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Introduction:  Martian fan-shaped deposits (FSDs; 
Fig. 1a,b) comprised of a series of parallel ridges (Fig. 
1c), smooth units (‘S’ in Fig. 1c), and hummocky 
knobby units are found adjacent to the Tharsis volca-
noes (Arsia, Pavonis, and Ascraeus). Early studies in-
voked various processes for FSD formation [1-3], alt-
hough support for a glacial origin (initially suggested 
by [4, 5]) has recently come from climate model pre-
dictions of ice accumulation during times of high mar-
tian spin-axis obliquity [6,7].  

Using the well-constrained obliquity history over 
the last 26 Myrs as a proxy for past obliquity changes, 
we calculate the influence of time-varying surface tem-
perature and ice accumulation on the location, shape, 
and flow velocity of the ice margin using the thermo-
mechanical Parallel Ice Sheet Model (PISM). Our sim-
ulations are compared to the observed spacing and 
cross-sectional area of the long sequence of ridges 
found within the Pavonis FSD in order to provide in-
sight into the timescale and process(es) responsible for 
ridge formation. 

CTX Observations:  The spacing between ~40 
ridges were measured (three to five measurement per 
ridge pair) using CTX imagery (5.5~m/px) (selected 
ridge numbers are shown in Fig. 1c). Ridge identifica-
tion was conducted using a  combination of CTX images 
and a stereo CTX DEM (18 m/pix, colored portion of 
Fig. 1c). In some cases, ridges were indistinct in the im-
agery, but were resolved in the DEM. High-confidence 
ridge identifications were prominent in both the imagery 
and the DEM (black numbers/lines in Fig. 1d,e), while 
lower-confidence identifications (red numbers/lines in 
Fig. 1d,e) were only expressed in one of the two da-
tasets.  

The mean spacing between ridges varies in a quasi-
periodic fashion in which ridges are densely spaced in 
the southernmost portion of the FSD, become more 
widely spaced to the north, with this pattern repeating 
again before the ridges become extremely faint in the 
northern portion of the FSD. The last two ridges along 
the FSD perimeter (not shown) are distinct. This ridge 
sequence records changes in ice margin location which 
can be converted to ice margin velocity (Fig. 1e) given 
a timescale between ridge formation. Here, we suggest 
this timescale is associated with the dominant, 120 kyr, 
periodicity in obliquity which likely influenced both the 
basal ice temperature and overall ice mass balance. To 
investigate the influence of obliquity on glacier dynam-
ics, we performed numerical simulations by adapting 
the  open-source Parallel Ice Sheet Model (PISM) [8] to 
martian conditions.  

PISM Ice Sheet Model: PISM is a thermo-mechanical 
ice sheet and ice shelf model which accounts for the in-
fluence of a basal heat flux, strain heating, and climate 
forcings on the ice temperature. PISM can simulate de-
formation and flow of a grounded, cold-based, ice sheet 
(see, for example, [9]) along a 2-D flowline using Glen's 
Law [10] (appropriate for shear stresses >100 kPa), but 
with a temperature dependence given by [11] to de-
scribe the ice rheology.  

After modifying the value of gravity and setting the 
basal heat flux to 20 mW/m2, we provide PISM with ba-
sal topography and climate inputs (time-varying surface 
temperature and mass balance) which is tied to obliq-
uity.  Ice accumulation occurs at a rate of 40 mm/yr over 
a zone corresponding with precipitation in GCM results 
[6] when a critical obliquity of 45o is reached. Ablation 
is set to 0.5 mm/yr and occurs at all locations not expe-
riencing accumulation. This value is based on experi-
mental and theoretical [12]  results of ablation of ice un-
der a regolith debris layer.  

Figure 1: CTX/stereo observations (c) of the Pavonis FSD 
(FSD extent given by white, dashed line in (b)). Distances in 
(d) and (e) are measured along the model flowline shown 
with tick-marks in (b).  
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Ice Ablation: Although the ablation rate of ex-
posed ice is larger than the rate assumed in our simula-
tion, rapid ablation of the uppermost protions of the ice 
deposit will produce a lag which will slow the rate of 
sublimation as shown in Fig. 2. Even fairly clean ice 
(0.1vol% dust) will produce a 5 cm-thick lag in less than 
50 kyrs resulting in ablation rates comparable to that as-
sumed in our simulation. 

 

A maximum ablation rate of 0.5 mm/yr can also be 
estimated by dividing the maximum ice sheet thickness 
(~2.5 km [13]) by the time since the last ice deposition 
event (>5 Myrs). Since the smooth unit likely represents 
the last remnants of this ice deposit [13], the time-aver-
age ablation rate over the last 5 Myrs must have been 
less than 0.5 mm/yr. 

Results: Given our mass balance assumptions, the 
simulation produces an ice sheet of varying extent, but 
always stays within the boundaries of the FSD (Fig. 3a). 
In regard to the deposition of ridges, the model provides 
some insights: 1) During retreat of the ice margin, ice 
flow has ceased (Fig. 3b) and ice margin slopes are low 
(Fig. 3c), preventing the advection of debris necessary 
to form a moraine. 2) During advance, obliquity-driven 
surface temperature changes are conducted to the base 
of the ice sheet, causing flow velocity changes which 
could potentially result in ridge deposition (likely ridge 
deposition events shown with vertical lines in Fig. 3b,c). 
3) The steep slopes at the glacial toe during advance pro-
motes debris accumulation at the ice margin from mass 
wasting. 4) One or more pulses of ice accumulation dur-
ing high obliquity causes the ice margin to advance 
quickly at first, but gradually slows to produce a pattern 
of ridges that mimics the observed ridge spacing (verti-
cal lines in Fig. 3). 5) The ice margin velocity derived 
from the spacing measurments assuming deposition oc-
curs every 120 kyrs (Fig. 1e) agrees well with the simu-
lated ice margin velocity during glacial advance (Fig. 
3b).  

We hypothesize that ridge deposition occurs during 
glacial advance when ice flow velocities are high rela-
tive to times of retreat. The ridges would subsequently 
be over-run by advancing ice, but would remain 
preseved. Evidence in support of ridge preservation 
comes from intersecting ridge sequences seen in the Ar-
sia FSD and the superposition of the smooth unit on the 
Pavonis ridges (Fig. 1c). This mechanism for ridge em-
placement constrasts with the recessional drop moraine 
hypothesis previously ascribed to these ridges [13-15]. 

 

The cross-sectional area of the largest ridges 
(~15,000 m2; Fig.1d) presents a challenge to this hy-
pothesis. In order to deposit the observed amount of ma-
terial, either the timescale of ridge deposition is signifi-
cantly longer than the dominant obliquity periodicity 
(despite the ability for obliquity changes to promote 
ridge formation), or the supra-glacial debris thickness is 
significantly larger than 5 cm, perhaps ~10 m. Testing 
the processional drop moraine hypothesis of ridge for-
mation presented here is a topic for future research. 
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Figure 2: Time-evolution of lag thickness (a) and ice subli-
mation rate (b) for a Martian dirty ice deposit.  

Figure 3: Changes to the glacier front over a 5 Myr period 
(a). Ridge deposition is mostly likely at times indicated by 
the vertical lines (when debris is being advected toward the 
ice margin (b) and when the slope of the margin is steep (c)).  
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