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Introduction: Previous investigations of craters on 

Meridiani Planum from field observations by the Op-
portunity rover and high-resolution images have 
documented a sequence of modification that has pro-
ceeded from, fresh blocky craters that have been 
eroded and filled in with time to leave highly eroded 
and shallow depressions ringed by planed off crater 
rim outcrop blocks [1, 2]. Subsequent observations by 
the Opportunity rover on very fresh craters that are 
superposed and thus younger than the ripples and 
larger rayed craters imaged by HiRISE (High Resolu-
tion Imaging Science Experiment) that are both older 
and younger than the ripples have constrained the lat-
est phase of granule ripple migration to have occurred 
between ~50 and ~200 ka [3]. This abstract reports on 
more recent field observations by the Opportunity 
rover and HiRISE images of small craters on Meridiani 
Planum and constructs a timescale for their formation 
and modification based on crater retention ages for all 
small craters, those younger than ripple migration, and 
those at various stages of modification in between. 

Crater Retention Age: Crater counts of Meridiani 
Planum display a surface with two ages. Craters larger 
than about 2 km diameter are highly degraded with 
light-toned rims that define a Noachian age [4]. These 
craters correspond to the age of the light-toned sulfate 
outcrop investigated by the Opportunity rover. Craters 
smaller than about 100 m diameter fall on an isochron 
of ~10 Ma [4]. High-resolution images prior to HiRISE 
showed that these smaller craters are in various stages 
of degradation [1, 2], but HiRISE images allowed a 
much better definition of their degradational state [3]. 
Fresh craters into outcrop have sharp, blocky rims with 
clearly defined blocky ejecta blankets and rays. With 
time weak sulfate blocky ejecta is planed off parallel to 
the surface by saltating sand and the crater interiors are 
filled with sand. Crater walls are backwasted and 
ejecta is eventually covered by sand until only a ring of 
planed off crater rim ejecta remaines with a subtle 
broad topographic depression. Craters in all stages of 
this degradational sequence have been visited by the 
Opportunity rover and imaged by HiRISE. 

Craters Younger and Older than Granule Rip-
ple Migration: The Opportunity rover explored the 
Resolution crater cluster and Concepción crater on her 
traverse between Victoria and Endeavour craters. 
These craters are clearly superposed on the granule 
ripples and thus younger than the latest phase of ripple 
migration [3]. Two larger, fresh-rayed craters in Me-
ridiani Planum imaged by HiRISE bracket ripple mi-
gration; secondaries from 2.2 km Ada crater are clearly 

superposed on and secondaries from an unnamed 0.84 
km diameter crater have been modified and over-
printed by the ripples. Three largely independent 
methods were used to estimate the age of these craters: 
(1) measuring only the freshest unmodified craters in a 
portion of a HiRISE image around Resolution crater, 
(2) estimating the age of Ada and the unnamed 0.84 
km diameter crater from younger craters superposed on 
their continuous ejecta blankets, and (3) estimating the 
expected recurrence intervals of similar diameter fresh 
rayed craters in the equatorial region of Mars com-
pared with the two Meridiani craters. All three meth-
ods constrain the latest phase of granule ripple migra-
tion to have occurred between ~50 and ~200 ka [3]. 

Timescale for Crater Modification: Observations 
of small craters (<100 m diameter)  at Meridiani enable 
the development of a timescale for their formation 
based on their morphology, eolian modification, and 
preservation of rays [3].  

Craters <10 yr old. Craters that have impacted in 
the past decade appear very fresh, show no clear evi-
dence for eolian modification and have fresh dark rays. 
A crater cluster in south Meridiani also has bright yel-
lowish and dark ray ejecta (Fig. 1a), and is estimated 
via recurrence intervals to have impacted several dec-
ades ago [3].  

Craters <50 ka. Both the Resolution crater cluster 
and Concepción crater (Fig. 1b) impacted after the 
latest phase of ripple migration or <50 ka. These cra-
ters have some eolian modification, with secondary 
ripples forming on the sandy rims of Resolution cluster 
craters, and sand deposited on the floor of Concepción 
crater and filled in among the ejecta blocks. The pres-
ence of dark rays around Concepción crater implies it 
is younger than Resolution, suggesting that Concep-
ción impacted of order a thousand years ago and Reso-
lution impacted a few tens of thousands of years ago 
[3]. Ada impacted ~50 ka and has some eolian bed-
forms on its floor; Ada secondaries have dark centers 
(likely sand), bright rims, and are clearly superposed 
on the north-trending ripples [3].  

