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Introduction. Thumbprint terrain is widespread in the Martian Northern Plains. This distinctive terrain type 
is dominated by parallel, en echelo~t, or nested sets of almost evenly-spaced curvilinear ridges and aligned hills 
collectively resembling thumbprints. In companion abstracts Lockwood et al. examine the global distribution and 
characteristics of thumbprint terrain, while Shaw et al. examine terrestrial glacial landscape analogs. Lockwood 
et al. found that thumbprint terrain occurs near or below the 0 km contour, and is widely distributed in the 
Northern Plains in areas several hundred km "offshore" from the highlands/lowlands boundary. These are areas 
thought to have been inundated with seas or large lakes. Thumbprint terrain is morphologically similar to a 
range of terrestrial moraines formed by ice-contact deposition in deep water. Here, we report associated glacial- 
appearing landforms thought to have been produccd in subglacial, ice-marginal, and proglacial environments. 

Observations. Peculiar channel systems, many with channel-floor ridges, are generally associated with 
thulnbprint terrain. The characteristics of these channels are inconsistent with normal fluvial and volcanic 
cllannels, but are ideally analogous to many terrestrial tunnel valley systems (see abstract by Shaw el al.). 
Tunnel valleys are formed by subglacial fluvial erosion often caused by rapid or even catastrophic discharges 
related to drainage of subglacial lakes or intense seasonal surface melting. Channel-floor ridges commonly occur 
on the floors of Martian tunnel valleys, analogous to an important class of eskers on Earth. 

Figures 1 and 2 are glacial geomorphic maps showing two typical lobate patterns of thumbprint terrain and 
very similar sets of associated features, including tunnel valley-esker complexes. Thumbprint terrain in Utopia 
Planitia (Figure 1) is generally convex to the east, with local variations, implying eastward flow of ice by one 
model of moraine formation, or westward flow according to another model of formation. Thumbprint terrain 
in Arcadia Planitia (Figure 2) is convex to the southeast, implying southeasterly or northwesterly flow. Tunnel 
valleys and valley-floor eskers occur on the western (concave) side of the thumbprint terrain in Utopia Planitia. 
Figure 1 reveals a significant tectonic control of tunnel valleys and eskers in Utopia Planitia, a likely inheritance 
from ice tectonics related to the disintegration of the ice sheet. 

Tunnel valley-esker terrain occurs on the southeastern (convex) side of thumbprint terrain in Arcadia Planitia. 
Figure 2 shows no evidence of tectonic control in Arcadia Planitia. Spectacular branching ridges (eskers) occur 
on some channel floors. Flat-topped mesas are scattered through and around the area of tunnel valleys. Some 
of these hills appear to have been superposed over the channels. We interpret these hills as kames (ice-contact 
Inkc dcposils). Thc flat lops and 1)asal scarps of somc hills may have been crodcd by wave activity, although 
other factors may have influenced their shapes. Other elongate east-trending hills in the area between the tunnel 
valleys and thumbprint terrain may have been sculpted by meltwater, thus resembling drumlins. .The distal 
terminus of the tunnel valley system fades beneath smooth plains. 

The low densities of small, superposed craters on the glacial landscapes of Utopia and Arcadia Planitia 
indicate in each case an Amazonian age of erosion and deposition (relatively young by Martian standards). 
These ages are consistcnt with the stratigraphic ages of glaciation in Hellas and Argyre. 

Internretation. The integrated channel patterns discussed here are highly unusual when judged by common 
rulcs obeyed by most fluvial nctworks, but are consistent with a subglacial fluvial origin as tunnel valleys. The 
occurrence of eskers on the floors of tunnel valleys is a common association on Earth. Thumbprint terrain 
strongly resembles terrestrial De Geer moraines, a type of ice-contact sedimentary deposit produced by 
subaqueous deposition. Individual De Geer moraine ridges once were thought to represent annual deposits, 
although some workers now believe they are formed in sets by subaqueous crevasse-filling at the glacier sole. 
The following interpretations of the area mapped in Figure 2 was adapted from similar published explanations 
of tcrrestrial analogs. 

We infer the former presence of a large, grounded marine ice sheet over (and beyond) the area now covered 
by tunnel valleys, valley-floor eskers, and moraines. Tunnel valleys were the first-formed of existing glacial 
features. These were produced rapidly by one or more catastrophic releases of subglacially-stored meltwater. 
The release mechanism may have involved buoyant lifting of the glacier terminus due to a rise in sealevel or to 
a thawing of a previously frozen terminus. A tremendous amount of sediment was dumped in the proglacial 
region partially burying the tunnel valleys at their distal ends and accounting for extensive smooth plains. The 
channel-floor eskers are sediment ridges deposited in subglacial ice-walled streams during a period of relatively 
low discharge after thc main period of channeling. 

Following this period of calastrophic collapse, thinned glacial remnants may have continued a more modest 
but sustained collapse under a different geometry. Instead of being grounded at the marine limit, the distal 
terminus of the ice sheet transitioned to a floating marine ice shelf. The more gradual glacial retreat lasted 
several decades. Each Martian summer the subaqueous grounding line of the ice sheet may have melted back 
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several kilometers under assault from warm ocean currents and waves. A single moraine ridge may have been 
deposited each summer at the grounding line. Under this interpretation thumbprint terrain was constructed 
behind the area of tunnel valleys over - 50 Martian years, implying an average rate of glacial retreat - 3 km 
per Earth year. This rate is comparable to the retreat rate of the Laurentide Ice Sheet during major retreat 
phases triggerred by global warming. Alternatively, the entire set of thumbprint terrain may have been generated 
rapidly by filling of crevasses on the glacier sole by wet subglacial sediment. During the later stages of 
disintegration of the ice sheet a thin layer of glaciomarine sediment, perhaps tens of meters thick, mantled the 
proglacial area including the tunnel valleys. 

Figi~rc 2. 
Arcadia Planitia 
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