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Introduction:  For the past two years, the MER 

rover Opportunity has investigated outcrops of layered 
rock exposed in craters, along fissures, and in outcrop 
pavements at Meridiani Planum, Mars. In conjunction 
with remotely sensed data from orbit, the physical and 
chemical data generated by Opportunity constrain in-
terpretation of the rocks on scales that range from mi-
croscopic to regional. Whereas individual observations 
may be subject to multiple interpretations, the com-
bined data strongly favor interpretation of the outcrops 
as sedimentary rocks: well sorted sandstones deposited 
by wind and, locally, in the uppermost part of the ex-
posed section, water.  Geochemical processes include 
alteration of basaltic precursor lithologies before the 
formation, transport, and deposition of sand grains, 
and groundwater diagenesis after the sands were de-
posited. 

Depositional Processes:  Microscopic imaging of 
outcrop rocks in Eagle and Endurance craters con-
strains depositional interpretation in two distinct ways: 
(1) outcrop rocks consist of well rounded and well 
sorted sand grains 0.3 to ca. 1 mm in maximum dimen-
sion, and (2) laminae visible at outcrop scale com-
monly consist of well-sorted sands a single grain thick 
[1,2]. At the next scale upward, Pancam images of 
outcrop beds record consistent mm-scale lamination, 
with a variety of sedimentary structures that further 
constrain interpretation: (1) uppermost beds contain 
unambiguous festoon cross-bedding at a small size 
scale characteristically associated with deposition in 
moving water; (2) uppermost beds also contain synde-
positional cracks that may indicate desiccation or 
freezing of pore waters; (3) underlying beds consist of 
flat laminated layers at least some of which are (as 
shown by MI) one grain thick; (4) the lower part of the 
section is comprised of m-scale cross-beds, with a size 
scale and internal geometry characteristic of eolian 
dune deposits [2]. 

On Earth, broadly defined classes of sedimentary 
structures may form across a wide range of deposi-
tional environments, but specific structures commonly 
provide relatively unambiguous environmental signa-
tures.  Moreover, beds with distinctive sedimentologi-
cal features do not occur in random order within suc-
cessions, but rather group into facies associations or 
sequences characteristic of specific depositional proc-

esses and environments.  Thus, moving upward one 
more scale, the stratigraphic ordering of m-scale cross 
beds, flat laminated units, and festoon cross-bedded 
layers in the 7.5 m stratigraphic section measured in 
Endurance crater further constrains depositional inter-
pretation. This stratigraphic succession is interpreted to 
record a “wetting upward” trend, from eolian sand 
dune to damp/wet interdune or playa facies [2]. The 
size frequency distribution and roundness of grains do 
not vary much from bed to bed, suggesting a common 
grain source and transport mechanism, with strati-
graphic differences in sedimentary structures reflecting 
the local interplay of eolian processes, groundwater, 
and surface water. On Earth, this multi-scale deposi-
tional motif occurs most commonly in arid environ-
ments characterized by eolian sand dunes and (com-
monly transient) aqueous interdune environments [2].  
Indeed, the facies association recorded in Endurance 
could reflect a single, relatively short-lived episode of 
sedimentation.  This interpretation is consistent with 
orbital data, which independently suggest a sedimen-
tary origin for Meridiani outcrop rocks.  Outcrops ex-
amined by Opportunity form the uppermost part of a 
thick (ca. 800 m) and likely lithologically heterogene-
ous depositional package [3,4]. 

