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Abstract

Impure reworked evaporitic sandstones, preserved on Meridiani Planum, Mars, are mixtures of roughly equal amounts of
altered siliciclastic debris, of basaltic provenance (40 + 10% by mass), and chemical constituents, dominated by evaporitic minerals
(jarosite, Mg-, Ca-sulfates + chlorides + Fe-, Na-sulfates), hematite and possibly secondary silica (60 = 10%). These chemical
constituents and their relative abundances are not an equilibrium evaporite assemblage and to a substantial degree have been
reworked by aeolian and subaqueous transport. Ultimately they formed by evaporation of acidic waters derived from interaction
with olivine-bearing basalts and subsequent diagenetic alteration. The rocks experienced an extended diagenetic history, with at
least two and up to four distinct episodes of cementation, including stratigraphically restricted zones of recrystallization and

* Corresponding author. Tel.: +1 631 632 8194; fax: +1 631 632 8240.
E-mail address: scott.mclennan@sunysb.edu (S.M. McLennan).

0012-821X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.eps1.2005.09.041



96 S.M. McLennan et al. / Earth and Planetary Science Letters 240 (2005) 95-121

secondary porosity, non-randomly distributed, highly spherical millimeter-scale hematitic concretions, millimeter-scale crystal
molds, interpreted to have resulted from dissolution of a highly soluble evaporite mineral, elongate to sheet-like vugs and evidence
for minor synsedimentary deformation (convolute and contorted bedding, possible teepee structures or salt ridge features). Other
features that may be diagenetic, but more likely are associated with relatively recent meteorite impact, are meter-scale fracture
patterns, veins and polygonal fractures on rock surfaces that cut across bedding. Crystallization of minerals that originally filled the
molds, early cement and sediment deformation occurred syndepositionally or during early diagenesis. All other diagenetic features
are consistent with formation during later diagenesis in the phreatic (fluid saturated) zone or capillary fringe of a groundwater table
under near isotropic hydrological conditions such as those expected during periodic groundwater recharge. Textural evidence
suggests that rapidly formed hematitic concretions post-date the primary mineral now represented by crystal molds and early pore-
filling cements but pre-date secondary moldic and vug porosity. The second generation of cements followed formation of
secondary porosity. This paragenetic sequence is consistent with an extended history of syndepositional through post-depositional
diagenesis in the presence of a slowly fluctuating, chemically evolving, but persistently high ionic strength groundwater system.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Preserved on the plains of Meridiani Planum, in the
vicinity of the Opportunity Rover landing site, are
sedimentary rocks, at least 7 m thick, interpreted to
represent a succession of reworked impure evaporitic
sandstones [1,2]. Opportunity has traced these rocks
over more than 2 km laterally and orbital data suggest
that the sequence and its direct correlatives may extend
over several hundred thousand square kilometers [3-5].
Stratigraphic relationships and sedimentary structures
indicate that depositional environments include a com-
bination of aeolian and shallow water conditions, such
as those commonly found in aeolian dune—sand
sheet—interdune environments [1,2].

Only limited insight into the origin of evaporitic
rocks on Mars can be obtained from the study of
terrestrial analogs. The martian upper crust is dominat-
ed by basalt (e.g., [6-8]) and thus siliciclastic material
admixed with chemical components can be expected to
be of basaltic provenance. Few terrestrial studies exist
to guide the evaluation of such source rocks [9—13].
Similarly, any water from which evaporitic minerals
precipitate is likely to have interacted almost exclusive-
ly with basaltic rocks, rather than more petrologically
evolved (e.g., granitic) igneous rocks and their sedi-
mentary/metamorphic derivatives typical of the terres-
trial upper continental crust. Thus, Meridiani water
chemistry and its expected evaporitic sequences are
likely to differ fundamentally from most evaporites
encountered on Earth [14—17].

A variety of remarkably well-preserved textures in-
dicate that these sedimentary rocks have undergone an
extended diagenetic history [1,2,18,19]. Included are
multiple phases of cementation, stratigraphic zones of
recrystallization, formation of spherules, crystal molds

and other secondary porosity, small-scale deformation
features, and, less clearly diagenetic, fractures, veins
and polygonal structures. Understanding the origin of
these features and their relative timing are central to a
full evaluation of the geological history of these sedi-
mentary rocks and a satisfactory understanding of the
history of aqueous activity in this region. No evidence
of biological activity has been found at Meridiani Pla-
num but on Earth such sedimentary environments sup-
port life and preserve physical and/or chemical
biosignatures in accumulating sediments [20]. Sedi-
mentary reworking and mixing may well obscure any
such evidence, whereas certain diagenetic processes can
either disrupt (e.g., recrystallization) or enhance (e.g.,
concretion formation) fossil preservation potential. Ac-
cordingly, the purpose of this paper is to evaluate the
provenance and diagenesis of sedimentary rocks en-
countered in the vicinity of the Opportunity landing
site on Meridiani Planum.

2. Geological and sedimentological setting

A summary of the geological setting of Meridiani
Planum is provided by Grotzinger et al. [2; also see 3].
Hematite-bearing deposits of Meridiani Planum, which
include the sedimentary rocks examined by Opportuni-
ty, appear to be part of the uppermost unit of a layered
complex that extends over an area of at least 200,000
km?. Although its geological age is not well estab-
lished, it is likely of late Noachian or early Hesperian
age and thus in excess of about 3.5 Ga [21].

Approximately 7 m of stratigraphic section have
been studied in some detail at four locations [22,23]
including, from west to east, Eagle crater (upper<1 m
of preserved stratigraphy), Anatolia depression (upper<
1 m), Fram crater (upper<1 m) and Endurance crater
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(~7 m). At the time of writing, Opportunity is carrying
out a long traverse to the south of Endurance crater in
an attempt to extend the lateral and stratigraphic extent
of these sedimentary rocks.

Squyres et al. [1] and Grotzinger et al. [2] have
discussed the stratigraphic and sedimentological set-
tings of these rocks. Grotzinger et al. [2] informally
named this sequence the "Burns formation" and divided
it into lower, middle and upper units. The unit is named
after the Burns CIiff within Endurance crater, which in
turn is named in honor of the late Roger Burns, a
renowned planetary scientist [24]. The lower unit, char-
acterized by high angle planar cross beds, is interpreted
to represent an aeolian dune facies. The sharp contact
(Wellington contact) that separates lower and middle
units appears to be a deflation surface controlled by the
position of a paleo-water table. Low angle strata of the
middle unit are thought to represent an aeolian sand
sheet facies. The contact between the middle and upper
units is not a facies boundary but rather a zone of
recrystallization within the sand sheet facies (Whatanga
contact) interpreted to represent the capillary fringe of a
stagnant paleo-water table and thus a diagenetic bound-
ary. The upper unit grades upward from the sand sheet
facies into sedimentary rocks characterized by more
complex bedforms including small-scale festoon cross-
lamination and wavy bedding, the former being diag-
nostic of deposition by water currents. This unit,
accordingly, is interpreted to represent an intermittently

damp to wet interdune facies. No textural evidence has
been found for crystallization of evaporite minerals
within or at the bottom of a free-standing water column
and all of these rocks appear to have been reworked by
aeolian or subaqueous currents.

The locations of major features, rocks and other
targets that are discussed in this paper are shown in
Fig. 1. Fig. 1a is a Mars Orbital Camera image of the
Opportunity landing site and vicinity showing craters
and the major features and rocks encountered on the
Meridiani Plains and discussed in this paper. Fig. 1b is a
composite stratigraphic section of the Burns formation
from Grotzinger et al. [2] showing the stratigraphic
position of many of the analyzed targets.

3. Constraints on bulk mineralogy

No petrographic or textural evidence has been found
that unambiguously identifies any mineral. In places,
near-euhedral pores exist that appear to have monoclin-
ic crystal forms (see below). The best constraints on
mineralogy of pristine Meridiani outcrops come from a
combination of chemical composition and Mdssbauer
spectroscopy of abraded rock surfaces (using the RAT,
rock abrasion tool), thermal emission infrared spectros-
copy (Mini-TES) of rock surfaces and visible through
near infrared panoramic camera (Pancam) images.
Clark et al. [25; also see 26-28] summarized the
geochemistry and mineralogy of these sedimentary

35-40% of iron as hematite from Mossbauer. At least one-half of hematite is in spherules.
From variation associated with Mg and S correlation; Mini-TES spectrum best fit with Mg-and Ca-
From S mass balance; likely to include Ca-and possibly other Fe-sulfates; Mini-TES spectrum best fit
Possible presence based on Cl abundance; Cl may not be separate mineral but solid solution with

Presence is inferred from geochemical mass balance (e.g., Si/Al ratios) which indicates as much as
25%; Mini-TES should detect if abundance >5-10%.

Consistent with S, Cl mass balance and Al abundance.

From Mdssbauer; may not be intrinsic to outcrop.

From Maossbauer; assumes Fe contents typical of pyroxenes in SNC meteorites. The mineral
assignment of pyroxene is not a unique interpretation for octahedrally coordinated Fe(II) and likely

Table 1
Constraints on mineralogy of the Burns formation
Mineral Weight % Comment
Chemical Constituents 60+ 10 From S and Cl mass balance.
Hematite 6
Jarosite*® 10 20-35% of iron as jarosite from Mossbauer.
Mg-Sulfate* 18£5
sulfates.
Other Sulfates* 10£5
with Mg-and Ca-sulfates.
Chlorides <2
sulfate or mixed anion salt.
Secondary Silica 15+10
Siliciclastic Constituents 40+ 10
Olivine trace
“Pyroxene” 5-10
to be other phase(s).
Other 35+5

Includes other igneous and altered igneous components and possibly sheet silicates; Fe-bearing
components dominated by Fe(IIl) and so likely altered.

*_All mineralogical constraints are on a volatile-free basis. Chemical constituents likely are hydrated and so their proportions would accordingly be

greater than indicated above.

