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Abstract

Patterned grounds such as polygonal features and slope stripes are the signature of the presence of ground ice and of temperatu
in cold regions on Earth. Identifying similar features on Mars is important to understand its past climate as well as the ground ice dis
In this study, young patterned grounds are classed and mapped from the systematical analysis of Mars Observer Camera high
images. These features are located poleward of 55◦ latitude which fits the distribution of ground ice found by the Neutron Spectrom
onboard Mars Odyssey. Thermal contraction due to seasonal temperature variations is the predominant process of formation o
formed by cracks which sizes vary from 15 to 300 m. The small (<40 m) widespread polygons are very recent and degraded by the desic
of ground ice from the cracks which enhances the effect of ice sublimation. The large polygons (50 to 300 m) located only around
CO2 polar cap indicate the presence of ground ice and thus outline the limit of the CO2 ice cap. They could be due to the blanketing of wa
ice deposits by the advances and retreats of the residual CO2 ice cap during the last thousand years. Large (50–250 m) and homoge
polygons similar to ice wedge polygons, hillslope stripes and solifluction lobes may indicate that specific environments such as cr
and hillslopes could have been submitted to freeze–thaw cycles, possibly related to higher summer temperatures in periods o
higher than 35◦. These interpretations must be strengthened by higher resolution images such as those of the HiRise mission o
Reconnaissance Orbiter because locations with past seasonal thaw could be of major interest as potential landing sites for the Phoe
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The occurrence of polygons on Mars similar to tho
found on Earth in periglacial regions has been the s
ject of debates for three decades. Large polygonal sys
were identified on Viking images of the Northern plai
(Pechmann, 1980; Lucchitta, 1983). These polygons, 2
10 km across with bounding through widths of 200 to 800
are too large to be compared to terrestrial periglacial p
gons and could be better related to tectonic stresses, m
in relation with a past ocean(Hiesinger and Head, 2000.
New high resolution images of the Mars Observer Ca
* Fax: +33-1-6019-1446.
E-mail address:mangold@geol.u-psud.fr.

0019-1035/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2004.07.030
e

era (MOC) of MGS show small-scale polygons much m
similar in size to terrestrial patterned ground(Baker, 2001;
Malin and Edgett, 2001; Masson et al., 2001; Yoshika
2002; Mangold et al., 2002a, 2003; Kuzmin et al., 20
2003; Leverington, 2003). Polygons found in the Utopi
and Elysium regions are several hundreds of meters l
and could correspond to Late Amazonian events of t
mal cracking and a possible control by thawed ground
(Seibert and Kargel, 2001). Nevertheless, the preferred o
entation of cracks suggests a control by tectonic stre
(Yoshikawa, 2002). Such interpretations question the o
gin of small scale polygons as due to periglacial proce
created by the temperature variations in ice rich layers. Id

tifying polygons related to periglacial processes is important
in order to study recent modifications of ice distribution and
climate on Mars.

http://www.elsevier.com/locate/icarus
mailto:mangold@geol.u-psud.fr
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Fig. 1. Different types of small scale patterned grounds on Mars. (A) Homogeneous small polygons without apparent cracks. MOC image #M
65.7◦ S, 176.8◦ W, Ls = 162◦ (Ls = solar longitude). (B) Regular hexagonal patterns. MOC image #M04-02503, 63.2◦ S, 275.4◦ W, Ls = 192.5◦. (C) Similar
to (A) in the northern hemisphere. MOC image #M14-00154, 60.6◦ N, 2.9◦ W, Ls = 329.1◦. (D) Hummocky terrains. MOC image #M03-04266, 54.1◦ S,
229.5◦ W, Ls = 174.9◦. (E) Small cracks visible from the presence of CO2 ice inside. MOC image #M08-03679, 69◦ S, 98.4◦ W, Ls = 225.9◦. (F) Straight
cracks close to south polar cap. MOC image #M09-01292, 84.9◦ S, 103.6◦ W, Ls = 238.4◦. (G) Ice wedge like polygons on the floor a 20 km diameter cr
in the northern hemisphere. MOC image #E03-00299, 64.7◦ N, 292.9◦ S,Ls = 140.6◦. (H) Complex networks of cracks defining polygons of different siz
MOC image #M08-05725, 67.7◦ S, 347.7◦ W, Ls = 230.2◦. (I) Polygons of variable size with fractal like geometry. MOC image #M09-04469, 74.4◦ S,

98.9◦ W, Ls = 246◦. (J) Cracks after complete defrosting of CO2 ice. MOC image #M12-00012, 69.6◦ S, 271.4◦ W, Ls = 293.2◦. (K) 300 m large polygons
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of Utopia Planitia. MOC image #M04-01631, 44.3◦ N, 272,7◦ W, Ls = 190
region near Schiapparelli basin. MOC image #AB102306, 5.4◦ S, 340.7◦ W

In this study, polygons 15 to 300 m large (Fig. 1) found at
high latitudes of Mars are described and classified. The c
sification uses criteria such as the size of the polygons,
homogeneity of their size, the occurrence of cracks and
control by local topography. The results show that most
terned grounds can be classified into nine types. Four t
are restricted to high latitudes of the southern hemisph
Clearly associated with climatic variations are the four ty
of polygons found at the same latitudes on both hemisphe
Scenarios of their formation is proposed, invoking as a m

process seasonal thermal contraction. The role of a poten
tial freeze–thaw cycles is finally discussed for some of these
landforms.
Polygons localized inside bright areas in depression patch in the equa
201◦.

.

2. Classification, distribution and age of patterned
grounds on Mars

2.1. Description of martian patterned grounds and
terrestrial analogs

Small-scale patterned grounds on Mars display a la
variety of geometry and size. A common kind of pattern
ground consists of very regularly spaced polygons, typic
30 m large, apparently devoid of straight cracks (Figs. 1A,

-1C). Similar patterns can be found in both hemispheres
(Fig. 1C). Such small patterns were identified byMalin and
Edgett (2000)(Fig. 9b at 54,8◦ S) in the vicinity of recent
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gullies. OnFig. 1B, polygons are slightly smaller (25 m
but very homogeneous and more hexagonal. Another di
ence is that the polygon borders are bright inFigs. 1A and
1C but dark inFig. 1B. Bright borders can be explained b
CO2 frost trapped in the trough between polygons, in ag
ment with the season (late winter or spring) at which
images were taken. By contrast, the dark borders of p
gons ofFig. 1B can be due either to differences in mater
albedo, or to shadows due to troughs between polygon
the case ofFig. 1D, the dark bounds are certainly due
shadows rather than differences in composition, resultin
a texture formed by hummocks. Patterns such asFig. 1D
have been described as “basket ball terrain” byHead et al.
(2003), though it is not clear if this term includes also sm
patterns such asFigs. 1A–1C.

Straight troughs define polygons in the range of 20
400 m in width forming crack networks of a very diffe
ent geometry (Figs. 1E–1L). On Figs. 1E, 1G, 1H, and 1I,
networks of cracks are outlined by the presence of carb
ice frost which suggests bounding troughs separating p
gons(Kossacki and Markiewicz, 2002). The identification
of bounding troughs is also possible from their shadows
ter the seasonal CO2 ice is gone (Fig. 1J). OnFig. 1F located
close to the south polar cap, it is not clear why cracks ap
dark, but it may indicate differences in seasonal ice thickn
over the bounding troughs. The Utopia basin region (40◦ N)
displays MOC images with regular sized polygons usu
two times larger than the largest polygons in regions of h
latitudes (Fig. 1K). Polygons in equatorial regions are ve
sparse and have a geometry different than the cracks o
high latitude regions (Fig. 1L).

All the described patterned grounds have different o
nizations that may correspond to different processes of
mation. On Earth, the formation of patterned ground in c
regions is mainly due to (1) freeze–thaw cycles and/or
thermal contraction of ground ice(Johnston, 1981; French
1996). Nevertheless, similar patterns can exist independe
of the periglacial context as a consequence (3) of the de
cation of wet sediments or (4) of tectonic stresses.

Freeze–thaw cycles create features like sorted str
on slopes, sorted circles, sorted nets and sorted poly
(Figs. 2A, 2B), mud boils or hummocks (Fig. 2D). All of
these landforms involve processes due to the ice/liquid
ter transition phase(French, 1996). These physical process
may correspond to thermally-driven convection, diapiris
or differential frost heave and ice segregation(Ray et al.,
1983; Gleason et al., 1986; Hallet and Prestrud, 19
Swanson et al., 1999; Van Vliet-Lanoë, 1991; Fowler a
Krantz, 1994; Kessler and Werner, 2003). The other main
type of terrestrial patterned ground is characterized by
works of cracks, also called non-sorted nets or more s
ply polygons. In cold regions, cracks are due to the th
mal contraction of the ground ice during winter (Figs. 2C,

2D). No seasonal thaw of ground ice is needed for ther-
mal contraction, but, on Earth, cracks are often filled by
water coming from the melting of snow or ground ice
4 (2005) 336–359

s

which freezes inside the cracks in winter and forms
so-called ice wedge(Lachenbruch, 1962; French, 199
Plug and Werner, 2001). In that case specific landforms lik
mudboils (Fig. 2D) or ridges over cracks (Fig. 2D) can occur
in conjunction with thermal contraction. Some of those
served on Mars (Figs. 1G, 1F) have a geometry very simila
to terrestrial ice wedge polygons (Figs. 2C, 2D).

