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Introduction: Excess ice is the volume fraction of 

ground ice above the pore space of a dry soil, as com-
monly found in terrestrial periglacial environments 
[e.g., 1]. On Mars, ground ice is expected to be com-
mon in the shallow subsurface at middle and high lati-
tudes beneath a centimeters- or decimeters-thick desic-
cated lag [e.g., 2]. Models for ice stability and 
transport in and out of the regolith predict vapor-
deposited pore ice, infilling the void space in regolith 
[e.g., 3-6]. Initial results from the Gamma Ray Spec-
trometer (GRS) instrument suite suggested high-
latitude ice contents that would be difficult to accom-
modate in regolith pore space [e.g., 7-8]. Since the 7th 
International Mars Conference, several new lines of 
evidence indicate that Mars has widespread excess ice 
as well as pore ice. The Phoenix lander directly exca-
vated some shallow ice with a regolith content of only 
~1 vol% [9-11]. On regional scales, radar sounding has 
also been used to infer high ice contents [12].  

Excess ice is of interest for understanding Martian 
climate and periglacial processes because it may re-
quire processes other than vapor deposition, and could 
be used as a resource for future exploration. On Mars, 
recent excess ice could form from buried snow [e.g., 5, 
6], migration of thin films of water [10, 13], or thermal 
cycling coupled with vapor deposition [14].  

High-resolution imagery from the Mars Reconnais-
sance Orbiter (MRO) High Resolution Imaging Sci-
ence Experiment (HiRISE) has recently provided sev-
eral additional paths to understanding ice in the shal-
low subsurface: direct exposure by impacts, and peri-
glacial geomorphology.  

Ice-Exposing Craters: New impact craters in 
equatorial latitudes (up to 29°N) were first reported in 
2006 [15]. A subsequent, ongoing campaign by 
HiRISE and the MRO Context Camera (CTX) has now 
discovered several hundred new impact sites [16]. The 
new finds include many mid- and high-latitude sites, 
reaching locations where ground ice occurs. Ground 
ice was exposed by these impacts [17, 18] (Fig. 1), 
opening a new window on Martian ground ice.   

 
Figure 1: Ice-exposing crater 
(HiRISE image 
PSP_010625_2360). 

These craters provide two 
significant insights. First, the ge-
ographic distribution of ice is 

related to the long-term near-surface atmospheric wa-
ter vapor content [e.g., 2]. The distribution of icy cra-
ters suggests a water content higher than expected 
from uniform mixing of the present atmospheric col-
umn, which could indicate either near-surface water 
concentration or a somewhat higher long-term average 
[18]. Second, the ice exposed at the impact sites re-
mains visible for months or even years, indicating a 
very low regolith content [19]. This suggests that ex-
cess ice is widespread; alternatively, some such ice 
could be produced by freezing of pooled meltwater, 
but little melting is expected in the smaller impact 
events [20].  

Thermokarst: Periglacial geomorphology reflects 
the influence of shallow ground ice. Here we focus on 
thermokarst landforms, which form when excess ice is 
locally removed. This leads to deflation as the volume 
exceeding the dry pore space is lost.  

 
Figure 2: A) Scalloped depression in Utopia Planitia 
(PSP_002202_2250). B) Expanded craters in Arca-
dia Planitia with crude funnel shape (lower arrow). 
Note adjacent non-expanded crater (upper arrow), 
indicating that this morphology is not caused at 
impact by target layering (ESP_016108_2305). 

The best-known thermokarst landforms on Mars are 
scalloped depressions oriented with a shallow slope 
towards the equator and relatively steep pole-facing 
slope (Fig. 2a), found in Utopia Planitia and south of 
the Hellas basin [e.g., 21-26]. An additional form of 
likely thermokarst is found in the form of craters that 
appear to have expanded to a crude funnel shape (Fig. 
2b). These craters are widespread in Arcadia Planitia 
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[27]. They are distinct from terraced craters, which 
form in the same region at impact due to the presence 
of surface ice layers [28], because the funnel shape 
develops after impact (Fig. 2b).  

The thermokarst process is explored using a land-
scape evolution model incorporating sublimation and 
diffusive creep of surface material [29]. Sublimation 
rates are affected by slope orientation and the local lag 
thickness. An important unknown is the diffusive creep 
rate; the value used is not far below low terrestrial val-
ues and thus likely an upper limit for Mars. 

Landforms resembling scalloped depressions can 
develop spontaneously from small disturbances to an 
equilibrium lag over thick ice with low regolith con-
tent, artificially imposed in the model by removing a 
small quantity of the protective regolith lag. The mod-
eled pits exhibit poleward growth under current or-
bital/axial conditions by retreat of the warm equator-
facing slopes, consistent with several previous models 
[22, 24]. No melting is required to produce the pits. 
Dimensions of the pits and development times are par-
tially dependent on model inputs; the high creep rate 
tends to reduce the effects of sublimation collapse.  

 
Figure 3: Models of scalloped depression (left) and 
expanded crater (right). 

Several scenarios were considered to produce crater 
expansion. All scenarios began with a stylized impact 
crater consisting of a parabolic cavity cut into an icy 
subsurface. Ejecta and impact deformation of the 
ground were neglected for simplicity. The best fits to 
the observed funnel shape occurred in scenarios where 
a crater cut through a finite layer of high ice content, 
yielding a break in slope associated with the base of 
the layer, or where the crater formed entirely within 
ice-rich material beneath a thin lag, as reported to exist 
in Arcadia Planitia [28]. In the latter case the funnel 
morphology occurred because sublimation retreat of 
the upper slopes continued while a thicker protective 
lag developed by mass wasting lower in the crater. 
Eolian infill might have a similar effect. Slope retreat 
was initially asymmetric, favoring warm slopes, but 
became more symmetric when the importance of mass 
movement (relative to sublimation) increased.   

There are several open questions in the interpreta-
tion of Martian thermokarst landforms. What is the 
effect of a time-varying climate on landform develop-
ment? Are there conditions under which a slope steep-
ens as it retreats? The model readily produces pole-
oriented scalloped depressions, but pits with a different 
orientation also exist [18]; can these be produced by a 
combination of eolian and sublimation processes? 

Implications: Geomorphology and impact crater-
ing indicate that there is excess ice on Mars. Evidence 
from new craters is consistent with widespread clean 
ice, although some may also be produced by the im-
pact process. Thermokarst geomorphology suggests 
that such ice is locally abundant, permitting formation 
of substantial collapse features. A better understanding 
of the distribution of excess ice will help constrain its 
origin and implications for past climate.   
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