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Western Utopia Planitia (UP) is dotted with scalloped depressions, small-sized polygons and pingo-like
mounds. Within the planetary science community, there seems to be a general agreement that these
relatively recent landscape features are indicative of an ice-rich permafrost. However, questions about
the concentration of ice-content and the origin of the permafrost remain unanswered. The scalloped
depressions (  100 m to few km in diam.) are thought to be the product of degradation of ground-ice by
thawing or sublimation. Indeed, most of the scalloped depressions display bright bands on their ﬂoors.
These have been described as possible exposed sedimentary layers, markers of recessional ponded
water or slumped material by previous works. As the depressions could represent probes of the
permafrost, therefore the study of the inner bands could help to investigate the permafrost. Here, we
evaluate the disparate hypotheses of band origin using several HiRISE images and a HiRISE DEM. We
show that the depressions have an inner stepped-proﬁle. This proﬁle is reminiscent of exhumed and
tilted sedimentary layers of different cohesion. Using ArcGIS, we estimate the dip of several layers
(n ¼52). The stratiﬁcation is complex comprising layers of  2–4 m thick having different shallow dips
with generally a north or south plunge sense. This geometry of tilted layers is typical on Earth of
ﬂuviatile or eolian sedimentation. In the last few years, several evidences on Mars, among them the
subkilometer-scale smoothing of the topography and climatic simulations, suggested that the northern
mid-latitudes have been inﬂuenced by eolian processes. The inferred complex stratiﬁcation inside
scalloped depressions may support an eolian origin of the permafrost in UP. In periglacial regions on
Earth where thermokarst lakes are formed by extensive thawing of ground-ice, ice-rich permafrost are
composed of ﬂuvial or eolian sediments containing  15–80% of ice by volume. By analogy, the wide
occurrence of kilometric scalloped depressions in UP could assume an ice-rich permafrost of possibly
same ice-content. The presence of this ice-rich and stratiﬁed permafrost raises interesting questions
about its relatively recent formation and climatic signiﬁcance.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Western Utopia Planitia (UP) shows an assemblage of possible
periglacial landforms: scalloped depressions (Costard and Kargel,
1995; Lefort et al., 2009; Morgenstern et al., 2007; Séjourné et al.,
2011; Soare et al., 2007, 2008; Ulrich et al., 2010); spatially associated
small-sized polygons (Levy et al., 2009a, b; Morgenstern et al., 2007;
Seibert and Kargel, 2001), polygon-junction pits (Morgenstern et al.,
2007; Séjourné et al., 2010) and; pingo-like mounds (Dundas et al.,
2008; Soare et al., 2005) (Fig. 1a). Within the planetary science
community, there seems to be a general agreement that these
relatively recent landscape features are indicative of an ice-rich
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permafrost. However, the Gamma Ray Spectrometer detected only a
small percentage of water-equivalent hydrogen (4% wt. of ice) content in the near-surface of UP (zo1 m) (Boynton et al., 2002;
Feldman et al., 2004) but ground-ice is predicted to be stable at these
latitudes at depth 41 m (Mellon and Jakosky, 1995). Questions
concerning the concentration of ice-content and the origin of the
permafrost in UP remain unanswered.
Among the putative periglacial landforms, the scalloped depressions ( 100 m to few km in diameter) are thought to be the product
of degradation of ground-ice by thawing or sublimation (Costard and
Kargel, 1995; Lefort et al., 2009; Morgenstern et al., 2007; Séjourné
et al., 2011; Soare et al., 2007). As the depressions could represent
probes of the permafrost, the study of their inner morphology could
help to investigate the permafrost. Interestingly, the depressions
exhibit several inner bright bands whose origin remains enigmatic
(Fig. 1a). These bright bands are presumed to be exposed sedimentary
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Fig. 1. (a) Periglacial scalloped depressions and polygonal patterned-grounds in Utopia 1 Planitia (HiRISE image PSP_002162_2260). Credits NASA/JPL/Univ. of Arizona.
(b) Study 2 area (801–1001E, 351–501N) in western Utopia Planitia and distribution of HiRISE images 3 (  50) over the geological map of Tanaka et al. (2005) (ABvi: Vastitas
Borealis Interior; ABa: 4 Astapus Colles).

layers (Costard and Kargel, 1995), markers of intermittently receding
meltwater (Soare et al., 2008) or mass-wasting deposits (Lefort et al.,
2009; Ulrich et al., 2010).
In this paper, we focus on the origin of these inner bright bands
that could help to investigate the substrate in UP and/or formationevolution of scalloped depressions. Toward this end, we use a new
approach combining images from the High Resolution Imaging
Science Experiment ( 50 HiRISE images of 29 cm/pixel) and a HiRISE
stereo Digital Elevation Model (DEM). Our aims are to: (i) study the
morphology of the bands in relation to the topography of depressions; and (ii) evaluate disparate hypotheses of origin by comparing
the bands with possible terrestrial analogs.

