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Introduction:  The vast amount of spectral infor-

mation regarding the composition of Mars returned by 
the OMEGA (Mars Express) and CRISM (MRO) visi-
ble-near infrared spectrometers has revolutionized our 
understanding of water-rock interactions on the red 
planet. The detection of regional phyllosilicate deposits 
[1] and numerous smaller phyllosilicate deposits scat-
tered throughout the ancient crust [2] imply that water-
rock interaction was spatially extensive during the 
early history of Mars. To date, researchers have identi-
fied deposits of smectites, kaolin group minerals, chlo-
rites, and illite/mica [1, 2]. Though distinguishing be-
tween these major types of phyllosilicates is relatively 
straightforward, distinguishing between types within 
these groups can be more difficult. In addition, there 
are certain cases in which smectites or chlorites may be 
confused with other types of clay minerals. Finally, 
though many clay minerals can form in a variety of 
environments and are subject to aqueous and eolian 
transport, the accurate identification of certain types of 
clay minerals can be indicative of local geochemical 
conditions. These distinctions are crucial when inter-
preting the mineralogy of a given location to determine 
if it is suitable to address the science goals of future 
landers or rovers such as NASA’s Mars Science Labo-
ratory and ESA’s ExoMars. 

 
 Martian Spectra of Clays: Phyllosilicates (clay 

minerals) have been identified on Mars primarily by 
the presence of metal-OH absorptions centered at 
wavelengths between ~2.2 – 2.4 µm, where the metal is 
usually Al, Fe, and/or Mg. Generally speaking, Al-OH 
features in smectites occur at shorter wavelengths (~2.2 
µm), followed by Fe-OH bands at longer wavelengths 
(~2.28 µm), followed by Mg-OH (~2.31 µm). Cation 
substitution in smectites often give rise to multiple 
bands or shoulders in this region, though they are usu-
ally distinguishable from other clay mineral groups by 
the overall shape and width of these absorptions (Fig-
ure 1). Kaolin group minerals (e.g. kaolinite, halloy-
site) exhibit a clear doublet near ~2.2 µm and near ~1.4 
µm that make them distinct from smectites. Similarly, 
chlorites exhibit bands that are wider and at longer 
wavelengths than smectites (~2.35 µm; Figure 1). Most 
serpentines exhibit diagnostic absorptions at ~1.4 µm 
and ~2.32 µm, though to date no serpentines have been 
unambiguously identified on Mars from orbit. 

It is important to note that regions believed to  have 
Fe/Mg smectites exhibit clear differences in their spec-
tral properties, suggesting some may not be true smec-
tites. As shown in Figure 2, spectra suggested to be 
indicative of smectites in Mawrth Vallis, Nili Fossae, 
and Gale Crater are quite variable. Specifically, the 
type spectrum for Nili Fossae exhibits a distinct asym-
metry in the ~2.3 µm band that is not observed in true 

Fe/Mg-rich smectitites such as nontronite or saponite 
and cannot be attributed to variations in albedo, particle 
size, or hydration level [3, 4]. An alternative explana-
tion for this difference is that the Nili spectrum is in-
dicative of hisingerite, and Fe-rich phyllosilicate with a 
halloysite-like (i.e. kaolin group) structure [5]. 

Another potential source of confusion is within the 
chlorite-serpentine groups. Though spectra of most 
serpentines exhibit a distinct sharp absorption near 
~2.32 µm, some Fe-rich varieties such as greenalite 
exhibit a broader absorption [6] that may be confused 
with some chlorites at the signal to noise and spectral 
resolution of instruments such as OMEGA and CRISM 
(Figure 3). The presence of greenalite on Mars would 
be of interest because it can occur as an early diage-
netic phase and is commonly formed under reducing 
conditions. Similarly, laboratory experiments have also 
shown that the formation of Fe-rich smectites and chlo-
rites under low temperature conditions requires initially 
reducing conditions [7]. Therefore, the identification of 
Fe-rich clays formed under surface conditions on Mars 
would imply moderate pH levels and reducing condi-
tions, factors that are favorable for life. 