The desiccation of muddy sediments (Fig. 2E) or spe-
cific tectonic stresses(Hiesinger and Head, 2000)can form
networks of cracks with a geometry very similar to tho
formed by thermal contraction. None of the polygons
served seem to correspond to mud cracks, with the pos
exception ofFig. 1L which shows cracks localized inside
bright depression that could be interpreted as ancient
deposits. In cold regions, desiccation cracks can also f
as a consequence of seasonal thaw.Van Vliet-Lanoë (1998)
describes different kind of cryoturbation with features l
cracks formed by desiccation due to the groundwater fl
subsequent to the formation of sorted polygons. Geomor
arguments are thus not always sufficient to distinguish
tween all possible processes forming polygonal features
this reason, all images of recent patterned grounds on M
are classed in different types in order to highlight poss
indicators of the processes involved.

2.2. Criteria used for the classification

The systematic studies of patterned grounds, i.e., r
lar polygons, circles or stripes, on the entire Mars was d
using MOC images M01 to E06 with a resolution bet
than 6 m/pixel. These data cover more than one mar
year, so that both hemispheres are equitably covered.
sected terrains which cover many mid-latitude regions
Mars (Mustard et al., 2001)are not included because th
do not display a regular texture like the polygons. The a
covered by patterned grounds on each MOC image is
taken in account in the classification because small isol
patches of polygons on one MOC image could correspon
local effects. Images which surface is covered by roughly
or less of patterned grounds are not included in the classi
tion. For example,Fig. 1L was not included in the mappin
because the image only shows a small patch of polygon

The interpretation of patterned ground is also com
cated by the presence of features of very different a
Thus, only very young features are included in the c
sification. The age is difficult to determine because o
small impact craters can be used but most MOC ima
containing patterned ground are completely devoid of fr
craters (Fig. 1). On the contrary, polygons of the Athabas
Valles region (10◦ N, 200◦ W) are impacted significantl
so that they are not included. Polygons of Utopia and E
sium regions located in a latitude range of 40◦–50◦ (Seibert
and Kargel, 2001; Kuzmin et al., 2002), although sparsely

impacted, show 100 m large craters on several images
(Fig. 1K). Despite being very recent (Late Amazonian), they
still seem to be significantly older than the polygons of this
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Fig. 2. Different types of patterned ground on Earth. (A) About 1 m large sorted polygons in Greenland (70◦ N), Inugsukajik. Photograph J.-P. Peulva
(B) Unusually large sorted polygons of 20 m. Rocks on the border are up to 1 m large in Ellesmere Island (77◦ N). GSC photograph #2002-278. (C) Abo
30 m large ice-wedge polygons in Nunavut, Canada. Notice the presence of ridges bordering cracks. GSC photograph. (D) Ice-wedge polygons in Hnd,
h are (E) About
ritan

the-
sting

-
as

are
Alaska. Notice the presence of small hummocks inside polygons whic
10 cm large fossil desiccation cracks in Precambrian sandstones, Mau

study and are not included mainly for this reason. Never
less, these polygons are geologically recent and intere
for the understanding of past climate changes(Seibert and

Kargel, 2001).

After this first step, all MOC images showing periodically
patterned ground are classed using four main criteria.
mud boils 1–2 m large. Photo Skip Walker, Univ. of Alaska Fairbanks.
ia. Photograph N. Mangold.

1. Their homogeneity in size: Polygons are listed as “ho
mogeneous” polygons if they have a regular width and
“variable” in the opposite case. For example, polygons

heterogeneous if they range from 20 to 200 m in width on
the same image. The homogeneous group is limited to im-
ages in which the largest polygons are no more than 3 times
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wider than the smallest. For example, 20 m for the sma
compared to 60 m for the largest, is at the transition betw
homogeneous and “variable” sizes. By comparison, ter
trial polygons are usually homogeneous.

2. Their absolute sizes: The width of polygons is an im
portant criterion in identifying the mechanism, because
width is related to the thickness affected by thermal cra
In the case of homogeneous widths, polygons are liste
“Small” if they are less than 40 m wide and as “Large”
they are more than 40 m wide, despite they are still sma
than 500 m. The limit at 40 m is justified a posteriori b
cause it separates different types of features. Notice tha
large polygons refer to features that are still much sma
than the giant polygons of the northern plains which ar
few kilometers across.

3. The identification of cracks and the type of cra
networks: Cracks are identified from the linear outlines
bounding troughs. Classes A, B, and C are defined for cr
corresponding respectively to random orthogonal, orien
orthogonal and hexagonal patterns (Fig. 3). Hexagonal pat-
terns (class C) with angular intersections of 120◦ form when
frost cracks develop at a series of points and that each c
develops more or less simultaneously(French, 1996). This
case could reflect the homogeneity of the subsurface an
the cooling rate(French, 1996). The random orthogonal pa
tern (class A) is thought to infer an evolutionary sequenc
which primary frost cracks develop in an essentially rand
pattern (Fig. 3A). These first segments of fractures loca
reduce the tensile stress in the ground on a line perpen
lar to the fracture. So, secondary cracks form preferent
on lines orthogonal to the primary cracks forming a T-sha
intersection (e.g.,Plug and Werner, 2002). Such a system i
listed as random orthogonal in contrast to the oriented
thogonal systems (class B) which often occurs on Eart
the vicinity of standing bodies of water(Lachenbruch, 1966
French, 1996). Kuzmin et al. (2002)distinguish cracks by
their intersections in either 3-rays or 4-rays. Using t
nomenclature, hexagonal polygons (class C) would con
3-rays only, oriented orthogonal systems (class B) would
dominated by 4-ray intersections, while random orthogo
Fig. 3. (A) Random orthogonal network of cracks. (B) Rectangular network.
(C) Hexagonal network (adapted fromFrench, 1996).
4 (2005) 336–359
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polygons (class A) would contain a similar proportion of
ray and 4-ray intersections.

4. The presence of a topographic control: Patterned
grounds are sometimes systematically associated with to
raphy such as crater interiors or hillslopes. Other landfo
not correlated to topography are observed on flat plains o
hilly materials without apparent control of the cracks dir
tion by the topography. The particular case of slope str
on hillslopes is developed in a specific section.

Using these criteria the patterned grounds of 548 ima
can be listed in eight main types (Table 1). Other classifica-
tions can be relevant depending on the selection of crit
and upcoming high resolution images might reveal m
types of patterned ground. This classification is a more
tailed classification than the four types proposed inMangold
et al. (2004). A total of 15 images with cracks forming in
complete networks are grouped in the Miscellaneous typ
They can be due either to cracks formed by a volume
contraction not strong enough to complete polygons, or
sion of some of the cracks or unusual geometry not see
other locations. They are not discussed in the following
cause their geometry does not give any information ab
their formation.

2.3. Geographic distribution of patterned ground

Four types of polygons are located in both hemisphere
the same latitudes (Fig. 4) indicating climate effects. Image
with small S1 crack networks are in very low number (3
compared to the images containing S2 polygons (151)
S3 hummocks (250). The ratio of images in the North
the South (3/4 in the south) could be a result of sampli
effects because northern plains are often covered by h
Types S2 and S3 have been separated by a dashed lineTa-
ble 1 because they were difficult to separate. There se
to be a continuity from rounded hummocks to polygo
shapes. The type S1 displays cracks and it is more spa
distributed by comparison to types S2 and S3. Neverthe
the maximum number of polygons is shifted in latitude fro
S3 to S1 on the histogram (Fig. 5A). The type S3 occurs
mainly between 54◦ and 60◦ latitude whereas the type S
becomes dominant between 63◦ and 69◦ latitude and S1 is
dominant between 72◦ and 75◦ latitude. Thus, S1 could als
be a continuity of S3 and S2. On the other hand, the ave
size of small polygons apparently increase in sizes from◦
to 70◦ latitude (Fig. 5B).

