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Introduction: Over the past several years, we have 

presented new data and proposed a cold-based glacial 

hypothesis for the Tharsis Montes fan-shaped deposits [1-

4], which were first identified and analyzed using Viking 

data [5-8].  Based on stratigraphic relationships with young 

lava flows in Tharsis, we know that the deposits are of 

mid- to late-Amazonian age [8,9], but we have little 

information about their absolute ages.  Temporal 

information is important because these deposits provide a 

record of geologically recent climates on Mars that are 

very different from the present.  Recent GCM simulations 

confirm that these glaciers should form during periods of 

high obliquity (>45°) when water ice at high latitudes is 

precipitated on the flanks of the Tharsis Montes [10,11].  

With more accurate age estimates, we may be able to 

define periods in the recent past when the specific 

conditions necessary to form the fan-shaped deposits, or 

even individual facies within the deposits, were present.  

Here we use several techniques in an attempt to constrain 

age estimates and timescales for the fan-shaped deposit at 

Arsia Mons (Fig. 1) including morphological observations, 

HRSC crater counts, superposition relationships, terrestrial 

analogs [12], and ice-sheet modeling [13].  

Phases of Glaciation:  The Tharsis Montes fan-shaped 

deposits share three characteristic facies, a ridged, knobby 

and smooth facies [1-3,6-8].  Each suggests unique climate 

conditions during deposition.   

Ridged Facies. The ridged facies is interpreted as a 

series of drop moraines deposited around the margins of a 

retreating cold-based glacier [1-3].  Based on their total 

number, regular spacing, size, and slight variations, we 

believe that the ridges represent a climate signal.  After 

considering several possibilities (e.g., annual, orbital) 

along with the conditions necessary for ridge deposition, 

we speculate that the ridges were produced by the 120 kyr 

obliquity cycle at a time when Mars was at a high (>45°) 

mean obliquity.  In addition, there are several locations 

where collections of ridges display cross-cutting 

relationships, suggesting that smaller episodes of re-

advance punctuated the phase of overall retreat during 

ridged facies formation [12,15]. 

Knobby Facies. The knobby facies is superposed on the 

ridged facies and is interpreted to be a till produced by ice 

sheet collapse. This interpretation implies a significant 

change in climate conditions, favoring rapid ice loss and 

downwasting as opposed to the relatively stable climate 

inferred for drop moraine formation [12]. The continuation 

of the ridged facies for >35 km beneath the outer margins 

of the knobby facies (Fig. 1) also suggests that an 

additional phase of glacial advance occurred before 

deposition of the knobby facies [2]. 

Smooth Facies. The smooth facies (Fig. 1) is the 

youngest unit within the deposits and is interpreted as 

lobate, debris-covered glacier ice [1,2,4].  Based on 

observations of individual smooth facies lobes that appear 

to define multiple advances [14,15], we believe that the 

smooth facies represents smaller, late-stage glacial events 

that occurred after the ice sheet forming the ridged and 

knobby facies had largely disappeared.  An alternative 

explanation is that the smooth facies simply represents the 

waning stages of a large ice sheet at Arsia.  We interpret a 

transitional unit observed around the present margins of the 

smooth facies (TKF, Fig. 1) as evidence that the lobes are 

currently experiencing retreat.  The smooth facies currently 

covers ~23,000 km
2
, while the areal extent of the 

transitional unit suggests that the smooth facies covered  at 

least 33,000 km
2
 in the past. 

 

 

Figure 1: Context map for the Arsia fan-shaped deposit (outlined 

in white) showing distribution of the ridged facies (RF), smooth 

facies (SF) and transitional knobby facies (TKF).  Units for crater 

counts (Fig. 2) are also shown: underlying Tharsis lava flows 

(#1992 Flows), graben fill, and post-deposit lava flows. 

Preliminary Crater Dating Efforts: Due to image 

resolution and a lack of large craters, previous crater age 

dating efforts for the fan-shaped deposits provided 

tentative results [2,7,8].  The high spatial resolution and 

comprehensive coverage of HRSC data for the entire 

deposits at both Arsia and Pavonis Mons has facilitated 

many morphological discoveries, improvements in 

mapping, and statistically significant crater counting 

studies.  For example, an initial HRSC crater-counting 

study [14] of the very young smooth fill material in the 

~1000 km
2
 graben at the base of the Arsia shield (Fig. 1) 

gives age estimates of ~30-180 Ma at 99% confidence, and 

~52-132 Ma at 90% confidence (Fig. 2).  We believe that 

this represents the most recent phase of glaciation at Arsia. 

