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Abstract

Analyses of outcrops created by the impact craters Endurance, Fram and Eagle reveal the broad lateral continuity of chemical

sediments at the Meridiani Planum exploration site on Mars. Approximately ten mineralogical components are implied in these

salt-rich silicic sediments, from measurements by instruments on the Opportunity rover. Compositional trends in an apparently

intact vertical stratigraphic sequence at the Karatepe West ingress point at Endurance crater are consistent with non-uniform

deposition or with subsequent migration of mobile salt components, dominated by sulfates of magnesium. Striking variations in Cl

and enrichments of Br, combined with diversity in sulfate species, provide further evidence of episodes during which temperatures,

pH, and water to rock ratios underwent significant change. To first order, the sedimentary sequence examined to date is consistent

with a uniform reference composition, modified by movement of major sulfates upward and of minor chlorides downward. This

reference composition has similarities to martian soils, supplemented by sulfate anion and the alteration products of mafic igneous

minerals. Lesser cementation in lower stratigraphic units is reflected in decreased energies for grinding with the Rock Abrasion
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Tool. Survival of soluble salts in exposed outcrop is most easily explained by absence of episodes of liquid H2O in this region since

the time of crater formation.

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

Since January, 2004, the NASA rover Opportunity

has been investigating outcrop rocks in the Meridiani

Planum region of Mars. The Meridiani region was

chosen for rover exploration because of its mineralog-

ical signature for hematite [1] and intriguing geology as

seen from orbit [2]. After landing, it was quickly dis-

covered that the outcrop materials are chemical sedi-

ments, strongly enriched in sulfate compared to

previously encountered martian rocks and soils [3–6].

However, direct measurements show these chemical

sediments also host non-salt silicate and Fe-containing

minerals [3–5]. In this report, we seek to synthesize and

interpret these results, in terms of constituent minerals

and their distributions in these sediments.

2. Data set

The APXS data set for these analyses is that pre-

pared for publication [7] and provides minor improve-

ments in calibration over a partial set published

previously [3], while the MB data also provide some

minor refinement over previous publication [4]. The

core in situ analytical suite consists of the alpha particle

X-ray spectrometer (APXS), Mössbauer spectrometer

(MB), and rock abrasion tool (RAT). Although

APXS+MB+RAT comprise less than 1% of the mis-

sion’s total data, these results have proven essential for

constraining candidate geochemical processes, espe-

cially aqueous, that have operated in this region of

Mars. Other essential contributors to this synthesis are

the miniature thermal emission spectrometer (Mini-

TES), microscopic imager (MI), and panoramic camera

(Pancam) data sets.

The key in situ compositional data come from 19

outcrop targets at three crater sites where grinding by

the RAT exposed material 3–7 mm below their surfaces.

Microscopic imagery (MI) of these samples revealed

textural differences and the presence or absence of

spherules, vugs, and veins that document diagenetic

processes, discussed in McLennan et al. [8]. Textural

patterns and bedding relationships that provide impor-

tant clues to local aeolian and aqueous environments

are discussed in Grotzinger et al. [9].
The Mini-TES IR spectrometer has analyzed several

portions of outcrop. Significant variations between in-

dividual members of outcrop are difficult to extract

from these spectra which are, however, consistent

with derivations of sulfate minerals from MB and

APXS data. Use of the RAT to grind into rocks has

been essential for obtaining a comprehensive composi-

tional data set on outcrop chemistry. APXS results, and

to a lesser extent MB analyses of unprocessed surfaces,

are compromised by contamination by airfall dust, soil,

detritus, sand, spherules, and possibly rock coatings,

weathering rinds and/or leached zones.

2.1. Quality of the data set

The Meridiani Opportunity rover’s APXS has

achieved extremely good precision and has discovered

several soil samples of quite similar composition. For

example, the analysis of bright dust soil Hilltop–Wilson

on sol 123 is nearly identical to that for MontBlanc–

LeHauches (taken over 60 sols earlier and hundreds of

meters distant), with nine elements the same within 2%

relative to their concentrations and another six elements

deviating by less than 6%. The figure of merit (see

Section 3.3 below), F, for a chemical compositional

match between these two soils was 94.7%. In contrast,

the F score for their matching with Tarmac class of

soils was only 65% and in the range of 30% for outcrop

rock material. Pair-wise matches from among all 19

outcrop RATed samples typically score only 60–70%,

occasionally up to 80% for the highest F scores. Out-

crop sample Diamond–Jenness (Fig. 1) had two RAT

measurements, which score 89% for matching (without

Cl, Br). These examples demonstrate that differences

between outcrop units reflect geochemical variations,

not measurement uncertainty.

Identifications by the Mössbauer spectrometer of he-

matite and jarosite, and the counter-indications of low or

no olivine or magnetite in these outcrop samples, are

considered robust. However, as noted previously [10,4],

bpyroxeneQ is a tentative identification by MB, which

conceivably could be instead a ferrous sulfate (see Sec-

tion 4.2.5 for evidence to the contrary for these sam-

ples). The component termed Fe3D3 could be a ferric

oxide or possibly a ferric sulfate (e.g., schwertmannite).



Fig. 1. Color images of the Karatepe outcrop sequence, showing the distribution of units A through G encountered and sampled during ingress at

Karatepe West into Endurance crater. Units A through F define a stratigraphic succession in which F is the oldest and A the youngest unit. Table 1

provides specific correspondence between all names and letters. See Grotzinger et al. [9] for stratigraphic context and dimensions. (a) context image,

(b) units A–E in false color, (c) units B–D in approximate true color. The images in (b) and (c) look downward into the crater, with stratigraphically

lower units farther away.
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These alternatives will be explored further below, by

combining other data sets with the MB results.

3. Data analysis methodology

3.1. Element associations

Positive element associations could indicate their

presence in a common mineral, or perhaps a common

source for minerals that group together. Initial screening

for such associations employs a search method that

utilizes a scatter parameter, SU, the value of which

will be minimized when the variation of a ratio in actual

samples (e.g., MgO/SO3) is small compared to the
maximum variation it could reach based upon the

range of values observed for the numerator (e.g.,

MgO) and denominator (e.g., SO3). Mathematically,

Rij ¼ wi=wj; Sobs ijð Þ ¼ max Rij

� �
=min Rij

� �
where Rij is the element ratio in a given sample for two

elements of concentration wi and wj (in these and other

calculations, we have chosen percent by weight (wt.%)

as the unit of concentration), Sobs(ij) is the observed

scatter for the Rij of all samples; and bminQ and bmaxQ
are the operators which find the minimum or maximum

measured values, respectively. Based upon the scatter in

observed concentrations, the extreme in scatter, Sext,
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that can occur for a particular ratio Rij in the overall

data set is given by,

Sext ijð Þ ¼ Rhigh=Rlow

� �
; where Rhigh

¼ max wið Þ=min wj

� �
; and Rlow

¼ min wið Þ=max wj

� �
Comparing the observed scatter in ratios to the extreme

scatter that could be observed, SV=Sobs / Sext, and nor-

malizing by the scatter that occurs in the reference

element (j) alone, we define the bscatter parameterQ,

SW ijð Þ ¼ SV ijð Þ=SV jjð Þ

which has the property that it is 1.00 when two ele-

ments are both isolated to a single mineral or to a set of

minerals whose relative proportions do not change.

3.2. Trend analysis

There are several pitfalls to element trend analysis.

Errors in measurement accuracy inject noise into the

data and may obscure trends. There can also be indirect

effects. For example, consider the case of three inde-

pendent components A, B, and C. If there is less of C in

one sample, then elements in both A and B will indicate

an increase even though there is no relationship between

these two components. Trends in 2-axis plots will not be

unique if one or both elements occur in more than two

components that vary independently. In such cases, it is

possible to have multi-valued results, which appear as

scatter even when the measurements are error-free. Fi-

nally, the statistics of small samples and the uncertain-

ties from incomplete data sets can sometimes produce

spurious apparent trends. For this reason, we have cho-

sen to include in these analyses only the 19 binteriorsQ of
outcrop samples which were exposed by RAT grinding.

Data scatter in trends can also result from small-

scale concentration variations. The variability of Br

most likely reflects this type of heterogeneity. A sec-

ond, even more subtle factor is physical heterogeneities

which produce masking and so-called bmatrix effectsQ
in analytical methods. Differential composition with

particle size at scales of microns to millimeters can

lead to shielding effects which manifest as changes in

X-ray intensities and hence calculated concentration

levels. Salt–clastic mixtures are particularly prone to

these effects in unprepared samples [11], because salt

grain size is highly dependent upon aqueous history of

the sample, while siliciclastic particle sizes may have

resulted more from magmatic generation and aeolian

transport processes. Relatively large salt crystals can be
partially masked by grains which adhere to them. Ma-

trix effects such as bstealth saltQ may not be a problem

for these data because the analyses are restricted to

samples after RAT grinding.