There are only two classes of large and homogene
polygons. The first class LT is found in close connection
topographic features such as craters and hillslopes (Fig. 1G).
Polygons LT are located between 50◦ and 75◦ latitude in
both hemispheres with a maximum around 65◦ in both hemi-
spheres, thus at the same latitudes as the small polygon

in a much more restricted proportion. The second class LPC
(Fig. 1F) is located around the south polar cap (Fig. 4). No
type of large homogeneous polygons seem to exist outside
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Table 1
Classification of patterned grounds on Mars

Size Type Number of images Characteristics Crack class Examp

Homogeneous size
Large (>40 m) 50–250 m LT NH= 14

SH= 26
Large polygons connected to
topography (craters, hillslopes)

B > A no C Figs. 1G,
9, 10, 11

40–250 m LPC NH= 0
SH= 19

Large polygons around polar cap A� C no B Figs. 1F,
12

Small (<40 m) 15–50 m S1 NH= 13
SH= 20

Small polygons with cracks A> B > C Fig. 1E

15–40 m S2 NH= 36
SH= 115

Small polygons (homogeneous
texture with polygonal shapes)

No cracks Figs. 1A,
1B, 1C, 7B

10–30 m S3 NH= 78
SH= 172

Hummocky terrains (homogeneous
texture with round shaped features)

No cracks Figs. 1D,
7A, 12

Variable size 10 to 200 m VF NH= 0
SH= 24

Fractal crack networks (crack
width decreases with size)

A > B > C Fig. 1I

15 to 200 m VV NH= 0
SH= 9

Very variable size (same crack
width)

A ∼ B, no C Fig. 1J

10 to 150 m VCX NH= 0
SH= 7

Complex assemblages of cracks
(Fractal+ irregular)

A > B > C Fig. 1H

Miscellaneous M NH= 3
SH= 12

Incomplete crack networks, dendritic cracks or
parallel cracks without full shape of polygons

NH = North Hemisphere. SH= South Hemisphere. See text for details. Crack class: A= Random orthogonal, B= Orthogonal, C= Hexagonal. Type
LT = Large and influenced by Topography. LPC= Large around Polar Cap. S1 to S3 are Small. VF= Variable with fractal shape. VV= Variable without
organization. VCX= Variable and complex, M= Miscellaneous.
Fig. 4. Distribution of patterned ground on Mars from MOC images M01 to E06. The background shows a mosaic of MOC wide angle images with Tharsis
sout

re-

ups
ge-
im-
hemisphere at right (Eastward longitudes). LPC polygons are close to
latitude.

these two groups, except large polygons geographically
stricted to Elysium and Utopia(Seibert and Kargel, 2001).

The polygons of variable sizes are split in three gro

named fractal (type VF), very variable (type VV) and com-
plex (type VCX) which consist of a total number of 38 im-
ages. Fractal networks VF (Fig. 1I) display a fractal geome-
h polar cap at longitude especially around 270◦ E. There is a strong limit at 55◦ of

try with cracks decreasing in size and width like onFig. 3A.
In contrast, the geometry of the VV type is very hetero
neous without hierarchy in the width of cracks. The discr

ination between these two end members is difficult on many
images and the most complex ones are classed as complex
VCX (Fig. 1H). The distribution of all V types is restricted
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Fig. 5. (A) Histogram of latitudes versus number of polygons types
S2, and S3. Latitudes are grouped by 3◦ bins cumulated over the two hem
spheres. Distinct graph for each hemisphere would give the same resu
total maximum occurs around 60◦ but the relative maximum of each cla
is shifted from 57◦ for S3 to 72◦ for S1. (B) Size of polygons S2+ S3 ver-
sus latitude. The size is an average of all features over the 3◦ latitude bins
of figure (A). The error bars show the standard deviation. The size is p
ably overestimated because the smallest patterns are under the resolu
MOC images.

to the southern hemisphere at latitudes between 55◦ and 80◦
with a maximum near 70◦. They do not depend on the loc
topography and they present different classes of cracks
class A (random orthogonal) strongly dominant. Polyg
of variable sizes are also more regionally grouped. The
a gap of such cracks in regions located between longitu
120◦ E and 240◦ E.

2.4. Description and distribution of slope stripes and
striated soils

Several MOC images show a type of patterned gro
which consists of stripes located on hillslopes. On Ea
slope stripes are due to processes involving freeze–
cycles (Werner and Hallet, 1993). A first type of terres-
trial stripes corresponds to sorted polygons on flat plate
(Figs. 6A, 6B) which become progressively sorted stripes
gentle slopes(Washburn, 1956; Goldthwait, 1976; Balla
tyne, 1996). These stripes are related to the processes
create sorted polygons like the elongation of convec
cells, diapirs in the direction of the slope or lateral squeez
of rocks perpendicular to the slope(Krantz, 1990; Kessle
and Werner, 2003; Peterson and Krantz, 2003). A sec-

ond group of terrestrial stripes exist without connections
to polygons on flat plateaus (Fig. 6C). These stripes are
explained by processes implying ice segregation like ice
4 (2005) 336–359
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needles(Werner and Hallet, 1993)or solifluction (French,
1996). However, many stripes are complex and what dicta
the spacing on such terrestrial stripes unrelated to polyg
is still unclear(Francou et al., 2001).

Some MOC images show regular patterns of polyg
transforming into stripes on gentle slopes (Figs. 7A, 7B). On
Fig. 7A, the stripes follow the main slopes and become po
gons at the foothill. OnFig. 7B, the transition between poly
gons and stripes occurs on a gentle slope like in terres
examples (Fig. 6B) though no measurements of this slo
were possible using MOLA (Mars Observer Laser Altim
ter) data. Other MOC images show the occurrence of reg
stripes on the flanks of hillslopes without association w
polygons which can be compared to the second type of
restrial stripes (Figs. 7C, 7D). On these two images, stripe
are periodic and of constant width therefore being very
ferent from any mass wasting features such as dark s
streaks that cover some of the equatorial regions(Sullivan et
al., 2001). Slopes measured from MOLA profiles have g
dients of 5◦ in Fig. 7C and 7◦ in Fig. 7D. Such gradients ar
consistent with those where stripes are found which can
from 3◦ to 20◦ (French, 1996; Francou et al., 2001).

Stripes about 50 m large found byMalin and Edgett
(2001) in plains of the northern hemisphere are not co
parable to hillslopes stripes because they occur on flat p
without any correlation with the slope. Rough stripes
served on hillslopes at 40◦–50◦ latitude were interpreted a
possible sorted stripes(Cabrol and Grin, 2002), but their as-
sociation with nearby viscous features makes gravity-dr
processes due to icy viscous flows without the involvem
of freeze–thaw cycles more likely(Milliken et al., 2003).
These two types of stripes are not included in the distr
tion.

Hillslopes stripes (type Hs) are located in the same ra
of latitudes between 55◦ and 75◦ like other kind of poly-
gons (Hs onFig. 4). They are more abundant in the southe
hemisphere (17 Hs) than in the northern one (2 Hs) wh
is probably a consequence of the rougher topograph
the southern hemisphere compared to the northern p
(Kreslavsky and Head, 2003a). In summary, stripes are inte
esting features to take into account in the understandin
patterned ground on Mars as they often indicate feature
lated to cyclic thaw but their limited number and their sm
sizes may reduce the validity of the interpretation.

2.5. Relations of patterned ground with ground ice and
surface properties

The distribution of patterned grounds can be correla
to the distribution of near-surface ice found by the Neut
Spectrometer (NS) of the Gamma-Ray Spectrometer (G
onboard Mars Odyssey(Mangold et al., 2003, 2004; Kuzmi
et al., 2003). Assuming thermal contraction and freeze–th

cycles are the two processes that can explain the formation of
patterned grounds, both processes affect only the uppermost
meters of the ground because they are the consequence of
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Fig. 6. (A) Sketch of sorted polygons which progressively transform into stripes (fromBirkeland and Larson, 1989); (B) Small sorted polygons (30 cm wide

formed by diurnal freeze–thaw cycles which transform into stripes on a 3◦ steep slope in Northern Iceland (photo courtesy Dr. Ekkehard Schunke, University
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of Göttingen). (C) Slope stripes in Bolivia formed by diurnal cycles wi
Meudon).

the propagation of seasonal or diurnal thermal waves. In
case of seasonal thaw, the layer which thaws each sum
is on Earth typically about 1 m thick, possibly some tens
centimeters on Mars at past obliquity(Costard et al., 2002),
whereas seasonal temperature changes can induce cra
down to a maximum of 2 or 3 m depending on the therm
properties of the ground(Mellon, 1997). These depths ar
equivalent to the maximum depth of hydrogen detected
the NS which is of about 1 m(Feldman et al., 2002). Ground
ice deeper than 1 m may exist in regions equatorward of 5◦–
60◦ of latitudes without being detected by GRS but polygo
may not exist at these latitudes because this ground ice i
reached by the seasonal thermal waves.

No relation between high latitude patterned grounds
albedo seems exist on the contrary of the Utopia large p
gons which are more developed in regions of low alb
(Kuzmin et al., 2002; Yoshikawa, 2002). Most polygons
remain unchanged even though they cross different
morphic units on a given MOC image but the geom
try of polygons is occasionally disturbed by differences
surface properties. Several images show dunes crosse
cracks (for example MOC #M11-00999, 79◦ S) whereas

other images show dunes surrounded by cracks without be-
ing crossed (for example MOC #M08-02047). When cracks
cross dunes they often display a geometry different than that
acing of about 40 cm (Photograph V. Jomelli, Institut de Géographie Pue,

r

g

t

y

on the surrounding plains, showing that different mater
may play a role in the geometry of cracks. Another exam
shows ejectas of craters that are covered by small poly
whereas the surrounding terrain are crossed by larger p
gons (for example MOC #M08-03306).

