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Abstract on Mars, a smooth, draping unit—the “latitude-dependant mantle” (LDM), believed to comprise
meter thick layers of dust and ice—extends from the midlatitudes to the poles, covering at least 23% of
the surface. We show that the LDM can be 30 m deep on pole-facing crater walls, and by measuring the
erosional and depositional volumes of small gullies that incise these LDM deposits, we show that it must
contain between 46% and 95% ice by volume. Extrapolating to a global scale, these deposits account for
~10%km?3 of near-surface ice, doubling previous LDM volume estimates. Thick LDM deposits can be emplaced
during the many orbital variation-driven climate excursions that occurred during the Amazonian period.
We suggest that LDM deposits are similar to ice sheets composed of massive ice with a surface lag.

1. Introduction

Outside the polar regions, the bulk of Mars’ shallow ground ice is thought to reside within the “latitude-dependent
mantle” (LDM), a morphological unit that drapes the underlying terrain [Head et al., 2003; Kreslavsky and Head,
2000; Mustard et al., 2001]. The LDM has been linked to observations of present-day, massive ground ice in

the upper tens of centimeters of Mars’ surface by gamma ray spectrometry remote sensing [Feldman et al., 2004]
and by identification of high albedo, swiftly fading deposits within newly formed impact craters at 42-56°N
[Byrne et al., 2009]. Shallow ice was identified in situ by the Phoenix lander at 68°N [Smith et al., 2009].

The LDM covers 23% of the planet to an estimated thickness of 6-12 m at latitudes >45° in both hemispheres
[Kreslavsky and Head, 2002]. It is interpreted to be a mixture of ice and dust based on the presence of
thermal contraction polygons and sublimation-like degradation pits and on increased levels of degradation/
dissection toward the midlatitudes [Mustard et al., 2001; Schon et al., 2012]. Impact crater size-frequency
statistics show that the LDM is young (0.1-1 Ma) [Schon et al., 2012] and in places comprises at least six layers
[Schon et al., 2009a].

On cold pole-facing slopes in the midlatitudes, the LDM often blankets the middle and lower parts, infilling
local hollows, and has a well-defined, lobate margin near the top of the slope [Christensen, 2003]. Erosional
gullies [Malin and Edgett, 2000] (Figure 1a) occur in such LDM deposits, inspiring suggestions that it is
analogous to a “pasted-on” snowpack [Christensen, 2003]. Such gully-LDM systems have been previously
described [Levy et al., 2009b, 2011; Schon and Head, 2011; Raack et al., 2012], and the LDM in such regions
exhibits polygonal patterns associated with thermal contraction, crevasse-like fractures, downslope
lineations, and steep gully incisions. This pasted-on LDM overlies other putatively ice-rich deposits, such
as concentric crater fill [Levy et al., 2009a]. For four sites that share these distinguishing characteristics
(see supporting information for site descriptions), we used gullies to investigate the composition of the
LDM by comparing the volumes of their source alcoves and terminal deposits.

2. Approach

2.1. Volume Calculations

For our volume calculations, we used ~1 m/pixel digital elevation models (DEMs) derived from stereo
images acquired by the High Resolution Science Imaging Experiment (HiRISE) on board the NASA Mars
Reconnaissance Orbiter (MIRO). All the DEMs were produced using the software packages ISIS3 and SocetSet
following the workflow of Kirk et al. [2008] (Table 1). The specific gullies within the LDM were chosen (i) to
be widely distributed in longitude to avoid local effects (Table 1), (ii) to be morphologically representative of
this type of gully [Aston et al., 2011], and (jii) to have reliable stereo HiRISE coverage. We first defined a
palaeotopographic surface by fitting a smooth surface to areas adjacent to, but outside of, the gully system.
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Figure 1. Example of gullies in site 3. (a) Overview of the system. (b) Same overview with 25 m extrapolated contours over-
lain with solid lines, the original contours as dashed lines, and the gully zone masked in white. (c) Difference map: erosion
indicated by negative values, deposition by positive ones. (d) Debris apron with well-defined channels visible. (e) Gully
alcove delineated by a sharp scarp which crosscuts preexisting slope lineations with no noticeable deformation. (f) Polygonal
fractures on the illuminated alcove wall. The locations of Figures 1d-1f are found in Figure 1a and marked by boxes.

