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Introduction:  Rocks and sediments in Gusev cra-

ter, and especially within the Columbia Hills, exhibit 
an exceptional diversity not just in morphology, reflec-
tance spectroscopy or iron mineralogy, but by the cri-
teria of chemical composition alone.  Extremes in ele-
ment concentrations may stem from igneous processes 
such as magmatic differentiation or release of volatiles.  
They may also be influenced by aeolian activity to 
concentrate resistant materials.  Finally, they can arise 
by chemical alterations from interactions with gases 
and liquids in the environment.  Aqueous interactions, 
including the activity of brines, is of special interest 
but cannot be inferred without consideration of all 
possible processes which can result in concentration 
enrichments or depletions.   

 
Analytical Data:  These data are drawn primarily 

from the Alpha Particle X-ray Spectrometer [1] on the 
Spirit rover of the Mars Exploration Rover (MER) 
missions.  Spirit landed in the plains area of Gusev 
crater but has conducted an extensive exploration 
within nearby Columbia Hills, where the unusual di-
versity of rocks and soils has been discovered [2, 3]. 

Elements Detected.  The APXS was designed and 
extensively calibrated for assaying the concentrations 
of the major and minor rock-forming elements, primar-
ily ranging from Na to Fe in the periodic table.  The 
instrument is also capable of detecting concentrations 
of Ni, Zn, Br and several other trace elements when 
present at 10’s of ppm or greater.  Although the APXS 
cannot accurately measure the concentrations of light 
elements, including oxygen, all compositions are 
couched as the oxides of the elements (except for halo-
gens and trace elements) in keeping with geochemical 
convention.  The sum of these forms of the detected 
elements is arbitrarily set to 100%, even though H2O, 
OH, F and potentially other significant elements not 
detectable may actually be present at levels of a few to 
many weight per cent.  For this reason, comparisons to 
terrestrial materials is made on an H2O-free basis.  
Even though H2O cannot be detected directly, except 
when at relatively high concentrations by IR spectros-
copy [4], many element deviations can be inferred to 
have been caused by aqueous alteration of the original 
source material. 

 
Compositions of Rocks and Sediments in Gusev:  

Surprisingly, although ordinary igneous rocks ranging 
from basaltic to ultramafic are present, there are nu-

merous materials whose composition includes ele-
ments at unexpected concentrations.  Compared to the 
predominant alkali basalt found in the Gusev plains 
(Adirondack class material, [2,3,4]) and also to the 
predominant type of martian meteorites (Shergottites), 
many new classes of rocks have been discovered 
which have one or more strong element enrichments or 
depletions.  Likewise, the generally uniform martian 
soils analyzed by Viking and Pathfinder missions are 
also present in both Gusev crater and at Meridiani 
Planum (MER Opportunity rover), but several very 
light-toned (“whitish”) shallowly buried sediments 
comprised of fine-grained material with minimal cohe-
sion have been repeatedly encountered, the Paseo 
Robles class of soils [3]. 

As evident by inspection of Table 1, nearly every 
element analyzed has exhibited a wide range of con-
centrations across the 163 analyses to date,.  These 
variations are far greater than the analytical precision 
of the instrument for repeated measurements (2 to 5 %, 
relative to the measured amount) or the contributions 
of residual soil contamination.  Many are also beyond 
the range expected for whole-rock compositions under 
solely igneous processes, from terrestrial experience.  
Based upon element patterns, there appear to be more 
than a dozen “classes” of materials in the Columbia 
Hills.  Adding the dimension of Moessbauer (MB) 
analyses for iron minerals allows the definition of sub-
classes within some of these classes [5], and infrared 
reflectance spectroscopy has revealed the presence of 
additional rock types that were not physically accessi-
ble to the APXS or MB instruments [4].   

 
Element-by-element Characteristics:  Element 

trends help identify mineralogical constituents.  This 
generally requires a more extensive data base than is 
feasible for a space mission.  The extreme ranges of 
elements in Table 1 are clues to various processes, 
including in some cases the past activity of aqueous 
modifications of original crustal materials.   

 
Si.  Silicon lies mainly in the range expected for 

basaltic to ultramafic materials, but two rocks contain 
SiO2 exceeding 68 wt %.  Free silica may exist in these 
Fuzzy Smith materials.  The next highest SiO2 content 
is for the Independence samples.  However, this class 
of material has such high Al that aluminosilicates are 
implicated.  Independence chemical composition is 
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equivalent to that of montmorillonite, although con-
firmatory mineralogical evidence has been lacking [6].   

