E,

477

  Cavi the alcoves are comprised of rough rocky materials, whereas the aprons are presumably finer 478 unconsolidated materials (as supported by studies of the thermal inertia of gully systems -Harrison et 479 al., 2019; Khuller et al. 2021), so there are different materials on the same slope. Dune gullies in contrast 480 have rather uniform substrate properties throughout, so follow the expected defrosting pattern (i.e. the 481 steepest pole-facing slopes, defrost last). 482 In order to investigate this further we used surface temperature data from the 1D climate 483 model runs presented in Conway et al. (2018). We extracted half-hourly surface temperature data for 484 present day obliquity and position of perihelion for surface thermal inertia values of 250, 750 and 485 1000 Jm-2K-1s-0.5 (referred to as thermal inertia units or tiu) and slopes of 0-35° in the north-and 486 south-facing orientations for 72°S. Thermal Emission Spectrometer (TES) data for the region suggests 487 the average surface thermal inertia varies between 130 and 250 tiu. However, the TES footprint is 488 >2 km, hence cannot capture local variations on the hillslopes which have a smaller spatial extent.

  489

503

  Other examples of gullies where mobilised material superposes a frosted apron exists. Dundas 504 et al. (2015) observed dark flows over a frosted surface inside two gullies located at 37.4°S; 229°E; and 505 in the northern hemisphere at 58.2°N and 89.7°E. On the dunes of Kaiser crater (47.2°S; 19.5°E), a gully 506 shows an apron covered in frost just before the new gully deposits are observed (Fig. 14D; Dundas et 507 al.

Fig. 15 :Fig. 16 :

 1516 Fig. 15: Examples with various slope orientations from Sisyphi Cavi where the aprons remain frosted
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