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[1] The Mdssbauer (MB) spectrometer on Opportunity measured the Fe oxidation state,
identified Fe-bearing phases, and measured relative abundances of Fe among those phases
at Meridiani Planum, Mars. Eight Fe-bearing phases were identified: jarosite
(K,Na,H;0)(Fe,Al)(OH)4(SOy4),, hematite, olivine, pyroxene, magnetite, nanophase ferric
oxides (npOx), an unassigned ferric phase, and metallic Fe (kamacite). Burns
Formation outcrop rocks consist of hematite-rich spherules dispersed throughout S-rich
rock that has nearly constant proportions of Fe*" from jarosite, hematite, and npOx
(29%, 36%, and 20% of total Fe). The high oxidation state of the S-rich rock (Fe>*/Fer ~ 0.9)
implies that S is present as the sulfate anion. Jarosite is mineralogical evidence for
aqueous processes under acid-sulfate conditions because it has structural hydroxide and
sulfate and it forms at low pH. Hematite-rich spherules, eroded from the outcrop, and their
fragments are concentrated as hematite-rich soils (lag deposits) on ripple crests (up to 68%
of total Fe from hematite). Olivine, pyroxene, and magnetite are primarily associated with
basaltic soils and are present as thin and locally discontinuous cover over outcrop rocks,
commonly forming aeolian bedforms. Basaltic soils are more reduced (Fe*"/Fer ~ 0.2—0.4),
with the fine-grained and bright aeolian deposits being the most oxidized. Average
proportions of total Fe from olivine, pyroxene, npOx, magnetite, and hematite are ~33%,
38%, 18%, 6%, and 4%, respectively. The MB parameters of outcrop npOx and basaltic-soil
npOx are different, but it is not possible to infer mineralogical information beyond
octahedrally coordinated Fe®". Basaltic soils at Meridiani Planum and Gusev crater have
similar Fe-mineralogical compositions.

Citation: Morris, R. V., et al. (2006), Mssbauer mineralogy of rock, soil, and dust at Meridiani Planum, Mars: Opportunity’s
journey across sulfate-rich outcrop, basaltic sand and dust, and hematite lag deposits, J. Geophys. Res., 111, E12S15,
doi:10.1029/2006JE002791.

354.4742°E in International Astronomical Union 2000
coordinates on 24 January 2004 UTC [Squyres et al.,

1. Introduction
[2] The Mars Exploration Rover (MER) Opportunity

landed in Eagle crater (~20 m diameter) on the low-albedo
Noachian-age plains of Meridiani Planum at 1.9483°S,
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2004]. The primary scientific objective of the exploration
of Opportunity and its twin rover Spirit on the opposite side
of the planet is to characterize the surface and atmosphere,
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searching for evidence of water and clues for assessing past
and current climates and their suitability for life [Squyres et
al., 2004]. In addition to a miniature Mdossbauer (MB)
spectrometer (MIMOS 11), the Athena science payload on
both MER rovers includes a panoramic, multispectral cam-
era (Pancam), a miniature thermal emission spectrometer
(MiniTES), an Alpha Particle X-ray spectrometer (APXS), a
Microscopic Imager (MI), and a Rock Abrasion Tool (RAT)
[Squyres et al., 2003; Klingelhdfer et al., 2003]. The in situ
instruments (MB, APXS, MI, and RAT) are mounted on a
5-degree-of-freedom robotic arm for placing the instruments
in contact with surface targets.

[3] The MB spectrometer determines the oxidation and
coordination states of Fe, the mineralogical composition of
Fe-bearing phases, and the distribution of Fe among oxida-
tion and coordination states and Fe-bearing phases. During
the first 510 sols (1 sol = 1 Martian day) at Gusev crater,
Spirit’s MB instrument found both weakly altered and
pervasively altered basaltic materials during its journey
across the Gusev plains and into the West Spur and
Husband Hill regions of the Columbia Hills [Morris et
al., 20061. The weakly altered Adirondack Class basaltic
rocks (Fe’"/Fer < 0.2, Ao + Apy ~ 90%, and Ag, = Apy >
Amt > Apm) are predominant on the Gusev plains. The
parameters Aoj, Apx, Amt, and Ay, are the percentages of
total Fe (Fer) associated with olivine (Ol), pyroxene (Px),
magnetite (Mt), and hematite (Hm). They are derived from
the component subspectral areas (f~factor corrected [e.g., De
Grave and Van Alboom, 1991; Morris et al., 1995]).
Although weakly altered basaltic float rocks are present in
the Columbia Hills (e.g., Backstay Class), moderately to
pervasively altered outcrop rocks (Fe**/Fer = 0.4—0.9) are
widespread in the Columbia Hills. Typically, the altered
basaltic rocks have Ag; + Apy ~ 9-50% and Ap, > Ag
(Ao ~ 0 for some rocks like Clovis Class). The major Fe®*-
bearing phases are nanophase ferric oxide (npOx), hematite,
and goethite (Gt). Goethite (a-FeOOH), whose concentra-
tion is highest in the rock Clovis (Ag, ~ 40%), is an
important discovery because the phase is mineralogical
evidence for aqueous processes as it has structural hydrox-
ide and is formed under aqueous conditions. [Imenite is also
present (Apnm ~ 2—8%) in some Columbia Hill rocks.
Relatively unaltered (Fe**/Fer ~ 0.3) basaltic soils (Laguna
Class) occur throughout the Gusev plains and the Columbia
Hills (Ao; + Apx ~ 60—80%, Aypox ~ 13—-28%, and Ayy ~
0-10%). Highly oxidized (Fe’/Fer ~ 0.9), sulfate-rich
soils (Paso Robles Class) occur on the Northwest slope of
Husband Hill (AFe(3+)—Sulfate ~ 60-90% and AHm ~ 0—
20%).

[4] Preliminary results from Opportunity’s Mdssbauer
spectrometer are reported by Klingelhdfer et al. [2004] as
part of a special journal issue on the results of the primary
mission (first 90 sols). We report here results for the first
560 sols of Opportunity’s exploration of Meridiani Planum,
which includes the interior and rim of Eagle crater (sols 0—60),
the plains eastward to Endurance crater (sols 60—100), the
rim and interior of Endurance crater (sols 100—310), and
the plains southward to the north of Erebus crater (sols
310-557). Squyres et al. [2006b] and Arvidson et al. [2006]
provide a summary of mission operations and payload
measurement campaigns for Opportunity through sol 557
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and a summary of key scientific findings derived from all
Athena payload elements.

2. Instrument, Measurement, and Spectral
Analysis
2.1. Instrument and Measurement

[5] The MER MIMOS II Méssbauer spectrometers have
been previously described [Klingelhdfer et al., 2003; Morris
et al., 2006]. Briefly, Opportunity’s spectrometer operates in
backscatter geometry with 512 data channels (triangular
waveform at a drive frequency of ~24 Hz, standard but
selectable velocity range of £12 mm/s, and binning of data
into 13 temperature windows) and has a primary °’Co
radiation source (~300 mCi at launch and ~30 mCi on
sol 557) with four detectors to detect resonantly scattered
X-rays (6.4 keV) and ~-rays (14.4 keV) from surface
targets. Both 6.4 and 14.4 keV data were returned to the
Earth because the detector counters were configured to sum,
pairwise, counts from the 6.4 and 14.4 keV energy windows.
Only 14.4 keV data are discussed in this paper. A secondary
radiation source mounted at the opposite end of the velocity
transducer plus a known reference absorber (metallic Fe
foil, hematite, and magnetite) and detector in transmission
geometry are used for velocity calibration during MB
operations on the Martian surface. The velocity scale was
determined for each temperature window from the reference
absorber peak positions, principally those of metallic Fe,
and the drive error signal. Opportunity’s velocity transducer
was less linear compared to the Spirit instrument, and there
were often differences in sol-to-sol velocity calibrations.

[6] The robotic arm is used to position MIMOS II into
physical contact with surface targets, with contact being
sensed by two micro switches on opposite sides of a spring-
loaded contact plate. A force of ~1 N or more will close the
contact switches. The incident 14.4 keV *’Co gamma
radiation illuminates a target area ~1.5 cm in diameter,
and the sampling depth is ~0.03 g/cm®. Temperature
sensors on the contact plate and at a location near the
reference absorber normally record the same temperature to
within +10 K.

2.2. Maossbauer Spectral Analysis

[7] The Mdssbauer parameters for component subspectra
that are relevant for oxidation state, coordination state, and
phase identification, and distributions thereof are the isomer
(or center) shift (6 in mm/s), quadrupole splitting (AEq in
mm/s), magnetic hyperfine field strength (Byr in T, where
Bns = 0 T for doublets), full peak line width at half
maximum intensity (I in mm/s), and subspectral areas
(A). With respect to phase abundance, subspectral areas
provide information about the distribution of total Fe among
Fe-bearing phases and do not directly provide information
about the distribution of Fe-bearing phases themselves. For
example, a sample of Mg,SiO,4 (Fe-free forsterite) is 100%
olivine according to elemental and X-ray diffraction meth-
ods, but is 0% olivine according to MB measurements
because there is no Fe to detect. We used 6 = h(v; + v3)
and AEq = |v, — v, | for doublet spectra, and 6 = Va(vi +va+
Vs + Vo), AEq = (Ve — Vs) — (V2 — V1)), and Bye =
constant x (|vg — vi|) for sextet subspectra, where vy, ...,
ve are the peak center positions in mm/s numbered from
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Y §§§ minimum to maximum velocity. With adequate counting
Hlgge statistics, the peak center positions can be obtained using
aaa least squares computer programs where, for example, the
" peak line shape, center, width, and area are adjustable
CElm @ parameters.
N = = [s] On Mars, optimal counting statistics in any given
gl temperature window for a single target are not often
gr LE 2N achieved because arbitrarily long counting times are not
gl o . possible. The situation degrades with mission time in
= accordance with the 270 d half-life of °’Co. We employed
@E; § | i two approaches to improve counting statistics [Morris et al.,

2006]. One was to sum the MB data for a subset or all of the
temperature windows for a single target, and the other was
to sum data for the same temperature interval (one or more
temperature windows) over multiple targets. In the second
case, subspectral areas for individual targets are calculated
using previously obtained information (subspectral 6, AEq,
and By¢) as fitting constraints.

[9] A total of five doublet and four sextet subspectra were

T,
mm/s
0.51
0.54

0.55
0.64

pectra summed over the temperature interval given in the last column. The values of ¢ are referenced to metallic iron foil at the same temperature as the sample.

Fe3D3
AEQ,
mm/s
Target naming convention: Bwwwxyz (Feature-name _Target-name). B, MER-B (Meridiani Planum); www, Meridiani Planum sol number that data product was returned to Earth. For integrations covering multiple

<E a8 required to fit the MB spectra of 95 targets analyzed by
8= < Opportunity. Generic names will be used for the subspectra,

. and their assignments to oxidation and coordination state

=1 I A and Fe-bearing phase will be discussed in the next section.

2 gl © The generic subspectral names [after Morris et al., 2006]
2 . have the format FeXYZ, where X =2, 2.5, or 3 according to
Sl S 2 Fe oxidation state, Y = D or S (doublet or sextet), and Z is a
é 48 - sequential number for subspectra having the same FeXY.
4 Most spectra were independently fit by at least two authors
<E S of this paper using different approaches. In one approach,

g < Lorentzian line shapes were assumed, peak parameters were
] the adjustable parameters (within the constraint guidelines

hé; E ﬁ E discussed below), and the MB parameters 6, AEq, and By

were calculated from the fit peak positions. In the other
approach, 0, AEq, and By (and distributions thereof) for
each subspectrum were the adjustable parameters. The
values of MB parameters that we report for each subspec-
trum (6, AEq, Byy, and A) are the average of our indepen-

. with increasing number corresponding to increasing depth. Alphanumeric strings before parentheses are unique target

[2.12]
231
[2.12]

Fe2D2 (Px)
AEQ,
mm/s
U (undisturbed), D (disturbed), T (trench), B (RAT-brushed surface), R (RAT-ground surface), or G (RAT grindings); z = 0 by default;

for multiple analyses of the same target on the same sol. For BxxxSTz, z=1, 2, 3..

< E e S dent fits, and the parameter errors are the larger of the
=7 m uncertainty of the average value (usually) or the statistical
] error. Minimum errors we report are £0.02 mm/s for 6 and

QE; i g § AEq, 0.8 T for By, and £2% (absolute) for A.