3.3. Compositional matching algorithm

Some outcrop rocks were encountered without strati-

graphic context, such as LionStone at the rim of En-

durance crater. To determine whether this float sample

is truly different or may originate from a particular

stratigraphic layer, we use a special algorithm that

accounts for not only the actual element concentrations

deduced from the APXS data but also the statistical

errors in analysis. This algorithm is

F nð Þ ¼ Mn;o=Mo;o

where F(n) is a figure of merit for the match between

the nth sample and the reference sample (n =0). The M

factors are given by

Mn;o ¼
X
i

ai

" 
jwi;n � wi;oj

wa

!
þ 3

�
ei;n
wi;n

þ ei;o
wi;o

�#�1

where wa is the mean concentration, (wi,n+wi,o) / 2, and

ei,n is the precision error in measurement of the ith

element in sample n. A weighting factor of 3, rather

than 1, is used to account for more than 1-sigma error

in counting statistics and allow for additional potential

non-systematic errors. The advantage of this algorithm is

that it takes into account the ei,n for the instrument [12,3]

and objectively quantifies the match between two sam-

ples that are totally identical even though the reported

data differ because of measurement errors. For the APXS

instrument, these precision errors can be extremely

small, as demonstrated above. To allow for tailoring of

the criteria, a weighting function, ai, with value of 0 to 1

is provided for each element or mineral component.

F(n) can be expressed as a percentage because it has

the property that it evaluates to 100% if the two samples

are identical and the errors are the same for the two

measurements or are vanishingly small. It evaluates to-

ward zero if the two samples are mutually exclusive (e.g.,

magnetite vs silica) or the measurement errors of one or

both samples are very large (avoiding false positives).

3.4. Mineralogical modeling

The goal of this work is to constrain the mineral

makeup of the outcrop, which could then provide a

basis for inferring the processes that have occurred in

its formation and diagenesis. A total mineralogical



Table 1

Figure of merit, F, for matches of all 19 RAT outcrop samples, taking

Tennessee (A) as the basis unit

FOM

(%)

Unit

100.0 Tennessee (A)

83.8 Fram Pilbara

67.3 Escher_Kirchner

64.7 Guadalupe (Eg)

60.2 Flat Rock (Eg)

56.6 Kentucky (B)

55.2 Manitoba Kettlestone (E2)

54.3 Millstone (F)

53.4 LionStone (End. Rim)

52.3 Ontario (D)

50.8 Virginia (C)

50.4 Diamond Jenness (Gd)

49.8 Paikea

45.9 Manitoba Grindstone (E1)

44.4 McKittrick (Eg)

41.9 Axel_Heiberg_Bylot

40.8 Wharenhui

39.1 MacKenzie (Gm)

32.8 Inuvik_Tuktoyaktuk

29.3 Bright Soil

28.5 Dark Soil

19.2 BounceRock
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model is also necessary to clarify the more subtle

contributions to trends. We have used the trends to

infer candidate mineral assemblages, and from their

likely compositions, to reconstruct the elemental com-

position for each member of the suite of samples. With

this detailed, comprehensive model, it has been possible

to vary the assumptions and test multiple hypotheses, as

elaborated in Section 5.

4. Results

Within the interior wall of Endurance crater, a series

of contiguous layers was mapped according to Pancam

multispectral color and textural variations. Along the

crater ingress route from a point designated Karatepe

West, these layers were designated A through G, with A

being stratigraphically highest and G lowest (see Fig. 1).

Units E and G were each sampled twice, with distinctly

different APXS results in both cases. These are desig-

nated as samples E1, E2, Gd and Gm. It cannot be

precluded that sampling on a finer spatial scale would

identify additional geochemically distinguishable layers.

4.1. Compositional stratigraphy

Moving down the Karatepe West outcrop sequence,

the detailed composition varies significantly. Plots of

eight elements are shown in Fig. 2. Using the algorithm

given above for assessing compositional matches, we

have evaluated the outcrop materials analyzed by APXS

andMB at Eagle, Fram and Endurance craters, including

those in the Karatepe A–G layers as well as individual
Fig. 2. Element trends with depth into the sequence at Karatepe,

normalized to unit D (Ontario). The correlation and downtrend in

Mg and S starting at E1 is apparent, as is the concordance between Al

and Si. Anions Cl and Br, and trace elements (Zn, Ni) have larger

variations, and are not shown for clarity.
rocks and polygonally textured material encountered

separately from this sequence. Although many of the

variations are subtle, the compositional match algorithm

typically provides significant discrimination among

these samples. Most of the comparison screens use all

sixteen elements (ai =1), or remove only Cl and Br from

the calculation (aCl=aBr=0). The latter are suspect be-

cause these two elements are hyper-variable relative to

others. LionStone, from the rim of Endurance crater,

matches best with layer D. The two rocks Inuvik and

AxelHeiberg are more similar to nearby units Gd and F,

respectively. Tabulation of matches relative to the refer-

ence unit Tennessee (A) is provided in Table 1. Here we

see a good match with Fram, followed at some distance

by Escher. The adjacent unit B is more significantly

different from layer A than these several rocks from

other locations. The outcrop rocks far down in the En-

durance outcrop sequence are extremely poor matches to

unit A and so are (as expected) the various soils. In Fig. 3,

the order of samples preserves the stratigraphic layers as

they were measured downward along the Karatepe out-

crop sequence (A through G), but using the composi-

tional match algorithm, the other outcrop samples have

been merged among their most-similar specimens.

By this compositional algorithm, the Guadalupe out-

crop at Eagle and the Pilbara rock at Fram both match

best with Layer A (Tennessee) at Endurance. All three



Fig. 3. Concentrations of measured salt-forming anions (S, Cl and Br). The list is ordered by stratigraphic location for Karatepe West samples

(letters) and by similarity algorithm for all other samples. Samples are from Endurance crater, except those identified as from Eagle or Fram craters.

Br and Cl concentrations are magnified (see Legend). The dichotomy in Cl concentration is clearly seen. Abscissa is weight percent for SO3, and

similarly for Cl and Br except multiplied by the factor given in the legend.
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represent topmost layers in their respective craters.

McKittrick, at Eagle, has its highest match scores farther

down the sequence, with layers E1 and F. However,

McKittrick has very high Br levels whereas the matched

layers do not. Outcrop rocks in Eagle crater show evi-

dence of local faulting, which may have placed strati-

graphically distinct beds in topographic juxtaposition.

FlatRock, from Eagle, matches Escher in Endurance

slightly better than layer A. Escher best matches layer

A, even though it has the highest Br concentration in

RAT samples at Meridiani, while the Br of layer A is a

factor of 17 less.

The result that the three craters have outcrop materi-

als with identifiably corresponding chemistries across

distances of hundreds of meters lends credence to the

idea that those portions of the Meridiani Planum region

with geomorphic similarity over the hundreds-kilometer

scale could represent a widespread sediment formation

[2,13,6].

4.2. Minerals

Thermal emission spectra obtained by Mini-TES

have been used to derive the relative abundances of
several classes of minerals for Guadalupe [5], Pilbara,

and an average of three different outcrop spectra at

Karatepe in Endurance crater. In addition to a mixture

of Mg and Ca sulfates and hematite, the samples con-

tain a high-silica component modeled as glass/feldspar/

sheet silicates (~35–45%). Crystalline silica minerals

(e.g., quartz) and carbonate phases are not present in

these outcrops at abundances N~5%. Minor jarosite is

detected by Mini-TES.

FromMössbauer, two Feminerals were identified with

certainty in outcrop matrix: jarosite and hematite (Hm)

[4]. None of these outcrop MB measurements included

spherules in the MB field of view. Average outcrop

matrix has 39F6 wt.% of the Fe present as hematite.

Fe content of the spherules is not fully constrained

because the spherule-rich targets contained significant

open area within the fields of view of the instruments,

with background materials which included the outcrop

rock itself, airfall dust, and dark grains which may be

basaltic sand. Careful measurements were made of

relatively clean outcrop rock (BerryBowl_Empty) to

facilitate differencing of spherules and their matrix.

On this basis, the spherules are at least ~50% hematite

[3,14,8,15].



