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Introduction:  The Mars Exploration Rover 

(MER) Opportunity has collected data on the layered 
sulfate deposits at Meridiani Planum that can be used 
to place constraints on their origin.  To date, three sce-
narios have been proposed to explain the various fea-
tures of the deposits.  The MER science team has in-
terpreted the Meridiani bedrocks as a mixture of silici-
clastic sediments and sulfate salts precipitated from 
groundwater that were transported and reworked by 
eolian and fluvial processes, and chemically modified 
by late-stage influxes of groundwater (hereinafter re-
ferred to as the sedimentary/evapoite scenario) [1-5].  
Knauth and colleagues [6-8] have interpreted the rocks 
to be base surge deposits formed by a series of large 
impacts. 
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Based on our independent assessment  of the 
chemical composition, mineralogy, and geologic set-
ting of the Meridiani bedrocks, we have proposed that 
the deposits were instead formed by volcanic processes 
[9-11].  In this scenario, the rocks were initially depos-
ited as a series of volcanic ash flows of basaltic com-
position, followed by pervasive alteration of the ash by 
SO2- and steam-rich volcanic vapors at elevated tem-
peratures.  During acid-sulfate alteration of the ash, the 
original igneous minerals are replaced by alteration 
products including phyllosilicates (e.g., nontronite, 
saponite), amorphous silica, hematite and sulfate salts.  
Morphological features such as cross- and festoon-
bedding, interpreted by the MER team to result from 
eolian and fluvial processes [4,5], are also observed in 
volcanic base surge deposits [e.g., 6-8] and appear to 
be compatible with a volcanic scenario.  The scale of 
the deposits also appears to be consistent with large 
volcanic deposits elsewhere on Mars [9]. 

Fig. 1.  [top]  Adundance of major rock forming elements in 
Meridiani bedrocks expressed as weight percent oxides.  
The compositions of basaltic martian meteorites and two 
basaltic rocks measured by the MERs are shown for com-
parison.  [bottom]  Meridiani bedrock compositions recalcu-
lated for zero sulfur.  This and subsequent figures show data 
for all “RAT”-abraded rocks in the first 720 sols of the mis-
sion for which elemental oxide analyses are available in the 
Planetary Data System database.  

Here, we examine the chemical composition of the 
bedrocks as recorded by the alpha proton X-ray spec-
trometer (APXS) on board the Opportunity rover [12], 
and examine how the chemical composition is ac-
counted for in the sedimentary/evaporite and volcanic 
scenarios. 

Chemical composition of Meridiani bedrocks:  
The bulk chemical compositions of all “RAT”-abraded 
bedrocks measured during the first 720 sols of the Op-
portunity mission are shown in Figure 1 (top), where 
compositions are displayed in terms of weight percent 
of the major elemental oxides.  Also shown for com-
parison are several examples of martian basalt. 

Two key points are immediately apparent from the 
measured compositions shown in Figure 1.  First, all of 
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the rocks have compositions that closely resemble 
typical martian basalt, except for strong enrichments in 
sulfur.  This resemblance is even more evident when 
the compositions are re-calculated with the sulfur re-
moved (Fig. 1, bottom).  Although the MER is unable 
to measure oxygen abundance directly, the predomi-
nance of ferric iron-bearing minerals at Meridiani indi-
cates that the rocks are also strongly enriched in O 
relative to pristine martian basalt.  Second, all of the 
bedrocks have very similar chemical comopsition.  
Minor decreases in the abundance of Mg and S with 
depth are observed in rocks exposed on the walls of 
Endurance Crater [13], but other elements exhibit very 
little variation in relative abundance (Figure 1).  

An alternative method for displaying the chemical 
composition of the bedrocks that is convenient for 
examining diagenetic processes is given in Figure 2, 
which shows a ternary diagram with the predominant 
elemental components of the rocks at the apicies.  On 
this diagram, the bulk compositions of Meridiani bed-
rocks form a tight cluster, with a slight trend along a 
line that extrapolates to the composition of sulfate salts 
of the divalent cations that reflects the decrease in Mg 
and S with depth in Endurance Crater. 