[10] With regard to fitting procedures, the component
peaks for doublet subspectra were constrained to have equal
areas and equal widths. For sextet subspectra, peak areas
were constrained to the ratio 3:2:1:1:2:3. The centers of the
innermost two sextet peaks, because they have compara-

[3.00]
[3.00]
[2.95]

Fe2D1 (Ol)
AEQ,
mm/s

“One-doublet fits for Px in BounceRock. For two-doublet fits, average +10 values of 6, AEq, and I are 1.14 + 0.02 mm/s, 2.04 + 0.03 mm/s, and 0.46 + 0.02 mm/s, respectively, for one doublet and 1.17 + 0.02 mm/s,

> 8
= 5
= 3
= e
@ a2,
LR 5
B ]
2 £ 4o
= epE S
o~ .8 =
I 55 =
<t RGN e g 2 tively low intensity and strongly overlap with doublet
gl oo 2 «2 % subspectra, were constrained using the positions of the other
2 8% & four peaks and 0.572 for the g-factor ratio of the 14.4 keV
g R excited state to the ground state of >'Fe [e.g., Giitlich et al.,
é £ B 1978], and their values of I" are constrained equal to values
Sleis g9 E between 0.35 and 0.45 mm/s. Two sextet subspectra
[ . .
B _& & i S223 (Fe2.5S1 and Fe3S1, which are assigned to the octahedrally
o | 828/ Bz2 5 4y and tetrahedrally coordinated sites of magnetite, respectivel
£ 2 = £ o S Y g p y
= 73 172] =1 L e o . . . .
55 858/ £¢ 32 S8+ Morris et al., 2006]) are not present with sufficient inten-
— Z gl g2 B = =] . . L p .
3 25 O|E‘ B8lSzg ‘g 8§52 sity in Meridiani Planum MB spectra to fit without con-
E 2 2 § 8 é g o= 5g :é straining 0, AEq, By, and I to initial values and peak areas
g ©7 98 (R = o g 5 to the ratio 3:2:1:1:2:3. For the initial values, we used the
) Sl gs2 g 5552 parameters reported by Morris et al. [2006] for Gusev crater
- 2 E) é § j:j :é E § p= 2 magnetite. For Heat Shield Rock, the peak parameters for
= Lo ST SESE e sextet subspectrum FeOS1 (assigned to metallic Fe) were
< NN o5 | % o
= mmm RN} X

not constrained.
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Table 2. Mossbauer Parameters 6, AEq, and B,y for Sextet Subspectra®
6, mm/s AEq, mm/s By, T T, K
Fe3S1 (Magnetite, tet-Fe**)°
All Mt-bearing targets [0.31]° [0.06] [50.1]
Fe2.551 (Magnetite, oct-Fe*>")°
All Mt-bearing targets [0.64] [0.00] [46.9]
Fe3S2 (Hematite)
All Laguna Class Soil [0.37] [—0.16] [51.7] -
B016RUO (StoneMountain_RobertE) 0.34¢ —0.01 52.14 190-260
B027RUO (StoneTablet Shalt) [0.36] [—0.09] [51.5] 240-260
B029RUO (McKittrick_MiddleRAT) 0.36 —0.09 515 210-270
B030RUO (Guadalupe RATLower) 0.36 —0.10 523 200-280
B032RRO (McKittrick MiddleRAT) 0.35 —0.07 51.5 200-270
B035RRO (Guadalupe_King3) 0.34 —0.07 52.0 200-270
BO040RUO (LastChance_Makar) [0.36] [—0.09] [51.5] 260-270
B041RUO (Dells_HiHo) [0.36] [—0.09] [51.5] 240-260
B043RUO (FlatRock Mojo2) [0.37] [-0.16] [51.7] 260-280
B045RRO (FlatRock Mojo2) 0.33 —0.06 51.9 200-270
B046RUO (BerryBowl_Empty) 0.36 —0.12 51.6 240-270
B048RUO (BerryBowl MoessBerry) 0.38 —0.07 53.1 200-280
B049RUO (RasberryNewton_Filling) [0.36] [—0.09] [51.5] 240-270
BO51RUO (RealSharksTooth_Enamell) 0.37 —0.01 52.3 200-280
B052SU0 (Goal5WorkVolume Panaluu) 0.36 —0.19 52.2 250-270
B073SUO (Seas_AegeanCrest) 0.37 —0.20 51.9 250-270
B080SUO (DogPark_JackRussell) 0.35 —0.19 52.5 260-270
B084SUO (Nullarbor_GreatSandy) 0.37 —0.21 523 250-260
BO85RUO (Baseball Infield) 0.36 —0.09 51.5 240-260
BO88RRO (Pilbara_Golf) 0.33 —0.02 52.5 200-260
B091RUO (PhotoTIDD _FredRipple) 0.36 —0.19 522 250-270
B097SUO (BerryStop_LeahsChoice) 0.37 —0.12 52.5 230-260
B105RUO (LionStone Nala) 0.39 —0.07 52.5 240-260
B108RRO (LionStone NummaNewNormal) [0.36] [—0.09] [51.5] 250-260
B124RUO (Pyrrho_Sweet) 0.34 0.03 52.1 250-270
B126RUO (Diogenes MyTier02) 0.35 0.03 51.6 230-250
B140RRO (Tennessee_Vols) 0.36 0.02 51.8 200-250
B142RUO (Kentucky_ BlueGrass2) 0.34 0.00 50.7 250-260
B143RUO (Kentucky_ Churchill) 0.36 0.03 53.0 200-250
B144RRO (Kentucky CobbleHill) 0.36 —0.05 52.1 200-260
B148RRO (LayerC_Virginia) 0.36 —0.07 52.1 200-260
B150RRO (Ontario London) 0.35 —0.08 51.7 200-260
B152RR0 (Manitoba_Grindstone) 0.36 —0.10 51.9 200-260
B154RR0 (Manitoba Kettlestone) 0.34 —0.05 51.7 200-270
B163RRO (Millstone_Drammensfjord) 0.33 —0.02 51.5 200-260
B174RUO0 (Hoghead ArnoldZiffel) 0.36 —0.04 52.2 230-240
B179RR0 (DiamondJenness Holman3) 0.35 —0.01 51.8 200-250
BI83RRO (Mackenzie Campbell2) 0.33 —0.06 51.7 220-250
B188RRO (Inuvik_Tuktoyaktuk) 0.35 —0.07 51.5 200-260
B196RRO (Bylot_Aktineq3) 0.36 —0.03 52.1 210-260
B198RUO (Bylot_Sermilik) 0.40 —0.04 51.7 240-260
B211RUO (Escher_AfarMB) 0.36 —0.07 51.8 210-260
B213RUO (Escher Kirchner) 0.37 —0.03 522 210-260
B215RBO (Escher_Kirchner) 0.34 —0.06 52.1 210-260
B217RBO (Escher_EmilNolde) 0.35 —0.03 51.9 210-260
B219RRO (Escher Kirchner) 0.37 —0.08 51.9 210-270
B222SU0 (BerrySurvey_Cluster3) 0.37 —0.07 53.2 200-260
B241RUO (Ellesmere Barbeau3) 0.36 —0.34 52.1 210-250
B308RRO (Blackcow Wharenhui) 0.35 —0.04 52.1 190-270
B368SUO (TrenchRipple RippleCrest2b) 0.37 —0.18 51.8 250-280
B380RUO (Russett BridgeOfNose) 0.37 —0.06 51.5 250-280
B392RUO (Normandy Omaha) 0.38 —0.12 52.1 210-280
B404RRO (Yuri_Gagarin) 0.37 —0.07 523 210-270
B415SU0 (MattsRipple Mobarak) 0.37 —0.12 52.3 190-270
B419SUO (Ripple Norooz) 0.35 —0.21 51.9 250-290
B420SUO (Ripple_Mayberooz) 0.36 —0.21 51.8 250-290
B445SDO0 (RecoverySoil _Cure) 0.36 —0.10 52.7 190-270
B548RR0 (IceCream_Onescoop) 0.35 —0.04 52.2 200-270
B551RUO (Cobbles_Arkansas) [0.37] [—0.08] [51.9] 200-270
B557RBO (FruitBasket LemonRind) 0.36 —0.05 52.3 210-270
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Table 2. (continued)
6, mm/s AEq, mm/s Bu, T T, K
Fe0S1 (o-(Fe’ Ni’) Metal Alloy)
BI121RUO (FigTree Barberton2) [0.00] [0.00] [34.7] 230-270
B348RUO (SpongeBob_Squidward)® 0.00 0.00 34.7 210-270
B351RBO (SpongeBob_Squidward)® 0.00 0.00 34.6 210-270

“Parameters were calculated from spectra summed over the temperature interval given in the last column. Values of § are with respect to metallic iron foil

at the same temperature as the sample.
®Parameters from Gusev crater Mt [Morris et al., 2006].

“Parameters in square brackets were held constant during fitting procedures.

9MB parameter errors are +0.02 mm/s for § and AEq and +0.8 T for By

°Heat Shield rock. MB parameter errors are £0.02 mm/s for 6 and AEq and 0.4 T for Byy.

[11] The values of 6, AEq, and I' for Fe2D1 (assigned to
olivine), Fe2D2 (assigned to pyroxene), Fe3D1 (assigned to
npOx), Fe3D3 (unassigned), and Fe3D4 (assigned to jar-
osite) doublet subspectra were not normally constrained to
initial values, except for spectra where counting statistics
were poor and/or their subspectral areas were small. For the
case of poor counting statistics and the occurrence of Fe3D3
and Fe3D4, the values of ¢ and AEq were not constrained
but the values of I' for both doublets were constrained
equal. Similarly, the values of 6, AEq, By, and I' for Fe3S2
(assigned to hematite) were not constrained to initial values
unless counting statistics were poor and/or subspectral areas
were small.

[12] Derived values of MB parameters ¢, AEq, By, and I’
for individual targets are given in Table 1 (doublet sub-
spectra) and Table 2 (sextet subspectra). Values in square
brackets were held constant (constrained to initial values)
during fitting procedures. The spectra from which the
parameters were derived are the sum over the temperature
interval given in the last column of each table. Subspectral
areas (A) are compiled in Table 3, and they include a
correction factor (the f-factor) to account for differences in
recoil-free fractions (AFe®")/iFe*") = 1.21) independent of
mineralogical composition [De Grave and Van Alboom,
1991; Morris et al., 1995]).

3. Phase Identification
3.1. Overview

[13] We use a combination of literature databases of MB
parameters [e.g., Burns and Solberg, 1990; McCammon,
1995; Stevens et al., 1998; de Souza, 1999], intercorrela-
tions of subspectral areas, correlation of subspectral areas
with APXS elemental data, and mineralogical observations
of other MER instruments (MiniTES and Pancam) to make
phase assignments [Morris et al., 2006].

[14] Typically, literature databases include MB parame-
ters measured near room temperature (~295 K) and at
temperatures well below the diurnal temperature range
experienced by the MER rovers (~180-300 K). Important
exceptions are iron oxides such as hematite and goethite
which have been well studied because they undergo mag-
netic transitions within (Morin transition of hematite at
~260 K) or near (Verwey transition of magnetite at ~120 K
and Neel transition of goethite at ~420 K) Martian diurnal
temperatures. Dyar and Schaefer [2004] argued that 295 K
data cannot be used because the temperature dependence of
MB parameters is significant. This is not the case, as
discussed next.

[15] In the absence of magnetic transitions, we showed
that the MER MB parameters are not significantly temper-
ature dependent, in part because of the way MB measure-
ments are made on Mars and in part because the parameters
are not significantly dependent on temperature [Morris et
al., 2006]. On Mars, the >’Co source and absorber (i.c.,
surface target) are nominally at the same temperature
(within £10 K), so that values of ¢ are referenced to metallic
Fe at the sample temperature. In typical laboratory instru-
ments (including Dyar and Schaefer [2004]), the instru-
mental configuration has the source at room temperature
and the absorber in a cryostat at lower temperatures. In this
case, the values of 6 are referenced to metallic Fe at room
temperature and significant temperature dependence is ob-
served. Thus direct comparison of literature MB data
acquired over the Martian diurnal temperature range
involves using literature values of § at room temperature
(because they are obtained with source and absorber at the
same temperature) and the low-temperature values of AEq
and By if they are temperature dependent. For MB spectra
from Gusev crater [Morris et al., 2006], 6 and AEq for
doublet subspectra are temperature independent within
error, implying that literature values of AE, measured at
room temperature can be directly applied to MER data
obtained at diurnal temperatures.

[16] Although the ideal database is one where MB
measurements are made at Martian diurnal temperatures
with a MER-like configuration where the *’Co source, Fe
metal calibration standard, and sample are all at the same
temperature, such a database is not required as discussed
above. Either the parameters are not significantly tempera-
ture dependent (6 and AE, for doublet subspectra and 6 for
sextet subspectra) or the temperature dependence is known
(AEq and By for sextet subspectra) from previous publi-
cations describing the temperature dependence of magnetic
transitions. It is also possible that there are Fe-bearing
phases on Mars that are unknown in terrestrial samples.

[17] Intercorrelation of subspectral areas and correlation
of subspectral areas with elemental data provide additional
constraints for phase identifications [Morris et al., 2006].
For example, the negative correlation of A,,0x With Ap, and
the positive correlation of A,,0x With SOj5 is evidence that
Fe*'-bearing phase is correctly assigned to a weathering
product (npOx) and not to Fe*" in pyroxene. Anion-cation
charge balance considerations and the exceptionally high S
abundance in the Fe’'-rich PasoRobles Class soils are
compelling evidence that the Fe*" doublet subspectrum that
is unique to the Paso Robles Class is a Fe’ -sulfate. And
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Table 3. Mossbauer Areas for Component Subspectra (f-Factor Corrected), Fe*'/Fer, and Temperature Measurement Interval for
Mdssbauer Spectra of Meridiani Planum Rock and Soil Targets

