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Abstract

Following the development of high-resolution imaging, digital elevation models, thermal and
hydrological data, and onsite ground information during the early period of the 21st century, the
periglacial geomorphology of the Martian surface advanced rapidly. Images can even resolute
meter-scale landforms, enabling identification of most periglacial features and analysis of their
global distributions and detailed morphologies. This review focuses on progress in research
covering permafrost distribution, patterned ground, possible heave and subsidence features,
lobate debris forms, and slope-lineated features during the last decade. Most of the Martian
high-latitude surface is underlain by ice-rich ground called the latitude-dependent mantle
(LDM), which favors permafrost-related features possibly developed under warm-humid condi-
tions during past high-obliquity periods or partially still active under the present cold-dry condi-
tions. Thermal contraction cracking is likely to prevail in the LDM, resulting in high-centered,
flat-top polygons, possibly underlain by sublimation-type wedges or sand wedges that prevail
at high latitudes. The surface patterns change into subdued or peak-top polygons toward the
mid-latitudes, probably reflecting long-term sublimation of the LDM. Some researchers attribute
stone circles to sorting due to freeze-thaw, but the features are much larger than candidates on
the Earth. Small isolated domes with concentric cracks or craters at the top may include pingos,
which also prevail at high- to mid-latitudes. Asymmetrical scalloped depressions may result
from sublimation or thawing of the LDM, but there is a debate between pole-ward and equator-
ward slope retreats. Lobate debris aprons may originate from creep of ice-rock mixtures or debris-
covered glaciers, but the distinction between the two origins is unclear, as in the long-lasting
debate on terrestrial candidates. Some thin, smaller debris lobes at high latitudes resemble
stone-banked solifluction lobes on the Earth, which may indicate the occurrence of seasonal
freeze-thaw cycles in the recent past. Time-series images indicate active slope features, including
gullies, slope streaks, and recurrent slope lineaes that develop below cliffs. These active features
may originate from outflows of brine that thaws far below the melting point of water ice.
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[ 1 “Mars and periglacial” TH#HE L Tt v b L 724
] 5 SC B o 2246 (1990 ~ 2014). B A M B 412
T2 CBREOLE W L4 MR E R L
L7z, xF G HERE - Icarus, Journal of Geophysical
Research Planets, Planetary and Space Sciences,
Geomorphology.

Fig.1 Interannual variations in the number of re-
search articles hit with keywords of “Mars” and
“periglacial” published in the four leading jour-
nals on planetary geomorphology: Journal of
Geophysical Research Planets, Planetary and
Space Sciences, and Geomorphology.
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Fig. 2 History of obliquity of Mars over the last 10 Ma
(data from Laskar et al., 2002) .
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Fig. 3 Global maps illustrating the thermal regime of the Martian surface. (A) Mean annual surface temperature.
(B) The ice table depth for a case of 10 #m in precipitable water. (Mellon et al., 2004)
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Fig. 4 Small impact craters newly produced in polygonal ground on Mars (Byrne et al., 2009). HiRISE image. Icy
material exposed by impacts (left) disappeared after 140-200 days (right). The craters are ~4 m in diameter
and ~ 0.5 m in depth. The polygons are 7-8 m in diameter. Ls indicates ecliptic longitude.
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Fig. 5 Polygons and frost wedges in the terrestrial Antarctic Dry Valleys (Marchant and Head, 2007). From left to right:
sublimation-type wedge, sand wedge, and ice wedge. From top to bottom: landscape, internal structure at growing

stage, and internal structure at degrading stage.

Mackay, 2000), Z AL ORHEHENS b T 7
() O TITIIBEEORE D R LIZ & - TERIBIZ
RS0 72BN B OFEE DD B o BROTEHIZ &
D, KB (ice wedge : BURKANRE L CTHES),
P FY v Y (sand wedge : BUFEKDKUNC X
DA WEEDEHIATL), BIE7 v Y (compos-
ite wedge : K& LANRIE), KBB4 VY = v
Y (HINHDPRAREIERET, EEDNEDRA
) Wb (Blz1X, French, 2007; Murton,
2013) BIMANEERED & 512, MR B0 720
WL O EIRED S WaEBIEASE Z & WG
W20E, M RSB IOKAE D D B By 65 72T BRI
MIAEL, ENHEHOKEEORE - TEE
WEELALFER Y £ v P (sublimation-type
wedge) b IEK S N5 (K 5; Marchant et al.,

