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Introduction The Digital Terrain Model generation became a fundamental tool in support of geological analysis and interpretation of data from satellite of planetary surfaces. Most of the satellites that are exploring, or will explore, plan-
etary surfaces have on board a stereo camera or a camera to obtain a stereo pair tilting the instrument or the spacecraft.  Another important tool in support of the geological analysis can be the numerical modelling of impact craters to gain 
insights on the layering beneath the crater and on the internal structure in the case of minor bodies. Our team is composed of people having different expertise and the interactions between them is very important in the analysis of planetary 
surfaces. We are able to generate DTM and orthophotos and to elaborate shape model of minor bodies, for instance providing the right profile of a crater to be compared with the result of the hydrocode simulation of the impact. Using the 
iSALE hydrocode we are able to simulate an impact providing important input to the geological analysis of specific regions or processes. In this poster we show some examples of the team work.

DIGITAL TERRAIN MODEL (DTM) GENERA-
TION
Stereo photogrammetry is a digital image processing technique 
that derive spatial information and determine geometrically 
the shapes of distant objects. The stereo satellite images are ac-
quired by cameras that observe the same target on the surface 
from two view angles. The possibility to have high-precision top-
ographic information is critical for planetary exploration and sur-
face operations and DTM generation is acquiring a central role in 

the programming and realization 
of the future space missions on 
the solar system planets. These 
products support the choice and 
the analysis of the landing sites 
and provide important informa-
tion for geologists studying the 
geomorphology, structure and 
physics of the planets and as-
teroids. The process for deriving 

DTMs starting from raw data is very complex because it has to 
answer to two main requirements: operate very accurately and 
work with extremely large data volumes.The challenge is: cre-
ate an efficient and automated process that is capable of gener-
ating high quality DTMs with minimal human intervention. 
In this context, our team is using two different software pack-
ages for the DTM generation that will be applied according to 
the region and texture of the surface analyzed. 
One is named DENSE MATCHER [1] and the other one is SIEM 
[2]. Both software packages have been used as image matching 

tools for DTM generation, from the analysis of the STC/SIMBIO-
SYS stereo pairs obtained during the stereo validation in Selex to 
the real images obtained by satellite, as for instance the HiRISE 
data. DENSE MATCHER: The DTM generation program imple-
ments the NCC (Normalized Cross Correlation [3] method, the 
Least Squares Matching (LSM) method [4] and the Multiphoto 
Geometrically Constrained Matching (MGCM) method [5]. The 
software, written  in C# object-oriented language, was first de-
veloped for close-range applications and has been improved and 
adapted to planetary applications. More specifically, important 
changes have been made to the correlation kernel, still main-
taining its high performance in terms of precision and  accuracy. 
SIEM (Stereo Images Evolving Models) : the new stereo-match-
ing algorithm has been developed, at the University of Padova, 

that uses deformable 
surfaces or “snakes” to 
find a disparity map. This 
algorithm is based on 
the use of forces to make 
evolving the DTM until 
its optimization. Under 
the external forces, rep-
resented by a similarity 
function, and the inter-
nal ones, represented by 
smoothness constraints 

on the disparity, the disparity map evolves as a deformable 
model from an initial approximation state until convergence.

  RACHMANINOFF, D = 290 km                                                                                        

  LINNÉ, D = 2.2 km

 FIRSOFF, D = 90 km

High-resolution images obtained by the MESSENGER space-
craft reveal a  steep-side cone within a 42 km diameter impact 
crater, surrounded by a trough. 

The hydrocode modelling supports the hypothesis 
that the cone is  the central peak of an impact crater, 
and its unusual morphology is due to the formation of 
a moat-like pit around it caused by pyroclastic volcan-
ism [18]. This would be consistent with the hypothesis 
[19] that faults and fractures associated with impact 
craters play a controlling role on the location of pyro-

clastic vents on Mercury . We have based our simulations on  a 1.2 
km  basalt projectile  with an impact velocity of 30 km/s .  We have 
modelled the  Hermean surface  as double layer made up of  a brec-
ciated  4-5 km basalt layer overlying an intact basalt layer [20].
Combining the results  from hydrocode simulations with morpho-
logical considerations we suggest that the volume loss from the 
interior of the crater by the pyroclastic event is ~200 km3 .