HiRISE image PSP_002514_1420, credit NASA/JPL/UofA.

We assumed that the LDM was originally continuous because (i) the gully-adjacent regions are smooth; (i) gullies
cut preexisting textures, suggesting removal of material (Figure 1); and (jii) sharp slope breaks mark the edge of
the alcoves (Figure 1e), suggesting little or no draping by mantling material postgully formation. To further
constrain the palaeotopographic surface, we extended topographic contours across the gullies, which were
contiguous with the undisturbed LDM on either side (Figures 1a—1c). On the depositional fans, we used 5m
contours and elsewhere 25 m contours. The palaeotopographic surface was derived by performing a natural
neighbor interpolation using the gully-adjacent topography and the extrapolated contours as input data. The
output was a new elevation model with the same resolution as the underlying DEM. To calculate the erosional
and depositional volumes of gully material, we calculated the volume differences between the original DEM
and the palaeotopographic surface. Error propagation calculations suggest that our estimates of volumes are
accurate to within ~25% (section 2.2; Table 2). The maximum depth of erosion and deposition was taken as the
maximum negative and positive vertical differences between the DEM and the palaeotopographic surface. We
assumed that the maximum erosion depth corresponds to the maximum thickness of the removed material.

2.2. Errors in Elevation Data and Calculations

Using the method of Okubo [2010], we estimated the vertical precision of the DEMs to be between 0.18 m
and 0.44 m (Table 1). The absolute values of the elevation were tied to Mars Orbiter Laser Altimeter point data.
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B For sites 1 and 2, the calculated aeolian
c . . .
%g DERGR AR AR S S = 6 deflation is ~1.5m, and site 1 does
fg|ee~ o maedead- - show evidence for aeolian activity in the
£ form of ripples (<2 m wavelength), so
we cannot rule out deflation completely
= in these cases. At the other two sites,
] .
5 = aeolian bedforms are present, but we
w = : ~
5slcomououenOom 0T O still observe ~1 m deep channels and
28 NENYHIATT IS RNEZIEY Q& equivalent vertical deflations of >7 m in
[ . .
% 2 the majority of the cases. These large
£ aeolian deflation values are unrealistic,
given the preservation of multiple
= generations of channels on the
c = . . .
29 fans (Figure S2 in the supporting
L © . . .
f2|ownoanvvoyganymynon information). In the following
cf| 83533333 oo calculations, therefore, we neglect
wv
g é aeolian deflation and assume that the
s “lost” volume of material is due to the
removal of a volatile component, which
’g in the absence of plausible alternatives,
25 was almost certainly water ice that
s < — — D~ . .
ST R0 R3~33LBBRIE5Y K3 E| sublimated, or melted and then drained
c @© O OO OO0 OO0OO0OO0OO0O OO oo | o O O .
o= away, during gully emplacement.
o
© ) . .
i By examining the ratio of deposited to
eroded volumes in these gullies, the initial
% ~ 5 ice content of the pasted on material can
c = o o
28FZ|IRRNBANIFTITIIEMNE28R 3 be calculated from the volume of lost
3 88| NaANYTmMmunneFaAmORE~NGC 1nh . .
&5 2 material. In the areas we have examined,
o Lo . .
f; the LDM incised by gullies contains
w .