 
Table 1.  Extreme values of element concentra-

tions among the Gusev sample set. 
 

Ratio to Adirondack
Maximum Minimum

Na2O 2.2 0.00
MgO 2.3 0.31
Al2O3 1.7 0.11
SiO2 1.6 0.48
P2O5 10.7 0.55
SO3 28.5 0.89
Cl 13.1 1.00
K2O 41.0 0.00
CaO 1.2 0.10
TiO2 6.2 0.52
Cr2O3 4.7 0.00
MnO 1.1 0.13
FeO 1.2 0.20
Ni 12.7 0.15
Zn 28.2 0.67
Br 109.2 0.00   
 
Fe.  Mars is generally Fe-rich at its surface, with 

nearly one-half of all Gusev samples containing 16 wt 
% of FeO (or its equivalent, from Fe2O3).  Rocks from 
18.5 to 22.6 wt % FeO encompass the Adirondack and 
three other classes, each of which are igneous in both 
element profile and mineral content [3, 5].  A special 
case is the ferric-sulfate rich Paso Robles class whitish 
material, for which there are no obvious methods of 
formation other than significant H2O-mediated weath-
ering and concentration mechanisms. 

At the other end of the Fe concentration range, 
only one-twentieth of all samples analyzed contain less 
than 10 wt % of FeO.  Independence class samples can 
contain less than 4 wt % and along with other element 
depletions this is indicative of major leaching of 
cations from an igneous mineral assemblage to form 
the montmorillonite-equivalent compositional profile 
[6].   

 
Mg.  Magnesium is in high abundance in mafic and 

ultramafic materials, such as Adirondack, Algonquin, 
and Peace.  However, it can also be enriched due to 
formation and subsequent concentration as MgSO4 
(see next sub-section on sulfur) and possibly also as 
chlorides (see Cl). 

 
S.  In soils, SO3 ranges from 0.45 wt % to 0.75 %, 

where it correlates only with Cl and to some extent the 

trace element Zn.  The lack of correlation with a suita-
bly abundant cation is further indication that sulfate in 
soils may be due mainly to release of magmatic vola-
tiles which are then adsorbed onto grain surfaces.  In 
duricrusts and some trenches, concentrations of 
MgSO4 have occurred. 

Compared to its possible range of values, sulfur in 
the Gusev samples almost spans the entire range.  The 
lowest values of S in the 163 analyses were found very 
early, in the interior of Adirondack class rocks.  Using 
the brushes and then the grinder of the Rock Abrasion 
Tool (RAT), the S content progressively decreased as 
obvious soil contamination was removed, dropping to 
1.2 wt % of SO3-equivalent.  This is about twice the 
values for the RAT-grind of Bounce Rock (Meridiani) 
and four times the amount of SO3-equivalent S in 
Shergotty.  For the latter, at least, the S occurs mainly 
as iron sulfide.  This is evidence that S (and Cl) – rich 
fluids apparently infused the Adirondack class rocks 
[7, 8].  It is unlikely that the S remains as cross-
contamination from soil and dust coatings since Adi-
rondack was brushed and ground with a clean RAT 
tool, whereas Bounce rock was ground only after ex-
tensive use of Opportunity’s RAT on sulfate-rich Me-
ridiani outcrops. 

The highest values of S so far are 35 wt % (Samra 
sample), less than a factor of two below the possible 
maxima of 60 wt % SO3 in ferric sulfates (H2O-free 
basis) or 66 % SO3 in pure MgSO4.  Samra has an ex-
tremely high ferric sulfate content, but also contains 
significant silica and MgSO4.  Although concentrated 
condensates from magmatic releases of S gases and 
compounds, such as are found at fumeroles and solfat-
eras, may be the source, some mechanism of concen-
tration of salt products seems necessary.  Alternatively, 
the weathering of mafic materials under acid sulfate 
conditions leading to evaporites could produce the 
observed products. [9, 10]. 

These findings reinforce the hypothesis that Mars 
is a S-rich planet, as observed at least in its lithosphere 
[11], and that major features of its mineral chemistry 
are governed or strongly affected by the activity of S-
species.  Acidic conditions are extremely likely, but 
the fact that martian soils contain unaltered mafic ig-
neous minerals [5] and also still contain presumably-
soluble sulfates or sulfate-like coatings, is indication 
that exposures to liquid H2O of these (young?) soils 
has been at very low H2O-rock ratio’s, if at all.   