Generic

Name Fe2D1 Fe2D2 Fe3D1 Fe3D4 Fe3D3 Fe3S1 Fe2.5S1 Fe3S2  FeOS1

Phase Ol, Px, npOx, Jar, Fe3D3, Mt, Mt(3), Mt(2.5), Hm, a-(Fe,Ni)O, Sum,

Assignment % % % % % % % % % % % Fe*'/Fer T, K
Eagle Crater, Meridiani Planum
BO011SUO (Merlot_Tarmac) 39* 37 14 0 0o 6 2 4 4° 0 100°  0.22¢ 190280
BO16RUO (StoneMountain_RobertE) 4 12 0 26 18 0 0 0 40 0 100 0.84 190-260
B017SUO (BerryFlats_Freckles) 26 28 10 0 0 0 0 0 35 0 100 046 250-260
B023SUO (HematiteSlope Hema2) 29 30 13 0 0 6 2 4 22° 0 100 0.39 200-280
B025ST2 (BigDig HemaTrenchl) 20 31 39 0 0o s* 2 3 6 0 100 0.48 200-280
B026STI1 (BigDig_HemaTrenchWall2) 31 35 22 0 0o 5 2 4 7° 0 100 032 200-260
B027RUO (StoneTablet_Shalt) 1 12 0 31 19 0 0 0 37 0 100 0.87 240-260
B029RUO (McKittrick MiddleRAT) 10 18 0 26 16 0 0 0 31 0 100 0.72  210-270
B030RUO (Guadalupe RATLower) 3 9 0 27 17 0 0 0 45 0 100 0.88 200-280
B032RRO (McKittrick MiddleRAT) 1 12 0 26 22 0 0 0 39 0 100 0.87 200-270
B035RRO (Guadalupe King3) 1 9 0 38 16 0 0 0 36 0 100 090 200-270
B038SUO (FineSoil_PaydirtPril) 36 41 15 0 0 6 3 3 3° 0 100 022 250-260
B040RUO (LastChance Makar) 0 15 0 29 18 0 0 0 38 0 100 0.85 260-270
B041RUO (Dells_HiHo) 7 17 0 28 15 0 0 0 33 0 100 0.75 240-260
B043RUO (FlatRock Mojo2) 8 17 0 24 19 0 0 0 32 0 100 0.75 260-280
B045RRO (FlatRock Mojo2) 1 15 0 22 25 0 0 0 38 0 100 0.85 200-270
B046RUO (BerryBowl_Empty) 3 12 0 29 20 0 0 0 36 0 100 0.86 240-270
B048RUO (BerryBowl MoessBerry) 10 11 16 0 0 0 0 0 63 0 100 0.79 200-280
B049RUO (RasberryNewton_Filling) 3 12 0 30 19 0 0 0 36 0 100 0.85 240-270
BO51RUO (RealSharksTooth Enamell) 1 8 0 22 15 0 0 0 54 0 100 091 200-280
B052SUO0 (Goal5WorkVolume Panaluu) 9 12 7 0 0 7° 4 2 65 0 100 0.78 250-270
B053SUO (Goal3Field Vanilla2) 39 25 11 0 0 6 4 2 20° 0 100 035 260-270
B054SUO (MudPie_Coconut2) 37 33 15 0 0 0 4 1 10° 0 100 030 240-260
B055SU0 (Meringue MBone) 36 37 16 0 0 6 1 5 5° 0 100 024 230-240
B056SUO (BlackForest BriansChoice) 33 37 14 0 0 9° 1 8 8° 0 100 027 250-260
B060SUO (MontBlanc_LesHauches) 28 32 30 0 0 2 4 5° 0 100 039 200-280
Eagle-Endurance Intercrater Plains, Meridiani Planum
B062SUO (BlackPatch Munter) 29 29 14 0 0 ® 4 5 20° 0 100 040 250-260
B063SUO (Whitestreak Cleo3) 13 19 10 0 0 4 2 2 55° 0 100 0.67 250-260
B066RUO (BounceRock_Glanz2) 0 100 0 0 0 0 0 0 0 0 100 0.00 200-260
B067RRO (BounceRock Case) 0 100 0 0 0 0 0 0 0 0 100 0.00 200-260
B067RUO (BounceRock Eifel) 0 99 1 0 0 0 0 0 0 0 100 0.01  250-260
B067RUO (BounceRock_Loreley) 0 100 0 0 0 0 0 0 0 0 100 0.00 250-260
B068RUO (BounceRock Fips2) 0 100 0 0 0 0 0 0 0 0 100 0.00 200-250
B069RUO (BounceRock Grace) 0 98 2 0 0 0 0 0 0 0 100 0.02 240-260
B069RUO (BounceRock Wrigley?2) 0 97 3 0 0 0 0 0 0 0 100 0.03 250-260
BO070RUO (BounceRock Maggie) 0 98 2 0 0 0 0 0 0 0 100 0.02 200-210
B073SUO (Seas_AegeanCrest) 11 12 5 0 0 g 5 3 65° 0 100 0.76 250-270
B078ST1 (DogPark JeffsChoice) 32 39 16 0 0 3 3 6° 0 100 027 230-270
B080SUO (DogPark JackRussell) 17 19 9 0 0 0 0 0 56 0 100 0.64 260-270
B084SUO (Nullarbor_GreatSandy) 13 16 7 0 0 4° 1 3 61° 0 100 0.70 250-260
B0O85RUO (Baseball_Inficld) 2 8 0 35 22 0 0 0 33 0 100 091 240-260
BO88RRO (Pilbara_Golf) 0 10 0 33 20 0 0 0 37 0 100 090 200-260
B090SDO (PhotoTIDD_Nougat) 27 31 23 0 0 73 4 12° 0 100 040 200-260
B091RUO (PhotoTIDD_FredRipple) 15 17 9 0 0 3 4 51° 0 100 0.66 250-270
B097SUO (BerryStop LeahsChoice) 16 19 13 0 0 52 4 47° 0 100 0.63 230-260
B105RUO (LionStone_Nala) 0 16 0 32 21 0 0 0 31 0 100 0.84 240-260
B108RRO (LionStone NummaNewNormal) 1 14 0 30 22 0 0 0 34 0 100 0.86 250-260
B121RUO (FigTree Barberton2) 51 32 6 0 0 0 0 0 0 11 100 0.06 230-270
B123SUO (HillTop_McDonnell) 33 36 19 0 0 8 2 6 4° 0 100 028 240-270
B124RUO (Pyrrho_Sweet) 4 16 0 29 19 0 0 0 31 0 100 0.80 250-270
B126RUO (Diogenes_MyTier02) 5 14 0 24 19 0 0 0 38 0 100 0.81 230-250
Endurance Crater;, Meridiani Planum

B140RRO (Tennessee_Vols) 1 14 0 29 18 0 0 0 39 0 100 0.85 200-250
B142RUO (Kentucky BlueGrass2) 9 20 0 21 14 0 0 0 36 0 100 0.71 250-260
B143RUO (Kentucky Churchill) 5 14 0 26 16 0 0 0 38 0 100 0.80 200-250
B144RR0 (Kentucky CobbleHill) 1 15 0 28 20 0 0 0 35 0 100 0.84 200-260
B148RRO (LayerC Virginia) 2 16 0 28 19 0 0 0 35 0 100 0.82  200-260
B150RRO (Ontario_London) 1 18 0 27 19 0 0 0 35 0 100 0.81 200-260
B152RR0 (Manitoba_Grindstone) 2 17 0 28 20 0 0 0 34 0 100 0.81 200-260
B154RR0 (Manitoba Kettlestone) 2 15 0 29 21 0 0 0 32 0 100 0.82  200-270
B163RRO (MillstoneDrammensfjord) 1 21 0 27 18 0 0 0 33 0 100 0.78 200-260
B165SUO (Millstone_Dahlia) 38 40 14 0 0 5° 1 5 3° 0 100 020 210-260
B174RUO0 (Hoghead ArnoldZiffel) 5 17 0 24 17 0 0 0 36 0 100 0.77 230-240
B179RR0 (DiamondJenness_Holman3) 2 11 0 29 18 0 0 0 41 0 100 0.88 200-250
B183RRO (Mackenzie Campbell2) 1 15 0 31 19 0 0 0 34 0 100 0.84 220-250
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Table 3. (continued)

Generic

Name Fe2D1 Fe2D2 Fe3D1 Fe3D4 Fe3D3 Fe3S1 Fe2.5S1 Fe3S2  Fe0Sl1

Phase Ol, Px, npOx, Jar, Fe3D3, Mt, Mt(3), Mt(2.5), Hm, a-(Fe,Ni)°, Sum,

Assignment % % % % % % % % % % % Fe*'/F er T.K
BI88RRO (Inuvik Tuktoyaktuk) 2 14 0 26 18 0 0 0 40 0 100 0.84 200-260
B196RRO (Bylot Aktineq3) 2 13 0 30 14 0 0 0 41 0 100 0.85 210-260
B198RUO (Bylot_Sermilik) 6 12 0 24 20 0 0 0 37 0 100 0.81 240-260
B211RUO (Escher AfarMB) 3 13 0 29 21 0 0 0 34 0 100 0.834 210-260
B213RUO (Escher Kirchner) 4 16 0 28 19 0 0 0 32 0 100 0.80 210-260
B215RBO (Escher_Kirchner) 1 15 0 29 21 0 0 0 33 0 100 0.84 210-260
B217RBO0 (Escher EmilNolde) 8 16 0 25 26 0 0 0 25 0 100  0.76 210-260
B219RRO (Escher Kirchner) 1 15 0 30 20 0 0 0 35 0 100  0.84 210-270
B222SUO (BerrySurvey_Cluster3) 16 19 9 0 0 2° 0 2 54° 0 100 0.64 200-260
B237SB0 (Auk_AukRAT) 38 40 14 0 0 6° 2 4 1° 0 100 020 210-260
B241RUO (Ellesmere Barbeau3) 7 17 0 32 17 0 0 0 27 0 100  0.77 210-250
B246SUO (Rocknest VoidMod) 40 37 13 0 0 7° 2 5 3° 0 100 0.21  190-240
B308RRO (Blackcow Wharenhui) 5 14 0 28 19 0 0 0 34 0 100 0.81 190-270
Endurance-Erebus Intercrater Plains, Meridiani Planum

B348RUO (SpongeBob_Squidward) 0 0 4 0 0 0 0 0 0 96 100 0.04 210-270
B351RBO0 (SpongeBob_Squidward) 0 0 6 0 0 0 0 0 0 94 100 0.06 210-270
B367ST1 (Trench_LeftOfPeanut) 32 38 19 0 0 7° 2 5 4° 0 100 0.27 210-280
B368SUO (TrenchRipple RippleCrest2b) 12 13 7 0 0 0 0 0 68 0 100 0.75 250-280
B369SUO (TrenchRipple CavairTweaked) 21 32 10 0 0 7° 3 4 30° 0 100 045 260-280
B373SDO0 (Trench_Scruffy) 30 47 13 0 0 7° 2 5 4° 0 100 021 250-280
B380RUO (Russett BridgeOfNose) 0 11 0 33 22 0 0 0 34 0 100 0.89 250-280
B392RUO (Normandy Omaha) 1 6 0 34 25 0 0 0 34 0 100 093 210-280
B404RRO (Yuri_Gagarin) 1 7 0 32 24 0 0 0 37 0 100 092 210-270
B415SUO (MattsRipple Mobarak) 17 21 11 0 0 2° 0 2 48° 0 100 0.61 190-270
B419SUO (Ripple Norooz) 17 18 11 0 0 0 0 0 53 0 100 0.65 250-290
B420SUO (Ripple Mayberooz) 17 17 11 0 0 0 0 0 55 0 100 0.66 250-290
B445SDO0 (RecoverySoil_Cure) 18 18 11 0 0 3° 1 2 50° 0 100 0.63 190-270
B509SDO (Purgatory Track2) 22 27 30 0 0 5° 2 3 15° 0 100 049 190-270
B548RR0 (IceCream_Onescoop) 3 10 0 32 19 0 0 0 36 0 100  0.87 200-270
B551RUO (Cobbles Arkansas) 6 15 52 19 0 0 0 0 8 0 100 0.79 200-270
B557RBO (FruitBasket LemonRind) 6 13 0 33 18 0 0 0 30 0 100 0.81 210-270

“Uncertainty in subspectral area is 2% absolute unless otherwise stated.

®Uncertainty in subspectral area is £3% absolute.

“Because Mt = Mt(3) + Mt(2.5), Sum = Ol + Px + npOx + Jar + Fe3D3 + Mt + Hm + a-(Fe,Ni)°.
9Fe*/Fer = (npOx + Jar + Fe3D3 + Mt(3) + 0.5(Mt(2.5)) + Hm)/Sum. Uncertainty in Fe*/Fer is £0.03.

finally, phase assignments made by MER instruments as an
aggregate must be mutually consistent. For example, olivine
and pyroxene are identified in rocks and soils at Gusev
crater by both MB and MiniTES instruments.

3.2. Rock and Soil Classification

[18] Gusev crater rocks are organized into six named classes
on the basis of APXS chemistry [Gellert et al., 2006; Squyres
et al., 2006a; Ming et al., 2006]. On the basis of large
differences in Fe mineralogical composition, we formed a
number of subclasses [Morris et al., 2006]. In addition, we
organized Gusev crater soils into two named classes (Laguna
Class and Paso Robles Class). We classified Meridiani
Planum rocks and soils using as much as possible the
classification scheme developed for Gusev crater (Table 4).
There are two rock classes: (1) Burns Outcrop Class and
(2) Other Rocks Class. The former is the S-rich outcrop and
the latter includes all other rocks (Bounce Rock, Heat Shield
Rock, and a collection of cobbles). As of Opportunity sol
557, there are no rocks common to Gusev crater and
Meridiani Planum on the basis of elemental composition.

[19] Soils at Meridiani Planum are classified using the
Laguna Class from Gusev crater and Berry Class (Table 4).

Laguna Class is basaltic soil with Ol, Px, npOx and minor
Hm and Mt as the Fe-bearing phases. As discussed later,
Berry Class has higher Fe concentrations and Hm is a major
Fe-bearing phase resulting from Hm-rich spherules and their
fragments.

3.3. Representative Meridiani Planum Méssbauer
Spectra

[20] In Figure 1 we show representative MB spectra for
Meridian Planum along with the component subspectra
obtained from the fitting procedures. We were able to
describe all Meridiani Planum spectra with five doublet
and four sextet subspectra: two doublets from octahedrally
coordinated Fe®" (oct-Fe*") (Fe2D1 and Fe2D2), three
doublets from oct-Fe** (Fe3D1, Fe3D3, and Fe3D4), one
sextet from tetrahedrally coordinated Fe" (tet-Fe'")
(Fe3S1), one sextet from coug)led oct-Fe*" and Fe’”
(Fe2.5S1), one sextet from oct-Fe’ " (Fe3S2), and one sextet
from Fe metal (FeOS1). This description assumes a one-
doublet fit (using Fe2D2) for spectra from Bounce Rock. A
superior fit is obtained with a two-doublet model (both oct-
Fe"), and the results are given as a footnote in Table 1. The
fitting of individual Meridiani Planum spectra required
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Figure 1.
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Representative Mdossbauer spectra from Meridiani Planum. Spectra are the sum over all

temperature windows within the indicated temperature ranges. The computed fit and component
subspectra (Lorentzian line shapes) from least squares analyses are shown by the solid red line and the
solid shapes, respectively. (a) Full and (b) reduced velocity MB spectra for interior Burns outcrop
exposed by RAT grinding show that hematite, jarosite, and Fe3D3 (unidentified Fe*>* phase) are the major
Fe-bearing phases. (¢) MB spectrum for a rind or crust of outcrop material that has an increased
contribution of hematite relative to jarosite plus Fe3D3. (d and e) MB spectra of two MoessBerry
Subclass soils that have high concentrations of hematite. The spectrum in Figure le is typical for hematite
lag deposits at ripple crests. (f) The MB spectrum of a Nougat Subclass soil is transitional between
MoessBerry Subclass soil and Laguna Class soil. Example MB spectra of the (g) Panda and (h) Gobi
Subclasses of Laguna Class soil are basaltic in nature and have olivine, pyroxene, and npOx as their major
Fe-bearing phases. MontBlanc_LesHauches is considered to be enriched in Martian dust. MB spectra in
Figures 1i—1k are for three single-occurrence rocks. (i) BounceRock is monomineralic pyroxene with
respect to Fe-bearing phases. (j) Barberton contains metallic iron, and (k) Heat Shield Rock is nearly
monomineralic kamacite (Fe-Ni metal alloy with ~5% Ni). TC, total counts; BC, baseline counts.

