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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 temperature variati
in cold regions on Earth. Identifying similar features on Mars is important to understand its past climate as well as the ground ice distribution.
In this study, young patterned grounds are classed and mapped from the systematical analysis of Mars Observer Camera high resolutic
images. These features are located poleward dfl&tude which fits the distribution of ground ice found by the Neutron Spectrometer
onboard Mars Odyssey. Thermal contraction due to seasonal temperature variations is the predominant process of formation of polygor
formed by cracks which sizes vary from 15 to 300 m. The smallQ m) widespread polygons are very recent and degraded by the desiccation
of ground ice from the cracks which enhances the effect of ice sublimation. The large polygons (50 to 300 m) located only around the soutt
CO, polar cap indicate the presence of ground ice and thus outline the limit of théc€©ap. They could be due to the blanketing of water
ice deposits by the advances and retreats of the residugli€c@ap during the last thousand years. Large (50—-250 m) and homogeneous
polygons similar to ice wedge polygons, hillslope stripes and solifluction lobes may indicate that specific environments such as crater floor:
and hillslopes could have been submitted to freeze—thaw cycles, possibly related to higher summer temperatures in periods of obliquit)
higher than 38. These interpretations must be strengthened by higher resolution images such as those of the HiRise mission of the Mars
Reconnaissance Orbiter because locations with past seasonal thaw could be of major interest as potential landing sites for the Phoenix missic
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction era (MOC) of MGS show small-scale polygons much more
similar in size to terrestrial patterned grougiaker, 2001;

The occurrence of polygons on Mars similar to those Malin and Edgett, 2001; Masson et al., 2091; Yoshikawa,
found on Earth in periglacial regions has been the sub- 20025 Mangold et al., 2002a, 2003; Kuzmin et al., 2002,
ject of debates for three decades. Large polygonal systemg?003; Leverington, 2003)Polygons found in the Utopia
were identified on Viking images of the Northern plains and Elysium regions are several hundreds of meters large
(Pechmann, 1980: Lucchitta, 1983Jhese polygons, 2— and could correspond to Late Amazonian events of ther-
10 km across with bounding through widths of 200 to 800 m, maI_ cracking and a possible control by thawed ground _ice
are oo large to be compared to terrestrial periglacial poly- (Se|b_ert and Kargel, 2001Nevertheless, the prefe_rred ori-
gons and could be better related to tectonic stresses, mayb ntation of cracks suggests a control by tectonic stresses

in relation with a past oceafHiesinger and Head, 2000) \_(osh|kawa, 2002) Such interpretations question the ori-
New high resolution images of the Mars Observer Cam- gin of small scale polygons as due to periglacial processes
created by the temperature variations in ice rich layers. Iden-

tifying polygons related to periglacial processes is important
* Fax: +33-1-6019-1446. in order to study recent modifications of ice distribution and
E-mail addressmangold@geol.u-psud.fr climate on Mars.
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Fig. 1. Different types of small scale patterned grounds on Mars. (A) Homogeneous small polygons without apparent cracks. MOC image #M02-04505,
65.7 S,176.8 W, Ly = 162° (L = solar longitude). (B) Regular hexagonal patterns. MOC image #M04-02503,83275.4 W, Ly = 1925°. (C) Similar

to (A) in the northern hemisphere. MOC image #M14-00154, 80I62.9° W, Ly = 329.1°. (D) Hummocky terrains. MOC image #M03-04266, 543,

229.8% W, Ly =174.9°. (E) Small cracks visible from the presence of £iGe inside. MOC image #M08-03679, %, 98.2 W, Ly = 2259°. (F) Straight

cracks close to south polar cap. MOC image #M09-01292,°83,9.03.68 W, Ly = 2384°. (G) Ice wedge like polygons on the floor a 20 km diameter crater

in the northern hemisphere. MOC image #E03-00299,%6M.,7292.9 S, L, = 1406°. (H) Complex networks of cracks defining polygons of different sizes.

MOC image #M08-05725, 67°7S, 347.7 W, Ly = 2302°. (I) Polygons of variable size with fractal like geometry. MOC image #M09-04469,°78,4

98.9 W, Ly = 246°. (J) Cracks after complete defrosting of €@e. MOC image #M12-00012, 69.65, 271.24 W, Ly = 2932°. (K) 300 m large polygons

of Utopia Planitia. MOC image #M04-01631, 448, 272,7 W, Ly = 19C°. (L) Polygons localized inside bright areas in depression patch in the equatorial
region near Schiapparelli basin. MOC image #AB102306; 54340.7 W, Ly = 201°.

In this study, polygons 15 to 300 m lardeig. 1) found at 2. Classification, distribution and age of patterned
high latitudes of Mars are described and classified. The clas-groundson Mars
sification uses criteria such as the size of the polygons, their
homogeneity of their size, the occurrence of cracks and the2.1. Description of martian patterned grounds and
control by local topography. The results show that most pat- terrestrial analogs
terned grounds can be classified into nine types. Four types
are restricted to high latitudes of the southern hemisphere. Small-scale patterned grounds on Mars display a large
Clearly associated with climatic variations are the four types variety of geometry and size. A common kind of patterned
of polygons found at the same latitudes on both hemispheresground consists of very regularly spaced polygons, typically
Scenarios of their formation is proposed, invoking as a major 30 m large, apparently devoid of straight crackgmé. 1A,
process seasonal thermal contraction. The role of a poten-1C). Similar patterns can be found in both hemispheres
tial freeze—thaw cycles is finally discussed for some of these (Fig. 1C). Such small patterns were identified l#alin and
landforms. Edgett (2000)Fig. % at 54,8 S) in the vicinity of recent
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gullies. OnFig. 1B, polygons are slightly smaller (25 m) which freezes inside the cracks in winter and forms the
but very homogeneous and more hexagonal. Another differ- so-called ice wedgdLachenbruch, 1962; French, 1996;
ence is that the polygon borders are brighFigs. 1A and Plug and Werner, 2001)n that case specific landforms like
1C but dark inFig. 1B. Bright borders can be explained by mudboils Fig. 2D) or ridges over crackd={g. 2D) can occur
CO, frost trapped in the trough between polygons, in agree- in conjunction with thermal contraction. Some of those ob-
ment with the season (late winter or spring) at which the served on MarsKigs. 1G, 1 have a geometry very similar
images were taken. By contrast, the dark borders of poly- to terrestrial ice wedge polygonBi¢s. 2C, 2D.

gons ofFig. 1B can be due either to differences in material The desiccation of muddy sedimentsid. 2E) or spe-
albedo, or to shadows due to troughs between polygons. Incific tectonic stresse@iesinger and Head, 200@an form
the case ofrig. 1D, the dark bounds are certainly due to networks of cracks with a geometry very similar to those
shadows rather than differences in composition, resulting in formed by thermal contraction. None of the polygons ob-

a texture formed by hummocks. Patterns suchFigs 1D served seem to correspond to mud cracks, with the possible
have been described as “basket ball terrain'Haad et al. exception offFig. 1L which shows cracks localized inside a

(2003) though it is not clear if this term includes also small bright depression that could be interpreted as ancient lake
patterns such asigs. 1A-1C deposits. In cold regions, desiccation cracks can also form

Straight troughs define polygons in the range of 20 to as a consequence of seasonal théam Vliet-Lanoé (1998)
400 m in width forming crack networks of a very differ- describes different kind of cryoturbation with features like
ent geometryKigs. 1E-10. OnFigs. 1E, 1G, 1H, and 11 cracks formed by desiccation due to the groundwater flows
networks of cracks are outlined by the presence of carbonicsubsequent to the formation of sorted polygons. Geomorphic
ice frost which suggests bounding troughs separating poly- arguments are thus not always sufficient to distinguish be-
gons (Kossacki and Markiewicz, 2002Yhe identification tween all possible processes forming polygonal features. For
of bounding troughs is also possible from their shadows af- this reason, all images of recent patterned grounds on Mars
ter the seasonal CQce is goneig. 1J). OnFig. 1F located are classed in different types in order to highlight possible
close to the south polar cap, it is not clear why cracks appearindicators of the processes involved.
dark, but it may indicate differences in seasonal ice thickness
over the bounding troughs. The Utopia basin regior? (4D 2.2. Criteria used for the classification
displays MOC images with regular sized polygons usually
two times larger than the largest polygons in regions of high ~ The systematic studies of patterned grounds, i.e., regu-
latitudes Fig. 1K). Polygons in equatorial regions are very lar polygons, circles or stripes, on the entire Mars was done
sparse and have a geometry different than the cracks of theusing MOC images MO1 to E06 with a resolution better
high latitude regionsKig. 1L). than 6 nypixel. These data cover more than one martian