 
Halogens:   Cl and Br.  Chlorine in soils ranges 

from 0.5 to 1.0 wt %, but some rock surfaces are en-
riched up to 2.6 wt %, and Clovis class samples can 
contain 1.9 wt % in their interior.  Home_Plate sam-
ples are also high in Cl, and both contain high levels of 
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Br (exceeding 1000 ppm in one case).  Through aque-
ous mediation, the highly soluble salts of Cl and Br 
may be extracted from soils or from igneous starting 
material, although the enrichment factors needed are 
far less from soil or a soil-derived brine as the primary 
source of these elements.  The presence of Cl in soil 
and dust has long been hypothesized to be due to re-
lease from magma into the martian atmosphere, but the 
presence of halogens at Home_Plate may be related to 
hydrovolcanic activity associated with the formation of 
this feature [12, 13]. 

 
K.  Potassium is quite low in martian meteorites 

(generally ~ 0.1 to 0.3 wt % K2O); most soils are 
within the range of 0.4 to 0.6%.  Yet, almost one-half 
of all rock classes at Gusev have at least one sample 
which contains over 0.9 wt % K2O, with some concen-
trations as high as 3 %.  Numerous cases occur where 
members of the same class have radically different K 
concentrations.  These K-rich samples do not show 
correlation with Na or Al or Si, as should occur if 
magmatic evolution produced enrichment with feld-
spars.  K is the only LILE likely to be detectable by 
APXS in most samples (Rb on occasion).   

The K also does not seem to be have been neces-
sarily enriched as a soluble species because of a lack 
of correlation with S, Cl or Br.  The two elements that 
are enriched in one-half or more of the K-rich samples 
are Zn and Ni.  Zn could represent condensation from 
magmatic release as a volatile;  both could be involved 
in aqueous mobility.  Individual potassium special 
cases may represent differing mechanisms of enrich-
ment.  

 
Na.  Somewhat surprisingly, sodium seldom if ever 

correlates with chlorine.  The highest Na concentra-
tions occur in Wishstone class samples and the lowest 
occur in igneous rocks such as the AAP (Adirondack, 
Algonquin, Peace) mafics and ultramafics, but also in 
some of the whitish salt-rich sediments ! 

 
Al.  Aluminum often correlates with Si, within 

classes, but there are important differences in Al/Si 
ratio between several of the classes, as expected for 
magmatic differentiation sequences.  Unexpectedly, no 
evidence has been found for a correlation between Al 
and S in these bulk sample analyses, even though fer-
ric sulfates occur. 

 
Ni.  Nickel has been extensively discussed [14], in 

which is it is speculated that Ni enrichments in Clovis 
class rocks could be due to aqueous mobilization.  It 
may also reflect a nickeliferous olivine in a mafic to 
ultramafic source material.  The highest Ni concentra-

tion observed to date, over 2000 ppm, is in an Inde-
pendence sample, for which it has also been speculated 
to reflect aqueous mobilization [6]. 

 
Zn.  Zinc enrichments (>300 ppm concentrations) 

occur for many occurrences where Cl is enriched at 
rock surfaces, but is quite low (<120 ppm) in West 
Spur rocks with high Cl in their interiors.  As noted 
above, in other cases Zn enrichment accompanies K- 
or Si-enrichments.   

 
Ca.  The much sought-after CaCl2 salt (antarcticite, 

when hydrated) is nowhere in evidence.  Indeed, the 
highest Ca samples are low in Cl, and those high in Cl 
show no obvious correlations with Ca.  This salt is of 
considerable intrinsic interest because of its greatly 
depressed freezing point.  However, once in contact 
with sulfates, it can react to become CaSO4 (insoluble 
except at low pH).  Clovis samples show no correla-
tion between Ca and Cl, but rather between Mg and Cl.  
These samples also show Ca-S correlation.  If MgSO4 
were introduced by migration along films or as a brine, 
it could have interacted with an original enrichment of 
CaCl2 to produce the observed assemblage trends. 