*-Total sulfate mineralogy is constrained to be about 35-40% on an anhydrous basis based on SO; content, with exact amount depending on the

mineralogy.
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rocks. Both mineralogy and chemistry are remarkably
uniform in the outcrop rocks and can be subdivided into
roughly subequal amounts of chemical components
(60 = 10% by mass), including: (1) sulfates, hematite,
possibly chlorides and possibly secondary silica, and (2)
siliciclastic components (40 & 10%), likely dominated

SO,
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(a)

Bloedite

99

by basaltic debris, and its weathering products. The
best quantitative constraints on mineralogy are provided
in Table 1. Stratigraphic variations exist in the propor-
tions of various minerals and in chemical composition;
these are described in detail by Clark et al. [25]. The
difficulty in relating mineralogy to textures imposes a
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first order source of uncertainty in interpreting these
sedimentary rocks. Apart from field experiments carried
out by Opportunity, which clearly indicate that spherules
are composed of hematite + basaltic debris + minor sul-
fates (see below), no mineralogical identification or
inference can be related unambiguously to any textural
feature.

Chemical components are dominated by some com-
bination of Mg-, Fe- and Ca-sulfates. The only sulfate
mineral unambiguously identified by Mdssbauer spec-
troscopy is jarosite (either mixed Na- and K-jarosite
and/or hydronium jarosite), and makes up about 10% of
the rocks. Occurrence of jarosite is particularly impor-
tant because it is stable only under low pH conditions of
about five or less [17,25]. On Earth, jarosite typically
forms during acid—sulfate alteration of volcanic rocks
or during pyrite alteration in acid mine drainage settings
(e.g., [29,30]). However, on Mars where near surface
water chemistry is likely to be dominated by basalt
alteration, jarosite is also a plausible evaporite mineral
under low pH conditions [15,17]. Mini-TES spectra of
outcrops identified an absorption edge at 1250 cm™ ',
consistent with the presence of sulfates. Spectral decon-
volution, using a library consisting of various Ca-, Mg-,
Na- and Fe-sulfates, indicates a best fit for a mixture of
Ca- and Mg-sulfates [28].

Chlorine is not so high (0.3-1.3%) as to demand
separate chloride phases and may simply substitute in
dominantly sulfate or mixed sulfate-chloride minerals.
On the other hand, Br/Cl ratios are highly variable
[25,26] suggesting that late-forming evaporitic mine-
rals, such as chlorides or bromides, may have formed in
this geochemical system. Clark et al. [25] carefully
evaluated the chemical mass balance and suggested
that Mg- and Ca-chlorides are likely candidates.

Hematite constitutes about 6% of these rocks on
average. Much of it is contained in spherules, but as
much as one-half of the hematite may be dispersed
throughout the outcrop (the exact amount depending
on how much hematite is contained in spherules, a
value that is not well constrained; see Section 5.2
below). The chemical composition remaining after re-
moval of plausible chemical components suggests a
basaltic composition, likely one that has been signifi-
cantly altered. The various components that are identi-
fied or inferred can be illustrated on two ternary
diagrams plotting mole fraction SO;-MgO-FeO,
(Fig. 2a) and Al,O3(x5)-S05-SiO, (Fig. 2b). In Fig.
2a, the abraded outcrop analyses cluster near the center
of the diagram, consistent with a mixture of both ba-
saltic debris and a variety of chemical constituents. In
Fig. 2b, outcrop rocks form a clear linear trend that

intersects the Al,O5—-Si0, join in the vicinity of typical
martian basalts with relatively high SiO,/Al,Oj ratios.
The trend extrapolates to about 0.20—0.30 on the SO3—
SiO; join, consistent with about 5-8% secondary silica.
On abraded outcrop surfaces, the amount of SiO, does
not drop off with increasing SO; content at the same
rate as other elements that are likely concentrated in the
siliciclastic component (e.g., Al, Ti, K) also suggesting
excess silica. Model-dependent geochemical mass bal-
ance calculations result in as much as 25% secondary
silica [25].

Although these rocks have a fairly complex diage-
netic history (see below) it is likely that most of the
detrital sand grains are evaporite-cemented basaltic
mud (see below) derived from penecontemporaneous
playa lakes [2; also see below], suggesting that trans-
ported intrabasinal chemical (i.e., allochemical) compo-
nents make up a significant fraction of the rocks
(~25 £ 10%). Accordingly, these rocks are best de-
scribed as impure allochemical sandstones [31].

4. Constraints on provenance

Provenance of these sedimentary rocks can be con-
sidered on three levels: origin of detrital grains, origin
of the siliciclastic components, and source of chemical
constituents.

4.1. Provenance of grains

Detailed examination of sedimentary textures indi-
cates that these rocks are fine to medium-grained sand-
stones. Where well defined, the grains are mostly
moderately well rounded fine to coarse sand sized,
typically in the range of 0.1-1 mm. Grains smaller
than about 0.08-0.10 mm cannot be resolved with the
MI and so any mode of very fine sand or silt cannot be
discerned. In any case, relatively uniform grain size
distributions in individual MI images, and especially
within individual laminae, suggest that these are well-
sorted sandstones with individual laminae being very
well sorted. Abraded outcrop surfaces reveal no textural
evidence suggesting that grains are simply volcanic
rock or relatively unaltered siliciclastic mineral frag-
ments. For example, there are no systematic variations
in albedo from grain to grain or from grain surfaces to
grain interiors. Mossbauer results indicate that
Fe*"/Fey ratios are in the range of 0.85-0.90 for abrad-
ed outcrop surfaces suggesting that the bulk of Fe-
bearing siliciclastic components making up grains is
composed largely of altered material. Evidence for
any primary igneous minerals in Mdssbauer spectra of



S.M. McLennan et al. / Earth and Planetary Science Letters 240 (2005) 95-121 101

abraded outcrop surfaces is not especially compelling
[27]. In abraded spherules, interpreted to be concretions
(see below), no relict grain textures are preserved at MI
resolution, so that any siliciclastic material remaining
within the spherules must be very fine.

Accordingly, we interpret these grains to be derived
from reworking of evaporite-cemented basaltic mud
(grain sizes<100 pm, the effective limit of resolution).
The production of aeolian evaporitic sands, notably
gypsum sands, is well documented in terrestrial playa
lake environments (e.g., [32-36]). Evaporitic detritus
can be derived from aeolian reworking of evaporite-
cemented mud flats or efflorescent crusts that incorpo-
rate fine-grained siliciclastic debris. In the case of the
Burns formation, the evaporitic sand grains probably
are dominated by basaltic mud rather than evaporitic
minerals themselves. An important implication of this
model is that playa conditions must have been present
at about the time of Burns formation deposition in order
to provide the source of sand-sized particles.

Chemical constraints suggest that the siliciclastic
component of these sedimentary rocks is between ap-
proximately 30-50% on an anhydrous basis and is
likely concentrated within the grains, although some
component of aeolian dust deposited during deposition
of the Burns formation itself could also be present [37].
Thus, given that on the order of 35-45% of the sedi-
ment mass is composed of various sulfate & chloride
cements [25], a significant fraction of each of the grains
is likely to be composed of evaporitic cements.

4.2. Provenance of siliciclastic component

Geochemical and mineralogical constraints clearly
indicate that the siliciclastic provenance is composed
predominantly of basaltic sources (Fig. 2). Although
Mossbauer spectra on abraded surfaces indicate about
5-10% pyroxene and, at most, trace levels of olivine,
the identification of pyroxene by Maossbauer is not
definitive. This spectral feature could represent another
octahedrally coordinated Fe(I) phase [27]. Mini-TES
“footprints” are much larger than the area exposed by
the RAT and so mineralogical determinations by this
instrument are difficult to relate unambiguously to
abraded outcrop. Nevertheless, dust-corrected mineralo-
gical determinations on outcrop surfaces made by
Mini-TES suggest the following non-chemical consti-
tuents (in approximate decreasing order): intermediate
to high-silica components (modeled as high-Si glass,
feldspar and minor sheet silicates), olivine and pyroxene
[28]. However, correlating Mini-TES with Pancam
images suggests that olivine and pyroxene abundances

are strongly controlled by the presence of wind-blown
sand on the outcrop surfaces and thus are likely not
intrinsic to the Burns formation. In any case, no mineral
has been identified or inferred from spectral data (e.g.,
quartz, K-feldspar, biotite, amphibole) that is inconsis-
tent with a purely basaltic provenance or its altered
derivative.

Characterizing the nature of the basaltic component
is not straightforward. Because the mineralogy of
chemical constituents is only partially constrained, it
is not possible to evaluate the bulk chemistry of silici-
clastic components quantitatively. Similarly, evaluating
the degree to which siliciclastic material has been al-
tered is difficult because variations in chemical compo-
sition that are characteristic of chemical weathering and
low temperature alteration (e.g., [12]) cannot be disen-
tangled from possible variations in evaporitic minera-
logy. For example, partitioning of Ca, Mg, Fe, Na and
K between chemical and non-chemical components is
not known with certainty and so it is not possible to
"remove" the chemical components through mass
balance mixing calculation with any certainty. Even
silicon, commonly released as amorphous silica in
basalt alteration processes [38], does not necessarily
reflect igneous abundances and indeed there is evidence
that secondary silica is present (Fig. 2b; also see [25]).
Accordingly, we are left with elements Al, Ti, Cr and Ni
as most likely to reflect primary provenance relation-
ships. However, it is worth noting that in low pH envi-
ronments even Al is relatively mobile and that aluminum
sulfates can be a common chemical constituent in
acid lake and acid alteration environments (e.g.,
[30]).

Assuming that Al, Ti, Cr and Ni are reflective of the
average provenance composition, no known martian
basalt is a good match for the siliciclastic component
of the Meridiani outcrop. The outcrop is characterized
by modest Cr/Ni ratios of about 2 (Fig. 3) and high Ni
abundances (730 ppm average); SNC meteorites and
basalts from the other MER site at Gusev crater all have
an order of magnitude higher Cr/Ni ratios. Of the two
Meridiani igneous rocks analyzed (Bounce Rock and
Barberton), only Barberton comes close to the Meri-
diani outcrops with comparable Cr/Ni ratios and only
slightly higher Cr abundances (normalized to Al). How-
ever, Meridiani outcrop rocks have TiO,/Al,O5 ratios
that are more than 50% higher than Barberton and so
the match is not exact. Chromium and nickel are highly
susceptible to compositional variations associated with
igneous fractionation of olivine and spinel and it is
notable that many basaltic shergottites are cumulates.
Accordingly, the basaltic provenance of the Meridiani
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Fig. 3. Plot of Cr/Ni vs. Cr/AI(X100) for abraded outcrop rocks. Also
shown are unabraded outcrop surfaces, Meridiani soils and basalt-
ultramafic compositions from SNC meteorites, Gusev basalts and
Meridiani basalts (Barberton and Bounce Rock). Note that only
Barberton (which was too small to be abraded by the RAT) has
Cr/Ni ratios and Cr/Al ratios that are within a factor of two of the
Meridiani outcrop. Also shown is the effect of removing a composi-
tion equivalent to CI meteorites from outcrop compositions. Removal
of about 6% of a meteoritic component moves the data into the field
of typical SNC meteorites. However, the Cr-Ni-Al relationships of the
outcrop are not so distinctive in comparison to known Mars basaltic
compositions or basalts in general [42] as to demand a meteoritic
component in the provenance.

outcrop could be related to one of the known composi-
tions, such as Barberton or Bounce Rock, by some
relatively simple igneous differentiation process but
insufficient data exist to evaluate this possibility in
any rigorous manner.

