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Overview: Many recent discoveries and studies of 
Martian middle and high latitudinal regions have indi-
cated an importance of H2O, perhaps occurring as liq-
uid  present  in  recent  times  [1-5].   Conversely,  new 
models of global alteration through geologic time sug-
gest that recent chemical alteration at the martian sur-
face is anhydrous, resulting primarily in Fe oxidation 
[6-7].  Like others [8], we contend that global differ-
ences  in  surface  composition  have  probably  resulted 
from  aqueous  alteration.   The  best  explanation  for 
spectroscopic  observations  of  the  northern  plains  of 
Mars is that coatings of Fe-bearing, high-silica miner-
aloids have formed on rocks and particles.  Such coat-
ings would likely form in middle and high-latitude soil 
environments  as  melt  water  forms  from pore  ice  or 
from melting and infiltrating surface ice.  Weathering 
of  high-surface-area,  fine-grained  materials  would 
yield aqueous SiO2,  some of which would  be mobi-
lized to coat rocks and particles.

Introduction:  The Martian surface is composition-
ally diverse,  both mineralogically and chemically,  as 
determined by the analyses of datasets from the  the 
Thermal  Emission  Spectrometer  (TES)  [9-11],  the 
Thermal  Emission  Imaging  System (THEMIS)  [12], 
and  the  Observatoire  pour  la  Mineralogie,  l'Eau,  les 
Glaces  et  l'Activité  (OMEGA)  [13-15],  and  Gamma 
Ray Spectrometer (GRS) [16,17].  The broadest diver-
sity was first reported as Surface Types 1 and 2 in TES 
data (referred to as ST1 and ST2) [9].

ST2 occurs most prominently in the dark regions of 
the  northern  plains  [9-11].   In  each  of  the  datasets, 
these regions are unique, and the observations and in-
terpretations can be summarized as follows: Thermal-
infrared  (TIR)  emissivity  measurements  indicate  that 
the region is relatively rich in plagioclase feldspar as 
well as a high-silica material that is poorly crystalline, 
but it is poor in pyroxene (the plagioclase/pyroxene ra-
tio  is high for ST2)  [9-11];  Visible  spectra   indicate 
Fe3+-bearing  materials  [6,14];  Near-infrared  spectra 
have a negative slope between 1-3  μm (a blue slope) 
consistent with an Fe3+-bearing coating on a dark sub-
strate, yet the NIR spectra lack Fe2+ absorption features 
associated with pyroxene or olivine, and the NIR ob-
servations lack hydration features suggesting that  the 
material  is  anhydrous [6,7];  GRS data show that  the 
northern plains are rich in potassium, yet the silicon 
abundance is similar to ST1 Martian dark regions [17]. 
The  questions,  then,  are  what  materials  satisfy these 

observations and what do they mean in terms of Mar-
tian geologic history.

Geologic  models  for  ST2: Several  hypotheses 
have  been  put  forth  to  explain   these  observations. 
ST2 materials may be evolved volcanics (the andesite 
hypothesis) [9,10,18];  they may be aqueously weath-
ered (the weathered basalt hypothesis) [8,19-21]; they 
may be altered anhydrously (the  ferric coating hypoth-
esis and the shock-metamorphosed hypothesis) [22,23]. 
Some elements  of  each  idea  may hold,  but  there  is 
probably a singular explanation consistent with all of 
the observations.  

It cannot be ruled out that ST2 is an unweathered, 
primary volcanic lithology.  The high abundance of K 
is consistent with ST2 being petrogenetically different 
than ST1,  and a planet-wide uniform K/Th  suggests 
that ST2 has not experienced strong aqueous weather-
ing  [17]; however, the similar Si values between ST1 
and ST2 regions suggest that ST2 is chemically similar 
to ST1,  and is probably basaltic [24].   (It  should be 
noted that GRS measurements are for the upper ~1 m 
of  material,  representing the bulk chemical  composi-
tion; infrared spectra, on the other hand, measure the 
outer 10s of mm of the surface).  The fact that ST2 ma-
terials  occur  at  higher  latitudes  in  both  hemispheres 
(and that ST1 is generally restricted to low-latitude re-
gions) suggests a latitudinal dependency in occurrence, 
probably  linking  ST2  to  volatiles  and  some type  of 
aqueous alteration rather than primary volcanics [8,20]. 
This latitudinal dependence also works against shock 
metamorphism related to impacts as the principal ex-
planation of ST2.  In addition, it is unlikely that impact 
shock  would  mask ferrous  mineral  signatures  in  the 
NIR nor should the plagioclase/pyroxene ratio increase 
had  ST2 been ST1-like prior to shock.