Table 2

Promising ratios from lowest scatter parameter (S")

Ratio Scatter paramete

Numerator Denominator

Cr2O3 FeO 1.024

K2O Al2O3 1.046

Na2O Al2O3 1.063

Al2O3 SiO2 1.107

K2O P2O5 1.146

MgO SO3 1.184

TiO2 FeO 1.185
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Additional approaches for assessing the extent to

which various minerals might be present rely on ana-

lyzing element trends and relationships, combined with

geochemical plausibility based upon natural occur-

rences, likelihood of source material, and certain con-

straints of chemical kinetics and mineral stability fields.

For example, for jarosite the specific variety (ferric

hydroxide sulfates, with variable proportions of sodi-

um, potassium, or hydronium as the univalent cation) is

indicated by the MB measurements to be rich in Na and

K, but by APXS to not correlate with these elements

(see Section 4.2.5).

Element variability across all outcrop samples is

restricted to a modest range for most elements, with

Si, Al, Fe, P and Ca varying by less than 25% among

all samples. S, however, rises to as much as 50% above

the minimum amount found so far in outcrop. We note

that the two most abundant oxides, SO3 and SiO2, anti-

correlate, as has been consistently shown also for mar-

tian soils [16]. The geochemical reasonableness of this

is the paucity of minerals containing both Si and S, as

well as abundant evidence for the presence of sulfate

salts in both soils [17] and outcrop [5,4]. Because both

are major components in outcrop, it is not surprising

that the percentage abundance of one component

decreases at the expense of increases in the other. Either

S or Si could be taken as our reference point, but since

the most striking features of the outcrop are those that

indicate it is a chemical sediment [3,6], we chose to root

our analysis relative to S (or, to be exact, relative to SO3

because we report these results in terms of equivalent

oxides of the elements). Although this may seem to

imply the acceptance of this sediment as being funda-

mentally a bdirty evaporite,Q it can just as well be

viewed as a brine-infiltrated silicic sediment. In either

case, alteration of some primary mineral phases that

were originally in the silicic material has occurred, as

discussed below and elsewhere [8].

For our mineralogical models, we have attempted to

systematically derive a fixed suite of plausible minerals

which, by varying their relative amounts, can reproduce

the element and Fe-mineral trends as observed in the

measurements made to date. Although there are no a

priori data that prove this should be possible, the prox-

imity of layers with quite similar compositions is jus-

tification for investigating this scenario.

First, we must look at individual trends in order to

deduce a reasonable mineral assemblage to populate the

model. To do this, we have examined correlations

among 20 values, made up of all 16 elements measured

by APXS and the four main iron minerals assayed by

MB in the outcrop samples (hematite, jarosite,
bpyroxeneQ, and bFe3D3Q). Pair-wise ratios have been

examined for constancy (e.g., does MgO/SO3 remain

relatively constant, as it would if both elements were

primarily present as MgSO4; similarly, constant Al/Si

could indicate aluminosilicates). Evaluating the SU de-

fined above for a large number of element ratios, the

cases in Table 2 provided the lowest values.

Similar results were obtained with a correlation ma-

trix, but with different relative importance. Inspection

of trend plots of these pairs indicates, in most cases, that

the elements in question associate together. The three

most significant groups are (1) Si-group: Si, Al, Na, K,

P; (2) S-group: S, Mg (nothing else is obvious, but see

discussion on Ca); and (3) Fe-group: Fe, Ti, Cr, Ni.

In Fig. 4, as the S-group increases in relative con-

centration, both the Si-group and Fe-group concentra-

tions decrease. Some or all of this effect is simply a

result of bdilution,Q because the sum of all oxide com-

ponents has been normalized to 100% for each sample.

Identification of other group associations was

attempted, but generally was not fruitful. For example,

Cl, Br and Mn did not correlate positively with any

other elements.

4.2.1. Si-group associations

Within the Si-group, the Al and alkali element cor-

relations are particularly strong. The Al, K, Na and P

concentrations closely follow Linear Least Squares

(LLS) fits to the data with SiO2. For the aluminosili-

cates, the Al/Si slope extrapolates to a finite level of

SiO2 when Al2O3 is zero, indicating the presence of

non-aluminous silicates such as pyroxene and/or silica.

These trends also suggest that Al is exclusive to Si, and

considerations below show that alternative interpreta-

tions are also counter-indicated. Although phyllosili-

cates have long been proposed for Mars, evidence in

favor of this hypothesis remains minimal [18,19]. K

and Na correlate positively with the concentration of Al

(shown in Table 2), and the possibility that unweathered

feldspars may exist in these outcrops must receive due
r



Fig. 4. Major groups of elements correlate with one another, but do

not correlate positively with elements of other groups. Lines are LLS

fits to data points, except for double-arrow indicating alternative

trend.
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consideration. If Na were partly taken up as NaCl, then

the excess Na might correlate even more positively with

Al, but this is not the case. Since the molar ratios of

XO/Al2O3 are fixed for end-member feldspars at 1 :1

(modal examples of Or, Ab, An), it is straightforward to

evaluate the possible contributors for X=K2, Na2 and

Ca. Stoichiometric mass balance indicates that even if

both alkali elements are in feldspar, they are insufficient

by a factor of two. The Al content is sufficiently high

that one-third to nearly one-half of the CaO, depending

on the specific sample, would be needed in plagioclase.

However, Ca is likely the most complex and diverse of

the elements in its partitioning between multiple min-

eral phases, as discussed below. This implies the pos-

sible presence of more aluminous alteration products,

such as allophane, alunite or certain phyllosilicates,

such as kaolinite.

Within all 19 outcrop RAT samples, the Al2O3 /SiO2

ratio stays remarkably constant at 0.163, within F4%

relative deviation, except for one modest outlier, Inu-

vik. This ratio is lower than in Meridiani bright and

dark soils (dark soils by about 18%) and less than in

Bounce rock and Gusev olivine basalt [21] by about

25–30%. Relative to aluminum, the outcrop is signifi-

cantly more siliceous than its nearby surroundings.

However, this is not the case generally if compared to

martian meteorites such as the SNC classes [20], which

could be more representative compositions for source

material for the outcrop. Zeolites are unlikely because

the alkaline conditions necessary for their formation run
counter to the acidic conditions inferred from other data

(see below).

4.2.2. Sulfates

Martian soils are rich in S compared to those on

Earth, Moon or meteorite parent bodies. Using a variety

of constraints, it has been previously argued that the

chemical form of S in soils is sulfate, not sulfide [22].

Likewise, the outcrop materials appear to be rich in

sulfates, based upon Mini-TES spectra and MB detec-

tion of the ferric sulfate jarosite [4].

On Earth, the alkali elements Na and K, along with

Cl, typically play a major role in evaporite deposits.

At Meridiani Planum, the data indicate otherwise. In

Fig. 5a, it is seen that Na is not positive correlated

with SO3. Mg is well-correlated up to an SO3 concen-

tration of 22 wt.%. Ca reveals no preference, being

highly conserved across all outcrop compositions.

Stoichiometry places strong constraints upon which

elements could provide the necessary cations for the

abundant salt anions — sulfates, chlorides, phosphates,

and potentially carbonates and nitrates. Constructing

an ionic balance, the alkaline earths provide sufficient

cation neutralization for the amounts of SO3
2�, Cl�

and PO4
3�. No single candidate cation is adequate, but

Mg and Ca are sufficient in combination, as shown in

the example of Millstone (layer F) in Fig. 6. For all

outcrop samples, the combined Mg and Ca concentra-

tions are adequate to balance all sulfates (other than

the sulfate in jarosite, which is balanced by Fe3+), plus

all chlorides and phosphates, within cumulative mea-

surement uncertainties. That Ca does play a role in

sulfate minerals is indicated in Fig. 7, where it is seen

that although bulk SO3 anti-correlates with CaO, the

residual SO3 beyond that accounted for by jarosite and

full use of MgO to form MgSO4 does trend positively

with CaO.

There are no obvious trends of Ca with virtually any

other measured element. However, we believe that this

may be misleading and could result from the fact that

Ca occurs in many different minerals which, over the

range of observation, happen to sum to a near-constant

value. Alternatively, one could view this system as

closed with respect to Ca, in effect isochemical with

its source ingredients. However, the larger variations

among all other elements provide evidence that this

system is not fully closed. Obscured associations for

Ca are not necessarily surprising because it is such a

highly versatile element. Calcium occurs in common

evaporite salts (sulfates, carbonates, and even chlorides

and nitrates) and is the almost universally preferred

species in nature to complex with phosphates (in



Fig. 6. Ion balance for candidate anions (column 1) and cations

(columns 2–4) in the Millstone ( F) outcrop. Mg and Ca cations

could be sufficient for all the sulfate (non-jarosite), chloride and

phosphate anions, combined. The univalent cations are clearly inad-

equate for sulfates. Trivalent ions are potentially sufficient, but ele-

ment trends do not support this (see text, Section 4.2.2). Units are

milliequivalents per gram.