Another consideration is the potential role of mete-
oritic debris in the provenance of these sedimentary
rocks. For sedimentary rocks older than about 3.8 Ga,
the potential for a significant meteoritic component
increases significantly. For example, on the Moon the
meteoritic component of lunar soils is about 2% on
average and approximates to a chondritic composition
[39] and there is reason to expect that the meteoritic
flux is greater for Mars at any given time [40]. On the
other hand, geochemical evidence for significant mete-
oritic components in terrestrial sedimentary rocks older
than 3.0 Ga is limited (e.g., [41]). The effect of remo-
ving from the outcrops a composition equivalent to an
average CI chondritic meteorite is shown on Fig. 3. Cr/
Ni ratios increase to values typical of basaltic shergot-
tites with removal of about 6% chondritic component.
However, because Meridiani igneous rocks Bounce

Rock and Barberton have Cr/Ni ratios within a factor
of 2 of Meridiani outcrop and Cr/Ni ratios of about 2
are not unusual for basaltic rocks in general [42], there
is no requirement of a meteoritic component in the
provenance.

4.3. Provenance of chemical components

Because these rocks are interpreted as reworked
evaporitic sandstones with a strong diagenetic over-
print, evaporitic minerals that have been identified or
inferred probably do not reflect an equilibrium assem-
blage with respect to any single fluid and may not
include all minerals that existed within this deposition-
al system. Nevertheless, several lines of evidence in-
dicate that chemical constituents of these rocks
precipitated from fluids that were derived from the
alteration of olivine-bearing or -normative basalts
under low pH conditions. Evidence can be summarized
as follows:

1. Identification of jarosite is strong evidence that
fluids were at pH<5 since that marks the effective
upper stability level of this mineral;

2. Occurrence of hematite as a diagenetic mineral sug-
gests low pH environments. Near surface environ-
ments of Mars are thought to be oxidizing and so Fe
transport would be enhanced at low pH;

3. Experimental studies of alteration of synthetic mar-
tian basalt [16,43] indicate that Mg release is greatly
enhanced during dissolution of olivine-bearing
basalts or olivine-normative basaltic glasses but
inhibited during alteration of olivine-free (pyroxene
and feldspar-dominated) basalts;

4. Fluid-rock modeling [17] suggests that the inferred
evaporite and diagenetic mineral assemblages of
Mg-sulfate >Fe-sulfate=Ca-sulfate and hematite
can be derived from low pH fluids that have inter-
acted with such rocks. In fluids derived from olivine-
free basalts, Ca-sulfates dominate over Mg-sulfates,
which does not appear to be the case at Meridiani
where Mg-sulfates appear to dominate.

5. Diagenetic features

Evaporites are highly susceptible to extended and
complex histories of post-depositional diagenetic pro-
cesses [44,45] and the sedimentary rocks at Meridiani
Planum are no exception. However, it is worth noting
that, in spite of the highly reactive character of the
chemical constituents, in only a few places so far
observed do diagenetic processes appear to be so per-
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Fig. 4. Schematic diagram showing the relative timing of diagenetic features observed in the Burns formation. The boundary between early and late
digenesis is arbitrarily set at the formation of the concretions because this was likely a relatively rapid event associated with a chemically distinct

groundwater recharge event. See text for further discussion.

vasive as to obscure or significantly disrupt primary
sedimentary fabrics (i.e., bedding, lamination, cross
bedding, ripple forms). Opportunity imaged a variety
of textures, including cements, concretions, nodules
and secondary porosity that formed after deposition,
and are clearly diagenetic. The inferred order of these

5.1. Cements

At least two and possibly four generations of cement
are present within these rocks (Fig. 5). The mineralogy
of cements is not constrained but inferred to be one or
more of the possible evaporitic mineral jarosites, Mg-

features is summarized in Fig. 4 and Table 2. sulfate, Ca-sulfate, other Fe-sulfates, chlorides + hema-

Table 2
Proposed geologic history of the Burns formation (oldest to youngest)

Depositional Stage Event

PRE-DEPOSITIONAL

(Playa Lake Facies)
DEPOSITIONAL

(Dune-Sand Sheet-Interdune Facies)

1. Deposition and evaporative cementation of basaltic mud, likely near margin of playa lake. Erosion
to produce sand-sized grains.

2. Aeolian transport of impure evaporitic sand grains within dune - sand sheet - interdune deposi-
tional environment under a range of dry to wet conditions. Periodic rise of groundwater table results
in shallow subaqueous conditions in interdune setting [2].

3. Syndepositional formation of small (mm-scale) cross-cutting crystals of an evaporite mineral more
soluble than Mg-sulfates likely during evaporation of near-surface water table or capillary fringe of
water table.

4. Syndepositional to very early diagenetic formation of fine-grained (<100 pm) cement filling
primary porosity, likely caused by evaporation of near-surface water table or capillary fringe of water
table.

5. Rapid formation of hematitic concretions likely during a chemically distinct groundwater recharge
event. A thermodynamically plausible model is that hematite (or hematite precursor) forms by the
breakdown of jarosite or other iron sulfate such as melanterite.

6. Formation of secondary porosity by dissolution of small tabular crystals (crystal molds) and
dissolution of earlier cements to form elongate to sheet-like vugs. Possible that the secondary
porosity forms as a result of concretion growth.

7. Formation of overgrowth cements around concretions under fluid-saturated conditions. In the
lower and middle units (dune, lower part of sand sheet facies), this cement is more abundant and
forms at nucleation sites in addition to concretions. Contact between the middle and upper units,
interpreted to be a diagenetic front, is marked by a dark colored zone where primary stratification is
obscured by recrystallization and secondary porosity is especially abundant.

8. Formation of fractures, fracture fillings, veins and polygonal features likely associated with impact
processes. May also involve very late diagenetic processes, such as karsting.

9. Erosion of units above outcrop to produce lag of concretions on plains.

DIAGENETIC (Related to
syndepositional evaporation and
fluctuating groundwater table)

“POST-DIAGENETIC”
(Impact, karsting(?), erosion)
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Fig. 5. MI and Pancam images illustrating the types of diagenetic cement encountered in the Burns formation (scale bars are 5 mm across). (a,b)
Close up of MI images taken on Sols 42 (Flatrock) and 125 (Diogenes) showing early pore-filling cement. Note that the degree to which grain
boundaries are obscured is much greater in (b) than in (a), due to a greater degree of cementation and recrystallization. (c) Close up of MI image
taken in upper unit on Sol 28 (Algerita) showing isopachous blocky cements, about 2 mm thick, around spherules. (d) Close up of MI image taken
in upper unit on Sol 28 (Algerita) showing zone of isopachous blocky cement where a spherule had been present but now eroded out of the outcrop.
(e) MI image of abraded surface taken in middle unit on Sol 177 (Diamond Jenness, RAT-1) showing grain-cemented overgrowths on spherule.
Note that in this lower part of the section, the nature of this second generation of cement differs from that in the upper unit (compare with Fig. 5c,d).
(f) Part of MI mosaic of abraded rock surface (Diamond Jenness, RAT-2) taken on Sols 178 and 179. Note the nodular texture. The cementation that
gives rise to this texture is assumed to be associated with the same diagenetic process that caused the overgrowths on the spherules but centered on
different, indistinct nucleation sites. (g) Part of MI mosaic of soil taken on Sol 199 showing that the nodules are relatively resistant and remain intact
when they erode out of the outcrop. Arrows show two of the nodules that clearly have spherules at their cores. (h) Close up of false color Pancam
image of boulder Ellesmere. Note that the overgrowths on these spherules have a spoke-like appearance, suggestive of a radial fibrous texture.
Concerns about rover safety precluded closer approach to confirm this possibility. This image was taken on Sol 205, sequence P2559, using 750 nm,
530 nm and 480 nm filters. (i) Part of stretched false color MI mosaic of abraded rock Lion Stone taken on Sol 108. Note that this surface is
characterized by very low porosity. Based on resistance measurements collected during RAT grinding, this rock type is by far the hardest
encountered in the Burns formation. See Fig. 11c,d for another example of this cement type.

tite + amorphous silica. Cements that have been identi- separating the middle and upper units, cementation/

fied include the following: recrystallization can be so pervasive that primary
stratification is obscured.

1. Early fine-grained (<100 pum) pore-filling cements. 3. Rare, possible isopachous radial fibrous cements

2. Cements found around spherules and in isolated around spherules. If present, they may be equivalent

nodules. In most places this cement does not obscure to blocky cements surrounding spherules (a variety

primary stratification, however, in the lower part of of type 2), described above, but are significantly

the section, and especially at the Whatanga contact larger (see details below).
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4. Possible localized cementation/recrystallization in the
upper unit, leading to a reduction of porosity and
hardening of the rock. This may simply be a more
extensive version of the fine-grained pore-filling
cements (type 1) or may represent recrystallization.

Where grains are visible on outcrop surfaces and in
freshly exposed (RATed) surfaces, outlines commonly
are not distinct and material with grain sizes below MI
resolution (<100 pm) is present between grains (Fig.
5a). With only few exceptions, grains that can be
resolved are of relatively uniform size and, consistent
with cross-bedding evidence for reworking by wind
and water, primary clastic grains are both well sorted
and moderately well rounded. Accordingly, the fine-
grained intergranular material is interpreted to be pore-
filling cement rather than a separate population of fine
grains. In several places there is considerable differ-
ential erosion between laminations and the cements
appear to form sheets that effectively define the lami-
nations and obscure grain boundaries. Generally, indi-
vidual grains can be recognized, however, the degree
to which grain boundaries are well-defined is highly
variable and likely related to the amount of pore-filling
cement and degree of recrystallization (Fig. 5b). The
crystal sizes of these cements are below the resolution
of the MI and accordingly no additional textural in-
formation is available.