 LAVA TUBES, D_MHh = 53 m; D_MTh = 93 mlike pit around it caused by pyroclastic volcanism [Luc-

Mercury hosts the largest population of peak-ring basins among all the rocky planets and satellites of the Solar 
System. Among the database of such structures recently listed with the new images taken by 
NASA MESSENGER spacecraft, Raditladi (D=~270 km) and Rachmaninoff (D=~330 km) stand out 
for their youg age, as derived from the crater counting analysis. Here, we report the case exam-
ple of Rachmaninoff, inferred to form at about 3 Ga ago, but whose inner plains were affected by 
volcanic activity which significantly post-dates the formation of the basin [15]. To get information 
on the impactor source and the Hermean upper crust [16], the impact formation has 

been investigated. A rock projectile of 12 km radius hits at 30 km/s a double lay-
ered target, which is made up by 40-km basaltic layer, overlying a dunite 70-km 
thick mantle. The plot reports the best fit with DTM [17]. The current model nicely 
reproduces the basin rim-to-rim diameters derived from DTM. Nevertheless, the 
modeled peak rings are barely developed. Overestimation of the basin depth can 
be explained by melt infilling, or a different layering.

LROC high-resolution data showed that Linné, located near the western edge of Mare Serenitatis (27.7°N 11.8°E), 
is defined by an inverted truncated cone shape. The investigation of this crater is aimed at unraveling the canoni-
cal shape of simple craters [21]. The outcome from modelling is compared with the DTM of the crater, derived from 

LROC NAC stereo pairs and LOLA laser altimeter transects [22].
To reproduce the best fit between model and DTM, the target structure is assumed to be a 
double layer made up by an intact crust above a pre-fractured layer of variable thickness, 
ranging between 10 and 500 m. The 200 m value for the upper layer leads to a good fit be-
tween model and data, and is able to explain the very small break in the internal 
downslope, as observed in the slope profile, which shows evidence of a modifica-
tion in the wall profile of about 5°.

Arabia Terra is dominated by heavily cratered 
terrains, most of them displaying peculiar land-
forms such as central mounds and small pitted 
cones on their floor. We found a fractal correla-
tion in their spatial distribution, 
that is the surface expression of 
a percolating network linked to a 
deep fluid reservoir in the first kil-
ometers of  the crust [ 26]. 

We also simulated the impact that originated 
Firsoff using two endmembers depending on 
the rheological structure and fracturing of the 
crust [27].  A boundary between fractured/un-
fractured crust has been placed according to 
the depth discovered with the fractal analysis.  
We based our simulations on a 7.5 km basalt projectile  hit-
ting the Martian surface with an impact velocity of  12 km/s.
We compare two different sounding targets in order to un-
derstand which type of target layering (a fractured/intact ba-
salt layering vs a fractured basalt/intact anorthosite layering) 
is more likely. The best model output leads to the hypothesis 
that Firsoff crater has been formed on anorthosite substra-
tum covered by jointed basalts.

The hydrocode modelling supports the hypothesis 

        TERRACED CRATER, D = 750 m FRESH CRATER, D = 25 m
We investigate this 25 m diameter fresh crater through numeri-
cal modelling considering different target compositions as lime-
stone and basalt. 
Results simulation will 
be useful to improve 
the analysis of the 
ejectas that reached a 
distance of more than 
15 km.

We studied the formation of two lunar holes (Marius Hills (D=53 m) and Mare Tranquillitatis (D=93 m) holes) on sup-
posed subsurface caves or lava tubes [23]. The generation of these holes can occur from a random meteoroids im-
pact after the collapse of the crater floor, which is due to the cumulative effects of the back spallation on the rear 
surface of a slab-like target. In addition, we derived via modelling the ballistic limit for hole formation at planetary 
scales (Fig. 4), finding a target thickness-to-crater diameter ratio higher than previous literature (0.87 [23] vs. 0.5 
[24]). This result can be relevant in the context of future human use of subsurface caves, since their floor is more 
stable under meteoroid bombardment than previously thought.