Anhyrous  ferric  oxide  coatings  could  potentially 
explain ST2 observations; however, if they form at low 
temperature it is unlikely that SiO2 would be mobilized 
and concentrated as TES data indicate.  If they formed 
at higher temperature, they would form at chill margins 
of volcanic rocks and it is, therefore, likely that the ma-
terial would be volumetrically small.  ST2 in the north-
ern plains occur in areas covered by sediment, based 
on  geomorphology [25]  and  themal  inertia  measure-
ments [26].  Comminution of thermally oxidized mate-
rials would leave small amounts of  the characteristic 
materials which, in our estimation, could no longer ex-
plain the observations.
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Hypotheses evoking aqueous basalt alteration to ex-
plain ST2 [8,19,20] are varied but they all rely on the 
facts that (1) many silicate alteration products are high 
in SiO2 and could explain the TES observation of high-
silica  materials,  and  (2)  that  ST2  is  globally tied  to 
high latitudes and the present and past occurrences of 
near-surface H2O.  Interestingly, the lack of mineral hy-
dration features in OMEGA data from ST2 regions of 
the northern plains  suggests a  lack of  hydrous alter-
ation  products,  therefore,  arguing  against  aqueous 
weathering [6,7].  Also, TES data of ST2 seem to be 
inconsistent with the presence of clay minerals [21,27].

Returning to the question of what materials best ex-
plain ST2, it seems that no hypothesis satisfactorily ex-
plains the suite of observations.  However, we consid-
ered the latitudinal distribution of surface types to be a 
compelling reason to further investigate alteration sce-
narios for ST2.  Previous work indicates that NIR hy-
dration features may be lacking in spectra of naturally 
weathered basalts [29].  Here, we test whether NIR hy-
dration features occur for basaltic materials coated by 
hydrous  silica,  which  we  previously  established  has 
large effects on TIR of basaltic rocks [20].

Experimental  methods:  Columbia  River  Basalt 
(CRB) used in previous experiments [20] was crushed, 
sieved, and washed to form 250-500 μm diameter par-
ticles.  The particles were coated with silica by spritz-
ing repeatedly with an atomized mist of colloidal-SiO2 

aqueous solution.  The particulates were heated to ~60 
°C during the coating procedure in order to speed solu-
tion  evaporation and silica precipitation.  The particu-
lates were spread as a thin sheet of sand on aluminum 
foil during each spritzing.  Between spritzing events, 
the particulates were collected and dispersed in order 
to ensure random deposition of silica.  Samples of five 
different thicknesses of silica coatings were construct-
ed by exposing the particulates to different numbers of 
spritzing events.  Based on our previous experiments, a 
set of calibration experiments, and back-scattered elec-
tron imaging of coated particles, we estimate maximum 
average thicknesses for the five samples to be 1, 2, 3, 
4, and 4.5 μm.  Samples of the pure amorphous silica 
were collected by evaporating the colloidal silica solu-
tion in a ~60 °C heated beaker.  For spectral analysis, 
silica was crushed into particulates and sieved for near-
IR  reflectance,  and  pressed  into  coherent  pellets  for 
thermal-IR.  

Thermal emission spectra of the materials were ac-
quired  at  the  Mars  Space  Flight  Facility  at  Arizona 
State  University using a Nicolet  Nexus 670  Fourier-
transform  infrared  (FTIR)  spectrometer  modified  to 
measure emissivity.   TIR spectra  were collected and 
processed  according  to  previously  described  tech-
niques [30].  They were acquired at 2 cm-1 resolution 

from 200-2000 cm-1. Visible/near-IR reflectance spec-
tra were acquired at the Reflectance Experiment Labo-
ratory  (RELAB)  at  Brown  University  on  a  Nicolet 
Nexus 870 FTIR spectrometer at a resolution of 4 cm-1.

Results: In TIR, thin coatings of amorphous silica 
have an appreciable effect on spectral emissivity mea-
surements (Fig.1).  As demonstrated in previous exper-
iments [20], coatings < 1 μm thick alter the basalt spec-
trum significantly, and for coatings a few μm thick, sil-
ica dominates the measured spectrum.

