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Preface 
 
This volume contains abstracts that have been accepted for presentation at the Workshop on 
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Administration and publications support for this meeting were provided by the staff of the 
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Guide to Technical Sessions 
Workshop on Martian Phyllosilicates: 

Recorders of Aqueous Processes? 
October 21–23, 2008 

 

Tuesday, October 21, 2008 

9:00 a.m. Introduction 

10:10 a.m. Mineralogy and Geology of Phyllosilicate Deposits 

2:00 p.m. Characteristics of Hydrated Mineral Deposits and Detection Limits 

5:00 p.m. Discussion and Summary of Identification of Phyllosilicates and 
Hydrated Materials and the Geologic Setting 

Wednesday, October 22, 2008 

9:00 a.m. Capabilities of Current and Future Instruments and Missions to 
Constrain Phyllosilicates and Habitability on Mars 

12:20 p.m. Discussion and Summary of Current and Future Instruments  
and Missions 

2:30 p.m. Formation Conditions of Phyllosilicates on Mars 

5:10 p.m. Discussion and Summary of Physical, Chemical, and Environmental 
Constraints on Formation Conditions of Phyllosilicates on Mars 

Thursday, October 23, 2008 

9:00 a.m. Analog Sites for Formation of Phyllosilicates on Mars 

11:20 a.m. Discussion and Summary of Analog Sites for Formation of 
Phyllosilicates on Mars 

12:20 a.m. Discussion and Summary of Studies 
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Program 
 
 

Tuesday, October 21, 2008 
INTRODUCTION 

9:00 a.m. 
 

 
9:00 a.m. Bibring J.-P. * 

Welcome and Introduction 
 

9:10 a.m. Bibring J.-P. * 
Themes and Goals of the Workshop 
 

9:30 a.m. Bish D. L. *   Vaniman D. T.  
What Can Clay Mineralogy Tell Us About Alteration Environments on Mars? [#7025] 
 

9:50 a.m. Velbel M. A. * 
Interpreting Martian Phyllosilicates:  Transferability of an Inferential Framework from  
Terrestrial Experience to Mars [#7008] 
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Tuesday, October 21, 2008 
MINERALOGY AND GEOLOGY OF PHYLLOSILICATE DEPOSITS 

10:10 a.m. 
 

Chairs: Francois Poulet 
  Eldar Noe Dobrea 
 
10:10 a.m. Poulet F. *   Bibring J.-P.    Carter J.    Langevin Y.    Mangold N.    Mustard J.     

Loizeau D.    Gondet B.  
Identification, Mapping and Mineralogy of Phyllosilicates on Mars as seen by MEx/OMEGA [#7023] 
 

10:30 a.m. Mangold N. *   Poulet F.    Loizeau D.    Bouley S.    Ansan V.    Bibring J.-P.    Langevin Y.    
Gondet B.    Masson P.  
Geological Relationships Between Phyllosilicates and Fluvial Landforms in  
Three Regions of Mars [#7024] 
 

10:50 a.m. Loizeau D. *   Mangold N.    Poulet F.    Ansan V.    Hauber E.    Bibring J.-P.    Langevin Y.    
Gondet B.    Masson P.    Neukum G.  
Stratigraphy of the Mawrth Vallis Region Through Omega, HRSC Color Imagery and DTM [#7041] 
 

11:10 a.m. BREAK 
 
11:30 a.m. Noe Dobrea E. Z. *   Bishop J. L.    McKeown N. K.    Fu R.    Rossi C.    Swayze G.    Michalski J. R.    