Fig. 7. Ca does not correlate with bulk S (top points). However

subtractions of SO3 equivalent to all MgO as MgSO4 (k 1.986

from bulk SO3 and from S*O3 (the SO3 after subtraction of jaro

site-SO3), reveal positive correlations with CaO. Slopes are somewha

steeper than the ideal slope for pure CaSO4.

Fig. 5. Model calculations and measurements for candidate salt

cations. Note the simulated exhaustion of MgO, and the difficult

and imperfect match in CaO components. The downward slope of

Na2O is primarily due to the dilution effect. (a) Case 1a. (b) Cases 1

and 2 models for CaO data points vs SO3. The solid blue line is

case 1a.
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some highly weathered materials, Al is associated with

P). In igneous provenances, Ca is also a ubiquitous

element, playing a prominent role in mafic minerals,

such as pyroxenes, and in feldspars, such as anorthite.

Ca for salt compounds would be expected to have come

from source Px or plagioclase. Experience in terrestrial

weathering, laboratory experiments [22–24] and theo-

retical analyses [25] shows that igneous glass and

olivine minerals are preferentially subject to alteration

compared to more resistant minerals, including augites

and plagioclase.

Experimental [26] and observational examples of

acid sulfate alteration in basaltic and pyritic terrains

[27,28] frequently produces Al–sulfates. In the Meri-
diani outcrop, Al has a strong anti-correlation with S

which implies only small or no contributions from Al–

sulfates (e.g., alunite, natroalunite, or alunogen).

An intriguing but conceptually difficult possibility is

that the missing but required cation neutralization is

supplied not by Ca2+, but rather by H+. This would

simplify the mineralogical model (see Section 5.1.1

below), but imply that Meridiani outcrop contains
,

)

-

t



Fig. 9. Modeled Cl assumes a step function in occurrence. Na is

modeled for correlation with Al, yet matches the observed Na trend

even with apparent pseudo-correlation with Cl up to SO3=21%.

Heavy blue line is LLS fit to Na trend; cCl and cNa2O are values

calculated from the mineralogical model (Case 1a).
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unreacted sulfuric acid. Under the cold, dry conditions

on contemporaneous Mars, this is marginally plausible,

but over geologic time and with obliquity variations

that could markedly alter the temperature and water

activity [29,30], including the possibility of tropical

ice, this seems unlikely. However, the mere presence

of highly soluble salts in exposed outcrop slopes attests

to the lack of significant water activity since crater

formation. Abrasion pH’s [31] of the common igneous

minerals are almost universally alkaline. For example,

olivines and pyroxenes typically equilibrate at pH 10 to

11, anorthite at 8, and carbonates over a range of

alkalinity up to 12, depending on the cation composi-

tion and atmospheric CO2 levels. However, in view of

the knowledge that jarosite has formed at least in the

past, residual acidity is difficult to rule out at this time.

If so, this mandates that carbonates and at least some

nitrates cannot concurrently be present [32], but like-

wise that amounts of H2O sufficient to promote neu-

tralization reactions with less reactive components has

been extremely limited for the past billions of years. On

Earth, jarosite commonly includes alkali elements.

However, Fig. 8 shows that K is insufficient to account

for stoichiometric K-jarosite. There is adequate Na,

even if a portion of it is tied up in chloride, to form

natrojarosite but the data are scattered and do not reflect

the expected trend. Since evidence presented above

shows the likely location of Na and K in an alumino-

silicate, this independent result is not surprising. Al-
Fig. 8. Potassium is at inadequate concentration for the common form

of jarosite (dotted line, bK-jarositeQ) in these outcrop materials. Na2O

is at a sufficient level to form natrojarosite, with more than 0.5 wt.%

excess, but the data do not conform to the expected trend lines, even

when corrected for Na in NaCl. Hydronium jarosite may be indicated.
though the theoretical thermodynamic calculations of

Tosca et al. [25] predict that hydronium jarosite is the

predominant form of this mineral, (Na, K)-jarosite is

indicated by the MB spectral details.

4.2.3. Halides

In searching for evidence of differential salt precip-

itation or dissolution, it was noted early-on that S, Cl

and Br are decoupled in the first two outcrop measure-

ments [12,6], Guadalupe and McKittrick. Subsequent

measurements have reinforced this conclusion, as seen

in Fig. 3 where Cl enrichments have been discovered in

layers E1 through G of the Karatepe sequence, whereas

Br is low or undetected. Combining all outcrop data,

the plot in Fig. 9 shows a general anti-correlation of Cl

with S, but especially as evidenced by two distinct

clusters of Cl concentrations, with the more abundant

group having on average twice the Cl concentration as

the other group. This Cl dichotomy has considerable

potential diagnostic interest, and might also be used to

attempt to identify the chloride cation(s). When we

utilize NaCl for chloride in our mineralogical model,

it predicts significant discrete jumps in the Na concen-

trations, which are not apparent in the data. In Fig. 10,

the much stronger correlations of Na with K and Al

than as expected with Cl for NaCl are revealed. K is not

adequate for Cl, so the next likely candidates are Mg,

Ca, or Fe. All three of these correlate flat or negatively

with Cl, but this could reflect their association with

other elements and the fact that Cl generally anti-cor-

relates with S.



Fig. 10. Model (case 1a) comparisons between SiO2 and oxides of

elements Na, Al, and K.
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Searches were conducted for samples as similar as

possible but with major differences in bromine or chlo-

rine. For example, Escher, with 547 ppm Br, and Ten-

nessee (A) with 32 ppm, are otherwise quite similar in

elemental compositional profile. Likewise, pair-wise

matches of E1-to-McKittrick and D-to-LionStone also

have order of magnitude differences in Br. Careful

comparisons were unable, however, to reveal which

cation might be involved with Br. This is not surprising

because the absolute change in Br is less than 0.05

wt.%, and the likely cations are already present at levels

one to two orders of magnitude higher than this, so that

small changes could be hidden within measurement

uncertainties. Bromine enrichment can occur in late-

stage precipitation since Br is largely excluded from

substituting in the halite crystal structure. Br is accom-

modated at higher concentrations in many other Cl

minerals, such as sylvite, bischofite (Mg–chloride 6-

hydrate), tachyhydrite, and hibbingite [33]. Interesting-

ly, Br is strongly enriched in association with sulfate-

rich brines in several disparate occurrences on Earth

[34,35]. Br on Mars also occurs in duricrusts at Chryse

[11], deep trenches at Gusev [12], and some coatings

and soils. The hyper-variability and erratic pattern of

these occurrences has led Yen et al. [16] to hypothesize

other vectors of concentration, such as frost formation

with possible dependencies on orientation with respect

to solar insolation.

A similar search for Cl cation identification was

conducted. In general, most high-Cl outcrop rocks

(layers E1–G, where the Cl enrichment is strong) cor-
respond more closely to one another than to low-Cl

rocks. However, three pairs: E1/McKittrick, E2/Fla-

tRock, and F/McKittrick, looked promising. When ex-

amined carefully, these pairs indicated that Mg or Ca

may be involved as chlorides, although not to the same

degree for each sample. In contrast, Na, K and Fe

differences have neutral to negative correspondence

with Cl changes in all three cases. The situation with

Na is particularly uncertain, however, because its X-ray

is the lowest energy analyzed by the APXS instrument.

The majority of the signal for Na emanates from the

first one micron of depth into the sample, and is thus

particularly susceptible to attenuation or masking by

surficial stains. Statistics are poorer for Na than for

other light elements because of lesser concentration

and lower detector efficiencies. Finally, because the

Na peak is contiguous with the low-energy cutoff of

the instrument, it is uniquely sensitive to temperature

corrections made to the spectra.

Another alternative and undetectable cation would

be Li+. Enrichment of this alkali element is noted

particularly under conditions of hydrothermal activity

[36], but accompanying patterns of other enrichments

are not evident in these data. Furthermore, to proxy for

Mg2+ and Ca2+ in achieving ionic balance for Cl would

require high values of Li, 700 to 2700 ppm.

4.2.4. Atypical salt assemblages

Finally, it should be noted that the conventional

assumption that Cl implies chlorides could be incorrect.

Highly oxidized conditions persist at the martian sur-

face, as evidenced by strong, photochemically generat-

ed oxidants in the atmosphere [37,38] and soils [39].

