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How to choose a landing siteHow to choose a landing site

MOLA MEDGR 128 ppd (Smith et al., 2003)

!

• Read manual 

• Choose landing site 

• Discover life on Mars 

• Win nobel prize 

• Retire

!
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How to actually choose a landing site
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Credit:  Nature/ESA
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Process of elimination

Latitude constraint

Elevation below -2 km

Science: > 3.6 Ga formation age & ‘young’ exposure age, 
(recently exposed by wind erosion), morphological and 
mineralogical evidence for ancient aqueous activity during 
Noachian, low dust cover…

Engineering: 5°S ! latitude ! 25°N, elevation ! -2km W.R.T. MOLA 
areoid, rock abundance (areal extent) ! 7%, thermal inertia " 150 J m-2

s-0.5 K-1, 0.1 ! visible albedo ! 0.26, slopes ! 15° @ 2 m, ! 12.5° @ 7 
m, ! 8.6° @ 330 m & ! 3° @ 2 km…

Credit:  P. Grindrod/Birkbeck, U. of London
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ExoMars 2020 Landing Site Selection Schedule

• Dec. 2013 — Open call issued to science community for landing site proposals.

Included “Landing Site User’s Manual”, specifying science and engineering 
requirements.

• Feb. 2014 — 8 proposals received.

• Mar. 2014 — Landing Site Selection Workshop (LSSW) #1: Proposing teams invited to 
present sites to LSSWG and community.

• Oct. 2014 — Outcome of LSSW#1 announced: down-selection from 8 to 4 sites (Aram 
Dorsum, Hypanis Vallis, Oxia Planum and Mawrth Vallis).

• Dec. 2014 — LSSW#2: Presentation of new work by science and engineering teams. 
All 4 sites retained for further study.

• Oct. 2015 — LSSW#3: Down-selection from 4 to 3 candidate sites. One site selected 
for “certification” (detailed terrain characterisation and Entry-Descent Landing [EDL] 
analysis).

• Mar. 2017 — LSSW#4: 3 sites presented in detail. One additional site selected for 
certification.

• Before ~mid-2019 — Primary site will be selected from the 2 certified sites.
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Credit:  P. Grindrod/Birkbeck, U. of London

2 sites remain under study



Oxia Planum (18°N, 336°E)
Rationale: Extensive, recently exposed layers rich in iron and 
magnesium phyllosilicates lie at the outlet of the Coogoon Valles 
system. A fan-shaped deposit to the east may represent an ancient 
delta or an alluvial fan, with high biosignature preservation potential.

Credit:  C. Quantin & Oxia Team



Mawrth Vallis 
(22°N, 342°E)
Mawrth Vallis 
(22°N, 342°E)

Credit:  F. Poulet & Mawrth Team

Rationale: Deposits south of Mawrth Vallis channel are some of the 
most extensive layered clay-rich deposits on Mars. Water-altered 
mineralogy is compositionally stratified and probably records a long 
and multi-episodic aqueous history laid down under di"erent 
environmental epochs on early Mars.

Mawrth Vallis (22°N, 342°E)



10

Planetary Geology from Remote Sensing
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virtualexplorer.com

Geologic Mapping



Tanaka et al. (2014), USGS



Mars Geologic Time

Phyllosian

Clays Sulphates Anhydrous ferric oxides

Surface volcanic activity
Mars global change

Theiikian Siderikian

Noachian Hesperian

4.5Ga
Pre-Noachian

4.1Ga Present

3.5Ga

3.7Ga 3.0Ga
Amazonian

4.0Ga

Formed, 

then buried

Exposed

ExoMars target rocks

Adapted from Bibring et al. 2006
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Where to land to study the interesting rocks?



*camera dataset with stereo-derived DTMs

Viking - MDIM
MGS - MOLA, MOC WA/NA

Odyssey - THEMIS VIS/IR
MEx - HRSC*
MRO - CTX, HiRISE*

TGO (2016) - CaSSIS*

Datasets

Attribute Information

Fluvial landforms Channel precedence • energy of depositional environment • flow rate • ponding 
volume

Stratigraphy Sedimentary sequences • depositional environment

Erosional habit Fissility • degree of induration • effects of diagenesis

Crater retention age Unit chronology • exposure age of exhumed deposits

Terrain softening Dust cover • low thermal inertia material unsuitable for traverse

Slope distribution 
(at base-length)

Traverse planning • rock abundance • areas that satisfy engineering constraints 
(RADAR reflectivity, fuel consumption, altitude error, surface stability).