Poulet F.    Bibring J.-P.    Mustard J. F.    Arvidson R.    Morris R. V.    Murchie S.    McEwen A. S.    
Malret E.    Hash C.  
Clay-bearing Units in Western Arabia Terra:  Stratigraphy, Extent, and Possible  
Regional Alteration Fronts [#7040] 
 

11:50 a.m. Ehlmann B. L. *   Mustard J. F.    Swayze G. A.    Wray J. J.    Barnouin-Jha O. S.     
Bishop J. L.    Des Marais D. J.    Poulet F.    Roach L. H.    Milliken R. E.    Clark R. N.    
Murchie S. L.    MRO CRISM Team   
Phyllosilicates, Zeolites, and Carbonate near Nili Fossae, Mars:  Evidence for Distinct Environments 
of Aqueous Alteration [#7019] 
 

12:10 p.m. Buczkowski D. L. *   Murchie S.    Clark R.    Seelos F.    Malaret E.     
Hash C.    CRISM Science Team   
Phyllosilicates in the Argyre Basin, Mars [#7031] 
 

12:30 p.m. Mustard J. F. *   Murchie S. L.    Ehlmann B. L.    Milliken R. E.    Bibring J.-P.    Poulet F.    
Bishop J.    Noe Dobrea E.    Roach L.  
Geologic Environments of Phyllosilicate Deposits from Orbit [#7026] 
 

12:50 p.m. LUNCH 
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Tuesday, October 21, 2008 
CHARACTERISTICS OF HYDRATED MINERAL DEPOSITS AND DETECTION LIMITS 

2:00 p.m. 
 

Chairs: John Mustard 
  Nancy McKeown 
 
2:00 p.m. Roach L. H. *   Mustard J. F.    Murchie S.    Milliken R. E.    Litchenberg K.    Ehlmann B. L.    

Bishop J.    Arvidson R. E.    CRISM Team   
New Hydrated Spectral Phase and Stratigraphy of Smectite Clays, Sulfates and Other Hydrated 
Minerals in Ius Chasma, Valles Marineris [#7017] 
 

2:20 p.m. Wiseman S. M. *   Avidson R. E.    Poulet F.    Morris R. V.    Murchie S.    Seelos F. P.     
Andrews-Hanna J. C.    CRISM Science Team   
Stratigraphic Context of Phyllosilicate Deposits in Sinus Meridiani, Mars [#7035] 
 

2:40 p.m. Massé M. *   Bourgeois O.    Le Mouélic S.    Le Deit L.    Verpoorter C.    Combe J.-Ph.    Sotin C.    
Bibring J.-P.    Gondet B.    Langevin Y.    OMEGA Team   
Sulfates, Ferric Oxides and Al-OH Bearing Minerals in Aram Chaos:  Comparison of  
OMEGA and CRISM Data  [#7002] 
 

3:00 p.m. Viviano C. E. *   Moersch J. E.    Piatek J. L.  
A THEMIS Spectral Index for Detection of Phyllosilicates on Mars [#7032] 
 

3:20 p.m. BREAK 
 
3:40 p.m. Le Deit L. *   Le Mouélic S.    Bourgeois O.    Mège D.    Massé M.    Quantin-Nataf C.    Sotin C.    

Bibring J.-P.    Gondet B.    Langevin Y.  
Composition and Morphology of Hydrated Layered Deposits on the Plains Around  
Valles Marineris (Mars) [#7016] 
 

4:00 p.m. Wray J. J. *   Seelos F. P.    Murchie S. L.    Squyres S. W.  
Hydrated Mineral Exposures in the Southern Highlands [#7018] 
 

4:20 p.m. McKeown N. K. *   Bishop J. L.    Cuadros J.    Amador E.    Silver E.  
Characterization of Phyllosilicate Units at Mawrth Vallis:  Comparison of CRISM Observations and 
Intimate Phyllosilicate Mixtures [#7033] 
 

4:40 p.m. Parente M. *   Bishop J. L.    Cuadros J.  
Lab Experiments to Simulate Coatings on Phyllosilicate Rocks and Comparison with  
CRISM Data of Mars [#7039] 
 

5:00 p.m. Ruff S. W. * 
Emerging Connections Between TIR and VNIR Observations of Martian Phyllosilicates [#7044] 
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Tuesday, October 21, 2008 
DISCUSSION AND SUMMARY  

IDENTIFICATION OF PHYLLOSILICATES AND HYDRATED MATERIALS  
AND THE GEOLOGIC SETTING 

5:20 p.m. 
 