s 46-94% (mean 75%) ice by volume
om . . T
E 2 E|Cud I LI -oT o8 _=oX3s2 (Figure 2 and Table 2). This value is likely to
8- afrnauavgolNKao s inD . ; .
2 35| omo-coTa NIV O m Y be even higher: nine of the fifteen gullies
a ol - - M N =0 — N ninm—F .
> 0o studied are connected to upslope areas
] without LDM (e.g., Figure 3a) that could
Y o - have contributed additional debris to the
w S E| N mAANS - N R ST valx 3« . . .
5§ 23| ¥32880h83s98ndgge 88X terminal deposit, hence decreasing the
E o ¢ @Q\domm.—,ﬁfmwmogﬁg o = N . .
Lg% ngRAeYEemamY =Y measured eroded/deposited volume ratio.
o A .
g es We assume that the compaction of the
Y solid fraction on deposition is limited,
wv
2 . e .
f: SE|gr 8 § § = g Qa2 E % g 5 5 pecagse it is uncertain if this solld.frac.t|o.n
e B R I U W S AR SR v I AN is derived from a surface lag, debris within
T 2O INNLYS NN PR e N QW . . : R
g M - =2« S =S Y W the ice, or material underlying the ice;
E hence, its initial porosity and
S o« © compressibility are unconstrained.
S sElunIc8nRlaldnasyoR 2o . .
S ovloltmnunmdg=Ragacnmy o On the pole-facing crater slopes studied,
S 0E|RGNO9N o g T AT NLOYONAOS NO A )
2O 2| 2o REAIITE-IIBAZ - the LDM is 5-30 m thick (mean 17 m)
9 >
s based on our DEM measurements
E (Figure 2 and Table 2)—deeper than
E =2 previous LDM estimates from flatter
> — — . . . .
S = || © @ T NI RTE R G e = e areas at similar latitudes, which are on
> 0
n the order of several meters [Mustard
o c et al, 2001; Head et al., 2003]. Multiple
s 9 g ?2-5 é layers of LDM exist outside the impact
= < T < .
e M mm Mmoo Mmoo 0 craters at these latitudes [Schon et al.,
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Figure 2. Ratio of (left axis) volume deposited to volume eroded and
(right axis) estimated ice content plotted against the estimated thick-
ness of LDM for 16 gullies. The anomalous point (top of plot) is a gully
outside of the LDM (i.e,, ice content can be ignored). The dotted lines
show values <1, where erosion exceeds deposition and values >1,
where deposition exceeds erosion. The error in ice content was calcu-
lated by propagating error in the contour extrapolation method.

2009a], but we have not identified layering
even in freshly exposed sections (Figures 3b
and 3¢), suggesting that this is a single,

thick layer of LDM perhaps produced in a
single event. Alternatively, if successive layers
have similar ice contents, multiple layers may
appear as one, although development of any
surface lag would inhibit this.

4. Global Extrapolation
of Ice Volume

LDM deposits similar to those reported cover
many pole-facing slopes at this latitude [e.g.,
Levy et al., 2009b; Raack et al., 2012]. To estimate
the global inventory of ice contained in such
deposits, we undertook a survey of craters
between 1 and 50 km in diameter to determine
(i) the frequency of such deposits and (ii) their
spatial extent (in terms percent of perimeter
and radius occupied).

Cross-Section A-'

Elevation (m)

Detrended A-'A ‘

0 200 400 600 800 1,000 1,200 1,400

Distance (m)

Figure 3. The gullies and the LDM. (a) “Pristine” gullies in LDM at site 4. (b)

Isolated gully in LDM-filled crater at site 2, deformation

of the LDM shown by crevasse-like cracks near A and a bulge at the base near 'A (arrow in detrended topographic profile).

