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Abstract Linear dune gullies on poleward-facing Martian slopes are enigmatic. Formation by
CO,-ice block or snow cornice falls has been proposed based on optical imagery of bright, high-albedo
features inside gully channels. Because these features often resemble patchy frost residue rather than
three-dimensional blocks, more evidence is needed to support the ice-block formation mechanism.
Satellite imagery captured two simultaneous airborne plumes with in-channel sources at the Russell
crater megadune, thrust up, and dispersed outward along the path of linear dune gullies. We use spectral
data analyses, climatic analyses of bolometric temperatures, and thermal modeling to further develop the
mechanistic framework for linear dune gully development. Basal sublimation and CO, gas venting likely
cause CO,-ice-block detachment and falls from gully alcoves in southern early spring, accompanied by
ice-block off-gassing and saltation of sands and coarse silts that are redeposited around gully channels,
and lofting of sublimation lag (coarse dust/silt) into airborne plumes.

Plain Language Summary For 2 decades, planetary scientists have had many ideas about
how and when very long, narrow gullies formed on frost-affected sand dunes on Mars. First, it was
thought that they were remnant features left behind millions of years ago when the climate may have
supported a wetter environment. Then, repeat imagery showed that gully changes were occurring in

the present day, even though the current climate is extremely arid. More recently, scientists observed
bright and discrete ice-like features resting inside gully channels, and proposed that carbon dioxide ice
blocks (dry ice) had slid down dunes inside these channels. We present satellite imagery of airborne dust
plumes lofted by mobile ice blocks sliding down gullies in 2007, 2012, and 2016, captured by two cameras
onboard Mars Reconnaissance Orbiter at nearly the same position in the Martian orbit, demonstrating
that the activity is seasonal and predictable. The sliding ice blocks agitate dust resting on the surface,
thereby generating easily recognizable billowing plumes of dust. Fine-grained dust is suspended in the
atmosphere where it can travel longer distances before settling, whereas coarse-grained dust saltates away
from gullies, settles, and forms bright fringes around the dark sand of active gullies.

1. Introduction

On Mars, linear dune gullies (Figure 1) headed by small alcoves or catchments drain into small tributaries
that focus erodible material into very long, narrow, sinuous-to-parallel gully channels surrounded by lateral
levees (Figure 1a; Auld & Dixon, 2016; Diniega, 2014). Near the gully terminus, channels may be perched
upon underlying channel deposits, such that the base of channels is higher than the adjacent dune surface
(Jouannic et al., 2015), indicating that nearly invisible, vertically stacked depositional gully aprons may in-
deed be associated with linear dune gullies. Linear dune gullies are documented between 36.3° and 70.4°S
(Pasquon et al., 2016).

At the Russell crater megadune (54.3°S/12.9°E), ~1,000 km west of the Hellas Basin, repeat optical image-
ry has established an 11-Mars-year time series for monitoring local seasonal processes. The megadune is
barchanoid (Figure S1a), has a 50 km crest length, is 7-11 km wide, and 500 m high (Gardin et al., 2010). Su-
perimposed on its stoss slope are more than a dozen transverse dunes with west-northwest-facing lee slopes
(Jouannic et al., 2012; Figure S1a). Hundreds of linear dune gully channels, 3-30 m wide, up to 2.5 km long
(Auld & Dixon, 2016) with mean incision depths of 1.5 m (Diniega, 2014; Jouannic et al., 2012) have formed
on the poleward, southwest-facing, 5° to >40° lee slope (steep slopes may imply sand cementation). Where
the lee slope orientation switches to west-northwest-facing, linear dune gullies are absent (Figure Sla).

