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Introduction: Mars is the most Earth-like of the 
Solar System’s planets, and the first place to look for 
any sign of present or past extraterrestrial life. Its 
surface shows many features indicative of the presence 
of surface and sub-surface water [1], while impact 
cratering and volcanism have provided temporary and 
local surface heat sources throughout Mars geologic 
history.  

Impact craters are widely used ubiquitous 
indicators for the presence of sub-surface water or ice 
on Mars [2]. In particular, the presence of significant 
amounts of ground ice or water would cause impact-
induced hydrothermal alteration at Martian impact 
sites [3]. The realization that hydrothermal systems are 
possible sites for the origin and early evolution of life 
on Earth [4,5,6] has given rise to the hypothesis that 
hydrothermal systems may have had the same role on 
Mars [7,8,9,10]. Rough estimates of the heat generated 
in impact events have been based on scaling relations 
[11,12], or thermal data based on terrestrial impacts on 
crystalline basements [13]. Preliminary studies [14,15] 
also suggest that melt sheets and target uplift are 
equally important heat sources for the development of 
a hydrothermal system, while its lifetime depends on 
the volume and cooling rate of the heat source, as well 
as the permeability of the host rocks. 

 We present initial results of two-dimensional (2D) 
and three-dimensional (3D) simulations of impacts on 
Mars aimed at constraining the initial conditions for 
modeling the onset and evolution of a hydrothermal 
system on the red planet. Simulations of the early 
stages of impact cratering provide an estimate of the 
amount of shock melting and the pressure-temperature 
distribution in the target caused by various impacts on 
the Martian surface. Modeling of the late stage of 
crater collapse is necessary to characterize the final 
thermal state of the target, including crater uplift, and 
distribution of the heated target material (including the 
melt pool) and hot ejecta around the crater. 
Early stage:  Simulations of the early stage of the 
impact event are carried out with the 3D hydrocode 
SOVA [16], coupled to tabular versions of the ANEOS 
equations of state [17]. We model spherical comets 
and asteroids of various sizes impacting Mars’ surface 
at 15.5 and 8 km/s, respectively. These roughly 
correspond to median impact velocities on Mars for 
short-period comets and for asteroids. Simulations 
have been carried out for 90° (vertical), and 45° 
impact angles. A spatial resolution of 20 to 25 cells-
per-projectile-radius is maintained over a central 
region around the impact point, followed by regions of 
progressively lower resolution, extending to about 13 
km downrange (5 km uprange), and 15 km below (9 

km above) the surface. Tabular versions of ANEOS 
equations of state for granite (no basalt ANEOS is 
available at this time), and water ice and granite are 
employed to model the target and projectile 
respectively. Ideally, the target should be modeled as a 
mixed material, where the basic crystalline crust 
contains a component of ice and/or liquid water. A 
very thin CO2 atmosphere was included in the 
simulations to model the present-day Martian 
atmosphere (this is not expected to influence the 
thermal characterization of the target).  

Over 1200 Lagrangian tracers are regularly 
distributed inside the (model half-) target to record the 
material’s thermodynamic evolution (with time steps 
of 0.005 seconds). For an accurate estimate of melt 
volumes we use a second set of tracers to mark each 
computational target cell around the impact point, for a 
total of more than 500,000 tracers. Volume estimates 
are determined by adding up the volume of tracers 
experiencing shock pressures above a given threshold. 
We use 46 and 56 GPa as threshold pressures for 
incipient and complete melting of pure granite [18].   

Table 1 shows melt volumes, Vm, associated with 
impacts producing a final rim to rim crater (Drim, 
calculated as 1.5 to 2 times the transient crater) of 
about 30 and 80 km, according to Pi-scaling laws 
(code used for estimates developed by H.J. Melosh; 
see www.lpl.arizona.edu/tekton/crater.html), for 
impacts of comet and asteroid of diameter Dpr (vimp and 
θimp are impact velocity and angle, respectively). The 
results indicate that impact velocity plays an important 
role in the total volume of melt produced in the impact. 
In particular, because of their larger impact velocities 
cometary impacts are much more efficient in creating 
larger melt pools for same size craters, whose longer 
cooling time may contribute to a longer duration of the 
impact-generated hydrothermal system. The effect 
appears to be stronger for the smaller craters. The 
difference in melt volume between vertical and 45º 
impacts is minimal. However, the angle of impact may 
affect the final distribution of melt in (and around) the 
crater. 