Chair: Dave Beaty 
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Wednesday, October 22, 2008 
CAPABILITIES OF CURRENT AND FUTURE INSTRUMENTS AND MISSIONS  

TO CONSTRAIN PHYLLOSILICATES AND HABITABILITY ON MARS 
9:00 a.m. 

 
Chairs: Jean-Pierre Bibring 
  Darby Dyar 
 
9:00 a.m. Tomkinson T. *   Wolters S. D.    Hagermann A.    Bohman A. F.    Sund A. T.     

Hagene J. K.    Grady M. M.  
Insights into the Past Mineralogy and Fluvial Activity of Mars with WatSen [#7005] 
 

9:20 a.m. Blake D. F. *   Bish D. L.    Chipera S. J.    Vaniman D. T.    Sarrazin P.    Gailhanou M.  
In Situ Analysis of Martian Phyllosilicates Using the CheMin Mineralogical Instrument on  
Mars Science Laboratory [#7006] 
 

9:40 a.m. Ollila A. M. *   Lanza N. L.    Clegg S. M.    Barefield J. E.    Newsom H.    King P. L.    Crossey L. J.    
Wiens R. C.    Vaniman D.  
Determination of Hydration States in Smectites Using LIBS [#7022] 
 

10:00 a.m. Tucker J. M. *   Dyar M. D.    Clegg S. M.    Wiens R. C.    Barefield J. E. II    
Schaefer M. W.    Bishop J. L.  
Quantitative Chemistry of Phyllosilicate Minerals Using Laser-induced  
Breakdown Spectroscopy [#7028] 
 

10:20 a.m. BREAK 
 
10:40 a.m. Murad E. * 

57Fe Mössbauer Spectroscopy:  A Tool for the Remote Characterization of Phyllosilicates? [#7020] 
 

11:00 a.m. Dyar M. D. *   Schaefer M. W.  
Discriminating Among Layer Silicates Using Remote Mössbauer Spectroscopy [#7034] 
 

11:20 a.m. Maturilli A. *   Helbert J.  
Emissivity Spectra of Some Phyllosilicates in the [3, 50] µm Spectral Range from the  
Berlin Emissivity Database (BED) [#7004] 
 

11:40 a.m. Zalewska N. *   Wolkenberg P.  
Mineralogical Composition of the Martian Surface on the Basis on Infrared Spectroscopy [#7010] 
 

12:00 p.m. Bibring J.-P. *   MicrOmega Team 
The MicrOmega/ExoMars Investigation [#7043] 
 
 

5Workshop on Martian Phyllosilicates:  Recorders of Aqueous Processes?



Wednesday, October 22, 2008 
DISCUSSION AND SUMMARY  

CURRENT AND FUTURE INSTRUMENTS AND MISSIONS 
12:20 p.m. 

 
Chair: Dave Beaty 

 
1:00 p.m. LUNCH 
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Wednesday, October 22, 2008 
FORMATION CONDITIONS OF PHYLLOSILICATES ON MARS 

2:30 p.m. 
 

Chairs: David Bish 
  Sabine Petit 
 
2:30 p.m. Murchie S. *   Mustard J.    Ehlmann B.    Milliken R.    Bishop J.    Seelos F.    CRISM Team   

An Overview of Classes of Martian Phyllosilicate Deposits from Orbital Remote Sensing [#7029] 
 

2:50 p.m. Milliken R. E. * 
Which Clays are Really Present on Mars and How Did They Form? [#7009] 
 

3:10 p.m. Bishop J. L. *   McKeown N. K.    Noe Dobrea E. Z.    Murchie S. L.    Mustard J. F.  
Aqueous Processes and Active Chemistry Inferred from Phyllosilicate Record at  
Mawrth Vallis, Mars [#7038] 
 

3:30 p.m. Chevrier V. F. * 
Early Martian Surface Conditions from Thermodynamics of Phyllosilicates [#7011] 
 

3:51 p.m. BREAK 
 
4:10 p.m. Cuadros J. *   Dekov V.    Aldega L.    Fiore S.  