DINWIDDIE AND TITUS

10f9


https://orcid.org/0000-0003-4673-1063
https://orcid.org/0000-0003-0700-4875
https://doi.org/10.1029/2020GL091920
https://doi.org/10.1029/2020GL091920
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL091920&domain=pdf&date_stamp=2021-03-24

A2 |
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL091920

Alcoves
;2 Ice/snow
; / catchment

:/DDS ( )

+Cracks w ':'Cracksrﬂ

S

“L_105° A 115°
200m /7 ~my33 200m ///’/J-J:invso

Figure 1. Seasonal processes on the Russell crater megadune culminate with launch of airborne dust plumes by
sliding CO, ice blocks. Image IDs are as reported in supporting information Tables S1a and S1b. Subparts (a)-(h) are
enlarged in supporting information Figure S1. (a) Dense, small tributaries in catchments and gully alcoves connect
and funnel material into large linear gully channels; catchment spawning ice block that launched the MY33 near-
field plume is indicated; (b) ~5 m CO, ice block in a gully channel at L 202°; (c) early dark dune spots appear on crest
of a secondary dune at L; 105°; (d) more dark dune spots appear by L, 115°; (e) dark dune spots annually produce
gravitational flows on steep slopes and in small tributaries by L, 136°; catchment spawning ice block that launched
the MY33 near-field plume is indicated; (f) HiRISE image of airborne plume launched at L; 197° in MY28; (g) CTX
image of plume launched at L, 200° in MY31; (h) HiRISE image of proximal source zone of near-field plume observed
in the background CTX image of this figure. CTX Image Credit: NASA/JPL/Malin Space Science Systems; HiRISE
Image Credit: NASA/JPL/University of Arizona. CTX, Context Camera; HiRISE, High Resolution Imaging Science
Experiment.

Where the slope angle increases above gully channels, scalloped alcoves may occur along the megadune
crest; alcoves have median widths and lengths of 27 and 89 m, respectively (Auld & Dixon, 2016; Figure 1a).
Where alcoves are absent, other tributary catchments are present at the head of linear dune gullies (Fig-
ure S1b). From the upper reaches of alcoves or catchments to the proximal end of distinctly channelized lin-
ear gullies, there is a ~170-350-m-long transitional downslope zone where many small tributaries connect
before emptying into larger linear dune gullies (Figures 1a and S1b). Below the proximal origin of linear
gully channels, ~150-200 m below the dune crest, sinuosity and connections between channels remain
significant for another ~150-550 m downslope, beyond which gully sinuosity decreases and channels are
generally subparallel (Jouannic et al., 2012). Terminal pits, near the gully terminus but often disconnected
from the channels, are frequently observed (Figures 1b and Slc; Jouannic et al., 2012; Pasquon et al., 2016;
Reiss & Jaumann, 2003).

Early interpretations of Russell crater linear dune gullies were dominated by a debris-flow hypothesis in-
volving a liquid component made available through thaw of near-surface H,O ice under high obliquity, no
more recently than 6 Ma (Costard et al., 2002; Jouannic et al., 2012; Mangold et al., 2003, 2010; Miyamoto
et al., 2004; Reiss et al., 2010; Reiss & Jaumann, 2003). Physical analogue laboratory studies suggested that
liquid water may have been released into periglacial debris flows from a seasonally thawing active layer
above ice-rich permafrost in the megadune; the permafrost table was thought to control the depth of gully
incision (Jouannic et al., 2015; Védie et al., 2008).

Acquisition of new, higher resolution optical data has resulted in year-to-year change detections that
demonstrate linear dune gully activity happens annually, under current obliquity (Diniega et al., 2013;
Dundas et al., 2012; Reiss & Jaumann, 2003; Reiss et al., 2010). This activity is recent, annual, and occurs
when CO, frost is sublimating (Gardin et al., 2010; Jouannic et al., 2012, 2015; Pilorget & Forget, 2016; Reiss
et al., 2010). Perennial rill systems and recurrent diffusing flows on the megadune lee slope cause annual
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morphologic change each spring (Jouannic et al., 2012, 2018; Pasquon et al., 2016; Reiss et al., 2010). Com-
pact Reconnaissance Imaging Spectrometer for Mars (CRISM) observations indicate that CO, ice is the
prevalent surface volatile from autumn through early spring with trace amounts of H,O ice (Ceamanos
et al., 2011; Gardin et al., 2010; Jouannic et al., 2018; Reiss et al., 2010). Near the end of the frosted sea-
son, apparent residual bright frost is present in linear gullies; occasionally high-resolution optical imagery
supports the postulate that three-dimensional blocks of bright CO, ice sit at rest within the linear dune
gullies on the Russell crater megadune (Figures 1b and S1c; Diniega et al., 2013; Dundas et al, 2012, 2019;
McKeown et al., 2017). These may be CO, ice blocks or cornices that detached and slid downslope, but
additional evidence is needed.