2.6. Stratigraphy and age of patterned grounds

With the exception of the LPC polygons type fou
around the south polar cap, polygons or stripes are po
connected to geological units mapped using Viking imag
They are found in the youthful deposits of martian high la
tudes which are likely composed of dusty, loess like mat
als, containing interstitial water ice in large amounts(Tokar
et al., 2002; Kreslavsky and Head, 2002; Feldman et
2002; Mischna et al., 2003; Head et al., 2003). A young
age is confirmed by our study: among the 548 MOC imag
only 15 craters between 20 and 150 m of diameter were
served. This number corresponds to fresh craters only,
craters that are not affected by patterned ground. Of cou
images have been selected using this criteria of youthfuln
but no terrains polewards of 60◦ exhibit strong densities o

small impact craters. The determination of a maximum age
is not relevant for large polygons which exist in small pro-
portion but it is relevant for the S2 and S3 types which are the
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Fig. 7. (A) Small hill with stripes on flanks becoming small polygons on the plain. MOC image #M17-00992, 50.1◦ N, 24.6◦ W, L = 27.4◦. (B) Small
s

imag
light

ring po-
patterned ground S2 which transforms into stripes at the right of the
#M02-02175, 64.9◦ S, 15.1◦ W, Ls = 155.7◦, slope from top to bottom,
Slope from left to right, light is from the left.

most abundant patterns. Assuming that they formed du

the same period, the crater count gives a very young age o
less than 1 Myr according to most recent models(Hartmann
and Neukum, 2001).
e. MOC image #M03-01957, 64.6◦ S, 19.7◦ W, Ls = 168.9◦. (C) MOC image
from below. (D) MOC image #E05-01306, 61.8◦ S, 29.9◦ W, Ls = 178.2◦.

It is possible that not all types of polygons are contem

frary but the small number of craters does not permit to date
them in relation to each other. Nevertheless, some chrono-
logical relations exist as the small S2 and S3 polygons over-
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Classification of high lat

lay larger V and LT cracks in about 15 images. This sho
that small polygons are younger than the larger V and
polygons. On the other hand, several images of large c
networks, types V and LT (for example MOC image #M0
00602), show cracks eroded by the wind. This observa
implies that they are not so young, or are not active a
more.

In summary, the first consequence of this classifica
is that there is not a single type of polygons and there
probably not a single origin. The second consequence is
polygons are located in latitudes where ground ice is pre
at shallow depth of less than 1 m according to results f
Mars Odyssey(Boynton et al., 2002; Feldman et al., 200
Mitrofanov et al., 2003). So, many patterned grounds, if n
all, are genetically related to this ground ice as predic
by previous studies(Mellon and Jakosky, 1995). The third
consequence is that polygons are young, but not nece
ily active at the present time. Mars is submitted to clima
cycles at the 10 to 100 kyr scale (e.g.,Laskar and Robutel
1993), so, if climatically controlled, they could be the res
of temperature variations under past climates and not
current temperature variations.

3. Origin of the different types of features observed

3.1. Theory of crack formation on the Earth and
consequences for Mars

Many martian patterned grounds display bound
troughs indicating thermal contraction cracks. Therm
cracks in cold regions are formed by the contraction of
ground due to the propagation of the cold thermal w
during winter (e.g.,French, 1996). Models show that the
same effects can occur under martian temperatures(Mellon,
1997). Once formed, terrestrial cracks usually fill with su
face meltwater and groundwater during summer. This w
freezes in the fracture at the lower temperatures foun
the subsurface. Because ice in fracture cavities is ge
ally weaker than the frozen ground, fractures usually
low the same path from year to year(Plug and Werner
2002). In this case, after the formation of polygons is co
pleted, no new cracks form and the size of the polyg
is fixed (Fig. 8A). This process also exists for sand fillin
the cracks and forming sand wedges(Murton et al., 2000;
Sletten et al., 2003). This case is common in the arid r
gions where geomorphic effects due to wind are more
cient than those due to liquid water. Alternatively, the C2
frost cold trapped in cracks could play a similar role. Ho
ever, CO2 is not permanently condensed inside the cra
at current conditions(Kossacki and Markiewicz, 2002)like
it should be for processes similar to ice wedges or s
wedges. Nevertheless, it is possible to imagine past co

conditions at different obliquities in which such a process
was possible. On the other hand, in the absence of mater
ial filling the cracks, the tensile stress increases inside the
patterned grounds on Mars 345

t

-

Fig. 8. Formation of cracks by thermal contraction. The complete ev
tion takes several hundred years if the cycle is annual. (A) The dep
cracks and the size of polygons depend on the thermal stress and g
properties. In presence of water or sand filling the cracks, cracks w
progressively without formation of smaller cracks. If the ground thaw s
sonally, two symmetric pressure ridges form on each side of the crack
to the volumetric expansion of water. (B) Without any filling of the crac
cracks increase in width more slowly and smaller cracks form inside
polygons.

newly formed polygons inducing new cracks with sma
sizes and smaller widths (Fig. 8B). Of course, intermediat
cases can exist between these two end-members (Fig. 8).

Expansion of cracks of only 2 or 3 cm/years are recorde
from field data because of the low thermal expansion
frozen ground which is estimated at a maximum of 3×
10−4 K−1 (MacKay, 1980). Nevertheless, cracks can pr
gressively widen up to 5 m because the formation of
wedge polygons thus requires the repetition of seasonal
perature cycles over 102 or 103 years(Ugolini et al., 1973;
Plug and Werner, 2001). Processes involving sand wedg
polygons are usually slower than ice wedges because
depend on the availability of sand to be stored in the cra
Evolution over periods of as much as 105 years has been re
ported for sand wedges(Sletten et al., 2003).

The identification of homogeneous polygons similar
ice wedge polygons is therefore not an evidence for the id
tification of seasonal liquid water. Nevertheless, ice we
polygons on Earth are frequently bordered by small s
metric ridges or shoulders (Figs. 2C, 8A). These ridges ar
several tens of centimeters high and a few meters large
usually come from the progressive cycles of volumetric c
traction and dilatation due to summer thawing of the m
terial inside the polygons(MacKay, 1980; French, 1996.
Sand wedges in Antarctica can also display pressure ri
(Sletten et al., 2003). In this case, the authors propose t
the thermal expansion of the ground ice in summer can
sufficient to explain the formation of ridges. Neverthele
this hypothesis remains to be tested because the therm
-
pansion of ground ice would have much lower effects than
volumetric dilatation due to the transition of water ice in liq-
uid water.
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The penetration depth of cracks in the ground cont
the size of the polygons. Terrestrial polygons formed
seasonal thermal contraction are usually 10 to 40 m la
(French, 1996), exceptionally up to 80 m as in Siber
(Kuzmin et al., 2002). Theoretically, the width of first
order polygons corresponds to about three times the m
imum depth of propagation of first-order cracks(Parker,
1999). For example, on Earth, seasonal variations prod
ice wedges of typically 5–6 m deep for polygons 15–20
wide (Lachenbruch, 1962). The depth of penetration of th
seasonal cold wave in winter reaches 3–5 m at maxim
Cracks propagate only slightly deeper into the ground.
cause the seasonal thermal wave is of the same ord
magnitude on Mars and on Earth, polygons formed by
sonal thermal cracking should exhibit the same size ra
on Mars(Mellon, 1997). Thus, polygons 200 m large a
at least five times wider than expected for seasonal con
tion.

This difference may be explained by the fact that the p
mafrost is colder on Mars. Indeed, the terrestrial permaf
is relatively warm and soft close to the melting point.
temperatures 60 K colder, the frozen ground is more b
tle, creating propagation of cracks strongly deeper than
stress created by the thermal wave(Maloof et al., 2002). Nu-
merical models suggest that cracks formed by cyclic ther
variations can propagate into a cold cemented ground t
to twenty-five times the depth affected by the thermal st
(Maloof et al., 2002). This possibility on Mars can be teste
using the critical viscosity(Maloof et al., 2002):

(1)η = 1

�

E

1− ν
,

whereE is the elastic Young modulus, typically 10 GPa f
a frozen ground,ν is the Poisson ratio which varies fro
0.12, at temperatures of 250 K or lower, to 0.4 close to
melting point of ice(Tsytovich, 1975), and� = 2π/T is
the frequency of the temporal cycleT . If the ground is less
viscous than this value, then the fracture cannot propa
(Maloof et al., 2002).