2. Regional geology
Our study area (801–1001E, 351–501N) in UP comprises two
geological units (Fig. 1b). The Vastitas Borealis Interior unit (ABvi)
that is interpreted to be the Early Amazonian outﬂow channels
sediments reworked by periglacial processes during the Late
Amazonian (Tanaka et al., 2005) (Fig. 1b). The ABvi itself is
overlain by the Late Amazonian Astapus Colles unit (ABa) thought
to be an icy mantle emplaced by eolian processes (Tanaka et al.,
2005) (Fig. 1b). Some authors suggest that the periglacial landforms develop within the ABa mantle (Lefort et al., 2009;
Morgenstern et al., 2007). Others authors propose that the
periglacial landforms occur well beyond the margin of ABa,
possibly in a unit underlying it (Soare and Osinski, 2009).

3. A staircase-like proﬁle of scalloped depressions
In UP, the scalloped depressions are ﬂat-ﬂoored with a N–S
asymmetric proﬁle: the pole-facing slope ( 61) is steeper than the
equator-facing slope (1.21) with a depth ranging from 5–70 m
(Costard and Kargel, 1995; Lefort et al., 2009; Morgenstern et al.,
2007; Séjourné et al., 2011; Soare et al., 2007; Ulrich et al., 2010).
Depression with a diameter greater than 100 m shows inner bright
bands of  10 m width (n4100 depressions) (Séjourné et al., 2011).
Large-sized and deeper depressions (diameter 0.2–5 km) tend to
show more bright bands than medium-sized depressions (diameter
100–200 m) (n¼139 depressions) (Séjourné et al., 2011).
The bands are curvilinear and arranged in a roughly concentric
pattern inside the depressions. The orientation of their curve is

mainly equatorward and parallel to the pole-facing margins of the
depressions (Fig. 2a). Using a HiRISE DEM, we observe that the bands
form a series of steps of  1.5 m high separated by gentle benches of
20–100 m in length on the equator-facing slope (Fig. 2b). On studied
HiRISE images ( 50 images), the steps appear bright mostly because
they are highlighted by the sun forming bright bands. On the color
HiRISE images, no albedo differences are observed between the bands
and the surrounding depression ﬂoor (Fig. 2a).

4. Possible origins derived from terrestrial analogs
A number of hypotheses have been proposed to explain the origin
of the inner bright bands. They were ﬁrst proposed to be sedimentary
layers exhumed by formation of the scalloped depressions in which
they are found (Costard and Kargel, 1995). On Earth, the erosion of
monoclinal sedimentary rock layers of different hardness produces a
topography of benches and cliffs. The benches are formed by a
cohesionless layer (i.e. clays) and steep slopes are formed by a
resistant layer (i.e. grainstone). The layers show a curvilinear shape
indicating the dip of the sedimentary layers.
The inner bands were also interpreted as markers of episodic
loss of water within paleo-thermokarst lakes (alases) (Soare et al.,
2008). On Earth, thermokarst lakes are observed in areas underlain by a continuous and ice-rich permafrost. They occur when
the thermal equilibrium of permafrost is disturbed, resulting in
ground-ice thaw and subsequent ground subsidence with pooling
of meltwater (thermokarst process) (French, 2007; Soloviev,
1973). Thermokarst lakes are circular to elongate in shape, ﬂatﬂoored and relatively shallow with a diameter ranging from
several hundred meters to a few km (Mackay, 1956; Murton,
2001; Soloviev, 1973). Some lakes show concentric terraces
(  1 m high) resulting from the gradual lake subsidence and/or
sedimentation around the margins (Burn, 2002; Murton, 2001).
Another hypothesis suggests that the inner bands are masswasting deposits resulting from the degradation of the pole-facing
slopes of depressions (Lefort et al., 2009; Ulrich et al., 2010). In
periglacial regions on Earth, slopes underlain by permafrost are
often modiﬁed by mass-wasting. Active-layer detachments and
retrogressive thaw-slumps are two types of mass-wasting whose
morphology could resemble the inner bands of Martian depressions.
Active-layer detachments are shallow type of mass-wasting
triggered by the failure of the seasonally thawed near-surface soil
layers (active-layer) (Harris and Lewkowicz, 1993; Lewkowicz, 2007).
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Fig. 2. Scalloped depression showing several bright bands due to a stepped-proﬁle. The inner bands appear bright mostly because the steps are highlighted by the sun (see
sun illumination) (cross-section with vertical exaggeration) (Depression #1 in supplementary material) (HiRISE image PSP_002439_2265 & new HiRISE DEM 10
DTEEC_001938_2265_002439_2265_U01). Credits NASA/JPL/Univ. of Arizona.