Chemical Controls on Phyllosilicate Composition at the Early Formation Stage [#7027] 
 

4:30 p.m. Tosca N. J. *   Milliken R. E.    Michel F. M.  
Smectite Formation on Early Mars:  Experimental Constraints [#7030] 
 

4:50 p.m. Andrieux P. *   Petit S.    Decarreau A.  
Synthesis of Clay Minerals and the Relationship with Formation Processes and  
Crystal Chemistry [#7042] 
 

5:10 p.m. Altheide T. S. *   Chevrier V. F.    Gavin P.  
Acidic Weathering of Martian Relevant Phyllosilicates [#7007] 
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Wednesday, October 22, 2008 
DISCUSSION AND SUMMARY 

PHYSICAL, CHEMICAL, AND ENVIRONMENTAL CONSTRAINTS ON  
FORMATION CONDITIONS OF PHYLLOSILICATES ON MARS 

5:10 p.m. 
 

Chair: Dave Beaty 
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Thursday, October 23, 2008 
ANALOG SITES FOR FORMATION OF PHYLLOSILICATES ON MARS 

9:00 a.m. 
 

Chairs: Janice Bishop 
  Alain Meunier 
 
9:00 a.m. Bristow T. F. *   Kennedy M. J.  

Mechanisms and Conditions of Saponite Production in the Precambrian  
Doushantuo Formation [#7036] 
 

9:20 a.m. Morris R. V. *   Hamilton V. E.    Gruener J. E.    Ming D. W.    Mertzman S.  
Visible and Near-IR Spectra for Aqueous Alteration Products (Palagonite, Phyllosilicates, Sulfates) of 
Basaltic Tephra on Mauna Kea Volcano, Hawaii [#7037] 
 

9:40 a.m. Schwenzer S. P. *   Kring D. A.  
Phyllosilicates Produced by Impact-generated Hydrothermal Systems on Mars [#7014] 
 

10:00 a.m. Gavin P. *   Chevrier V.    Ninagawa K.  
Effects of Impact and Heating on the Spectral Properties of Clays on Mars [#7012] 
 

10:20 a.m. Fairén A. G.    Davila A. F. *   Marzo G. A.    Roush T. L.    McKay C. P.  
Post-Noachian Water Activity on Mars Inferred from Shock Decomposition Analysis of  
Phyllosilicates Within Impact Craters [#7021] 
 

10:40 a.m. Meunier A. *   Mas A.    Beaufort D.    Patrier P.    Dudoignon P.  
Do Magmatic Clays Exist? The Importance of Terrestrial Analogues [#7003] 
 

11:00 a.m. BREAK 
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Thursday, October 23, 2008 
DISCUSSION AND SUMMARY 

ANALOG SITES FOR FORMATION OF PHYLLOSILICATES ON MARS 
11:20 p.m. 

 
Chair: Dave Beaty 
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Thursday, October 23, 2008 
DISCUSSION AND SUMMARY OF STUDIES 

12:20 p.m. 
 

Moderators: 
Dave Beaty, Jean-Pierre Bibring,  

David Bish, Janice Bishop, John Mustard 
 
 

12:20 p.m. Summary of Discussion Points from Session 
 
12:40 p.m.     Identification of top 10 unresolved questions related to observations, experimental studies, and 

theoretical models. Identification of what is needed to better constrain types of phyllosilicates present 
on Mars and their likely formation conditions. 
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ACIDIC WEATHERING OF MARTIAN RELEVANT PHYLLOSILICATES.  T. S. Altheide1, V. F. Chevrier1, 
and P. Gavin1,  1W. M. Keck Laboratory of Space Simulation, Arkansas Center for Space and Planetary Sciences, 
MUSE 202, University of Arkansas, Fayetteville, AR, 72701, talthei@uark.edu. 