A second generation of millimeter-scale cement
forms around many spherules (Fig. 5c—e). In Eagle
crater and the upper parts of the stratigraphic section
at Endurance crater, the layer of cement typically is on
the order of 1-2 mm thick and appears to be blocky and
is isopachous. The formation of the overgrowths, which
are significantly larger than the size of grains, resulted
in a localized loss of primary fabric suggesting recrys-
tallization of original grains and pore-filling cement.
During erosion of outcrop surfaces, this cement is
relatively resistant or is shielded from erosion by resis-
tant spherules and commonly forms a pedestal to the
spherules (Fig. 5c,d). The presence of isopachous
cements is characteristic of the phreatic and/or capillary
fringe zones in aeolian sediments that have been sub-
merged beneath the water table [34].

Working down the stratigraphic section (top to bot-
tom), the nature of the cement surrounding spherules
changes markedly. Within the middle unit, it can reach
up to 4 mm in thickness and consists of a distinctive
zone of cemented sand grains that form overgrowths on
the spherules (Fig. Se,g). Where this occurs, there are
also many similar-appearing nodules (Fig. 5f,g). The
nodules also appear to be cemented sand grains but in

this case they do not form overgrowths to spherules.
Thus, although spherules form the nucleation site for a
second generation of cements, lower in the section at
Endurance crater, other nucleation sites must also exist
because there are far more nodules than spherules.

It is possible that the isopachous blocky cements,
spherule overgrowths and nodules represent multiple
distinct cementation events or alternatively they could
represent different expressions of fundamentally the
same diagenetic process controlled by variations in
porosity, permeabilty, sediment composition, grain
size, fluid residence time and so forth. A complex
history of cementation is characterisitc of the phreatic
and capillary fringe zones in many aeolian environ-
ments because the hydrological regime can be highly
dynamic in such settings [34,46].

At one location, on the rock Ellesmere near the
bottom of Endurance crater there is one observation
that provides suggestive evidence for radial fibrous
textures surrounding spherules (Fig. 5h) and possibly
filling fractures. The observation comes from a high-
resolution Pancam image taken from several meters
distance. The Microscopic Imager was unable to con-
firm this texture because it was not safe for the rover to
approach the rock. Radial fibrous textures could form
as primary cement or as a secondary recrystallization
product. The second of these options is suggested
because the thickness of the feature surrounding the
spherule in Fig. 5h is significantly greater (about 4-5
mm) than the isopachous blocky cement described
above and accordingly is likely to replace grains sur-
rounding the spherule. In either case, such textures, if
confirmed, would provide strong supporting evidence
for post-depositional fluid-saturated conditions such as
those found in marine or meteoric phreatic conditions
[47.48].

In most places, diagenetic processes do not obscure
primary sedimentary fabrics in any significant way.
Two exceptions exist. At the boundary between the
middle and upper units (Whatanga contact) there is a
marked darkening of outcrop color (Fig. 6a,b) and
depositional fabrics are obscured and in places even
obliterated (Fig. 6b,c) over a zone of up to about 50 cm
[2]. The pattern of diagenetic cementation and recrys-
tallization is basically the same as elsewhere but at this
location it is particularly intense and is accompanied by
a large amount of secondary porosity. A similar, but
somewhat less developed, zone of recrystallization also
occurs about 50 cm above the Whatanga contact (see
Fig. 1b). Two possible explanations are differential
diagenetic effects acting on primary lithological diffe-
rences, such as porosity and grain size (e.g., [49]), or a
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Fig. 6. (a) Close up of false color Pancam mosaic of the Burns
formation in the vicinity of the Karatepe ingress path showing the
distinct color change associated with the Whatanga contact (arrows),
marking the boundary between the middle and upper units. Scale can
be estimated from RAT holes, which are 4.5 cm in diameter. Images
used in this mosaic were taken on Sol 173, sequence P2401 using
750 nm, 530 nm and 430 nm filters. (b) Close up of true color (best
estimate) Pancam image of the Whatanga contact (arrows point to top
of contact zone) in the vicinity of Burns Cliff. Note that laminations are
highly obscured at the dark contact. Scale can be estimated from the
4.5 cm diameter RAT hole. Image was taken on Sol 310 at 12:36:29
LTST, sequence P2558, using 750 nm, 670 nm, 600 nm, 530 nm, 480
nm and 430 nm filters. (c) Close up of MI mosaic of abraded rock
surface (Grindstone) taken within the Whatanga contact at the Kar-
atepe stratigraphic section on Sol 152. Location is marked by box in
(a). Note that primary stratification and grain boundaries are obscured
by recrystallization and formation of secondary porosity. Also note the
greatly enlarged size of the pores in the bottom half of the image. The
white box shows the location of Fig. 12b.

stratigraphically controlled process that affects the in-
tensity of diagenetic alteration. Although primary strat-
ification is largely obscured, Grotzinger et al. [2] noted
that there is no indication of facies variations in this part
of the stratigraphic section and accordingly interpreted
these zones of recrystallization to be the position of the
top or capillary fringe of a stagnant paleo-water table,
and thus diagenetic fronts.

At the top of the El Capitan outcrop in Eagle crater
(Guadalupe) and in a single cobble on the Meridiani
plains just outside Endurance crater (Lion Stone)
RATed surfaces exposed apparently crystalline material
(Fig. 5i) but with both spherules and crystal molds
preserved (see Fig. 11d below). Resistance to grinding
by the RAT indicates that this material is significantly
harder than any other rocks encountered in the Burns
formation [22]. Two possible interpretations may ex-
plain this texture. The first is that this represents a much
higher degree of intergranular pore-filling cement that
eliminated most of the primary porosity and thus is
essentially an extreme version of cement type 1 de-
scribed above. The second possibility is that this is a
later pore-occluding cementing process involving re-
crystallization. In either case, it is worth noting that
the primary sedimentary fabric (sand-silt laminations,
grain boundaries) preserved on abraded surfaces at
Guadalupe and Lion Stone is also much more poorly
expressed than at other outcrops (see Fig. 11¢ below).
The chemical and mineralogical composition of RATed
surfaces is similar to other abraded outcrop samples
[25] indicating that the processes did not introduce a
significant amount of material with a composition sig-
nificantly different to the main outcrops.

5.2. Spherules

Dispersed throughout the outcrop are abundant
spherules (informally named “blueberries”) of relatively
uniform shape and size (Fig. 7). The spherules do not
appear to disrupt laminations in any significant way
(Fig. 7a,b). They typically weather out of the outcrop
by physical aeolian erosion and form a lag deposit on
the plains surface [50] indicating that they are far more
physically robust than the surrounding outcrop (Fig.
7c,d). The sizes of spherules embedded within the
outcrop are rather uniform with a mean diameter of
4.2 mm (standard deviation, s.d.=0.8 mm; 454 spher-
ules). The spherules are almost perfectly spherical with
aspect ratios averaging 1.06 (s.d.=0.04). Volumetric
densities of spherules were estimated at three locations
(Shoemaker’s Patio at Eagle crater, Fram crater and in
the upper unit at the Karatepe section in Endurance
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Fig. 7. MI and Pancam images of spherules in the Burns formation. Also see Figs. 5 and 11 for additional images of spherule distributions. Scale
bars are 5 mm across. (a) MI image taken on Sol 39 (Last Chance) showing spherules weathering out of outcrop. Note small spherule on right hand
side (white arrow) and note that laminations are not deflected by spherules (red arrows). (b) Close up of MI image taken on Sol 144 showing the
lack of disruption of bedding by spherules. (c) Close up of approximate true color (best estimate) Pancam image of the rock Pilbara at Fram crater.
Note that the highly resistant spherules create a “shadow” to physical erosion forming stalks. Image was taken on Sol 88 at 11:37:01 LTST, sequence
P2542, using 750 nm, 670 nm, 600 nm, 530 nm, 480 nm and 430 nm filters. (d) False color Pancam image of rock-soil surface showing the
concentration of weathered out spherules to form a lag deposit. Image is approximately 2 m across at the center. Image was taken on Sol 188,
sequence P0050, using 750 nm, 530 nm and 430 nm filters. () Close up of MI image taken on Sol 28 showing the presence of latitudinal band that
is contiguous with bedding. (f) Close up of MI image taken on Sol 122 showing weathered-out spherules on soil surface. Note the spherule
“doublet” with conjoined spherules being of near equal size. (g) Close up of MI image taken on Sol 48 of weathered out spherules on soil surface.
Note the spherule "triplet" with the central spherule being larger than the other two. (h) Close up of MI image taken on Sol 84 of spherule that has
been broken in half by natural processes. Note the lack of any internal structure within the resolution capability of the ML. (i) Close up of part of MI
mosaic taken on Sol 160 (Drammenfjorden) showing an abraded spherule. Note the lack of internal structure and lack of variation in albedo within
the spherule.

crater, with an average of 27 spherules measured for
each rock) using the formula V'=(mml*/6A) where m is
number of spherules on a planar rock surface with
area A, and / is the mean spherule diameter (i.e., the
population of spherules intersected by a plane is as-
sumed to represent what is contained within a layer of
thickness /). Among these areas, volumetric density
of spherules and the range of sizes differ signifi-
cantly: 1.2% (s.d.=0.4%, n=4 rocks) at Eagle crater;
43 (5.d.=0.8%. n=6) at Fram crater and 4.0%

(s.d.=2.0%, n=6) at Endurance crater. The overall
average volumetric density is 3.2% (s.d.=2.0% for
n=17).

A second population of spherules may exist within
the soils of Meridiani Planum. This population has
similar VNIR spectroscopic characteristics as the spher-
ules within the outcrop but is of significantly smaller
size, averaging 0.8 mm (s.d.=0.1 mm, n=43). These
are not interpreted as an abraded equivalent of the
outcrop spherules because they commonly maintain a
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spherical shape. Instead, they may represent a different
population of spherules derived from overlying outcrop
material that has eroded away.

There is no evidence that spherules concentrate along
any bedding feature and in a few cases they show band-
ing or latitudinal grooves that are contiguous with sur-
rounding bedding (Fig. 7e). The vast majority of
spherules occur in isolation but rarely, they form
“doublets” (Fig. 7f) and in at least two occurrences
they form linear “triplets” (Fig. 7g). In some cases, the
conjoined spherules are of near equal size but in other
cases one of the conjoined spherules is significantly
smaller than the other. Where spherule interiors are
exposed, either by natural cracking (Fig. 7h) or through
RAT abrasion (Fig. 71), they show no internal structure or
included grains, within the ~100 um resolution of the M1.

