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Introduction: Infrared  thermography  has  been  used 
many times in ground-based or airborne to discrimin-
ate geological faciès [1], to detect surface footprints of 
volcanic eruptions and  geothermal activity  [2],  or  to 
delineate  steaming altered  grounds,  hot  springs,  and 
fault systems.  The recent development of imagers on-
board spacecrafts permits the thermal study of planet-
ary surfaces from the orbit [3]. For instance, on Mars, 
THEMIS/Mars Odyssey experiment is of great import-
ance  to  quantify  soils  thermophysical  properties  and 
average particules sizes [4]. In general, punctual meas-
urements are sufficient to monitor hot volcanic regions 
because  they  generally  display  a  signal  far  stronger 
than the one associated with insolation and also con-
trolled by the topography and physical  properties  of 
the  soil  (albedo,  emissivity,  conductivity,  heat  capa-
city, mass density). In apparently quiet zones, when all 
volcanic products are cooled to ambient temperature, 
the  potential  signature  of  subsurface  heat  sources  is 
masked by the diurnal cycle variations. In this case, the 
detection of geothermal heat flow implies to separate 
this  signal  from the  contributions  due  to  insolation. 
Such a procedure would require the acquisition of sur-
face/subsurface temperatures over at least one diurnal 
cycle.  However,  only  few  measurements  have  been 
done with such objectives.

Thermal data over a diurnal cycle have been acquired 
with a high resolution infrared camera on the Piton de 
la Fournaise (Reunion Island). The pictures of a small 
volcanically  inactive  cone  250  years  old,  named 
Formica Leo, (Fig.  3 and 4),  reveal  striking patterns 
which can not be explained neither by thermal effects 
due to lithology, nor by radiative influence due to to-
pography. The only way to explain these observations 
is  to  assume  that  air  convects  in  the  structure,  as 
demonstrated in this paper. A 2-dimensionnal numeric-
al model is used to compute the surface temperature in-
duced by the air convection and to cross-check it with 
the thermal data.

Do radiometric observations also suggest air flow on 
permeable  structures  on  other  planets  and  satellites? 
Thermal data (THEMIS, visible imagery, MOC/Mars 
Global Surveyor) and topographic data (MOLA/Mars 
Global Surveyor) have been searched with the object-
ive  to  detect  similar  situations  on  Mars.  Volcanic 
cones, cinder cones, pseudocraters features have been 
investigated as the most plausible targets for such kind 

of subsurface CO2 flow. Unfortunately, the present res-
olution and the size of these features prevent from con-
clusive observations. Impact craters are large depres-
sions in which gas flow could occur. However, the li-
thologic variations are also large and are the primary 
factor of control of surface temperature, in particular 
on  the  wall  of  the  rim,  where  layers  of  subsurface 
massive rocks are exposed. Fortunately,  observations 
at  Cerberus  Fossae,  along the  network of  East-West 
fractures suggest gas flow in the porous ground (Figs. 
1 and 2). This region of Mars is known for a recent 
volcanic  activity  [5].  These  observations  suggesting 
gas flow are presented in the last  section of this ab-
stract.   

Figure 1. Cerberus relief map (MOLA). Areas which  
are presented in the paper are labeled  z1 and z2. 

Figure 2. 3 a. m. infrared images (THEMIS I02610003 
and  I01786006)  of  z1(left)  and  z2  (right)  fracture  
zones. The bright areas are hotter than the dark ones.  
In both images warmer areas are observed in the frac-
ture  zone  and  it  could  be  globally  explained  by  a  
slower cooling during the night because of the radiat-
ive exchange between the floor and the walls of  the  
fracture. This could explain a 10 to 20 K temperature 
difference with the plains.  However, the presence of  
cold areas extending from the floor and on the flank of  
the fracture is puzzling. Transects TrA, TrB, TrC and 
TrD are presented and studied in the last sections.
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High  Resolution  thermal  infrared  survey  of 
Formica  Leo.  The  infrared  survey  was  conducted 
from 2006 April  24th  to  April  25th.  A digital  camera 
FLIR  ThermaCam  PM  695  was  used  (Observatoire 
Volcanologique du Piton de la Fournaise). The instru-
ment measures thermal radiations between 7.5 and 13 
microns with a resolution of 0.08°C. During the night, 
Formica Leo is easily detected by the camera: bottoms 
of  both  cavities  (B and  D areas)  are  cold while  the 
ridges are warm. Also, fracture fields are warmer than 
their surroundings, while lapilli zones outside the cone 
(E area for instance) are cold. As expected, during the 
day, warm regions are lighted by the Sun while cold 
ones are in the shadow. Moreover,  outside the cone, 
fine lapillis are warmer than coarse lapillis at noon, a 
difference lesser than 4 K is recorded. These zones are 
also warmer than massive basalt (pahoehoe), a differ-
ence lesser than 5 K, being recorded at noon. These 
observations are consistent with the fact that porosity 
controls the temperature outside Formica Leo. 

a.

b.