More recently, all craters greater than ~100 m were 

counted in detail for the entire Arsia deposit (Fig. 1) and 

surrounding flows for one HRSC image (#1992, Fig. 1).   
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Figure 2: Crater counts for the Arsia fan-shaped deposit from 

HRSC data, binned and plotted on isochrons from [16].  1-!  error 

bars are shown.  

Volcanic Constraints. THEMIS VIS and HRSC image 

data of the Arsia deposit confirm that volcanic activity 

occurred before, during and after the time period when the 

large ice sheet was present [7,8].  By dating these volcanic 

deposits we should obtain minimum and maximum age 

estimates for the Arsia deposit (Fig. 2).  This was done for 

the digitate flows underlying the deposits in the Orbit 

#1992 image to provide a maximum age estimate (Fig. 2).  

In addition, several young volcanic flows are superposed 

on the Arsia fan-shaped deposit (Fig. 1).  These were used 

to estimate a minimum age for the deposit of >45 Ma. 

Discussion. The nature of the fan-shaped deposits and 

the proposed glacial processes responsible for their 

formation raise many issues associated with crater-

counting and absolute age determination.  First, the 

deposits are very young and are characterized by few 

craters >1 km in diameter.  Second, the roughness, friable 

nature, and abundant evidence for eolian infilling all 

suggest that significant modification has occurred over the 

entire deposit.  This is especially true for the knobby 

facies, with most knobs displaying a characteristic size and 

spacing of ~200-800 m with dunes interspersed. Third, in 

many locations, the relatively thin veneer of the ridged 

facies (especially between ridges) is not thick enough to fill 

craters on the underlying surface.  It is often difficult to 

distinguish a “fresh” crater impacted into the ridged facies 

from an older crater on an underlying flow.  To account for 

this uncertainty, two groups were counted, all visible 

craters within the deposit (Fig. 2), and only “fresh” craters 

that displayed pedestals, ejecta blankets or were clearly 

impacted into the deposit (Fig. 2).  The first group should 

provide a relative maximum age estimate for the deposit 

(after resurfacing) while the “fresh” group provides an 

absolute minimum age for the deposit.   

Absolute Age Estimates. For our analysis, we only 

consider craters >250 m in diameter, and when statistically 

possible, from 250 m to >1 km.  From the counts on the 

Tharsis flows surrounding the deposit, we can assign a 

maximum age for the Arsia deposit of <750 Ma (99% 

confidence) and more tentatively <650 Ma (90%).  From 

the “Fresh” counts over the entire deposit, we can 

confidently assign a minimum age of >20 Ma (99%) and 

>25 Ma (90%).  These ages represent upper and lower 

bounds of error bars, respectively; the actual age estimates 

fall somewhere in between.  These age estimates were 

made using the 2004 Hartmann technique.  The Neukum 

chronology [17] provides slightly older ages, but for these 

crater sizes, the two are generally similar.  

It is also important to emphasize that these counts were 

performed on the deposits.  The time needed to actually 

form a >166,000 km
2
 ice sheet at Arsia Mons is most likely 

on the order of millions to 10’s of Myr for reasonable 

accumulation rates [12,13].  In addition, the time needed to 

remove the ice sheet must be considered.  For example, if 

the ridged facies represents an obliquity signal, the >155 

individual ridges within the Arsia deposit would require 

~20 Myr to form.  Thus, the time when glaciers were 

actually present will be older than estimates for the age of 

the deposits.  The extended presence of >3 km of overlying 

ice could also serve to filter out smaller impacts, providing 

a younger apparent age for the underlying surface.   

Conclusions & Future Work:  The fan-shaped 

deposit at Arsia Mons shows evidence for multiple phases 

of glaciation under differing climate conditions during the 

late Amazonian.  Preliminary crater age dating results 

confirm a late Amazonian age for the Arsia deposit and 

suggest that it most likely formed sometime between ~50 

and 650 Ma.  Better maximum age estimates for the Arsia 

deposit are expected for counts on surrounding flows 

within a 50 km buffer around the entire deposit, providing 

a more representative maximum age.  Furthermore, counts 

on additional flows that superpose the Arsia deposit will 

provide another independent minimum age.  Finally, a 

similar analysis is underway for the Pavonis deposit.  This 

will allow for comparisons of age estimates not only for 

the entire deposit, but also for surrounding flows, and 

individual facies within the deposits. 
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