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ABSTRACT 
 
We applied Laser Induced Breakdown Spectroscopy 
(LIBS) on moist soil/rock samples in simulated Martian 
conditions. For the first time, the LIBS signal behavior 
as a function of the surface temperature was studied, 
here in the range from +25°C to -60 °C and at pressure 
of 7 mbar. We observed the strong signal oscillations 
below 0°C with different negative peaks, whose 
position, width and magnitude depend on the surface 
roughness. We attribute such a signal behavior to the 
presence and phase transitions of supercooled water 
inside the surface pores. The LIBS signal decrease was 
always registered close to 0°C, corresponding to the 
freezing/melting of normal hexagonal ice. Comparative 
measurements were performed on a frozen water 
solution. A large depression of the LIBS intensity was 
observed close to -50°C. Ablation rates and plasma 
parameters as a function of the sample temperature are 
also discussed, and their consequences for in-situ 
analyses. 
 
1. INTRODUCTION 
 
ExoMars, the future mission to Mars of ESA will 
include a LIBS instrument to analyze the elemental 
composition of the Martian surface materials [1-2]. The 
instrument should perform the measurements with the 
external temperature in the range from +30°C to -60°C. 
Removal of the surface debris and ice via laser ablation 
is also planned.  
Spacecraft- and Earth-based telescopic measurements 
mapped water vapor and ice-clouds in the Martian 
atmosphere [3]. The water vapor is transported by 
winds; it can diffuse into the subsurface and becomes 
water ice at high latitudes. Spectroscopic measurements 
of sunlight reflected from the Mars surface indicate that 
a certain amount of water adsorbed by soil. Hydrogen 
was mapped within near surface regions at high 
latitudes and on the surface in the polar regions. 
Observations from the gamma ray spectrometer on Mars 
Odyssey spacecraft shows the ice presence with 
concentrations above 70% at 60° latitude and even 
higher near poles and smaller presence of unstable ice 
closer to equator [4]. Therefore, in LIBS analyses of 
Martian soils, the presence of water and ice should be 
taken into account.  

The Martian atmosphere is composed mainly of CO2 
and NASA's Viking Landers registered average daily 
pressures between 6.8 mbar and 10.8 mbar, higher 
during summer and also depending on the site. At a 
pressure of 6 mbar, water has the triple point at 0.01 °C. 
Below this pressure, there is a direct transformation of 
water vapor into ice and vice-versa, while above this 
pressure a water phase also can exist.  
Although the characteristics of water and of its solid 
phases were extensively studied, a complex behavior of 
water is not yet fully understood [5]. Hexagonal ice (Ih) 
is normally formed at low pressures and is stable from 
about -200°C to 0°C [5]. On the other hand, cubic ice Ic 
is metastable and can be formed by condensation of 
water vapor at temperatures less than -80°C [5] or at 
somewhat higher temperatures (below -38°C) from 
condensation of small droplets (~6 μm diameter or less). 
Ice Ic is often found in freezing confined (porous) 
aqueous systems [6-7]. By warming, ice Ic transforms 
into ice Ih over a wide temperature range, from about -
110°C K to -30°C K [8]. By cooling free water below 
0°C, normally ice Ih is formed. However, if water is 
cooled carefully, the liquid form can exist down to 
about -40°C, so called temperature of homogeneous 
nucleation Th [5, 9]. On rock/soil surfaces and in larger 
sample structures water can be considered as a bulk, not 
confined water. 
When considering water/ice on the soil/rock surfaces 
and inside their pores, different effects must be taken 
into account. External water on the surface nucleates to 
the normal form of hexagonal ice. Unfrozen 
supercooled water films can exist at subzero 
temperatures, particularly at interfaces with soil 
particles or at grain boundaries [6-7, 10-11]. The 
fraction of unfrozen water below 0°C depends on sizes 
and shapes of the pores and grains, then on impurity 
concentrations and local environment (pressure and 
temperature) [11-12]. In presence of salts, an existence 
of supercooled water in soils was measured down to – 
40°C [12]. Freezing of free pore water, also in soils 
[11], leads to the formation of a defective form of cubic 
ice (Ice-I) that is intermediate between Ih and Ic. The 
melting point of small ice crystals is inversely 
proportional to the crystal size i.e. pore size of the 
material, and there are indications that an interfacial 
supercooled water on corrugated pore walls could exist 
even below -80°C [7]. Hexagonal surface ice, pore ice 