CTX overview of Hypanis 
fluvial fan/deltaic system 
with MOLA inset, and 2018 
(pink) & 2018-2020 (purple) 
landing ellipses (Gupta et 
al., 2014).

Photogeology
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Geologic Mapping (at 6 m/pix)



Landing probability distribution



Early in the solar system

Bombardment

Today

NASA
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How old is the surface? ‘Crater retention age’

7552 craters counted at MRO CTX resolution (6 m/pixel) in 2500 km2 on Hypanis delta
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Smooth-mid unit (Sm)
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Resurfacing due to wind

Resolution limit

Craters indicate surface ageDeriving crater retention age



Orbital IR spectroscopy shows composition

1.9μm
band depth

(BD1900)

2.3μm
dropoff

(D2300)

2.21μm
band depth
(BD2210)

BLUE: Bound H2O
GREEN: Al-OH minerals
RED: Fe/Mg-OH silicates

• Iron and magnesium-bearing clay minerals.
• Clays crystallise in a wet and neutral environment.

Landing ellipse edge
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Hot or not? 4. 1 I ntrodu c tion
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Figure 4.1: Examples of diurnal temperature curves (calculated by the Mars thermal model
described in S ection 4.2.1) for two hypothetical geologic units: The dashed line represents a low-
albedo and low thermal inertia fine sand in winter while the solid line represents a dense, high
albedo rock unit on the summer solstice. B oth curves are calculated at a northern hemisphere
latitude of 20�. Note the variations in the LMS T of sunrise, sunset and thermal inflexions.

from various modelled (hypothetical) surfaces (Figure 4.1) in order to infer it’ s thermal inertia.

The thermal model used to derive surface temperatures and produce diurnal curves to fit

observed temperatures to is based on an original system developed by K ie↵er et al. (197 7 ),

(S ection 4.2.1). I t was first used in conjunction with data from the V iking misson’ s I nfra-

R ed Thermal Mapper (I R TM). Later improvements in modelling of surface-atmosphere heat

exchange improved these data and allowed H ayashi et al. (1995) to use globally-derived thermal

inertia to study surface material particle siz es. More recently, thermal inertia derived from the

Thermal Emission S pectrometer (TES ) aboard Mars G lobal S urveyor (MG S ) has been successful

in studying large scale features and global heterogeneities (Mellon et al., 2000; Putz ig & Mellon,

2007 ).

4.1.2 T h e control l ing natu re of th ermal condu ctiv ity , 

For martian surface materials, two of the three terms that define thermal inertia: thermal conduc-

tivity (), bulk density (⇢) and specific heat capacity ( c ), are relatively invariant. B ulk density

and specific heat capacity have been shown to remain relatively constant for the majority of

martian surface materials, while thermal conductivity varies by several orders of magnitude.

B y fixing ⇢ and c (as in Neugebauer et al. (197 1) where ⇢c = 106 J m �3 K ) measuring thermal

inertia becomes a proxy for measuring thermal conductivity. An empirical relationship between

thermal conductivity and particle diameter was determined by Presley & C hristensen (1997 a).

36
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What can infrared observations tell us about rocks?

4. 1 I ntrodu c tion

Table 4.1: Thermophysical quantities for common geologic materials. S ources are: (a) Physical
properties of typical geologic materials held in the Mars thermal Model described in C atling et al.
(2006) (b) G rott et al. (2007 ) (c) At 253� K – Engineering Toolbox (d) B eech et al. (2008 ) Average
value of  estimated for S hergottite, ALH 7 7 005. V alues of I are calculated using Equation 4.1.

G eologic material ⇢ (kg m�3) c (J kg� 1 K � 1 ) (J s� 1 K � 1 m� 1 ) I (tiu)
Fine sand 1500a 8 00a 0. 02b 155

C oarse sand 1500a 8 00a 0. 10b 346
H 2 O – ice 1000a 17 00a 2. 5c 2062
B asalt 2500a 8 50a 1. 3d 1662

capable of forming pronounced topographic features.