We reviewed optical imagery acquired on 183 dates and supplemented these observations with analysis of
selected spectral imagery to conduct a comprehensive analysis of the annual timeline for local climate, mi-
croclimates, and seasonal processes that yield linear dune gullies at Russell crater, Mars. Location-specific
datasets from Thermal Emission Spectrometer (TES; Christensen et al., 1992, 2001), Thermal Emission
Imaging System (Christensen et al., 2004), CRISM (Murchie et al., 2007) spectral imagery, and multi-tem-
poral optical imagery from the Narrow Angle Mars Orbiter Camera (Malin et al., 1992; 2010), the Context
Camera (CTX; Malin et al., 2007), and the High Resolution Imaging Science Experiment (HiRISE; McEwen
et al., 2007) were analyzed (see Text S2 for details).

2. Cold Season Site Characterization

In optical imagery, frost is observed to initially condense on the megadune between solar longitude (L) 30°
and 40° each year (Figures 2 and 3a). Modeled CO, ice thickness on the megadune, as a function of L; and
slope angle (Figures 2 and S2c), as estimated from the KRC thermal model (Kieffer, 2013; see Text S2), is con-
sistent with optical observations of first frost. Frost deposition begins first on the steepest poleward-facing
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Figure 2. Timeline of seasonal activity at Russell crater, Mars. Pink bar illustrates when the landscape appears

frosted in optical imagery. Thin, brown bars indicate dust-devil season. Lavender bar illustrates afternoon darkness,
after which dark dune spots (DDS: inferred Kieffer vents) appear and evolve (brown bar). CO; ice is translucent and a
polygonal crack network is initially observed in the ice on certain slopes (taupe bar). Sediment flows from DDS begin

in mid-winter and continue until ice thickness no longer supports venting and resealing mechanisms. As insolation
increases, CO, ice brightens significantly (light gray bar), and the polygonal crack network is no longer visible, although
inferred to remain present. Inferred H,O ice clouds are observed in early to mid-spring (dark gray bar), near the end

of the defrosting season. Modeled CO; ice thickness (estimated from the KRC thermal model assuming a density

of 1,000 kg/m?, see Text S2 and Figure S2 for more details) and peak insolation as functions of solar longitude are
presented for poleward-facing 10° and 30° slopes. DDS, dark dune spots.
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Figure 3. Lifecycle of a CO, ice block. (a) Direct condensation of CO; ice from the atmosphere and windblown CO, snow fill alcoves or catchments; snow
anneals and morphs into translucent ice. (b) After a winter period of ~3pm darkness, insolation-induced basal sublimation drives jets of CO, gas upward with
entrained dune sand and silt, forming dark dune spots (DDS), DDS halos, and windblown fans. (c) DDS vents repeatedly seal and release sediment, and after a
period of time, vent-area sediment begins to flow downslope. (d) Ice-brightening occurs, widespread defrosting begins, and translucent CO, ice in catchments
and alcoves may be agitated, dislodged, and broken out of its in situ slab position by upward CO, gas pressure applied by ongoing DDS venting. (e) A dislodged
block of high-albedo ice slides downslope and into a linear dune gully channel, through sublimation lag (dust/silt), which forms a visibly opaque plume that is
carried by the prevailing wind. (f) The bright ice block comes to rest lower on the slope, near the terminus of an existing gully, and CO, gas pressure from the
subliming block redistributes coarse dust/silt/sand away from it via saltation, potentially leaving an intermediate-albedo silt fringe around the gully and a low-
albedo sand fringe on freshly dust-free gully levees.

slopes, where it also accumulates the thickest deposits that persist into mid-spring (Figure 2), as determined
from the KRC thermal model. Model output demonstrates that shallower slopes accumulate thinner blan-
kets of frost later and lose them earlier (Figure 2). Once afternoon daylight returns, faint dark dune spots
(DDS; Mangold et al., 2003) appear on the crests of superimposed secondary dunes (Figures 1c, 2, and 3b)
as early as L; 105° (MY33) when (i) 16- to 36-cm-thick frost (model estimate, assuming a CO, ice density of
1,000 kg/m?; see Text S2) has accumulated on pole-facing slopes (Figure S2c), (ii) estimated basal heat flux
is <1.9 W/m?, and (iii) peak insolation absorbed by the ice ranges from 0 W/m? on slopes steeper than 11.4°
to ~60 W/m? on flat plains (Figure S2d).

