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Introduction:  The Sample Analysis at Mars 

(SAM) instrument on the Curiosity rover is designed to 

determine the inventory of organic and inorganic vola-

tiles thermally evolved from solid samples notably by 

using a combination of evolved gas analysis (EGA) 

and pyrolysis gas chromatography mass spectrometry 

(pyr-GC-MS) [1]. Multiple portions from three solid 

samples have been analyzed by SAM : a scoop of ba-

saltic sand at Rocknest (RN) and two drilled samples of 

mudstone collected at Yellowknife Bay designed John 

Klein (JK) and Cumberland (CB). The RN analyses 

revealed chlorinated hydrocarbons believed to be pri-

marily derived from the reaction between a martian 

oxychlorine phase (e.g. perchlorate) and terrestrial 

carbon present in the SAM instrument background [2]. 

Trace levels (≈ 0.007 nmol) of chlorobenzene (CBZ) 

was also detected by GC-MS at RN and attributed to 

the reaction between volatiles evolved from an 

oxychlorine phase (e.g. HCl, O2, Cl2) and Tenax poly-

mers used in SAM traps [2]. The CB analysis revealed 

a higher abundance of chlorinated hydrocarbons, espe-

cially for CBZ (≈ 0.070 nmol) [3, 4]. Three potential 

origins of the CBZ detected at CB were considered by 

Glavin et al [3] : (1) reaction of martian oxidants from 

oxychlorine phase with the Tenax polymers, (2) reac-

tion of martian oxidants with terrestrial carbon already 

present in SAM during pyrolysis and, (3) martian or-

ganics. Small amounts of CBZ can be produced from 

Tenax polymers [2] and probably explained at least a 

part of CBZ detected at RN and CB. Nevetherless, a 

possible martian organic contribution to the CBZ iden-

tified at CB cannot be excluded since both m/z 112 and 

114 ions consistent with CBZ were identified by direct 

EGA of the CB sample but not in the empty cup blanks 

[3].  

CBZ of martian origin(s) could either come from : 

(1) thermal desorption of CBZ directly from the sam-

ples and/or (2) reaction of martian organic matter with 

inorganic sample constituents, such as oxychlorine 

phases, during pyrolysis. Laboratory studies performed 

under SAM-like conditions demonstrated that CBZ can 

be formed from benzenecarboxylic acids (e.g. phthalic 

and mellitic acids) heated in the presence of perchlo-

rates [5]. Apart from an oxychlorine phase, CB sam-

ples also contain iron oxides (e.g. hematite, magnetite) 

[6] which could oxidize organic compounds and cata-

lyze their decomposition leading to differences in the 

amount and/or nature of the observed pyrolysis prod-

ucts [7, 8]. A synergy between oxychlorine phases and 

iron oxides in the presence of a carbon source can 

potentially lead to the formation of CBZ, without any 

specific need for aromatic precursors.  

Here we explore such an hypothesis by studying the 

influence of hematite (Fe2O3) and calcium perchlorate 

(Ca(ClO4)2.xH2O) in the sample on alanine pyrolysis. 

Alanine is an amino acid identified in a variety of car-

bonaceous meteorites as well as micrometeorites, 

therefore it is likely delivered to the Martian surface by 

exogenous sources [9]. 

Methods:   

Samples:  A list of analyzed samples is presented in 

Table 1. All of them, except alanine (Ala) and calcium 

perchlorates (CaP), were crushed and homogenized in 

an agate mortar mill. The size fraction <150 µm was 

selected, as it is for SAM analysis at Mars [1]. Alanine 

has been adsorbed on hematite surface to increase their 

interaction. 