and supercooled water have different physical properties 
[5, 13-14], such as thermal conductivity, density, 
diffusion coefficient, viscosity, absorption coefficient, 
etc. All these characteristics affect the laser ablation and 
thus the LIBS signal. While surface ice, if present as a 
thin layer, can be removed by a certain number of laser 
shots before starting the actual LIBS measurements, 
water/ice inside pores is a part of the analyzed soil/rock.  
The LIBS technique allows rapid and multi-elemental 
in-situ measurements in different surroundings [15]. 
Sample preparation is not required; the measurements 
are without contact thus excluding any sample 
contamination. The laser pulses can be also used to 
remove an external surface layer prior to the analyses, 
and elemental distribution at depth can be measured on 
a small scale (up to a few millimeters). It is also 
possible to achieve the LIBS system miniaturization and 
low power requirements [2]. All this makes LIBS 
technique very promising for planetary exploration 
although its sensibility and accuracy are generally lower 
than for some other techniques, such as ICP-OES.  
LIBS analytical capability depends on the overall 
instrument characteristics, on the acquisition 
parameters, surrounding atmosphere, interaction 
geometry and on the surface conditions [16-21]. For 
given experimental conditions, the signal intensities and 
the achievable analytical accuracy are further 
compromised by the so-called matrix effect [15-16, 21-
22], as an amount of the ablated material, the plasma 
characteristics and its stochiometry are influenced by 
the physical and chemical properties of the sample. A 
number of publications report quantitative LIBS 
analyses in simulated Mars atmosphere at a fixed 
temperature, obtained by different analytical approaches 
[19-20, 23-25]. Except [24], these analyses regard 
relatively dry samples and measurements at room 
temperature. In [24] the LIBS measurements were 
performed on soil/ice mixtures at two different 
temperatures, namely 246 K and 165 K. It was found 
that the ablation rate, and consequently the signal, is 
higher for about factor 7 at the higher temperature 
considered. Such difference was attributed to an 
increased energy requirement to melt the ice at lower 
temperature. The preparation procedure of soil/ice 
mixture probably leads to the hexagonal ice formation 
and to quite different grain/ice interfaces than what we 
could expect in nature. Beside [24], only one work 
reports LIBS analyses of ice samples [26] and it deals 
with trace elements in fixed experimental conditions 
(temperature).  
Given this background, we studied the dependence of 
LIBS signals on different types of soils and rocks in 
simulated Martian atmosphere, as a function of the 
sample temperature in the range from 25°C to -60°C.  
Both cooling and heating cycles were applied on the 
samples. The rock fragments had different grades of the 
surface polishing. During ablation at a single sample 
point, the spectrum was registered after each laser shot, 
allowing to eliminate signals from possible surface ice 

and to distinguish it from the soil containing pore ice or 
supercooled water. For comparison, temperature 
dependent measurements were also performed on a 
frozen water solution. On one soil sample, the whole 
spectra were recorded at different temperatures and the 
change of the plasma parameters with the temperature 
was also examined. 
 