Lutetia is a 100 km asteroid observed on 10th July 2010 by Rosetta spacecraft during its flyby with this body, on 
its way to the comet 67P/Churymov-Gerasimenko. Data showed a complex character of Lutetia asteroid, which 
was shown to be a coherent body, not reassembled from broken fragments of preexisting asteroids (not a rub-

ble pile), with an irregular shape due to its collisional history. The hypothesis of coherence 
was sustained by the presence of large-scale joints fractures and the presence of boulders 
relatively smaller than the size of the asteroid [30].
The modelling of the largest crater (D=55 km) on the Lutetia was aimed at deriving some in-
formation on its collisional history and its internal structure. It was originated by 
a projectile of 7.5 km in diameter, hitting in a head-on geometry the surface at 
4.3 km/s. The results supported the proposed hypothesis that Lutetia is likely an 
intact planetesimal and dated back to the Late Heavy Bombardment period [31]. 
This kind of modelling is crucial for investigating the impact effects on the aster-
oid lineament distribution.

   (21) LUTETIA, Massilia crater D =       81P/WILD, Left Foot Crater D = 750 m 

We are modelling the Left Foot Crater, a flat floor crater 
on Wild 2 (750m diameter, 150 m depth), using ice Tillot-
son EoS representing the comet composition. 

We consider different values of projectile diameter rang-
ing from 10 m to 60 m hitting the comet surface with an 
mpact velocity of 5 km/s. We perform a series of simula-
tion with different values of temperature to understand 
how this parameter affects the morphology of the crater.
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Contours of damage and 
plastic strain, respectively, 
of the model of the impact 
structure (damage: white is 
the maximum level of dam-
age; plastic strain: red is 
the maximum deformation, 
whereas blue means no de-
formation)

Comparison between the crater model (green) and its DTM profile (black dotted), 
which was derived from stereo-photogrammetric processing of OSIRIS NAC images.

Lineament 3D maps

NUMERICAL MODELLING WITH iSALE
The principle of formation of an impact crater lies in the transfer 
of the kinetic energy of a high-velocity projectile into the kinetic 
and internal energy of the target material [6]. The internal en-
ergy heats both the impactor and target, resulting in melting or 
vaporization of material in close proximity to the impact site, 
whereas the residual kinetic energy is spent ejecting material 
and opening the cavity that will form the crater. This transient 
cavity then undergoes a gravity-driven modification to a more 
stable structure. 
The mechanics of formation of impact structures is investigat-
ed via numerical modelling, by using the iSALE shock code [7]. 
iSALE is a multi-rheology, multi-material extension of the SALE 
hydrocode, that relies on an elasto-plastic constitutive model, 
fragmentation models, various equations of state (EoS), multi-
ple materials, the ε-α porosity compaction model [8,9,10,11,12]. 
The code is well tested against laboratory experiments at low 
and high strain-rates [12] and other hydrocodes [13]. 

Why Numerical Modelling ???
-It provides the only feasible method of studying the physics of 
impact cratering at all scales, becoming an invaluable tool that 
connects and complements geologic data, remote sensing ob-
servations and small scale laboratory experiments;
-it allows to reach conditions not achievable in laboratory scale 
and to study the effects of each variable acting during the proc-
ess; 
-it represents the only means to deep our knowledge in “extra-
terrestrial” craters.

How does numerical modelling work???
The dynamics of a continuous media is described by a set of dif-
ferential equations established through the principles of conser-
vation of momentum, mass and energy from a macrosopic point 
of view. In addition, two further equations are needed.
An Equation of State to describe the thermodynamic state of 
a given material over a wide range of pressures, internal ener-
gies and densities. A Strength Model to describe the response 
of a material to stresses that induce deviatoric deformations or 
changes of shape. It combines the concepts of:
-Elasticity (strain proportional to stress)
-Plasticity (elastic until yield stress)
-Fluid flow (strain rate a function of stress)
In addition, to model complex basins, the Acoustic Fluidization 
model is needed to explain the temporary liquid-like behaviour 
of rocks in the vicinity of the crater. The behaviour of acoustically 
fluidized matter is mainly determined by the viscosity η and the 
decay time τ, that are both strongly linked with the fragmenta-
tion state of the rocks beneath the structure [14].