The calculated critical viscosity is 1017 Pa s for a tempo
ral cycle corresponding to one martian year and 5×1016 Pa s
for one terrestrial year. This value can be compared
the viscosity of the frozen ground known from mecha
cal experiments. Ice deforms by viscous creep accor
to a power-law relation (e.g.,Duval et al., 1983) and ice-
rock mixtures in a volume proportion of 1:1 are about
times more viscous than pure ice(Durham et al., 1992
Mangold et al., 2002b). At the stress produced by therm
contraction of typically 2 MPa(Mellon, 1997; Maloof et
al., 2002), the critical value of the viscosity 1017 Pa s cor-
responds to a deformation at temperatures of about 21
Cracks can therefore propagate deeper than the the

wave at temperatures colder than 210 K, a condition that
is achieved at latitudes of 50◦ or higher (e.g.,Mellon and
Jakosky, 1995). By comparison, the viscosity at a terrestrial
4 (2005) 336–359

f

-

l

temperature of 260 K would give 1014 Pa s, much lower tha
the critical viscosity.

In the case of an annual cycle, the seasonal wave of
cally 4 m would lead to cracks as deep as 100 m at maxim
applying results ofMaloof et al. (2002). Such deeper pene
tration could explain the larger size of martian polygons
cause the width is directly proportional to the depth of cra
by a factor of three(Parker, 1999)leading to a maximum
size of polygons to 300 m. In the case of diurnal chan
of temperatures rather than seasonal variations, the dep
penetration of the thermal wave is restricted to a few c
timeters (e.g.,Tokano, 2003). Polygons as large of 100 m
are unlikely to form under such small variations. Howeve
diurnal cycle can propagate cracks deeper than the the
wave if the viscosity is larger than 1.6× 1014 Pa s, a condi-
tion that is possible at all latitudes on Mars. The observa
of polygons formed by diurnal thermal variations would ne
ertheless require (1) the ground ice to be present very c
to the surface (<10 cm) because the thermal wave is ve
shallow and (2) the polygons to be situated at latitudes lo
than 75◦ because diurnal variations would be non effici
above 75◦.

This critical viscosity provides a simple tool to expla
the larger size of martian polygons. Nevertheless, the d
to which cracks propagate strongly depends on the pro
ties of the ground(Maloof et al., 2002)which are poorly
constrained on Mars as well as on Earth. Realistic va
of propagation may not exceed factors of two or three
which case other parameters could be involved to exp
the larger sizes of polygons. For example, the lower mar
gravity reduces the lithostatic pressure which may play a
in increasing displacements on tectonic faulting(Schultz et
al., 2004). Furthermore, high obliquity periods create cold
winter temperatures and warmer summer temperature
polar regions. At an obliquity of 40◦ the average daily tem
perature at summer solstice would be 15◦C compared to
−20◦C at current obliquity. Such stronger temperature
ferences could have increased the thermal stress and t
fore produced deeper thermal cracks. Thus, three effect
concur to explain the larger sizes of some of the mar
polygons.

3.2. Formation of large polygons connected to
topography (LT)

LT polygons observed in the same range of latitude
both hemispheres may be controlled by seasonal temp
ture variations. Among the total number of 40 images, 32
associated with craters floors or flanks, 6 with flanks of i
lated hills and 2 with flanks of ancient valleys. The slop
on which they exist are not steep, ranging typically fr
a few degrees to no more than 10◦. Polygons connected t
craters are well developed on the floor of these craters

not only on their flanks (Fig. 9). Their homogeneous geom-
etry similar to ice wedge polygons (Fig. 2C) questions their
formation by processes involving seasonal thaw in concert
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Fig. 9. (A) Half of a 20 km large crater in northern plains. Polygons with orthogonal cracks exist on the lower flank of the crater and random o

cracks on the crater floor. Notice the small hills close to the center of the crater (at the bottom of the image) MOC image #E03-00299, 64.7◦ N, 292.9◦ S,
Ls = 140.6◦. (B) Half of a 15 km large crater in northern plains. Orthogonal polygons exist down to the central part of the crater. Notice smaller and randomly
oriented polygons outside of the crater (top). MOC image #E1900409, 70.1◦ N, 295.3◦ W, Ls = 601◦.
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Fig. 10. (A) Rectangular cracks network on Mars. MOC image #M08-0
image #2002-329, 76◦ N, Prince Patrick Island.

with thermal contraction. Craters could be natural dep
sions for the retention of ground water. The involvem
of standing bodies of water for some polygons inside s
craters was previously proposed(Seibert and Kargel, 2001
Kuzmin et al., 2002)but only transient melting during sum
mer season is required to form such polygons. The widt
individual cracks of 5–10 m observed on LT polygons is s
ilar to terrestrial examples caused by the cyclic widening
cracks (Fig. 8A). Nevertheless, whether this filling is due
water ice formed by frozen meltwater, to CO2 ice, or to sand
material deposed in the trough is difficult to discrimina
Craters also form natural sinks for sand because wind
provide fine materials to accumulate and fill cracks. Thu
closer look to their geometry is needed to provide inform
tion about the context of their formation.

LT polygons are formed by oriented random orthogo
networks (class A) as well as orthogonal cracks (class
On Earth, rectangular patterns (Fig. 10) form when the hy-
draulic head controls the initiation of cracks even if t
slope is lower than 0.1◦ (French, 1996). On the other hand
MacKay (1995)shows terrestrial rectangular cracks wh
are perpendicular to slopes as steep as 30◦. In this case, the
rectangular network could be an indirect consequence o

main stress field on the slope. In both explanations, the ori-
entation of cracks is systematically orthogonal and parallel
to the slope, or concentric and parallel to the slope in the
, 68S, 310.4◦ W, Ls = 231.4◦. (B) Rectangular network in Canada, NWT, GS

case of craters. Some observations could rely on the e
of the stress field due to the slope. For example, cracks o
change from rectangular networks (class B) on the flan
craters to random orthogonal systems (class A) on the fo
these flanks (Fig. 9A). Nevertheless, some networks are s
rectangular (class B) on the floor of craters where the e
of stress due to the slope is negligible (Fig. 9B). Moreover,
this image shows that polygons outside the craters (to
Fig. 9B) are smaller and of different geometry which ind
cates that specific processes are involved on the botto
the crater. Thus, if some orthogonal cracks are likely du
the stress field related to the crater flanks, others may
cate the role of transient meltwater.

Small hills can be seen in the center of some craters
bottom ofFig. 9A). They could correspond to pingos forme
during a wetter past(Soare and Peloquin, 2003). Pingos
consist of broad and flat to small and narrow domes
ically several tens or hundreds of meters large formed
doming of frozen ground due to freezing of injected w
ter (MacKay, 1973, 1978; French and Dutkiewicz, 197
French, 1996). Such features need warm summer temp
tures in order to melt the ground ice at least partially on g
boundaries to create ground water flow in summer. Pin

often form in depressions associated with shallow transient
lakes(French, 1996)making the presence of these hills on
the floor of craters especially interesting.
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Fig. 11. Formation of ridges around cracks (similar asFig. 2C on Earth) as
craters. Note the presence of hummocky pattern of S3 type about 10
image #M00-00602, 65.7◦ N, 232◦ W, Ls = 120.1◦. (B) MOC image #E03

Small ridges bounding polygons (Fig. 11) are similar to
those formed by freeze–thaw cycles on Earth (Figs. 2C, 8A)
favoring the role of groundwater in their formation(Baker,
2001) although dry processes may form similar patte
(Sletten et al., 2003). Small hummocks also cover the flo
of the polygons (Fig. 11). They are 10–15 m large and spec
ically associated with LT polygons on 10 different imag
They are classed as S3 type of patterned ground. Thei
sociation inside non-sorted polygons is strikingly analog
to that of mudboils over polygons on Earth (Fig. 2D). Mud-
boils, also named frost boils, have usually a limited ext
sion of 1–3 m and are due to processes of frost heave in
active layer (e.g.,French, 1996; Walker et al., 2003). Thus,
the presence of these landforms could strengthen the
pothesis of seasonal thaw being an important factor in
formation of these polygons, although they could also
younger than the polygons having no genetic relations w
them.

Finally, cyclic formation of sand wedges and orthogo
patterns due to stress fields on slopes may explain the g
etry of some LT polygons but probably not all. Orthogon
crack networks on the floor of large craters together with
occurrence of ridges over cracks, potential frost boils
hills similar to pingos are an interesting combination wh
strongly suggests processes involving seasonal thaw a
in concert with thermal contraction. At current pressure

temperature conditions, liquid water on Mars is not stable
long enough to fill the cracks, but past conditions may have
permitted this process(Costard et al., 2002).
ated by the arrow in large polygons (100–200 m) on the floor of two diff
large over each ice-wedge like polygons similar toFig. 2E on Earth. (A) MOC

22, 61.2◦ N, 329.1◦ W, Ls = 142.2◦.