2002), JEEPHIE, FT7OWHIICY A (FHED)
% b b LA LOHLIAME VR IME TR (low-
centered polygon) &V A% b 729 bT 772F A8
g E5I (high-centered polygon) (2K
ENdo VAIENT 7OFRBEYOI RIS TH
ET B0, RIMKTFRNZZ AR LORERIICSH
D OkBERH Y Py zy VORE), Wik AR
3R ML TR D 5 Ay = Y
DY LRI NS Z 0%\ (Bl 2.1E, March-
ant and Head, 2007), b5 7 ONEBHEEICEE S
BIERD R WVKETIE, BHICKEIERE & 5400
Ll (MoK DIREE) - WA - FEEBE R 2 &3
I TWwh,

1-1) MRS ERED T

HERDKRAR T HIRICASNDE LML LD



KB, HE (D) 2°1km 22 5 KM% A
EHEREOTEAEL, <~V F =31 F ¥ il 0K
WNEBI L, WO EETEA R S Tz
(Pechmann, 1980), MGS 12 MOC @ & it {5 5
WEARE SN D X H 2%, HBkE Ao
DLMIET (D < 50m) HILHEPHIAEAET S

EAHH L 72, # LT, MRO o HiRISE {4
O LY, ZHELOMPVERE TRE S
N, BREOGEIWEEICR>72 (£ 1),

MGS HlCZ MO (K& S & BMRiHk)
IFIZITHIBH L 72, Seibert and Kargel (2001) it
MOC BT a2 L, hrmir, &<
22— P E T PO Bk (IV % 2) 8§i Tk
) EIHERT B E RS L, AR
N B JEH & LT B & 28U o W BEE DS B
LH, INORKHIEE E$T 5 2 L HhiE
ZXFL, HAICEOREDRICE L a LA
T5ZEERIELIZ, X DFELWIHTIL Mangold
(2005) 12X o> ThEN/, MiZ MOC M5 Tk
£ (> 55 (XS H0LME T (D =15~ 300m)
ZFEL, FNDTES OB 5 EEIc o<
WFKGAEEET S, SJROEHIZE (3
D) CRRWMETHL 2L K
12, MU (D =15~40m) DL AELLIZLD
FLODERRAFEIC L Y EBRPTHY, LI
NrEy 7K (Biko SUB#) 3£ ME+L0
HNHAPAECTIEDS 572 DEE T2 —T, K
Bl (D =50 ~200m) DZABLIEHHED CO,
REDFHF 72 ATT 5 2 &h b, KEDHR
V2B KR DTSR b o 72 L % 2 72 TR
IZ2oWTiE, ZARLVE[RIRV ) 75773
Voo u—T7ICENT AL FT 50T, Rk
O (< 10 Ma) (2SS RlfE 25 0 R S h,
2O FRITHIE & & HITRBS M L A5 %
L, TOHRDKIN - WZBRALTRBEAHIHEL T/H
Ey ZBITEBL L2 EF L 72,

MRO #1127 5 & HER ORI T DL T+ 12 B
T LMD, J. Levy 5% A LI
B2 L O EERL 72, 2T
HiRISE M {§ % 5347 L 72 Levy et al. (2009) &
2 LA - ER T 30° ~ 80° DR FE A PH | 5k

L, MM Ra/i% 352 Lhn, FI0K
BEADOEAFYE (2 < ICLDM & ORM) #4545 L
7oo iz, ML L (D<25m) % 7HM
WZHHEL, MECXZTREBOEILE T, S
JETIEERKA (HR: D = 5m Aifk), FIHA
(FTS:D = 5~10m), ABHIA (IRR:D =5~
18m), - EREEICE 205> TR (SUB: D =
16 m Hif%), 7V —fIkiA (G: D = 10 m Fijf%),
W CIZ 2 I (PT: D = 9m Hi#%), RAR
(MX: D = 10 m fii#%) 25832 (X6), 7H
DL 6 FIZHAED KD G L 7 v B B 1
LHAIETHHTELLL, FHED GIOARIC
K (BURAK) DBAFET ARk R IR L7z 7
L—% —5tfdic ks s, BRKRMIZ1~
1Ma D k& RS SN, ERECHY» DT EH

L 2L, iLWEMABLTH, HERTIE%
FEMMDL AL L A SN L HIUE TR
%<, HRERL FTS M X 5 e ERAITY
L RN HEBT 5o g EARAL WIEINIC
DWW, 51, LDM OERWERGIRE R WL
EEIRBOM LB 5720, HIEMY £ v VoM
W b OBBEEICRY)RTVEE R,