The detachment is caused by an increase of soil moisture and a
reduction of shear strength at the base of the active-layer. This is due
to the rapid thawing of near-surface ice and/or the excessive snowmelt inﬁltration. Morphologically, an active-layer detachment comprises a slump scar, a slide plane and a slide mass ( hundred of
meters wide) accented by compression ridges at the surface
(Lewkowicz, 2007).
Retrogressive thaw-slumps are rotational slumps that occur in icerich permafrost when it is exposed to thaw by one of two means:
(i) the thermo-mechanical erosion from wave action along lakeshore/
coastline or (ii) active-layer detachments (Mackay and Slaymaker,
1989; Lantuit and Pollard, 2008). The thaw-slump is characterized by
a steep headwall (1–3 m high), where ground-ice may be exposed, a
headscarp that retreats by ablation of the permafrost, and a low
gradient footslope, where mud-ﬂows settle forming lobate deposits
(Lantuit and Pollard, 2008).

5. Evaluation of the proposed hypotheses
5.1. Slope degradation by mass-wasting?
If the bands inside the Martian depressions are the result of
mass-wasting, then their equatorward orientation suggest that
downslope movement must have originated at the equator-facing
margins of the depressions. However, some points undermine the
plausibility of the mass-wasting hypothesis: (i) no features

indicative of failure (failure cracks, slump-scars) or indicative of
downslope movement (slide-tracks and run-off channels) are
observed on these margins; and (ii) mud-ﬂows tend to form
lobate deposits whose geometry differs from band geometry.
5.2. A successive expansion of depressions?
The thermokarst-lake terraces hypothesis also suffers from
some shortcomings. Contrary to lacustrine terraces on Earth,
which are arrayed in a concentric and symmetrical pattern, inside
scalloped depressions, the bands occur only on the equator-facing
slopes. We suggest that the asymmetric pattern of steps could not
be explained by a lacustrine origin.
Alternatively, the similar shape between the bright bands and
the pole-facing scarp shows that similar processes could have
been at work in forming both features (Fig. 2). Failure cracks,
cirque-shaped alcoves and semicircular hollows on the polefacing margins of depressions are indicative of degradation by
removal of ground-ice (Fig. 2) (Séjourné et al., 2011). So, the
bands could result from the degradation of these pole-facing
margins: they could represent mass-wasting deposits or erosional
remnants. But as discussed previously, an origin of the bands from
mass-wasting seems unlikely. Recently, we proposed that the
expansion of the depressions is equatorward and evolves from the
formation of a semicircular hollow on pole-facing slopes
(Séjourné et al., 2011) (Fig. 2). The semicircular hollows form a
topographic step on the ﬂoor of the depressions (Fig. 2b). With
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the same mechanism, each step on the equator-facing slopes
could be produced by previous retrogressive degradation. The
successive degradation of the pole-facing slopes could form
several steps on the equator-facing slopes.

5.3. An exhumed complex stratiﬁcation?
Inside the scalloped depressions, the continuous, curved and
step-like shapes of the bands are reminiscent of eroded monoclinal sedimentary layers (Fig. 3a and b). Since no albedo differences are observed on the color images between the bands and
the surrounding ﬂoor, the difference of material composition
could not account for the topography. We suggest that the bands
(steps) could represent layers of material that are more resistant
to erosion than material that forms the relatively ﬂat terrain
between the steps (Fig. 3c).
In order to evaluate the possible origin of the bands as layers,
we mapped all the bands that could be potential layers and
calculated the dip of these layers using the HiRISE DEM and
ArcGIS. The dip of a layer is composed of three elements (strike,
angle of dip and dip sense): (i) the strike is the geometrical
intersection between the horizontal plane and the layer, i.e. the