A third potential ambiguity in the identification of 
specific clay minerals is between saponite (Mg-rich 
smectite) and the fibrous clay sepiolite (also Mg-rich). 
The latter is commonly formed in saline lakes and, if 
found on Mars, could be diagnostic of clays precipi-
tated in situ in standing bodies of water instead of clays 

transported as the suspended load to their current loca-
tion. As an example, the detection of sepiolite in the 
Eberswalde or Jezero deltas would represent a mineral 
detection consistent with the morphology for standing 
bodies of water. Unfortunately, it may be quite difficult 
to distinguish between saponite and sepiolite with the 
resolution of OMEGA and CRISM, thus the identifica-
tion of clays precipitated in saline lakes will likely con-
tinue to be speculative. In fact, spectra of clays in the 
Eberswalde delta exhibit similar asymmetric features 
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Figure 1. Lab spectra of representative clay groups. 
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as those in Nili, suggesting they may be detrital clays 
transported from the outcrops in the surrounding crater 
walls and rim. 

 
Figure 2. CRISM ratio from Nili Fossae. The asymmetry of 
the Fe/Mg-OH band at ~2.3 µm is more similar to hisingerite 
than similar bands in smectites. 

 
Formation Environments of Clays:     On Earth, 

the majority of clay minerals form as weathering prod-
ucts of the continental crust, which has a granitic bulk 
composition. Mars, on the other hand, is dominated by 
a basaltic crust and presumably decreasing levels of 
water-rock interaction through time. Plate tectonics, 
subsidence, and the presence of oceans result in large 
scale sedimentary sinks on Earth, whereas craters and 
large canyon systems (e.g. Valles Marineris) act as the 
primary sediment sinks on Mars. Most of the clay de-
posits on Mars are found within the ancient Noachian 
cratered terrain, suggesting they formed early in the 
history of Mars, though some are associated with Hes-
perian-aged sedimentary deposits. These younger clay 
deposits are often associated with fluvial systems and 
their spectra do not exhibit evidence of leaching by 
acidic fluids. This suggests that local geochemical con-
ditions were quite variable during the Hesperian and 
that not all regions were altered by acidic fluids, even 
though it is known that large sulfate deposits were also 
formed during this period [8]. 

Though the martian surface exhibits clear geomor-
phic evidence of fluid flow (valley networks, channels, 
etc.), it is yet unclear if the clays formed primiarly on 
the surface (e.g. weathering) or in the subsurface (e.g. 
hydrothermal). Therefore, the primary mechanism of 
clay formation may be significantly different on Mars 
than Earth. The majority of clays discovered on Mars 
fall within the Fe/Mg-rich group, suggesting that 
chemical alteration and continuous leaching by fluids 
was not significant enough on a global scale to produce 
late stage Al-rich phases such as kaolinite and gibbsite. 
Extensive montmorillonite deposits in the Mawrth 
Vallis region are one of several exceptions and have 
been interpreted as altered volcanic ash deposits [9]. 

The presence of numerous Fe/Mg-rich chlorite deposits 
throughout the southern highlands suggest that physi-
cal, not chemical, weathering has dominated these re-
gions since these clays were exposed. 

The effects of subsidence, burial, and diagenesis on 
clay mineralogy have been studied extensively on 
Earth, but their Martian counterparts and implications 
for fluid chemistry have yet to be examined in detail 
for Mars. Burial and diagnesis of smectite commonly 
produces interlayered illite-smectite and ultimately 
illite. However, this requires substitution of K or an 
equivalent cation into the structure, and the relatively 
low abundance of K on Mars suggests that smectite 
may not readily convert to illite. Instead, the Fe/Mg-
rich smectites may convert to inerlayered chlorite-
smectite, possibly explaining the presence of Fe/Mg 
chlorite at depth in the sourthern highlands [2]. Alter-
natively, these chlorite deposits may have formed in 
the subsurface via hydrothermal processes. 

Conclusions:     In summary, though the detection 
of clay minerals on Mars appears to be unambiguous, 
the identification of specific clay minerals and their  
chemistry must be approached with caution. Clay min-
erals can form in a wide variety of environments and 
by a variety or processes, thus great care must be taken 
when interpreting a formation process based on a min-
eral identification. Local geology, morphology, zona-
tion of minerals, and identifying mineral assemblages 
are important factors when attempting to distinguish 
whether or not individual clay deposits are detrital, 
formed in situ, or representative of diagnetic or hy-
rothermal processes. Constraining these possibilities 
will be critical for evaluating sites of potential habita-
bility for future Mars missions. 

 
Figure 3. Example of a possible chlorite deposit in the walls 
of Juventae Chasma. Alternatively, this material could be the 
Fe-rich serpentine greenalite or a mixture of the two. Not all 
spectral features in the CRISM ratio match a single chlorite 
spectrum, such as the hydration feature at ~1.9 µm. 
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