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Introduction: Deformational features have been 

locally identified within South Polar Layered Deposits 
(SPLD) by previous authors (e.g., [1]), but in particular 
only in Ultimi Lobe region [2,3,4] and without a global 
structural survey. Our presented study [5] is the first 
attempt at a semi-quantitative structural and kinematic 
analysis of large-scale deformational systems (S2 and 
S6; Fig. 1a,b) observed in the South Polar Layered 
Deposits (SPLD) in the Promethei Lingula (PL) mar-
gins (Mars). In particular, by systematically collecting 
attitude data referable to previously unknown deforma-
tional structures and defining the cross-cut relation-
ships of the structures, we reconstructed a deforma-
tional history consisting of two superimposed, well-
defined stages, arguing in favor of “soft-sediment” and 
Deep-Seated Gravitational Slope Deformations 
(DSGSD) mechanisms within SPLD. The region has 
been analyzed using high-resolution visible images 
(i.e., CTX, 6.0 m/pix and HiRISE, 0.25 m/pix). Topog-
raphic basemaps are from MGS MOLA 512 pix/degree 
(115 m grid spacing) and from HRSC DEMs (where 
available, 100 m - 200 m grid spacing). Datasets have 
been processed using the USGS ISIS 3.x and georefer-
enced into ArcGIS 9.x. Rasters are overlaid onto 
HRSC DTMs in ArcScene. Structural and kinematic 
analysis have been done using Daisy3 
(http://host.uniroma3.it/progetti/fralab/) and StereoNett 
1.0.2 software. 

Deformational Systems and Tectonic Stages: De-
formational systems are exposed in the walls of ero-
sional troughs walls and marginal scarps of PL. A first 
tectonic stage (D1) is characterized mainly by the de-
velopment of transtensional faults bounding high-angle 
brittle-ductile shear zones (Fig.1c-e). Some of the fault 
planes are associated with clear shear indicators 
(mainly S- and Z-shaped drag folds), outlining their 
left- and right-lateral components of movement. An 
extensional dip-slip component is locally marked by 
the downward displacement of some layers (Fig.1e). 
The major faults are arranged in en-echelon sets. Sub-
sidiary shear planes that are possibly interpretable as 
synthetic Riedel shears occur between adjacent fault 
sets. The shear zones locally show other peculiar de-
formational structures, such as boudins (entailing ex-
tension of layers between fault planes and contrast of 
competence within SPLD) and S-C like bands. The S-C 
like bands are coherent with the inferred sense of shear 
and are possibly linked to layer-parallel detachment 
horizons. Other typical structures referable to D1 event 

are ductile folds (locally true convolute folds) and 
lobes (ball-and-pillow structures; Fig.1d) affecting de-
thacment beds at the base of the succession (LyP). Al-
though developed within an ice-sheet (possessing a 
high sediment content), these deformations are gener-
ally comparable to the soft-sediment tectonic structures 
observable in certain terrestrial sequences and charac-
terized by the presence of ice plus water in or at the 
boundary of sedimentary layers (e.g., [6]). The second 
stage (D2) seems to affect the weaker and in certain 
cases pre-deformed stratigraphic levels of the SPLD 
succession. This stage is mainly characterized by ex-
tensional deformations caused by gravity. We found 
that the entire set of deformations could be related to 
the occurrence of large DSGSDs, whose onset should 
be subsequent to and favored by the origin of fault sys-
tems and detachment horizons. The DSGSDs detached 
on softened deformed layers reactivate the high-angle 
faults as extensional or transtensional tears and cause 
peculiar morphostructures, such as trenches and topog-
raphic scarps. The mechanisms and entity of deforma-
tion of the reconstructed DSGSDs closely resemble 
those observed on Earth. In fact, the reconstruction of 
such structural assemblages, which have never been 
observed in an ice cap, is supported by several ele-
ments: 1) the broad extensional fractures occurring at 
the head of the scarps and downslope, interrupting the 
topographic profile; 2) the plan-view spatial array of 
the normal and transtensional faults, suggesting a roto-
translational kinematics of large rock volumes possibly 
confined downward by a concave upward surface and 
affected inside by an imbricated or domino-like ar-
rangement of the fault planes; and 3) the bulging of the 
slope toe. In contrast to terrestrial DSGSD modeling 
and observations, we did not find or deduce uphill-
facing scarps bordered by antislope dipping faults. 
Nevertheless, the presence of counterscarps cannot be 
excluded due to uncertainties in determining the atti-
tudes of the minor-order fractures. 