11 of 27



E12815

MORRIS ET AL.: IRON MINERALOGY AT MERIDIANI PLANUM

14
- (a) Fe2D2 (Px) Fe2D1 (OI)
12 F
L Fe2D3 (Iim)
10 F
@ 08 - Fe3D2 (Fe3+-Sulfate)
E oslk ,/ ’,Fesm (npOX)
Sy L o Fe3D4 (Jar)
0.4
62 i B Gusev Crater
L Fe3D3 @ Meridiani Planum
00 1 | 1 | 1 | 1 | | | | | 1
04 08 12 16 20 24 28 32
0.8
®
06l Fe3D2 (Fe3+Sulfate)
’ Fe3D1 (npOx)
- i / Fe3D4 (Jar)
E 04f
E
“ | Feaps
02) ¢
00 1 | 1 | 1 | 1 | 1
0.0 0.4 0.8 1.2 1.6 2.0
AEq (mm/s)

Figure 2. Phase identification plots (isomer shift versus
quadrupole splitting) for doublet MB subspectra for targets
from Gusev crater (solid blue squares) and Meridiani
Planum (solid red circles). The region near the origin in
Figure 2a is expanded in Figure 2b. Parameters were
calculated from spectra summed over all temperature
windows within the temperature ranges given in Table 1.
Data points cluster according to Fe oxidation state and
mineralogical composition. At Meridiani Planum, two Fe'-
bearing phases (olivine and pyroxene) and three Fe’'-
bearing phases (npOx, jarosite, and Fe3D3) are identified on
the plots.

between two and seven subspectra. Doublets Fe3D3 and
Fe3D4 and sextet FeOS1 were not observed at Gusev
crater.

3.4. Mineralogical Assignment of Doublet Subspectra
[21] We show a plot (Figure 2) of ¢ versus AE, for
samples from Gusev Crater [Morris et al., 2006] and
Meridiani Planum. All data were calculated from MB
spectra that are a sum of spectra over the indicated temper-
ature interval (Table 1 in this study and of Morris et al.
[2006]). The temperature dependences of 6 and AEq are
shown in Figure 3. The data for Fe2D1, Fe2D2, and Fe3D1
for Gusev Crater and Meridiani Planum (Figures 3a—3f) are
not distinguishable, so that the same three Fe-bearing phases
are present at both locations. As discussed by Morris et al.
[2006], the three doublets are assigned to Fe?" in olivine
(Ol), Fe*" in pyroxene (Px), and Fe*" in nanophase ferric
oxide (npOx), respectively. At Meridiani Planum, they are

E12S15

the dominant Fe-bearing phases in soil, BounceRock, and
the small rock Barberton. BounceRock is virtually mono-
mineralic Px with respect to Fe-bearing phases.

[22] Two doublets (Fe3D3 and Fe3D4) were not detected
at Gusev crater, and they are both associated with the S-rich
outcrop rock (the Burns Formation) at Meridiani Planum.
For summed spectra, the average values of ¢ and AEq are
0.37 £ 0.02 mm/s and 0.62 + 0.03 mm/s for Fe3D3 and
0.37 + 0.02 mm/s and 1.20+0.02 mm/s for Fe3D4. The
parameters are at most weakly dependent on temperature
(Figures 3g—3j) and are the same within error as the values
obtained at room temperature (295 K) by extrapolation
(Table 5). The value of AEq for Fe3D4 is unusually high
for oct-Fe**, and it was assigned to the mineral jarosite by
Klingelhofer et al. [2004]. We use the generalized formula
(K, Na, H;0)(Fe, Al);(SO4),(OH, Cl)s where Fe > Al and
OH > ClI for “jarosite” at Meridiani Planum recognizing
that stoichiometric jarosite is KFe3(SOy4),(OH)s. For pur-
poses of comparison, we compiled MB data for a number of
terrestrial and synthetic jarosite samples from the literature
(Table 6). We have also measured the temperature depen-
dence of 6 and AE for several jarosites using the flight
spare MIMOS II instrument where sample and instrument
were in a chamber whose temperature could be controlled
(Table 6). We found no temperature dependence for either
parameter for the samples or the inferred Martian jarosite.

[23] In his study of synthetic, Al-free jarosites, Leclerc
[1980] found that AEq increased with the degree of Fe
deficiency in the jarosite, which also increases from H;O to
Na to K as the monovalent cation. The data in Table 6 also
indicate that AI*" for Fe®" substitution results in elevated
values of AEq. On the basis of the data in Table 6 and
constraints imposed by the concentration of Na and K in the
outcrop [Rieder et al., 2004; R. Gellert, manuscript in
preparation, 2006], Meridiani Planum jarosite has Na > K
> H;0 with possible AI** for Fe*" substitution. We included
chloride in our generalized formula because the anion is
available according to APXS data (0.5—2.0 % [Rieder et al.,
2004; R. Gellert, manuscript in preparation, 2006]). Addi-
tional work for Al- and Cl-bearing jarosites is needed to
further constrain the elemental composition of jarosite in the
Burns formation. Jarosite formation from alteration of
basaltic materials is known on the Earth [e.g., Morris et
al., 1996, 2000; Bishop et al., 1998], but the spatial extents
of the terrestrial occurrences are small compared to the
sulfate-rich Burns formation. The presence of jarosite and
other sulfate minerals on Mars was advocated in a series of
papers by the late Roger Burns [Burns, 1986, 1987, 1988,
1993; Burns and Fisher, 1990].

[24] The correspondence in values of ¢ and AEq for
Fe3D4 and synthetic and natural jarosite samples permits
the assignment of Fe3D4 to jarosite. But is this assignment
unique? Are there other, geologically reasonable, Fe-bear-
ing phases that also have the same MB parameters? We
have examined the databases referenced above and have not
found reasonable alternatives for jarosite. Either an alterna-
tive phase is characterized by MB parameters that are not
appropriate for Fe3D4 or its MB spectrum has more than
one doublet.

[25] We have insufficient constraints to make an assign-
ment for the Fe3D3 doublet. The relative proportions of the
three major Fe-bearing phases in the outcrop are nearly
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Isomer shift and quadrupole splitting as a function of temperature for (a and b) npOx, (¢ and

d) pyroxene, (e and f) olivine, (g and h) jarosite, and (i and j) Fe3D3. Horizontal dashed lines are average
+ lo for MB spectra (Meridiani Planum targets) summed over all temperature windows. The
solid triangles are the values extrapolated to 295 K from the straight-line least squares fit of the data

shown.

constant with Ay, =

29 £ 3 %, Apesns = 19 £ 3 %, and

Apm =35 £4 % as average values, implying jarosite, Fe3D3,
and hematite are always formed in approximately fixed
proportions. It is possible that Fe3D3 is a form of npOx that

is different from the npOx found in typical basaltic (Laguna
Class) soils or perhaps a phyllosilicate phase [Klingelhdfer
et al., 2004]. Possible npOx end-member compositions for
Fe3D3 include the superparamagnetic forms of hematite
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Table 5. Temperature Dependence of ¢ and AEq for Doublet Subspectra at Meridiani Planum, Extrapolated Values of § and AEq at
295 K, and Average Values of § and AEq for Spectra Summed Over All Temperature Windows

Generic 6 Gradient 6 at295 K, Ave ¢ for Sum, AEq Gradient AEq at 295K,  Ave AEq for Sum,
Name Assignment (x10~* mm/s/K) mm/s mm/s (x10* mm/s/K) mm/s mm/s
Fe3D1 Basaltic soil, npOx —0.84 £2.4* 0.38 + 0.02 0.38 + 0.02 0.57 £ 5.1 0.85 + 0.05 0.89 + 0.03
Fe3D3 Outcrop, unassigned 0.42 + 0.08 0.36 = 0.02 0.37 +£0.02 —0.17 £ 0.13 0.63 +0.03 0.62 = 0.03
Fe3D4 Outcrop, Jar 1.9 £0.6 0.38 £ 0.02 0.37 £ 0.02 —-25+13 1.19 £ 0.02 1.20 £ 0.02
Fe2D1 Basaltic soil, Ol 0.69 + 041 1.15 +£0.02 1.15 +£0.02 —94+48 2.94 +0.03 2.99 +0.03
Fe2D2 Basaltic soil, Px 1.6 £4.1 1.15 £ 0.04 1.15+£0.02 0.093 £ 1.8 2.13 £0.04 2.13 £0.02
Fe2D2 BounceRock, Px (1D)° 34412 1.17 £ 0.01 1.15 +£0.02 —10.0 £5.0 2.15+0.03 221 £0.02
Fe2D2 BounceRock, Px (2D)° 40+1.2 1.17 £ 0.01 1.14 +£0.02 0.26 +0.82 2.05 +0.05 2.04 +0.03
Fe2D2 BounceRock, Px (2D)b 32+1.7 1.19 +£ 0.02 1.17 £ 0.02 —13 +£ 20 2.64 £0.13 2.73 £0.04

“Uncertainty is 1o.
1D, one-doublet model; 2D, two-doublet model.

and goethite, ferrihydrite, akaganeite, and schwertmannite
[Morris et al., 2006]. Both jarosite and npOx occur together
in samples from the Rio Tinto (Spain) [Fernandez-Remolar
et al., 2005], White Island (New Zealand) [Johnson, 1977],
and Dalarna (Sweden) [Herbert, 1997], where the npOx is
superparamagnetic goethite or schwertmannite, superpara-
magnetic goethite or akaganeite, and superparamagnetic
goethite, respectively. Their reported values AEq (for one-
doublet fits) are in the range 0.5-0.7 mm/s, which is

comparable to the range observed for Fe3D3 (Table 1).
The nature of the coexisting phase seems to depend on local
conditions. For example, akaganeite is stabilized by the high
chloride environment on White Island volcano [Johnson,
1977].

3.5. Mineralogical Assignment of Sextet Subspectra

[26] We identified four sextet subspectra in Meridiani
Planum MB spectra: Fe3S1 and Fe2.5S1 assigned to tet-

Table 6. Mossbauer Parameters for S-Rich Outcrop at Meridiani Planum, Terrestrial Jarosite-Bearing Samples, and Synthetic Jarosites at

Temperatures Between 215 and 295 K

Sample T, K 6, mm/s AEq, mm/s Comments (Reference)®
Burns Formation, Mars 295 0.37 +£0.02° 1.19 +£0.02° Sulfate outcrop rock (1)
Burns Formation, Mars 245 0.37 £ 0.02 1.21 +£0.02° Sulfate outcrop rock (1)
Burns Formation, Mars 215 0.36 + 0.02 1.21 +0.02° Sulfate outcrop rock (1)
HWMK?24, <1 mm 295 0.38 £0.01 1.19 £ 0.01 Natural, basaltic precursor (2)
HWMK24, <l mm 295 0.38 £ 0.02 1.14 £ 0.02 Natural, basaltic precursor (1)*
HWMK24, <1 mm 245 0.38 + 0.02 1.15 £ 0.02 Natural, basaltic precursor (1)
HWMK24, <1 mm 215 0.38 £ 0.02 1.15 £ 0.02 Natural, basaltic precursor 1¢
HWMK24, <5 ym 295 0.36 = 0.01 1.15 £ 0.01 Natural, basaltic precursor (2)
WI30° 295 0.376 £ 0.012 1.244 £ 0.012 Natural, andesitic precursor (3)
WI32¢ 295 0.375 + 0.005 1.240 + 0.005 Natural, andesitic precursor (3)
WI300R® 295 0.393 £ 0.005 1.238 £+ 0.005 Natural, andesitic precursor (3)
LNVIJARI 295 0.36 + 0.01 1.19 + 0.01 Natural, natrojarosite (2)
LNVJARI 295 0.38 £ 0.02 1.20 £ 0.02 Natural, natrojarosite (1)
GCJAR1 295 0.33 + 0.01 1.20 + 0.01 Natural, K-rich jarosite (2)
GCJARI1 295 0.38 £0.02 1.18 £ 0.02 Natural, K-rich jarosite (1)d
GCJARI1 245 0.38 £ 0.02 1.18 £ 0.02 Natural, K-rich jarosite 1
GCJAR1 215 0.38 + 0.02 1.19 £ 0.02 Natural, K-rich jarosite (1)
TT#12 295 0.33 £ 0.01 1.22 £ 0.01 Natural (2)
TT#35 295 0.33 £ 0.01 1.20 + 0.01 Natural (2)
KF01-09 295 0.38 + 0.02 1.01 £ 0.02 Natural, hydronium jarosite (4)
KF01-12 295 0.37 + 0.02 1.13 £0.02 Natural, natrojarosite (4)
KF03-112 295 0.37 £0.02 1.19 £ 0.02 Natural, natrojarosite (4)
J14 295 0.39 1.10 Natural (5)
1092 295 0.38 1.12 Natural, (K,Na)-jarosite (5)
K(Fe, sAl 5)(SO4)2(0H), 295 0.40 + 0.05 1.25 +0.05 Natural, K-jarosite (6)
H30Fe3(S04)2(OH)s 295 0.40 £ 0.05 1.00 + 0.05 Synthetic, H3O-jarosite (6)
NaFe3(SO4),(OH)g 295 0.40 + 0.05 1.05 £ 0.05 Synthetic, Na-jarosite (6)
KFe;(SO4),(OH)g 295 0.40 + 0.05 1.15 £ 0.05 Synthetic, K-jarosite (6)
H30Fe;.94(SO4)2(OH)s 295 0.388 + 0.005 1.01 £ 0.01 Synthetic, H3O-jarosite (7)
(Nag g2,H300.18)Fe5.80(SO4)2(OH)g 295 0.384 + 0.005 1.06 + 0.01 Synthetic, Na-jarosite (7)
(Ko.86,H300.14)F € 49(SO4),(OH)g 295 0.384 + 0.005 1.13 + 0.01 Synthetic, K-jarosite (7)

46 is relative to metallic Fe foil at the measurement temperature.