At L;105°, a polygonal crack network is also visible in ~25- to 30-cm-thick (model estimate, Text S2), low-al-
bedo, translucent CO, ice (Figures 2 and S2c) on the <25° stoss slope of a superimposed secondary dune.
By L; 115° (MY30; Figure S1i), when 20- to 41-cm-thick (model estimate, Text S2) frost has accumulated on
pole-facing slopes (Figure S2c), estimated basal heat flux is <1.35 W/m” and peak insolation absorbed by ice
ranges from 0 W/m® on slopes steeper than 10° to ~78 W/m® on flat plains (Figure S2d), and the quantity of
visible DDS greatly increases on the megadune crest, in scalloped alcoves along the ridge, on the lee slope,
and on stoss slopes of superimposed secondary dunes (Figures 1d and S1i).

It has been proposed that DDS and associated dendritic, araneiform troughs (Gardin et al., 2010; Portyanki-
na et al., 2017), or furrows (McKeown et al., 2017) mark vents of explosively released, high-pressure CO,
gas jets (i.e., Kieffer’s jets; Pilorget & Forget, 2016; Piqueux & Christensen, 2008; Portyankina, 2014) at weak
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Latitude

spots in the CO, ice; CO, gas forms at the dune-ice interface from basal heat flux or insolation-induced ba-
sal sublimation (IIBS) of the translucent ice, or both (Aharonson, 2004; Hansen et al., 2010). Kieffer (2007)
provides a detailed description of this venting process, which produces dark fan-shaped deposits of sand
above the ice (Malin & Edgett, 2001). By L, 136° (MY30) (and possibly earlier), DDS vents are producing
channelized, gravitational flows of dark sediment when the translucent ice is expected to be >0.4-m-thick
based on model estimates (Figures 1e, 2, 3c, S1j, and S2c). Pilorget and Forget (2016) suggested that DDS
sediment ejections induced by IIBS repeatedly recur from the same vent in a given season and result in
fluidized, viscous debris flows, perhaps beneath the slab ice. Dark sand likely was eroded by CO, gas en
route to the vents, and these dendritic, araneiform troughs plus downslope flows may rework the sub-ice
dune surface and carve the small tributary channels that merge downslope and empty into the linear dune
gullies. The polygonal network of cracks in the ice remains clearly visible until Ly 157° or later (MY28,
MY31) when ice thickness is ~0.33-0.49 m based on model estimates (Figures 2, S1k, and S2c). Increasing
insolation and subsequent ice brightening (Paige, 1985) typically conceals polygonal cracks thereafter, but
araneiform troughs in the same area become more visible (Figures 2 and S1k). DDS form repeatedly at the
same spatial locations having positive relief year after year, indicating a positive-feedback mechanism for
the vents, such that they are a self-reinforcing phenomenon. After all frost has sublimated (L, 217°+; Fig-
ure S2c¢), dendritic, araneiform troughs/furrows and positive-relief knobs (Gardin et al., 2010) upon which
DDS vents annually form and link up remain visible. The positive-relief knobs may be deposits of material
that was funneled toward the vent but not yet ejected.

3. CO,; Ice Blocks: Their Formation and Dust Content

Using the KRC thermal model (Kieffer, 2013; see Text S2), we estimated the end-of-season CO, ice-thickness
distribution on the Russell crater megadune within the digital terrain model (DTM) footprint (Figure 4a).
By L, 202°, the model predicts a directly condensed CO, ice maximum accumulation thickness of 0.50 m on
the steepest slopes. However, alcoves are typically a few meters deep and also amass windblown CO, snow
(Figure 3a). Snow morphs into porous ice on Mars (Cornwall & Titus, 2009, 2010; Mount & Titus, 2015),
so CO, ice within alcoves (both directly deposited plus metamorphosed snow) is likely to be several meters

-54.25
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|
o
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Figure 4. Modeled CO, ice and dust thicknesses at L 202° within the DTM footprint. North is up. (a) KRC thermal model of CO, ice thickness (mm, assuming
ice density of 1,000 kg/ m?, see Text S2). The KRC thermal model outputs CO; ice thickness at local midnight. Therefore, a residual ~10-15-mm-thick CO,

ice layer would sublime completely during daylight hours. (b) Estimated dust thickness (microns) comprising seasonal sublimation lag. Areas with CO, ice
coverage are color-coded black because sublimation lag remains covered by CO, ice. DTM, digital terrain model.

