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MER Landing Sites



Landforms indicate that Gusev crater once harbored a lake
Note Apollinaris Patera volcano on the horizon

National Geographic Society
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View to southeast from Columbia Memorial Station



Bonneville crater, basaltic plains, Gusev crater
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Local enrichment of Mg and S
Local low Cl / S values
Aqueous mobilization of solubles (>106 yr BP?)

The Boroughs
Trench

Sol 140



Rock Weathering Stages, Gusev Crater
isochemical weathering

Jim Rice (2005)

Columbia Hills
Gusev crater

Mars Hill
Death Valley



Spirit Rover on Cumberland Ridge, Husband Hill



Husband Hill:  evidence of aqueous iron oxidation

3 cm 3 cm3 cm

Watchtower, Husband HillMazatzal basalt, plains Wooly Patch, West Spur

Fe3+/FeTOT:  0.10          0.56                   0.83
Morris et al. (2006)



--------- Goethite;  high S, Cl, Br and Ni
---- Corundum-normative; high P

--------- High S, Cl and Ni;  very low Na and K
- Very high S;  high Cl, Br and P





Indicators of Liquid Water in the Past

Low availability
Fresh volcanic rocks largely unaltered by water
Soil horizons with insoluble minerals uniformly mixed 
with soluble salts
Soil profiles indicating vertically-migrated soluble salts
Rock surfaces, cracks and vugs showing alteration
Soil profiles showing weathering in situ
Rocks largely altered to weathering products but 
retaining near-original elemental abundances
Rocks or soils indicating extensive alteration and 
transport of components by liquid water

High availability

Plains

Husband Hill
Inner Basin



Husband Hill, Gusev Crater



“Top of the World”
Husband Hill summit, view to East

Sol 581



Columbia Hills viewed from the west
(MRO HiRISE stereo images)

0.9 km
0.56 mile



Home Plate
90 m diameter, ~1 to 2 m height

View looking south from Husband Hill summit
Spirit Pancam vis/NIR false color image

southeast

northwest







Comanche outcrop



Orbiter view 
(MRO HiRISE)
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El Dorado



MRO HiRISE, Looking North



Orcadas,
vesicular
basalt

Tyrone

Arad

Inner Basin volcanism and 
hydrothermal activity

aqueous deposits rich 
in Fe, Mg  and  S



Sulfur-rich light-toned soils
A. Yen et al., JGR (2008)



A. Yen et al., Nature (2005)



Irvine

Sample Types:  Igneous Rocks

Humphrey

Backstay

Wishstone

Analysis of this suite of rocks shows that 
they are alkaline volcanics, which formed 
under different conditions or from a very 
different starting composition than the bulk 
of martian rocks. This sheds light on the 
complexity of the martian interior. 

APXS Analyses 
(Gellert et al., 2006)Images courtesy Hap McSween



Rock textures
pyroclastic, aeolian 

Elements
HIGH Na, Mg, Zn, 

Ge, Cl, and Br :   
hydrothermal brine

Bomb sag Reworked pyroclastic deposits 

20 m

NDiscoveries at Home Plate



Spectral, Mineralogical, and 
Geochemical Variations Across 
Home Plate, Gusev Crater, Mars 
Indicate High and Low 
Temperature Alteration
M. Schmidt, et al. (2009)

HP east side witnessed
thermal alteration event(s)



1 cm

Kenosha Comets:
90 % SiO2

Elizabeth Warren & friends:  70+ % SiO2

Elizabeth Mahon: 70+ SiO2

Discoveries at Home Plate 
pure opaline silica along E, N & W margins





Oxidants:  O2;  CO2; minerals/fluids with 
SOx, Fe3+, NOx, etc.

Reductants:  H2;  Cred;  minerals/fluids with 
Sred, NH4

+, Fe2+ or other reduced species

Chemical Energy for Life
Oxidation-reduction reactions can sustain life, 

even without photosynthesis

Minerals must be identified comprehensively and 
definitively to search for potential habitats and life



Hydrothermal sites on Mars are ideal to search 
for evidence of life (Walter & Des Marais, 1993)

“Oases”:  sources of near-surface water
Reduced chemical species provide sources of energy for life
Mineral deposits preserve evidence of environments and life
Range of conditions sustains large diversity of biota
Sites of ancient spring deposits might have been found already

10 km

10 m
ESA Mars Express Orbiter

HRSC (G. Neukum, P.I.)

1 mm







Anomalous Fe-bearing phase  (Morris et al., JGR, 2008)





Also:  APXS data accurately estimated the abundance of an undetected element (carbon)



Following the Energy:  Chemical Sources
Both mafic and ultramafic rocks occur at Gusev  & 
water has altered some.  Ultramafic rock alteration 
can yield phyllosilicates, magnetite, hematite & H2.  
Aqueous reactions with Fe2+ can yield energy.
“Excess S” in some deposits indicates added H2S, So

or SOx. Their redox reactions can yield energy. 
Volcanism & impacts probably led to aqueous events. 
For much of Martian history, reduced materials 
reacted with strong oxidants. Such reactions have 
high energy yields.
Spirit conceivably has found evidence of the above 
scenarios. Subsurface events could have persisted 
longer than surface events.



