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A single "geological unit" consisting of fine, weathered material is covering large portions of the surface of Mars 
in a homogeneous, presumably thin, blanket of soil. Rocks and boulders are exposed on the surface and are surrounded 
and covered by fine loose soil material. Homogeneity of the soil material over the planet is manifested by the similarity of 
spectral fingerprints of the bright regions on Mars, the almost identical chemical composition found in the two Viking 
Lander sites, the resemblance of the physical and mechanical properties and of the chemical reactivity shown in the 
Viking Biology experiments conducted at the two landing sites. 

The mineralogical nature of Mars soil is far from being understood, nor are the formation time and weathering 
processes known. Quantitatively, the two major mineral-forming elements in Mars soil are silicon and iron, constituting 
44% and 19% of the soil as SiO4 and Fe2O3, respectively (1). The silicate phases have been studied only briefly, mostly 
because of their limited spectral fingerprinting in the VIS and MR. Much attention was given to the iron minerals in the 
soil, due to their pronounced absorption in the VIS and NIR, making them easily detectable by telescopic observations 
(2,3). In the following, the available information on Mars soil mineralogy, mostly obtained by remote sensing, will be 
reviewed and it will be hypothesized that it leads to the suggestion that nanophase short-range-ordered ("amorphous") 
phases of the silicates and iron oxides abound in the soil. This then raises several questions: Why are the major minerals 
in Mars soil poorly crystalline? What are the weathering pathways? Why did not the secondary silicate and iron oxides in 
Mars soil "ripe" and develop into well crystallized phases despite the long period of time since aqueous-weathering took 
place? Is it the kinetics? Antarctic weathering analogs do not support this. Alternatively - is it possible that the minerals 
in the thin top layer of Mars soil, which is what we have sampled and analyzed up to now, were produced by a slow on- 
going weathering processes of volcanic materials proceeding on the smface of Mars over hundreds of milions of years? 

Earlier studies (4) have identified 60% "silicate" in the soil, using the Mariner 9 IRTM data. Montmorillonite (a 
smectitic alumosilicate clay mineral) was suggested as a major component of the dust and soil on Mars, on the basis of 
more detailed analysis of the IRTM (Mariner 9) data (5). Non-weathered basalt was rejected as it did not fit the spectral 
features. Nontronite and montmorillonite were initially suggested as the major silicate components on the basis of the 
elemental analyses of the soil (6). This was supported by successful simulations of the Viking Labeled Release (LR) 
experiment using iron-enriched montmorillonite (7) and the similarity of this clay's reflectance spectra in the visible range 
to those of Mars soil (8). Another candidate was suggested, primarily on the basis of spectral telescopic data, to be 
palagonite, a weathering product of volcanic glass (9-12). However, several palagonites tested did not simulate the 
reactivity of Mars soil as observed in the LR experiment (13). A magnesium containing silicate (saponite?) was detected 
in the analyses of the NIR spectra at 2.2pm (2). However, the typical doublet of well-crystalized standard 
montmorillonite at 1Qun was not observed in the IR spectra of Mars, leading to the conclusion that no crystalline smectite 
is present in the soil (3) or, alternatively that it constitutes less than 15%-20% of the soil (14). If these obse~a t ion~  are 
further corroborated, they suggest that most of the weathered silicates in Mars soil are of the low-crystallinity or 
amorphous varieties. No definitive identification of this phase was given until now. It is interesting to note in this context 
that a poorly crystalline silicate-aluminum mineraloid was detected in non-metamorphosed inclusions in EETA 79001, 
one of the SNC meteorites (15). Furthermore, the possibility that the silicate "rust" (iddingsite) found in the interior of 
Nakhla is of preterrestrial origin has not been completely ruled out, since this SNC meteorite is a fall with very limited 
terrestrial weathering. The "rust" is a silicate alteration-product produced perhaps by the action of fluids enriched in 
halides on olivine. The very limited data are consistent with di- or tri- octahedral phyllosilicates with excess Fe and Si 
(16). 

Iron, the second most abundant element in Mars soil, appears to be primarily present in its oxidized form (ferric), 
strongly suggesting chemical weathering of the basaltic parent material. The typical reflectance spectrum of Mars in the 
visiblelshort wave NIR range (12,17,18) bears the strong fingerprinting of oxidized iron and has been reproduced more or 
less faithfully in laboratory measurements of many different iron-containing phases. They include "amorphous" iron 
oxides (19), palagonite (9,10), nanophase hematite deposited in silica matrix ( l l ) ,  and iron-enriched smectites (8,13). One 
conclusion from the abundance of spectral analogs if that unambiguous identification of the iron mineral(s) in Mars soil, 
on the basis of reflectance only, is not possible at present. A more important conclusion is that the accumulating evidence 
shows that iron in the weathered component of Mars soil is mostly present in poorly crystallized clusters of oxy-hydroxy 
femc iron, or as crystalline minerals but in extremely small particle size range ("nanophases" or "nanocrystals"). Recent 
telescopic observations have detected typical hematite features at 860 nm, and possibly other crystallized iron oxides 
(12,20). However, these features are very weak and estimates of the content of hematite andlor other crystalline phases 
are in the range of 1-3% or less. The content of the magnetic mineral in the soil is also estimated to be in the range of 1- 
3%. It may be maghemite, magnetite or nanophase hematite that is typically superparamagnetic. However, the bulk of 
the iron oxide-oxyhydroxide in the soil is amorphous or short-range ordered and is characterized by extremely small 
particle sizes. 