2. EXPERIMENTAL 
 
2.1. Laboratory set-up 
 
The LIBS instrument here used is laboratory equipment 
and does not represent a prototype for Mars exploration. 
The laser source is an Nd:YAG from Quanta System 
(Handy) operated at 1064 nm. The laser pulse width is 8 
ns and repetition rate is 10 Hz. The laser beam was 
passed through a 50 mm diameter aluminum pierced 
mirror and focused onto the sample surface by a quartz 
lens with 250 mm focal length. The spot size on the 
sample was of 170-240 μm diameter, depending of the 
laser energy.  
The vacuum chamber, equipped with a 50 mm diameter 
quartz window, contains a rotating sample holder that 
can be cooled with liquid nitrogen. The holder can 
accept up to six samples in pellets. The temperature of 
the sample surface was measured indirectly, by using 
the same sample type with similar thickness, placed in a 
contact with a thermocouple type K. The temperature 
was read directly by HP 3852A Data 
Acquisition/control unit.  
In this work, the laser energies delivered to the sample 
were 12.5 mJ or 70 mJ that lead to fluencies of about 14 
J/cm2 and 40 J/cm2 respectively. The latter fluence 
corresponds to a lower power density limit of 5 
GW/cm2, initially specified by ESA. However, we 
considered also a lower fluence i.e. power density, as 
the specified value from above could be a subject of 
revision in view of further volume/ weight reduction of 
the LIBS system. 
Before starting the measurements, the vacuum chamber 
was evacuated down to 0.01 mbar and then a flux of a 
laboratory grade CO2 was introduced, regulated to keep 
the gas pressure at 7 mbar. Otherwise, for some 
measurements we used a mixture of 1 mbar of air and 6 
mbar of CO2. Air was introduced in order to allow for 
water vapor condensation on the sample (see section 3.). 
The emission from plasma is reflected by the pierced 
mirror towards a wide-angle collecting optics 
terminating with a fiber optic bundle. At the exit, the 
fiber bundle is arranged into an array of 0.1x2.6 mm and 
mounted on the entrance slit of a 550 mm 
monochromator (Jobin-Yvon Triax 550). A grating with 
1200 grooves/mm was used in all the measurements. At 
the monochromator exit plane, a gated ICCD (Andor, 
1024x256 pixel), recorded the LIBS spectra. The overall 
equipment is controlled by custom written software 
routines. The ICCD gain was set to 0 in order to 
evaluate a use of more compact, non-intensified sensor. 



The gate width was chosen to be 5 μs, corresponding to 
the maximum gate width specified by ESA. After initial 
time-resolved spectral acquisition on soil samples, we 
obtained maximum Signal-to-Noise Ratio (SNR) when 
using an acquisition gate delay of 200 ns, thus in all 
further measurements this value was kept unchanged. 
For LIBS signal measurements as a function of the 
sample temperature, the monochromator was kept at a 
fixed wavelength (283 nm) and we applied 20-50 laser 
shots at fixed points: 20 on ice sample, 30 on pressed 
soil samples and 50 on the rock samples. Such choice 
was guided by different ablation rates among these 
samples and an intention to minimize the crater effects. 
A spectrum that was acquired at each laser shot was 
stored separately inside a single file for that one 
measurement (one sample at a certain temperature). 
This approach allows monitoring of the shot-to-shot 
variations of the spectral intensities, and is also useful 
for rejecting the spectra affected by an eventual crater 
effect, which can cause the signal reduction [27]. Most 
importantly in our studies, it allows for post-
experimental elimination of a certain number of the first 
laser shots. By summing only those spectra that were 
obtained after a number of initial laser shots, we 
eliminate a contribution of possible surface ice to the 
overall signal. 
When acquiring full spectra of the samples, the signal 
was simply accumulated over 20 laser shots. 
 