-

-

3.3. Formation of polygons around the south polar cap
(LPC)

LPC polygons have a geometry similar to ice wedge po
gons but bounding cracks are narrow without any bord
ing ridges and they are often longer than 1 km. There
also no rectangular polygons related to local slopes. Th
polygons likely formed by thermal contraction without i
volving seasonal thaw but their specific distribution arou
the south polar cap requires some additional explanati
CO2 ice forms at cold temperatures of−125◦C close to
the lowest temperatures on Mars. It has very slight tem
atures variations during a martian year which should av
any thermal cracking inside the permanent CO2 cap itself.
The images with LPC polygons therefore highlight loc
tions with material rich in water ice rather than CO2 ice.
They can be used as indicator of water ice deposits in
der to map the current front of the CO2 cap similar to what
was done with Themis thermal maps(Titus et al., 2003)and
spectral data(Bibring et al., 2004). On Fig. 12, the front of
the postulated residual CO2 cap is recognizable by the ci
cular pits of the swiss-cheese texture(Thomas et al., 2000
Malin et al., 2001). Some pristine cracks are also visib
inside the swiss-cheese unit (Fig. 12B) which seem to cor
respond to the continuation of the LPC cracks inside
swiss-cheese terrains (Fig. 12). They could represent an e
fect of upward propagation of the cracks from underne

the cap into the CO2 ice (Fig. 12C).

Images containing swiss-cheese terrains occasionally
show polygons (Fig. 13) that were not mapped in the global
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Fig. 12. (A) MOC image #M09-03178, 84.7◦ S, 55◦ W, Ls = 243.3◦. Front of the south polar cap with swiss cheese features. (B) Schematic map of the MOC
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image. The front of the cap is the dotted gray line. Cracks in dotted
propagation of the cracks inside CO2 ice to explain their presence at the

distribution of polygons because they should be associ
with processes inside the CO2 ice cap like the collapse o
material due to the formation of swiss cheese depress
(Thomas, 2003). However, fractures formed around circ
lar collapse zones have usually a specific geometry for
by the stress pattern around that zone (Fig. 13B). However,
most cracks over the swiss cheese terrains shows a ge
try similar to the random orthogonal network (class A) a
sometimes hexagonal network (class C). Their average
of 100–300 m is also similar to the size of the LPC po
gons outside the swiss cheese terrains. Thus, an altern
hypothesis for the formation of polygonal cracks over sw
cheese terrains is that they are due to the propagatio
cracks formed by thermal contraction in the water ice r
terrains which underlie thin CO2 deposits. Circular collaps
may play a role in their shaping but the geometry seems
consistent with a pure collapse origin (Fig. 13C). This inter-
pretation is consistent with the fact that the thickness of
CO2 ice is probably very thin (<10 m) (Titus et al., 2003;
Byrne and Ingersoll, 2003).

LPC polygons could be due to seasonal contraction

this would not explain they specific distribution and their oc-
currence underneath the CO2 cap unaffected by the seasonal
variations. The interpretation proposed hereafter states tha
are inside the swiss-cheese terrains. (C) Schematic cross section ofible
e of the CO2 cap.

-

e

f

they may be due to the long term thermal contraction cre
by the advance and retreat of the CO2 residual cap. Indeed
the retreat of the CO2 polar cap is currently observed b
MOC images(Malin et al., 2001), implying that this cap was
once larger. Thermal cracking occurs during the decreas
temperature. Thus, a surface blanketed by CO2 is not heated
anymore by the Sun and the surface temperature drops t
temperature of CO2 around−125◦C. A cold thermal wave
would propagate even deeper as the duration of the b
keting is long (Fig. 14). After a period of advance of th
CO2 perennial cap, the residual cap would retreat and cr
would then become visible at the surface. This scenario
explain the occurrence of cracks underneath the CO2 cap as
proposed onFigs. 12 and 13. This scenario is also consi
tent with the lack of similar features around the northern
because of the absence of CO2 cap.

In such a scenario, the CO2 cap would bury the wate
ice deposits during many years propagating a cold the
wave deeper than the seasonal wave. In contrast to c
variations, a crack would not be able to propagate m
deeper than the thermal wave like in the process descr
t

by Maloof et al. (2002)because it would be formed by only
one strong episode. The depthD of the thermal wave can be
approximated by the relation (e.g.,Turcotte and Schubert,



nd
ttern
epos

ion
Classification of high latitude patterned grounds on Mars 351

Fig. 13. (A) Cracks present over swiss cheese terrains MOC image #M08-00272, 86.1◦ S, 29.5◦ W, Ls = 216.9◦. Cracks have same size (100–200 m) a
geometry (class A cracks) than cracks in front of the swiss cheese terrains onFig. 12. (B) Theoretical pattern of cracks due to collapse. (C) Theoretical pa
of cracks formed by thermal contraction without effect of collapse area. (D) Schematic 3D bloc of swiss cheese terrains over water ice rich polar dits.

Fig. 14. Scenario of formation of polygons located around the south cap. (A) Past climate may have widened the COcap. The consequence is the propagat
2
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of a cold wave in the frozen ground which produce thermal contraction
2001). Cracks becomes visible at the surface and inside the swiss che

1982):

(2)D =
√

κt

π
,

wheret is the duration andκ the thermal diffusivity, fixed
at 10−6 m2/s (Johnston, 1981). The skin depth given by th
relation correspond to 1/e the total depth of the wave pen
tration(Turcotte and Schubert, 1982). A depth ofD = 30 m
corresponds to a period oft = 100 terrestrial years. Thi
depth is sufficient to produce polygons 100 m wide if
assume a factor of 3 in the width/depth ratio(Parker, 1999).
Such duration of several hundreds of years is also consi
with timescales involved in the variations of the CO2 cap
(Malin et al., 2001; Byrne and Ingersoll, 2003). Thus, if this
scenario is true, a better understanding of the geometry,

tribution and formation of these LPC cracks could permit to
reconstruct advances of the CO2 cap over the last hundreds
years.
Geomorphic observations suggest the current retreat of the CO2 cap(Malin et al.,
rrains when crossed by cracks.

t

3.4. Formation of polygons of heterogeneous sizes (V)

The fractal VF polygons fit the formation of crac
by cyclic variations but without material filling the crac
(Fig. 8B). The large width of some cracks (10 m) sugge
a formation by cyclic variations such as thermal contr
tion, but no ridges surrounding cracks or other indicat
of ground thawing are observed. VF polygons are do
nant among the variable size polygons with 24 examples
the homogeneous geographic distribution of the three ty
suggests a similar origin. Volumetric contraction due to
desiccation of a muddy layer is unlikely because there is
association of cracks with topographic lows or with pos
ble standing bodies of water and no preferred orientation
observed which would be due to tectonic stresses.

◦
These polygons are located in regions poleward of 60
latitude where ground ice is detected by the Neutron Spec-
trometer confirming the potential role of thermal contraction
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in their formation. However, if due to thermal contractio
the absence of similar features at the same latitudes in
northern hemisphere is enigmatic (Fig. 4). Does this mean
that cracks observed in the southern hemisphere reco
unusual climate changes that did not occur in the north
hemisphere? In contrast to LPC polygons, they are prob
not related to past advances of the CO2 polar cap becaus
they are typically located around 70◦ latitude which is too
equatorial for such processes. Another explanation c
come from their older age relative to the northern terra
The surfaces of the northern hemisphere are more er
or buried by younger deposits than surfaces of the sout
hemisphere which appear older(Koutnik et al., 2002).

On the other hand, the northern hemisphere is not de
of cracks because both S1 and LT types are observed. D
ent thermal conditions may have existed in the North in or
to produce smaller or more homogeneous types of cra
For example, the elevation difference of six kilometers
tween the northern and the southern hemisphere lead
a strong difference in atmospheric pressure. Elevation
also play a role in the thickness of the desiccated layer w
overlays the ice rich layer(Maurice et al., 2004)and an
asymmetry in the proportion of ground ice is observed
NS data with less ice being present in the southern reg
(Feldman et al., 2003). These explanations are still specu
tive and, although the geometry of these large and vari
polygons agrees with processes involving thermal cont
tion, more data are needed to understand their variabilit
geometry and their connection to climatic conditions.

3.5. Formation of homogeneous polygons smaller than
40 m (S)

S polygon types usually do not display cracks but th
homogeneous shape could involve processes such as
ing of material by seasonal thaw. Small polygons such
those ofFig. 1B or stripes such as those ofFig. 7A are
similar in shape to terrestrial sorted features (Figs. 2A, 6)
but the size of sorted polygons on Earth are smaller f
typically a few centimeters to several meters. A new mo
by Kessler and Werner (2003)explains sorted polygons b
lateral squeezing of small stones because the freezing
progresses quicker downward in stones than in muddy s
Such model explains sorted nets 1 to 5 m large formed
annual cycles but 20 m large sorted nets (Fig. 2B) remain
unexplained. Such unusually large sorted nets are rep
almost exclusively where thick continuous permafrost
ists (Goldthwait, 1976), a situation that could be simila
on Mars. On the other hand, the high latitudes terrain c
sists mainly of dust and ice deposits(Tokar et al., 2002
Mischna et al., 2003)in which sorting of material is uncer
tain. Features such as mud boils or hummocks due to
heave in fine grained material should then be more freq

than sorted nets. “Frost heave” is the uplifting of the ground
surface due to the formation of ice lens by percolation of
unfrozen water between−10◦ and 0◦C (e.g.,Konrad and
4 (2005) 336–359
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t

Duquennoi, 1993). However, mud boils and hummocks a
circular features typically 1 to 3 m large (e.g.,Walker et al.,
2003), thus also smaller than possible martian equivale
Processes related to freeze–thaw cycles to explain smal
terns remain therefore speculative especially due to the
of evidence of sorting of material.