Snapshot of the crater formation: 
left side shows the materials, 
whereas right, the pressure con-
tour is in a color scale (red = high 
pressure, blue = low pressure).

Comparison between the DTM (red, [17], and iSALE output for 
Rachmaninoff (green, [16]) profiles

Upper part: Rachmaninoff basin 
size frequency distributions (SFDs) 
of the inner and annular plains, 
and the ejecta, along with the fit 
of the Model Production Function 
(MPF). Lower part: Possible geo-
logical sections of the Rachmaninoff basin 
hypothesized from age analysis: (a) rising 
magmas and lavas completely hardened 
the former horizon made up of primordial 
and impact related fractured material (H=0 
km), or (b) aweakly sustained volcanism 
emplaced a thin lava layer on top of the 
fractured material with magma influx con-
centrated along few conduits (H=0.7 km).

On the left the ortho-
photo produced from 
the DTM; on the right 
the elevation-color-
map with the profile 

section.

3D view Dense Matcher DTM

DTM profile obtained with Dense Matcher (black line) and 
iSALE (blue line) profile  of the pit crater

Schematic representation of the two skylight 
candidate geometries with the measurements 
given by [25]: Marius Hills hole (MHh, above) 
and Mare Tranquillitatis hole (MTh, bottom).

Comparison between the DTM (red, [22]), and iSALE out-
put for Linné (pale blue, [21]).

On the left: Distribution of mounds in Firsoff crater. On the 
right: Shaded relief MEGDR MOLA 128px/deg DTM.

Results of the simulations (in black) compared with the pristine profile 
reconstructed from [28]. The red profile corresponds to the simulation in-
volving the fractured basalt/intact anorthosite layering, while the blue 
profile represents the simulation involving the fractured/intact basalt-
layering.

DTM crater profile

Snapshots of the computer simulations of the impact crater, whose subsequent col-
lapse stood at the origin of MHh (left) and MTh (right). The right panel of each plot 
represents the amount of damage on a grey scale, where white corresponds to the 
maximum level of damage. The left panel depicts the distribution, for the same 
cross section, of the total plastic strain that was accumulated during the passage 
of the shock wave and subsequent crater formation (red: high TPS; blue: low TPS).

Snapshot of the crater formation: right 
side shows the materials, whereas left 
side shows pressure contour in a color scale 
(red = high pressure, blue = low pressure).

Slope map of Linnè crater generated by our team

Upper part: ESP_018522_2270 
HiRISE stereo image.
Lower part: A Digital Terrain 
Model (DTM) of a doubly-
terraced crater located at 
46.581°N, 194.85°E made 
from HiRISE stereo image 
pair ESP_018522_2270 & 
ESP_019010_2270.

ESP_034285_1835 
HiRISE image

DTM crater profile and 
Orthophoto generated 

by our team

Stereo image of Comet Wild2 
(credit: NASA/JPL)

 PIT CRATER, D = 42 km  

This picture shows the maximum impact craters that could form without 
causing any subsequent collapse, in a target as thick as the estimated roof 
at MHh (a) and MTh (b).  Legend is the same as the snapshots on the left. 

We are investigating several impact craters on Mars   
which are showing a peculiar morphology due to sur-
face layering and composition. These impact struc-
tures, which would be expected to be bowl-shaped, 
are instead terraced. Such deviation from the canon-
ical shape is due to the presence of an upper pure wa-
ter ice layer, with an average thickness of 40-45 m, 
as confirmed by SHARAD data [29].

Graphical Interface of DENSE MATCHER

STC Stereo acquisition

Left Foot crater

Shape model and DTM crater profile 
elaborated by our team

Shape model and DTM 
elaborated by our team

Marius Hills pit 
(MHh) 

Mare Tranquillitatis 
Pit (MTh)