Fig. 3. (a) Scalloped depression exhibiting continuous, curved and step-like bands
that are reminiscent of eroded monoclinal sedimentary layers. (b) The curved
shape of bands is used to infer the dip of the potential layers. The dip is composed
of three elements: the strike, the angle of dip and the dip sense. (c) The steppedproﬁle could be due to a difference in hardness of the layers. The bands (steps)
could be layers of material that are more resistant to erosion than material that
forms the relatively ﬂat terrain.
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direction of this line from the north line; (ii) the angle of dip is the
angle between the layer and the horizontal plane; (iii) the dip
sense is the direction of plunge, i.e. 901 from the strike (Fig. 3b).
Using a numerical model from an ArcGIS tool, the best ﬁt plane
that intersects the band were estimated (red plane on Fig. 3b).
From the geometrical properties of this plane, the three elements
of the dip (strike, angle of dip and dip sense) are extracted. For
example, the inclination of this plane with the horizontal corresponds to the angle of dip of the layer (Fig. 3b).
There are at least two main sources of uncertainty in our
estimation of the dip. The ﬁrst uncertainty comes from the DEM
(vertical  10 cm and horizontal  1–2 m) (McEwen et al., 2010).
The angle of dip y is obtained from the equation tan y ¼ Dh/d
where Dh is the difference in elevation and d is the horizontal
distance (see Fig. 3b). We estimated an uncertainty on the dip
value of 70.51. The second uncertainty comes from our estimation of the dip using the numerical model from ArcGIS. Therefore,
we tested the sensibility of the model with different parameters
in order to estimate an uncertainty. The estimated uncertainty on
the dip value is711. As a consequence, the total uncertainty on
the dip is 1.51. Moreover, in order to test the reliability of the
estimated dips, a correlation coefﬁcient was estimated for each
dip based on the ratio of the standard error on the estimation
divided by the standard deviation of elevation. We calculated 112
potential dip and selected 52 based on the estimated correlation
coefﬁcient ( 40.6) of each dip (supplementary material).

Fig. 4. Rose diagrams illustrating the range of strike and dip sense as a function of
frequency for 52 estimated dips from 15 scalloped depressions in the study area
(see 21 supplementary material for the dip angle).
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Fig. 5. Scalloped depression showing three layers having a dip sense toward the northwest direction. In this example, the bands do not show a southward curved shape (note
that the north is to the right; cross-section with vertical exaggeration) (Depression #6
in supplementary material) (HiRISE image PSP_002439_2265 & HiRISE DEM
DTEEC_001938_2265_002439_2265_U01). Credits NASA/JPL/Univ. of Arizona.

In our study, we have calculated the dip of numerous potential
layers (n¼ 52) from 15 different scalloped depressions (Fig. 4).
Our results show that the dip of layers ranges from 01 to 241 with
a strike being mostly east–west (Fig. 4a and see supplementary
material). The layers generally show a dip sense toward the south
(Fig. 3) or toward the north (Fig. 5) (see also Fig. 4b). Interestingly,
the mainly observed southward curved shape of the bands does
not necessarily show a southward dip of the layers (Figs. 5 and 6).
Indeed, it is the intersection between the topography and the
bands that determines the sense of dip. Inside large-sized scalloped depressions, the strike and the angle of dip are consistent
for the different inner bands (Fig. 6). So, the stratiﬁcation is
complex with layers of  2–4 m thick having different shallow
dips with mainly a east-west strike (Fig. 4). The minimum
thickness of the stratiﬁed deposit, which corresponds to the
deepest depression depth observed here, would be  70 m thick.

6. Degraded ice-rich eolian deposits
As shown by the assemblage of landforms (scalloped depressions,
small-sized polygons and polygon-junction pits) occurring in UP, the
permafrost is ice-rich (Costard and Kargel, 1995; Séjourné et al., 2011;
Soare et al., in press). Inside the scalloped depressions, the difference
in hardness between the exhumed layers could be explained by a
difference of cohesion of the material and/or thermal conductivity.
The variation of cohesion could be due to a difference in the ice
content of the layers (Fig. 7a). On Earth, it is not unusual to see
sedimentary layers with a relatively higher ice-content protruding
from outcrops of permafrost (Fig. 7b). As the latent heat needed to
thermally degraded permafrost increases with ice-content, layers
with higher ice-content are more resistant to thermal degradation

Fig. 6. Large-sized scalloped depression showing three layers having a dip sense that is
northward. The dips are consistent for the different inner bands (cross-section with
vertical exaggeration) (Depression #3 in supplementary material) (HiRISE image
PSP_002439_2265 & new HiRISE DEM DTEEC_001938_2265_002439_2265_U01).
Credits NASA/JPL/Univ. of Arizona.