All the described patterned grounds have different orga- year, so that both hemispheres are equitably covered. Dis-
nizations that may correspond to different processes of for- sected terrains which cover many mid-latitude regions of
mation. On Earth, the formation of patterned ground in cold Mars (Mustard et al., 2001&re not included because they
regions is mainly due to (1) freeze—thaw cycles and/or (2) do not display a regular texture like the polygons. The area
thermal contraction of ground iqdohnston, 1981; French, covered by patterned grounds on each MOC image is also
1996) Nevertheless, similar patterns can existindependently taken in account in the classification because small isolated
of the periglacial context as a consequence (3) of the desic-patches of polygons on one MOC image could correspond to
cation of wet sediments or (4) of tectonic stresses. local effects. Images which surface is covered by roughly 5%

Freeze—thaw cycles create features like sorted stripesor less of patterned grounds are not included in the classifica-
on slopes, sorted circles, sorted nets and sorted polygongion. For exampleFig. 1L was not included in the mapping
(Figs. 2A, 2B, mud boils or hummocksHg. 2D). All of because the image only shows a small patch of polygons.
these landforms involve processes due to the ice/liquid wa- The interpretation of patterned ground is also compli-
ter transition phas@-rench, 1996)These physical processes cated by the presence of features of very different ages.
may correspond to thermally-driven convection, diapirism, Thus, only very young features are included in the clas-
or differential frost heave and ice segregatigtay et al., sification. The age is difficult to determine because only
1983; Gleason et al., 1986; Hallet and Prestrud, 1986; small impact craters can be used but most MOC images
Swanson et al., 1999; Van Vliet-Lanoé, 1991; Fowler and containing patterned ground are completely devoid of fresh
Krantz, 1994; Kessler and Werner, 2003he other main craters Fig. 1). On the contrary, polygons of the Athabasca
type of terrestrial patterned ground is characterized by net- Valles region (10 N, 200> W) are impacted significantly
works of cracks, also called non-sorted nets or more sim- so that they are not included. Polygons of Utopia and Ely-
ply polygons. In cold regions, cracks are due to the ther- sium regions located in a latitude range of480° (Seibert
mal contraction of the ground ice during wintétigs. 2C, and Kargel, 2001; Kuzmin et al., 20Q2lthough sparsely
2D). No seasonal thaw of ground ice is needed for ther- impacted, show 100 m large craters on several images
mal contraction, but, on Earth, cracks are often filled by (Fig. 1K). Despite being very recent (Late Amazonian), they
water coming from the melting of snow or ground ice 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)(78ugsukajik. Photograph J.-P. Peulvast.

(B) Unusually large sorted polygons of 20 m. Rocks on the border are up to 1 m large in Ellesmere IstaNjl (3%C photograph #2002-278. (C) About

30 m large ice-wedge polygons in Nunavut, Canada. Notice the presence of ridges bordering cracks. GSC photograph. (D) Ice-wedge polygonsith Howe isla
Alaska. Notice the presence of small hummocks inside polygons which are mud boils 1-2 m large. Photo Skip Walker, Univ. of Alaska Fairbanks. (E) About
10 cm large fossil desiccation cracks in Precambrian sandstones, Mauritania. Photograph N. Mangold.

study and are not included mainly for this reason. Neverthe- 1. Their homogeneity in siz€olygons are listed as “ho-
less, these polygons are geologically recent and interestingmogeneous” polygons if they have a regular width and as
for the understanding of past climate chang@sibert and “variable” in the opposite case. For example, polygons are
Kargel, 2001) heterogeneous if they range from 20 to 200 m in width on
After this first step, all MOC images showing periodically the same image. The homogeneous group is limited to im-
patterned ground are classed using four main criteria. 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 smallest polygons (class A) would contain a similar proportion of 3-
compared to 60 m for the largest, is at the transition betweenray and 4-ray intersections.
homogeneous and “variable” sizes. By comparison, terres- 4. The presence of a topographic contrdPatterned
trial polygons are usually homogeneous. grounds are sometimes systematically associated with topog-

2. Their absolute sizesS'he width of polygons is an im-  raphy such as crater interiors or hillslopes. Other landforms
portant criterion in identifying the mechanism, because the not correlated to topography are observed on flat plains or on
width is related to the thickness affected by thermal cracks. hilly materials without apparent control of the cracks direc-
In the case of homogeneous widths, polygons are listed astion by the topography. The particular case of slope stripes
“Small” if they are less than 40 m wide and as “Large” if on hillslopes is developed in a specific section.
they are more than 40 m wide, despite they are still smaller ~ Using these criteria the patterned grounds of 548 images
than 500 m. The limit at 40 m is justified a posteriori be- can be listed in eight main type$able 1. Other classifica-
cause it separates different types of features. Notice that thetions can be relevant depending on the selection of criteria
large polygons refer to features that are still much smaller and upcoming high resolution images might reveal more
than the giant polygons of the northern plains which are a types of patterned ground. This classification is a more de-
few kilometers across. tailed classification than the four types proposelangold

3. The identification of cracks and the type of crack et al. (2004) A total of 15 images with cracks forming in-
networks Cracks are identified from the linear outlines of complete networks are grouped in the Miscellaneous type M.
bounding troughs. Classes A, B, and C are defined for cracksThey can be due either to cracks formed by a volumetric
corresponding respectively to random orthogonal, oriented contraction not strong enough to complete polygons, or ero-
orthogonal and hexagonal patteriisy( 3). Hexagonal pat-  sjon of some of the cracks or unusual geometry not seen in
terns (class C) with angular intersections of 1Bfrm when  other locations. They are not discussed in the following be-

frost cracks develop at a series of points and that each crackzause their geometry does not give any information about
develops more or less simultaneou@irench, 1996)This their formation.

case could reflect the homogeneity of the subsurface and of
the cooling ratéFrench, 1996)The random orthogonal pat-
tern (class A) is thought to infer an evolutionary sequence in

which primary frost cracks develop in an essentially random _ )
pattern Fig. 3A). These first segments of fractures locally  FOUr types of polygons are located in both hemispheres at

reduce the tensile stress in the ground on a line perpendicu1€ same latitudes=(g. 4) indicating climate effects. Images

lar to the fracture. So, secondary cracks form preferentially With small S1 crack networks are in very low number (33)
on lines orthogonal to the primary cracks forming a T-shaped cOMpared to the images containing S2 polygons (151) and
intersection (e.gPlug and Werner, 2002Such a system is S3 hummocks.(250). The ratio of images in the North .and
listed as random orthogonal in contrast to the oriented or- e South (34 in the south) could be a result of sampling
thogonal systems (class B) which often occurs on Earth in effects because northern plains are often covered by haze.
the vicinity of standing bodies of watérachenbruch, 1966; ~ 1YPeS S2 and S3 have been separated by a dashed Tiae in
French, 1996)Kuzmin et al. (2002)distinguish cracks by ble 1 because they were difficult to separate. There seems
their intersections in either 3-rays or 4-rays. Using this t0 be a continuity from rounded hummocks to polygonal
nomenclature, hexagonal polygons (class C) would contain Shapes. The type S1 displays cracks and it is more sparsely
3-rays only, oriented orthogonal systems (class B) would be distributed by comparison to types S2 and S3. Nevertheless,

dominated by 4-ray intersections, while random orthogonal the maximum number of polygons is shifted in latitude from
S3 to S1 on the histogranfrig. 54). The type S3 occurs

mainly between 54 and 60 latitude whereas the type S2
becomes dominant between°68nd 69 latitude and S1 is
dominant between ?2and 75 latitude. Thus, S1 could also

be a continuity of S3 and S2. On the other hand, the average
size of small polygons apparently increase in sizes frofn 52
to 70 latitude Fig. 5B).