As a whole, the evidence now leads to the suggestion that much of the silicon- and iron-containing phases in 
Mars soil are short-range-ordered or "amorphous" i.e. do not have well developed crystallinity. This hypothesis is based 
on accumulating excellent telescopic observations during the late 1980s (1988-1990 Mars-Earth oppositions) and detailed 
laboratory studies on soil analogs. It opens a new and intriguing question-what is the peculiar mode of weathering that 
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has produced these amorphous silicates and iron oxides? More specifically, what is the cause of the limited growth of 
crystals of secondary silicate and iron oxide minerals in the weathered soil on Mars. Given that currently the most 
accepted model for the soil formation is during earlier epoch (-3.5 billion years ago) when Mars was "warm and wet" 
(e.g. 21,22), it is puzzling that only a minor portion of the silicates and iron oxides have crystallized and developed a more 
thermodynamically stable mineralogical composition and particle size distribution. 

Similar silicate and iron oxide entities are found on Earth only as transitory phases, which "ripe" rapidly 
(geologicallly speaking) to more stable minerals. Palagonites represent such a transitory assemblage of minerals produced 
as the initial weathering product of volcanic glass. The maximal age of palagonite deposits on Earth is in the range of 1- 
10x106 years. 

Is it possible then that the peculiar nature of the Martian dust and soil is due to its being a relatively "young" 
weathering product that has formed, and continues to form at an extremely slow rate, over the last several hundred 
millions to a billion years? It is then plausible that this "recent" (in Mars time scale of changes) and non-evolved 
weathering product is coating or burying ancient, more evolved weathered mineral assemblages that formed in the earlier 
"warm and wet" epoch of Mars. This suggestion apparently goes against the "common wisdom" on weathering. The low 
temperature and aridity of the Mars environment preclude hydrolytic-weathering as a significant process (22). However, 
"surface-weathering", involving gas phase-solid phase reactions taking place at the atmosphere-rock microscopic interface 
may proceed, albeit at a very slow rate, even there. Such surface weathering may involve just the unfrozen water layers 
(with a thickness of 1-3 molecular layers, (24)), sorbed on the surface of any rock or solid phase by virtue of the surface 
potential exerted by the solid. These weathering reactions are, generally speaking, driven by the same chemical driving 
forces that act on rocks in the more humid environments on Earth with which we are familiar. Overall, these processes 
can be viewed as reequilibration of minerals formed under magmatic conditions of high temperature and low redox, with 
their new conditions of lower temperature, higher redox potential, higher water activity, and, frequently under soil 
conditions, more varied and less fractionated ionic environment. So it is expected that the end products of these 
weathering processes may be similar to those found in the more water-rich environments of Earth. A major difference in 
rate is, however, expected. The lack of excess liquid water on Mars may cause chemical saturation of the aqueous-phase 
thus slowing down the overall rate of dissolution. Furthermore, the low temperature prevailing in these extremely cold 
environments may slow down the intrinsic rate of the reactions, causing the processes to proceed at a very slow pace. 
Still, in Mars-like environments on Earth (e.g. Dry Valleys, Antarctica) where hydrolytic-weathering processes involving 
excess water are limited or non-existent, the products of the surface-weathering mechanisms become quantitatively 
important, given enough time to proceed (25). The data available for Antarctic soils cover a period of -3 million years 
only (25). Mars surface may be of much older age, perhaps up to 1 billion years old. The global surface stability (lack of 
plate tectonics) facilitates the accumulation of weathering products over long periods. Even at an extremely slow linear 
rate of rock-surface weathering of 0.3 nmlyr (i.e., about one molecular layer per year), an average layer of 30 cm could be 
weathered on Mars over the last lo9 years. Wind abrasion rates on Mars are estimated at 1 p d y r  (27) i.e. 3-4 orders-of- 
magnitude faster than the assumed hydration-front penetration rate, thus the assumption of a linear-rate of advancement of 
the weathering front (rather than a square-root-of-time dependence), is warranted. This leads to higher overall rate of 
weathering than arrived at under diffusion-limited conditions (22). Particularly susceptible to the surface-weathering 
processes are the more recently erupted volcanic materials. Estimated at 2 6 . 4 ~ 1 0 ~  km3 during Amazonian (27), these 
materials may have supplied the highly unstable minerals that weathered and produced a thin coating of dust and soil 
remotely sensed on much of the planet's surface. This "recent" (in Mars time-scale of changes) and non-evolved 
weathering products may be coating or burying ancient, more evolved weathered minerals assemblages that may have 
formed in an earlier "warm and wet" epoch of Mars. 
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