than layers with lower ice-content (Dupeyrat et al., 2011 and see
French, 2007 p. 90).
In periglacial regions on Earth, ice-rich permafrost is generally
composed of stratiﬁed sediments whose origin is ﬂuvial or eolian
(French, 2007). The cross-sections of scalloped depressions show that
the stratiﬁcation is complex with different dips (Fig. 4). This geometry
of tilted layers could be indicative of a ﬂuviatile or eolian sedimentation. In UP, the geological units (ABvi and ABa) where the scalloped
depressions occur are of both origins and do not help to discriminate
the origin of the layers (Tanaka et al., 2005).
In the last few years, several works emphasize that the surface of
Mars is/was strongly inﬂuenced by eolian processes. The concentriccrater ﬁlls in kilometric impact craters in UP are interpreted to be
eolian deposits or atmospherically emplaced debris-covered glacier
(Levy et al., 2009a, b; Pearce et al., 2011; Zimbelman et al., 1989). The
latitudes 4471N in the northern lowlands show a subkilometer-scale
smoothing of the topography that is interpreted to be due to a
relatively recent eolian mantle deposit (Head et al., 2003; Kreslavsky
and Head, 2000). Furthermore, recent climatic simulations predicted
an active water-cycle with an increase of the dust content and
circulation of the atmosphere on Mars during recent moderateobliquity periods (Madeleine et al., 2009). Therefore in UP, the
subkilometer-scale smoothing, the absence of channel outlets around
western UP and the inferred complex stratiﬁcation inside scalloped
depressions may support an eolian origin of the deposit.
On Earth, extensive thermokarst processes best develop in
stratiﬁed ice-rich permafrost containing  15–80% of ice by
volume, and in some places as high as 70–80% (French, 2007;
Soloviev, 1973). By analogy, the wide occurrence of kilometric
scalloped depressions could assume an ice-rich permafrost in UP
of possibly same ice-content.
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Supplementary materials associated with this article can be
found in the online version at doi:10.1016/j.pss.2011.09.004.
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Fig. 7. (a) The stepped-proﬁle of scalloped depressions formed by the differential
sublimation of layers having different ice-content (with vertical exaggeration)
(HiRISE image PSP_002439_2265). Credits NASA/JPL/Univ. of Arizona. (b) Stratiﬁed
frozen eolian sediments of Pleistocene age showing protuding ice-rich layers along
the Lena River bank (Siberia).

7. Conclusion
The scalloped depressions in Utopia Planitia are formed by
degradation of an ice-rich permafrost. They show an inner
stepped-proﬁle that is reminiscent of exhumed sedimentary
layers of various cohesions. Here, using HiRISE images and a
HiRISE DEM, we estimate the dip of potential layers (n ¼52) and
show that their geometry is consistent with the tilted layers of
different direction. The inner stepped-proﬁle could be due to the
differential sublimation of layers having different ice-content. The
stratiﬁcation is complex and composed of layers having different
shallow dips possibly indicative of eolian sedimentation. Our
study shows that the permafrost in Utopia Planitia is stratiﬁed
and ice-rich, possibly like terrestrial ice-rich permafrost, i.e.
15–80% of ice by volume. The presence of this ice-rich and
stratiﬁed permafrost raises interesting questions about its relatively
recent formation and climatic signiﬁcance.
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Séjourné, A., Costard, F., Gargani, J., Soare, R.J., Marmo, C., March 2010. The polygon
junction pits as an evidence of a particularly ice-rich area in utopia planitia. In:
Proceedings of the Lunar and Planetary Science Conference, Abstracts. vol. 41.
p. 2113.

Soare, R., Kargel, J., Osinski, G., Costard, F., 2007. Thermokarst processes and the
origin of crater-rim gullies in utopia and western Elysium Planitia. Icarus 191
(1), 95–112.
Soare, R.J., Burr, D.M., J. M., Wan Bun Tseung, 2005. Possible pingos and a
periglacial landscape in northwest Utopia Planitia. Icarus 174 (2), 373–382.
Soare, R.J., Osinski, G.R., 2009. Stratigraphical evidence of late amazonian periglaciation
and glaciation in the astapus colles region of Mars. Icarus 202 (1), 17–21.
Soare, R.J., Osinski, G.R., Roehm, C.L., 2008. Thermokarst lakes and ponds on mars
in the very recent (late amazonian) past. Earth and Planetary Science L. 272
(1–2), 382–393.
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