2.2. Samples  
 
We analyzed rock samples considered as Martian 
analogues, then certified soils samples with different 
matrices, and ice samples. 
The rocks analyzed are belonging to the group of 
andesites or basalts. The andesite sample originates 
from the Eifel region in South-West Germany, known 
for its volcanic activity in the Tertiary. From SEM-EDX 
sample characterization we found out that the main 
constituent is silica (about 43%). The basalt sample 
originates from the Vogelsberg Mountains in central 
Germany with a formerly active shield volcano. It 
contains about 45% of silica. The sample surfaces were 
prepared by three different grades of polishing (Fig.1). 
The examined soil samples are certified reference 
materials, chosen in view of generating of the 
calibration graphs. The samples were pressed into 
pellets by applying equivalent weight of 20 t.  
The ice sample was prepared from pure milli-Q water 
where MgSO4 was properly added to obtain a solution 
corresponding to 50 mg/l of Mg. This element has some 
strong emission lines and normally is present in soils 
and rocks. The solution was poured in equal quantities 
onto two identical glass dishes; one of them was used 
for LIBS analyses and another for the temperature 
measurements. These samples were slowly cooled down 
below 0°C in order to obtain homogeneous ice 
nucleation and consequently a smooth surface. 
 

 

Fig. 1: SEM images of andesite rock surface after (a) polishing 
#1; (b) polishing #2 and (c) polishing #3. 
 
3. RESULTS 
 
The measurements of the LIBS signal as a function of 
the sample temperature were performed in the limited 
spectral range 270-295 nm. This spectral interval 
contains one atomic line each from Si and Mg, different 
ionic Mg lines useful for determining the ratio Mg/Mg+ 
in the plasma and an intense ionic Fe+ multiplet. The 
emission lines of these three elements were detectable 
on all the analyzed rock and soil samples. 
 
3.1. Rock samples 
 
First, we studied the signal behavior on the andesite 
rocks sample that had been polished #1 (Fig. 1a), i.e. 
corresponding to roughest surface considered. The 
measurements were performed in 1 mbar air pressure 
plus 6 mbar of CO2. The presence of air was aimed to 
allow for water condensation inside the pores. The 
cooling cycle was very slow, about 10 °C/hour, to allow 
the measurements with a high temperature resolution. In 
order to remove the contribution from eventual surface 
ice, the spectra registered with the first 10 shots were in 
following discarded by software, while those obtained 
with the successive 40 shots were summed and further 
analyzed. The measured line spectral intensities are 
practically constant down to 5°C (Fig. 2a). Then they 
undergo a strong reduction, of about 50%, for the 
temperatures between +3°C and +4°C. With such slow 
cooling rates, we estimated experimentally the 
temperature error of ±1°C, caused by an indirect 
temperature determination on the LIBS analyzed 
sample. One possible reason for here observed LIBS 
signal depression can be searched in water boiling - at 
pressure of 7 mbar the boiling point of pure water is 
+2°C, which is consistent with the measured sample 
temperature taken with the error. In addition, water 
containing impurities, as it is case here due to a partial 
dissolution of some sample constituents, has a higher 

(a) 

(b) (c) 



boiling point than pure water, but an amount of its 
change is difficult to evaluate here.  
With further sample cooling the signal recovers almost 
immediately and then drops sharply at 0°C. Between -
5°C and -15 °C the signal is almost constant and about 
10 times lower then the average intensity measured 
above 5°C. We attribute that broad negative peak to the 
presence of supercooled water inside the surface pores 
of the rock. Further lowering of the sample temperatures 
leads to partial signal recovery with respect to the room 
temperature, probably due to the then completed 
freezing of supercooled water inside pores [11]. The 
wide minimum peak immediately below 0 °C is 
analogue to the observed interfacial ice melting on 
amorphous silica [10], which was used to simulate rock-
water interfaces. A comparison of spectra obtained at 
the temperatures of +10°C and -10°C is shown in Fig. 3. 
It is clear that measurements at the low temperature, 
corresponding to the maximum signal depression (Fig. 
2a) leads to an important loss of analytical information 
as many emission lines now can no more be 
distinguished from the noise. The temperature 
dependence of the continuum spectral component (not 
shown), which is in general correlated to the ablation 
rate [26], has the analogue features as the intensities of 
the emission lines. Accordingly, it seems that the 
observed signal reduction in a wide interval below zero 
is mainly related to the decrease of the ablation rate. 
The ratio of Mg+ peak at 280.3 and Mg peak at 285.2 
nm remains practically constant for temperatures down 
to about – 20°C (not shown). Below this temperature, 
the ionic to atomic intensity ratio increases and at -40°C 
it about 30% higher than an average value at higher 
temperatures. As the ionic emission increases with the 
plasma temperature and/or with lowering of the plasma 
electron densities, we hypothesize that in this range the 
plasma parameters changed. 
The surface of the same andesite sample was then 
treated with emery (polishing #2, Fig. 1b. Now, the 
surface exhibits the large scratching left by the abrasive 
grains, but inside the same, the pore sizes although not 
uniform, are visible smaller than in the previous case. In 
order to accelerate the measurements, the cooling rate 
was increased to about 25°C per hour. Starting at room 
temperature, from one measurement to another the 
signal oscillates less than ±7% of the average value 
(Fig. 2b). A signal depression, about 55% of its 
maximum value, was observed close to 0°C where the 
formation of normal, disordered ice is expected inside 
scratching and larger pores. Below 0°C, more violent 
signal oscillations as a function of the temperature are 
registered. A number of small negative peaks are 
attributed to different dimensions of the surface pores, 
each one having its specific and different temperature of 
water-to-ice transition [7-8, 13].  
When the same rock sample was polished by a diamond 
substrate with a finer grain size (polishing #3, Fig. 1c) 
1), the surface resulted rather uniform except in some 
points due to the inclusions. The LIBS measurements 