"References: 1, this study; 2, Morris et al. [1996]; 3, Johnson [1977]; 4, Fernandez-Remolar et al. [2005]; 5, Herbert [1997]; 6, Hrynkiewicz et al.

[1965]; 7, Leclerc [1980].
“From Figure 3.
9Measured with MIMOS II Flight Model 1 instrument.

“Composition of jarosite in WI30 is (K s¢Nag 30H300.05)(Feg gaAlg.16)3(SO4)2(OH)g and is presumably representative for WI30, W132, and WI300R.
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Figure 4. Phase identification plots ((a) isomer shift and
(b) hyperfine field strength versus quadrupole splitting) for
sextet subspectra for targets from Gusev crater (solid blue,
aqua, and green squares) and Meridiani Planum (solid red
and brown circles). With one exception, the parameters
were calculated from spectra summed over all temperature
windows within the temperature ranges given in Table 1.
The filled triangles are from the individual temperature
windows of sample RealSharksTooth Enamell. The dis-
tribution of values for hematite results because its Morin
transition (~260 K in bulk, well-crystalline, chemically
pure hematite) occurs within the Martian diurnal
temperature cycle. At Meridiani Planum, three sextet phases
were identified: hematite, magnetite, and metallic Fe
(kamacite).

Fe'" and oct-(Fe** ,Fe’") in magnetite (Fes04) at Gusev
crater [Morris et al., 2006]; Fe3S2 assigned to oct-Fe*" in
hematite (a-Fe,O3) at Gusev crater; and FeOS1, a sextet
subspectrum not observed at Gusev crater. Figures 4a and 4b
are plots of ¢ versus AEq and By versus AEq, respectively,
(sextet identification diagrams) for all sextets observed at
Gusev crater and Meridiani Planum. Magnetite, hematite,
and goethite are readily identified. We will first discuss the
Fe3S2 (hematite) sextet.

[27] The data points for hematite do not cluster (Figure 4)
because the oxide can undergo a magnetic transition (the
Morin transition) at temperatures realized by the Martian
diurnal cycle (extreme values of ~180—-300 K as measured
by the temperature sensor on the MB contact plate). For
chemically pure, well-crystalline, and bulk hematite, the
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Morin transition temperature (Ty;) occurs near 260 K, and
its manifestation in MB data is most evident by a reversal in
the sign of AEg (AEqg < 0.0 mm/s for T > Ty) [e.g.,
Greenwood and Gibb, 1971]. Both substitutional impurities
(e.g., AI’") and the poor crystallinity that accompanies
small particle diameters lower Tys and broaden the temper-
ature over which it occurs [e.g., Murad and Johnson, 1987;
De Grave and Vandenberghe, 1990; Dang et al., 1998].
Some impurity ion substitution and/or reduced crystallinity
likely accounts for the preponderance of Hm subspectra
with AEq < 0.0 mm/s.

[28] The parameters plotted in Figure 4 were derived
from spectra summed over the temperature intervals given
in Table 2. This was done to improve counting statistics, but
the procedure has the negative consequence of broadening
the hematite lines and artificially enlarging the temperature
interval over which the Morin transition occurs (for a one-
sextet fit for hematite). To demonstrate that the variation in
6 and By as a function of AE, for hematite is in fact a result
of one doublet fits of two overlapping hematite sextets
whose relative intensities vary because of the Morin tran-
sition and is not a result of two different Fe-bearing phases,
we performed least squares fitting procedures for MB
spectra from different temperature windows of the same
target. We did these calculations for two outcrop targets
(McKittrick MiddleRAT and Guadalupe King3), an out-
crop rind (RealSharksTooth Enamell), a hematite-rich soil
(MattsChoice_Mobarak), and unbroken spherules (Berry-
Bowl MoessBerry). In order to have adequate counting
statistics, we summed spectra for the lowest (e.g., 200—
220 K) and highest (e.g., 250 — 280 K) temperature
windows. The derived MB parameters are plotted in Figure
4 as black triangles, and the individual spectra and com-
puted fits are shown in Figure 5. These results show that the
variation in ¢ and By as a function of AEq for spectra of
hematite (Figure 4) that are the sum over all temperature
windows is a consequence of the hematite Morin transition
and different average temperatures over which each sum
spectrum was obtained. Another consequence is that the
AEqg ~ 0.0 mm/s for some of the spectra should not be
construed as evidence for maghemite (y-Fe,O3) which has
6 ~ 0.32 mm/s, AEg ~0.0 mm/s, and Bye ~ 50.0 T for a
one sextet fit at room temperature [e.g., Morris et al., 1985].

[29] We have identified magnetite at Meridiani Planum
(mostly in Laguna Class soil), but there are no data points
for magnetite from Meridiani Planum in Figure 4. This is
because the combination of low magnetite concentration
(<9% Fe from Mt) and insufficient counting statistics
required constraining magnetite peak parameters (6, AEq,
and By,p) during fitting procedures to the values we found at
Gusev crater [Morris et al., 2006].

[30] Sextet FeOS1 was detected only at Meridiani Pla-
num in rocks Heat Shield and Barberton (Figure 1).
Because the minor npOx component (~5% Fe from npOx)
for Heat Shield rock can be a surface contamination of
dust or possibly surface oxidation, the sextet probably
represents the only Fe-bearing phase in the near surface
regions of the rock. The maximum value of the ratio of
total counts to baseline counts minus 1.0 (TC/BC — 1.0)
for the MB spectrum of Heat Shield rock (~0.24 for
SpongeBob_Squidward) is at least twice that for any other
sample (Figure 1) and implies a high Fe concentration. The
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Figure 5. MB spectra showing velocity region with sextet peaks 1, 2, 5, and 6 for BerryBowl
MoessBerry, RealSharksTooth Enamell, MattsChoice Mobarak, Guadalupe King3, and McKittrick
MiddleRAT. For each target, one spectrum is a sum of spectra over the lowest two or three temperature
windows, and the other is a sum over the highest two or three temperature windows. The shift in line
positions, particularly for peaks 2 and 6, results from the hematite Morin transition. The solid vertical
lines mark the peak centers for the high-temperature spectra.

MB parameters (6 = 0.00 £+ 0.02 mm/s, AEq = 0.00 + 0.02
mm/s, and By = 34.6 = 0.05 T) identify Fe0OS1 as an alloy
of a-Fe" (metallic iron). The value of By is consistent with
kamacite, which is an a-(Fe,Ni)° alloy with 4—7.5% Ni that
is commonly found in iron meteorites.

3.6. Summary

[31] Through sol 557 at Meridiani Planum, the Mdssbauer
spectrometer on the ngortunity rover has detected 8 Fe-
bearing phases: two Fe*" silicates (olivine and pyroxene), a
mixed Fe*" and Fe’" oxide (magnetite), a Fe*" oxide
(hematite), three Fe'" phases (jarosite, npOx, and unas-
signed Fe3D3), and a metallic Fe alloy (kamacite). Olivine,
pyroxene, magnetite, hematite, and npOx are also detected
at Gusev Crater [Morris et al., 2006]. Ilmenite, goethite, and
Fe3D2 ferric sulfate are detected at Gusev crater and not at
Meridiani Planum. Kamacite, jarosite, and unassigned
Fe3D3 are detected at Meridiani Planum but not at Gusev
crater. The behavior of hematite is complex at both locations
because the oxide undergoes a magnetic transition (Morin
transition at ~260 K) within the diurnal temperature range
on Mars. Jarosite and goethite are the only unequivocal

H,O/OH-bearing phases, and both yield ~10% H,O upon
dehydroxylation. As alteration products, npOx and Fe3D3
also likely contain H,O/OH, but the evidence is inferential.

4. Mossbauer and APXS Sampling Depths

[32] To compare mineralogical data obtained from the
MER MB instrument and elemental data from the MER
APXS instrument, the optimal situation is to have exactly
the same material analyzed by both instruments. This
situation is not as straightforward as it might seem, because
the two instruments have different fields of view and
because their sampling depths are different. For the MB
instrument, the field of view is ~1.5 cm, and the sampling
depth in basaltic materials for incident and emitted 14.4 keV
emitted radiation is ~0.2 to 3 mm [Morris et al., 2000;
Klingelhofer et al., 2003]. Emitted radiation at both 6.4 and
14.4 keV can be used for the MB experiment, but we
consider only spectra for the 14.4 keV radiation in this
study. For the APXS instrument, the field of view is ~3.8 cm
and the sampling depth is ~1 to 20 um [Rieder et al., 2003;
Gellert et al., 2006]. Assuming that the target being
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Figure 6. Plots of (a) Fe,05; + FeO, (b) Ay, and (¢) Agpy,
versus SOj3 for outcrop and soil targets. The solid lines are
linear least squares fits for outcrop data from undisturbed
surfaces and surfaces exposed by brushing and grinding
with the RAT. The dashed vertical line at SO; = 5.72 % 1is
the average value of SO5 for Laguna Class soil. The two
lines intersect in the region defined by the Laguna Class
soils in Figure 6a, showing that, with respect to APXS data,
the analyses of undisturbed and brushed outcrop surfaces
are on a mixing line between Laguna Class soil and
“uncontaminated”” outcrop exposed by RAT grinding. Plots
in Figures 6b and 6¢ are parameters measured by MB (Aj,;
and Apy,) versus a parameter measured by APXS (SOs3),
and the intersection of the two lines falls outside the region
defined by the Laguna Class soil. This result shows that
APXS data are more affected by thin soil and dust coatings
than are MB data.
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analyzed is laterally homogenous, the relevant parameter is
the sampling depth, which is at least an order of magnitude
deeper for MB relative to APXS. This difference is an
important consideration in an environment such as Mars
where thin alteration rinds and dusty surfaces are expected.
A primary science rationale for the RAT was to remove thin
dust coatings and rinds from rocks, permitting analysis of
interior material [Squyres et al., 2003].

[33] We investigate the relative sampling depths of the
MB and APXS instruments in an empirical way in Figure 6
using data from Burns Outcrop Class, Laguna Class soil,
and Berry Class soil (Table 4). In Figure 6a, we plot two
parameters (Fe,O; + FeO versus SO3) that are both derived
from APXS measurements. Interior rock outcrop surfaces
exposed by the RAT are the closed square symbols and
brushed and undisturbed surfaces are the open squares and
circles, respectively. Extrapolation of the linear least squares
fit of these data (line A) passes through the data for the
Laguna Class soil. The straightforward interpretation of
Figure 4a is that undisturbed outcrop surfaces are ““contam-
inated” with Laguna Class soil and that grinding with the
RAT exposed “clean” interior outcrop.

[34] In Figures 6b and 6¢, we plot parameters measured
by the MB (A, and Ayyy,) versus a parameter measured by
the APXS instrument (SO;). Again, we calculated linear
least squares fits to the outcrop data (lines B and D). If the
MB and APXS instruments sampled exactly the same
material, extrapolation of lines B and D would pass through
the data for Laguna Class soil, as in Figure 6a. However,
lines B and D do not extrapolate through Laguna Class soil,
a result that shows that the MB measurement sampled more
of the outcrop and less of the contamination of Laguna
Class soil than the APXS measurement. Unfortunately, we
cannot quantify the thickness of the soil contamination or
even whether it is continuous or discrete.

[35] The above discussion has implications for all obser-
vations and interpretations involving comparison of MB and
APXS data for surfaces where grinding by the RAT cannot
be done. For thin dust and/or soil coatings, the MB
measurements will be relatively unaffected and the APXS
measurements will be biased in the direction of the elemen-
tal composition of local dust or soil as just discussed above
for the outcrop. Another example pertains to measurements
of accumulations of spherules and their fragments. The
maximum measured Fe concentration (Fe,O; + FeO ~
35.6% (R. Gellert, manuscript in preparation, 2006)) and
percentage of Fe from Hm (A, = 68% from Table 3) for
targets containing concentrations of spherules and their
fragments are lower limits for the actual spherule Fe
concentration and Ap,, value for two reasons. One is that
the field of view of the APXS and MB instruments was
never 100% occupied by spherules and their fragments,
although it might be possible to correct for the portion of the
field of view occupied by the spherules using MI images.
The other reason is that it was not possible to remove dust
coatings by brushing or grinding with the RAT. We discuss
later an approach for inferring the elemental and mineral-
ogical composition of spherules.

[36] A final example where the MB and APXS instru-
ments are not seeing exactly the same sample, because of
either lateral or sampling depth heterogeneities, is shown in
Figure 6¢. The Nougat Subclass soil has values of Ay, that
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Figure 7. Pie diagrams showing the distribution of Fe in Fe-bearing phases for classes and subclasses of
Meridian Planum soils and rocks. Laguna Class soil is also present at Gusev Crater.

are intermediate to those for the Laguna Class soil and the
MoessBerry Subclass soil. On the basis of APXS data
(Figure 6a), however, two Nougat Subclass soils have
elemental abundances equivalent to Laguna Class soil and
two have abundances similar to MoessBerry Subclass soil.