In the NIR, the amorphous silica used in these ex-
periments  displays all  of  the  characteristic  hydration 
features of hydrous, opaline silica [31,32]. The silica-
coat basalt particles, conversely, lack hydration bands 
at 1.4, 1.9, or 2.25 μm (Fig. 2).  There is evidence for 
an  OH- feature  at  2.68  μm in  the  coated-particulate 
spectra.  Also, H2O overtone features at 5.04 μm and 
5.32 μm seen in the silica spectrum begin to appear in 
the  spectrum of  particules  with the  thickest  coating. 
The 2.68, 5.04, and 5.32 μm features deomonstrate that 
the coatings are hydrous, yet the 1.4, 1.9, and 2.2 μm 
absorption  features  are  entirely  absent  in  the  silica-
coated-basalt spectra.  The structure of the amorphous 
silica spectrum in the region of the 3-μm H2O funda-
mental  is  not  carried  over  in  spectra  of  silica-coated 
basalts.

There is not a change in spectral slope of the basalt 
particulate due to the presence of pure silica coatings. 
Rather, thin coatings of bright silica tend to decrease 
the overall reflectance of the basalt spectrum, probably 
by smoothing of particle surfaces at the μm scale, re-
ducing volume scattering.

Silica coatings as an explanation of ST2: Coat-
ings of amorphous silica on basaltic rocks and particles 
could explain TES observations of ST2.  Such coatings 
need be only ~1  μm thick to explain high abundances 
of  high-silica  material  modeled  from  TES  spectra. 
Also,  the presence of a high-silica coating could ex-
plain the high plagioclase/pyroxene ratio of ST2 [33]. 
Due to the small volume, μm-thick coatings on rocks 
and sand would result in a minimal increase in total Si, 
consistent with GRS results for the northern plains.  Al-
though hydrous,  thin silica coatings like those exam-
ined here would go undetected  in NIR measurements, 
making them consistent with a lack of  hydration bands 
in OMEGA data of the northern plains.

It is important to note that the coatings produced in 
these  experiments  are  not  a  one-to-one  match  with 
ST2,  nor  are  they intended  to  be.   Rather,  they are 
meant to test whether a material that so strongly affects 
TIR spectra can be difficult to detect in the NIR.  In or-
der to fully match TES-ST2 spectra, coatings cannot be 
comprised  of  pure  SiO2,  as  we discussed  previously 
[20].   Instead, they must have additional constituents 
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such as Al2O3 and Fe2O3.  Both consituents would have 
the effect of changing the band position of the Si-O as-
symetric stretching feature from 1120 cm-1 to lower fre-
quency, resulting in a better match to TES data.  Fe2O3 

would have the added effect of causing a blue slope to 
NIR spectra such as that seen in OMEGA data.  Fe2O3 

might also have significant effects on the long-wave-
length region of TIR spectra, where ST2 differs from 
ST1 spectra.  The exact spectral effects of  Al2O3  and 
Fe2O3 require further laboratory examination.

In support of the claims made above, naturally oc-
curring  silica  glazes  usually  have  other  constituents, 
most notablly Al2O3 and Fe2O3 [34].  Some silica coat-
ings on Hawaii  basalts  display lower-frequency Si-O 
stretching bands, NIR blue slopes, and, in many cases, 
a lack of hydration features [35].  NIR blue slopes also 
appeared  in the experiments of  [36],  in which small 
amounts of Fe-oxides embedded in silica causes a blue 
slope in NIR measurements.  Finally, in experiments of 
[37],  hydrous  palagonite  dust  was  deposited  on  a 
basaltic substrate, resulting in a NIR blue slope, and, in 
the thinnest coating, a near lack of hydration features.

For  these  reasons  and  given  the  issues  involved 
with each of the major hypotheses for the formation of 
ST2,  we suggest that high-silica rock and particle coat-
ings presently offer the best explanation for ST2 obser-
vations.  Even so, what do such coatings mean for Mar-
tian geology and weathering?

A pedogenic weathering model for Mars:  In for-
mulating weathering models for ST2, it has been recog-
nized that ST2 distribution is dependent on latitude and 
is somehow linked to the distribution of H2O [8,20].  It 
has  also  been  postulated  that  the  weathering  that 
formed  ST2  materials  probably  involved  small 
amounts of water, and that the amount of alteration in 
ST2 is rather limited [8,20].  Furthermore, it has been 
suggested  that  such  weathering  might  be  similar  to 
chemical  weathering occurring terrestrial  places  such 
as Antarctica [8].  Here, we put forth a more precise 
model of weathering on Mars as it may relate to ST2.