There are only two classes of large and homogeneous
polygons. The first class LT is found in close connection to
topographic features such as craters and hillslopies {G).
Polygons LT are located between°58nd 75 latitude in
both hemispheres with a maximum around 66both hemi-
spheres, thus at the same latitudes as the small polygons but
in a much more restricted proportion. The second class LPC
Fig. 3. (A) Random orthogonal network of cracks. (B) Rectangular network. (Fig. 1F) is located around the south polar c&jg( 4). No
(C) Hexagonal network (adapted frdfnench, 1995 type of large homogeneous polygons seem to exist outside

2.3. Geographic distribution of patterned ground
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Table 1
Classification of patterned grounds on Mars
Size Type Number of images Characteristics Crack class Examples
Homogeneous size
Large 40 m) 50-250 m LT NH=14 Large polygons connected to B>AnoC Figs. 1G,
SH=26 topography (craters, hillslopes) 9,10,11
40-250 m LPC NH=0 Large polygons around polar cap A CnoB Figs. 1F,
SH=19 12
Small (<40 m) 15-50 m S1 NH=13 Small polygons with cracks AB>C Fig. 1IE
SH=20
15-40m S2 NH= 36 Small polygons (homogeneous No cracks Figs. 1A,
SH=115 texture with polygonal shapes) 1B, 1C, 7B
10-30m S3 NH=78 Hummocky terrains (homogeneous No cracks Figs. 1D,
SH=172 texture with round shaped features) TA, 12
Variable size 10to 200 m VF NH0 Fractal crack networks (crack A>B>C Fig. 1
SH=24 width decreases with size)
15t0 200 m \AY% NH=0 Very variable size (same crack A~B,noC Fig. 1J
SH=9 width)
10to 150 m VCX NH=0 Complex assemblages of cracks A>B=>C Fig. 1H
SH=7 (Fractal+ irregular)
Miscellaneous M NH=3 Incomplete crack networks, dendritic cracks or
SH=12 parallel cracks without full shape of polygons

NH = North Hemisphere. SH= South Hemisphere. See text for details. Crack class: Random orthogonal, B= Orthogonal, C= Hexagonal. Type
LT = Large and influenced by Topography. LRO arge around Polar Cap. S1 to S3 are Small.2VNariable with fractal shape. VM= Variable without
organization. VCX= Variable and complex, M= Miscellaneous.

90
80
70
60
50
40
30
20
10

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
hemisphere at right (Eastward longitudes). LPC polygons are close to south polar cap at longitude especially a*tdanth2re is a strong limit at 55of
latitude.

these two groups, except large polygons geographically re-try with cracks decreasing in size and width likefig. 3A.
stricted to Elysium and Utopigseibert and Kargel, 2001) In contrast, the geometry of the VV type is very heteroge-
The polygons of variable sizes are split in three groups neous without hierarchy in the width of cracks. The discrim-
named fractal (type VF), very variable (type VV) and com- ination between these two end members is difficult on many
plex (type VCX) which consist of a total number of 38 im- images and the most complex ones are classed as complex
ages. Fractal networks VIFig. 1I) display a fractal geome-  VCX (Fig. 1H). The distribution of all V types is restricted
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* needlegWerner and Hallet, 1993)r solifluction (French,
e = 1996) However, many stripes are complex and what dictates
120 ms3 the spacing on such terrestrial stripes unrelated to polygons
8 i i is still unclear(Francou et al., 2001)
£ © | Some MOC images show regular patterns of polygons
5 transforming into stripes on gentle slop&gys. 7A, 7B. On
'E & - Fig. 7A, the stripes follow the main slopes and become poly-
w0 N gons at the foothill. Oifrig. 7B, the transition between poly-
P gons and stripes occurs on a gentle slope like in terrestrial
, = = examples ig. 6B) though no measurements of this slope
4543I4&51‘5164I5¢57 57-60 6063‘63—66‘6669 69-72 7275 7578 78-81 81-84 84-87 were pOSSible USing MOLA (Mars Observer Laser Altime-
A Latitude bins ter) data. Other MOC images show the occurrence of regular
Latitude stripes on the flanks of hillslopes without association with
90 80 30 0 30 60 90 polygons which can be compared to the second type of ter-
0 : : s - ‘ restrial stripesKigs. 7C, 7D. On these two images, stripes
13 are periodic and of constant width therefore being very dif-
15 I ferent from any mass wasting features such as dark slope
E 2 T l&ﬁ gh- streaks that cover some of the equatorial reg{@udlivan et
§ - I % al., 2001) Slopes measured from MOLA profiles have gra-
e i dients of 3 in Fig. 7C and 7 in Fig. 7D. Such gradients are
40 ! consistent with those where stripes are found which can vary
B 4 from 3° to 20° (French, 1996; Francou et al., 2001)

Fig. 5. (A) Histogram of latitudes versus number of polygons types S1, Stripes ak?OUt 50 m large found _tMaIin and Edgett

S2, and S3. Latitudes are grouped Bytins cumulated over the two hemi- ~ (2001) in plains of the northern hemisphere are not com-
spheres. Distinct graph for each hemisphere would give the same result. Theparable to hillslopes stripes because they occur on flat plains
total maximum occurs around B®ut the relative maximum of each class  \yithout any correlation with the slope. Rough stripes ob-

Is shifted from ST for S3 to 72 for S1. (B) Size of polygons S2 S3ver- g0 6q on hillslopes at 4050° latitude were interpreted as
sus latitude. The size is an average of all features overHatidude bins

of figure (A). The error bars show the standard deviation. The size is prob- pos_3|b_le so_rted strlpe(él_abrol and Grin, 2002put thgll’ as-
ably overestimated because the smallest patterns are under the resolution oBociation with nearby viscous features makes gravity-driven

MOC images. processes due to icy viscous flows without the involvement
h hern hemisph latitudes b . of freeze—thaw cycles more likel§Milliken et al., 2003)
to the southern hemisphere at latitudes betweéradd 80 These two types of stripes are not included in the distribu-

with a maximum near 70 They do not depend on the local

topography and they present different classgs of cracks with Hillslopes stripes (type Hs) are located in the same range
class .A (ran_dom orthogonal) stron_gly dominant. Polygon_s of latitudes between 55and 7% like other kind of poly-

of variable sizes are a_lso more regionally grouped. Thgre IS gons (Hs orfig. 4). They are more abundant in the southern
a gap of such cracks in regions located between Iongltudeshemisphere (17 Hs) than in the northern one (2 Hs) which
120 Eand 240 E. is probably a consequence of the rougher topography of
the southern hemisphere compared to the northern plains
(Kreslavsky and Head, 2003d&) summary, stripes are inter-

esting features to take into account in the understanding of

Several MOC images show a type of patterned ground patterned ground on Mars as they often indicate features re-
which consists of stripes located on hillslopes. On Earth, lated to cyclic thaw but their limited number and their small
slope stripes are due to processes involving freeze—-thawsizes may reduce the validity of the interpretation.
cycles (Werner and Hallet, 1993)A first type of terres-
trial stripes corresponds to sorted polygons on flat plateaus2.5. Relations of patterned ground with ground ice and
(Figs. 6A, 6B which become progressively sorted stripes on surface properties
gentle slopegWashburn, 1956; Goldthwait, 1976; Ballan-
tyne, 1996) These stripes are related to the processes that The distribution of patterned grounds can be correlated
create sorted polygons like the elongation of convection to the distribution of near-surface ice found by the Neutron
cells, diapirs in the direction of the slope or lateral squeezing Spectrometer (NS) of the Gamma-Ray Spectrometer (GRS)
of rocks perpendicular to the slofgkrantz, 1990; Kessler  onboard Mars OdysséiMangold et al., 2003, 2004; Kuzmin
and Werner, 2003; Peterson and Krantz, 2008)sec- et al., 2003) Assuming thermal contraction and freeze—thaw
ond group of terrestrial stripes exist without connections cycles are the two processes that can explain the formation of
to polygons on flat plateausig. 6C). These stripes are patterned grounds, both processes affect only the uppermost
explained by processes implying ice segregation like ice meters of the ground because they are the consequence of

2.4. Description and distribution of slope stripes and
striated soils
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Fig. 6. (A) Sketch of sorted polygons which progressively transform into stripes @idmland and Larson, 19839(B) Small sorted polygons (30 cm wide)
formed by diurnal freeze—thaw cycles which transform into stripes dhse®p slope in Northern Iceland (photo courtesy Dr. Ekkehard Schunke, University
of Géttingen). (C) Slope stripes in Bolivia formed by diurnal cycles with spacing of about 40 cm (Photograph V. Jomelli, Institut de Géographie, Physiq
Meudon).