Oxidizing conditions are also implicated for the past, at

least at the time of jarosite formation [24,4,25]. Al-

though uncommon on earth, other forms of Cl-salts

should be considered, including the chlorites, chlorates

and perchlorates. Magnesium perchlorate, Mg(ClO4)2,

is well-known as a drying agent because of its strong

deliquescence in forming the 6-hydrate. Perchlorates

have been found, associated with nitrates, in the Ata-

cama Desert [40]. Bromates and pyrosulfates may be

present. All these compounds are highly soluble like

their less-oxidized counterparts [41], and their oxidiz-

ing power could suppress formation or persistence of

organic matter in martian regolith.

4.2.5. Systematics of Fe-group minerals

bPxQ, as detected by the Mössbauer spectrometer, is

the Fe-bearing component tentatively identified as py-

roxene. In a typical augite, FeO constitutes about 15%

of the composition. However, various other pyroxenes
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can contain more or less Mg, Ca, or Fe, which also

affect the Si and Fe content. To attempt to verify and

understand this component, we examined the variation

in these elements versus bPxQ. Both Fe and Si correlate

positively with bPxQ, which is expected if this compo-

nent is pyroxene mineral(s). S correlates negatively,

which indicates that one alternative candidate, a ferrous

sulfate, is not likely. This is consistent with the gener-

ally oxidizing martian environment considering the

easily oxidized nature of this salt. Ca is invariant with

bPxQ, but Mg shows a slightly negative correlation.

Since bPxQ is less than one-tenth of the total mineral

assemblage, however, it is possible that variations in

other minerals are dominating these trends.

A number of elements either have associations with

Fe, or potentially could serve as substitutional atoms in

iron minerals. For example, outcrop Cr shows a clear

trend with Fe. This is driven mainly by correlations

with Hm and bPxQ, whereas the Cr correlation is weak

or negative with Fe3D3 and jarosite. Cr is well-known

to occur at significant levels in some pyroxenes. This

same result is found for some other elements, including

Ni and to some extent Al. In general, jarosite is flat or

strongly negative with nearly all elements, yet varies

significantly within the outcrop (1.6� for min :max

concentrations). The average jarosite abundance by

MB combined with APXS is just over 10 wt.%.

Given the low spectral contrast of this outcrop, this

value is consistent with a marginal detection of jarosite

by Mini-TES. As such, it may be an independent

component. Incorporation of Al is a distinct possibility,

both in pyroxenes and in Fe3+ minerals, including

jarosite and hematite. Trend plots show weak positive

correlation of Al with Hm, but questionable association

with bPxQ and Fe3D3, and clear anti-correlation with

jarosite. On the other hand, Hm correlates strongly with

total Fe. It also is somewhat positive with Si (more so

than is any other Fe mineral), which is consistent with

association with the siliciclastic components, perhaps as

an alteration coating on some grains. The Fe3D3 com-

ponent is slightly negative with S, ruling out coquim-

bite, but not sufficiently to rule out schwertmannite

because of that mineral’s relatively low SO3 content.

Both these minerals are found in the Rio Tinto

sequences [27].

Ti has previously been found to correlate with a

fraction of Fe in martian soils [11,42,12,16]. In out-

crop, Ti shows a weak positive correlation with all MB

Fe minerals, except jarosite. Overall, as before, the

indication is that only a portion of the Fe minerals

include Ti. Accordingly, anatase (TiO2) might may be

present.
4.2.6. Other elements and minerals

Mn and Zn correlate with almost no other elements,

except for indications of association of Zn with a portion

of the Ca (but not with P). It is notable that whereas Mn

occurs at similar concentrations in all known martian

materials, Zn is markedly higher, by a factor of 5 or

more, in soils and outcrop [12,3] than in martian igneous

rocks (including martian meteorites [35]). This high Zn

could be a byproduct of volcanic emissions [43,36]. A

pyroclastic origin for some or most outcrop material is a

possible extension of this observation.

4.3. Surface chemical alteration

Relatively little information has been obtained to date

on the possibility of alteration of the surfaces of exposed

outcrop materials. However, in several instances undis-

turbed rock surfaces were measured prior to RAT grind-

ing. In addition, the rock Escher, which as shown above

has chemical concordances with the topmost outcrops in

all three craters, was studied with brushing prior to

RATing. These samples allow us to test the hypothesis

that outcrops have an exogenous coating or a surficial

weathering zone different in composition from unaltered

materials beneath. An additional consideration is wheth-

er airfall dust or saltating soil grains contaminate the

outcrop surface. Dark grains are seen on some outcrop

surfaces by microscopic imagery (MI), but micron-sized

dust particles are far below the 100 Am resolution limit

(3-pixel criterion) and would not be apparent, except

perhaps as a soil-mimicking coloration over the light

colored rocks. Because of the low penetration of APXS

fluorescent X-ray emissions, even such small grains can

cause significant attenuation. Soft X-rays, especially for

the light elements (Na, Mg, Al, Si, P), will emanate from

the dust grains but those from the deeper outcrop mate-

rial will be absorbed. Although the full analysis is

significantly more complicated, a useful first approxi-

mation is to assume that the fractional areal coverage of

dust and rock produce an arithmetic composite spectrum

and element analysis. Calculations for Escher show that

with a fractional area of 0.47 of soil (taken as the

average of Tarmac and Mills-Dahlia soils) compared

to the interior composition obtained after a RAT grind,

the bas isQ analysis has the same result for S and within

1% to 6% of the correct concentrations of Mg, Al, Si, Ca

and Ti. However, Na and Cl are much higher than

predicted. Similarly, after brushing, the resulting com-

position can be explained by a bresidual contaminationQ
of 0.39 areal coverage by soil. Although this fractional

coverage is surprisingly high, the RAT brushes used for

this procedure were not designed for cleaning rough
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surfaces of micron-sized dust, but rather for removing

chips and grains from ground surfaces. This degree of

coverage is consistent for explaining the observed S

and elements listed for the bas isQ case. Na and Cl are

still elevated (by factors of 1.3 and 1.6, respectively)

above this simple prediction. K is higher by 1.1.

These results implicate a chloride salt coating, remi-

niscent of the type that has also been found on the

rock Mazatzal in Gusev crater [12,44,45]. In both

locations, it is not known whether the Cl is derived

from the surrounding soil or from the substrate on

which it exists. A caveat is that Escher is near the Cl-

rich lower part of the Karatepe sequence and could

have its surface contaminated. Although it might seem

that the surfaces of outcrop are depleted in S by

leaching of sulfates, this analysis shows that dust

contamination is a reasonable explanation of the ap-

parent deficiency of S compared to interior rock, but

that chloride coatings may exist.

No evidence is seen, however, of the action of liquid

water since excavation and exposure of outcrop material

by the Endurance impact. Abundant liquid H2O would

have leached salts from at least the outer layers of the

outcrops, and formed salt deposits in crater bottoms.

Although such deposits might be obscured by dunes

and dust, there is no evidence of salt-impoverishment

beyond a millimeter or so into these outcrops. With their

apparent porosity, as evidenced by low strength against

grinding, the presence of vugs, and fine-scale granular-

ity, leaching by runoff should have been more effective.

5. Mineralogical models

5.1. Hypothesis testing

procedure with some similarity to normative min-

eralogical protocols for igneous chemical compositions

is used to develop the models for the mineralogical

composition of the outcrop. Individual parameters are

adjusted to obtain overall best fits to observed trends

in the actual data. The starting reference points are: the

total SO3 concentration, which sets the level of sulfate

anions but not the cations; the distribution of Fe

according to linear least squares fits to the MB results;

and element correlations as discussed above. Below,

we describe cases that adopt differing assumptions.

5.1.1. Case 1

An aluminosilicate is assumed, with Al2O3 /SiO2

ratio appropriate to feldspar plus various alteration

products. Adjustable proportions of Na, K and Ca are

invoked in the aluminosilicate.
A particular pyroxene composition is assumed as a

trial, and from its Mg content, plus that assumed in

chloride, the MgSO4 is calculated by an algorithm

devised to match the strong observed linear Mg trend

with S, until reaching a saturation plateau above

SO3=22.9 wt.%.

That amount of SO3 not accounted for by jarosite

and MgSO4 is calculated as CaSO4. Hydronium jarosite

is assumed in the model example presented here, as

implied by APXS data, although (K, Na)-jarosite is

implied by the MB results. The type of jarosite does

not affect its sulfate content since Fe2O3/SO3 is the

same for K, Na and H varieties.

Cl is taken as either a Mg or Ca chloride, or a

combination of both, depending on the model, and

can be toggled from a high to a low value, depending

on the sample or on SO3 content. In case 1, individual

outcrop Cl measured concentrations are used.

P is converted to a Ca–phosphate, since primary

whitlockite is common in martian meteorites and the

Ca stoichiometry is also about the same for apatites as

well as for phosphate leachates from martian meteorites,

using weakly acidified (pH 3–6) solutions of MgSO4

[46].