were repeated different times, both during the cooling 
and heating cycles, with different cooling/heating rates 
(15-25 °C per hour). After the initial cooling cycle 
performed down to -30°C with air entrance (1 mbar), 
followed by heating, the measurements started but the 
thermal cycle was expanded down to -55 °C by filling 
the chamber only with CO2 (7 mbar). In presence of air, 
it was not possible to reach such low temperature as the 
pressure becomes unstable around –40°C. 

-40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25
0.5

0.6

0.7

0.8

0.9

1.0
Andesite rock, polished #2

S
i i

nt
en

si
ty

Temperature (°C)

-40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25
0.0

0.2

0.4

0.6

0.8

1.0

Andesite rock, polished #1

S
i i

nt
en

si
ty

Fig. 2:  Normalized Si peak intensity from Andesite rock 
sample for two surface polishing; cooling cycle, 14 J/cm2. 
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Figure 3: Example of spectra obtained on andesite rock, 
polishing #1, for two surface temperatures; accumulation by 
40 laser shots, cooling cycle, 14 J/cm2. 
 
Now, with the changed surface morphology, besides 
some oscillations, the signal remains practically 
constant in the whole temperature range except one very 
deep (about 50% of the initial value) and narrow 
negative peak about -10 °C (Fig. 4). The same peak 
appears also when the laser fluence on the sample was 
increased from 14 J/cm2 to 40 J/cm2. As these 
measurements were performed on different areas of the 
sample, the described signal behavior could be 
attributed to the presence of rather uniform surface with 
smaller pore size than in the first case (Fig. 1a). On a 



basalt rock sample, prepared in the same way (polishing 
#3), the negative peak around -10 °C was again 
observed thus confirming that its appearance is mainly 
determined by the surface preparation. 
In all the cases, the signal depression close to zero 
temperature is very low, thus indicating a very low 
fraction of the hexagonal ice formation. Here, we 
considered the LIBS signal after applying first 10 laser 
shots, which is assumed to remove the surface ice. Thus 
the contribution of the hexagonal ice and the 
corresponding signal depression close to 0°C can come 
only from a relatively large pores overfilled with water, 
which seems to be almost absent on this well polished 
sample. At lower laser fluence applied, the cooling and 
heating cycles were sufficiently slow to distinguish 
clearly another negative peak around -48°C, with very 
strong signal reduction, up to about 80%. A similar 
negative peak as here was observed by Differential 
Scanning Calorimetry (DSC) applied on mesoporous 
silica materials [6]. This negative peak was registered 
independently of pore sizes and it was hypothesized that 
such a behavior is inherent to the boundary layer of 
water at silica surface. Different experimental 
techniques show evidence for some kind of 
thermodynamic transition of supercooled water at about 
-49°C [9, 28-29]. Although the reason for this critical 
behavior is not yet completely clear, it has been 
proposed that at this temperature the supercooled water, 
which can exist also at these temperatures and 
particularly at corrugated surface of pore wall [7], 
changes from its normal liquid structure to an 
amorphous hydrogen-bonded network. The phase 
transition of supercooled water can be a possible 
explanation of the observed LIBS signal depression at 
this temperature.  
In the heating cycle, the measured signal clearly drops 
above zero, for about 30% and this was attributed to 
melting of hexagonal ice inside the larger, overfilled 
pores.  
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(b) 14 J/cm2 Heating
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Figure 4: Normalized LIBS Si peak intensity (288.2 nm) on 
andesite rock after polishing #3 as a function of the surface 
temperature, accumulated by 40 laser shots and after applying 
10 initial cleaning shots 