the propagation of seasonal or diurnal thermal waves. In theon the surrounding plains, showing that different materials
case of seasonal thaw, the layer which thaws each summemay play a role in the geometry of cracks. Another example
is on Earth typically about 1 m thick, possibly some tens of shows ejectas of craters that are covered by small polygons
centimeters on Mars at past obliqu{f@ostard et al., 2002)  whereas the surrounding terrain are crossed by larger poly-
whereas seasonal temperature changes can induce crackingons (for example MOC #M08-03306).
down to a maximum of 2 or 3 m depending on the thermal
properties of the groun@Mellon, 1997) These depths are  2.6. Stratigraphy and age of patterned grounds
equivalent to the maximum depth of hydrogen detected by
the NS which is of about 1 rfFeIdman et aI., 2002§3r0und With the exception of the LPC p0|ygon5 wDe found
ice deeper than 1 m may exist in regions equatorward ®¥55  around the south polar cap, polygons or stripes are poorly
60° of latitudes without being detected by GRS but polygons connected to geological units mapped using Viking images.
may not exist at these latitudes because this ground ice is notrhey are found in the youthful deposits of martian high lati-
reached by the seasonal thermal waves. tudes which are likely composed of dusty, loess like materi-
No relation between high latitude patterned grounds and als, containing interstitial water ice in large amouf¥iskar
albedo seems exist on the contrary of the Utopia large poly- et al., 2002; Kreslavsky and Head, 2002; Feldman et al.,
gons which are more developed in regions of low albedo 2002; Mischna et al., 2003; Head et al., 2Q08)young
(Kuzmin et al., 2002; Yoshikawa, 2002Most polygons  age is confirmed by our study: among the 548 MOC images,
remain unchanged even though they cross different geo-only 15 craters between 20 and 150 m of diameter were ob-
morphic units on a given MOC image but the geome- served. This number corresponds to fresh craters only, i.e.,
try of polygons is occasionally disturbed by differences of craters that are not affected by patterned ground. Of course,
surface properties. Several images show dunes crossed bymages have been selected using this criteria of youthfulness,
cracks (for example MOC #M11-00999, 7%) whereas  but no terrains polewards of 6@xhibit strong densities of
other images show dunes surrounded by cracks without be-small impact craters. The determination of a maximum age
ing crossed (for example MOC #M08-02047). When cracks is not relevant for large polygons which exist in small pro-
cross dunes they often display a geometry different than thatportion 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 #M17-00992,024.6> W, Ly = 27.4°. (B) Small
patterned ground S2 which transforms into stripes at the right of the image. MOC image #M03-019875,649%67 W, Ly = 1689°. (C) MOC image
#M02-02175, 64.9 S, 15.2 W, Ly = 1557°, slope from top to bottom, light from below. (D) MOC image #E05-01306, €5829.9 W, Ly = 1782°.
Slope from left to right, light is from the left.

most abundant patterns. Assuming that they formed during Itis possible that not all types of polygons are contempo-

the same period, the crater count gives a very young age ofrary but the small number of craters does not permit to date
less than 1 Myr according to most recent modelartmann them in relation to each other. Nevertheless, some chrono-
and Neukum, 2001) logical relations exist as the small S2 and S3 polygons over-
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lay larger V and LT cracks in about 15 images. This shows A Evelution with cracks filing B EpMtRustokseenlin
that small polygons are younger than the larger V and LT First cracks First cracks
polygons. On the other hand, several images of large crack

networks, types V and LT (for example MOC image #MOO- V v V I T:p’ih u v v

00602), show cracks eroded by the wind. This observation
implies that they are not so young, or are not active any-
more.
In summary, the first consequence of this classification ‘ ’ ' V ' | v Y v
is that there is not a single type of polygons and therefore

probably not a single origin. The second consequence is that Ridges

polygons are located in latitudes where ground ice is present
at shallow depth of less than 1 m according to results from v ‘ l V U v
Mars OdysseyBoynton et al., 2002; Feldman et al., 2002;

Mitrofanov et al., 2003)So, many patterned grounds, if not Homogeneous network Fractalnetyork

all, are ,genetlcal,ly related to this ground ICe as pre,dICted Fig. 8. Formation of cracks by thermal contraction. The complete evolu-
by previous studiegMellon and Jakosky, 1995 he third tion takes several hundred years if the cycle is annual. (A) The depth of
consequence is that polygons are young, but not necessareracks and the size of polygons depend on the thermal stress and ground
ily active at the present time. Mars is submitted to climatic properties. In presence of water or sand filling the cracks, cracks widen
cycles at the 10 to 100 kyr scale (e.gaskar and Robutel, progressively Without_ formation of_ smaller cracks. Ifth(_e ground thaw sea-
1993, so, if climatically controlled, they could be the result sonally, two symmetric pressure ridges form on each side of the cracks due

T . to the volumetric expansion of water. (B) Without any filling of the cracks,
of temperature variations under past climates and not only ¢racks increase in width more slowly and smaller cracks form inside each

current temperature variations. polygons.

3. Origin of the different types of features observed newly formed polygons inducing new cracks with smaller
sizes and smaller width$ig. 8B). Of course, intermediate

3.1. Theory of crack formation on the Earth and cases can exist between these two end-membegsg).

consequences for Mars Expansion of cracks of only 2 or 3 ¢tyears are recorded

from field data because of the low thermal expansion of

Many martian patterned grounds display bounding frozen ground which is estimated at a maximum ok 3
troughs indicating thermal contraction cracks. Thermal 10* K~! (MacKay, 1980) Nevertheless, cracks can pro-
cracks in cold regions are formed by the contraction of the gressively widen up to 5 m because the formation of ice
ground due to the propagation of the cold thermal wave Wedge polygons thus requires the repetition of seasonal tem-
during winter (e.g.French, 1998 Models show that the  Perature cycles over £@r 10° years(Ugolini et al., 1973;
same effects can occur under martian tempera(ietion, Plug and Werner, 2001Processes involving sand wedges
1997) Once formed, terrestrial cracks usually fill with sur- Polygons are usually slower than ice wedges because they
face meltwater and groundwater during summer. This water depend on the availability of sand to be stored in the cracks.
freezes in the fracture at the lower temperatures found in Evolution over periods of as much as®fars has been re-
the subsurface. Because ice in fracture cavities is gener-ported for sand wedgéSletten et al., 2003)
ally weaker than the frozen ground, fractures usually fol- ~ The identification of homogeneous polygons similar to
low the same path from year to ye@Plug and Werner, ice wedge polygons is therefore not an evidence for the iden-
2002) In this case, after the formation of polygons is com- tification of seasonal liquid water. Nevertheless, ice wedge
pleted, no new cracks form and the size of the polygons polygons on Earth are frequently bordered by small sym-
is fixed (Fig. 8A). This process also exists for sand filling metric ridges or shoulder$igs. 2C, 8A. These ridges are
the cracks and forming sand wedg@éurton et al., 2000; several tens of centimeters high and a few meters large and
Sletten et al., 2003)This case is common in the arid re- usually come from the progressive cycles of volumetric con-
gions where geomorphic effects due to wind are more effi- traction and dilatation due to summer thawing of the ma-
cient than those due to liquid water. Alternatively, theCO terial inside the polygongMacKay, 1980; French, 1996)
frost cold trapped in cracks could play a similar role. How- Sand wedges in Antarctica can also display pressure ridges
ever, CQ is not permanently condensed inside the cracks (Sletten et al., 2003)n this case, the authors propose that
at current conditiongKossacki and Markiewicz, 2002ike the thermal expansion of the ground ice in summer can be
it should be for processes similar to ice wedges or sand sufficient to explain the formation of ridges. Nevertheless,
wedges. Nevertheless, it is possible to imagine past colderthis hypothesis remains to be tested because the thermal ex-
conditions at different obliquities in which such a process pansion of ground ice would have much lower effects than
was possible. On the other hand, in the absence of matervolumetric dilatation due to the transition of water ice in lig-
ial filling the cracks, the tensile stress increases inside theuid water.
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The penetration depth of cracks in the ground controls temperature of 260 K would give 3Pa s, much lower than
the size of the polygons. Terrestrial polygons formed by the critical viscosity.
seasonal thermal contraction are usually 10 to 40 m large In the case of an annual cycle, the seasonal wave of typi-
(French, 1996) exceptionally up to 80 m as in Siberia cally 4 mwould lead to cracks as deep as 100 m at maximum
(Kuzmin et al., 2002) Theoretically, the width of first-  applying results oMaloof et al. (2002) Such deeper pene-
order polygons corresponds to about three times the max-tration could explain the larger size of martian polygons be-
imum depth of propagation of first-order crackBarker, cause the width is directly proportional to the depth of cracks
1999) For example, on Earth, seasonal variations produce by a factor of thregParker, 1999)eading to a maximum
ice wedges of typically 5-6 m deep for polygons 15-20 m size of polygons to 300 m. In the case of diurnal changes
wide (Lachenbruch, 1962)The depth of penetration of the of temperatures rather than seasonal variations, the depth of
seasonal cold wave in winter reaches 3-5 m at maximum. penetration of the thermal wave is restricted to a few cen-
Cracks propagate only slightly deeper into the ground. Be- timeters (e.g..Tokano, 2003 Polygons as large of 100 m
cause the seasonal thermal wave is of the same order ofire unlikely to form under such small variations. However, a
magnitude on Mars and on Earth, polygons formed by sea-diurnal cycle can propagate cracks deeper than the thermal
sonal thermal cracking should exhibit the same size rangewave if the viscosity is larger thané.x 10" Pas, a condi-
on Mars(Mellon, 1997) Thus, polygons 200 m large are tion thatis possible at all latitudes on Mars. The observation
at least five times wider than expected for seasonal contrac-0f polygons formed by diurnal thermal variations would nev-
tion. ertheless require (1) the ground ice to be present very close
This difference may be explained by the fact that the per- to the surface €10 cm) because the thermal wave is very
mafrost is colder on Mars. Indeed, the terrestrial permafrost Shallow and (2) the polygons to be situated at latitudes lower
is relatively warm and soft close to the melting point. At than 73 because diurnal variations would be non efficient
temperatures 60 K colder, the frozen ground is more brit- above 78.
tle, creating propagation of cracks strongly deeper than the ~ This critical viscosity provides a simple tool to explain
stress created by the thermal waMaloof et al., 2002)Nu- the Ia_rger size of martian polygons. Nevertheless, the depth
merical models suggest that cracks formed by cyclic thermal t0 Which cracks propagate strongly depends on the proper-
variations can propagate into a cold cemented ground threefi€s of the groundMaloof et al., 2002)which are poorly
to twenty-five times the depth affected by the thermal stress constrained on Mars as well as on Earth. Realistic values