The chemical composition and mineralogy of the
spherules is critical to their interpretation but cannot
be determined directly because they are too small to
allow direct unambiguous spectroscopic measurement
by any of the contact instruments. Accordingly, their
composition has to be determined indirectly and thus
with greater uncertainty. One indirect approach was
through the “berry bowl” experiment. At an outcrop
in Eagle crater there was a natural enrichment of weath-

ered-out spherules in a small depression. Here, APXS,
Maossbauer and Mini-TES measurements were made on
the region of spherule enrichment and on an adjacent
region apparently free of spherules. The chemical
results of these experiments are shown on a ternary
diagram plotting SO3;—MgO-FeO, (Fig. 8). Also
shown are analyses of soil surfaces where MI images
indicated an unusual enrichment of weathered out
spherules as a lag deposit or where Mdssbauer indicated
unusual enrichment of hematite. Because the spherule-
rich region in the “berry bowl” experiment contains
some amount of surrounding outcrop, extrapolation of
the “unmixing” line indicates that the spherules are
composed of a mixture of about 50-60% hematite
(confirmed by Mossbauer and Mini-TES) and 40—
50% terrigenous basaltic material that may be embed-
ded within the spherule and/or as basaltic sand on the
outcrop surface. Mixing calculations further indicate
that the amount of sulfate must be below about 10%
(note that jarosite was not detected by the Mdssbauer
spectrometer). Such simple mixing calculations likely
provide a lower limit on the amount of hematite in the
spherules because surface coatings on the spherules
themselves are likely to result in an overestimate of
the amount of basalt and sulfate. Indeed Mini-TES

® Qutcrop Abraded

Gypsum M Mirabilite

A soils
# Hematitic Soils
B Martian Basalts

@ Berry Bowl

Kieserite

Berry Bowl Empty @,

Melanterite

Jarosite

chwertmannite

N

Ay
‘:é ’\ Berry Bowl Full

Barberton M
Magnesite m N Maghemite,
Dolomite - = Hematite
Martian basalts
MgO FeO;

Fig. 8. Plot of mole proportions of SO; — MgO — FeOr showing the results of the “berry bowl experiment” and spherule-rich soils. Note that a
mixing line between spherule-rich analyses (berry bowl full) and the spherule-poor outcrop surface (berry bowl empty) extrapolates to a low sulfate
composition approximately midway between average martian basalts and the FeOr apex where hematite plots. Any surface contamination on the
concretions is likely to be enriched in basaltic material and this estimate is likely a lower limit on the hematite content of the spherules. nset. True
color (best estimate) Pancam image of location where berry bowl experiment was carried out. Arrows point to approximate locations of “berry bowl
full” and “berry bowl empty” measurements. Image was taken on Sol 45 at 10:27:51 LTST, sequence P2556, using 750 nm, 670 nm, 600 nm,

530 nm, 480 nm and 430 nm filters.



S.M. McLennan et al. / Earth and Planetary Science Letters 240 (2005) 95-121 109

deconvolutions of spherule-rich regions suggest that
they are on the order of 90% or more hematite [28],
although one caveat of this analysis is that only the
outer 100 pm of the spherules is being analyzed.

Hematite is distributed throughout the spherules
rather than forming concentric shells or concentrating
near the surface. On broken and abraded surfaces, MI
images reveal no internal structure (e.g., see Fig. 7h,i).
Visible through near infrared spectra show distinctive
spectral responses for hematite [18] and multi-filter
Pancam images of the interiors of abraded spherules
indicate uniform compositions throughout.

Four possible origins were considered for the spher-
ules: sedimentary concretions, accretionary sedimentary
grains (e.g., pisolith-like), volcanic lapilli and impact
glasses. The textural, mineralogical and chemical evi-
dence is considered to be overwhelmingly consistent
with these objects representing post-depositional sedi-
mentary concretions (also see [51]). The most compel-
ling evidence includes the following:

1. Absence of concentration along scour pits and other
truncation surfaces associated with current-generated
bedforms or significant stratigraphic boundaries,
such as the Wellington contact, as expected for
deposition of sedimentary grains, lapilli or impact
glasses, where hydraulic segregation of larger and
more massive grains would occur.

2. Highly distinctive composition (Fe-rich) and miner-
alogy (dominated by hematite) inconsistent with
volcanic lapilli or impact glasses such as tektites.

3. Occurrences of “doublets” and especially linearly
aligned "triplets" that are statistically unlikely in
volcanic or impact environments but expected for
concretions [51,52].

4. Other textural relationships, including latitudinal
grooves oriented parallel to bedding, lack of signif-
icant disruption to bedding and lack of internal
structure.

It is not entirely clear whether the concretions grew
dominantly by replacive or displacive processes [52]
although available observations would suggest that the
former dominates. If the hematite content is on the
order of 40-70%, with the remainder consisting of
siliciclastic material, it is likely that the concretions
could form by infilling of available porosity plus
replacement of relatively soluble evaporitic minerals.
On the other hand, if hematite makes up much more
than about 70% of the concretions then it is more
likely that relatively insoluble siliciclastic debris has
been substantially displaced during concretion growth.

Replacive processes are suggested by the complete
lack of disruption of primary stratification at spherule
margins.

Using 3-D terrain models generated from stereo
Pancam imagery, rock boundaries and the positions of
the in situ spherules (measured only from planar rock
surfaces) were used to characterize the spatial distribu-
tion of spherules within the outcrops [53]. Nearest-
neighbor (NN) distributions were calculated for the
spherule positions in each rock and combined into a
single distribution, shown in Fig. 9. Also shown is the
mean NN distribution and standard deviation (gray
region) for 500 realizations of 454 randomly-distributed
positions within the 17 rock boundaries. That is, for a
rock surface with p spherules, p positions were chosen
at random from within the region outlined by the rock
boundary. This was repeated for the remaining rocks,
and the NN distribution for each case was calculated
and the results combined. The entire process was re-
peated 500 times. The mean of the resulting distribu-
tions is plotted in Fig. 9 (dashed line). Because
spherules have finite size, while choosing new spherule
positions, an exclusion radius was imposed around
positions already chosen in order to preclude overlap.
The plotted distribution has 15 bins measuring 3.5 mm
across. The last bin (with the largest value) includes all
distances greater than 50 mm. A > goodness-of-fit test
for 10 degrees-of-freedom (to ensure that all bins con-
tain >5 points) yields a probability <0.001 that the
random distribution is consistent with our result. That
is, a vanishingly small number of statistical realizations
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Fig. 9. Plot of Frequency versus Nearest Neighbour Distance for 454
spherules (solid line) from four locations compared to a numerical
random distribution (dashed line). The gray region indicates one
standard deviation for 500 realizations on flat rock surfaces with
identical boundaries to those from which measurements were taken.
See text for discussion.
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will depart from the random NN distribution as much as
the measured case.

A random distribution would imply that sites favor-
able for the nucleation and growth of concretions are
ubiquitous and densely distributed through the rock (i.e.,
all sites have an equal probability of nucleating), or else
that favorable sites are themselves randomly distributed.
A random distribution of spherules would imply more-
over that the nucleation and growth of a concretion does
not change the likelihood that other concretions will
nucleate nearby. Our results indicate a clear departure
from a random distribution. The measured distribution
lies below the random distribution for small separations,
and this may imply that concretions diminish the likeli-
hood of nucleation in their proximity (e.g., competing
zones of depleted solute). Because we find examples of
doubly- and triply-fused concretions (Fig. 7f,g) this
interference clearly does not occur in all circumstances.
An alternate explanation is that favorable sites have a
heterogeneous distribution such that they occur in zones
with varying abundance owing, for example, to varia-
tions in permeability and porosity. Our measurements of
a slight major axis elongation (~6%) suggest that fluid
transport was very slow relative to the time it took the
concretions to grow. Note that this very slight major axis
elongation would also include any compaction effects,
although these are considered to be minimal.

The regional distribution of concretions place im-
portant constraints on their timing. Sedimentary struc-
tures indicate that both subaqueous (upper part of upper
Burns unit) and aeolian (lower and middle Burns units)
facies exist in this sedimentary succession [2]. Within
Endurance crater, notably at Burns Cliff, compelling
examples of high angle meter-scale cross beds overlain

by low angle sandstones are interpreted as dune and
sand sheet facies, respectively. Accordingly, an impor-
tant observation is that concretions also are found in
these sedimentary rocks and their distribution is unaf-
fected by major facies boundaries (see Fig. 10). Ac-
cordingly, formation of concretions is interpreted to
have been sometime after deposition of the entire se-
quence because the concretions are pervasively distrib-
uted across facies boundaries.

The formation of hematitic concretions is not an
unreasonable process to expect in a complex and reac-
tive iron and magnesium-rich, acidic evaporite system.
The resulting evaporitic mineralogy is highly labile and
stability of many of the minerals is very sensitive to pH,
oxidation state, ionic strength and composition of
groundwater [17,25]. Tosca et al. [17] modeled the
effects of fresh water recharge on evaporites precipitat-
ed from fluids derived by interaction with olivine-bear-
ing basalts and found that breakdown of jarosite to form
goethite or hematite resulted, e.g.:

(H;0)Fe3(SO4),(OH) = 3FeO+OH + 2802~ + H,0
+4HT, (1)

Another plausible reaction is oxidation of a highly
soluble ferrous sulfate, such as melanterite [54], a
possible late-stage evaporite mineral [17] and candidate
crystal mold-filling mineral (see below), to form goe-
thite or hematite e.g.:

FeS04+7H,0 + 0.250,=Fe0+OH + SO;
+5.5H,0 + 2H". (2)

Note that both of these reactions would lower the pH of
the groundwater and likely move the system back in the

Fig. 10. Close up of grayscale “super-resolution” Pancam image showing the Wellington contact that separates the lower dune facies from the
middle sand sheet facies [2]. Note the distribution of spherules on either side of the contact. The scale of the image can be estimated from the size of
spherules, which average about 4.2 mm in diameter. Images used to construct this “super-resolution” picture were taken on Sol 288 using the

430 nm filter.
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direction of jarosite and melanterite stability [17], thus
creating a potential mechanism for abruptly shutting
down the concretion-forming process. Formation of
concretions by such reactions is very likely to be a
major porosity-forming process. The molar volumes
of jarosite and melanterite are approximately seven
times that of goethite and five times that of hematite.
Accordingly, depending on the exact reaction and as-
suming sulfate ion remains in solution, between ap-
proximately 2 and 10 cm® of porosity is produced for
every cm® of goethite/hematite that is formed.