Introduction:  The OMEGA reflectance spectrom-
eter onboard Mars Express  and CRISM onboard the 
Mars  Reconnaissance  Orbiter   have  identified  large 
phyllosilicate  deposits  on heavily impacted Noachian 
aged terrains, some associated with fluvial and deltaic 
deposits . This contrasts with the sulfate deposits which 
are  mainly present  in Hesperian  aged  terrains  .  This 
difference of age has led to a new model of the evolu-
tion of the martian surface: formation of phyllosilicates 
(pH of ~ 7 to 10), then sulfates (pH < 5), and finally 
poorly crystalline iron oxides  .  Therefore,  phyllosili-
cates and sulfates define two different and apparently 
incompatible environments .  

Recent studies have shown that this model may be 
more complicated. Phyllosilicates have been identified 
in younger regions such as Meridiani Planum  and Gu-
sev  Crater  ,  eventually  in  association  with  sulfates. 
Such  observations  raise  questions  about  the  spatial, 
temporal, and chemical relationships between various 
types of phyllosilicates (chlorite vs. smectite, composi-
tion variations), and between phyllosilicate and sulfate 
deposits.

To  investigate  the  stability  of  phyllosilicates  and 
their relationship with sulfates, we have designed ex-
periments to test the stability of martian relevant phyl-
losilicates exposed to acidic solutions of varying pH.

Methods and Materials:  Various phyllosilicates 
(Table 1)  were weathered with sulfuric acid (H2SO4) 
solutions at varying pH. Two grams of each phyllosili-
cate were placed in tubes containing 30 mL of H2SO4 

initially at pH 0, 2 and 4 (Table 2).  Tubes were stored 
at temperatures of 30 and 60 °C to increase the kinetics 
of the reactions.  Each mineral, at each pH level, was 
setup in quadruplicate in order to study the kinetics of 
the weathering process. Samples will be removed every 
30 days, with the last set of samples removed after 120 
days of exposure to the acidic solution.  

The first set of phyllosilicates was removed from 
the acidic solution after 30 days. The solid phase was 
separated  by  centrifugation  and  subsequently  freeze 
dried.   The pH of the acidic solutions was measured 
(Table  2),  then each solid  phase was analyzed using 
XRD and FT-IR reflectance spectroscopy.  NIR spectra 
were  obtained  using  a  Nicolet  6700  Smart  Diffuse 
spectrometer  with  N2 purge  gas.   Our  configuration 
consisted  of  a  quartz-halogen  source,  a  CaF2 beam 
splitter, and a DTGS detector.

  X-ray diffraction patterns of each weathered phyl-
losilicate were obtained for absolute mineral identifica-
tion, including for the possible presence of new mineral 

phases.  XRD spectra were acquired between 2θ = 5 
and 80° with steps of 0.02° and 13 seconds of counting 
for each step, resulting in an acquisition time of 13 hr 
45 min.  This allows for sufficiently high resolution to 
separate  and  identify individual  components  in  com-
plex mixtures, especially since some of them may be 
nanophase and/or poorly crystalline.

Table 1.  Phyllosilicate minerals used in acidic weathering 
experiments.  Samples were cleaned and sieved to below 63 
μm prior to acidic weathering.

Phyllosilicate Formula
Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2

Serpentine (Mg,Fe)3Si2O5(OH)4

Kaolinite Al2Si2O5(OH)4

Montmorillonite (Na,Ca)0.33(Al,Mg)2Si4O10(OH)2·nH2O
Nontronite Na0.3Fe2(Si,Al)4O10(OH)2·nH2O

Table 2.  pH of acidic solutions before and after 30 days of 
phyllosilicate weathering.

