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Introduction: The evolution of the atmosphere of
Mars is one of the most engaging questions in planetary
science. Whether or not Mars may once have had a warmer
and wetter past, is likely linked to the partial density and
pressure of greenhouse gases in the atmosphere, in particu-
lar, carbon dioxide. While much work has focused on the
plausibility of a young and dense atmosphere, the early
Mars atmospheric properties, such as its density and pres-
sure, as well as their spatiotemporal variations remain
poorly constrained.

The analysis of bomb sag produced by explosive vol-
canic eruption infers that the atmospheric density exceeded
0.4 kg/m3 at the time of eruption [1], much higher than the
present atmospheric density (0.02 kg/m3). Another study
using small ancient craters to infer the atmospheric pres-
sure about 3.6 Gyr ago [2], shows that the pressure is not
high enough (~0.9-1.9 bar) to sustain surface liquids in the
condition of faint young sun [3]. So far, previous estimates
have only provided an snapshot of the atmospheric proper-
ties (e.g. density and/or pressure) in certain locations on
Mars. A more recent study suggests that punctuated vol-
canic activity can lead to temporary warm climate [4],
consistent with evidence for transient liquid water on Mar-
tian surface. However, constraints on the spatiotemporal
evolution of the Martian atmospheric properties remain
elusive. The estimates of atmospheric properties variations
through time and space are required to understand the in-
terplay of climate and surface geology.

To better constrain Mars atmospheric properties as
well as their spatiotemporal variations, this research work
establishes links between distribution of the impact ejecta,
age of the impact and the local Martian atmosphere. Fol-
lowing an impact event, a significant volume of material is
ejected and falling debris surrounds the crater. Aerody-
namics rule governs the flight path and distribution of the-
se ejecta, which indicates that the atmospheric properties
play a key role in determining the spatial distribution of
the ballistic particles. Given the radial distance of the ejec-
ta from crater, an inverse aerodynamic modeling approach
can be employed to estimate the local atmospheric drags
and density as well as the lift forces at the time of impact.
Moreover, having the spatial distribution of the craters and
their ages, it is possible to resolve spatiotemporal varia-
tions of the atmospheric properties. These observations
and estimations allow us to shade light on several debated
questions such as how Mars evolved into the planet that
we know today and whether it was once habitable.

Datasets: Robbins and Hynek (2012) [5,6] recently
establish a new global catalog of Martian craters statisti-

cally complete to diameters D > 1 km, which comprises
384,343 craters. In this database, the ejecta morphologic
and morphometric data of the chosen craters are used to
facilitate mapping the ejecta outline and estimate the bal-
listic ejecta distance to the crater as the inputs to the in-
verse aerodynamic model. Additionally, Robbins et al.
(2013) [7] uses their new global crater database to estimate
the age of 78 craters with diameters D > 150 km based on
the crater densities as well as isochron fits technique.
Mangold et al. (2012) [8] examine the degradation of
impact craters in two highlands of Mars, north of Hellas
Planitia, and south of Margaritifer Terra, which yield the
relative chronology of these craters, based on the degrada-
tion level. Among Mangold crater age datasets, 62 craters
with preserved ejecta blankets are used for our mapping.
Table 1 summarizes the available crater age data from [7]

and [8].
Table 1. Summary of available 140 crater age data
Epoch Time (Ga) #Craters #Craters
Hartmann (2005) Robbins (2013) Mangold(2012)
Noachian 4.5-3.74 77 2
Hesperian  3.74 - 3.46 0 30
Amazonian < 3.46 1 30

The high-resolution Mars imagery we used to map the
outlines of impact ejecta blankets and measure the ejecta
distance to the crater include: (1) High Resolution Imaging
System (HiRISE) images (25-50 cm/pixel resolution) [9],
(2) Thermal Emission Imaging System (THEMIS) images
(100 m/ pixel resolution) [10], (3) Context Camera (CTX)
images (10-40 m/ pixel) [11]. Mars Orbiter Laser Altime-
ter (MOLA) gridded data at 463 m/pixel [12] and HiRISE
DEM [9] are used to extract topographic information for
the surveyed craters and identify possible impact ejecta
blankets.