The time it takes for concretions to grow has been
studied in some detail [55-58]. For the example where
hematite (or a hematite precursor such as goethite) forms
by breakdown of jarosite with no additional introduced
material [17] the concretions would likely grow by
transport-controlled replacement/precipitation [56,58].
The rate of growth would depend on concretion size,
molar volume of dissolving and precipitating minerals,
concentration gradients of solute in precipitating fluid
around growing concretions, volume fraction of the
sediment in which the concretion forms and molecular
diffusion coefficients. For 4 mm concretions of goethite
or hematite, that form at the expense of jarosite in a
sediment with 20% porosity, ~3 ppm Fe concentration
gradients (consistent with modeling of Tosca et al. [17])
and molecular diffusion rates of 10> cm/s, timescales of
significantly less than 10° martian years are calculated,
indicating very rapid formation.

In summary, diagenetic hematitic concretions em-
bedded within the outcrops appear to have formed
very rapidly under near isotropic fluid flow conditions
(stagnant to very slow fluid movement). Formation of
hematite by breakdown of jarosite during basin re-
charge by relatively dilute groundwater [17] or oxida-
tion of ferrous sulfates, such as melanterite, are
plausible mechanisms for their formation. There is no
need to call on the introduction of any exotic fluid
composition or any mineral that is not inferred for
this geochemical system [17,25].

5.3. Secondary Porosity

Throughout much of the outcrops, void spaces of
various sizes and shapes were observed. These voids
typically are significantly larger than the size of frame-
work sand grains and accordingly are interpreted to
represent secondary porosity related to dissolution pro-
cesses. The pores can be divided into two basic types:

1. Crystal-shaped molds. These features are equivalent
to the “vugs” described in Squyres et al. [1]. For this

work, the porosity nomenclature of Choquette and
Pray [59] is applied and the term “vug” is restricted
to non-fabric selective features.

2. Elongate to sheet-like vugs. The length to width
ratios of these pores are variable but in places are
greater than 10, which would indicate that this pore
type grades into “channel pores” [59].

Scattered throughout the outcrops are domains con-
taining millimeter scale crystal-shaped pores (Fig. 11).
The pores typically are on the order of 0.5-1.5 mm
wide and 2—-8 mm long and, where present, constitute
as much as 5% of the outcrop by area (Fig. 1la).
Length/width ratios vary by about a factor of 34
(Fig. 11a,b). In many places they are lozenge or tabular
shaped with sharp well-defined straight edges. In
others, the edges appear corroded and the pore en-
larged. In places the pores appear to preferentially
align at high angles to bedding but in other places
there is no clear preferred orientation. Accordingly, the
pores are interpreted to represent molds of an earlier
formed mineral (see below). Although no independent
constraints are available on the mineral, the shapes of
the pores suggest a monoclinic crystal habit. There is
no evidence that the original crystal mold-filling min-
eral, which is significantly larger and less spherical and
rounded than typical grains, significantly disrupts pri-
mary laminations.

In many places, these pores are filled with fine-
grained dark material, likely fine basaltic sand. There
is no textural evidence to suggest that this sandy mate-
rial is derived from the outcrop itself and so it is likely
that this fine-grained debris results from relatively re-
cent accumulation by aeolian processes.

On Earth, the timing of randomly oriented euhedral
evaporitic mineral growth (i.e., syndepositional vs.
post-depositional) is generally considered to be ambig-
uous. However, for the sedimentary environments that
have been proposed for these rocks (dune—sand sheet—
interdune), very early diagenetic, syndepositional for-
mation of evaporitic minerals is a common phenome-
non [32,44,60-62]. Accordingly, we interpret the
original crystal mold-filling mineral to be an early
diagenetic mineral that formed within the sediment
shortly after deposition by evaporation of pore-filling
brines derived from the underlying water table or cap-
illary fringe.

We further interpret the pores themselves to repre-
sent secondary moldic porosity [59] rather than a sur-
ficial feature caused by relatively recent wind or
chemical abrasion. In places, the size of pores increases
rather than decreases with depth on surfaces that have
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Fig. 11. MI images of crystal-shaped molds. Scale bars are 5 mm. (a) Close up of MI mosaic taken on Sol 27 (El Capitan) showing distribution of
molds in the upper interdune facies. Note that the pores are elongate, commonly with sharply defined margins and angular teminations, are
randomly oriented and are significantly larger than sand-sized grains. The pores are interpreted to represent secondary crystal moldic porosity. The
site of the molds is interpreted to have been the original location of a highly soluble, near-euhedral evaporitic mineral that formed within the
sediment during or shortly after deposition. (b) Close up of MI mosaic taken on Sol 151 (Kettlestone) showing distribution of crystal molds. Note
that these molds have similar shapes as seen in (a) but that many are smaller and have lower length/width ratios (red arrows). (c), (d) Close up of MI
images taken of the rock Guadalupe on Sols 34 (c) and 35 (d) showing the same field of view of pre-RAT and post-RAT surfaces. Note that in some
cases molds that are present on the unabraded surface become enlarged on the abraded surface (yellow arrows) and in other cases, molds that are not
observed on the unabraded surface appear on the abraded surface (red arrows). These observations are considered evidence that the molds represent
intrinsic porosity in the rocks rather than a surface erosion feature. () Close up and highly stretched MI image taken on Sol 29 (El Capitan) showing
a spherule impinging into a crystal mold. If the moldic porosity had been present when the spherule formed, it is likely that the shape of the growing
spherule would have been influenced by the increased permeability. Accordingly, this cross cutting relationship is taken as evidence that the

secondary porosity represented by the molds post-dates the formation of the spherules.

been abraded by the RAT (compare Fig. 11c and d).
Physical abrasion is most likely to diminish its effect
with depth rather than increase its effect. At the ex-
treme, some crystal molds that are exposed after abra-
sion are not present on the unabraded outcrop surface
(compare Fig. 11c and d). Finally, no partial or com-
plete intact crystals of similar habit were encountered
on any pristine surface or on any abraded surface.

Magnesium sulfate is one likely major evaporitic
component of the outcrops and such minerals are highly
soluble [25]. During diagenesis, the mold-forming crys-
tal material consistently and fully dissolved but the
surrounding evaporitic minerals appear to have
remained largely intact, thus constraining the candidate
crystal compositions to be a late-forming evaporitic
mineral. Melanterite, a low density, hydrated ferrous
sulfate is one possibility to account for the features
observed. Its monoclinic crystal habits include stubby
prismatic or blocky to tabular crystals. Melanterite has
also been observed in acidic terrestrial environments

[30,54]. Other possibilities include magnesium or iron
chlorides and, less likely, glauberite, a Na—Ca sulfate.

The relative timing of the crystal molds and hematitic
concretions is only partly constrained. In places crystal
molds abruptly terminate against the edge of spherules
(Fig. 11d) suggesting but certainly not confirming a cross
cutting relationship consistent with the interpretation that
the mold-forming mineral was early. The formation of
the secondary moldic porosity appears to post-date for-
mation of the hematitic concretions: in Fig. 11e, a sphe-
rule is shown impinging an empty pore, but neither
filling the space nor having its spherical shape perturbed.
Had no crystal been present at this point in the diagenetic
history, the spherule’s symmetry should have altered as it
preferentially grew into the vacant space.

On many abraded surfaces large elongate to sheet-
like irregular void spaces occur. These features appear to
have a preferential but by no means exclusive alignment
with primary bedding fabrics (Fig. 12). The scale of
these features is typically millimeters to centimeters
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Fig. 12. MI images of elongate to sheet-like vugs. Scale bars are 5
mm. (a) Close up of part of MI mosaic of RAT abraded outcrop
surface taken on Sol 145 (Cobble Hill). These features are interpreted
as secondary vug porosity that resulted from dissolution of relatively
soluble evaporitic components in the sedimentary rock. (b) Close up
of part of MI mosaic of RAT abraded outcrop surface taken on Sol
152 (Grindstone). The surrounding region of this image, showing
further examples of this type of porosity, is shown in Fig. 6¢c. The
circular feature in the center of the image is the location of a spherule
that has fallen out during the RATing operation. Note the relationship
between the secondary porosity and the spherule (arrows). Although
the original shape of the spherule is not known, there is no suggestion
from its mold that the shape was influenced by the presence of the
sheet-like vug porosity. Accordingly, it is likely that the porosity post-
dates the formation of the spherules and formed at about the same
time as the moldic porosity.

long and sub-millimeter to millimeters wide. They are
interpreted to represent secondary vug porosity [59],
likely due to the dissolution of relatively soluble evapo-
ritic minerals. In places, the length to width ratio of these
pores is greater than 10 and accordingly this vug poros-
ity grades into channel porosity [59]. At one location a
single layer of sheet-like vug porosity is observed on
either side of a spherule (Fig. 12b), however, the spher-
ule fell out during the RATing operation and the detailed
cross-cutting relationship cannot be observed. The out-
line of the spherule socket appears to be uniform across
the boundary with the sheet-like vug, suggesting that
there was no secondary vug porosity at the time of
spherule growth. No textural relationships have been
noted to suggest any cross-cutting relationships between
the secondary porosity represented by the crystal molds
and sheet-like vugs and accordingly, these are inter-
preted to have occurred at essentially the same time
and to post-date the formation of the spherules.

At the stratigraphically-controlled zones of recrys-
tallization, typified by the Whatanga contact (Fig. 1b),
the size of many of the elongate to sheet-like vugs
appears to be greatly enlarged (Fig. 6), suggesting
that further dissolution of pre-existing porosity and
likely the formation of completely new secondary vug
porosity played an important role in the development of
these zones.

5.4. Disrupted bedforms

Near surface mineral growth, hydration/dehydration
reactions and mineral transformations are very common
during early diagenesis of evaporitic sedimentary rocks
on Earth leading to post-depositional volume changes.
Accordingly, evidence for synsedimentary deformation
and disruption of primary depositional fabrics is com-
mon [44]. In acolian settings, the influence of such
processes is greater where chemical sedimentation
dominates over clastic sedimentation and where damp
to wet conditions perisist [63,64]. The preserved rocks
at Meridiani Planum are thus notable for the general
overall coherence of primary sedimentary fabrics such
as laminations, cross beds and possible ripples, consis-
tent with a clastic-dominated aeolian system. Only in
zones of later diagenetic recrystallization, such as at the
Whatanga contact and Guadalupe, are primary fabrics
highly obscured.