Phyllosilicate pH before pH after
Chlorite 0 0.8

2 2.9
4 5.2

Serpentine 0 1.0
2 6.5
4 6.9

Kaolinite 0 0.2
2 2.4
4 4.0

Montmorillonite 0 0.9
2 4.5
4 ―

Nontronite 0 1.2
2 3.0
4 6.6

Results:  pH of solutions increases systematically 
for each phase (Table 2), indicating strong leaching of 
the phyllosilicates. Final pHs indicate equilibrium has 
been reached, unless the amount of phyllosilicate was 
not enough to reach such equilibrium, as is systemati-
cally the case for initial pH = 0. Kaolinite also shows 
such an increase but to a much lesser extent. Kaolinite 
appears  more  resistant  to  the  acidic  weathering pro-
cess, being stable at pH ~ 2. A thin crust was observed, 
after  drying,  for  some of  the  phyllosilicate  minerals, 
depending on the pH of the solution used to weather 
the samples (Fig. 1).
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Figure 1.  Crust layers formed after drying under 7 mbar of 
atmospheric pressure.  (a)  nontronite (pH 2) and (b) chlorite 
(pH 4).

NIR reflectance spectra of nontronite (Fig. 2a) and 
chlorite (Fig. 2b) samples indicate significant alteration 
at  lower pH levels.   Most absorption bands progres-
sively disappear. Nontronite spectra a pH = 0 appears 
nearly  featureless.  Similarly,  the  spectra  of  chlorite 
strongly changes with intensity of weathering, in partic-
ular with the appearance of a strong 1.9 µm band sug-
gesting hydrated phases, possibly sulfates.

   

   
Figure 2.  NIR reflectance spectra of (a) nontronite and (b) 
chlorite crust layers.  Spectra of experimental samples show 
features  suggestive  of  hydrated  minerals  formed  from 
leached minerals of the primary phyllosilicate.  In addition, 
samples weathered at pH=0 demonstrate significant loss of 
phyllosilicate features.  

For nontronite, XRD analysis of sample weathered 
at pH 0 (Fig. 3) indicates no pattern of initial nontron-
ite. Instead, we observe a pattern similar to amorphous 
silica with a double peak feature at 2θ = 20 and 25º, 
and  some additional  small  peaks  related  to  rhombo-
clase (HFe(SO4)2.4H2O), which is a usual ferric sulfate 
formed in strongly acidic environments

Figure 3.  XRD patterns of nontronite untreated (blue) and 
acid weathered for 30 days (black; pH 0). Rho = rhombo-
clase.

Discussion:   Initial  results  of  H2SO4 weathered 
phyllosilicates suggest significant alterations of the pri-
mary mineralogy,  seen in both reflectance  and  XRD 
spectra. This includes the formation of hydrated phases 
from mineral leaching after 30 days of weathering at 
pHs of 4 and 2. At pH 0, weathered samples of both 
nontronite and chlorite demonstrate alteration of prima-
ry mineralogy to amorphous phases (silica) and ferric 
sulfates.  

Conclusions:  The chemical stability of phyllosili-
cates  has  important  implications  for  the  spatial  and 
temporal  relationship  between  hydrated  silicates  and 
sulfates,  especially  in  the  Meridiani  Planum  region. 
Our results suggest that acidic weathering of phyllosili-
cates may be locally constrained, and may have led to 
secondary mineral phases which have been detected on 
Mars, including silica and Fe3+ sulfates (rhomboclase).
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40 avenue du Recteur Pineau, 86022 Poitiers Cedex, pauline.andrieux@etu.univ-poitiers.fr, sabine.petit@univ-
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Different approaches have been used for the 

determination of the mineralogy at the Mars surface. 
 The direct measurements with spacecraft, the 

study of Martian meteorites, and the laboratory 
measurements on analogue materials have permitted to 
determine the Martian soil composition. Thanks to 
theses different approaches, clays and clay minerals 
have been discovered on Mars surface [1].  