The obtained LIBS signal dependency on the sample 
temperature measured on the andesite rock polished #1 
or #3, which have better defined surface structure, is 
quite similar to the results reported by DSC for 
materials with well defined pore dimensions [6-7]. In 
such measurements, the phase transition is characterized 
by a discontinuity of the measured thermal conductivity 
due to latent heat of transition. By comparing LIBS and 
DSC signal, in the case of laser ablation the absorbed 
laser energy by coexisting ice-water phase seems to be 
first used to complete the transition of the ice to the 
liquid phase and only then to rise the temperature up to 
the evaporation point, i.e. to ablate the liquid. 
It is known that when the sample passes cooling cycle, 
the freezing temperature can be lower up to 5°C than the 
melting temperature during heating cycle. The hysterisis 
behavior is more pronounced for larger pore sizes of the 
sample [6]. DSC measurements have demonstrated that 
during heating cycle the measured peaks, related to the 
phase transitions, do not change position significantly 
but their intensity increases with the pore feeling factor 
(calculated as volumetric ratio of added water and pore). 
Differently, during cooling cycle both the peak positions 
and intensities are dependent on the pore filling factor. 
We assume that similar influence on the LIBS signal 
can occur and that this should be further investigated. 
 
3.2. Powder samples 
 
On powder samples, which were pressed into pellets, 
the resulting pore sizes on the surface depend on the 
initial grain size and on the degree of pressing. 
On all the samples examined, a signal depression up to 
50% was observed close to 0°C. Below this temperature 
a series of smaller negative peaks appear, assumed to be 
due to different and predominant pore sizes and 
water/ice phase transitions inside.  
On the limestone, in the range from -5°C to -32°C (the 
lowest temperature considered) the signal intensity 
remains low, at about 50% of the value above 0°C (Fig. 
5a). Differently, on the Antarctic sediment the 
maximum values at lower temperatures do not differ 
appreciable from the values measured above 0 °C (Fig. 
5b). Also on the reference basalt sample, the maximum 
signal intensities do not appreciable change with the 
temperature, but beside the negative peak close to 0°C, 
another three minima are clearly distinguished: around  
-15°C, -25°C and -40°C (Fig. 5c). The negative peak 
around -25°C is quite large (about 7°C) and causes a 
particularly severe signal drop, for about 70%. 
Probably, the dominant pore sizes are largely distributed 
around a diameter corresponding to this freezing 
temperature of the confined water. A negative peak at -
40°C is quite similar to a peak observed in DSC 
measurements on cement paste and concrete during 
cooling cycle [30]. There, this signal drop was attributed 
to the homogeneous nucleation of unconfined water, 
occurring at this temperature. An analogue behavior 
close to -40°C was also registered by DSC applied on 



mesoporous silica during cooling cycle [6], however, in 
the heating cycle this peak disappears.  
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Fig. 5: Normalized Si (288.2 nm) peak intensity on pressed 
powder samples as a function of the surface temperature, 
accumulated by 20 laser shots after cleaning by 10 shots; air 1 
mbar + CO2 6 mbar, cooling cycle, fluence 14 J/cm2. 
 