Low-temperature chemical weathering on Earth oc-
curs primarily in the regolith.  The regolith develops as 
a result of rock weathering and the alteration of sedi-
ment.  In subaerial, near-surface environments,  soils 
form within the regolith.  Soils have unique properties 
that promote the chemical and physical breakdown of 
rocky  materials.   Among  these  are  physiochemical 
communication with the atmosphere; large mineral sur-
face-to-volume  ratios;  substantial  pore  space,  which 
can hold water and ice and act as locations where au-
thegenic minerals can form.

Despite a lack of organic matter that is often central 
to  defining  terrestrial  soils,  many of  the  environs  at 
Mars  surface-atmosphere  interface  should  be  consid-

ered soils.  The generally particulate nautre of Mars' 
surface  and  evidence  for  chemical  mobility  (where 
such things could be measured) [38] make a soil defini-
tion applicable.  As such, soil, or pedogenic, processes 
should be considered when investigating geomorpho-
logical processes on Mars, including weathering.

The regions where ST2 occurs are closely associat-
ed with regions of periglacial activity and measured hy-
drogen,  inferred  to  be  subsurface  ground ice  [8,39]. 
We, therefore, considered soil weathering as it occurs 
in terrestrial in permafrost regions as a basis for our 
model.  It is often thought that chemical alteration does 
not occur in icy regions or that it is a very minor pro-
cess,  largely due to  sluggishness of weathering reac-
tions at cold temperatures.  In fact, as long as liquid 
water forms at times, weathering reactions will go for-
ward,  and  behave  geochemically  like  weathering  in 
more temperate conditions [40].  It is well established 
that chemical weathering happens in icy soils [xx-xx]. 
The formation of weathering rinds and coatings on soil 
particulates and rocks has been poorly study, although 
recent a study of soils in northern Scandinavia detailed 
the complexity of coatings and rinds that can form un-
der  these  cold  conditions  [41].   That  study revealed 
mineral dissolution in weathering rinds, and the devel-
opment of several varieties of rock coatings, including 
silica glaze formed by deposition from aqueous solu-
tions [41].  

In our model, aeolian dust is input into the soil sys-
tem.  H2O is put into the soil system by vapor exchange 
with the atmosphere or through the melting and infiltra-
tion of surface ice.  Periodic melt water could facilitate 
chemical alteration.  Liquid water might also form as 
thin, inter-particle films, where the high surface energy 
could aid in lower the melting temperature.  Although 
rocks and rocky particulates (e.g. sand) would interact 
with  liquid  water,  the  much greater  surface  area  of 
smaller  dust-sized  particles  would  cause  them  to 
weather  much more efficiently.   In areas where dust 
was in contact with rocky particles through water films, 
SiO2 (Al2O3,  Fe2O3,  and other  constituents)  could be 
weathered from silicate  dust  grains and deposited on 
the rocky materials, forming coatings.  Weathering in 
these conditions would be isochemical at the scale of 
meters or even centimeters, as water would not flush 
through the soils nor would solution transport be effec-
tive.   This  weathering  system would  be  marked  by 
episodic formation of liquid water.  The short-lived and 
transient nature of liquid water would favor the forma-
tion of poorly ordered authigenic weathering products. 
Thus, without significant chemical transport of SiO2, it 
is likely that amorphous, high-silica secondary phases 
would  form  rather  than  clay  minerals.   The  small 
amounts of other cations released from weathering re-
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actions (e.g. Mg, Ca) would form small quantities of 
salts or carbonates.  Materials, including silica-coated 
particles, could be cycled to the surface via cryoturba-
tion or aeolian reworking.  
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Figure  1. Thermal  emission  spectra  of  silica-coated 
basalt  particulates  (250-500  μm diameter).   Coating 
thickness in μm is shown in the legend for each coated 
material.   Spectra  have  been  offset  in  emissivity for 
clarity.

Figure 2. Near  infrared  reflectance spectra  of  silica, 
basalt  particulates,  and  coated  particulates.   Dashed 
lines show the locations of hydration features of silica.
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