The S1 type displays cracks at a scale of 20–40 m w
is similar to that found on Earth for polygons formed by th
mal contraction(Lachenbruch, 1962)but this process alon
cannot explain the formation of other small patterns S2
S3. However, the sublimation of the ground ice is an
ditional process which is more important on Mars than
the Earth. It is suggested hereafter that small patterns c
be the result of the degradation of contraction cracks
desiccation and erosion. The current atmospheric condi
imply that the ground at latitudes of 60◦–70◦ is subjected to
progressive desiccation in the top-most centimeters(Fanale
et al., 1986; Mellon and Jakosky, 1995). This model assume
that the ground is a continuous medium. If the ground
fractured and contains cracks formed by thermal cont
tion, these fractures permit a more rapid sublimation of
as it has been shown for fractures over glacier-like la
forms (Fig. 6 ofMangold, 2003a). Ice grains in the fracture
sublime quickly because they are in direct contact to the
mosphere. Solid grains then fall down into the trough, or
blown out by wind to the atmosphere, exposing the next
grains to the atmosphere. Initial cracks would thus bec
wider and wider because of their progressive degrada
(Figs. 15A–15C). That could explain why polygons are n
separated by straight cracks but by more rounded boun
troughs. Despite it is difficult to imagine that S3 hummoc
(Fig. 1D) were bounded by cracks before degradation, t
connection to S2 type of polygons is shown on the histog
(Fig. 5A). At 50◦–60◦, the effect of sublimation is stron
and plays a more important role in widening cracks th
at 70◦. The small patterned ground could thus be the p
ward continuation of the dissected layers of the mid latitu
(Mustard et al., 2001)except that the process is efficient on
in locations where cracks favor sublimation.

This hypothesis can be strengthened by comparing
ground ice distribution with thermal stress models. Te
perature variations in an ice-free layer would not cre
cracks by thermal contraction. Neutron Spectrometer
shows that the ice table becomes shallower towards the p
(Feldman et al., 2002)(Fig. 15D). On the other hand, calcu
lations byMellon (1997)shows that all terrains poleward
20◦–30◦ could be affected by cracking if they contain i
in the uppermost meter. The critical stress reaches tw
three meters at latitudes higher than 50◦. Figure 15D com-
pares the distribution of ground ice from NS data (gr
with the tensile stress found by Mellon (striped). This fi
ure is very conceptual because both models, the ice
layer and the stress, are submitted to large uncertain

Nevertheless, the combination of an ice-rich layer and a
stress higher than the fracture boundary limits the devel-
opment of possible cracks to regions poleward of 50◦–55◦,
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Fig. 15. (A) to (C) Progressive widening of cracks by sublimation of interstitial ice. (D) Theoretical comparison of thermal stress required to produce cracks
and ice table deduced from GRS data. The region where thermal stress (striped, fromMellon, 1997) reaches the ice rich layer (gray) are located polewar
about 50◦–55◦. Desiccation increases to the equator, thus cracks are more degraded below 60◦ latitude. Thus, cracks at 70◦ of latitude would look like stage
(A) of the degradation process at left whereas cracks at 50◦ of latitude would look like stage (C).

Table 2
Summary table of patterned ground types versus processes involved in their formation

Type Thermal contraction Ground thaw Sublimation CO2 ice Possible period of activity (past/curren

LT Yes Yes Minor ? Past high obliquity period
LPC Yes No No Yes Last 100s years?
S1 Yes No Minor ? Current climate (sublimation)
S2 Yes Minor? Yes ? Current climate (sublimation)
S3 Yes Minor? Yes ? Current climate (sublimation)
VF Yes Unlikely Minor ? Past climate?
VV Yes Unlikely Minor ? Past climate?
VCX Yes Unlikely Minor ? Past climate?
Hs Possible Yes No No Past high obliquity period
Thermal contraction is the dominant process at all epochs. Sublimation is supposed to have developed recently and freeze–thaw cycles would have playa role
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thus to regions where polygons are observed. Terres
studies highlight the geomorphic effect of the process
sublimation(Law and van Dijk, 1994), especially in cold
and dry regions such as in Antarctica(Ugolini et al., 1973;
Marchant et al., 2002; Sletten et al., 2003). A similar process
of sublimation patterns is observed in subglacial till wh
pure ice layers exist underneath rocks(Marchant et al., 2002
Head et al., 2003). The slight difference between the proce
involved in Antarctica and the process proposed here is
the underlying layers onFig. 16are not necessarily pure ic
but any frozen ground.

A question concerning the involvement of seasonal th
mal contraction in the formation of different types of po
gons S, L, and V is their difference in size from one ty
to another. Why are S polygons smaller than the L t
if they are related to the same process of seasonal
traction? Assuming that they formed at the same per
small polygons could be due to thermal contraction by
urnal cycles, but this possibility is unlikely because
action of diurnal cycles takes place in the uppermost c
timeters only which is ice free(Mellon and Jakosky, 1993
Feldman et al., 2003). Polygons could also be formed b

seasonal thermal contraction but at different periods, such
as higher obliquity periods during which polar regions are
submitted to larger temperature variations. Martian polygons
t the role of seasonal CO2 frost in these processes. See caption ofTable 1for type

-

offer a wide range of variety which are far away to give
their secrets of formation.

4. Discussion: freeze–thaw cycles or no freeze–thaw
cycles?

Thermal contraction represents the main mechanism
to form polygons at the surface of Mars (Table 2). Never-
theless, a few landforms may involve freeze–thaw cyc
(1) the large homogeneous polygons on crater floors (Figs. 9,
10, 11), (2) some of the small polygons with very hom
geneous patterns (Fig. 1B) and polygons associated wi
stripes (Figs. 7A, 7B), and (3) striated soils Hs on hillslope
(Figs. 7C, 7D). For example, slope stripes not related
polygons are difficult to explain by other processes than
sonal thaw (Figs. 7C, 7D). The fact that the same width
found on different images favors a process similar to ter
trial processes despite the larger size than on Earth. M
over, rocky material likely exists on slopes making sort
of grains easier to explain on slopes than on smooth pl
mantled by dust.
Features indicative of seasonal thaw such as pingos would
be difficult to distinguish from other features especially if
martian pingos are similar to broad based pingos found in
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Fig. 16. (A) Solifluction lobes in Alaska, Suslositna Creek, about 1 m thick
and tens of meters long (photograph NOAA National Geophysical Data
Center). (B) One martian hillslope with lobes similar to solifluction lobes.
The length of each lobe is of several hundreds of meters for a spacing of less
than 100 m, so 2 or 3 times more than the terrestrial analog. The thickness

northern Alaska which are typically only 5 m high for 250
large(Walker et al., 1985). Such pingos may exist on MO
images(Mangold, 2003b, Fig. 2)but circular features of les
than 300 m in diameter are difficult to discriminate fro
other landforms such as buried craters. Pingos may ne
theless exist in connection to some ice wedge like polyg
(Fig. 9). In addition, solifluction lobes are other possib
landforms related to the periodic thaw of ground ice
periglacial hillslopes (Fig. 16A). Solifluction lobes are due
to the creep of material at the surface because of the
duced frictional strength induced by porous water dur
summer(Harris et al., 1993). Solifluction is limited to the ac
tive layer, which is usually in the order of 1 m thick on Ear
Some MOC images show the presence of lobes very sim
to terrestrial solifluction lobes (Fig. 16B). Their length of
few hundred meters and potential thickness of a few me
is consistent with this hypothesis. The slope measured f
MOLA data is 9◦ which is in the range of slopes of 3◦ to 15◦
at which solifluction is observed on the Earth(French, 1996).
These lobes are restricted to the hillslope and are there
difficult to explain by other processes such as aeolian ripp

Necessary conditions for the formation of such featu
would be a significant soil moisture content and cyclic fre
ing and thawing of sufficient duration(French, 1996). Sig-
nificant moisture means that at least a few percents of liq
water at grains boundaries are present to trigger hydra
movements inside the ground. Current climatic conditi
do not permit seasonal thaw at any latitudes. Neverthe
orbital parameters such as eccentricity and obliquity cont
insulation and climate at the surface of Mars (e.g.,Laskar
and Robutel, 1993). Recent periods were likely dominate
by variations of obliquity which can vary from 10◦ to 45◦ in
the last 10 myr(Mustard et al., 2001; Laskar et al., 200
Costard et al., 2002; Head et al., 2003). Recent climate
changes are involved in order to explain the formation
gullies(Costard et al., 2002). In that case, obliquity change
predicted by astronomical calculations(Laskar et al., 2002
can allow average daily temperatures above freezing a
latitudes considered(Mangold et al., 2002a).