 
Based on the MER data, any model for the origin 

of Meridiani  bedrocks  must therefore be able to ac-
count for the following observations: (1) a bulk chemi-
cal composition for all rocks that is enriched in S and 
O but otherwise essentially identical to pristine martian 
basalt, (2) chemical compositions that are nearly uni-
form, at least on the scale of the rover traverse, and (3) 
modest decreases in Mg and S with depth while other 
elements remain almost constant. 

Chemistry in the sedimentary/evaporite model:  
In the sedimentary/evaporite scenario, the current 
chemical composition of the rocks derives from a com-
bination of a siliciclastic component, hematite, and 
sulfate salts precipitated from evaporation of ground-
water [2,3,5,13]. As noted previously, constraints im-
posed by the bulk composition of the bedrocks indicate 
that the siliclastic material cannot be composed of pris-
tine basalt, since the addition of sulfate salts to basalt 
would have led to enrichments in divalent cations that 
are not observed in the rocks [9,11].  Instead, the silici-
clastic component must be significantly depleted in 
divalent cations (Mg + Ca + Fe) relative to martian 
basalt.  Furthermore, this depletion in cations must 
have been present in the siliciclastic component before 
it was combined with the sulfate salt precipitates [11]. 
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In the sedimentary/evaporite scenario, the chemical 
composition is explained by the following series of 
events, illustrated in Figure 3 [2,3,5].  First, martian 
basalt was chemically weathered to remove divalent 
cations, perhaps by reaction with acidic groundwater 
solutions (step 1 in Fig. 3).  Squyres et al. [5] infer that 
~55% of the divalent cations (mostly Mg) were re-
moved from the basalt during weathering.  This altered 
silicate material then mixes with precipitated salts, 
adding sulfate and divalent cations to the bulk compo-
sition (step 2 in Fig. 3).  Reworking of the siliclastic 
and sulfate sediments by wind and water presumably 
homogenized the rocks to give them a uniform compo-
sition.  Finally, late-stage influxes of groundwater 
transported Mg and S upward through the rocks, ac-
counting for the decreasing abundance of these ele-
ments with depth (stage 3 in Fig. 3).  Although Fe in 
the rocks must also have undergone oxidation at some 
point in the sedimentary/evaporite scenario, the timing 
of the oxidation and the source of oxidant have not yet 
been addressed explicitly in accounts of the MER 
team’s scenario [2,3,5]. 

Fig. 2.  Ternary diagram showing the relative molar abun-
dances of the major elemental components of Meridiani 
bedrocks.  Shown for comparison are several examples of 
martian basalts.  The “salt-free endmember” represents the 
inferred bulk composition of minerals (silicates, hematite) 
remaining after removal of sulfate salts.  The parallelogram 
outlines the area highlighted in subsequent figures. 

It should be noted that observed bulk chemistry of 
the bedrocks places some severe restrictions on  these 
processes.  For instance, in order to produce the basalt-
like bulk chemistry of the current Meridiani bedrocks, 
the amount and proportion of divalent cations removed 
from the initial basalt during chemical weathering 
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must be almost exactly balanced in both abundance 
and relative proportions by the cations precipitated 
from groundawater as sulfate salts.  Since there is no 
apparent a priori reason why this should occur (i.e., 
mixing of altered basalt with sulfate salts could poten-
tially produce any composition along the dashed line 
in Fig. 2), the close resemblance of cations in the bed-
rock to martian basalt must be entirely coincidental.  
Additionally, mixing of siliciclastic materials and sul-
fate salt precipitates during transport would have to 
have been highly efficient to produce the uniform 
compositions of the Meridiani bedrocks. 

Chemistry of the volcanic model:  The bulk com-
positions of most Meridiani bedrocks fall on a mixing 
line between pristine martian basalt and a sulfur end-
member (Fig. 2), suggesting that their composition is 
most readily explained by addition of a pure sulfur 
component to basalt [9].  Accordingly, in the volcanic 
scenario, the rocks are deposited as volcanic ash with a 
typical martian basalt composition, and then undergo 
reaction with sulfuric acid formed by condensation of 
SO2- and steam-rich volcanic vapors (step 1 in Fig. 4).  
This reaction is isochemical for elements other than 
sulfur, resulting in an enrichment in S while all other 
elements maintain their basaltic proportions.  The 
variation in chemical composition with depth in En-
durance Crater can be accounted for by migration of 
magnesium sulfate salts in the latter stages of alteration 
(step 2 in Fig. 4), perhaps by wicking of the salts to-