3.3. Ice sample 
 
The ice samples were prepared by slow cooling of water 
solution and LIBS measurements were performed 
during the heating cycle, starting from the temperature 
as low as -80°C at pressure of 7 mbar of CO2. The 
applied laser fluence was 40 J/cm2. The surface 
reflectivity was very high as we observed returned 
beam, refocused on the pierced mirror, which even 
caused its ablation. The signal was analyzed from Mg+ 
peak emission at 280.3 nm. Significant signal 
oscillations from one measurement to another must be 
encountered due to not perfectly homogeneous 
nucleation and to not completely flat surface.  
Particularly intense signal changes occur in proximity of 
the lowest temperature here reached (Fig. 6). At a few 
temperatures, both the line and continuum intensities are 
even two orders of magnitude lower than the maximum 
values obtained during the full heating cycle. Visually 
observed craters seem very shallow and small in 
diameter. All these indicate that we operated here close 
to the ablation threshold. From the repeated 
measurements on another analogously prepared sample 
and during different heating cycle, we obtained again a 
negative peak close to -50°C, which matches the point 
of anomalous behavior of supercooled water [9]. The 
same position of a negative peak was observed also in 
measurements on the andesite rock (Fig.6) where 
water/ice is confined in small pores and where we 
hypothesized a phase transition of supercooled liquid. 
Regarding freezing or heating of bulk water under 
atmospheric pressure, the existence of supercooled 
water below temperature for homogeneous nucleation 
(about -40°C) has not been proved. Presence of salts and 
impurities in water/ice reduces the freezing temperature 
and increases the boiling point [12]. Unfortunately, we 

have not found detailed studies regarding temperature 
transformations of bulk or confined ice-water under low 
ambient pressure as here but above the triple point. We 
conclude that further studies of ice ablation and 
corresponding LIBS signal behavior should be 
performed for temperatures below -40°C. 
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Fig. 6: Repeated measurements of normalized Mg+ peak 
intensity (280.2 nm) from frozen water solution containing 
MgSO4: signal accumulation over 30 laser shots, heating 
cycle, laser fluence 40 J/cm2, gas composition: 7 mbar of 
CO2. 
 
Heating the ice sample above -40°C, a progressive 
signal increase was registered although with 
oscillations. The reflectivity of ice increases with 
warming [13] and consequently the absorption 
coefficient decreases. On the other hand, the heat 
conductivity of hexagonal ice increases with cooling 
[14] and accordingly, the ablation threshold becomes 
higher: From our measurements, it results that the 
positive influence of low temperature on the ice 
absorption coefficient is overcame by the increase of the 
ablation threshold. There is another effect to consider 
when warming the ice and it is referred to premelting 
that can occur both on the surface and between 
crystallite boundaries. At higher temperatures, we 
observed the ice softening and laser-produced craters 
become visible larger than the laser spot size. In such 
conditions, the laser removal of the surface ice would be 
more efficient than at low temperatures. 
 
3.4. Plasma parameters 
 
On a reference basalt sample we acquired full spectra in 
240-800 nm range by accumulating 20 laser shots and at 
six different sample temperatures. The sample was first 
sprayed with tap water and cooled down to – 50°C in 
presence of 7 mbar of CO2. The cooling rate was of 
about 25°C per hour. The measurements were 
performed at two laser fluencies (14 and 40 J/cm2). 
Plasma temperature was calculated from the Boltzmann 
plot applied on different atomic Fe lines that were free 
of the spectral overlap in the range 380-540 nm. The 