Finally, pyroxene composition is varied empirically

at the end of the calculation to achieve best overall

matches for its candidate cations. Silica is added as

necessary to achieve final SiO2 levels and a tailored

bCa–otherQ component can be used to help flatten the

Ca trend. These two adjustments are interactive since

bPxQ levels are determined by the FeO content assumed

and the MB measurements.

The model is quite sensitive to assumptions be-

cause Mg, Ca, Fe and Si may be contributed by

three or more different minerals in different groups.

It has been found generally possible to reproduce the

trends among all the important element pairs with a

preset assemblage of minerals, as shown in Figs. 5,

9–11. An example mineral relative abundance is

shown in Fig. 12a, and the variations of modeled

mineral content for the nine layers is shown in Fig.

13. In this case, all Ca is apportioned to the salts,

but none is allocated to the aluminosilicate or py-

roxene (see Section 5.1.2 below for an alternative

model). In addition, for case 1a minor CaCO3 is

added between SO3=20 and 24 wt.%, peaking at a

level of 2.3 wt.% when SO3=22.1%, to better match

Ca values. This is well below the upper limit for

detection of carbonates in outcrop by Mini-TES, and

is in the range inferred for carbonates in martian dust

[47]. In case 1b, no carbonate is assumed, which affects

the Ca trend, Fig. 5b.



ig. 12. Mineral components for modeled case 1a and case 2, for

O3=20.0 wt.%. Although the two models incorporate several dif-

rent assumptions (see text), their derivation of excess silica and

artitioning of salts among cations is similar.

Fig. 11. Model results compare well with measured trends for major

components, including the anti-correlation of SO3 with SiO2. Lines

derived from symbols with the bcQ prefix are calculated from the case

1 mineralogical model.
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Case 1c is a special assumption, which evades the

difficult problem that Ca concentration does not trend

linearly with other elements, by using unreacted

H2SO4 (or, HSO4
� on mineral surfaces) as a compo-

nent. This allows the deficiency in Mg2+ to be made up

by the H+ cation in balancing the sulfate ion. It also

permits Ca in the aluminosilicate and in pyroxene.

Case 1c modeled trends of Ca are monotonic and

may provide a somewhat better fit to the observations

than for case 1a (Fig. 5).

5.1.2. Case 2

In this model, there is no hydronium jarosite but

rather (K, Na)-jarosite as detected by MB, and excess

Na after combining with Cl is included in thenardite

(Na2SO4). Nanophase ferric oxide (np-Ox) plus

schwertmannite are constrained by the MB results

for the Fe3D3 doublet. Mg and Ca are associated

with sulfate. Phosphate is aluminous rather than cal-

careous. A basaltic component, with composition

taken from Bounce Rock, comprises 15–17 wt.% of

the outcrop. This concentration is consistent with the

Fe2+ doublet observed in the MB spectra. Al is mod-

eled primarily as allophane with minor contributions

in jarosite and np-Ox. The results of the calculation

are given in Table 3 for water-free compositions, as

appropriate for APXS results.

An important distinction between cases 2 and case 1

is that the former models most alkali elements and

aluminum in alteration products, whereas the latter

invokes feldspar combinations for Na–K–Al. Case 2
may help explain Ca systematics, Fig. 5(b). Interesting-

ly, both approaches infer the major presence of low-Al

silicates (modeled as silica plus allophane polymorphs)

to the extent of one-fourth to one-third of the total

assemblage, (Fig. 12). The unaltered rock components

are somewhat lower in case 2.

5.2. Migration of soluble components

The mineralogical models for cases 1 and 2 show

that their largest changes from layer to layer are in the

Mg and Ca sulfates and in chlorides, and that they are

systematic. We therefore tested a hypothesis that the

Karatepe sequence could be explained as a single
F
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Fig. 13. Variations of modeled minerals in the Karatepe outcrop sequence, as deduced from the smoothed mineralogical model (Case 1a) and the

specific SO3 content of each layer.
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chemical sediment, originally uniform in composition,

but modified by migration of certain salts. In Fig. 14,

we plot the composition of the hypothetical starting

sediment, breference compositionQ assuming movement

of an average salt with the following composition: 90%

MgSO4, 15% CaSO4, and �5% NaCl. The negative

content for Cl signifies that as the sulfates are added,

chloride is depleted. The relative constancy in the

derived reference composition from each layer is in

remarkable contrast to the compositional variations

shown earlier in Fig. 2. Although the derived composi-

tions still show residual systematic variations, these are

small (withinF10% of the reference), lending credence

that to first order the outcrop may be represented as one

in which sulfates migrated upwards, while Cl and Na

component(s) migrated downward. The bmobile saltQ
quantities used for this example are given in Table 4.

Alternatively, the same salt differentials could reflect

changes in deposition when salt-rich brines first infil-

trated the siliceous sediment.

RAT grinding energies generally correlate positive-

ly with SO3 content, and hence negatively with SiO2

(BounceRock, an igneous rock at Meridiani, being

the sole exception). However, the correlation with the

calculated bmobile saltQ shown in Fig. 15 is quite

consistent with the expectation of increased cemen-

tation strength of salt-enriched sediments, in compar-

ison with porosity and weakness of salt-depleted

ones.
6. Implications

6.1. Source material

Compared to martian rocks and soils, outcrop com-

positional patterns are much more akin to soils, as is

apparent by strong enrichments in S, Cl and Zn. How-

ever, the S content is markedly exaggerated. To examine

the proposition that outcrop may simply be soil with

addition of SO3
2�, we have compared our derived refer-

ence composition for outcrop with Meridiani soils to

search for components which could accommodate the

differences. This approach is by no means unique, but to

bracket some possibilities, we studied combinations with

both the bright and dark soils analyzed at Meridiani, the

former of which are particularly close to soil composi-

tions across wide regions of Mars [16]. Adding a SO3-

rich mixture containing mafic igneous minerals (or their

isochemical alteration products) to dark soils, neither

olivine nor pyroxene alone provide a good match, but

a judicious combination of both is far more satisfactory.

Similar results are shown in Table 5, where 66.6% bright

soil is combined with 19.4% of a mix of volatiles, and

14% mafic component to reproduce the reference com-

position. The volatile component is predominantly S,

with minor but significant P, Cl, K and Zn. The mafic

component, of composition shown in Table 5, is 28%

olivine (Fo =59% by wt.) and balance pyroxene (En =

55% by wt., Fs =38.5%, Wo =6.5%). This mafic com-



Table 3

Mineralogical composition of outcrop cases (H2O-free)

Case 1a

(SO3=20%)

(wt.%)

Case 2

(average)

(wt.%)

Rock componet

Basaltic rock 0.0 16.2

bPxQ 4.6 0.0

Feldspar (Ab=79% by wt.,

Or=21%, An=0%)

16.7 0.0

Sum rock component 21.3 16.2

Oxide components

Hematite, Fe2O3 6.0 6.0

Anatase, TiO2 (0.7) 0.6

Pyrolusite, MnO2 (0.3) 0.3

Np-Ox, (Fe0.94Cr0.06)2O3 (Fe3D3) 3.7 2.7

Sum oxide components 10.7 9.6

Sulfate components

Jarosite,

(K0.51Na0.49)(Fe0.91Al0.09)3S2O11(H2O)3

0.0 9.9

H-Jarosite, (H3O)Fe3S2O11(H2O)3 9.9 0.0

Schwertmannite (Fe3D3),

(Fe0.94Cr0.06)32O69S7(H2O)9

0.0 1.0

Kieserite, (Mg0.99Ni0.01)SO4(H2O) 17.3 17.6

Bassanite, Ca(SO4)(H2O)0.5 8.8 7.4

Thenardite, Na2SO4 0.0 0.5

Sum sulfate components 36.0 36.5

Chloride components

Bischofite (MgCl2)(H2O)6 2.4 0.0

Halite (NaCl) 0.0 1.9

Phosphate component

Ca–phosphate 2.4 0.0

Variscite, (Al0.90Fe0.10)PO4(H2O)2 0.0 1.2

Aluminosilicate components

Allophane, halloysite, and/or

kaolinite, Al2Si2O7(H20)2

7.4 8.9

Opalline silica, SiO2(H2O)0.2 21.5 25.8

Sum aluminosilicate component 28.9 34.7

Carbonate component

CaCO3 0.2 0.0
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position is in the range of various pyroxene-rich rocks,

including themartianmeteorites Lafayette andALH84001

[35]. Overall, the outcrop composition could be under-

stood as an infiltration involving martian soil and an

acid–sulfate solution containing igneous mafic minerals

or their leachates and weathering products.

