
OLYMPUS MONS DEBRIS-COVERED GLACIERS: FORMATION, EVOLUTION AND VOLCANO-ICE 
INTERACTIONS.  Brandon Boldt1, James Head1, David Marchant2 and Lionel Wilson3, 1Dept. Geol. Sci., Brown 
Univ. Providence RI 02912 (brandon_boldt@brown.edu). 2Dept Earth Sci., Boston Univ. Boston MA 02215. 
3Lancaster Univ., Lancaster LA1 4YQ UK.  
  

Introduction: Late Amazonian tropical mountain glaciers 
have been identified [1], mapped in detail [2-4], and interpreted 
to represent the result of equatorward transport of polar vola-
tiles during periods of high obliquity [5-6]. Here we focus on 
Olympus Mons in order to assess further the nature of the mul-
tiple lobate deposits there and the processes involved in their 
formation including their interaction with lava flows and tephra 
from eruptions related to Olympus Mons. Milkovich et al. [4] 
used Viking, MGS and Odyssey data to characterize the lobate 
deposits superimposed on aureole deposits along the west and 
northwest flanks of Olympus Mons, Mars. They interpreted the 
fifteen distinctive lobes (Fig. 1) as glacial deposits and the 
remnants of cold-based debris-covered glaciers that underwent 
multiple episodes of advance and retreat, occasionally interact-
ing with extrusive volcanism from higher on the slopes of 
Olympus Mons. Typical lobes begin at a theater-like alcove in 
the escarpment at the base of Olympus Mons, interpreted to be 
former ice-accumulation zones (Fig. 2), and extend outward as 
a tongue-shaped or fan-shaped deposit. The surface of a typical 
lobe contains (moving outward from the basal escarpment): a 
chaotic facies of disorganized hillocks, interpreted as sublima-
tion till in the accumulation zone (Fig. 2); arcuate-ridged facies 
characterized by regular, subparallel ridges and interpreted as 
the ridges of surface debris formed by the flow of underlying 
ice; and marginal ridges interpreted as local terminal moraines 
[4]. Several lobes also contain a hummocky facies toward their 
margins that is interpreted as a distinctive type of sublimation 
till shaped by structural dislocations and preferential loss of 
ice. Blocky units are found extending from the escarpment onto 
several lobes; these units are interpreted as evidence of lava-ice 
interaction [7] and imply that ice was present at a time of erup-
tive volcanic activity higher on the slopes of Olympus Mons. 
Other than minor channel-like features in association with lava-
ice interactions, no evidence was found [4] for the flow of liq-
uid water in association with these lobate features that might 
suggest: 1) near-surface groundwater as a source for ice in the 
alcoves in the lobe source region at the base of the scarp, or 2) 
basal melting and drainage emanating from the lobes that 
might indicate wet-based glacial conditions.  Instead, the array 
of features is consistent with cold-based glacial processes. The 
glacial interpretations outlined are consistent with recent geo-
logical evidence for low latitude ice-rich features at similar 
positions on the Tharsis Montes [1-3] as well as with orbital 
dynamic and climate models indicating extensive snow and ice 
accumulation associated with episodes of increased obliquity 
during the Late Amazonian period of Mars [8].  

In this analysis, we are addressing the following questions: 
1) What is the nature of the individual lobes and their detailed 
facies and what does this tell us about their processes of forma-
tion and the current internal structure of the lobes? 2) What are 
the sources of debris and how do they get distributed on the 
deposit and concentrated in surface layers? 3) How can we 
relate these features to those observed in terrestrial cold-based 
debris-covered glaciers such as Mullins Glacier in the Antarctic 
Dry Valleys [9]? 4) What is the relationship between Olympus 
lava flows/tephra and the underlying glacial deposits? 5) Is 

there evidence for earlier, later, or contemporaneous glacier or 
climate-related deposits? 6) What are the actual ages of the 
deposits (both volcanic and glacial) and how many climate 
phases do the glacial deposits represent? 7) Are the Olympus 
glacial phases correlated with those in the Tharsis Montes 
tropical mountain glaciers [1-3]?  

1) Sources of Debris:  Milkovich et al. [4] showed that the 
basal escarpment of Olympus Mons (Fig. 1) rises to heights of 
8 km. The lip of the scarp has variable morphology along its 
extent [7]; throughout Region 1 (Fig. 1) and in several loca-
tions in Regions 2 and 3, the lip displays an arcuate, sharp-
crested ridge.  Arcuate, outward-facing, theater-like alcoves are 
found throughout the escarpment. Layered outcrops made up 
primarily of bedded lava flows of the flank of Olympus Mons 
dominate the upper part of the scarp and form spurs and ridges 
[7], giving way to extensive talus deposits in the lower half of 
the scarp (Fig. 2). The talus piles and aprons clearly embay and 
postdate the hillocks and knobs of the hummocky facies [4]. In 
portions of Regions 2 and 3, the lip at the top of the escarpment 
is gentle, rather than sharp-crested, consistent with a mantle of 
superposed lava flows emanating from the flanks of Olympus 
Mons. We are using HRSC high-resolution topographic data to 
map the talus lobes and compute their volumes; this, together 
with the ages of the lobes themselves, will provide an estimate 
of the rate of debris supply that we will then incorporate into 
our glacial flow modeling [6].   