HiRISE OWEMHTICMZ T, 7= 7 A%
BB X OB ETY o & b KRITEVERKEIC
H LM K745 —Hil (Antarctic Dry
Valleys, LF FF A4 /N —&FKi) [ZBIFTAH
Hufii % #4556 L 72 Levy et al. (2010) 1, £
DOMHIKRDHFAEN L E R Z L 2 QD THHFL, &
JEIZ X B IR O EALIT R BEA BN S LDM O
B EOKDWEREDIE L % LS 2 L E 272, Thb
t, M IOKOFIEITLE S TFTS B 5 PT B 7%
WL SUBBINEZALTHZ L, Bz i,
RN EROMEFENTEATEB Y, R ICHEE
WS ICER L TWE 2 L &2RIBT 5, HiE
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Latitude-Dependent Mantle Polygon Distributions
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6 KEOMNUEL ML ORI #EE A (Levy et al., 2009). B P IgHE, M5 #H, B 1o
HEzEDLT. ZARLOFRICIOVTIEIALEZ S, ¥R (5) PR (b)) THRW RS0 ERT.

Fig. 6 Global distribution of small Martian polygons plotted by latitude and morphological group (Levy et al., 2009).
Symbols denote mean latitude of occurrence (bold circle), range of occurrence (vertical bars), and one standard
deviation of range of occurrence (horizontal cross bars). See explanations in the text for polygon morphological
groups. The distribution is largely symmetrical across northern and southern hemispheres.
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Fig. 7 (A) Morphological changes to polygons caused by sublimation of interstitial ice. (B) Theoretical comparison
of thermal stress required to produce cracks (striped) and the extent of ice-rich ground (gray, the upper line
represents the ice table depth), shown in the latitudinal section. (Modified from Mangold, 2005)
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Phk & HVEBE A A A bR BT IVEME &
43 % (El Maarry et al., 2012) .
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Fig. 8 Sorted stone circles alongside a flood-carved
fluvial channel in the Elysium Planitia region of
Mars (described in Balme et al., 2009). HiRISE
image PSP_004072_1845. Image credit NASA/
JPL/University of Arizona.
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9 Vrar@wshzWlirk (A) KE - 7¥—VLE&MopEEisic o4 3 %ML E# (Soare et al., 2014b

WERWHY). ) =R —7TOFIMBET 5.

(B) ALBBLLAVHEMNICHBHMERE (Z/VV N —

V) ORBZE YT (C) KEDZ L—% —JKIZA LN B THIEAE N 729837 & @ (Dundas et al., 2010

L BRED D).

Fig. 9 Mounds identified as pingos. (A) Isolated mounds produced at the base of slopes along the Argyre basin, Mars
(described in Soare et al., 2014b). (B) Open-system pingos in Svalbard, a terrestrial counterpart of A. (C)
A fractured mound on the floor of a Martian crater (described in Dundas et al., 2010). HiRISE images: (A)
ESP_020720_1410, (C) PSP_002514_1420. Image credits NASA/JPL/University of Arizona.
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Fig. 10 Morphological evolution of scalloped depressions
in the northern hemisphere of Mars (Séjourné,
2011). Evolution runs from small circular de-
pressions to large, oval and asymmetrical de-
pressions with the dominant direction of elon-
gation N-S. Eventually, the depressions coalesce,
resulting in a small elongation in the E-W
direction. Note bright arcuate bands indicating
equatorward retreat. Image credits NASA/JPL/
University of Arizona.
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Fig. 11 Lobate debris aprons developed in Martian impact craters. (A) Possible rock glaciers developed at the foot of a
gullied talus slope. (B) LDA fringed by moraine-like arcuate ridges, developed at the foot of a crater slope. CTX

images: (A) P15_006756_1454, (B) B06_011916_1367.
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OMATRIDZFDOY I 2L -3y (B) BRI R ERHE R (SHARAD orbit 6830) TH
SN T ORHE (K. (C) HKRFLZMELTB DT — ¥ & WREEHIE L 72 I 1 A 5.

Fig. 12 Internal structure of large lobate debris aprons analyzed with Mars Reconnaissance Orbiter's radar (SHARAD).
(A) Simulated surface echoes (clutter). (B) Subsurface echoes identified from radar returns (vertical arrows)
in one-way travel time (from SHARAD orbit 6830). (C) Radar data converted into depth, assuming that water-
ice composition provides the internal structure. (Holt et al., 2008)
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Fig. 13 (A) Small-scale lobes and polygons on a slope (inclination 25° ) observed in a Martian impact crater (described
in Johnsson et al., 2012). HiRISE image: PSP_010077_2520. Image credits NASA/JPL/University of Arizona.
(B) Gravelly solifluction lobes that developed on a limestone slope in the Swiss Alps.
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