4.1.3 T h ermal sk in dep th , �

The thermal inertia derived for a surface therefore represents a convolution of the thermal prop-

erties of the surface materials down to a depth defined by a quantity known as the thermal skin

depth. The thermal skin depth, �, is defined as the distance over which the e↵ect of a thermal

wave of period, P reduces by a factor of 1/ e (Putz ig et al., 2005). I t is given by:

� =

s
P

⇢c ⇡
(4.2)

Figure 4.2 shows thermal skin depths calculated for common geologic materials over a time

period range of 10� 4 to 10 6 Mars years (⇠ 1h : 39 m to ⇠ 1. 8 8 1 ⇥ 106 years in Earth time).

Water-ice, basalt, coarse sand and fine sand represent end-member materials which, in varying

mixtures, probably represent the thermophysical range of most martian surfaces.

I t is well accepted that water-ice permeates the subsurface at mid to high latitudes (B yrne

et al., 2009; B andfield, 2007 ; Mitrofanov et al., 2004; Feldman et al., 2004; B oynton et al., 2002).

G iven water-ice’ s thicker thermal skin depths relative to most other surface materials, a significant

water-ice regolith fraction can increase the apparent thermal inertia (therefore reducing the

diurnal temperature amplitude). I ndeed, seasonal variation in the abundance of ground ice has

been suggested as a mechanism for thermal anomalies observed using TES observations (Paige

& S cherbenski, 2003).

I n diurnal temperature cycles we should only expect to see short-term thermal influences

from the immediate subsurface, down to depths of a few centimetres. Diurnal thermal waves

introduced by the surface boundary condition propagate downwards but are quickly damped

with depth. S easonal and annual thermal skin depths are accordingly larger, ranging from a

few tens of centimetres to a few metres for most materials. Long term climatic thermal waves,

caused by obliquity and eccentricity (Milankovitch) cycles of period ⇠66,000 Mars years, may

reach depths more than a kilometre.

C onversely, thermal influence from deeper materials propagates upwards at a rate dependant
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Thermal skin depth:

4
Developments in deriving thermal inertia from

infra-red images

4.1 I ntroduc tion

Thermal inertia is a thermophysical property equal to the square root of the product of the

density (⇢), thermal conductivity () and heat capacity ( c ) of a material (Equation 4.1). I t has

S .I . units of J m� 2 K � 1 s� 1 /2 . For convenience the derived unit ‘ tiu’ was proposed by Putz ig

(2006).

I =
p
⇢c (4.1)

C ombined with visible, infrared and multi-spectral imagery, remotely derived thermal inertia

provides a way of estimating rock type and delineating contacts between otherwise ambiguous

units. Approximate values of thermal inertia for common geologic materials on Mars range from

< 200 tiu for geologically featureless surfaces to > 1000 tiu (Putz ig & Mellon, 2007 ) for exposed

crater rims. Typical observed thermal inertias are often lower than that expected for certain

rock types because much of Mars is mantled with dust or sand, which bu↵ers conduction and

radiation, damping the thermal signatures of the rocks below the mantling layers. Large pixel

siz es also work to lower the apparent thermal inertia, since broader pixel footprints are more

likely to contain areas of dust, whose presence lowers a pixel’ s average.

I n a geologic context, , ⇢ and c may be influenced by particle siz e and degree of induration.

I ndeed, thermal inertia may be used as a putative indicator of particle siz e if one assumes that

other physical properties remain constant. S tudies operating on this principle yield information

on the global distribution of dust (H aberle & J akosky, 1991) and particle siz e (Fergason et al.,

2006a). S uch studies require assumptions of relatively invariant grain siz e distribution and uni-

form sorting. Therefore, while thermal inertia is useful for materials that can be visually verified

by their geomorphic traits (e.g. unconsolidated loose material often forms dunes), in general,

inferring rock type from thermal inertia should be conducted with care, since it is not a unique

identifier. G eologic units of similar thermal inertias may show di↵erent mineralogies or internal

structure.