Tableau 1: Description of analyzed samples 

ID description 

H Fe2O3 

Ala alanine 

CaP CaClO4 

Ala_CaP alanine + CaClO4  

H_ala Fe2O3+ alanine  

H_CaP Fe2O3 + CaClO4  

H_ala_CaP Fe2O3 + alanine + CaClO4  

Analytical method:  Samples were analyzed by pyr-

GC-MS under SAM-like pyrolysis conditions. They 

were heated under helium (≈ 21 mL/min) from 40-850 

°C at 35 °C/min. During pyrolysis, the evolved gases 

were trapped on glass beads at -30 °C. Compounds not 

retained by the trap were detected by GC-MS during 

pyrolysis. In cases where those compounds were also 

not retained by the column, this analysis simulates an 

EGA experiment. Then the trap is heated from -30 to 
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250°C at 10 °C/s and the evolved gases were analyzed 

by GC-MS. 

Results and discussion:   

Alanine (Ala):  The thermal degradation of alanine 

occurs at 286 +/- 4 °C. It is associated with the release 

of, at least, CO2 and NO (Fig.1). Others pyrolysis 

products suggest decarboxylation (e.g. acetonitrile) and 

dehydration of alanine, as well as its condensation into 

heterocyclic structure (3,6-dimethylpiperazine-2,5-

dione)  

Hematite (H):  There were no volatile compounds 

observed by pyrolysis of hematite under the same ex-

perimental conditions (data not shown). 

Hematite and alanine (H_ala):  The gases released 

from H_ala are CO2, NO, O2 (Fig.1), and, for example, 

alcohols, hydrocarbons, and nitriles, including aromatic 

compounds such as benzene and benzonitrile. The 

release of O2, not observed for H and Ala,  is detected 

between 80 and 250°C with peak at 100, 180 and 230 

°C. In the presence of  alanine  hematite (red) can be 

reduced in magnetite (black) leading to the formation 

of O2: 3Fe2O3 → 2Fe3O4 + ½ O2. The thermal degrada-

tion of alanine is observed at a temperature significant-

ly lower (≈ 215 °C) than for Ala and is associated with 

a gap in O2 and the release of both CO2 and NO in 

higher amount than Ala. Although contribution of 

adsorbed CO2 at this temperature can not be excluded, 

this suggest oxidation of alanine by hematite at low 

temperature. The formation of CO2 also occurs in the 

245-680°C temperature range, with maxima observed 

at 329, 468 and 563 °C. The total amount of CO2 is ≈5 

times higher than for Ala. The nature of the organic 

products is different than those of Ala. Those results 

argue for oxidation of alanine and most likely its py-

rolysis products by hematite.  

Calcium perchlorate (CaP):  In our experiments 

calcium perchlorates are decomposed to O2 at tempera-

tures above 524 °C. The decomposition can be de-

scribed by the following reaction: 3 Ca(ClO4)2 → 2 

CaO + CaCl2 + 11O2 + 2Cl2.  

Hematite and perchlorate (H_CaP):  The gas 

evolved from H_CaP are CO2 and O2. The CO2 release 

occurs at temperature above 300 °C and has been at-

tributed to adsorbed CO2. The onset of O2 for H_CaP 

(≈ 446 °C) is lower than for Ca_P suggesting a cataly-

sis of calcium perchlorate thermal decomposition by 

hematite.  

Hematite and alanine and perchlorate 

(H_ala_CaP) and Alanine and perchlorate (Ala_CaP):  

The results of these samples will be discussed.  

 

 
Fig 1: EGA analysis of Ala (A) and H_ala (B) for CO2 (m/z = 

44 Da), NO (m/z = 30 Da) and O2 (m/z = 32 Da). CO2 inten-

sity has been divided by 10. 

Conclusions:  The release of O2 by hematite reduc-

tion leads to the combustion of organic matter at tem-

perature as low as 200°C under SAM like pyrolysis 

conditions. This combustion can lead, for instance, to 

the production of higher amount of CO2 at low temper-

ature as well as to the formation of aromatic com-

pounds from aliphatic molecules pyrolysis. Those 

aromatic product could be a potential precursors of 

CBZ with perchlorates.  

The combustion into CO2 of organic matter by O2 

released from minerals, such as akageneite (iron hy-

droxide), under SAM like pyrolysis conditions was 

previously observed [10]. It is possible that a part of 

the martian carbon detected by SAM at CB and JK as 

CO2 [4] reflect oxidation of carbon compounds by 

minerals. 
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