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Introduction: The sediments in Gale crater record 
the conditions under which they were deposited and 
also contain evidence of syn- or post-depositional 
physical and diagenetic processes leading to the for-
mation of sulfate and Mg-rich veins [1].  The extent of 
the burial and exhumation of these areas, constrained 
by the cratering record represents information on the 
nature and timing of the possible diagenetic conditions 
experienced by these materials, and the relationship to 
habitability near the time of deposition.  Understanding 
the recent geomorphic processes and the age of recent-
ly exposed rocks is also important in order to find de-
posits that have been exposed to gamma-rays for less 
than a few million years, allowing for preservation of 
organic molecules that can be analyzed by Curiosity. 

The impact crater record [2, 3] constrains the age 
of Gale formation to the late Noachian to early Hespe-
rian, ~ 3.6 Ga, the deposition of the Peace Vallis Fan 
to 3.2-3.3 Ga, and the amount of burial, of the lower 
fan to < 20-40 m.  Our studies of the numbers and na-
ture of small craters, <60 m diameter, provide addi-
tional constraints on the history of this area including 
additional constraints on resurfacing rates [1], as dis-
cussed below. 

Fig. 1. Erosion 
depths across 
the lower Peace 
Vallis Fan, 
including the 

Yellowknife 
Bay area visited 
by Curiosity.  
The location of 
Fig. 4 is shown 
as a box, and 
the star is the 
MSL landing 
site.   

 
Erosion of the Lower Peace Vallis Fan (Yel-

lowknife Bay): The topographic surface of the Peace 
Vallis fan exhibits evidence of erosion documented by 
Palucis et al. [4].  The geologic expression of this ero-
sion includes the presence of scarps and inverted chan-
nel deposits.  The extent of the exhumation has been 
estimated from the topographic data extrapolated be-
tween the upper portion of the fan and the distal edge 
of the eroded area (Fig. 1).  The data indicate that 80% 
of the area is eroded to a depth between 0-5 m, 19% 
between 5–10 m, and only 1.8% greater than 10 m.  

Curiosity investigated the edge of the eroded lower fan 
in Yellowknife Bay, for ~ 7 months early in the mis-
sion, including the sandstone of the Gillespie member 
and the mudstone of the John Klein member (Fractured 
terrain). The images shows a series of thin scarps lead-
ing down into the flat lying mudstones (Fig. 2) 

 
Fig. 2. Yellowknife Bay, Mars with the scarp forming 

sandstone of the Gillespie member (left), and the mud-stone 
of the John Klein member (Fractured terrain) on the right.  

 
Fig. 3. Moonlight Valley, Mars in the Hummocky Plains 

(HP) Unit. This valley, ~ 4 m deep was presumably created 
by aeolian erosion that has cut through layered sediments. 

 
Erosion of the Hummocky Plains: Early in 

the mission, it was unclear if the conglomerates ob-
served near the landing site on top of the Hummocky 
Plains [5], were a veneer on earlier crater floor materi-
als or whether this represented a different assemblage 
of sedimentary material.  More information is now 
available, since between the departure from Yellow-
knife Bay deposits (Jun 16, 2013), and the recent arri-
val at the Kimberley waypoint, Curiosity has driven 
about 4 km over the Hummocky Plains.  The HP mate-
rials are now known to consist of sediments, including 
abundant conglomerates and dark erosion resistant 
layers.  These materials are more resistant to erosion 
than the Yellowknife Bay rocks, but the combination 
of impacts and aeolian erosion on vertical surfaces of 
blocks or scarps, has led to the formation of extensive 
outcrops in the rugged and dissected terrain observed 
along the drive to the Kimberley (e.g. Fig. 3). 

Size - frequency of small craters: The Yel-
lowknife bay (Fractured Unit) surface has a smaller 
crater abundance than that of the Hummocky Plains 
(Fig. 4), consistent with erosional exhumation of strata 
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underlying (or adjacent to) the Hummocky Plains. The 
crater size frequency distributions turn over for crater 
sizes less than ~12 to 15 m, consistent with slow, 
steady removal of smaller craters. Geological observa-
tions suggest that the BF unit is undergoing more rapid 
exhumation than the HP leading to a younger surface 
age with fewer small craters.  There is also a lower 
limit to the craters observed to date from the rover of ~ 
0.6 m.  This lower limit is presumably due to atmos-
pheric slowing and destruction of incoming bolides.  