Grotzinger et al. [2] described a facies containing
wavy— to irregular-bedded sandstones within the middle
and upper units of the Burns formation (see Fig. 13 in
[2]). In the middle unit, these features are mainly related
to clastic depositional processes however, as one moves
up through the section, and especially in the upper unit,
convolute to contorted bedding, massive bedding and
possible teepee structures or salt-ridge structures are
present within acolian sandstones. Grotzinger et al. [2]
interpreted these features to represent a combination of
soft-sediment and brittle synsedimentary deformation
(depending on degree of cementation) caused by miner-
alization and deformation associated with evaporation of
brines from a near-surface water table within the inter-
dune environment.

5.5. Other features
A variety of other features have been noted in the
outcrops of Meridiani Planum that could have a diage-

netic origin or influence. These include the following:

1. Meter-scale fracture patterns near the top of the
Meridiani Planum outcrops (Fig. 13a,b). In many
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Fig. 13. Pancam images of various features that are considered to be of questionable diagenetic origin. (a) Close up of false color Pancam mosaic
looking down into Endurance crater along the Karatepe ingress route. Image is approximately 1.5 m across at the center. Note the highly fractured
nature of the rocks in the lower part of the image (i.e., upper part of stratigraphic section) that grades down into coherent outcrop at about the
position of the arrow. False color images were taken on Sol 133, sequence P2371, using 750 nm, 530 nm and 430 nm filters. (b) Close up of true
color (best estimate) Pancam image of the Anatolia depression on the Meridiani plains between Eagle and Fram craters. Image is approximately 1.6
m across at its center. Note that the fractured nature of the rocks at this location well removed from any known impact site. Also not the raised
feature (arrow) that is likely the selvage of a cross-cutting vein along the margin of one of the fracture blocks (compare to (d)). Image was taken on
Sol 74 at 11:53:42 LTST, sequence P2591, using 750 nm, 670 nm, 600 nm, 530 nm, 480 nm and 430 nm filters. (c) Close up of false color Pancam
image of boulder Ellesmere. Note the very thin (~ I mm) vein that cuts across the primary stratification. Scale of the image can be estimated by the
spherules that average 4.2 mm in diameter. This image was taken on Sol 205, sequence P2559 using 750 nm, 530 nm and 480 nm filters. (d) Close
up of true color (best estimate) Pancam image of the feature Arnold Ziffell within Endurance crater. Image is approximately 30 cm across at its
center. Note the high-standing vein-like feature or selvage. These features are commonly found along the margins of fractured blocks. Image was
taken on Sol 170 at 09:11:46 LTST, sequence P2598, using 750 nm, 670 nm, 600 nm, 530 nm, 480 nm and 430 nm filters. (e) Close up of false color
Pancam mosaic of rock Wopmay within Endurance crater. Image is approximately 80 cm across. Note the polygonal fracture pattern on the surface
of the rock. In this image, the polygonal structures appear to be a three-dimensional network rather than simply a surface feature. Image was taken
on Sol 251, sequence P2432, using 750 nm, 530 nm and 430 nm filters. (f) Close up of false color Pancam mosaic of rock Escher within Endurance
crater. Image is approximately 35 cm across at the center. Note the cm-scale polygonal structures on the surface of the outcrop. The linear features
(arrow) are where primary stratification intersect the rock surface and it is clear that the polygonal structures cross-cut stratification and have formed
on the present-day outcrop surface. Image was taken on Sol 208, sequence P2423, using 750 nm, 530 nm and 430 nm filters.

places adjacent blocks are clearly contiguous and in 2. Cross-cutting vein-like features that express them-

general the blocks do not appear to be transported
far. One important exception to this is at the rim of
Endurance crater. The crater margin has eroded
back some distance and many breccia blocks near
the rim have slumped into the crater. In places,
such as at Fram crater, disrupted blocks are
upturned around the crater rim and are clearly of
impact origin. However, in other places, such as the
Anatolia depression, fracture patterns are present
but with no evidence for a nearby impact crater
(Fig. 13b). At the ingress point at Endurance crater
(Karatepe section), there is clearly a downward
gradation from fractured blocks to coherent outcrop
(Fig. 13a).

selves as true veins (Fig. 13c) or what appear to be
differentially eroded selvages of fracture-filling
veins (Fig. 13d). Many of the vein-like features
that have been observed within some rocks are
also found at the margins of disrupted blocks asso-
ciated with meter-scale fractures.

. Small scale polygonal textures exist on some rock

surfaces in isolated out-of-place boulders within En-
durance crater and on blocks preserved on the Meri-
diani Plains. In some places, they appear to be three-
dimensional networks (Fig. 13¢) but in other places,
they appear to be restricted to rock surfaces (Fig.
13f). Wherever relationships can be observed, the
symmetry axis of each polygon is normal to the
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present-day erosional surface and thus cut across
primary bedding. Accordingly, the polygonal struc-
tures post-date sedimentation and so do not represent
desiccation features contemporaneous with deposi-
tion. Possible origins include impact-related fractur-
ing, various septarian processes, synaeresis cracks,
diagenetic volume changes associated with mineral
transformations or dehydration, relatively recent
desiccation of surface deposits that post-date the for-
mation of the crater.

In terrestrial settings, all such features would most
likely be interpreted as diagenetic in origin (e.g., [65—
67]). However, on Meridiani Planum, the relationship
between meteorite impact craters and outcrop exposure
provides alternative explanations. Evaporitic sedimen-
tary materials on Earth are highly prone to dissolution
and karsting and incipient karsting can be difficult to
distinguish from impact-related brecciation [67]. An-
other possibility is that the fracture patterns result from
regional cracking during mineral dehydration and/or
water expulsion. For example, the dehydration of hy-
drated magnesium and ferrous sulfate minerals, with the
general formulas MgSO4enH,0 and FeSO4°nH,0, are
controlled largely by relative humidity and they lose
approximately 10-15% of their volume for every water
molecule removed. In any case, many of these processes
are not mutually exclusive. Karsting commonly initiates
along joint or fracture systems, such as those that could
form on a more regional scale during impacts.

An important avenue of future research will be to
map the orientation of fractures and polygonal features
and compare them to regional structural features (cra-
ters, regional depressions such as Anatolia and bed-
ding). For example, if they form a regional pattern
unrelated to impact craters, it might suggest a diage-
netic origin or influence.

6. Geological/diagenetic history

The provenance and diagenetic histories that can be
inferred from the preserved mineralogical, chemical
and textural relationships in the Burns formation are
generally consistent with those expected for the dune—
sand sheet—interdune depositional setting suggested by
Grotzinger et al. [2]. Observed diagenetic textures dom-
inantly reflect phreatic and capillary fringe zone envi-
ronments. In this depositional setting, vadose zone
diagenetic processes are most effectively preserved in
the dune facies above the water table [34]. In addition,
diagnostic vadose zone textures, such as meniscus and
pendant cement, are commonly very fine scale and thus

would be difficult to resolve by the Opportunity instru-
ment suite. Such cement would also be readily over-
printed by recrystallization and new mineral growth
during subsequent recharge of groundwater. The con-
tact between the lower dune and middle sand sheet
facies of the Burns formation is interpreted to represent
a deflation surface and thus marks erosion of the over-
lying vadose zone of the dunes to near the water table
level [2].

The proposed geological and diagenetic history is
summarized in Table 2 and Fig. 14 and discussed in
greater detail below.

6.1. Syndepositional—early diagenesis

Low pH and the basaltic provenance resulted in a
magnesium- and iron-rich hydrological system that
produced a highly distinctive evaporitic and diagenetic
mineralogy, including jarosite and hematite, Mg-sulfates
and possibly other ferric and ferrous sulfates and
chlorides [17,25]. There are no good terrestrial analogs
that characterize both chemical and physical condi-
tions. Iron-rich acid playa lakes are found in Australia
and have some mineralogical similarities with the Burns
formation, such as the presence of jarosite and hematite
[15]. However, the terrigenous components of these
sediments are quartzose and indeed it is the lack of
buffering capacity of the associated siliciclastic sedi-
ments that permit low pH to be maintained in the
Australian acid lakes. Evaporite-rich dune—interdune
systems, such as those preserved in the Quaternary-
aged White Sands deposits of southwestern U.S.A.
[34] and the interdune sabkhas in the Saudi Arabian
sand seas [32] have many physical and textural features
in common with Meridiani, as does the Prungle Lake
lacustrine—aeolian system of southeastern Australia [68].
On the other hand, the chemical components in these
systems are dominated by Ca-sulfates and halite, typical
of a high pH, iron- and magnesium-deficient evaporitic
setting.

In terrestrial acolian settings, reworking of evaporitic
material that forms in penecontemporaneous, dry playa
lakebeds, either as pure evaporite minerals (typically
gypsum) or evaporite-cemented siliciclastic debris,
commonly is the source of sand-sized grains. The
large basaltic terrigenous component in the Burns for-
mation is most readily explained by the second of these
processes, thus suggesting that an active playa environ-
ment must have existed at the time of sand production
[2]. Aeolian and subaqueous activity then reworked the
grains into the preserved dune-sand sheet—interdune
system [2].
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Stage 1. Syndepositional - Early Diagenesis:
Euhedral crystal mold-filling mineral, pore-filling cements
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Fig. 14. Schematic model of the diagenetic history in the Burns
formation. For simplicity, the sand sheet facies [2] is not represented
in this diagram. Stage I - Syndepositional Through Early Diagenesis.
Evaporation of near surface groundwater table or capillary fringe of
groundwater table results in intrasediment formation of mm-scale
euhedral crystals of highly soluble evaporite mineral. At about the
same time, early pore-filling cements form by evaporative processes.
Stage 2 - Early / Late Diagenesis. Slow recharge of chemically distinct
groundwater (higher pH and/or more oxidizing than pre-existing
groundwater conditions) results in breakdown of jarosite or other Fe-
sulfate (such as melanterite) to form hematitic concretions. This pro-
cess is likely very rapid and thus marks a convenient boundary
between early and late diagenesis. Stage 3 - Late Diagenesis. Forma-
tion of secondary crystal moldic porosity is due to dissolution of
syndepositional mm-scale euhedral evaporite crystals and secondary
sheet-like vug porosity due to dissolution of relatively soluble pore-
filling cements. Secondary porosity may result from formation of
hematitic concretions. Second generation of cements forms as over-
growths on concretions and, lower in the section, as cemented nodules.