Several smectites have been identified. The main 
phyllosilicates on Mars are the iron-rich clays as 
nontronite. But Mg- and Al-rich members are also 
present and have been detected on Mars’ surface for 
example as Saponite and Montmorillonite. Clay 
minerals on Mars can compare to Earth’s analogues 
which could permit to understand the condition of 
formation and crystal chemistry [2].  

Three processes are important in the origin of clay 
minerals. Under the condition of the earth’s surface, 
the alteration of other silicate minerals could lead to 
the formation of clay minerals. At pressures or 
temperatures higher than those of the earth’s surface, 
clay minerals are the result of recrystallisation 
processes. And, precipitation from solution is the third 
process. For theses different processes, aqueous 
solution plays a major role in the formation of clays in 
natural and synthetic system [3].  

Clay minerals synthesis is useful to the 
understanding of formation processes in nature on 
Earth and Mars. Synthesis at low temperatures can 
permit to understand the formation processes in 
surface.  

The clay minerals which were already evidenced 
on Mars could be possibly synthesized in laboratory. 

The conditions of formation of clay minerals in 
synthetic systems depend on pH, temperature, 
pressure, starting materials and element concentrations.  

For example, regarding nontronites, their synthesis 
have been realized in the past by Caillère and al. 
(1953, 1955) mixing dilute solution of silica, iron (II) 
or (III) chlorides, and salts of Mg and Al at low 
temperature (100°C) and adjusting pH between 8,5 and 
9,5. They obtained very diluted suspensions of 
nontronites. Hamilton and Furtwängler (1951) 
obtained also very diluted suspensions of nontronite 
using sodium metasilicate and iron (III) chloride at 
high temperature. Decarreau and Bonnin (1986) or 
Decarreau and al. (1987) synthesized ferric smectite 

under partially reducing or oxidizing conditions using 
coprecipitated gels of silica and FeSO4 at low 
temperature below 150°C. But they obtained “defect 
nontronite”. Several authors described the synthesis of 
nontronites but obtained poorly crystalline nontonites 
or in very diluted solutions [4, 5, 6, 7, 8]. 

Recently, we obtained synthetic nontronites using 
coprecipitated gels containing Si, Al and Fe. Iron-rich 
nontronites with different rates of aluminium are 
obtained.  

Using Clay minerals synthesis, we can better 
determine the condition of formation of equivalent 
natural clays knowing their physical and chemical 
conditions of synthesis.  

Furthermore, synthetic clays can be used as 
reference samples for spectroscopic interpretations. 
Analogue Martian clay minerals synthesized in 
laboratory could lead very important research on the 
formation of this clays and their crystallochemistry. 
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THE MICROMEGA/EXOMARS INVESTIGATION 
J-P. Bibring and the MicrOmega Team 
 
MicrOmega is a set of highly miniaturized microscopes designed to analyze the samples 
collected on board the ESA/ExoMars Rover, to be launched in 2013. It is constituted of : 1) an 
optical microscope, that will produce colour and polarized images of the drilled samples with 
a spatial sampling of 4 µm; 2) a VIS/NIR imaging spectrometer, acquiring (x,y,λ) image 
cubes of the processed samples within the Analytical Laboratory. It will provide the 
hyperspectral near infrared spectrum within each pixel 20 µm in size, enabling to derive the 
composition at a grain scale, through diagnostic signatures of a variety of silicates, oxides, 
salts and hydrated phases. We will present the goals, the specifications, the performances and 
the development status of this instrument, in the frame of the global ExoMars objectives. 
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WHAT CAN CLAY MINERALOGY TELL US ABOUT ALTERATION ENVIRONMENTS ON MARS? D. 
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Introduction:  Recent missions to Mars have pro-