Predisposing and Triggering Factors of Defor-
mation: The presence of complex deformational sys-
tems in the SPLD necessarily implies a large-scale dy-
namic of the ice-sheet. Among factors predisposing 
SPLD deformations, we believe decive: 1) the local 
anisotropic behavior of SPLD and the presence of 
weaker bedding planes that might have reduced the 
value of the internal friction angle. Such anisotropy 
would be determined by an internal contrast of compe-
tence within the SPLD succession due to a substantial 
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compositional variation in the dust content or the ice 
matrix of beds, in which CO2 and CO2 clathrate hydrate 
could be alternatives to H2O. In addition, the possible 
presence of perchlorate salts [7] might have strongly 
favored the flow or sliding processes; 2) the scarp 
morphology that was particularly favorable to the acti-
vation of gravitational movements, being on the order 
of one thousand meters and with a regional medium-
high slope dip (≥5°-15°); 3) the anti-lobate scarp ge-
ometry that could have further favored the outward 
movement of the ice-sheet because of the geometry’s 
tendency to close the empty spaces (i.e., viscous re-
laxation of the SPLD), as argued by [8]; 4) the mor-
phology of the bedrock that could have favored the 
SPLD strain rate or differential stress due to topog-
raphic depressions or high reliefs in front of the ice-
sheet margins. According to several authors (e.g., [9]), 
based on morphological evidences, large-scale ice 
flows within the SPLD are negligible at present. More-
over, the estimated viscosity/rheology of the ice would 
not justify in recent time the development of the ob-
served regional deformations. These arguments suggest 
that the deformational systems studied here are not 
active. This implies important variations of the bound-
ary physical conditions, above all temperature, during 
the past. As suggested by previous studies (e.g., [10]), 
a possible ice-flow of the polar caps was possible un-
der high obliquity conditions, periodically causing ma-
jor insolation of the SPLD surface.  

Reconstructed Geologic Scenario: On the basis of 
stratigraphy [11] and structural analysis, the following 
progressive deformational history has been hypothe-
sized for SPLD in PL: 1) after the deposition of the 
basal sequence, an erosional phase (high-obliquity pe-

riod), marked by a regional unconformity, removed its 
upper part; 2) moving toward low-obliquity period, a 
subsequent sedimentary phase progressively deposited 
the top sequence upon the unconformity; 3) at this 
time, the D1 deformational stage occurred, activating 
in poorly consolidated layers variously oriented faults 
and shear zones; and 4) the previously deformed sec-
tors evolved to large-scale DSGSDs (stage D2), likely 
initiated by the load of the depositing layers pile. 

Conclusions: Analyzed SPLD deformational sys-
tems are consistent with relatively fast internal creep 
and basal/internal sliding of PL, inferable from the 
structure assemblage. In this manner, we believe that 
climate heating softened/melted some of the SPLD 
layers, triggering or accelerating the ice sheet’s out-
ward movement. However, certain aspects of the pre-
sent study are ongoing to understand ice-sheet rheology 
under Martian conditions and better constrain the 
global triggering mechanisms. 
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Fig. 1.  
a, b) S2 and 
S6 location; 
c) Boudins 

(LyB), S and 
Z drag folds, 

faults (in 
red) and 

marker layer 
LyP in S2; 
d) Pillows 

(P) and 
Flames (F) 
structures 
affecting 
LyP and 
displaced 
layers (1);  

e) Drag fold 
(1) and dis-
placed layer 
(2) on LyP  
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