wards the surface in fluid channels along grain 
boundaries created by condensation of steam.  Also in 
the latter stages of alteration, influx of atmospheric O2 
led to oxidation of ferrous Fe in the rocks.  This proc-
ess may have destabilized ferrous Fe sulfate salts such 
as melanterite precipitated during acid-sulfate altera-
tion, which decomposed to leave behind lath-shaped 
vugs and providing the ferric Fe for formation of 
hematite concretions. 2
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Fig. 3.  Portion of ternary diagram (see Fig. 2) illustrating 
the evolution of bulk rock chemistry in the sedimen-
tary/evaporite model (see text). 

Squyres and colleagues [5,14] have argued that the 
chemistry of the Meridiani deposits cannot be ex-
plained by volcanic processes because a volcanic sce-
nario would be unable to account for the systematic 
variation in composition with depth in Endurance Cra-
ter.  Their argument, however, assumes that the com-
positional variation with depth in the crater must arise 
solely from chemical variation in the intial volcanic 
ash deposits, and overlooks the possibility that the 
chemical variation might arise from secondary proc-
esses.  To the contrary, the variation is readily ex-
plained by migration of small amounts of Mg-sulfate 
salts during the latter stages of acid-sulfate alteration 
(step 2 in Fig. 4).  It is worth noting that a similar 
process is invoked in the sedimentary/evaporite sce-
nario to explain the chemical variation, whereby the 
sediments are initially deposited in their present loca-
tion with a uniform chemistry and are subsequently 
modified chemically by late-stage intrusion of 
groundwater (i.e., step 3 in Fig. 3) [2,3,5].  Addition-
ally, although Squyres et al. [5,14] have argued that a 
volcanic scenario would only be compatible with the 
limited chemical data obtained at Eagle crater in the 
early phase of the mission, the volcanic scenario is 
actually compatible with the full suite of chemical data 
obtained to date (Fig. 4). 

Fig. 4.  Portion of ternary diagram (see Fig. 2) illustrating 
the evolution of bulk rock chemistry in the volcanic model 
(see text). 
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 Discussion:  Plausible chemical models can be 
constructed to account for the bulk composition of the 
Meridiani bedrocks for either a volcanic or sedimen-
tary/evaporite scenario.  The volcanic model, however, 
is simpler and more straightforward, and invokes only 
processes known to occur widely elsewhere on the 
planet, and therefore appears to be the more likely ex-
planation for the chemical composition of Meridiani 
bedrocks. 

There are, of course, other aspects of the volcanic 
scenario that remain to be explained, just as there re-
main unexplained aspects of the other proposed sce-
narios.  For example, a source for the volcanic deposits 
at Meridiani is not immediately apparent.  However, 
the source for the deposits may have been buried or 
otherwise obscured by subsequent processes.  While it 
has been argued that the bedding features cannot be 
accounted for in a volcanic scenario [5,14], this does 
not appear to be the case.  Within a volcanic scenario, 
the bedding features in the rock may be explained by 
deposition of basaltic ash by a series of base surge 
deposits.  While some authors have claimed that many 
of the bedding features observed in Meridiani bed-
rocks can only be formed by eolian and fluvial proc-
esses [2,4,5], others have provided evidence that the 
same features can be formed by base surge deposits [6-
8].  For instance, the cm-scale, finely sorted, concave-
upward trough features referred to as festoons have 
been suggested to be strong evidence for water flow-
ing on the surface [2,4,5].  However, it does not appear 
that these types of features are formed exclusively by 
fluvial processes as asserted by the MER team (see, for 
example, the recent abstract by Knauth et al. [7] for an 
image of cm-scale, finely sorted trough features in a 
volcanic base surge deposit that closely resemble the 
features identified as festoons in bedrocks from Merid-
iani Planum).  Furthermore, the features identified as 
festoons in Meridiani bedrocks have only been identi-
fied in a couple of outcrops, and these bear only a 
cryptic resemblance to idealized festoons.  Thus, it 
appears to be premature to discount the possibility of a 
volcanic (or impact) origin of the Meridiani deposits 
on the basis of interpretation of bedding features, and 
further investigation of multiple hypotheses for the 
origin of the deposits should be pursued. 
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