DINWIDDIE AND TITUS

50f9



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL091920

thick. We measured 1.5- to 5-m CO, ice blocks at rest in Russell crater megadune gully channels (Fig-
ures Slc and S1l), indicating that even larger blocks detached from their point of origin and slid downbhill.
We hypothesize that IIBS drives recurrent jets of CO, gas upward through vents in the slab ice, ultimately
dislodging CO, ice blocks that potentially were discretized by vigorous agitation of the polygonal crack net-
work in the slab ice observed earlier in the season (Figure 3).

Accounting for windblown snow, in addition to atmospherically condensed CO, frost, increases the likely
dust content of the coalesced alcove ice deposit because atmospheric dust commonly forms condensation
nuclei for CO, snow. Assuming an atmospheric dust-to-gas mixing ratio of 7.5 x 10~° (Kieffer, 2007) and a
CO,-ice density of 1,000 kg/m3 (Aharonson et al., 2004; Haberle et al., 2004; Kieffer et al., 2000; Matsuo &
Heki, 2009; Mount & Titus, 2015; Smith et al., 2001; Text S2), the dust abundance in a 2-m-thick ice block
would be 15 um/m’. A 2-m-thick ice block with greater density, which is possible due to annealing, or an
even larger block would have greater dust abundance. Based on these assumptions, we estimated the end-
of-season, dust-thickness distribution (comprising a seasonal sublimation lag) at Ly 202° on the Russell
crater megadune within the DTM footprint (Figure 4b).

4. Mobility of CO, Ice Blocks

By L; 197° (MY28) and possibly earlier, gas pressure from IIBS can break the slab ice, dislodge and push
discrete CO, ice blocks out of place, such that they fall from alcoves or adjacent steep terrain and funnel into
linear dune gullies, down which they slide (Figures 1f, 1h, and 3d). Experimental studies of CO, ice blocks
(i.e., dry ice) sliding down terrestrial sand dune slopes (Diniega et al., 2013) have shown that the sliding
block sublimes from all sides, providing a low-friction gas cushion between the block and the dune slope.

Two airborne dust plumes lofted at L 202° (MY33) are observed in CTX image J06_047078_1253 (Figure 1),
and part of the near-field plume is also observed at 25-cm resolution in the simultaneously acquired HiRISE
image ESP_047078_1255 (Figure 1h). We subsequently identified two additional images of airborne plumes
on the same megadune slope (HiRISE PSP_002904_1255 and CTX D06_029408_1254) at L, 197° (MY28)
and L, 200° (MY31; Figures 1f and 1g).

The Russell crater megadune seasonally accumulates a coarse silt/dust layer of CO,-ice sublimation-lag res-
idue that is a few microns thick by L; 202°, based on our modeling (Figure 4b). Gas pressure from subliming,
sliding CO, ice blocks redistributes sublimation lag, potentially clearing coarse silt from levees surrounding
dune gully channels and depositing bright silt fringes around recently active channels (e.g., note the albedo
variations in Figures 1h and S1h). Dark gully fringes (Dundas et al., 2012), where present (e.g., Figure S1c),
may develop when sliding, off-gassing ice blocks throw low-albedo sand out of channels via saltation and
onto surrounding levees, burying bright sublimation lag beneath a fresh deposit of sand. Bright gully fringes
result when saltating coarse silt driven by the off-gassing pressure of ice blocks is redeposited farther from
the channel; locally thick silt deposits may form adjacent to recently active gullies, visible as an intermedi-
ate-albedo fringe surrounding gullies in optical data (Figure S11). As dust is mobilized by sliding, subliming
blocks of CO; ice, finer grains are lofted into suspension, thus forming optically thick, narrow dust plumes
that are dispersed downwind (Figure 3e). Although mobile ice blocks cannot be observed at the source of
the optically thick plumes because they are hidden by their own clouds of debris, the narrowness of the
plumes originating inside gullies indicates ice-block point sources (Figures 1f-1h and S1h’), not clouds of
avalanching sand and frost that were identified in the northern hemisphere by others (Hansen et al., 2011;
Russell et al., 2008). We also rule out an interpretation that the plumes occurring between L; 197° and 202°
are a manifestation of local DDS venting on the lee slope (Hansen et al., 2020), because slab ice has largely
sublimed from their gully point sources by this time of year (e.g., Figure 4a).