4.1.1 O v erv iew of deriv ing th ermal inertia

At the core of any method to derive thermal inertia is the comparison of modelled and observed

surface temperatures to infer the physical properties of the surface. A surface of high thermal

inertia will respond slowly to diurnal temperature variations imposed by insolation, subsurface

relic heat energy and atmospheric temperatures. The diurnal thermal behaviour of the surface

is documented by orbital infra-red spectrometers and best-fit with diurnal temperature curves

35

Thermal inertia:



4. 1 I ntrodu c tion
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Figure 4.2: Log-log plot of the thermal skin depth, � (metres) of various geologic materials as a
function of time in Mars years. Data are calculated using values from table 4.1 in Equation 4.2.
Note that for even very e↵ective thermal conductors, on diurnal timescales we should only expect
to see thermal contributions from the first 0.2m of the martian surface. Thermal signatures of
sand or dust recorded in infra-red images represent only the top few centimetres of the regolith,
damping thermal signals from stratigraphically inferior units. Positions on the time axis are
marked to indicate the period of diurnal (1 Mars day), seasonal (0.25 Mars years), annual (1
Mars years) and obliquity (66⇥103 Mars years) cycles.

on the thermal conductivity of the upwardly-traversed layers. This ongoing bidirectional thermal

flux in conjunction with insolation and atmospheric and controls the surface temperature and

must be accounted for in any thermal model.

4.1.4 Remote-sensing of infra-red radiance

This section describes the intricacies of acquiring multi-spectral infrared images from orbital

instruments. Neglecting the small contributions from solar radiation and scattering from atmo-

spheric aerosols and assuming a plane-parallel atmosphere, the observed monochromatic radiance

of Mars as a function of frequency, <(⌫), can be written as

<(⌫) = ✏(⌫)B[Ts, ⌫]e
�⌧0(⌫)/µ +

Z ⌧0

0

B[Ta, ⌫]e
�⌧/µd⌧ (4.3)

Where ✏(⌫) is surface emissivity, B[Ts, ⌫] is the Planck function at surface temperature Ts

and frequency ⌫. The optical depth ⌧ , describes the absorptive ability of the atmosphere due to

aerosols and may assume any value in the range 0  ⌧  ⌧0. At the very top of the atmosphere,

where ⌧ = 0, thermal infrared radiation emitted by the atmosphere experiences no absorption

before being encountered by the observing spacecraft. ⌧ = ⌧0 when infrared radiation emitted
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What can infrared observations tell us about rocks?
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Nighttime infrared observations are sensitive to ‘thermal inertia’

Credit: Nighttime 100 m/pix THEMIS global mosaic (Christensen et al. 2013)

• The difference between day and night temperatures shows how fast the surface cools and heats.
• High thermal inertia materials (bedrock, lithified sediments) stay warmer at night.
• Low thermal inertia materials (dust, sand) cool more quickly after sunset.
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Ripples, dunes and transverse aeolian ridges



3131

NASA/JPL



Mapping aeolian hazards
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Mapping aeolian hazards
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Rock abundance



NASA/JPL



‘Counting rocks in HiRISE images can be mind-numbingly boring,
 but it is mind-blowingly important.’ — Anon. 2017



PIXEL

School of rock (abundance)
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Example: Aram Dorsum

Count ID Site Counter Area ID
Latitude Longitude

Min Max Min Max
87 aram LK2 47 7.8474 7.8558 348.7971 348.8056



Compiling statistics and comparing sites



Landing Site Study/Workshop Information Online

cosmos.esa.int/web/4th-exomars-lss-workshop/supporting-materials



• Open call for applications to the LSSWG was announced Nov. 2013
• Membership from the academic science community and experts from ESA ExoMars 

2020 Project Team.
• Expertise covers broadest possible range of science to be done by the Rover Surface 

Platform Mission.
• Interaction via online discussions, teleconferences and face-to-face meetings.

Landing Site Selection Working Group (LSSWG)

• Important Responsibilities:
- Identify gaps in knowledge. Improve 

our understanding of landing sites.
- Run landing site selection 

workshops to assess science and 
engineering merits of candidate 
sites.

- Making formal recommendations to 
the ExoMars Project on site 
selection.



Planetary science data is free and available!

jmars.asu.edu

psa.esa.int

marstrek.jpl.nasa.gov

qgis.orgpds-geosciences.wustl.edu

astrogeology.usgs.gov

hrscview.fu-berlin.de