Pore-filling cements, likely consisting of Mg-, Fe-
and Ca-sulfate & chloride, crystallized either during or
shortly after sedimentation. Cement of this nature may

form by at least two mechanisms. The first is by
evaporation of near surface groundwater brines (in
this case Mg- and Fe-rich) resulting in crystallization
of evaporitic minerals, thus implying phreatic or capil-
lary fringe environments [34]. The second mechanism
occurs in the vadose zone by dissolution/reprecipitation
processes at grain boundaries or by reworking of wind-
blown or adhered dust derived from eroded evaporite
surface crusts and deposited with the sand [32,64].
Distinguishing phreatic from vadose zone processes
requires microtextural information, such as the identi-
fication of meniscus or pendant cement textures, and
cannot be resolved with available image resolution.
Nevertheless, the pervasive character of these earliest
pore-filling cements and evidence for complex recrys-
tallization is considered most consistent with phreatic
or capillary fringe conditions [34].

Formation of the crystal mold-filling mineral is
interpreted to be analogous to the formation of relative-
ly small euhedral halite crystals found in some modern
detrital-dominated sabkhas (e.g., [34]). In this setting,
halite forms distinctive layers either at the sediment
surface or within the sediment itself through evapora-
tion of the capillary fringe of a near-surface groundwa-
ter table. Meridiani mold shapes are generally similar to
the crystal habit of gypsum [60], which commonly
forms gypsum rosettes or "poikilitic" crystals beneath
the water table [32,34,62,68,69]. Nevertheless, the crys-
tal mold-forming mineral in the Burns formation is
interpreted instead to be a very late stage evaporitic
mineral (i.e., at least as soluble as Mg-sulfate), such as
melanterite or an Mg-, Fe-, or Ca-chloride. The reason
for this interpretation is that the dissolution of the
crystal mold-forming mineral to produce secondary
porosity (see below) does not appear to have caused
any noticeable disruption to the immediately surround-
ing evaporitic components suggesting that the later
dissolving fluid was nearly saturated with all but the
most soluble minerals.

6.2. Late diagenesis

The formation of the hematitic concretions provides
a useful benchmark separating relatively early from
relatively late diagenetic processes. They likely formed
very quickly, perhaps explaining their uniform size
distribution, and are found pervasively across all facies
boundaries. Diagenetic conditions, which are consistent
with available mineralogical, geochemical and textural
data [25], as well as geochemical modeling [17], are
that concretions grew within the phreatic zone during
slow recharge (relative to the rate of concretion growth)
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of the groundwater system by a high ionic strength fluid
which was more dilute than (or chemically distinct
from) the original evaporite-forming fluid. Jarosite,
which occurs within the sediment, is a plausible candi-
date for the parental evaporite mineral that could spon-
taneously break down to form hematite or goethite
during a pH-raising recharge event [17]. An alternative
possibility is that another reactive iron-rich mineral,
such as the ferrous sulfate mineral melanterite, is the
parental mineral and transforms to ferric oxide during
recharge of more oxidizing groundwater. Although
melanterite has not been identified at Meridiani, it is
a plausible late stage evaporite mineral [17]. Melanter-
ite has the advantage of being very soluble and could
perhaps more readily be dissolved with little effect on
the other less soluble evaporite minerals.

Throughout the sequence, concretions provide one
important nucleus for the second distinct episode of
cementation and accordingly this episode, which in-
cluded formation of blocky isopachous cement, cemen-
ted zones around concretions and nodular textures,
unambiguously post-dates formation of the concretions.
Although this event post-dates the concretions, there
may be no need to call on an entirely distinct ground-
water recharge event. Concretions crystallized very
quickly upon recharge of relatively high pH or more
oxidizing groundwater. Formation of later cements and
associated recrystallization, along with pore enlarge-
ment, could have occurred more gradually as the
groundwater table physically subsided, at times remain-
ing stationary to give rise to stratigraphic diagenetic
fronts, such as that at the Whatanga contact.

The relative age of the secondary crystal moldic and
sheet-like vug porosity is less clear-cut. Available tex-
tural evidence suggests that the secondary porosity
(crystal molds and vugs) post-date the concretions.
There is no textural relationship between the second
generation of cements and the secondary porosity.
However, in places the overgrowths on the concretions
appear to post-date the sheet-like vug porosity. Where
the rocks have abundant nodular textures, the secondary
porosity, if originally present, is completely obliterated.
Accordingly, the secondary porosity likely predates the
formation of the second generation of cements. On the
other hand, it is likely that these pores were greatly
enlarged during formation of the diagenetic fronts
represented by the Whatanga contact.

As noted above, the formation of the concretions
was probably a significant porosity-forming event.
The proposed reactions also lower pH and, in the
case of melanterite breakdown, liberate significant
amounts of water. Accordingly, an intriguing possibi-

lity is that the formation of the concretions also pro-
duces secondary porosity due to loss of jarosite or
melanterite and dissolution of other relatively soluble
evaporitic minerals.

Late stage features include fractures and fracture
fillings, veins and polygonal fracture surfaces. Regard-
less of whether these features are wholly or partly
diagenetic in origin or formed in response to meteorite
impact processes on Meridiani Planum, these processes
appear to have taken place long after deposition and
burial. The presence of a lag of concretions on the
Meridiani plains suggests that the modern surface is
erosional and part of the stratigraphic section was
removed. The presence of a second size mode of
concretions in the overlying soils on Meridiani Planum
also suggests that part of the eroded section was
formed and/or diagenetically altered under somewhat
different conditions.

6.3. Evolution of the groundwater table

Characterizing how the groundwater table within the
Burns formation evolved, both physically and chemi-
cally, could have important implications for understand-
ing the mechanisms which modulate groundwater flux
during the deposition and diagenesis of the Burns for-
mation [see discussion in [2]). The history of sedimen-
tation and diagenesis suggests that the groundwater
table evolved in a complex manner with at least four
episodes of groundwater recharge taking place on the
scale of the 7 m of Burns formation section studied.

The first was the infiltration of groundwater to the
surface to produce the playa lake where the sand-sized
grains that make up the Burns formation were formed.
The top of the groundwater system must have been at
high ionic strength to produce the evaporative minerals
that cemented basaltic mud into sand-sized grains. The
mineralogy of the evaporative cements is not known
with certainty and accordingly the chemistry (notably
pH, oxidation state and mineral saturation states) is not
constrained. A second infiltration took place after de-
position of the lower dune facies to provide the defla-
tion surface, marking the boundary (Wellington
contact) between the dune and sand sheet facies [2].
There are no chemical analyses from rocks that are
unambiguously from the lower dune facies (Fig. 1b)
and so it is not known with certainty if the composition
of this lower unit differs from the overlying units. The
best available constraints on composition of the lower
Burns unit comes from MiniTES measurements that
suggest the mineralogical composition of the lower
Burns unit is similar to the middle and upper Burns
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units (see Fig. 18 in [2]). Accordingly, there is no
reason to suggest that during this recharge event, the
groundwater was anything other than of generally sim-
ilar composition (e.g., high ionic strength, Fe-, Mg-,
Ca-rich, low pH) to later events (see below).

A third episode of groundwater recharge must have
taken place to produce the cementation within the
acolian facies, culminating in the wet interdune condi-
tions at the top of the Burns formation where subaque-
ous conditions prevailed [2]. It is likely that at this time
the Mg-, Ca, and Fe-rich evaporative cements (includ-
ing jarosite) were formed indicating that the groundwa-
ter was acidic and Mg-and Fe-rich [17,25].

A fourth recharge episode is represented by the
formation of hematitic concretions. Textural evidence
and geochemical modeling is consistent with the con-
cretions forming at the expense of either jarosite or
another Fe-bearing evaporative mineral (such as mel-
anterite) during recharge of relatively high pH or more
oxidizing water. Although the chemistry of the ground-
water must have been different at this time, it was likely
still saturated with respect to all but the most soluble
evaporitic minerals since there is no textural evidence
for widespread dissolution beyond the secondary po-
rosity. Formation of diagenetic fronts represented by the
Whatanga contact and other zones of recrystallization
do not necessarily call for additional recharge events
and these features could be related to periodic stagna-
tion of the receding groundwater table.

In summary, the groundwater table clearly fluctuated
several times, first to produce the playa lake to produce
sand-sized particles and subsequently during deposition
and burial of the Burns formation. For most of its
history it was likely a high ionic strength, Fe-, Mg-,
Ca-rich acidic brine, in order to preserve the primary
sedimentary features composed of highly soluble evap-
oritic minerals, but on at least one occasion changed
chemistry enough to produce sufficient disequilibrium
to form the hematitic concretions.

7. Conclusions

The impure evaporitic sedimentary rocks preserved
at Meridiani Planum preserve a remarkably complex
record of depositional and post-depositional processes.
The entire system of both chemical and siliciclastic
components was derived from basaltic sources - terrig-
enous components of grains from eroded weathered
basalt and chemical constituents in grains and cements
from fluids generated by aqueous interaction with ba-
salt. The grains appear to be reworked sulfate-cemented
muds, thus recording a complex provenance history.

The first record of this history involves an early
phase of depositional mixing of basaltic and evapora-
tive muds in a playa lake. This desiccated playa lake
then served as the source of sand-sized grains which
were transported by dominantly aeolian and minor
subaqueous processes to form the three stratigraphic
units of the Burns formation. These rocks record an
extended history of syndepositional through post-depo-
sitional diagenetic alteration generally consistent with
burial and periodic groundwater recharge of a dune -
sandsheet - interdune depositional environment.

The Burns formation represents an extremely labile
mixed = siliciclastic-chemical —sedimentary —system.
Minerals with stabilities in aqueous solutions that are
extremely sensitive to modest variations in pH, ionic
strength and oxidation state (e.g., jarosite, Mg-sulfates)
dominate the chemical constituents of these rocks. Ac-
cordingly, it is remarkable that such a variety of com-
plex, superimposed depositional and diagenetic textures
have been so exquisitely preserved for most of the
geological history of Mars.
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