(Maloof et al., 2002)This possibility on Mars can be tested ©f Propagation may not exceed factors of two or three, in
using the critical viscosityMaloof et al., 2002) which case other parameters could be involved to explain

the larger sizes of polygons. For example, the lower martian

1 E gravity reduces the lithostatic pressure which may play a role
) in increasing displacements on tectonic fault{Sghultz et

al., 2004) Furthermore, high obliquity periods create colder
whereE is the elastic Young modulus, typically 10 GPa for \yinter temperatures and warmer summer temperatures in
a frozen groundy is the Poisson ratio which varies from polar regions. At an obliquity of 40the average daily tem-
012, at temperatures Of 250 K or |OW€I’, to 0.4 C|Ose to the perature at summer So|Stice Wou|d beoﬁcompared to
melting point of ice(Tsytovich, 1975)andw = 27/ T is —20°C at current obliquity. Such stronger temperature dif-
the frequency of the temporal cycle If the ground is less  ferences could have increased the thermal stress and there-
viscous than this value, then the fracture cannot propagatefore produced deeper thermal cracks. Thus, three effects can

(Maloof et al., 2002) concur to explain the larger sizes of some of the martian
The calculated critical viscosity is 10Pa's for a tempo- polygons.

ral cycle corresponding to one martian year andI®' Pa's

for one terrestrial year. This value can be compared to 3.2. Formation of large polygons connected to

the viscosity of the frozen ground known from mechani- topography (LT)

cal experiments. Ice deforms by viscous creep according

to a power-law relation (e.gDuval et al., 198Band ice- LT polygons observed in the same range of latitude in
rock mixtures in a volume proportion of 1:1 are about 10 both hemispheres may be controlled by seasonal tempera-
times more viscous than pure i¢®urham et al., 1992;  ture variations. Among the total number of 40 images, 32 are
Mangold et al., 2002b)At the stress produced by thermal associated with craters floors or flanks, 6 with flanks of iso-
contraction of typically 2 MPgMellon, 1997; Maloof et lated hills and 2 with flanks of ancient valleys. The slopes
al., 2002) the critical value of the viscosity 6 Pas cor- on which they exist are not steep, ranging typically from
responds to a deformation at temperatures of about 210 K.a few degrees to no more than°1®olygons connected to
Cracks can therefore propagate deeper than the thermatraters are well developed on the floor of these craters and
wave at temperatures colder than 210 K, a condition that not only on their flanksKig. 9). Their homogeneous geom-

is achieved at latitudes of 80r higher (e.g.Mellon and etry similar to ice wedge polygon§ig. 2C) questions their
Jakosky, 199h By comparison, the viscosity at a terrestrial formation by processes involving seasonal thaw in concert

77251_]),
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Crater rim

Crater rim

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 orthogonal
cracks on the crater floor. Notice the small hills close to the center of the crater (at the bottom of the image) MOC image #E03-002092%2.9 S,

Ly =1406°. (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, RD.295.2 W, Ly = 601°.
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Fig. 10. (A) Rectangular cracks network on Mars. MOC image #M08-0617956810.4 W, Ly = 2314°. (B) Rectangular network in Canada, NWT, GSC
image #2002-329, 76N, Prince Patrick Island.

with thermal contraction. Craters could be natural depres- case of craters. Some observations could rely on the effect
sions for the retention of ground water. The involvement of the stress field due to the slope. For example, cracks often
of standing bodies of water for some polygons inside such change from rectangular networks (class B) on the flank of
craters was previously proposéSeibert and Kargel, 2001; craters to random orthogonal systems (class A) on the foot of
Kuzmin et al., 2002put only transient melting during sum-  these flanksKig. 9A). Nevertheless, some networks are still
mer season is required to form such polygons. The width of rectangular (class B) on the floor of craters where the effect
individual cracks of 5-10 m observed on LT polygons is sim- of stress due to the slope is negligibld. 9B). Moreover,
ilar to terrestrial examples caused by the cyclic widening of this image shows that polygons outside the craters (top of
cracks Fig. 8A). Nevertheless, whether this filling is due to  Fig. 9B) are smaller and of different geometry which indi-
water ice formed by frozen meltwater, to g@e, or to sand cates that specific processes are involved on the bottom of
material deposed in the trough is difficult to discriminate. the crater. Thus, if some orthogonal cracks are likely due to
Craters also form natural sinks for sand because wind canthe stress field related to the crater flanks, others may indi-
provide fine materials to accumulate and fill cracks. Thus, a cate the role of transient meltwater.
closer look to their geometry is needed to provide informa-  Small hills can be seen in the center of some craters (left
tion about the context of their formation. bottom ofFig. 9A). They could correspond to pingos formed
LT polygons are formed by oriented random orthogonal during a wetter pastSoare and Peloquin, 2003pPingos
networks (class A) as well as orthogonal cracks (class B). consist of broad and flat to small and narrow domes typ-
On Earth, rectangular patternsi§. 10 form when the hy- ically several tens or hundreds of meters large formed by
draulic head controls the initiation of cracks even if the doming of frozen ground due to freezing of injected wa-
slope is lower than 0%1(French, 1996)On the other hand, ter (MacKay, 1973, 1978; French and Dutkiewicz, 1976;
MacKay (1995)shows terrestrial rectangular cracks which French, 1996)Such features need warm summer tempera-
are perpendicular to slopes as steep &s BOthis case, the  turesin order to melt the ground ice at least partially on grain
rectangular network could be an indirect consequence of theboundaries to create ground water flow in summer. Pingos
main stress field on the slope. In both explanations, the ori- often form in depressions associated with shallow transient
entation of cracks is systematically orthogonal and parallel lakes(French, 1996)naking the presence of these hills on
to the slope, or concentric and parallel to the slope in the the floor of craters especially interesting.
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Fig. 11. Formation of ridges around cracks (similaFas 2C on Earth) as indicated by the arrow in large polygons (100-200 m) on the floor of two different
craters. Note the presence of hummocky pattern of S3 type about 10-15 m large over each ice-wedge like polygonsHgnikar em Earth. (A) MOC
image #M00-00602, 65°7N, 232 W, Ly = 1201°. (B) MOC image #E03-00722, 6PN, 329. W, L, = 1422°.

Small ridges bounding polygon&if. 11) are similar to 3.3. Formation of polygons around the south polar cap
those formed by freeze—thaw cycles on EaRiy$. 2C, 8A (LPC)
favoring the role of groundwater in their formati¢Baker,
2001) although dry processes may form similar patterns  LPC polygons have a geometry similar to ice wedge poly-
(Sletten et al., 2003Small hummocks also cover the floor gons but bounding cracks are narrow without any border-
of the polygonsFig. 11). They are 10-15 m large and specif- ing ridges and they are often longer than 1 km. There are
ically associated with LT polygons on 10 different images. @IS0 no rectangular polygons related to local slopes. These
They are classed as S3 type of patterned ground. Their asP0lygons likely formed by thermal contraction without in-
sociation inside non-sorted polygons is strikingly analogous volving seasonal thaw bu_t their specific _d'lstrlbutlon arOl_Jnd
to that of mudboils over polygons on Earffig. 2D). Mud- the south polar cap requires some additional explanations.