Figure 4a) General view of Formica Leo 4b) Map of  
the  different  volcanic  products  composing  Formica  
Leo. A and B areas are located on the ridge crest and 
on the bottom of the NW cavity, respectively; C and D  
areas: ridge crest  and  bottom of  the SE cavity,  re-
spectively ; E and F areas are seated outside Formica 
Leo on the flat basement of Enclos Fouqué. The floor  
is composed of fine and coarse lapilli at E and massive  
basalt at F.

Figure  5.  Infrared  images 
at different time. Areas with 
bright  colors  are  hot  and 
dark ones are cold. Arrows 
point  the zones of  study in 
figure 4b.

  
Striking  observations  inside  Formica  Leo. During 
the night,  the cone has  cold bottoms and hot  ridges 
(Fig.  5). More precisely, a temperatures profile (Tr) 
across SE cavity is displayed on Fig. 6a.  A ridge to 
bottom temperature drop of about 4 K is noted. Fine 
lapillis are found on ridges and blocks on the bottoms. 
From this we expected the ridges to be colder than the 
bottom which contradicts the observation. The contacts 
between fine, coarse lapilli and blocks are well-marked 
on Formica Leo. This should produce strong contrasts 
of temperature between the different material classes 
which  simply  are  not  observed  along  the  SE cavity 
profile.  The  surface  temperatures  during  a  diurnal 
cycle across C,D areas,  are  displayed on Fig.  6b.  A 
ridge temperature always warmer than bottom temper-
ature is noted. The comparison of the diurnal evolution 
of the surface temperature on the top ridge of the NW 
cavity (A area) with that of the flat coarse lapillis floor 
(E  area)  and  pahoehoe  (F  area)  outside  the  cone  is 
done on Fig. 6c/d. From 9 p.m. and 5 a.m., the fine 
lapillis  along  the  top  ridge  become  progressively 
warmer than those of both coarse lapillis and pahoehoe 
floors  within  the  enclos  Fouqué.  These  observations 
are completely inconsistent with the fact that lithology 
would mostly control the temperature cycle inside the 
cone. Another thermal process must play a major role 
on the evolution of the surface temperature of the cone.

Influence  of  the  cone  topography  on  the  surface 
temperatures.  Formica Leo presents slopes with dif-
ferent  orientation  potentially  affecting  soil  temperat-
ures. During the night, a flat soil exchanges radiations 
with the sky in a 2π solid angle. However, more com-
plicated surfaces will have energy exchanges between 
the different facets composing the surface.  Neglecting 
absorption and diffusion of  the atmosphere,  opposite 
flanks with the same temperature have a zero net radi-
ative balance. So, during the night, the flanks cool only 
from the radiative exchange with the sky and the en-
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ergy loss is equal to E = pεσT4 where p is the fraction 
of the sky as seen for the topographic surface, ε is the 
surface emissivity, T is the surface temperature and σ 
the Stefan constant. So, the smaller the fraction of sky 
p is, the slower the cooling is during in the night.

a.              b.

c. d.
Figure 6a) Infrared temperature at midnight along a 
SE cavity  transect  (Tr)  6b)  Comparison  of  the  time 
evolution of temperatures at C, D area). 6c) Temperat-
ures A,E areas. 6d) Temperatures at A,F areas.
 
For instance, from the ridge down to the bottom of the 
SE cavity,  p decreases  from 1 to  0.63.  This implies 
that, at midnight, the bottom of the cavity should be 
warmer than the ridges. This is in complete contradic-
tion with the observations. Midnight surface temperat-
ures along an East-West transect in SE cavity taking 
into account of the sky fraction p have been calculated 
with a  1D radiative model.  Strikingly,  the computed 
and observed temperatures profiles are anti-correlated 
(Fig. 7) which is investigated in the next section. 

Figure 7. Comparison of the infrared temperature pro-
file across SE cavity of Formica Leo at midnight (in 
red) with radiative model temperatures taking into ac-
count (in black) or not (in green) the local slopes of  
the cavity. Blue lines: temperature profile derived from 
our convective model.