6.2. Some candidate formation processes

The rich content of water-soluble salts in the Mer-

idiani outcrop has caused it to be viewed in a prelim-
inary way as analogous to terrestrial evaporite deposits

[6]. Careful, detailed analyses have previously pre-

dicted evaporite sequences on Mars [48] which some-

what mimic many classical sequences on Earth, in that

they have major components of chlorides with alkali-

element cations, carbonates with alkaline-earth cations,

and relatively minor occurrences of sulfates. This sce-

nario differs from markedly from the sulfate sediments

found in Meridiani Planum. A part of the difference

may be explainable as a S-rich lithosphere for Mars

[43] with a higher SO3 /Cl ratio in the available volatile

inventory. The overwhelming large ratio of 20 :1 for

molar S :Cl abundance in the upper strata, and still 9 :1

lower down (soils are ~5 :1), illustrate the dominance of

sulfate over chloride salts in this formation.

An important question about provenance of this out-

crop is the scale of water involvement (bwater : rockQ
ratio). This scale could range from a large but shallow

sea, to restricted playas or springs. The widespread

occurrence of characteristic bright-rimmed impact cra-

ters, now understood to reflect the presence of light-

toned outcrop across large portions of Meridiani Planum

[13], either argue against localized occurrences or indi-

cate that locally generated aqueous precipitates were

mixed over a broader region by aeolian processes.

Given a ubiquitous source of salt from soils, the actions

of aquifers, groundwater percolation, freeze/thaw of

ground ice, or simply pervasive thin films of H2O

could, in principle, have produced many of these chem-

ical signatures, especially over geologic time. Indepen-

dent evidence such as diagnostic features of cross-

bedding [6] implicates overland flow of H2O in the

formation of some (but not all) outcrop rocks [9]. Dia-

genesis to create concretions and mineral molds also

requires infusions of groundwater H2O, as discussed in

McLennan et al. [8] and Tosca et al. [25].

The brines required to precipitate the salts on the

surface of Mars are apparently similar in chemical

composition to the relatively rare sulfate class of brines

on Earth. Such Mg– or Fe–sulfate rich brines have been

reported from deep wells [49], the Basque Lakes, Lake

Kamloops, and Iron Mask Lake, British Columbia

[50,51], Hot Lake, Washington [50]; Deadmoose Lake,

Little Manitou Lake, and Freefight Lake, Saskatchewan

[50,52,53]; Quero Playa Lake, central Spain [54], and

Rio Tinto, Spain [55,27]. One brine from Basque Lake

#2 (BQ-4 of [51]) was examined for evaporation using

the computer program of Harvie et al. [56]. The simu-

lated mineral precipitation sequence, CaCO3–gypsum–

epsomite–glauberite–bloedite–polyhalite–anhydrite–ha-

lite, is very close to the salt assemblage reported from

Basque Lake #2 [51], except for the predicted minor



Fig. 14. Salt migration model, and element departure from a derived

reference composition. Results are normalized to unit D for ease in

comparison with Fig. 2.

Fig. 15. Specific energies (logarithm of energy/volume) for grinding

outcrop RAT holes clearly correlate with calculated content of

bmobile saltQ added to each sample of the Karatepe sequence. Line

is LLS fit to data points.
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phases glauberite and polyhalite. By simulating various

Mars brines for Karatepe, we found one which produced

a sequence dominated in the final precipitations by

kieserite (52%, by mole), anhydrite (24%), and bischo-

fite (18%), with small amounts of carnallite (2%) and

halite (3%) (for a brine starting composition of

SO4=470, Mg=455, Ca=150, Cl=300, Na=20, and

K=10 mM). In other calculations [25], similar but

somewhat different assemblages are generated by in-

cluding also the Fe chemistry and the influence of pH.

As discussed in the next section, the open questions

about mobilization of salt in this outcrop are what roles

five different processes may have played. These pro-

cesses are water : rock ratio, evaporation, freezing,

changes in pH, and shifts in oxidation potential of the

environment (e.g., [25,57]).
Table 4

Amount of bmobile salt Q added (+) to or depleted (�) from each unit

Unit Salt added

(%)

Tenessee (A) 4.46

Kentucky (B) 3.22

Virginia (C) �1.77

Ontario (D) 1.77

Grindstone (E1) �3.07

Kettlestone (E2) 0.28

Millstone (F) �3.91

Diamond (Gd) �7.12

MacKenzie (Gm) �12.86

Paikia �3.40

Wharenhui �3.44
6.3. Solubilization for mobilization

Movement of soluble Mg and Ca sulfates upward is

consistent with water evaporation out the top of a

saturated sediment, analogous to the formation of sur-

face efflorescent salt crusts on Earth [58]. Migration of

chloride(s) could occur via the freezing point depres-

sion mechanism during downward seepage of water

under gravity. A comparative lack of vugs in the

lower outcrop material [8], if true, and the suggestion

that they may represent crystal molds that originally

were MgCl2, are consistent with preferential dissolution

and migration of Cl. At about 5% by volume [6], the

vugs would represent an initial source of 3 to 4 wt.% of

Cl, which when mobilized could supply the enrich-

ments observed elsewhere (to 1.35 wt.% Cl). Or, a

declining water table might preferentially leach NaCl

downward with lesser transfer of Ca (if pH neutral) or

Mg sulfates if sparse H2O/ rock ratios persist. Jarosite,

if present as the (K, Na)-form, could remain immobile

in these scenarios because of restrictions on solubility

due to pH, oxidation state, or both [25]. In many

terrestrial examples, the kinetics of dissolution or pre-

cipitation of particular salts places a strong imprint on

the observed deposits [59].

6.3.1. Solubility and saturation

Variations in Cl and Br concentrations could result

from later diagenetic processes, including even super-

ficial redistribution of highly soluble components by

sparse quantities of solute, such as might have been

provided by thin films of quasi-liquid water on grain



Table 5

Formation of reference composition from soils and SO3/Ol/Px mixes

Component Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO FeO Ni Zn Br

Meridiani bright soil 2.31 7.62 9.21 45.33 0.91 7.23 0.81 0.50 6.66 0.99 0.34 0.36 17.59 486 390 31

Acid volatiles 2.33 93.10 3.30 1.30 750

Mafic component 24.83 48.15 2.21 0.98 0.73 0.39 22.70

Calculated from

components

1.54 8.54 6.14 36.91 1.06 22.91 1.18 0.58 4.75 0.80 0.33 0.29 14.89 324 405 20

Reference composition 1.55 8.48 6.15 36.94 1.06 22.93 1.16 0.59 4.84 0.78 0.20 0.32 15.01 615 401 31
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surfaces even at sub-freezing temperatures [60]. Sparse

H2O availability will favor the most soluble salts, and

could help explain the hyper-variability in occurrences

of Br due to the very high solubility of bromides [41].

6.3.2. Temperature change and freezing

Although solublization may have played a signifi-

cant role in the initial formation of sulfate-rich sedi-

ment, subsequent wetting did not remove it to some

other reservoir. Yet, differentiation into chloride and

bromide-enriched regions did occur. Furthermore,

some crystals were removed altogether, as evidenced

by the geometrical regular vugs interpreted as mineral

molds [8]. How did a highly soluble matrix of MgSO4

persist? A possible mechanism is differential freezing

point depression. Because of its heliocentric distance,

Mars is today a sub-freezing planet, with average tem-

peratures of �50 to �65 8C even in equatorial regions

[61]. Excursions into temperature/pressure regimes

above the freezing point of pure H2O may have been

limited or rare in both spatial and temporal extent. For

the chemistries likely for Mars, significant freezing

point depression by formation of brines is particularly

determined by occurrences of chlorides and nitrates (if

present), since the more abundant sulfates are relatively

poor depressors [41,22,62,63].

Although daytime heating can transiently warm the

surface of loose, insulating soil above 0 8C, the com-

bination of annual and diurnal thermal waves is damped

out just 1 or 2 dm into the regolith, especially where

there is loose, fine-grained soil [61]. Chlorides of Na,

Mg and Ca, and their mixtures can depress the freezing

point to �20 or even �55 8C, whereas the sulfate salts
considered here depress it no further than to �5 8C.
Acidic species are even more effective, including the

dilute aqueous sulfuric acid eutectic, H2SO4d 9H2O,

with freezing point of �74 8C [64]. Diurnal, annual

or climate-timescale temperature waves can pass

through the eutectics of subsurface salt/ice mixtures

without ever exceeding the triple point of pure H2O

ice. Any of these chlorides in contact with ice can enter

into solution whenever the local temperature exceeds
eutectic points. By this mechanism, chlorides can mi-

grate independently from otherwise highly soluble sul-

fates. The Cl-enrichment boundary at the D–E1

interface may represent the isotherm for the mineral

phase responsible for transport of Cl ions to deeper

zones. NaClO4 also depresses the freezing point about

the same amount as MgCl2 (�33 8C [41]). Transport of

Br separate from Cl species may occur in the form of

MgBr2, whose eutectic point is lower, at �42.7 8C [41],

or along with a CaCl2 brine, which does not fully freeze

until �55 8C.