boils, also named frost boils, have usually a limited exten- CO; ice forms at cold temperatures 6f125°C close to

sion of 1-3 m and are due to processes of frost heave in thethe lowest temperatures on Mars. It has very slight temper-

active layer (e.g.Erench, 1996; Walker et al., 2003 hus atures variations during a martian year which should avoid

any thermal cracking inside the permanent Ggap itself.
the presence of these Iandfo'rms CO.UId strengthen the hy The images with LPC polygons therefore highlight loca-
pothesis of seasonal thaw being an important factor in the . . o .
. tions with material rich in water ice rather than g@e.
formation of these polygons, although they could also be

than th | havi fc relati ith They can be used as indicator of water ice deposits in or-
younger than the polygons having no genetic relations with ¢, 4 map the current front of the G@ap similar to what

them. _ _ was done with Themis thermal mag¥tus et al., 2003and
Finally, cyclic formation of sand wedges and orthogonal spectral datBibring et al., 2004)On Fig. 12 the front of
patterns due to stress fields on slopes may explain the geomsp,o postulated residual GQap is recognizable by the cir-
etry of some LT polygons but probably not all. Orthogonal ¢jar pits of the swiss-cheese text@fiomas et al., 2000:
crack networks on the floor of large craters together with the \ajin et al., 2001) Some pristine cracks are also visible
occurrence of ridges over cracks, potential frost boils and jpside the swiss-cheese uniig. 12B) which seem to cor-
hills similar to pingos are an interesting combination which respond to the continuation of the LPC cracks inside the
strongly suggests processes involving seasonal thaw actingswiss-cheese terrainbi@. 12. They could represent an ef-
in concert with thermal contraction. At current pressure and fect of upward propagation of the cracks from underneath
temperature conditions, liquid water on Mars is not stable the cap into the C@ice (Fig. 12C).
long enough to fill the cracks, but past conditions may have  Images containing swiss-cheese terrains occasionally
permitted this proceg€ostard et al., 2002) show polygonsKig. 13 that were not mapped in the global
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Cracks " . C
cap
v /o y

| \ Water ice+dust

Fig. 12. (A) MOC image #M09-03178, 84.B, 55 W, Ly = 2433°. Front of the south polar cap with swiss cheese features. (B) Schematic map of the MOC
image. The front of the cap is the dotted gray line. Cracks in dotted lines are inside the swiss-cheese terrains. (C) Schematic cross sectioblef the poss
propagation of the cracks inside G@e to explain their presence at the surface of the €&p.

distribution of polygons because they should be associatedthey may be due to the long term thermal contraction created
with processes inside the GGre cap like the collapse of by the advance and retreat of the £@sidual cap. Indeed,
material due to the formation of swiss cheese depressionsthe retreat of the C®polar cap is currently observed by
(Thomas, 2003)However, fractures formed around circu- MOC imagegMalin et al., 2001)implying that this cap was
lar collapse zones have usually a specific geometry formedonce larger. Thermal cracking occurs during the decrease of
by the stress pattern around that zoRigy( 138). However, temperature. Thus, a surface blanketed by @®ot heated
most cracks over the swiss cheese terrains shows a geomeanymore by the Sun and the surface temperature drops to the
try similar to the random orthogonal network (class A) and temperature of C®around—125°C. A cold thermal wave
sometimes hexagonal network (class C). Their average sizewould propagate even deeper as the duration of the blan-
of 100-300 m is also similar to the size of the LPC poly- keting is long Fig. 14). After a period of advance of the
gons outside the swiss cheese terrains. Thus, an alternativ€€O, perennial cap, the residual cap would retreat and cracks
hypothesis for the formation of polygonal cracks over swiss would then become visible at the surface. This scenario may
cheese terrains is that they are due to the propagation ofexplain the occurrence of cracks underneath the €p as
cracks formed by thermal contraction in the water ice rich proposed orfFigs. 12 and 13This scenario is also consis-
terrains which underlie thin C£deposits. Circular collapse tent with the lack of similar features around the northern cap
may play a role in their shaping but the geometry seems notbecause of the absence of £€ap.
consistent with a pure collapse origifig. 13C). This inter- In such a scenario, the GQap would bury the water
pretation is consistent with the fact that the thickness of the ice deposits during many years propagating a cold thermal
CO, ice is probably very thin €10 m) (Titus et al., 2003; wave deeper than the seasonal wave. In contrast to cyclic
Byrne and Ingersoll, 2003) variations, a crack would not be able to propagate much
LPC polygons could be due to seasonal contraction but deeper than the thermal wave like in the process described
this would not explain they specific distribution and their oc- by Maloof et al. (2002pbecause it would be formed by only
currence underneath the @@ap unaffected by the seasonal one strong episode. The degthof the thermal wave can be
variations. The interpretation proposed hereafter states tha@pproximated by the relation (e.durcotte and Schubert,
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Fig. 13. (A) Cracks present over swiss cheese terrains MOC image #M08-002723&9.5 W, Ly = 2169°. Cracks have same size (100-200 m) and
geometry (class A cracks) than cracks in front of the swiss cheese terrdhig. dr2 (B) Theoretical pattern of cracks due to collapse. (C) Theoretical pattern
of cracks formed by thermal contraction without effect of collapse area. (D) Schematic 3D bloc of swiss cheese terrains over water ice rich iplar depos

A. Past advance of CO2cap B. Current retreat of COzcap

Propagation of cracks
[EESEEE—
1hrough CO cap

Cracks visible
i at surface i

Fig. 14. Scenario of formation of polygons located around the south cap. (A) Past climate may have wideneddéye. T8e consequence is the propagation
of a cold wave in the frozen ground which produce thermal contraction. (B) Geomorphic observations suggest the current retreagt cai{&ai et al.,
2001) Cracks becomes visible at the surface and inside the swiss cheese terrains when crossed by cracks.

1982: 3.4. Formation of polygons of heterogeneous sizes (V)
D= K_t, 2) The fractal VF polygons fit the formation of cracks
T by cyclic variations but without material filling the cracks

wheret is the duration and the thermal diffusivity, fixed (Fig. 8B). The large width of some cracks (10 m) suggests
at 10°® m?/s (Johnston, 1981)The skin depth given by the  a formation by cyclic variations such as thermal contrac-
relation correspond to/ the total depth of the wave pene- tion, but no ridges surrounding cracks or other indicators
tration (Turcotte and Schubert, 1982 depth of D =30 m of ground thawing are observed. VF polygons are domi-
corresponds to a period of= 100 terrestrial years. This nantamong the variable size polygons with 24 examples but
depth is sufficient to produce polygons 100 m wide if we the homogeneous geographic distribution of the three types
assume a factor of 3 in the width/depth ratirarker, 1999) suggests a similar origin. Volumetric contraction due to the
Such duration of several hundreds of years is also consistengdesiccation of a muddy layer is unlikely because there is no
with timescales involved in the variations of the £€ap association of cracks with topographic lows or with possi-
(Malin et al., 2001; Byrne and Ingersoll, 2003hus, if this ble standing bodies of water and no preferred orientations is
scenario is true, a better understanding of the geometry, dis-observed which would be due to tectonic stresses.

tribution and formation of these LPC cracks could permitto ~ These polygons are located in regions poleward ¢f 60
reconstruct advances of the g@ap over the last hundreds latitude where ground ice is detected by the Neutron Spec-
years. trometer confirming the potential role of thermal contraction
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in their formation. However, if due to thermal contraction, Duquennoi, 1998 However, mud boils and hummaocks are
the absence of similar features at the same latitudes in thecircular features typically 1 to 3 m large (e.gvalker et al.,
northern hemisphere is enigmati€iq. 4). Does this mean 2003, thus also smaller than possible martian equivalents.
that cracks observed in the southern hemisphere recordedProcesses related to freeze—thaw cycles to explain small pat-
unusual climate changes that did not occur in the northernterns remain therefore speculative especially due to the lack
hemisphere? In contrast to LPC polygons, they are probablyof evidence of sorting of material.
not related to past advances of the Ogvlar cap because The S1 type displays cracks at a scale of 20—40 m which
they are typically located around 7@atitude which is too is similar to that found on Earth for polygons formed by ther-
equatorial for such processes. Another explanation couldmal contractionLachenbruch, 196)ut this process alone
come from their older age relative to the northern terrains. cannot explain the formation of other small patterns S2 and
The surfaces of the northern hemisphere are more erodedS3. However, the sublimation of the ground ice is an ad-
or buried by younger deposits than surfaces of the southernditional process which is more important on Mars than on
hemisphere which appear old&woutnik et al., 2002) the Earth. It is suggested hereafter that small patterns could
On the other hand, the northern hemisphere is not devoidbe the result of the degradation of contraction cracks by
of cracks because both S1 and LT types are observed. Differ-desiccation and erosion. The current atmospheric conditions
ent thermal conditions may have existed in the North in order imply that the ground at latitudes of 670" is subjected to
to produce smaller or more homogeneous types of cracks.progressive desiccation in the top-most centimeteamnale
For example, the elevation difference of six kilometers be- etal., 1986; Mellon and Jakosky, 199%jis model assumes
tween the northern and the southern hemisphere leads tdhat the ground is a continuous medium. If the ground is
a strong difference in atmospheric pressure. Elevation mayfractured and contains cracks formed by thermal contrac-
also play arole in the thickness of the desiccated layer which tion, these fractures permit a more rapid sublimation of ice
overlays the ice rich laye(Maurice et al., 2004pnd an as it has been shown for fractures over glacier-like land-
asymmetry in the proportion of ground ice is observed on forms (Fig. 6 ofMangold, 2003 Ice grains in the fracture
NS data with less ice being present in the southern regionssublime quickly because they are in direct contact to the at-
(Feldman et al., 2003)hese explanations are still specula- mosphere. Solid grains then fall down into the trough, or are
tive and, although the geometry of these large and variableblown out by wind to the atmosphere, exposing the next ice
polygons agrees with processes involving thermal contrac- grains to the atmosphere. Initial cracks would thus become
tion, more data are needed to understand their variability in wider and wider because of their progressive degradation

geometry and their connection to climatic conditions. (Figs. 15A-15@. That could explain why polygons are not
separated by straight cracks but by more rounded bounding

