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Introduction: Clay minerals have been found in 

some of the oldest terrains on Mars.  Because of their 

Noachian age, clays hold clues to the earliest history 

of the surface of Mars [1, 2].  Clays have been 

identified in outcrops surrounded by lava flows and 

in small crater ejecta by OMEGA/MEx and 

CRISM/MRO [3, 4].  Some studies suggest 

phyllosilicates formed during Mars’ earliest history 

through the activity of liquid water on Mars’ surface 

[1] while others postulate impact-induced 

hydrothermal systems resulted in phyllosilicate 

formation [5, 6].  In this study, we investigate the 

effects of heat and impact on the spectral properties 

of clays and their relation to the martian surface.   

Experimental and Analytical Methods: One-gram 

samples of nontronite, montmorillonite, saponite, 

kaolinite, prehnite, serpentine and chlorite were 

heated in a Lindberg tube furnace to temperatures 

ranging from ~300
o
C to ~1100

o
C for 4 to 24 hours.  

Samples were heated in air as well as under a steady 

flow of CO2 to more closely replicate early martian 

conditions.  Each sample was allowed to cool 

overnight and weighed after heating.  Samples were 

also impacted with an SUS projectile using a two-

stage light gas gun with projectile speeds up to ~4.5 

km/s.  

Samples were analyzed using X-ray diffraction, 

scanning electron microscopy, and reflectance 

spectroscopy in the near- (NIR; 1-2.5 μm) and mid- 

(MIR; 5-15 μm) infrared ranges. Impacted samples 

were additionally analyzed using Raman 

spectroscopy and cathodoluminescence (CL).  

Results: 

Heating experiments: XRD of nontronite samples 

heated to low temperatures (T < 750
o
C) showed 

significant variation from the untreated sample.  The 

001 peak disappeared, consistent with the loss of 

interlayer water, but all other peaks were still intact. 

There was also very little difference in the XRD of 

samples heated in air and those heated in CO2, 

indicating the CO2 atmosphere had little, if any, 

effect on the transformation process.   

The XRD of samples heated to intermediate 

temperatures (800
o
C < T < 1000

o
C) showed low-

intensity, broad peaks, evidence of a complex 

mixture of secondary nanocrystalline phases, and 

were confirmed by SEM analysis.  

The sharp, well-defined peaks in the XRD of 

samples heated to high temperatures (T > 1100
o
C) 

indicate the sample melted and recrystallized into 

new phases (Fig. 1).  We identified high-temperature 

secondary phases, such as hematite, cristobalite and 

sillimanite in heated nontronite samples, as 

confirmed by SEM. 

 
Figure 1: XRD of a nontronite sample heated to 

1130oC. Peaks of the new phases are marked (hem: 

hematite, sil: sillimanite, and cri: crystoballite).   

For every mineral studied, NIR bands weakened 

with increasing temperature and finally disappeared 

at high temperatures.  The only exception being 

montmorillonite whose band depths increased with 

temperature up to ~500
o
C, then decreased until they 

disappeared. Bands in the 2.2 to 2.4 μm range shifted 

position due to the different thermal resistances of the 

cation-hydroxyl bond [2, 7]. 

At intermediate temperatures, the hydration 

bands at 1.4 and 1.9 μm have disappeared (Fig. 2), 

while the metal-OH band is modified at intermediate 

temperatures, then disappears at high temperatures. 

Mid-infrared spectra of samples showed new bands at 

high temperatures, especially in the 5-8 μm range 

(Fig. 3), indicating the formation of secondary phases 

[2, 8].  
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Figure 2: NIR spectra of heated nontronite. 
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Figure 3: MIR spectra of heated prehnite. 

Impact experiments: XRD of high-velocity impacted 

samples (> 3 km/s) showed very little difference from 

the XRD of an untreated sample.  The 001 peak was 

still intact as well as the other signature peaks.  This 

suggests that the shock pressure from the impact did 

not have any significant effect on the clay’s overall 

structure, although amorphous phases may have been 

formed indicated by the decrease in peak intensity 

and were confirmed by CL analysis (Fig. 4).  

 
Figure 4: CL analysis of unaltered and shocked 

montmorillonite. 

For each sample, XRD and NIR spectra of even 

the highest velocity impacts showed no significant 

change.  However, the MIR spectra of impacted 

samples were very different from the original 

samples’ spectra (Fig. 5). We can conclude that the 

major changes observed in the MIR spectra are 

mostly due to the shock pressure in the sample.  The 

presence of new bands in this region indicates the 

presence of secondary phases as results of the impact 

pressure, although some bands of the original sample 

were still present also.   

Implications for Mars: If clays were indeed the first 

minerals on the surface of Mars, then they would 

have inevitably come into contact with lava flows 

and been pulverized by the heat and pressure 

generated by constant impacts.  The high 

temperatures from these events, especially volcanism, 

would have easily transformed these clays into 

secondary phases.    Thus, NIR spectra of heated 

phyllosilicates can serve as a thermometer for 

phyllosilicates observed in crater ejecta on Mars.  On 

the other hand, MIR spectra are better for identifying 

secondary phases formed at higher temperatures. 
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Figure 5: MIR spectra of untreated and impacted 

serpentine. 

While phyllosilicates have been identified in 

crater ejecta on Mars from their NIR spectra, some 

MIR observations are not consistent with those 

identifications.  This is due to the fact that the MIR 

spectra of impacted phyllosilicates are very different 

from the spectra of the unaltered sample.  Thus, MIR 

spectra of phyllosilicates in and around impact craters 

can help determine their formation processes.  If their 

MIR spectra are similar to that of an untreated 

sample, then the phyllosilicate must have formed 

after the impact.  However, if the sample’s MIR 

spectrum is very different from an original sample, 

then it must have form pre-impact and was altered by 

the impact. 

Conclusions: Heat is the substantial factor in the 

transformation of clays.  Clays transform into 

secondary phases at temperatures above ~1100
o
C.  

Since clays’ NIR spectra evolve with temperature, 

they can be used to estimate the approximate 

temperature to which the clays were heated while 

MIR spectra can be used to identify the formation of 

secondary phases.  MIR spectra can also be used to 

determine whether clays found around impact craters 

predate the impact or were formed post-impact.  
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