plasma density was calculated from Stark broadening of 
Mg line at 516.7 nm. Previously, the presence of the 
line self-absorption was excluded by comparing the 
intensity ratio of the corresponding multiplet with the 
values from NIST database. 
For the higher fluence, the calculated plasma 
temperatures for different sample surface temperatures 
oscillate inside the measuring error (7500 ± 500 K). By 
cooling the sample from 0°C to -50°C, the calculated 
electron density is reduced for times and below -10° it is 
at the order of 1015 cm-3. A decreasing trend of the 
electron density with cooling is consistent with the 
observed increase of Mg+/Mg ratio at lower sample 
temperatures (section 3.1). When the lower laser energy 
density was applied on the sample, on the Boltzmann 
plot the energy levels corresponding to upper transitions 
from 3-3.5 eV are clearly under populated, resulting in a 
virtually higher plasma temperatures (above 8500 K). 
Such behavior is an indicator of a loss of LTE, as it 
might be expected for such low electron densities as 
here.  
The observed changes of the plasma electron densities 
with the sample temperature can strongly affect the 
calibration and the analytical LIBS accuracy. As for 
example, we calculated Mg+/Mg ratio in plasma by 
applying the Saha equation considering the plasma 
temperature of 7500 K, for electron densities of 1•1016 
cm-3 and 0.5•1016 cm-3. In our case, these electron 
densities correspond to the sample temperatures of -
10°C and -30°C respectively. Although we cannot 
consider here the presence of a full LTE, at low electron 
density the calculated ratio ionic to atomic ratio is twice 
higher. This indicates an importance of considering the 
plasma parameters during the calibration whenever the 
quantitative analyses are required over a wide range of 
sample temperatures. A method proposed in [31] for 
quantitative LIBS analyses in presence of variable 
plasma parameters, deals with the plasma in LTE and 
can not be applied for plasma with low electron 
densities as measured here. Consequently, further 
studies are required to obtain a generally valid 
calibration in Martian conditions.  
 
4. CONCLUSIONS 
 
LIBS signal from soils/rocks containing structural or 
surface moisture, at pressures above 6 mbar shows 
strong temperature dependence below 0°C. We 
attributed such a signal behavior to the phase transition 
of supercooled water, present inside small pores and at 
grain boundaries. The temperature of the freezing of the 
confined supercooled water depends on the material 
pore size and roughness. In proximity of the phase 
transition temperatures, we measured signal depression 
up to an order of magnitude. The observed LIBS signal 
loss, whose amount did not change when the laser 
fluence was increased about three times, can reduce 
significantly the analytical capability of the technique. 
Particularly severe signal reduction was registered on 

the polished samples, where a narrower pore size 
distribution was present. On the ice sample, the LIBS 
signal shows a general decreasing tendency with 
lowering of the temperature, while at -50 °C it was 
reduced even for two orders of magnitude. Very small 
ablation rate of the ice at this temperature can 
compromise a possibility to remove it from the surface 
in order to analyze underlying soil/rock material.  
Although here described measurements were performed 
in CO2 environment at pressure of 7 mbar, similar 
effects can be expected in other environments above the 
triple point, whenever the moisture/ice is present in the 
sample. 
In the temperature range planned for the measurements 
on Mars (+30 °C to – 60°C), supercooled water has two 
transition points, one around -40°C and another at about 
-50°C. On different samples, we registered a depression 
of LIBS signal close to these temperatures. Another 
point of the signal depression was always registered on 
all soil/rock samples in proximity of 0°C, attributed to 
freezing/melting of hexagonal ice, present inside larger 
pores or scratches.. From these results, it can be 
suggested that LIBS analysis also in Martian conditions, 
should exclude the operation close to the points of the 
known water/ice transitions, i.e. around 0°C, - 40°C and 
-50°C. The larger focal spot size would allow for 
interaction with a wider range of pore dimensions 
present on the natural samples, thus to reduce the signal 
changes with the temperature due to water/ice 
transitions dependent on the pore size.  
This work points out a necessity to further investigate 
the LIBS signal behavior at subzero temperatures, 
including the influence of pore size distribution and the 
degree of moisture. Also, it indicates that the calibration 
procedure for quantitative analyses should take into 
account the plasma parameters, being the plasma 
electron density strongly dependent on the sample 
temperature. 
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