MER Landing Sites



Coarse-grained hematite (Fe2O3) at Meridiani Planum
a “beacon” indicating past liquid water?





Eagle Crater, Meridiani Planum



Sulfate-rich 
evaporite deposits !

Abundant soluble sulfate minerals
Hematite-rich diagenetic concretions
Finely-laminated festoon cross-beds
Jarosite (acidic conditions)
Remobilization of soluble salts

~ 0.5 m
section



Guadalupe, Sol 35
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Endurance Crater Dune Field
Aeolian drift deposits, Endurance crater



Clark et al., EPSL (2005)

Evidence for redistribution of soluble
salts by groundwater intrusion(s)

Weight percent of species



W of Karatepe W

Burns Cliff

Karatepe West

J. Grotzinger, 1/05

Endurance
Crater

160 m diameter
14 m deep

evidence
of ancient 

sand dunes,
wet sand sheets

& playa lakes



McLennan, 
et al. (2006)

Knoll, et al.
(2005)

Deposition and diagenesis
of sulfate-rich bedrock 

at the MER Meridiani site



McLennan, 
et al. (2006)

Knoll, et al.
(2005)

Deposition and diagenesis
of sulfate-rich bedrock 

at the MER Meridiani site



McLennan et al., EPSL (2005)Indicates multiple & persistent groundwater episodes



Tosca et al., EPSL (2006)



Meridiani Planum and the Global Hydrology of Mars
Andrews-Hanna et al. (2007) 

A

B

A

B

detected evaporite deposits



Tosca et al., 2008
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• Ripple flanks appear banded, looking west
– Erosion of stratified ripples on east flanks
– Dominant motion for large ripple forms is westward

Opportunity’s “months at sea”
destination: Victoria crater, 750 m diameter, 70 m deep





QuickTime™ and a
H.264 decompressor

are needed to see this picture.



Victoria Crater
Cape St. Vincent 
super-resolution image



OPPORTUNITY’S KEY FINDINGS:
Abundant soluble sulfate minerals
Hematite-rich diagenetic concretions
Finely-laminated festoon cross-beds
Acidic conditions (e.g., jarosite)
Remobilization of soluble salts
Playa lakes, sand sheets, dunes
Persistent near-surface water





Endeavour Crater on the Horizon…



* Four Large Nickel Iron Meteorites, 3 IAB Irons
* All Smooth Surfaces w/Hollows Likely Regmaglypts 
* Record Atmospheric Ablation
* Landed <2 km/s, Not Hypervelocity Impact
* Atmosphere Dense Enough to Land Large Iron 
• Meteorites? *
1)- Are Irons Part of Same Fall? “Paired”
2)- Where are Large Stony Meteorites?
* Small Meteorites Expected [Bland & Smith, 2000]

Heat Shield Rock

Mackinac Island

Block Island

Shelter Island

5/26/10
* Chappelow & Golombek: Landing Meteorites





Resume Golden Path (sort of)

Outcrop Expanse
On Slope 

Santa Maria Crater

Sol 2333

Science along 
the Pink/Golden 

Path

Entire Pink Path

(HRSC DEM/MOLA contours)

Adjustments in path made to visit 
outcrop contacts (“festoons”), 

gravel banks, fresh craters



Santa Maria crater, Meridiani Planum
Sol 2539











MER Radio Science: Martian Core

 

• Science objectives are to determine size, state, 
and density of Mars core.
– Provide insight into evolution of terrestrial planets.
– Provide information on whether Mars could ever 

have had a global magnetic field, enhancing 
probability of life.

• Core parameters are derived from determining 
time-dependent spin-axis direction 
(precession/nutation).
– Two-way Doppler tracking of fixed lander gives spin 

axis direction at time of track.
• Normally, Doppler tracking of rovers determines varying 

position of rover, not spin axis direction.
• MER tracking over many months can:

– Improve precession estimate by a factor of ~5.
– Possibly observe free-core nutation, giving core state 

(liquid/solid).

 



QuickTime™ and a
 decompressor

are needed to see this picture.



QuickTime™ and a
H.264 decompressor

are needed to see this picture.



Still looking forward to more tomorrows ….



End…



Importance of systems engineering testing:  
Dress rehearsal for the Rock Abrasion Tool (RAT)

QuickTime™ and a
Sorenson Video 3 decompressor
are needed to see this picture.



QuickTime™ and a
Sorenson Video 3 decompressor
are needed to see this picture.
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