5. Madissbauer Mineralogy at Meridiani Planum

5.1. Elemental and Mineralogical Classification
of Rock and Soil

[37] The surface of Meridiani Planum explored by the
Opportunity rover can be described as a flat plain of S-rich
outcrop that is mostly covered by thin surficial deposits of
acolian basaltic sand and dust, and lag deposits of hard Fe-
rich spherules (and fragments thereof) that weathered from
the outcrop and small unidentified rock fragments and
cobbles [e.g., Soderblom et al., 2004; Squyres et al.,
2006b; Arvidson et al., 2006]. Surface expressions of the
outcrop occur at impact craters (e.g., Eagle, Fram, Endur-
ance, Erebus craters) and occasionally in troughs between
ripple crests. In Table 4, we organized Meridiani Planum

rocks and soil that were analyzed by MB into two rock
classes (Burns Outcrop Class and Other Rocks Class) and
two soil classes (Laguna Class with three subclasses and
Berry Class with two subclasses). The Other Rocks Class is
a collection of one-of-a-kind rocks (Bounce Rock, Heat
Shield Rock, Barberton, and assorted cobbles [e.g., Jolliff et
al., 2006]). Laguna Class soil is the dominant soil at Gusev
Crater [Morris et al., 2006].

[38] The distribution of Fe in Fe-bearing phases in each
class and subclass is shown as pie diagrams in Figure 7. The
Burns Outcrop Class includes only analyses of interior
surfaces that were exposed by RAT grinding. The S-rich
outcrop has on average 29 + 3% of Fer from jarosite, 36 +
3% from hematite, 20 + 2% from Fe3D3, and 14 + 3% from
pyroxene, and 2 + 2% from olivine (Table 7). The Ol and Px
are interpreted as undigested basaltic precursor of outcrop
sediments. The observation of Px > Ol may reflect the
relative abundance of those silicate phases in the precursor
(Px > Ol), the relative susceptibility of the two phases to
attack by acid-sulfate solutions (Ol > Px), or both. As
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Table 7. Mossbauer Areas for Component Subspectra (f-Factor Corrected), Fe*'/Fer, and Temperature Measurement Interval for
Massbauer Spectra of Classes and Subclasses of Meridiani Planum Rock and Soil

Fe2D1  Fe2D2 Fe3D1 Fe3D4 Fe3D3 Fe3S1 Fe2.5S1 Fe3S2 Fe0S1
OL,% Px,% npOx,% Jar,% Fe3D3,% Mt % Mt(3),% Mt2.5,% Hm % o-(FeN)’ % Sum, % Fe''/Fer
Burns Outcrop Undisturbed Surfaces (All Locations)
Average 4 14 28 19 0 0 0 35 0 100* 0.82
lo 3° 4 4 3 0 0 0 4 0.06°
Burns Outcrop Surfaces Exposed by RAT Grinding (All Locations)
Average 2 14 0 29 20 0 0 0 36 0 100 0.85
lo 2 3 0 3 2 0 0 0 3 0.03
Burns Outcrop Surfaces Exposed by RAT Grinding (Eagle Crater)
Average 1 12 0 29 21 0 0 0 38 0 100 0.87
lo 2 3 0 8 4 0 0 0 2 0.03
Burns Outcrop Surfaces Exposed by RAT Grinding (Endurance Crater)
Average 2 15 0 29 19 0 0 0 36 0 100 0.83
lo 2 3 0 2 2 0 0 0 3 0.03
Burns Outcrop Surfaces Exposed by RAT Grinding (Plains)
Average 1 9 0 32 21 0 0 0 36 0 100 0.90
lo 2 2 0 2 2 0 0 0 2 0.03
Laguna Class Soil

Average 33 38 18 0 0 6 2 4 4 0 100 0.27

lo 5 4 8 0 0 2 2 2 2 0.08
Panda Subclass Soil

Average 37 40 14 0 0 6 2 4 3 0 100 0.21

lo 4 4 2 0 0 2 2 2 2 0.03
Liberty Subclass Soil

Average 33 37 17 0 0 7 2 5 5 0 100 0.27

lo 2 2 2 0 0 2 2 2 2 0.03

Gobi Subclass Soil
Average 26 33 30 0 0 5 2 3 6 0 100 0.40
lo 2 2 2 0 0 2 2 2 2 0.03
Berry Class Soil
Average 20 22 12 0 0 4 2 2 42 0 100 0.57
lo 9 7 6 0 0 3 2 2 20 0 0.15
MoessBerry Subclass Soil

Average 14 16 10 0 0 3 1 2 56 0 100 0.68

lo 3 3 3 0 0 3 2 2 7 0.06
Nougat Subclass Soil

Average 29 29 16 0 0 6 3 3 21 0 100 0.40

lo 6 3 7 0 0 3 2 2 8 0.06

*Because Mt = Mt(3) + Mt(2.5), Sum = Ol + Px + npOx + Jar + Fe3D3 + Mt + Hm + a-(Fe,Ni)".
®Uncertainty is 1o of the average value or 2% absolute, whichever is larger, for component subspectral area.
“Uncertainty is 1o of the average value or £0.03 units, whichever is larger, for Fe**/Fer.

discussed previously, the Hm analyzed in the outcrop occurs
in the S-rock itself and not only from the embedded Hm-
rich spherules. Jarosite and Fe3D3 were not detected as
components of any soil.

[39] The difference between the Laguna and Berry Clas-
ses of soil is the degree of incorporation of the Hm-rich
spherules and their fragments. The Laguna Class soils have
3-6% of Fer from Hm. This amount is only slightly more
than that observed for Laguna Class soil at Gusev crater (2—
3 %) [Morris et al., 2006], and the difference may be related
to a minor contribution of Hm from spherule fragments at
Meridiani Planum. For comparable npOx concentrations,
Laguna Class soil at Meridiani Planum has Ap, > Ag,

which compares to Apy, ~ Ap; at Gusev crater, suggesting
that the aggregate of basaltic source materials at Meridiani
is more pyroxene rich (with respect to Fe mineralogy) than
at Gusev crater. Because they have significant contributions
from spherules and their fragments, the MoessBerry Sub-
class and Nougat Subclass of Berry Class soil have 56% and
21% of Fer from Hm, respectively. In fact, two soils from
the MoessBerry Subclass (BerryBowl MoessBerry and
BerrySurvey Cluster3) are concentrations of mostly whole
spherules sitting on top of Laguna Class soil.

[40] The Other Rocks Class (Table 4 and Figure 7) is a
collection of rocks whose elemental and/or Fe-mineralogi-
cal compositions are significantly different from other
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Figure 8. (a) FeT, (b) Fe3+/FeT, (C) AHmFeT/lOO, (d) (AJar + AF83D3)FCT/1OO, and (e) (AnpOx + AO] + APX
+ Ap)Fer/100 as a function of Opportunity sol number as a proxy for location. The solid vertical lines
separate rover locations in Eagle crater, the plains east of Eagle crater to Endurance crater, Endurance
crater, and the plains south of Endurance crater. Only interior surfaces of the Burns outcrop exposed by
RAT grinding are plotted. The parameters (A, + Apespsz)Fer/100 and (Anpox + Aol + Apx + ApFer/100
are good measures of the concentration of Fe associated with outcrop rock and basaltic soil, respectively.
The horizontal dashed lines are average values for classes and subclasses of rocks. Numerical values are
average *+ lo. For Burns Outcrop Class, Laguna Class, MoessBerry Subclass, and Nougat Subclass, the
plotted parameters do not have a significant dependence on location. BR, Bounce Rock; BT, Barberton

Rock; HS, Heat Shield Rock.

surface materials at Meridiani Planum. Heat Shield Rock
and Barberton have metallic Fe as a major component (95%
and 11%, respectively) and are interpreted as meteorites
[Rodionov et al., 2005; Schroder et al., 2006]. Bounce Rock
is virtually monomineralogic Px with respect to Fe-bearing
phases and is similar in chemical and mineralogical com-
position to a Martian meteorite found on Earth (EET79001,
lithology B, and other basaltic shergottites) [Rodionov et al.,
2004; Zipfel et al., 2004].

5.2. Mode of Occurrence of Surficial Deposits

5.2.1. Overview

[41] Surficial deposits of soil are present as thin (~1 m
[Soderblom et al., 2004]) and locally discontinuous cover
over S-rich outcrop rocks, commonly forming aeolian bed-
forms, and as fill in places where the outcrop surface has
been disrupted (e.g., by meteoritic impact). In Figure 8 we
plot Fer from APXS measurements [Rieder et al., 2004; R.
Gellert, manuscript in preparation, 2006], the Fe3+/FeT ratio,
and the values of concentration of Fe associated with

individual or multiple Fe-bearing phases (e.g., ApmFer/
100) as a function of Opportunity sol number as a proxy
for location for the first 557 sols. Parameters having the
form Ay,,Fer/100 are the percentage of Fe associated with a
particular Fe-bearing phase (in this example Hm) from the
MB experiment multiplied by Fer from the APXS experi-
ment divided by 100 in units of moles/24(O + Cl). The units
are expressed with respect to 24 anions because the number
of oxygens in many common rock-forming minerals are
factors of 24, for example olivine ((Fe, Mg),Si0O,), pyrox-
ene ((Fe, Mg, Ca)SiO3), magnetite (Fe;0,), and anorthite
(CaAl,Si,0g). For the outcrop, only analyses from surfaces
exposed by RAT grinding are plotted. The parameters Fer,
Fe +/FeT, AHmFeT/IOO, (AJar + AFe3D3)FeT/l 00, and (AnpOx +
Aol + Apx T AmFer/100 have their maximum values for
MoessBerry Subclass soil, Burns Outcrop Class rock,
MoessBerry Subclass soil, Burns Outcrop Class rock, and
Laguna Class soil, respectively. A general observation from
Figure 8 is that the plotted parameters do not show a
dependence on location for individual classes of samples.
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Figure 9. Plot of Fer, AynFer/100, and (Aypox + Aor +
Apy + Am)Fer/100 versus sol number for a series of
samples in and around a trench dug through a ripple on the
plains south of Endurance crater. The subsurface is basaltic
soil (LeftOfPeanut and Scruffy), the undisturbed surface of
the ripple crest (RippleCrest2b) has high concentrations of
Fe from hematite (spherules and their fragments), and the
undisturbed surface downslope from the ripple crest
(CaviarTweaked) is a mixture of basaltic soil and spherules,
with the former dominant with respect to the total Fe
concentration. The trench data show that hematite (from
spherules and their fragments) is concentrated at the surface
as a lag deposit.

Average and lo values are given in the figure for Burns
Outcrop Class rock, Laguna Class soil, and MoessBerry
Subclass soil.
5.2.2. Berry Class Soils

[42] Berry Class soils occur as surface lag deposits
(MoessBerry and Nougat Subclasses) or as aggregates of
mostly whole spherules on top of outcrop coated with a
veneer of Laguna Class soil (MoessBerry Subclass). The
Berry Class is widespread on the plains, and its occurrence
as a surface lag at ripple crests was documented during sols
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367-373 by analyses of soils near and in a trench made by
the rover wheels that crosscut a ripple on the plains south of
Endurance crater. In Figure 9, we plot Fer, Ay,Fer/100,
and (Appox T Aol T Apx + ApFer/100 as a function of sol
number. Sol 368 is the measurement of undisturbed soil on
the ripple crest (MoessBerry Subclass), and it has the
highest concentrations of both Fer and Ay,,Fer/100 from
the accumulation of spherules and fragments thereof at the
ripple crest. The other undisturbed soil at sol 369 (Nougat
Subclass) was measured downslope from the ripple crest.
Compared to the ripple crest, this soil has reduced contri-
butions from spherules and their fragments and enhanced
contributions from Laguna Class (basaltic) soil. The two
disturbed soils at sols 367 (LeftOfPeanut) and 373 (Scruffy)
have essentially no contribution from the spherules (Laguna
Class), because Fer ~ (Aypox T Aor + Apx + Ap)Fer/100.
The LeftOfPeanut and Scruffy analyses were obtained from
soil interior to the trench and a scuff mark made by the rover
wheel. These two analyses and direct observation of the
trench wall by the MI [Arvidson et al., 2006] show that the
Hm enrichment is confined to the very surface (i.e., a lag
deposit). The ripple crest sample (RippleCrest2b) is
enriched in Hm (i.e., spherules and their fragments) relative
to the downslope sample (CaviarTweaked) because it is in a
higher energy location with respect to the wind. The
spherules and fragments thereof are expected to accumulate
preferentially as lag particles relative to basaltic particles
because they are the heaviest from density and size
considerations (MI observations [e.g., Arvidson et al.,
2006; Weitz et al., 2006]). The diameter of spherules and
their fragments on ripple crests is 1.3—1.7 mm [Weitz et al.,
2006], and hematite and olivine, the most dense rock-
forming silicate mineral, have bulk densities of ~5.2 and
3.2 g/em?, respectively [Johnson and Olhoeft, 1984]. The
observation that the spherules and fragments thereof are the
lag particles (rather than basaltic particles) does not prove
they are solid hematite, but the observation is not inconsis-
tent with the idea.
5.2.3. Laguna Class Soil

[43] As just discussed, Laguna Class soil on the plains is
present as thin and locally discontinuous cover over outcrop
rocks, commonly forming aeolian bedforms, and is armored

Table 8. Mdssbauer Areas for Component Subspectra and Oxidation State for Martian Dust, Panda Subclass Soil, MoessBerry Subclass

Soil, and Model Components

Martian Dust

Panda Subclass

MoessBerry Subclass

GC.* % MP" %  Average Dust, % GC,* % MPS % Observed," %  Spherule® % CBSI1A,"% CBSIB£ %
ol 3042 28+2 2942 39+2 37 +4 14+3 0 32+7 33+4
Px 33+2 32+2 32+2 35+2 40 + 4 16 +3 0 36+ 7 36+4
npOx 28+2 302 29 +2 15+1 14+1 10+3 0 2+7 2+2
Mt 7£2 5+£2 6£2 9+2 6«1 3£3 0 7£7 6+2
Hm 242 542 3£2 242 3+1 56 +7 100 3+0 3+2
Total 100 100 100 100 100 100 100 100 100
Fe'/Fer 036 +0.03  0.39 +0.03 0.38 + 0.03 024 +0.02 021+001 0.68 +0.06 1.00 0.28 +0.02  0.29 + 0.02

?GC, Gusev crater. Analysis for soil Desert Gobi [Morris et al., 2006].