6.3.3. pH and redox change

An important question is whether the origin of the

high S concentrations was in an acid environment. On

earth, weathering of sulfide deposits can create acidic,

sulfate-enriched waters. On Mars, the process could be

more direct, especially for relatively less surface water,

via magmatic outgassing. Volatiles released from mag-

matic intrusions or extrusive lavas include species such

as S, H2S, SO2, SO3, H2SO4, Cl2, HCl, CO, CH4, and

CO2, all of which are generally intrinsically acidic or

are readily converted to acidic forms through oxidation

by martian atmospheric UV photolysis products and

subsequent reaction with H2O vapor or liquid. Unless

large quantities of liquid H2O are available, the initial

chemical weathering milieu could be expected to be

highly acidic [65,26] on Mars.

Changes in deposition patterns or mobilization of

Ca–sulfates requires at least slightly acidic solutions,

while mobilization of K, Na-jarosite requires pH

below around 3 [24,66]. Fluctuations in pH, even if

temporary, could cause further selective redistribution

of martian salts. That jarosite is so uniformly distrib-

uted throughout the outcrop is evidence the pH has

not been very low during subsequent periods of

wetting, if saturation occurred. Conversely, the fact

that jarosite persists throughout outcrop rocks in sub-

stantial abundance in spite of being susceptible to

slow dissolution indicates that post-depositional inter-

actions with water, even above pH=4, have also been

minimal [27,67]. Likewise, changes in oxidation po-



Table 6

Inferred Salt Hydration Content for Average Outcrop from Case 1a

Salt min H2O

(%)

max H2O

(%)

MgSO4*7H2O 14.5

MgSO4*H2O 2.8

MgSO4 absorbed 2.2 2.2

CaSO4 0.0

CaSO4*2H2O 1.9

MgCl2*6H2O 2.2

Na-jarosite 0.9

H-jarosite 1.3

Hydroxylapatite 0.0

Chlorapatite 0.0

Total H2O 5.9 22.2
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tential are well-known for causing precipitations in

aqueous geochemical settings. Again, the uniformity

of jarosite but the apparent non-uniformity of Ca–

sulfates favors conditions of mildly acidic and oxi-

dizing conditions at least at some time in the history

of the formation.

7. Additional roles of water

7.1. Residual hydration states

Bound or adsorbed water in the martian surface

materials was first identified based on a characteristic

broad absorption feature at 3 Am in early telescopic

spectra [e.g., [68]] and was subsequently observed from

the Infrared Spectrometer (IRS) on Mariner 6 and 7

[69] and the Imaging Spectrometer for Mars (ISM) on

Phobos [70]. Modern analysis of the IRS and ISM data

sets has noted an enrichment in hydrated materials

associated with all three gray hematite sites identified

by the Thermal Emission Spectrometer (TES) on Mars

Global Surveyor [71–73]. Increased hydration in some

areas correspond with the GRS signature of hydrogen

[74] and with recent OMEGA results identifying kie-

serite [75].

Water also has diagnostic spectral absorption fea-

tures in the wavenumber range of Mini-TES. In emis-

sion most hydrated materials exhibit a narrow

characteristic peak at 1650 cm�1 (6.06 Am), but also

broad absorption from 1600 down to 1200 cm�1. In

Mini-TES this spectral range is also complicated by

roll-off effects seen in fine particulate surfaces [76] and

by lower signal-to-noise, especially at low surface tem-

peratures (target radiance drops significantly at these

high wavenumbers, shorter wavelengths). These com-

peting effects lower the sensitivity of Mini-TES to

surface hydration state and analysis is ongoing to un-

derstand these various contributions.

A survey of common evaporites, including mixed

salt compounds with more than one cation, shows that

about one-half of all candidate salts for Meridiani out-

crops can be hydrated. Magnesium sulfate is particu-

larly versatile, with forms ranging from one water of

hydration (kieserite) up through 2, 4, 6 (hexahydrite)

and even 7 water molecules per salt molecule (epso-

mite), which could account for significant amounts of

bound H2O in the martian regolith [62,77]. Calcium

sulfate occurs commonly as gypsum, bassanite, or an-

hydrite, only the last of which is not hydrated. In

evaporation of a sulfate-rich chloride brine in precipi-

tation simulations [25], hydrates are predicted to figure

prominently in the sequence. Hydrated Mg and Ca
sulfates have recently been detected by Mars Express

[75,70,78].

We have tabulated ranges in hydration levels possible

for our case 1a mineral assemblage, not including hydro-

xides or hydration in possible clays, serpentine, allo-

phane or silica. The results, Table 6, show that

equivalent H2O could comprise from about 6 to 22

wt.% of this outcrop material. The value for case 2 is a

minimum of 7 wt.%. Baldridge and Calvin [71] esti-

mated that the IRS data were consistent with a local

increase of 2 to 4 wt.% water in minerals at Meridiani.

Measurements from the Odyssey orbiter has identified

an average concentration of 7% H2O-equivalent H

down to a depth of approximately 1 m for the Meridiani

Planum region [74]. Meridiani soil is estimated by us to

contain 1 to 4 wt.% of H2O of hydrated salts, so the

remote sensing by neutron spectroscopy appears to be

consistent with occasional exposure of outcrop in the

cratered plains and etched terrain, as well as sensing

below a relative thin veneer of some ten’s of centimeter

of soil over the layered deposits.

7.2. Astrobiology

There are numerous consequences of the outcrop salt

content, its conditions of formation and subsequent en-

vironmental history that pertain to the questions of the

abiotic chemical origin or life and the survival of adapted

organisms. Even now, if the outcrop were to become

infiltrated by liquid H2O, it is predicted that that water

would become hypersaline with soluble sulfates and

chlorides. If unreacted acidity is present, there would

be a low pH environment, albeit possibly transient. If Cr,

Ni and Zn are soluble or extractable, they could rise to

toxic levels in a brine. Hexavalent Cr is highly toxic, and

a possible concern for future exploration [79]. Because

Cr correlates with Fe, not S, it is unlikely to be in the
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more soluble Cr+6 form, as it is in the Atacama [40].

Broader consideration of astrobiological implications is

discussed extensively in Knoll et al. [80].

8. Conclusions and conundrums

8.1. Findings and qualifications

The Meridiani outcrops may plausibly be explained

as a mix of fine-grained siliciclastic material and chem-

ical sediments that were originally precipitated in a

significant aqueous environment and have since been

reworked. These sediments appear to be widespread,

with a continuity in stratigraphy over the distances so-

far sampled. In contrast to terrestrial salt assemblages,

sulfates dominate over chlorides and alkali for much of

this deposit. This starting material could have been

formed through elements which play a less important

role. A common starting material may have been the

basic combination of martian soils and known martian

igneous rock chemistries, mediated by a high influx of

sulfate anion. Very few major minerals, if any, may be

present in their original igneous form. There does not

appear to have been major infusions of liquid water,

whether by infiltration or precipitation, since crater

formation. Outcrops may be a repository of hydroxide

and/or hydrate and hence an additional sink for sparse

H2O on Mars.

8.2. Conundrums

Current sampling may be misleading because there

is abundant evidence that these are highly reworked and

diagenetically altered sediments. Accordingly, it is like-

ly that we are in an evaporite sequence that it is neither

in equilibrium nor complete. For example, it cannot be

ruled out that carbonate and major chloride deposits

formed deeper in this sequence, or perhaps even in

higher layers that have previously been eroded away

by aeolian stripping. That noted, it is hazardous to

speculate further on those things for which we simply

have no data.

Several minerals of seemingly compatible solubility

do not always associate with one another. Specifically,

the variability of SO3 /Cl ratios and the hyper-variabil-

ity of Br with no apparent relationship to high or low

abundance of other highly soluble salts must be

explained by special situations, possibly including

late-stage precipitation, moisture-driven mobilization,

and/or freezing point depression.

The distribution of Na and K across candidate

minerals, including jarosite, is unclear. The Cl content
evidences a dichotomy, with enrichment at a zone

where S concentrations begin to decrease significantly.

It cannot be excluded that Br and Cl are in oxidized

form, such as bromates or perchlorates, and that these

forms contribute to the oxidizing power of the soils.
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