 
 
 
Fig. 4. Are-

as counted on 
Hirise images 
for impact cra-
ters less than 60 
m diameter.  
See Fig. 1 for 
location of 
figure. 

 
 
 
 
 
Fig. 5. Im-

pact crater data 
for the Hum-
mocky Plains 
(HP) and Bright 
Fractured (BF) 
Unit.  
 
 

Erosion and resurfacing rates: Quantification of 
erosion rates is complicated by the nature of the sur-
face processes observed in Yellowknife bay and on the 
Hummocky Plains.  Neither area is being eroded by 
uniform vertical stripping of the surface layers.  How-
ever, retention of small impact craters provides a gen-
eral idea of the amount and rate of the resurfacing of 
an area.  Impact craters have a depth of ~ 0.1–0.2 times 
their diameter, thus 10 m of erosion will completely 
remove 60 m diameter craters (depth of 6–12 m).  Thus 
small craters will record a younger age than large cra-
ters in an area undergoing erosion.  An additional pro-
cess that can remove craters from being recognized for 
counting, is infill and rim erosion in preferential direc-
tions due to saltating sand, as well as the effects of 
subsequent impacts obscuring crater rims and deposit-
ing blocks in earlier craters [2].  These processes may 
have affected the HP to a greater extent than the Yel-
lowknife bay units. 

Combined observations from orbit and from Curi-
osity constrain the resurfacing rates at Gale crater.  The 
data from Fig. 1 shows that 80% of the lower fan is 

eroded by less than 5 m.  Although there are areas in 
the lower fan deflated by more than 5 m, most of the 
area used for crater counts by Grant et al. [3] and in the 
study by Newsom et al. [2] represent areas with less 
than 5 m of erosion.  Based on an age of 3.2–3.3 Ga 
for the sediments, and an estimated burial depth of 20 
– 40 m for the surface of Yellowknife bay, an average 
erosion rate of the order of ~ 8-14 mm/Myr is required 
to get down to the current surface.   

A different estimate comes from assuming a plau-
sible crater retention age of roughly 350 My for the 
upper few meters of the surface based on small craters 
< 60 m in diameter on the FP (Fig. 5).  Assuming that 
less than 5 m of erosion has occurred since the ob-
served small craters began to be retained, a rate of 14 
mm/Myr is obtained, which is surprisingly consistent 
with the rate over 3.2 – 3.3 Ga, although the uncertain-
ties are large.   

How does the 78 Myr cosmogenic nuclide expo-
sure age results from Farley et al. [6] compare?  As-
suming a scarp retreat model, the young surface area 
exposed in the last 78 Myr would be about 11% of the 
total area of the lower Peace Vallis fan, assuming a 
crater retention age for the upper few meters of ~ 350 
Myr.  This result is probably reasonable from a geolog-
ical point of view given the proximity of the Cumber-
land sampling site to the scarps around the edge of 
Yellowknife bay.  A younger age and substantially 
higher recent erosion rates could also be compatible 
with the cosmogenic nuclide data, given the absence of 
craters in the local area investigated by MSL.  

The erosion rates for the Hummocky plains must 
take into consideration the greater number of small 
craters < 60 m diameter (reflecting the removal of < 5 
m of material) (Fig. 5), indicating a plausible crater 
retention age between 400 and 800 Myr.  In contrast to 
Yellowknife Bay, this implies a recent rate of erosion, 
of perhaps 6–13 mm/Myr, in line with the average rate 
for the last 3.2–3.3 Ga for the lower Peace Vallis fan as 
described above. 

Summary: The cratering record in Gale Crate sug-
gests that since 3.2-3.3 Ga only limited burial (20-40 
m) of Yellowknife bay deposits was possible, and ero-
sion rates have averaged 5-15 mm/Myr during that 
time.  Early burial by Mt. Sharp deposits prior to 3.3 
and Gale formation at 3.6 Ga is possible but uncon-
strained.  However, impacts and erosion leading to 
formation of scarps is such that young exposed areas 
suitable for preservation of organics are likely to be 
present. 
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