3.5. Formation of homogeneous polygons smaller than troughs. Despite it is difficult to imagine that S3 hummocks

40 m (S) (Fig. 1D) were bounded by cracks before degradation, their

connection to S2 type of polygons is shown on the histogram
S polygon types usually do not display cracks but their (Fig. 54). At 50°-60°, the effect of sublimation is strong

homogeneous shape could involve processes such as sorand plays a more important role in widening cracks than
ing of material by seasonal thaw. Small polygons such as at 7¢. The small patterned ground could thus be the pole-
those ofFig. 1B or stripes such as those &ig. 7A are ward continuation of the dissected layers of the mid latitudes
similar in shape to terrestrial sorted featuregyé. 2A, 9 (Mustard et al., 20018xcept that the process is efficient only
but the size of sorted polygons on Earth are smaller from in locations where cracks favor sublimation.
typically a few centimeters to several meters. A new model  This hypothesis can be strengthened by comparing the
by Kessler and Werner (200&8xplains sorted polygons by ground ice distribution with thermal stress models. Tem-
lateral squeezing of small stones because the freezing frontperature variations in an ice-free layer would not create
progresses quicker downward in stones than in muddy soils.cracks by thermal contraction. Neutron Spectrometer data
Such model explains sorted nets 1 to 5 m large formed by shows that the ice table becomes shallower towards the poles
annual cycles but 20 m large sorted ndtgg( 2B) remain (Feldman et al., 200qFig. 15D). On the other hand, calcu-
unexplained. Such unusually large sorted nets are reportedations byMellon (1997)shows that all terrains poleward of
almost exclusively where thick continuous permafrost ex- 20°—30° could be affected by cracking if they contain ice
ists (Goldthwait, 1976) a situation that could be similar in the uppermost meter. The critical stress reaches two or
on Mars. On the other hand, the high latitudes terrain con- three meters at latitudes higher tharf 5Bigure 1% com-
sists mainly of dust and ice deposiffokar et al., 2002; pares the distribution of ground ice from NS data (gray)
Mischna et al., 2003 which sorting of material is uncer-  with the tensile stress found by Mellon (striped). This fig-
tain. Features such as mud boils or hummocks due to frosture is very conceptual because both models, the ice-rich
heave in fine grained material should then be more frequentlayer and the stress, are submitted to large uncertainties.
than sorted nets. “Frost heave” is the uplifting of the ground Nevertheless, the combination of an ice-rich layer and a
surface due to the formation of ice lens by percolation of stress higher than the fracture boundary limits the devel-
unfrozen water betweer10° and 0°C (e.g.,Konrad and opment of possible cracks to regions poleward ¢85,
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Fig. 15. (A) to (C) Progressive widening of cracks by sublimation of interstitial ice. (D) Theoretical comparison of thermal stress requiredeccaoksi
and ice table deduced from GRS data. The region where thermal stress (stripedliom 1997 reaches the ice rich layer (gray) are located poleward of
about 50-55°. Desiccation increases to the equator, thus cracks are more degraded belatité@e. Thus, cracks at 7®f latitude would look like stage
(A) of the degradation process at left whereas cracks abbtitude 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 Lee Possible period of activity (past/current)
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?

\\Y% 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 woaldofave play
during past high obliquity periods. Large uncertainties exist especially about the role of seaseriadsE® these processes. See captiofaifle 1for type
description.

thus to regions where polygons are observed. Terrestrialoffer a wide range of variety which are far away to give all
studies highlight the geomorphic effect of the process of their secrets of formation.

sublimation(Law and van Dijk, 1994)especially in cold

and dry regions such as in Antarctifldgolini et al., 1973;

Marchant et al., 2002; Sletten et al., 2008imilar process 4. Discussion: freeze-thaw cyclesor no freeze-thaw

of sublimation patterns is observed in subglacial till where cycles?

pure ice layers exist underneath ro¢ktarchant et al., 2002;

Head et al., 2003)The slight difference between the process  Thermal contraction represents the main mechanism able
involved in Antarctica and the process proposed here is thatto form polygons at the surface of Mar$aple 9. Never-

the underlying layers oRig. 16are not necessarily pure ice  theless, a few landforms may involve freeze—thaw cycles:
but any frozen ground. (1) the large homogeneous polygons on crater fldeigs( 9,

A question concerning the involvement of seasonal ther- 10, 11), (2) some of the small polygons with very homo-
mal contraction in the formation of different types of poly- geneous patterns=ig. 1B) and polygons associated with
gons S, L, and V is their difference in size from one type stripes Figs. 7A, 7B, and (3) striated soils Hs on hillslopes
to another. Why are S polygons smaller than the L type (Figs. 7C, 70). For example, slope stripes not related to
if they are related to the same process of seasonal con-polygons are difficult to explain by other processes than sea-
traction? Assuming that they formed at the same period, sonal thaw Figs. 7C, 7D. The fact that the same width is
small polygons could be due to thermal contraction by di- found on different images favors a process similar to terres-
urnal cycles, but this possibility is unlikely because the trial processes despite the larger size than on Earth. More-
action of diurnal cycles takes place in the uppermost cen- over, rocky material likely exists on slopes making sorting
timeters only which is ice freéMellon and Jakosky, 1993;  of grains easier to explain on slopes than on smooth plains
Feldman et al., 2003)Polygons could also be formed by mantled by dust.
seasonal thermal contraction but at different periods, such Features indicative of seasonal thaw such as pingos would
as higher obliquity periods during which polar regions are be difficult to distinguish from other features especially if
submitted to larger temperature variations. Martian polygons martian pingos are similar to broad based pingos found in
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northern Alaska which are typically only 5 m high for 250 m
large(Walker et al., 1985)Such pingos may exist on MOC
imagegMangold, 2003b, Fig. Dut circular features of less
than 300 m in diameter are difficult to discriminate from
other landforms such as buried craters. Pingos may never-
theless exist in connection to some ice wedge like polygons
(Fig- 9). In addition, solifluction lobes are other possible
landforms related to the periodic thaw of ground ice on
periglacial hillslopesFig. 16A). Solifluction lobes are due

to the creep of material at the surface because of the re-
duced frictional strength induced by porous water during
summer(Harris et al., 1993)Solifluction is limited to the ac-
tive layer, which is usually in the order of 1 m thick on Earth.
Some MOC images show the presence of lobes very similar
to terrestrial solifluction lobesH{g. 18). Their length of
few hundred meters and potential thickness of a few meters
is consistent with this hypothesis. The slope measured from
MOLA data is @ which is in the range of slopes of # 15

at which solifluction is observed on the EafErench, 1996)
These lobes are restricted to the hillslope and are therefore
difficult to explain by other processes such as aeolian ripples.

Necessary conditions for the formation of such features
would be a significant soil moisture content and cyclic freez-
ing and thawing of sufficient duratiofirrench, 1996)Sig-
nificant moisture means that at least a few percents of liquid
water at grains boundaries are present to trigger hydraulic
movements inside the ground. Current climatic conditions
do not permit seasonal thaw at any latitudes. Nevertheless,
orbital parameters such as eccentricity and obliquity controls
insulation and climate at the surface of Mars (elgskar
and Robutel, 1993 Recent periods were likely dominated
by variations of obliquity which can vary from 1@ 45’ in
the last 10 myrMustard et al., 2001; Laskar et al., 2002;
Costard et al., 2002; Head et al., 200Recent climate
changes are involved in order to explain the formation of
gullies(Costard et al., 2002)n that case, obliquity changes
predicted by astronomical calculatiofisaskar et al., 2002)
can allow average daily temperatures above freezing at the
latitudes considere(Mangold et al., 2002a)

Calculations of the surface temperature on Mars were
performed for various latitudes and obliquities in order to
investigate if such conditions could exist in the region of
patterned grounds. The model used is the Global Climate
Model (GCM) developed by the Laboratoire de Météorolo-
gie (LMD) (Forget et al., 1999)r'his model has been exten-
sively validated through comparisons with available space-
. craft observations, including in situ surface temperatures
s Ly . measurementd_ewis et al., 1999)According to these cal-

culations (seeCostard et al., 200Zor details), the daily
Fig. 16. (A) Solifluction lobes in Alaska, Suslositna Creek, about 1 m thick aVerage temperature reached values above the melting point
and tens of meters long (photograph NOAA National Geophysical Data Of water on a flat surface around summer solstice at an oblig-
Center). (B) One martian hillslope with lobes similar to solifluction lobes. uity of 4Q° (Fig, 17), An obliquity of 40 is possible in the
The length of each lobe is of several hundreds of meters for a spacing of less|gst million years(Laskar et al., 2002; Head et al., 2003)

than 100 m, so 2 0r_3 times more _than the _terre_strlal analog. The thlcknessObquuity of 35 that occurred less than one half million
of each lobe at the image resolution (4.%pixel) is of the order of 1 m.