 
PYTi-NiCr.  Beginning with the Wishstone, Watch-

tower and Independence class rocks, both phosphorus 
and titanium appear at concentrations significantly 
higher than for any previous martian materials [3].  An 
unusually low concentration of Cr is also noteworthy.  
This has been expanded to the “PYTi-NiCr” geo-
chemical signature, where it has been shown that for 
these rocks, yttrium positively correlates with phos-
phorus and the low concentrations of Cr are accompa-
nied also by low concentrations of Ni [15].  It was 
conjectured that the P-enrichments might be due to 
aqueous activity, but the same signature, albeit muted, 
has been shown to be present in three martian meteor-
ites [15] and in certain terrestrial igneous sequences.  
Thus, this pattern of element enrichments / depletions 
can be primarily explained as magmatic differentiation 
phenomena.  However, as shown in Fig. 1, there are 
several clear cases where P is further enriched beyond 
that predicted by Ti.  Solubilization of the calcium 
phosphates in Shergottites occurs with weakly acid 
solution (pH ~ 3 – 5) [16].  Atmospheric-mediated 
sulfur species and the ferric sulfates that occur are in-
trinsically acidic, and could provide the mechanism for 
achieving P mobility under moist conditions.  It is in-
structive that only the materials near Paso Robles, 
which includes both the ferric salts and the Ind-
edepence clod, are nearby PYTi-NiCr materials and 
exhibit a significant P-enrichment over the P-Ti trend 
line.  
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Fig. 1.  Phosphorus deviations from P/Ti trend.  

Excess P occurs in Independence and salt samples 
at Paso Robles (AAP = Adirondack, Algonquin, 
Peace;  MM = martian meteorites;  P.R. Wh = Paso 
Robles whitish material). 
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Cr.  For chromium-depleted rocks, Ni and Cr cor-

relate as discussed above for the PYTi-NiCr super-
class.  Higher Cr rocks, from 0.5 to 0.9 wt % Cr2O3, 
are restricted to the AAP classes.  However, one rock 
of Independence class, Assemblee, contains an ex-
traordinary Cr2O3 abundance of nearly 3 wt %, present 
as chromite [6].  Placer deposits created by liquid or 
aeolian flow typically contain heavy, resistant miner-
als, such as chromite, ilmenite and magnetite.  

 
Trace Elements.  In Independence samples, en-

richments variably occur in the trace elements Cu, Sr 
and Y, in addition to Cr and Ni, and possibly As, Co 
and Ba  --- all potentially mediated by aqueous extrac-
tion and mobilization, then concentrated by a suitable 
ion adsorbant [6].  A Pb enrichment occurs in Wish-
stone, and Rb, K, Zn and Ge enrichments in Fuzzy 
Smith are indicative of volatilization/condensation [12] 

 
Classifications.  Previous rock and soil classifica-

tions [2, 3] are now being extended to encompass the 
post sol 512 period of the Spirit mission, up to the 
summit and beyond samples taken at Home Plate [17]. 

The PYTi-NiCr signature appears to define a su-
perclass of materials, although Home Plate and Des-
cartes samples exhibit a relatively weak version of this 
signature compared to Watchtower and its more 
proximate materials. 

Potassium enrichments do not, however, pervade 
entire classes or groups of classes.  Rather than indi-
cating a superclass, it seems to indicate an overprint of 
some kind, possibly related to volatility, aqueous mo-
bility, or some combination of both. 

Numerous sub-classes are evident for some classes 
of materials.  Whitish sediments have variable propor-
tions of the Fe- and Mg-sulfates and silica.  Clovis 
samples, for example, have varying Mg/Fe ratio’s as 
do members of the Algonquin series (if not due to 
surficial contamination).  Moessbauer spectroscopy of 
iron minerals readily divides Watchtower and other 
rocks into distinct sub-classes [5]. 

 
Conclusions.  Sulfates occur in virtually every set-

ting in Columbia Hills:  as MgSO4 in certain soils ho-
rizons in trenches and as a component of whitish sedi-
ment; as CaSO4 in certain samples (Halley_Brunt, 
Clovis class, Mt. Darwin); and as Fe2(SO4)3 along with 
free silica in whitish sediments at Paso Robles, 
Dead_Sea, and Tyrone sites.  Chlorides are almost 
surely enriched by aqueous processes, since all chlo-
rides are highly soluble and because volatility-
dominated transport should evidence a S/Cl ratio simi-
lar to that observed in soils.  Phosphates are enriched 
beyond the expected PYTi igneous trend line only at 
the Paso Robles area, where ferric sulfate acidity is 
available.  Soils are enriched in S, Cl and Zn, appar-
ently due to gas phase additions and subsequent expo-
sures to only relatively dry conditions.  Potassium may 
be mobile, but perhaps not exclusively via aqueous 
transport.  Ni, Cr and other enrichments could also be 
mediated by aqueous transport.  Aqueous alteration 
mechanisms to produce these materials under martian 
environmental conditions is undergoing laboratory 
investigation [18, 19]. 
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