2) Theater-Like Alcoves, Accumulation Zones, and For-
mation of Debris Cover: Milkovich et al. [4] interpreted the 
theater-like alcoves in the basal escarpment as former ice-
accumulation zones: in this scenario, snow and ice that accu-
mulated in alcoves was covered with rockfall emanating from 
the high-cliffs as the ice flowed outward from the basal scarp.   
Progressive sublimation in the advancing exposed ice led to 
concentration of debris on the surface and the formation of an 
overlying sublimation till.  If the rockfall and resulting subli-
mation till were of sufficient thickness and extent, they could 
potentially significantly retard the loss of underlying ice [10].   
On the other hand, if rockfall was sparse and discontinuous and 
the ice contained minimal englacial debris, then sublimation 
could remove all ice leaving only a “residue” of sublimation till 
(fig. 2). The presence of distinctive talus cones derived from 
the upper cliffs subsequent to glaciation suggests that there was 
a plentiful source of supraglacial debris to partially cover the 
accumulation zone and contribute to the evolving sublimation 
till (Fig. 2; see point 1). The chaotic facies at the base of the 
escarpment was interpreted to be largely composed of this type 
of sublimation till [4]. The dominance of exposed ice in the 
proximal regions would result in preferential sublimation of ice 
in the accumulation zone, producing a depression, less subli-
mation in the thin till distal to the accumulation zone, and pro-
duction there of chaotic hummocks. The relatively low topog-
raphic depression at the site of the chaotic facies suggests that 
the chaotic facies lacks a uniform core of ice, but some of the 
individual larger hills could be underlain by an ice core pro-
tected by debris. We are using information on the three-
dimensional structure of the accumulation zone in Mullins 
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Glacier [11], together with new observations during the 2009-
2010 field season, to assess these processes further. 

3) Volcano-Ice Interactions and Implications for Ages:  
The blocky facies lacks a close analog with terrestrial glacial 
deposits [12], but its association with lava flows descending the 
flanks of Olympus Mons led [4] to conclude that it represents 
ice-lava interactions. Lava flows descending the flanks of 
Olympus Mons normally encounter the scarp and drape over it, 
building up lava aprons on the flanks and the flats below  [4,7].  
In some cases, however, lava flows from the upper slopes of 
Olympus Mons flow radially downslope and cross the escarp-
ment, encountering glacial ice banked up against the escarp-
ment. Terrestrial examples [12] and theoretical studies [13] 
suggest that some melting and interaction will take place and 
the flows would likely break up into smaller, linear segments 
(interpreted to represent segments of flow margins) and such 
relationships have been documented [4,7]). If this interpreta-
tion is correct, the blocky facies implies that in selected areas 
along the flanks of Olympus Mons, volcanic and glacial activ-
ity overlapped in time, and we are currently compiling impact 
crater size-frequency distribution data to date the undisrupted 
portions of these lava flows to assess their temporal relations to 
the ages of the lobes [14]. Basilevsky et al. [7] describe similar 
relationships, distinguishing type 1 slopes (steep scarps with no 
lava flows), type 2 slopes (less steep scarps with disrupted 
flows) and type 3 slopes (lowest slopes with lava aprons with-
out significant disruption of the flows). They point out the 
existence of a micro-chaos texture that they attribute to melting 
of underlying glacial ice by superposed lava flows. We are 
currently applying recent lava-ice interaction theory [13] to 
new observations of these interactions.    

4) Distal Deposits and Evidence for Abundance of Un-
derlying Ice: The hummocky facies at the edge of several 
lobes is interpreted as sublimation till locally enhanced by 
structural deformation of the ice [4]. The location of the facies 
is coincident with a rise in the topography toward a plateau 
(Fig. 1) and the individual parts of the facies are developed in 
outward-facing depressions in this topography. The preferential 
development of the hummocky facies where the margin of the 
glacial deposit would interact with the background topography 
is typically where thrusting and fracturing of the protective 
debris cover occurs in terrestrial glaciers [15]. This process 
results in exposure of the underlying ice, causing local prefer-
ential sublimation and leave behind a sublimation till. We are 
currently modeling the detailed topography and the implica-
tions for till thickness and disruption, and sublimation. The 
results should provide insight into the ratio of ice and debris 
below the surface sublimation till.   

5) Marginal Ridges and Documentation of Glacial 
Phases: Marginal ridges occur at the distal and lateral portions 
of the lobes and are interpreted as local terminal moraines [4]. 
The distal ridges represent the furthest extent of glacier ice in 
each lobe, and the segments of marginal ridges between indi-
vidual lobes, especially lobes 4, 5, and 6 (Fig. 1), are inter-
preted as lateral moraines [4]. The unusual prominence of these 
ridges is attributed to the stabilization of the glacier at this 
position for an extended period of time; in this case, forward 
advance of the ice continues to deliver debris to the margin, but 
sublimation maintains a balance with advance, resulting in the 
deposition of the debris in one location as a large marginal 
ridge [4]. Superposed and cross-cutting lateral moraines sug-
gest multiple phases of ice advance and retreat and we are us-

ing these relationship to map out intralobe phases and correla-
tions of phases between between lobes.  

Summary: Together, these investigations are providing new 
insight into the formation, evolution and volcano-ice interac-
tions for the extensive series of Late Amazonian debris-
covered glaciers at the base of the Olympus Mons scarp.     
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Fig. 1. Major lobes interpreted as debris-covered glacers [4]. 

 
Fig. 2. Basal escarpment at Lobe 3 and alcove partially filled with talus 
aprons [4]. 

1033.pdf41st Lunar and Planetary Science Conference (2010)