Light is from the right, North is to the bottom. MOC image #M03-06278  Y€ars ago may .have been enough to trigger §easona_1| thaw
(73.# S, 314.53 W, Ly = 1808°). in certain conditions. These ages may be consistent with the

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

The consequence of past seasonal thaw is important, not
only for the formation of sorted polygons and similar fea-
tures, but also for the subsequent processes of frost heave
and ice segregation in the ground. When the ground is at
temperatures betweenl0°C and O°C, unfrozen water ex-
ists at the contact with grains (e.ash etal., 1995A large
quantity of unfrozen water is present when solid grains
are small like in clay or silt (e.g.Johnston, 1981 This
amount increases exponentially up to the melting point (e.g.,
Johnston, 1981 With a progressive change in temperature
this unfrozen water moves downward or upward producing
what is called cryogenic suctiqiKonrad and Morgenstern,
1980; Konrad and Duquennoi, 1993Jhe unfrozen water
then freezes at one point in the soil column creating ice
lenses at all scales from several um to several meters thick
(e.g.,French, 1995 This process can produce supersatu-
rated layers in the uppermost meters of the ground that are
filled by 60 to 80% in volume of interstitial icéPollard and
French, 1980; Cheng, 1983)low, the Gamma Ray Spec-
trometer shows the presence of an ice-rich layers with un-
explained proportion of more than 60% of ice in volume
(Boynton et al., 2002; Feldman et al., 200€ycles of frost
/ deposits layered with dugiMischna et al., 2003are a pos-

B T T R T T T TR A sible explanation of the large amount of interstitial ice but
Latitude past periods with seasonal thaw and segregation of ice are
(B) an alternative solution.
Older periods of obliquity higher than 2860° are pre-
Fig. 17. Average daily temperature of the ground at two different oblig- dicted several millions or tens of million of years ago
uities. (A) Current qbliguity does not permit abové@temperaturgs of (Laskar and Robutel, 199.3$uch periods could have lead
subsurface. (B) Obllqw‘ty of 4(_)a||0_ws near surface melting at latitudes to the more developed action of cyclic thawing in the sum-
poleward of 58. Assuming an ice rich soil, depths of several tens of cen- . .
timeters would be affected by this seasonal thaw. Graphs calculated from MeT season. Features corresponding to such periods should
the Global Circulation Model of Mars of the “Laboratoire de Météorologie  be found on MOC images but the rapid mantling of polar re-
Dynamique, Paris(Forget et al., 1999) gions may hide landforms such as polygons. Nevertheless,
the strong degradation of craters 1-5 km diameter &t 60
age of the polygons even though crater statistics cannot pro-70° latitude into very shallow topography, named “patho-
vide a more detailed chronology. The formation of most S logical craters,” could highlight effects of transient episodes
polygons could have affected the most recent layer depo-of surface melting by filling craters more efficiently than
sition several tens of thousand years ago without involving any eolian processd$lartmann and Esquerdo, 199%e
freeze—thaw cycles whereas LT and V polygons and some ofwedges like polygons observed in Utopia Planitia at mid lat-
the Hs stripes could correspond to older landforms that areitudes could also indicate such older perid@sibert and
still visible at the surface. Kargel, 2001)but the lack of similar polygons at the same

The presence of a freeze—thaw cycle requires the surfacdatitudes in other regions of the planet prevent possible in-
layers ice content to be recharged as ice is continuously lostterpretations of these polygons as related to climatic effects.
by the progressive desiccation of the ground. Nevertheless,On the other hand, the episodic occurrence of freeze-thaw
seasonal thaw may have existed in specific microenviron- cycles throughout the last tens or hundreds of million years
ments such as craters interiors or hillslopes. Recent modelswvould have played a major role in reshaping the topography
identified crater floorqRussell et al., 2003pr poleward of polar regions and it could be a major factor in the smooth-
facing slopeqSchorghofer and Aharonson, 20083 spe- ing of high latitude regions at the MOLA scalkreslavsky
cific locations for water ice stability and deposition of ice. and Head, 2003b)Finally, new interpretations of spectral
If snow occurred Christensen, 2003) would have favored  data from TES (Thermal Emission Spectrometer) suggest
the recharge of the surface layer in water ice and subsequenthat altered basaltic surfaces in regions of high latitudes
annual freeze—thaw cycles. A recent model also proposescould be due to the progressive alteration of the ground by
the liquid water in the ground to be stable enough time be- cyclic climatic variationgWyatt et al., 2003)Transient lig-
fore being sublimatefHecht, 2002whereas the winter CO uid water in the ground would certainly have a strong effect
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on ground alteration by increasing the kinetics of weather- geneous polygons and hillslopes stripes could have recorded
ing. periods during which seasonal temperatures variations were
higher than at the present time.
Cyclic ground thaw in summer periods during past high
5. Conclusionsand implications for future missions obliquity is possible for several examples detailed in this
study but this hypothesis still needs to be confirmed. Future

A classification of patterned grounds on Mars was done high resolution images of the HiRise instrument onboard
using the MOC image datasets MO1 to E06. This study the Mars Reconnaissance Obiter miss{McEwen et al.,
shows that they can be interpreted by different processes de2003) could improve these interpretations by having more
pending on their geometry and distribution: detailed observations of the size, spacing, rock sorting and

1. Patterned grounds have been classed in ten types ingeometry of these landforms. If high latitude terrains were
cluding polygons, hummocks and stripes. Their distribu- submitted to cyclic periods with seasonal thaw, this process
tion above 58 latitudes correlates with the distribution of would be fundamental for exobiological researctidsKay,
ground ice found by the Neutron Spectrometer onboard 2003) because life is able to survive in environments of per-
Mars Odyssey. manently cold regions on Earth where only episodic warm

2. At least 5 types of patterned grounds are controlled by periods exis{Friedmann, 1994)The Phoenix lander (2007)
the climate because they are located at the same latitudesvill explore these regions of high latitudes in order to find
between 55 and 73 in both hemispheres. Comparisons ground ice and indications of present or past [[&mith,
with Earth analogues show that they are likely produced 2003) The identification of specific locations such as crater
by processes due to seasonal temperature variations such d@ateriors in which atmospheric conditions may have favored
thermal contraction and seasonal thaw. the transient apparition of water in the ground in the past is

3. Polygons on Mars are often larger than on Earth by a important in the selection of landing sites for such mission.
factor of up to five. This effect can be due to deeper propaga-
tion of cracks because of the colder temperatures of martian
permafrost. Large cracks can also be due to larger temperaAcknowledgments
tures variations in past periods.

4. Homogeneous polygons 50 to 200 m wide found inthe  The author acknowledges the use of Mars Orbiter Camera
interiors of craters or at the foot of hillslopes are often simi- images processed by Malin Space Science Systems that are
lar to ice wedge polygons on Earth formed by a combination available athttp://www.msss.com/moc_gallerghd at the
of thermal contraction and seasonal thaw. USGS athttp://ida.wr.usgs.govand the Canadian Geolog-

5. Heterogeneous networks of large cracks with variable ical Survey athttp://sts.gsc.nrcan.gc.cihe author thanks
sizes exist mainly at the high latitudes of the southern hemi- F. Costard, F. Forget, V. Jomelli, J. Lanz, and J.-P. Peul-
sphere. They probably formed by thermal contraction but vast for helpful discussions. This work is granted by the
their complex geometry is still enigmatic. Programme National de Planétologie (PNP) of the Institut

6. Large (50-300 m) homogeneous polygons bounded by National des Sciences de I'Univers (INSU), France, and by
straight and narrow cracks are found around the south polarthe European network MAGE (Mars Geophysical network).
cap. These cracks developed in ice rich deposits which ex-
ists underneath the residual g€@ap. The formation of these
cracks could be the result of the blanketing by the;@@p References
and subsequent contraction of the water ice deposits.
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