Alteration of source rocks: Elemental abun-
dances, as measured by APXS, suggest a basaltic 
source for siliciclastic materials in outcrop rocks, but 
the absence of primary basaltic minerals such as oli-
vine and magnetite (confirmed via Mössbauer spec-
troscopy and miniTES) suggests that parental rocks 
underwent extensive chemical alteration.  Composi-
tional variations among the 30 RATted outcrop rocks 
measured to date reflect a mixing line between an Al-
rich and Fe/Mg/Ca-poor silicate component and pre-
cipitated iron oxide and Ca/Mg/Fe-sulfate minerals 
[Fig. 1; 5]. Inferred mineralogy is entirely consistent 
with a residual product formed by chemically weather-
ing a basaltic precursor under acidic conditions.  
Compositions are broadly similar throughout the 
measured section at Endurance crater, although Mg, 
SO3 and Br increase upsection, whereas Al and Si de-
crease comensurately.  Cl is highest in the lower part 
of the succession [Fig. 2; 6]. Observed compositions 
require either that basaltic sands were altered in place 
by abundant and pervasive acidic groundwater or that 
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alteration occurred primarily in the source region, fol-
lowed by the formation, transport and deposition of 
sulfate-rich sand grains, with subsequent diagenetic 
redistribution of the most highly labile mineralogical 
components.  The roundness of observed grains and, 
especially, the locally complete obliteration of grains 
during diagenesis strongly favors models in which 
alteration precedes sand generation and transport.   

Diagenesis: Numerous MI observations document 
groundwater diagenesis in Meridiani sand deposits: (1) 
as noted above, grains in some horizons have been 
obliterated, leaving cements in their wake; (2) horizons 
in the upper portion of the section contain molds of 
apparently monoclinic crystals that cut across bedding 
and hence formed after deposition; (3) 1-6 mm hema-
titic spherules in outcrop rocks also cut through (but 
do not deform) lamination and display surface features 
that parallel adjacent laminae, again indicating forma-
tion during diagenesis -- despite the ubiquitous pres-
ence of bedding surfaces at mm to m scale, indicating 
reworking by currents, spherules are never concen-
trated along these bedding planes;  (4) physical rela-
tionships between crystal molds and spherules indicate 
that the angular crystals formed prior to and dissolved 
after spherule formation; and (5) some spherules are 
surrounded by a later generation cement. This requires 
multiple episodes of groundwater percolation follow-
ing sand deposition [7].  Rocks adjacent to cracks that 
possibly formed by volume change during diagenetic 
water loss from sulfate minerals and fractures likely 
associated with impact commonly display a reddish 
alteration [8].  Along with distinct rinds and occasional 
fracture fill, these document one last interval of aque-
ous  diagenesis. 

An Integrated Interpretation of Meridiani Out-
crop Rocks:  Collectively, observations that range 
from sub-mm (MI) to cm-scale (Pancam, individual 
APXS, miniTES, MB) to m-scale (Pancam measured 
section, APXS and MB variation through this section), 
to km-scale (observations across the > 6 km traverse 
path of Opportunity), to 10s of km and more (MGS, 
Odyssey, Mars Express) converge on the interpretation 
of Meridiani outcrops as part of a regionally extensive, 
largely eolian sandstone unit.  Constituent grains 
originated by the chemical weathering of basaltic pre-
cursors in an acid sulfate environment, forming a mix-
ture of fine-grained siliciclastic and precipitated (sul-
fate and iron oxide) minerals that eroded to sand grains 
transported regionally by wind.  Within the deposi-
tional area investigated by Opportunity, surface wa-
ters, perhaps generated by rising groundwater, redis-
tributed some of these grains to form subaqeuous de-
posits. Groundwater diagenesis provided the cements 
necessary for lithification, as well as a mechanism for 

the formation of concretions and both the precipitation 
and subsequent dissolution of early diagenetic crystals.  
At the time these rocks formed, the Meridiani envi-
ronment must have been acidic, oxidizing, and, despite 
evidence for surface water, arid.   
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Fig. 1. Ternary diagram showing that the composi-

tions of RATted Meridiani outcrop rocks fall along a 
mixing line between an Al-rich and Fe/Mg/Ca-poor 
silicate component and precipitated iron oxide and 
Ca/Mg/Fe-sulfate minerals [5].   

 
Fig. 2.  Stratigraphic variation in Meridiani outcrop 

rocks, showing the proportionally greater abundance 
of silicates and lower abundance of sulfate minerals in 
the lower part (units F and G; flat laminated and dune 
sandstones) of the measured section [6]. 
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