(c) Detail of gully wall; a competent layer is visible ~5 m below the undisturbed LDM surface. (d) Disintegration of LDM polygons
into loose material on the gully walls; no layering is visible. The boxes in Figure 3a outline the locations of Figures 3c and 3d.
HiRISE images ESP_011672_1395 (Figures 3a, 3¢, and 3d) ESP_013850_1415 (Figure 3b), credit NASA/JPL/UofA.
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Conway and Mangold [2013] found that pole-facing smooth deposits occur between 33 and 45°S in their
survey of ice deposits in the Terra Cimmeria region. Equatorward of this zone, they found ice-free regions;
poleward, smooth deposits are found in all craters covering all slope exposures. We therefore constrained our
survey to latitudes 33-45° north and south. We randomly chose 200 craters from the Robbins and Hyneck's
[2012] crater database, and using MRO Context Camera (CTX) images, noted the presence or absence of
pasted-on LDM deposits in each crater and measured the radial width and span of the perimeter occupied by
any observed deposit. Table S1 in the supporting information summarizes the results of this survey. Out of
the 200 craters, 44 are not covered by or had poor quality CTX data, and only 22 contain no deposits. We
found little variation in the percentage of craters containing deposits with crater diameter; hence, we

used the value for all craters of 87% for further calculations. The fraction of the perimeter occupied by the
deposits ranges between 0 and 100%, but its mean value does not vary with crater diameter; hence, we took
the mean perimeter occupation fraction of 40% as being representative of the population. We found a
systematic variation in radial width of the deposit (w) with crater diameter, from 0.4 x D (D = crater diameter)
for craters 1-2 km in diameter to 0.1 for craters >5km in diameter. To estimate the likely deposit width for
any given crater diameter, we performed a linear least squares fit of logD against w:D, thus producing a
function describing how radial width changes with crater diameter.

To extrapolate these results to the global data set, we extracted all the craters <50 km in diameter from the
impact crater database of Robbins and Hynek [2012] for latitudes between 45° and 33° north and south
(excluding the Hellas Basin, Argyre Basin, and Thaumasia regions). We set the probability of a crater having
LDM deposits to 0.87; the proportion of the perimeter occupied to 0.4 and calculated the radial width

of the deposit as a function of the crater’s diameter. At latitudes poleward of 45°, all crater walls have

LDM deposits, irrespective of size, so the probability of crater having a deposit and the proportion of

the perimeter occupied were both 1, with the radial width of the deposit remaining a function of the
crater’s diameter. We assumed an LDM thickness of 10-30 m. Multiplying these factors gave a volume of
9300-27,800 km? (~10* km?) for the southern hemisphere. Including the northern hemisphere takes the
estimate to 11 900-35,800 (~10% km?3). We consider this as a conservative estimate, because we do not
include craters <1 km, crater rim exterior slopes, noncrater-related slopes, or the fact that LDM near the poles
may be thicker. Even so, this doubles previous global estimates of the volume of ice contained within the
LDM [Mustard et al., 2001; Kreslavsky and Head, 2002].

5. Discussion
5.1. Origin of the LDM

Our observations and results allow formation hypotheses for ice in the LDM to be tested. Two main
hypotheses exist: slow vapor diffusion of water vapor into a regolith to form an ice-rich, particulate substrate
[Mellon and Jakosky, 1995] or direct emplacement of ice as snow/frost accumulation [Mustard et al., 2001;
Head et al., 2003; Milliken et al., 2003; Schon et al., 2009a] or frozen liquid water [Soare et al., 2011]. Vapor
diffusion alone cannot usually produce ice volumes exceeding regolith pore space (“massive ice, usually
>20% by volume), but recent studies of vapor transport into porous regoliths containing thermal contraction
cracks [Fisher, 2005] show that massive ice can reach 70% by volume through diffusion processes, but only
to the depths to which the cracks penetrate. Over half of our sites have both estimated ice contents of
greater than 70% and polygonal fracture patterns on the surface. However, polygon spacing is always <10 m (e.g.,
Figures 2f, 3¢, and Figure S1 in the supporting information), suggesting crack depths of only a few meters
[Lachenbruch, 1961]. We conclude that vapor diffusion is unlikely to have emplaced such deep ice-rich deposits.