5. The Fate of CO, Ice Blocks

CO; ice blocks will come to rest when gas lubrication is no longer sufficient to overcome friction, such as
when the slope of the gully flattens, as occurs near the base of the lee slope. Subliming blocks will redis-
tribute adjacent coarse silt to a larger area, as well as add their own embedded coarse-grained dust to the
surroundings in the visible form of an intermediate-albedo dust fringe around linear dune gullies and the
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final resting places of ice blocks (e.g., Figures 1 and Sla). The presence of multiple ice blocks at rest near
the terminus of gullies within the same dust-plume imagery (e.g., Figure S11) provides additional support
for our interpretation of the airborne plumes.

Increasing CO, ice surface albedo with increasing insolation has been observed (Paige, 1985; Paige & Inger-
soll, 1985). An ice block likely will brighten from albedo 0.3 to 0.7. When an ice block is dislodged from its
point of origin, the ice block surface can become thermally stressed due to a sudden change in its surface
thermal gradient (especially if the surface had been previously in contact with a cold, sheltered alcove and
then became exposed to the warmer atmosphere; Kieffer, 1968) and/or due to an increased exposure to inso-
lation (Paige, 1985; Paige & Ingersoll, 1985); translucent CO, ice will fracture and brighten due to increased
internal scattering. Ice brightening (i.e., increased albedo) reduces the sublimation rate and increases the
longevity of an ice block. HiRISE image ESP_047078_1255 captured several three-dimensional-appearing,
high-albedo features at rest in linear gullies (Figures 1b, S1c, and S11) that are visually consistent with CO,
ice blocks. As CO, ice blocks slowly sublimate, they may leave a patchy frost residue before disappearing
completely (Figures 1b and Sl1c).

6. Implications of CO, Ice Blocks

A combination of optical and spectral imaging, stereo-image-derived DTMs, and observation-validated mod-
els provides new insights into CO,-ice-block formation, mobility, and final disposition. We bring together an
11-Mars-year baseline of mission data and thermal modeling to construct a compelling and consistent story
that vent-dislodged, sliding CO, ice blocks are an agent of change on the Russell crater megadune. Using
the KRC thermal model, we have estimated the spatiotemporal distribution of CO, ice thickness at key lo-
cations and times (Figures 4a and S2e-S2j). We then used our model-based estimates of CO, ice thickness
to estimate the thickness of seasonal sublimation lag (coarse-grained silt; Figure 4b), whose redistribution
by sliding and subliming blocks of CO, ice explains many of the observed albedo features (e.g., dune gully
fringes) on the lee slope after most of the CO, ice has sublimed. Previously, sliding CO, ice blocks were sug-
gested to have formed the Russell crater linear dune gullies, but our additional observations and modeling
have strongly enhanced the likelihood that this uniquely Martian process is responsible for many of the
albedo variations observed this time of year on the Russell megadune lee slope, as well as on smaller dunes
within this crater. CO, ice blocks are actively modifying the surface of Mars, altering linear dune gullies and
redistributing coarse-grained dust and silt (seasonal sublimation lag).

Data Availability Statement

JMARS (https://jmars.asu.edu/), a geospatial information system, was used to identify the Mars imagery
and data used in this research study, which are publicly available through NASA’s Planetary Data System
(https://pds-geosciences.wustl.edu/missions/mep/index.htm) and may be found online at http://viewer.
mars.asu.edu/ using the cited image numbers. The KRC thermal modeling code may be accessed via links
in the KRC Wiki at http://krc.mars.asu.edu/.
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