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Introduction: We  continue an effort to  compute
the  formation  ages  of  adjacent  layered  and  radial
(lunar-like  ballistic)  ejecta  craters  to understand  the
spatial and temporal evolution of martian equatorial ice
–  a key  to  constraining  Mars’ climate  through  time
[e.g.,  1].  Assumptions are  that  layered  ejecta  craters
tap  surface or buried ice [e.g.,  2], while radial ejecta
craters do not, at least in substantial quantities [e.g., 3].
Previously [4], we reported on a preliminary set of 24
craters in four groups (6 radial and 18 layered) in our
representative  equatorial  area  (Fig.  1,  groups  1-4).
These data indicated no trends of ejecta type with age
and  diameter;  thus  suggesting  a  spatially  random
distribution of equatorial ice with depth and time. 

We also concluded that the statistics were still too
poor to make robust inferences on ejecta trends and ice
distribution.  Therefore,  we  computed crater  retention
model ages of  12 more  layered (any subclass) and  9
more  radial ejecta craters  with diameters (D)   ≳ 3 km
that  are  in  close  spatial  proximity,  for  a  total  of  45
craters and 11 groups (Fig. 1).

Methods:  We  measured small, superposed craters
on  the  larger  crater’s  ejecta  blankets  from  our
groupings within the study area (Fig. 1). We computed
the  crater  retention  model  ages  of  the  larger  craters

using the Neukum chronology [5] fit to the superposed
crater  size-frequency  distributions  (see  [3,  6]  for
further details on the crater counting methodology). 

The  ages  were combined  with  the  spatial
distribution  of  ejecta  type  and  crater  diameters to
statistically model their spatial and temporal evolution.
We predicted crater ejecta type with respect to age and
size  using  a  logistic  regression  model  [e.g.,  7]  and
determined the spatial correlation structure relative to
crater  distances  [e.g.,  8].  The former  determines the
roles age and size play in forming a layered or radial
ejecta crater. The regression used the available data on
crater formation ages – binned as >3.4 Ga or ≤3.4 Ga
given the large uncertainties on estimated ages – and
crater diameter as the variables to predict ejecta type
trends. The spatial  correlation structure determines if
any set of crater characteristics (e.g., ejecta type, age,
size) is clustered (positive correlation) or randomly (~0
correlation)  spatially  distributed  for  given  crater
separations.  If  a  non-random  spatial  distribution  is
indicated, then further testing is required to determine
which crater characteristic(s) is responsible.

Results and Discussion: Fig. 2 shows crater model
formation  age  (with  uncertainties) vs.  diameter by
group and ejecta type. Fig. 3 shows the probability of
forming a layered or radial ejecta crater for ages >3.4
Ga in green and  ≤3.4 Ga in purple for a given crater
diameter  from  the  logistic  regression  model.  Fig.  4
displays the results of the spatial correlation analysis
by intercrater  distance.  The black points indicate the
data and the orange line is a Loess smoother of the data
with a 95% confidence interval in gray. 

Figs.  2  and 3 indicate “young” craters  (≤3.4 Ga;
purple  curve) have  increasing  probability  of  being

Figure 1. Locations of selected layered (blue) and radial (red)
ejecta craters. Dark shades indicate craters examined for this
report,  while  light  shades  indicate  craters  yet  to  be  dated.
Groupings  are  indicated  by  white  outlines  and  labels.
Diameters cover ~3-70 km in a 30ºx30º area centered at 15ºS,
355ºE. Background is a CTX mosaic.

Figure  2. Plot  of  craters  examined.  Blue  indicates  layered
ejecta and red for radial ejecta craters. Symbol shape indicates
location group. Ages are shown with uncertainties.
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layered  with  increasing  diameter.  This  is  consistent
with classical ideas of excavating into more ice with
depth. Previous work also [e.g., 6, 9] shows there is not
an "onset" diameter for or reduction in formation with
time of (single) layered ejecta craters. This suggests a
relatively recent source of near surface or surface ice.

Figs.  2  and 3 further  indicate “old” craters  (>3.4
Ga; green curve) are more mixed with probability of
layered  ejecta moderately  decreasing with increasing
diameter. This is opposite the trend for young craters;
however, it currently  may be controlled by just the 2
large radial ejecta craters (D~20 & 30 km; Fig. 2). If
the trend is real, our preferred hypothesis is that radial
ejecta is preferentially eroded due to the armoring that
likely occurs for layered ejecta [e.g., 10].

Figs.  2  and  4  indicate  that  there  is  no  spatial
correlation  with  ejecta  type  (in  agreement  with
previous  analyses;  [6,  11]),  age,  age+ejecta,  or  age
+ejecta+diameter  beyond  several  km  separations.
(Note correlations below  a few km are influenced by
our sample technique, e.g., Fig. 1, and do not represent
the  overall  structure  of  crater  characteristics.)  This
implies there is no spatial organization to the formation
of  ejecta type with time or depth,  suggesting the ice
distribution is coherent only at  scales of several  km.
There  is  no  evidence  in  bedrock  geology or  surface
morphology to suggest such a high degree of  volatile
spatial variability. A temporally variable process – in
which ice is either present or absent – could account
for the random distribution. In this hypothesis, layered
ejecta represents the cratering response during epochs
of widespread glaciation [6]. The peak in relative (Fig.
2)  and  absolute  [6]  abundance  of  (single)  layered
ejecta craters  around  D=10  km  could  represent  an
optimum  formation  point  (involving  a  sufficient

volume of ice to manifest layered morphology but not
dominated by sub-ice excavation).

Conclusions: Our  statistical  analyses  of  model
formation  ages  of  adjacent  equatorial  radial  and
layered  ejecta  craters  gives  some  important  new
constraints  on  tropical  ice  evolution.  Our  results
continue to support the presence of equatorial ice in the
Amazonian [e.g., 6, 9]. We further find radial ejecta is
preferentially eroded.  More importantly, we find that
the spatial distribution of layered and radial ejecta is
random  even  when  age  and  crater  diameter is
incorporated.  This  implies  the  volatile distribution is
either  highly spatially  or  highly  temporally  variable.
Due to lack of observational  evidence in bedrock or
surface  morphology  for  spatial  variability,  we  argue
temporal changes in glaciation is more likely.
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Figure 3. Binary logistic regression model results.
Figure 4. Spatial correlation relative to distance. All crater 
characteristics. Values near zero indicate a random distribution,
while greater positive values indicate spatial clustering.
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