Mixed materials in the target may affect shock 
propagation and consequently the final estimate of 
melting. If the target is a mixture of materials with 
very different impedances, as is the case for rocks and 
water, the shock wave propagation may be affected by 
the interaction of the original shock wave with shocks 
reflected at material boundaries. In shock events it is 
only the first shock that heats the material, while 
secondary reflected shocks increase the final shock 
pressure, with a minor contribution to the temperature. 
As a result, single- and multiple-shocked materials 
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experiencing the same peak shock pressure will reach 
substantially different thermodynamic states, with the 
multiple-shocked material having lower shock 
temperature and shock entropy. Therefore, for 
mixtures of materials with very different impedances 
the maximum shock pressure alone may not be the best 
criterion for estimating melting and vaporization. 

opy. Therefore, for 
mixtures of materials with very different impedances 
the maximum shock pressure alone may not be the best 
criterion for estimating melting and vaporization. 

Table 1: Melt production in Martian impacts. Table 1: Melt production in Martian impacts. 
Type Type 
  

Dpr 
(km) (km) 

vimp v
(km/s) (km/s) 

θimp θ Drim D
(km) (km) 

Vm V
(km3) (km

Dpr imp imp rim m 
3) 

Comet 2 15.5 90° 26-34 31.6 
Asteroid 2 8 90° 26-34 4.1 
Comet 2.32 15.5 45° 26-34 32.5 
Asteroid 2.32 8 45° 26-34 3.7 
Comet 8 15.5 45° 69-90 443.6 
Asteroid 8 8 45° 69-90 91.2 

Figure 1: Isotherms and phase state of pore water (relative 
to local temperatures and pressures) below a Martian 
crater with rim diameter of ~30 km formed by an 
asteroid and a comet impact. Ice: blue; water: cyan; 
vapor: red. Lithostatic pressure increases both melting 
and boiling points. Consequently, liquid water may 
exist at a temperature up to the critical point (650 K) 
below the central peak. 

Late Stages:  The final temperature field around an 
impact crater depends on the shock compression 
/decompression cycle and friction heating due to 
plastic deformation. The geothermal heat flow gradient 
causes the temperature to increase with depth, so that 
material uplifted from below during the formation of 
the central peak/peak ring in complex craters is at 
higher temperatures than the surrounding material, 
thus providing a further source of heat. For a complete 
picture of the thermal field underneath an impact crater 
it is thus necessary to follow the entire crater-forming 
event, from impact to the final crater. The late stage of 
crater formation, crater collapse, has been modeled 
using the two-dimensional (2D) hydrocode SALEB 
[19,20,21], coupled to tabular versions of the ANEOS 
equations of state [16]. Assuming that the pore water 
has the same temperature as the surrounding material, 
we use the pure water/ice phase diagram to identify the 
final phase of water underneath the crater. Figure 1 
shows the resulting thermal fields underneath same 
size craters created by asteroid and comet impacts. 
Both modeled craters show the same general picture: 
the combination of shock/plastic heating and the 
structural uplift of initially deeper strata create a water-
bearing zone at depths where water is in the liquid 
stability field. The main difference is that there is a 
larger volume of hot rocks in the central peak of the 
comet-produced crater, which is a natural result of 
larger initial shock pressures near the impact point due 
to the larger comet impact velocity. In the central uplift 
the high temperatures cause water to evaporate (steam-
driven circulation). The liquid and vapor water 
stability zone characterizes the onset of a hydrothermal 
circulation cell. The figure suggests that for a mid-
sized crater (rim diameter ~30 km) the hydrothermal 
circulation is probably restricted to a “column” limited 
to about one-half of the final crater. These results are to 
be considered preliminary, as much testing is still necessary 
to characterize the best crater collapse model parameters  for 
Martian conditions. 
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