Convection model inside Formica Leo: the slope ef-
fect. Here,  we  present  our  2-D  convective  model 
matching  midnight  surface  temperatures  across 
Formica Leo.  The air flow and the temperature of the 
media within a rectangular sloped box representing a 
homogeneous  porous  media  are  simulated.  The  box 
represents the flank of the crater (from the top ridge to 
the bottom). The porous media has an opened top per-
mitting a free flow of the gas. It has a warmed base and 
adiabatic and impermeable sides. The air temperature 
variation is sinusoidal at the surface of the box simulat-
ing the diurnal temperature fluctuations. We define the 
scaled Rayleigh number, Raeq characterizing the vigor 
of air convection in our media which essentially de-
pends on the air-basalt heat capacity ratio and the per-
meability. The ratio is defined by γ= ρaCa/ρbCb where 
ρaCa  and ρbCb are the volumic heat capacity of the air 
and the  basalt,  respectively.  The soil  permeability  K 
depends on soil grain diameter. The calculated surface 
temperatures for extreme values of the Rayleigh of 45 
and 6000,  corresponding to  Formica  Leo  soil  grains 
extreme diameters of 0.5 cm (fine lapilli) and 10 cm 
(blocks), respectively are shown on Fig. 7. In the two 
cases,  air  convection develops within the soil  of  the 
cone (the Rayleigh number is above its critical value of 
26). The flow exhibits periods during which the con-
vective cell flowing up along the base of the box is in-
terely  confined  within  the  box.  At  other  periods,  it 
enters the box at the bottom of the cone and exits at its 
ridge. The time constant of the period varies with the 
Rayleigh number. This flow results from the complex 
interaction between the periodic surface air temperat-
ure fluctuations and the development of the instabilit-
ies within the cone. Also, it is clear that the convection 
is more vigorous for the value of 6000 than for that of 
45,  exhibiting Darcy  air  flow velocities  of  2-3 cm/s 
and 0.5 cm/s within the cone, respectively (not shown 
here).  The  surface  temperature  obtained  for  Raeq = 
6000 is in better agreement with the observed temper-
atures (Fig. 7), suggesting that during the night the heat 
within Formica Leo is quite exclusively transported by 
the convective flow. 

Gas convection inside sloped debris within a nar-
row and deep fracture at Cerberus, Mars. Cerberus 
Plains  are  among  the  youngest  Martian  volcanic 
provinces [5]. In this study, we focus on the 2 Km - 
large and 500 m - deep fracture belonging to the Cer-
berus  Fossae,  extending  from 0-20°N  to  150-185°E 
(Fig. 1). THEMIS' 3 a.m. IR pictures of two regions z1 
and z2 of the fracture are drawn in Fig. 2. We report 
that: i) the fracture is systematically 10-20 K warmer 
than the surrounding plains; (ii) In some zones of Fig-
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ure z2, the flanks of the fractures are warmer than the 
floor with temperature difference of about 10 K. MOC 
images are used to characterize the lithology of some 
segments (Fig 8 a,b and c). They consist in a top ridge 
covered of  massive rocks and steeply sloping flanks 
(30° on average) of debris aprons with up to decamet-
ric blocky rocks formed by the erosion of the top ridge. 
The floor is covered by a 100 meters large sandy de-
posit  (with ripples  and sand dunes).  We analyse the 
temperature for four transects of the fracture. TrA rep-
resents a “normal situation” where the IR temperature 
displays  warm interior  with a  maximum temperature 
on the axis of the fracture. Figure 9a   represents the in-
frared temperature and the sky proportion along TrA 
transect which is derived from MOLA data. From the 
North to the South ridges of the fracture, the p curve is 
U-shaped reaching its minimum (0.75) at the axis. The 
thermal profile shows the inversed trend with a max-
imum of 196 K at the axis. It is inferred that the peak 
of temperature in the valley likely reflects the minim-
um of sky proportion p. The temperature along TrB, 
TrC and TrD is compared on the Fig. 9 to the sky pro-
portion. The temperatures shows a minima (183 K, 187 
K and 189 K,  respectively) corresponding the lower 
values  of  p  (0.65,  0.63  and  0.73,  respectively),  i.e. 
close to the axis. The topography in that case cannot 
explain the temperatures. 

    a.           
         

b. c.

Figure  8.  Visible  images  (MOC  images  M0400964, 
R1500609 and R1401446 ) of the fracture around the  
different transects. MOC image for TrA is taken few 
kilometres south east of the transect.

A lower thermal inertia due to the sand deposit could 
be also invoked. However, the MOC pictures do not 
support this interpretation.  Indeed, large blocks (~10 

meters)  are  found  on  the  floor  and  the  100  meters 
width  deposit  of  sand  unlikely  explains  the  wider 
(~600 meters)  cold  band.  When sand  dunes  are  ob-
served on the flanks of the fracture they are not correl-
ated with cold zones. We thus suggest that CO2 flow 
convection,  as  on  Earth,  could  explain  the  observed 
temperature in the fracture. 

TrA TrB

TrC TrD
Figure  9.  Surface  temperature  profile  (in  red),  sky 
proportion (in black) and lithology along TrA to TrD 
transects. 

Conclusions.  Infrared  thermography  combined  to 
modelling brings for the first time strong evidence on 
the  existence  of  air  convection  in  the  Piton  de  la 
Fournaise structure. It is hoped that further work will 
help us to understand the dynamics of these flows in 
the volcano and their relations with volcanic eruptions. 
Building from  this terrestrial experience,  the analysis 
of THEMIS data combined to MOC and MOLA data 
reveals striking patterns within Cerberus Fossae which 
can not be explained neither by lithology, nor by topo-
graphy. Numerical simulations show that C02 convec-
tion is possible in the soil of Cerberus Fossae, motivat-
ing more investigations in this direction to understand 
the thermal  processes  occurring within Martian soils 
and to eventually detect subsurface heat source.
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