Calculations of the surface temperature on Mars w
performed for various latitudes and obliquities in order
investigate if such conditions could exist in the region
patterned grounds. The model used is the Global Clim
Model (GCM) developed by the Laboratoire de Météoro
gie (LMD) (Forget et al., 1999). This model has been exte
sively validated through comparisons with available spa
craft observations, including in situ surface temperatu
measurements(Lewis et al., 1999). According to these cal
culations (seeCostard et al., 2002, for details), the daily
average temperature reached values above the melting
of water on a flat surface around summer solstice at an o
uity of 40◦ (Fig. 17). An obliquity of 40◦ is possible in the
last million years(Laskar et al., 2002; Head et al., 200.

◦

of each lobe at the image resolution (4.1 m/pixel) is of the order of 1 m.
Light is from the right, North is to the bottom. MOC image #M03-06278
(73.4◦ S, 314.5◦ W, Ls = 180.8◦).
Obliquity of 35 that occurred less than one half million
years ago may have been enough to trigger seasonal thaw
in certain conditions. These ages may be consistent with the
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(A)

(B)

Fig. 17. Average daily temperature of the ground at two different ob
uities. (A) Current obliquity does not permit above 0◦C temperatures o
subsurface. (B) Obliquity of 40◦ allows near surface melting at latitude
poleward of 55◦. Assuming an ice rich soil, depths of several tens of c
timeters would be affected by this seasonal thaw. Graphs calculated
the Global Circulation Model of Mars of the “Laboratoire de Météorolo
Dynamique, Paris”(Forget et al., 1999).

age of the polygons even though crater statistics cannot
vide a more detailed chronology. The formation of mos
polygons could have affected the most recent layer de
sition several tens of thousand years ago without involv
freeze–thaw cycles whereas LT and V polygons and som
the Hs stripes could correspond to older landforms that
still visible at the surface.

The presence of a freeze–thaw cycle requires the su
layers ice content to be recharged as ice is continuously
by the progressive desiccation of the ground. Neverthe
seasonal thaw may have existed in specific microenvi
ments such as craters interiors or hillslopes. Recent mo
identified crater floors(Russell et al., 2003)or poleward
facing slopes(Schorghofer and Aharonson, 2003)as spe-
cific locations for water ice stability and deposition of ic
If snow occurred(Christensen, 2003)it would have favored
the recharge of the surface layer in water ice and subseq

annual freeze–thaw cycles. A recent model also proposes
the liquid water in the ground to be stable enough time be-
fore being sublimated(Hecht, 2002)whereas the winter CO2
patterned grounds on Mars 355

,

t

frost may protect ground ice from sublimation before tha
ing (Costard et al., 2002).

The consequence of past seasonal thaw is important
only for the formation of sorted polygons and similar fe
tures, but also for the subsequent processes of frost h
and ice segregation in the ground. When the ground i
temperatures between−10◦C and 0◦C, unfrozen water ex
ists at the contact with grains (e.g.,Dash et al., 1995). A large
quantity of unfrozen water is present when solid gra
are small like in clay or silt (e.g.,Johnston, 1981). This
amount increases exponentially up to the melting point (e
Johnston, 1981). With a progressive change in temperatu
this unfrozen water moves downward or upward produc
what is called cryogenic suction(Konrad and Morgenstern
1980; Konrad and Duquennoi, 1993). The unfrozen wate
then freezes at one point in the soil column creating
lenses at all scales from several µm to several meters
(e.g., French, 1996). This process can produce supersa
rated layers in the uppermost meters of the ground tha
filled by 60 to 80% in volume of interstitial ice(Pollard and
French, 1980; Cheng, 1983). Now, the Gamma Ray Spe
trometer shows the presence of an ice-rich layers with
explained proportion of more than 60% of ice in volum
(Boynton et al., 2002; Feldman et al., 2002). Cycles of frost
deposits layered with dust(Mischna et al., 2003)are a pos-
sible explanation of the large amount of interstitial ice
past periods with seasonal thaw and segregation of ice
an alternative solution.

Older periods of obliquity higher than 40◦–60◦ are pre-
dicted several millions or tens of million of years a
(Laskar and Robutel, 1993). Such periods could have lea
to the more developed action of cyclic thawing in the su
mer season. Features corresponding to such periods s
be found on MOC images but the rapid mantling of polar
gions may hide landforms such as polygons. Neverthe
the strong degradation of craters 1–5 km diameter at 6◦–
70◦ latitude into very shallow topography, named “path
logical craters,” could highlight effects of transient episod
of surface melting by filling craters more efficiently th
any eolian processes(Hartmann and Esquerdo, 1999). Ice
wedges like polygons observed in Utopia Planitia at mid
itudes could also indicate such older periods(Seibert and
Kargel, 2001)but the lack of similar polygons at the sam
latitudes in other regions of the planet prevent possible
terpretations of these polygons as related to climatic effe
On the other hand, the episodic occurrence of freeze–
cycles throughout the last tens or hundreds of million ye
would have played a major role in reshaping the topogra
of polar regions and it could be a major factor in the smoo
ing of high latitude regions at the MOLA scale(Kreslavsky
and Head, 2003b). Finally, new interpretations of spectr
data from TES (Thermal Emission Spectrometer) sug
that altered basaltic surfaces in regions of high latitu

could be due to the progressive alteration of the ground by
cyclic climatic variations(Wyatt et al., 2003). Transient liq-
uid water in the ground would certainly have a strong effect
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on ground alteration by increasing the kinetics of weath
ing.

5. Conclusions and implications for future missions

A classification of patterned grounds on Mars was d
using the MOC image datasets M01 to E06. This st
shows that they can be interpreted by different processe
pending on their geometry and distribution:

1. Patterned grounds have been classed in ten type
cluding polygons, hummocks and stripes. Their distri
tion above 55◦ latitudes correlates with the distribution
ground ice found by the Neutron Spectrometer onbo
Mars Odyssey.

2. At least 5 types of patterned grounds are controlled
the climate because they are located at the same latit
between 55◦ and 75◦ in both hemispheres. Compariso
with Earth analogues show that they are likely produ
by processes due to seasonal temperature variations su
thermal contraction and seasonal thaw.

3. Polygons on Mars are often larger than on Earth b
factor of up to five. This effect can be due to deeper propa
tion of cracks because of the colder temperatures of ma
permafrost. Large cracks can also be due to larger temp
tures variations in past periods.

4. Homogeneous polygons 50 to 200 m wide found in
interiors of craters or at the foot of hillslopes are often si
lar to ice wedge polygons on Earth formed by a combina
of thermal contraction and seasonal thaw.

5. Heterogeneous networks of large cracks with varia
sizes exist mainly at the high latitudes of the southern he
sphere. They probably formed by thermal contraction
their complex geometry is still enigmatic.

6. Large (50–300 m) homogeneous polygons bounde
straight and narrow cracks are found around the south p
cap. These cracks developed in ice rich deposits which
ists underneath the residual CO2 cap. The formation of thes
cracks could be the result of the blanketing by the CO2 cap
and subsequent contraction of the water ice deposits.

7. Small polygons and hummocks (15–40 m) are do
nant in number. Cracks are not observed directly excep
a small distinct class of polygons but thermal contraction
widening by the desiccation of the surface layer may exp
their formation.

8. Several features such as some small patterns,
homogeneous polygons on crater floor, slopes stripe
solifluction lobes could correspond to features formed
processes involving freeze–thaw cycles during past epis
of high obliquity (35◦ or more). Such past episodes
freeze–thaw cycles may have been enhanced in specifi
vironments such as crater interiors or hillslopes.

9. All types of patterned grounds observed on Mars

recent (<10 Myr) but they did not form simultaneously. The
most recent ones are likely the abundant small patterns and
the cracks around the south polar cap (Table 2). Large homo-
4 (2005) 336–359

-

-

s

s

-

s

-

geneous polygons and hillslopes stripes could have reco
periods during which seasonal temperatures variations
higher than at the present time.

Cyclic ground thaw in summer periods during past h
obliquity is possible for several examples detailed in t
study but this hypothesis still needs to be confirmed. Fu
high resolution images of the HiRise instrument onbo
the Mars Reconnaissance Obiter mission(McEwen et al.,
2003)could improve these interpretations by having m
detailed observations of the size, spacing, rock sorting
geometry of these landforms. If high latitude terrains w
submitted to cyclic periods with seasonal thaw, this proc
would be fundamental for exobiological researches(McKay,
2003), because life is able to survive in environments of p
manently cold regions on Earth where only episodic wa
periods exist(Friedmann, 1994). The Phoenix lander (2007
will explore these regions of high latitudes in order to fi
ground ice and indications of present or past life(Smith,
2003). The identification of specific locations such as cra
interiors in which atmospheric conditions may have favo
the transient apparition of water in the ground in the pas
important in the selection of landing sites for such missio
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