Methodology: Ejecta distance estimation through
mapping. 78 large size craters (D > 150 km) from the
study of [7] and 62 medium/ small size craters (20 km <D
< 180 km) from the database of [8] are carefully examined
to identify crater ejecta blankets in THEMIS, CTX, and
HiRISE images, assisting by topographic data of MOLA
and HiRISE DEM. Fig. 1 is an example of our mapping
strategies. First, we compare THEMIS, HiRISE and CTX
images with MOLA DEM to carefully identify the ejecta
blanket and map the ejecta outline (Fig. 1). Then, draw a
series of lines starting from the center of crater to the out-
most layers of ejecta blanket (Fig. 1). The line length will
be an input to our inverse aerodynamic model. In order to
optimize the best resolution of our inverse model we will
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obtain 50+ lines (ejecta distance to the crater) for each
target crater.

Inverse aerodynamic modeling. The calculation and
simulation of sports balls trajectory have been well-
established in the field of aerodynamics [13,14]. The tra-
jectory of a golf ball can be explained using the following
differential equation of motion [14]:
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where x and y are measured in horizontal and vertical di-
rections, t is time, p is the air density, s is the area of the
ball, m is the mass of the ball, g is gravitational constant,
C, is atmospheric drag coefficient, C, is the lift coefficient
and f is the inclination angle.

Fig. 1. An example of the mapping strategies(Lyot crater).

In analogy with golf, the impact crater ejecta resemble
the ball, which following the impact is hit and thrown out
of the crater. Similar to the golf ball, the ejecta trajectory is
determined by the size of the impact, size and shape of the
debris and the atmospheric properties. Availability of a
database containing the distribution of the ejecta as well as
the age of the impact crater allows inverting system of
equations to estimate atmospheric properties as a function
of time and location. The parameters used in the aerody-
namic models are summarized in Table 2.

Table 2. Parameters used in aerodynamic modeling

Parameters Definition Values

X Ejecta distance to crater Measured

d Density of ejecta material 2900 Kg/m®

s Surface area of ejecta block s = 4mr’

r Radius of ejecta block Estimated

m Mass of ejecta block m = dx3/4xmr’
Ca Atmospheric drag coef. 0-1.0

C Atmospheric lift coef. 0-1.0

B Ejection inclination 30°-70°

g Gravitational acceleration 3.711 m/s’

We incorporate reasonable value ranges for inclination
angle, atmospheric drag and lift coefficients in the model.
The measured ejecta distances to crater also contain uncer-
tainty range. In order to better solve the second-order dif-
ferential trajectory equations by inputting estimated pa-
rameters and obtain the best solution of atmospheric densi-
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ty, the optimization techniques are adopted. The random
search computing techniques have successfully provided
great solutions for inverse models [15]. In this study, we
adopt the genetic algorithm (GA) to resolve the inverse
model composed of the differential equations.

Validation of inverse aerodynamic model: A re-
cent impact event occurred between July 2012 and May
2012, which has been observed by HiRISE images. In
order to validate our methodology and optimization tech-
nique, we map the ejecta of the 2012 impact event careful-
ly and measure the ejecta distance to crater center. We
obtained 55 measurements of ejecta distance and azimuth
of measured line (Fig. 2). The crater diameter is approxi-
mately 30 m. The longest ejecta distance mapped is 2.5 km
while the shortest one is 0.4 km.

|

Fig. 2. Ejecta mapping of 2012 impact crater.

The best solution found in our inversion predict surface
atmospheric density of 0.0216 + 0.003 kg/m3, which is in a
good agreement with the recent measurements, surface
density of 0.02 kg/m’, and approves the feasibility of our
methodology and inversion technique. Moreover, using the
concept of error propagation [16], we find that a 20% error
in measuring the ejecta distances may cause only a 0.2%
error in the estimated atmospheric density. These promis-
ing preliminary results indicate continued work on the
chosen (+100) crater ejecta will generate solid and con-
vincing results and allow us to better infer the Martian
atmospheric evolution and spatiotemporal variations on air
density, which will be appropriate for the discussions in
the Special Session on Tracing the Evolution of the An-
cient Martian Atmosphere and Climate.
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