Alternative formation mechanisms to vapor diffusion include emplacement by snow or frost accumulation
[Schon et al., 2009a], or by concentration of ice through freeze thaw cycling, as is common on Earth

[Soare et al., 2011]. In both models, ice is protected from ongoing sublimation by a surface lag of at least
several centimeters thick, derived from material liberated from within the ice during deflation, or from fallen
debris. This matches observations made at the Phoenix Lander site [Smith et al., 2009], where massive ice
was found beneath several centimeters of dry soil. If such a lag was present on intracrater LDM deposits
incised by gullies, the lag material would contribute to the sediment volumes deposited at the gully terminus.
If the ice content of the LDM was at the upper end of our estimated values, 94%, then we calculate that
this lag would be between 0.25 and 8.24 m thick (mean 3.21 m) for our study sites. Indeed, we have observed
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a mechanically resistant layer of 3 to 7m thick (as little as 0.5 m, where polygon tops are collapsing;
Figure 3c) in two fresh, steep scarps cut into the LDM (Figures 3a-3c), which we interpret to represent
the top of the ground ice. The presence of a lag of this thickness both supports the accumulation model
for LDM formation and is consistent with an ice content of the LDM at the upper end of our estimated
range of 46-94%.

5.2. Implications for the Generation of Liquid Water

Given the high ice content of the substrate and the presence of a debris lag, the gully-LDM systems presented
here seem to have their nearest terrestrial analogue in debris-covered glaciers or ice-cored moraines. In
such systems, gullies form by melting of the interior ice in discrete zones where debris cover is thin. Once a
point of collapse is initiated, exposed ice melts even more, and a positive feedback ensues, causing more
failure. When sufficient debris builds up, failure halts [Lukas et al., 2005]. This pattern of gully formation
without complete destabilization and removal of the ice-cored substrate is similar to the observations of
gullies in the LDM. This supports the hypothesis that gullies can be formed by melting of the LDM

[Schon et al., 2009b] and does not require an external reservoir (aquifer or snowmelt), as suggested by some
authors [Malin and Edgett, 2000]. Alternately the presence of massive ice could act to trap carbon dioxide
[Vincendon et al., 2010], which could carve gullies by CO, sublimation processes [Dundas et al., 2010; Diniega
et al., 2013; Raack et al., 2014]. We think that this is unlikely for carving the chutes of these gullies given the
erosive power required to incise into almost pure ice, as opposed to melting it.

Ice-rich deposits, tens of meters thick, on slopes are likely to undergo plastic deformation [Milliken et al.,
2003], and our sites do contain examples of flow (Figures 1a, 1e, and 3d). Hence, the pasted-on terrain could
be a precursor to viscous flow features [Milliken et al., 2003; Souness et al., 2012], which are observed
elsewhere in the midlatitude regions of Mars. If this is the case, the LDM exists within a glacial process domain
in which precipitation, accumulation, and degradation find their analogues in cold and dry glacial landscapes
on Earth.

Previous studies [Jakosky and Carr, 1985] proposed that the LDM was emplaced during periods of above
average insolation at the poles (i.e., when Mars’ axial tilt was >30°). During these periods, the most

recent being ~0.35 Ma ago, water ice was redistributed from the poles to the midlatitudes [Jakosky and Carr,
1985]. Models suggest that a maximum of about 1 m of ice could have been emplaced during each of the
20 high-obliquity excursions which occurred during the last 2.1 Ma [Mischna et al., 2003], yet the lack of
internal layers within thick deposits of high-ice-content material in our study areas suggests that this material
was emplaced during a single-obliquity excursion. Hence, in certain environments, a much greater thickness
of LDM can be laid down in a single episode than was previously thought. This provides a possible
explanation for the patchy distribution of other landforms thought to be emplaced by ice accumulation,
such as glacier-like forms [Souness et al., 2012].
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