°MP, Meridiani Planum. Analysis for soil MountBlanc_LesHauches (Table 3).

“Data from Morris et al. [2006] and Table 7.
9Data from Table 7.
“Model spherule mineralogical composition.

fCalculated basaltic soil composition (CBS1A) from Observed = 0.55 x (Spherule) + 0.45 x (CBS1A).

£Calculated basaltic soil composition (CBS1B) from CBS1B = 0.50 x (Ave. Dust) + 0.50 x (MP Panda Subclass).
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Table 9. Elemental Data for Martian Dust, Panda Subclass Soil, and MoessBerry Subclass Soil
Martian Dust Panda Subclass Soil MoessBerry Subclass

GC,* % MP;” % Average,” % GC, % MPS % Observed,” %  Spherule, % CBS2A° %  CBS2B. %
SiO, 4471 £0.52 4497 £0.29 4484 +0.52 46.52 +£0.57 46.78 £1.22 3854+ 1.10 0.00 45.69 +£1.32 4581 +1.19
TiO, 0.89 + 0.08 1.01 £0.07 0.95+0.08 0.87 £0.15 1.02 £0.18 0.73 £ 0.05 0.00 0.86 £0.06 099 +0.17
Al,O3 949 £0.16 9.14+0.09 9.32+0.18 1046 +0.71 9.67 + 0.49 7.63 £0.23 0.00 9.05 £ 0.28 9.50+0.46
Cr,03 0.31+£0.04 0.32+0.03 0.32+£0.04 036+0.08 041+0.08 0.28 +0.03 0.00 033 £0.04 037 +0.04
Fe, O3 6.58 +0.07 7.97 +0.03 7.28 £0.70 420 +0.54 436 £0.74 20.24 +£4.37 99.70 5.62 £ 0.97 5.82 +0.98
FeO 10.52 £ 0.11 1031 £0.04 1042 +£0.11 12.18 £0.57 13.75+1.00 11.17 £3.55 0.00 13.24 £+ 426 12.09 £ 0.88
MnO 0.31+£0.02 034 +£0.01 0.33 £0.02 033+0.02 0.38+0.02 0.28 +£0.02 0.00 0.34 +£0.02 0.36+0.02
MgO 8.20 £ 0.15 7.57 +0.08 7.89 +0.32 8.93 £0.45 7.31 £0.30 6.55 +£0.25 0.00 7.76 + 0.30 7.60 +0.31
CaO 6.13+0.07 654+£0.04 634+020 627+0.23 7.12 £ 0.28 5.23 £0.37 0.00 6.20 £ 0.44  6.73 £0.26
Na,O 2.89+£029 222+0.19 2.56+0.33 3.02+037 223+0.23 2.16 £ 0.11 0.00 2.56 +0.13 240 +0.25
K,0 048 £0.07 048+0.06 048 +0.07 0.41+0.03 049 +0.07 0.38 £ 0.03 0.00 0.45 £0.04  0.49 £0.07
P,05 0.90 £0.09 093+0.07 092+0.09 083+023 0.82+0.05 0.81 £ 0.04 0.00 0.96 + 0.05 0.87 + 0.05
SO; 7.56 +0.13 728 £0.07 7.42+0.13 490+0.74 497 +0.58 5.17 £0.42 0.00 6.13£0.50 6.20 +0.72
Cl 0.88 £ 0.03 0.78 £ 0.01 0.83 £ 0.05 0.61 = 0.08 0.57 £ 0.06 0.69 + 0.03 0.00 0.81 = 0.04 0.70 = 0.07
Br (x104) 29 +£22 26 + 14 28 £22 49 + 12 39+ 27 56 +22 0 66 + 26 34 +£24
Ni (x104) 636 £ 73 467 + 42 552 + 85 544 + 159 399 + 100 854 + 182 3000 479 £ 106 476 + 119
Zn (x104) 406 + 32 401 £ 14 404 + 32 204 £ 71 238 £ 63 329 + 25 0 391 + 30 321 + 85
Total 99.85 99.87 99.86 99.89 99.89 99.84 100.00 100.00 99.88
Fe3+/FeT 0.36 +0.03 0.41 +0.03 0.39 + 0.03 0.24 +0.02 0.22 +0.03 0.66 + 0.06 1.00 0.28 +0.02 0.30 £ 0.02

9GC, Gusev crater; MP, Meridiani Planum. Analyses of Desert Gobi and MontBlanc LesHauches are from Gellert et al. [2006a,b].
®Uncertainty is larger of deviation from average value and maximum value for analytical uncertainty.
“Data are average +1o of data from Gellert et al. [2006] and R. Gellert (manuscript in preparation, 2006).

9Model spherule elemental composition.

“Calculated composition of basaltic soil (CBS2A) from Observed = 0.16 x (Spherule) + 0.84 x (CBS2A). In this calculation, the spherules account for

~50% of the total Fe.

fCalculated composition of basaltic soil (CBS2B) from CBS2B = 0.50 x (Ave. Dust) + 0.50 x (MP Panda Subclass).

by a thin veneer (lag deposit) of MoessBerry Subclass soil.
This relationship is present at trench sites studied during
sols 23-26 (Eagle crater), 78—80 (plains between Eagle and
Endurance craters), 367—373 (plains south of Endurance
crater). By direct MI observations, Laguna Class soil at
Meridiani Planum has spherules dispersed throughout, but
spherule number density is low and none was included in
the MB (and APXS) measurements. Surface expressions of
undisturbed Laguna Class soils are generally found in
association with impact craters (e.g., MontBlanc Le-
sHauches, Millstone Dahlia, and Auk AukRAT; Table 4).

[44] Because it has the highest proportion of npOx, the
Gobi Subclass of Laguna Class soil is the most representa-
tive of global Martian dust. The soil Desert Gobi at Gusev
crater is a bright, undisturbed soil. There are three Gobi
Subclass soils at Meridiani Planum (Table 4). One of them
(MontBlanc LesHauches) is undisturbed soil that occurs on
the downwind lip of Eagle crater. It is bright, fine-grained
material (dust) deposited in the wind eddy created by the lip
of the crater [Soderblom et al., 2004; Yen et al., 2005].

5.3. Mineralogical and Elemental Composition
of Global Martian Dust

[45] Bright, undisturbed soils Desert Gobi (Gusev crater)
and MontBlanc_LesHauches (Meridiani Planum), from op-
posite sides of the planet, have among the highest concen-
trations of npOx and are thus our current best analyses
of global aeolian dust. Their individual and average Fe-
mineralogical and elemental compositions are given in
Tables 8 and 9, respectively. Between the two soils, there is
no significant difference in Fe-mineralogical composition
and there are only minor differences in the elemental com-
position. Mineralogical observations of dust from Martian

orbit by the Mars Global Surveyor Thermal Emission
Spectrometer [Bandfield and Smith, 2003] and the Martian
surface by the MER MiniTES [Christensen et al., 2004a]
are consistent with the presence of plagioclase feldspar
[Bandfield et al., 2003], although Ruff'[2004] has suggested
zeolite instead. Visible, near-IR (VNIR) observations of
dust from Martian orbit by OMEGA show a ferric absorp-
tion edge (presumably from npOx) and no detectable
evidence for spectral features near 1.4, 1.9, and 2.1-2.6 ym
that would be indicative of molecular H,O and M-OH (M =
Si, Al, Mg, and Fe) functional groups [Bibring et al., 2006].
The VNIR observations imply the absence of phyllosilicate
(and zeolite) minerals in the dust and constrain npOx away
from forms that have high concentrations of H,O (e.g.,
ferrihydrite) and OH-bearing phases that have weak spectral
features 2.1-2.6 um because of poor crystallinity or forma-
tion of strong hydrogen bonds (e.g., FEFOOH polymorphs).
Maéssbauer spectra of dust collected by MER magnets are
interpreted by an assemblage of olivine, pyroxene, magnetite,
and npOx as the Fe-bearing phases [Goetz et al., 2005]. On
the basis of observations made during the Mars Pathfinder
mission, mean particle diameter of Martian dust is 3.4 + 0.6 m
[Markiewicz et al., 1999]. For MER, the mean particle
diameters are 2.94 + 0.42 ym and 3.04 + 0.36 pum at Gusev
crater and Meridiani Planum, respectively [Lemmon et al.,
2004]. Other estimates range from 0.2 to 10 um [e.g., Murphy
et al., 1993; Pollack et al., 1995].

[46] Bright Martian dust can therefore be described as an
assemblage of particles in the clay plus fine silt size range
(<5 pm) that contain primary igneous minerals (olivine,
pyroxene, feldspar, and magnetite) and sulfate-bearing al-
teration/weathering products (npOx but not phyllosilicate
minerals). Discrete dust particles are predominately compo-
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sites of these phases rather than predominantly monophase
[e.g., Madsen et al., 1999; Goetz et al., 2005]. The strongly
magnetic mineral in the dust (and Laguna Class soil in
general) is magnetite [Morris et al., 2004, 2006; Goetz et
al., 2005].

5.4. Mineralogical and Elemental Compositions
of Spherules (Blueberries)

[47] As discussed above and previously reported
[Klingelhofer et al., 2004; Christensen et al., 2004b],
observations by the MER MB and MiniTES instruments
firmly establish that the spherules (the so-called “blue-
berries™) and their fragments have hematite as an important
mineralogical component. Unfortunately, it has not been
possible to obtain MB and APXS analyses on surface targets
that are wholly spherules. The maximum values of Ay, and
Fe,O3 + FeO for a spherule-rich soil are 68% and 35.6%,
respectively, for TrenchRipple RippleCrest2b (Table 3 and
R. Gellert (manuscript in preparation, 2006)). In comparison,
average Meridiani Planum Laguna Class soil has Ay, =4 +
2 % and Fe,O3 + FeO = 189 = 1.3 % (Table 7 and
calculated from R. Gellert (manuscript in preparation,
2006)). The lower limit for the hematite content of the
spherules is 24% on the basis of the following two assump-
tions: (1) soil TrenchRipple RippleCrest2b, which actually
has Ay, = 68%, is entirely spherules (i.e., Ay, = 100%), so
that its elemental composition is the bulk spherule compo-
sition, and (2) the hematite is stoichiometric Fe,O5. Note
that, although all spherules presumably have their origin in
the S-rich outcrop, they do not have detectable Jar or Fe3D3
as Fe-mineralogical components. We discuss next an upper
limit estimate.

[48] In principle, it is possible to estimate the relative
proportions of spherules and basaltic soil in the field of view
of both instruments from MI images and use this informa-
tion and the mineralogical and elemental compositions of
basaltic soil to calculate the corresponding compositions of
the spherules. This approach was taken by Jolliff and the
Athena Science Team [2005], working with APXS data,
and they concluded that the spherules might contain 45—
60 wt.% as Fe,O3. However, this calculation is not straight-
forward, because (as also noted by Jolliff and the Athena
Science Team [2005]) the surface being analyzed is not flat.
Spherules are rounded and, because of their size (2.9 +
1.2 mm for unfractured spherules [Weitz et al., 2006])
protrude from the surface. An additional complication is
that there are at least two populations of basaltic materials:
one is relatively coarse-grained basaltic soil which is
intermixed with spherules and the other is a thin layer of
dust coating all particles. To avoid these issues, we adopted
a different approach.

[49] Table 8 has four columns under MoessBerry Sub-
class. The first is the observed average Fe-mineralogical
composition. The second is a limiting Fe-mineralogical
composition for the Fe spherules that we wish to test,
namely Ay, = 100%. In the third column, we mathemat-
ically backed out the composition of the basaltic soil
(CBS1A) that would have to be mixed with the spherule
composition to give the observed composition in column
one. The constraint for the calculation was Ay, = 3% for
the basaltic soil, which is the average value for Martian dust
and Meridiani Planum Panda Subclass soil. With this
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constraint for the basaltic soil and the constraint of Ay, =
100% for the spherules, average MoessBerry Subclass soil
is 45% CBS1A and 55% spherule with respect to Fe-
bearing phases.

[so] Is CBS1A a reasonable Fe-mineralogical composi-
tion for a basaltic soil? Panda Subclass is the subclass of
Laguna Class soil with the least npOx (i.e., least dust
component), so that average Martian dust and this soil
subclass (columns four and six in Table 8, respectively)
are end-members for Meridiani Planum soils. The last
column in Table 8 (CBS1B) was calculated for a mixture
of 50% average Martian dust and 50% Meridiani Planum
Panda Subclass soil. The calculated Fe-mineralogical com-
positions CBSI1A and CBSIB are nearly identical. This
correspondence shows that the constraint Ay, = 100% is
viable, so that the spherules can be entirely hematite with
respect to their Fe-mineralogical composition.

[s1] The calculations just described for MB data were
repeated for APXS elemental data, and the corresponding
four columns of data for MoessBerry Subclass are shown in
Table 9. With the spherule composition set to 100 % Fe,O3,
a calculated soil composition was obtained using 16% and
84% for the percentages of spherule and basaltic soil,
respectively. Those percentages were chosen because they
gave ~5.6 % Fe,03 in the calculated composition, a value
that is intermediate between dust and Panda Subclass soil at
Meridiani Planum (Table 9). The calculated composition is
consistent with the elemental composition of basaltic soils,
except for Ni which is too high at ~1013 pug/g. After
adjusting the spherule composition to include a Ni impurity,
possibly present as a co-precipitate with the hematite [ Yen et
al., 2006], we calculated the basaltic soil composition
CBS2A in Table 9.

