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Introduction: In terrestrial glaciated locations, a 

short stage of post-glaciation has been identified in the 

time directly following ice loss. This paraglacial period 

immediately follows a period of glaciation; deglacia-

tion causes an instability of materials due to large-scale 

ice loss [1-2]. Paraglacial geomorphology is defined as 

“the study of earth-surface processes, sediments, land-

forms, landsystems and landscapes that are directly 

conditioned by former glaciation and deglaciation” [2]. 

Specifically, ice loss exposes sediment stores which 

become available to erosion and modification by mul-

tiple processes; the period ends once the sediment 

stores have been exhausted and the system returns to a 

nonglacial or “equilibrium” state [2]. Paraglacial geo-

morphology differs from periglacial, which refers to 

environments/ processes operating at glacial margins.   

Variations in spin-axis/orbital parameters of Mars 

have led to significant variations in surface conditions 

throughout its history, with mobilization of polar ice to 

the mid-latitudes and equatorial regions [3-4]. In addi-

tion, many craters bear morphologies which have been 

credited to the accumulation and flow of snow/ice such 

as concentric crater fill (CCF), similar to lineated val-

ley fill (LVF) and lobate debris aprons (LDA) [5-6]. 

Many of these craters bear evidence for ice loss in the 

form of spatulate depressions [7] and sublimation pits, 

and stratigraphically younger features such as gullies, 

washboard terrain, and sediment fans (Fig. 1) [8-9]. 

We outline the basic processes in terrestrial parag-

lacial geomorphology as a guide to the further use of 

these concepts on Mars. We then report our findings 

from an analysis of candidate paraglacial features and 

landsystems for the population of mid-latitude impact 

craters modified by glacial flow as mapped by [10], 

focused on a 10.6 km diameter impact crater located in 

eastern Newton crater (Fig. 1). The environment seen 

in these craters on Mars represents a transition from a 

glacial to post-glacial setting. 

Paraglacial Model: Paraglacial geomorphology 

includes six landsystems: 1) slope evolution, 2) sedi-

ment modification, and 3) thermal cycling (the three 

additional landsystems, namely alluvial, lacustrine, and 

coastal systems, are ignored due to their unlikely oc-

currence during the Amazonian). These landsystems 

comprise a range of distinct features that represent the 

subsequent processes a landscape undergoes following 

deglaciation (Figure 2) [2]. 

The slope evolution landsystem describes the stress 

redistribution caused by unloading and debuttressing 

following ice loss, including catastrophic failure and 

small-scale slope adjustment manifested as rock slides 

and uphill-facing scarps [2, 11-13]. Ice loss also trig-

gers the sediment modification landsystem, which is 

dominated by sediment-gravity flow, or flow of poorly 

sorted, unconsolidated sediment and water [2]. On 

Earth these processes create gullies that form parallel 

debris flows which form complex morphologies on 

initially steep (>30°) slopes [14-15]. The thermal cy-

cling landsystem is characterized by mass-movement 

which generates frost creep, solifluction and gelifluc-

tion lobes, while freeze-thaw creates polygons [2]. 

Application to Mars: Recent work studying mar-

tian glaciated craters suggested that certain ice-related 

features occur due to the subsiding and halting of ice 

accumulation: specifically in CCF, spatulate depres-

sions represent the waning stage of glaciation, while 

gullies form subsequently due to melting of residual ice 

and snow in alcoves [7]. Adopting the temporal rela-

tionships defined in [7], the paraglacial model de-

scribed above can be applied to glaciated craters. 

Spatulate depressions form through the sublimation 

and loss of ice (Fig. 1D) [6-7]. In terms of the parag-

lacial model, the loss of ice in these depressions chang-

es the distribution of stresses throughout the system; 

debuttressing of upslope material on crater walls can 

trigger deformation resulting in uphill-facing scarps or 

washboard terrain, named for its similarity to a ridged 

washboard (Fig. 1F). This modification may continue 

after the immediate period of ice loss [2, 16]. There is 

evidence for creation of new washboard terrain on 

young sediment fans that cover old washboard terrain 

(Fig. 1G), in agreement with the paraglacial model.  

Sediment stores exposed from ice loss are reworked 

by erosion and sediment-gravity flow to create gullies. 

Material is carried downslope from alcoves near the 

crater rim and form semi-parallel ridges which often 

terminate in sediment fans (Fig. 1C,E,G). Many chan-

nels intersect, vary in depth and width, and can be 

traced from the same source alcove, suggesting gully 

formation is repeated throughout the paraglacial peri-

od, even as sediment supplies decrease.  

Additional paraglacial processes can create polygo-

nalized terrain on crater walls through thermal cycling 

of near-surface ice and ice-rich substrates. In certain 

settings the near-surface ice can sublimate through po-

lygonal cracks to form broad pits in crater walls (Fig. 

1A). As the sediment stores are continually modified, 

these polygons can become linear or deformed (Fig. 
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1B). Small-scale features including solifluction and 

gelifluction lobes are also visible and appear to be as-

sociated with the paraglacial period. 

Discussion: The majority of craters bearing parag-

lacial features occur in the southern hemisphere. Not 

all craters with evidence of ice contain spatulate de-

pressions, and not all craters with spatulate depressions 

contain paraglacial features. Certain craters contain 

paraglacial features such as alcoves, gullies, and wash-

board terrain, but not spatulate depressions.  

The paraglacial phase on Earth is of short duration, 

and the morphology is often rapidly erased by subse-

quent pluvial and fluvial processes. On Mars, however, 

these features are visible and appear to have lasted for 

hundreds of thousands to millions of years. We inter-

pret this to mean that the paraglacial phase on Mars is 

longer than in terrestrial settings due to lower erosion 

rates and potentially larger sediment supplies.  

The comparison of terrestrial paraglacial features to 

martian glaciated craters yields several conclusions: (1) 

the paraglacial phase fits as a transitional martian post-

glacial stage; (2) the transition from glacial to post-

glacial processes on Mars is recorded in the morpholo-

gy of various craters and is likely to be present in other 

glacial landforms; (5) the paraglacial stage is likely to 

last tens to hundreds of millions of years due to the 

lack of pluvial activity and general long-term topo-

graphic stability on Mars. 
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Figure 1. (Center) Impact crater in 

eastern Newton crater, 204.7°E, 

40.1°S. CTX image 

G06_020711_1936_xi_40S155W. (A) 

Polygonal wall depression (B) de-

formed polygons (C) alcoves (D) 

spatulate depressions (E) gully chan-

nel (F) washboard terrain (G) Sedi-

ment fan. HiRISE image 

PSP_001842_1395. 

Figure 2. Stages of the paraglacial 

period: (top) glacial retreat exposes 

slopes, triggering gully formation; 

(middle) gully development and 

debris cone accumulation; (bot-

tom) relict debris cones and vege-

tated gully systems. From [2,19]. 

The third stage is not seen current-

ly on Mars. 

1033.pdfEighth International Conference on Mars (2014)