Craters >100-200 ka. Craters that formed before 
the latest phase of ripple migration have greater eolian 
modification and more distorted shapes (particularly 
small craters) from ripples that merge with and over-
take their rims and sand-filled floors. The Kaikos cra-
ter cluster visited by the Opportunity rover thus likely 
formed at about 100 ka (Fig. 1c). Ejecta blocks around 
craters >200 ka have been eroded by saltating sand and 
many have been planed off or partially planed off par-
allel to the ripple surface. These craters also have sand 
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deposited in their interiors and ripples that merge with 
and overtake their rims [3]. A dark rayed cluster com-
posed of >250 craters about 4 km northwest of Victoria 
crater is thus >200 ka. A doublet rayed crater about 15 
km south-southwest of Victoria crater has light-toned 
rays that have little relief suggesting an older age of 
many hundreds of thousands of years old [3].  

Craters ~1-3 Ma. Craters that still retain a blocky 
rim, deep interior, and ejecta that has only partially 
been warn down to the ripple surface are probably 
around 1-3 Ma. Examples of craters of this age imaged 
by Opportunity and HiRISE include Viking, Voyager, 
Intrepid (Fig 1d) and Santa Maria craters. 

Craters ~5 Ma. Craters that have eroded rims, shal-
low sandy interiors, and ejecta bloacks that are com-

pletely planed off are probably around 5 Ma. Examples 
of craters of this age imaged by Opportunity and 
HiRISE include Endurance, San Antonio (Fig. 1e), 
Hecla, Fury, Vanguard, and Gemini craters. 

Craters ~7 Ma. Craters with severely eroded rims, 
no ejecta and very shallow sandy interiors are probably 
around 7 Ma. Examples of craters of this age imaged 
by Opportunity and HiRISE include Eagle, Yankee 
Clipper, Voskhod (Fig. 1f), and Salyut. 

Craters ~10 Ma. Finally craters that have no topog-
raphic rims and only a ring of planed off crater rim 
ejecta and a subtle broad topographic depression are 
assumed to be about 10 Ma, because that is the crater 
retention age. Examples of craters of this age include 
Vostock, Aquarius, and Apollo 7 (Fig. 1g). 

Rate of Crater Modification: Long-term erosion 
rates at Meridiani Planum based on the modification of 
craters and the concentration of blueberries on the sur-
face are 1-10 nm/yr [2]. With the more detailed times-
cale for crater modification derived above, the rate of 
erosion and infilling of craters can be examined on a 
finer scale. 

For craters <100 ka, erosion of ejecta blocks at 
Kaikos and Concepción craters suggest erosion rates of 
order 1 µm/yr, which is 2-3 orders of magnitude faster 
than the long term rates [3]. Rates of deposition of 
sand in the crater interiors is even faster (~10 µm/yr). 

For craters that are around 1 Ma, estimates of how 
quickly ejecta blocks are eroded are slower by up to an 
order of magnitude (0.1 µm/yr). Rates of deposition of 
sand in the crater interiors are also slower by an order 
of magnitude (~1 µm/yr). 

For craters that are around 10 Ma, erosion esti-
mates approach the long-term average of 1-10 nm/yr 
and rates of deposition of sand are also much slower.  

An interpretation of these results is that after an 
impact, ejecta with a wide variety of grain sizes includ-
ing blocks are deposited on the surface out of equilib-
rium with the eolian regime. Sand size grains made 
available are rapidly saltated by the wind, rapidly 
erode weak sulfate ejecta blocks in the wind stream, 
and are deposited in quiet areas around dense ejecta 
blocks and the crater interiors. For short periods, the 
rates of modification can be as high as 1 µ/yr, until the 
surface is brought back into equilibrium with the eo-
lian regime. At that time, very little change occurs, 
yielding erosion rates that are 2-5 orders of magnitude 
lower over long timescales (of order hundreds of mil-
lions to billions of years). 
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Figure 1. Small craters in various degradational states imaged by 
Opportunity and HiRISE in Meridiani Planum: a) crater cluster 
(largest crater 16 m) in southern Meridiani Planum with dark 
rays and bright ejecta estimated to be decades old; b) Concep-
ción crater (10 m, sol 2139) with dark, blocky rays probably 
formed in the past millennium; c) Nerius crater, the largest cra-
ter in the Kaikos cluster (9 m, sol 2009) probably formed ~100 
ka; d) Intrepid crater (18 m, sol 2416) probably formed 1-3 Ma; 
e) San Antonio doublet crater (20 m, sol 2199) probably formed 
about 5 Ma; f) Voskhod crater (15 m, sol 2441) probably formed 
around 7 Ma; and g) Apollo 7 crater (3 m, sol 2603) probably 
formed around 10 Ma. 
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