[52] Is CBS2A a reasonable elemental composition for
Meridiani Planum basaltic soil? Using the same procedure
developed above for calculating CBS1B, we calculated the
last column of Table 9 as the CBS2B composition using
50% average Martian dust and 50% Meridiani Planum
Panda Subclass soil. The calculated elemental compositions
CBS2A and CBS2B are nearly identical. This result shows
that the spherules can be ~100% Fe,O3 with respect to their
elemental composition.

[53] Summarizing, MB and APXS data show that the
hematite content of the spherules is between 24 and 100%.
It may seem inconsistent that the calculations use very
different spherule percentages for the MB and APXS
calculations (55% and 16%, respectively). However, this
is not the comparison to make, because the percentages are
not both calculated with respect to Fe contents. For ele-
mental data, the spherules account for ~50% of the total Fe,
a percentage in good agreement with the MB value. As
discussed by Christensen et al. [2004b] and Calvin et al.
[2006], MiniTES spectra, which unlike MB are sensitive to
the entire ensemble of mineralogical components, are also
consistent with the spherule mineralogical composition
being dominated by hematite.

5.5. Fe-Mineralogical Stratigraphy of the Burns
Formation

[s4] The stratigraphy of the Burns formation, primarily as
observed at Endurance crater, is discussed in detail by
Grotzinger et al. [2005]. They defined three major units
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Figure 10. Stratigraphy of the Burns formation at
Endurance crater for (a) molar concentrations of Fer, S,
and Mg and (b) molar concentrations of Fe from Hm, Jar,
and Fe3D3. Increasing Opportunity sol number corresponds
to downsection, and the unit designations are from
Grotzinger et al. [2005]. The horizontal dashed lines are
the average + 1o values for Fet in Figure 10a and Ay,,,Fer/
100, Ay, Fer/100, and Ape3p3Fer/100 in Figure 10b. Fer
and the concentrations of Fe from Hm, Jar, and Fe3D3 show
no detectable stratigraphic variations.

on the basis of sedimentologic and diagenetic character-
istics. The lower, middle, and upper units are interpreted to
represent eolian dune field, eolian sand sheet, and mixed
eolian sand sheet and interdune facies associations, respec-
tively, with local evidence for subaqueous flow in the upper
unit. The authors argue that the Burns formation records,
from lower to upper units, a progressive influence of water
in controlling depositional processes. The stratigraphic
section was sampled by grinding with the RAT at nine
locations in Endurance crater during sols 140—183 [Squyres
and Knoll, 2005]. Locations A, B, C, and D are in the upper
unit, E1, E2, and F are in the middle unit, and Gd and Gm
are imprecisely located in the region of the bottom of the
middle unit or the top of the lower unit [Grotzinger et al.,
2005].

[s5s] APXS and MB data for the stratigraphic section in
Endurance crater are shown in Figure 10. Fet is constant
throughout the section (1.72 = 0.06 moles/24(O + Cl)), S
systematically decreases, and Mg is constant in the middle
and upper units and decreases in the lower unit. Si and Al
(not shown) increase as S and Mg decrease [Clark et al.,
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2005]. The concentrations of Fe associated with hematite,
jarosite, and Fe3D3 are constant through the section (aver-
age £ 10 =0.60 = 0.05, 0.49 = 0.03, and 0.33 £ 0.02 moles/
24(0 + Cl), respectively). In fact, these concentrations are
constant for all outcrop surfaces exposed by RAT grinding
(average + 1o = 0.63 £ 0.08, 0.51 £ 0.06, and 0.34 + 0.04
moles/24(O + Cl), respectively) at Meridiani. Note that the
concentration of Fe associated with Hm is derived predom-
inantly if not wholly from the sulfate-rich matrix rock and
not the spherules. Apparently, the concentrations of the Fe-
bearing phases were essentially invariant with respect to
location during the formation of outcrop rock and remained
invariant through subsequent diagenetic processes.

[s6] The invariance of the concentrations of Fe from Hm,
Jar, and Fe3D3 and the relatively constant elemental chem-
istry suggest alteration of precursor materials that was
approximately isochemical with respect to elements other
than S and Cl. Basaltic soil is a candidate precursor
material, for example. Panda Subclass soil from the oppo-
site side of the planet (Gusev crater) has the same elemental
composition (on a SO3- and Cl-free basis) as Panda Sub-
class soil at Meridiani Planum for all elements at the 2o
level, and for all elements except CaO and MgO at the 1o
level (Table 10). Martian dust also has the same elemental
composition to within 2¢. Thus it is not unreasonable to have
a precursor of basaltic soil for the outcrop that is relatively
homogenous with respect to elemental composition.

[57] The last column in Table 10 is the calculated ele-
mental composition for the basaltic precursor of the Burns
formation (OCBP1) with respect to SO; = Cl = 0 and
assuming isochemical alteration. It was calculated from the
average composition for outcrop surfaces exposed by RAT
grinding [Rieder et al., 2004; R. Gellert, manuscript in
preparation, 2006] and Fe’*/Fer = 0.23, which is the
average value for Panda Subclass soil. Like the Panda
Subclass soils, the OCBP1 composition is basaltic, but it
has higher concentrations of Fe,O;+FeO, MgO, K,0, and
P>0O5 and lower concentrations of Al,O3, Cr,03, and Na,O.
The OCBP1 composition is a window to the past, giving a
possible elemental composition of the materials in the source
region of the Meridiani Planum sediments before they were
altered and deposited to form the Burns formation.

6. Mineralogical Evidence for Aqueous,
Acid-Sulfate Processes

[58] The MER Mgdssbauer spectrometers provide infor-
mation about aqueous process on Mars through the detec-
tion of Fe-bearing minerals that contain H,O or OH in their
structure and/or are the products of aqueous activity. At
Gusev crater, goethite (a-FeOOH) was detected as a min-
eralogical marker for aqueous processes in rocks of the
Columbia Hills [Morris et al., 2006]. At Meridiani Planum,
jarosite within the Burns formation is a mineralogical
marker for aqueous processes because it contains the
equivalent of ~10 wt. % H,O in its structure as the OH
anion. Using average outcrop values of Ay, ~ 29 %
(Table 7) and (Fe,O; + FeO) ~ 17%, we calculate that
average outcrop has the equivalent of ~2% H,O associated
with just the jarosite. Clark et al. [2005] infer from
mineralogical models of the outcrop that 6—20% equivalent
H,0 could be present in the outcrop. In contrast to Gusev
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Table 10. Elemental Data for Gusev Crater and Meridiani Planum Panda Subclass Soil, Average Martian Dust,
and Outcrop Precursor Basalt Calculated to a SOs- and Cl-free Composition

GC Panda Subclass,* % MP Panda Subclass,” % Average Dust,” % OCBP1,” %
SiO, 49.23 +£0.32 4953 £ 1.12 48.86 + 0.32 48.19 £ 1.61
TiO, 0.92 +£0.16 1.08 £0.02 1.04 £ 0.08 1.01 £0.05
Al,O3 11.07 +£ 0.67 10.24 + 0.49 10.15 £ 0.10 8.06 + 0.41
Cr,0O3 0.38 £ 0.09 0.43 £ 0.09 0.35 £ 0.04 0.25 +£0.02
Fe, 05 4.44 +0.59 4.62 +0.78 7.93 +0.76 5.08
FeO 12.90 + 0.68 14.56 £ 1.13 11.35 £ 0.12 15.67 £ 1.02
MnO 0.35 £ 0.03 0.40 + 0.02 0.36 = 0.02 0.43 £ 0.05
MgO 9.45 +0.49 7.74 +£0.31 8.60 + 0.35 10.40 + 1.55
CaO 6.64 +0.22 7.54 +£0.29 6.91 +0.22 6.46 £ 0.61
Na,O 3.20 £ 0.38 2.36 +£0.24 2.79 + 0.36 2.19 £ 0.19
K,O 0.43 + 0.03 0.52 +0.07 0.52 +0.08 0.75 £ 0.04
P,Os 0.88 +0.24 0.87 £ 0.05 1.00 = 0.10 1.37 £ 0.07
SO3 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00
Br(X104) 52 +13 42 +£29 31 +£24 107 + 144
Ni (x10%) 576 + 169 423 = 104 601 = 93 798 + 118
Zn (X104) 216 + 77 252 + 68 440 + 35 554 + 126
Total 99.89 99.89 99.86 99.87
Fe3+/FeT 0.24 + 0.02 0.22 +0.03 0.39 + 0.04 0.23

“Calculated from elemental data in Table 9.

PCalculated composition of outcrop basaltic precursor (OCBP1) from elemental data (R. Gellert, manuscript in preparation,
2006) for outcrop surfaces exposed by RAT grinding, Fe*'/Fer = 0.23, and SO; = Cl = 0.

crater where goethite is a component in rocks whose
regional volumetric extent is not known, the Burns forma-
tion is laterally extensive (~10°> km? [Christensen et al.,
2001]), thick (~600 m [Hynek et al., 2002]), and the
probable source of the ~7% equivalent H,O identified
by the Odyssey orbiter for the Meridiani Planum region
[Feldman et al., 2004].

[59] An important aspect of the jarosite detection is
that acidic conditions (pH < 4 at room temperature [e.g.,
Dutrizac and Jambor, 2000; Stoffregen et al., 2000]) are
required for its formation. Hydrothermal conditions permit
jarosite precipitation at very low pH (pH = 1-2 at ~100°C)
and also promote hematite over goethite as the jarosite
hydrolysis product [Stoffregen et al., 2000]. The observation
of both hematite and jarosite and the absence of definitive
goethite detection in the sulfate-rich outcrop by MB suggest
that the initial alteration of basaltic precursor material may
have taken place under hydrothermal conditions.

[60] Because jarosite, hematite, and Fe(SO4)(OH) form a
triple point under hydrothermal conditions [Stoffregen et al.,
2000], the unassigned Fe3D3 doublet is possibly super-
paramagnetic hematite or Fe(SO,)(OH), although the MB
parameters of the later are not known to us. The alteration of
basaltic precursor material (possibly soil) under oxidizing,
acid-sulfate conditions to form jarosite and other phases
could have occurred under conditions provided, for exam-
ple, by interactions with acid-sulfate (possibly hydrother-
mal) waters [Burns, 1988; Burns and Fisher, 1990;
McLennan et al., 2005] and/or condensation of SO,-rich
volcanic emanations [Clark and Baird, 1979; Settle, 1979;
Banin et al., 1997].

7. Summary

[61] Mossbauer mineralogy (Fe*'/Fer, identification of
Fe-bearing phases, and the distribution of Fe among Fe-
bearing phases) was done on 95 rock and soil targets by

Opportunity during its first 557 sols of roving on Meridiani
Planum. Salient results and interpretations are summarized
next.

[62] 1. The oxidation state of Fe ranged from Fe**/Fer =
0.00 to 0.93. The least oxidized targets (Fe**/Fer < 0.06)
are isolated rocks (BounceRock, Barberton, and Heat Shield
rock). Values of Fe**/Fer for Laguna Class (basaltic) soil
and Berry Class (Hm-rich) soils average 0.27 + 0.08 and
0.57 + 0.15, respectively. Surfaces of S-rich outcrop rocks
of the Burns formation exposed by RAT grinding are very
oxidized with average Fe*'/Fer = 0.85 + 0.03.

[63] 2. Eight Fe-bearing phases were identified: kamacite
as a Fe’-bearing phase, Ol and Px as Fe?'-bearing phases,
Mt as a Fe*'- and Fe’'-bearing phase, and npOx, Hm,
jarosite, and Fe3D3 as Fe®*-bearing phases. On the basis of
chemistry and Fe-mineralogical composition, Meridian Pla-
num rock and soil are grouped into two rock and two soil
classes: Burns Class outcrop, other rock class, Laguna Class
soil (with Panda, Liberty, and Gobi Subclasses) and Berry
Class soil (with Nougat and MoessBerry Subclasses).

[64] 3. Ol Px, npOx, and minor Mt and Hm are the Fe-
bearing phases in Laguna Class soil. The same Fe-bearing
phases are also present in Berry Class soil, but Hm is the
major Fe-mineralogical component. The two Fe’-bearing
rocks (Barberton and Heat Shield rock) are interpreted as
meteorites. BounceRock, essentially monomineralic Px for
Fe-bearing phases, is interpreted as an impact erratic.

[65s] 4. Laguna Class soil is present as thin and locally
discontinuous cover over outcrop rocks, commonly forming
acolian bedforms. MoessBerry Subclass soils are present as
accumulations of Hm-rich spherules on outcrop surfaces
and as lag deposits at ripple crests.

[66] 5. The average elemental and Fe-mineralogical com-
positions of global Martian dust is approximated by the
average of corresponding compositions of Gobi Subclass
soils MontBlanc_LesHauches (Meridiani Planum) and
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Desert_Gobi (Gusev crater). The mineralogical composition
of Martian dust is primarily npOx plus primary igneous
phases (O, Px, Mt, and, from TES data, plagioclase feldspar).

[67] 6. The S-rich rock of Burns Outcrop Class is Jar,
Hm, Fe3D3, and minor Px and Ol. This mineralogical
composition pertains to the S-rich rock and does not
include a contribution from spherules (blueberries). The
exact Fe-mineralogical and elemental compositions of the
spherules are not known but are constrained between 24—
100% Hm. The spherules do not have detectable contribu-
tions from Jar and Fe3D3.

[68] 7. A stratigraphic section of the Burns formation was
examined at Endurance crater. The molar concentrations of
Fe associated with Jar, Fe3D3, and Hm in the outcrop are
invariant across this section. On a S- and Cl-free basis (S =
Cl = 0), the Burns formation has a basaltic bulk composition
that is enriched in Fe,O5+FeO, MgO, K,O, and P,O5 and
depleted in Al,O5, Cr,03, and Na,O compared to Laguna
Class soil.

[69] 8. The presence of jarosite is mineralogical evidence
for the presence of H;O/OH on Mars and for acid-sulfate
aqueous processes.
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