vided considerable new data supporting the wide-
spread occurrence of hydrous alteration products on 
the martian surface, and these observations focus new 
attention on hydrous environments and the minerals 
formed therein. In order to understand the evolution of 
Mars, it is useful to sample or orbitally evaluate as-
semblages that can provide information on the evolu-
tion of the martian atmosphere, the nature of martian 
surface processes, and the thermal-magmatic evolution 
of the martian mantle and crust. Orbital and surface-
derived data have greatly expanded our understanding 
of Mars' surface and have shown that hydrous minerals 
are far more common than previously imagined. Re-
cently, orbital data (e.g., CRISM) have begun to show 
in more detail not only the areal distribution of clay 
minerals on the surface but also the vertical distribu-
tion.  By taking advantage of regions excavated by 
impacts, it is possible to formulate a picture of the ef-
fects of burial/depth on mineralogy, adding the valu-
able third dimension to our knowledge of the mineral-
ogy of the martian surface. 

Mars’ surface mineralogy holds clues to its hydro-
logic and geochemical histories, and we can use min-
eralogy to constrain past processes, including weather-
ing, metamorphism, and hydrothermal effects, just as 
we do on Earth. Based on early remote IR analyses [1] 
and Viking XRF results [2], Fe-rich smectites or their 
degradation products were proposed as major constitu-
ents of martian surface soils and dusts. Gooding [3] 
used thermodynamic data for kaolinite and estimations 
for a variety of smectites to conclude that smectites 
were unstable relative to kaolinite. However, he also 
concluded that metastable formation and/or preserva-
tion could make smectites important constituents of 
martian dusts and soils. The inference of Fe-rich clay 
minerals at the martian surface has persisted and clay 
minerals remain a major component of many surface 
mineralogic models in the assessment of newer data, 
e.g., [4] and [5]. There is also abundant evidence for 
hydrous minerals in the martian regolith, supported by 
Viking thermal analyses and indirectly by Mars Odys-
sey results showing up to 10% H2O-equivalent H in 
the upper meter of the surface in equatorial regions. 
However, the Viking and Odyssey data provide few 
constraints on the identity of these hydrous minerals. 

More definitive data on the mineralogy of Mars 
[e.g., 5 & 6] show that rock compositions are basaltic 
to andesitic and contain glass and/or phyllosilicate 

components. Recent OMEGA and CRISM spectral 
data suggest the presence of phyllosilicates in several 
Noachian deposits with a range of Fe, Al, and Mg 
bonded to structural OH [e.g., 7, 8, 9, 10]. As dis-
cussed by [11], TES fits produce different results for 
the type-2 martian surface depending on which phyl-
losilicate and glass spectra are included in the end-
member library. In many places, the chemistry of the 
martian fines is consistent with the presence of altered 
volcanic material including phyllosilicates, silica, and 
glass, and recent work [12, 13, & 14] suggested the 
presence of silica-rich deposits (e.g., opal). 

Clay Mineralogy and Alteration Processes on 
Mars: Mineral alteration and formation on Mars can 
occur via many paths, including aqueous and vapor 
[e.g., 15, 16, 17, 18, 19], and interpreting past altera-
tion processes is complex. However, alteration condi-
tions on Mars can be elucidated by an understanding 
of alteration mineralogy. Depending on conditions, 
volcanic glass can alter to a variety of mineral assem-
blages, including zeolites, smectites, kaolin minerals, 
hydrated volcanic glass, and opaline silica. For exam-
ple, [18] suggested that amorphous silica, goethite, and 
kaolinite would form early under acid alteration condi-
tions, whereas zeolites and carbonates would form 
later under more alkaline conditions. Yen et al. [14] 
suggested that recently observed silica deposits could 
have formed from hydrothermal alteration or from 
acidic vapors with small amounts of liquid water. Sta-
bility diagrams can shed light on alteration conditions, 
and Figure 1 shows the sequence from amorphous 
silica through progressively less siliceous phases as 
silica activity decreases. The discovery of amorphous 
silica thus greatly constrains formation conditions. 

Smectites or zeolites can form from volcanic glass, 
depending on conditions, with smectite formation oc-
curring in circum- or below-neutral pH conditions and 
zeolites forming under alkaline conditions. We cannot 
assume that basaltic volcanic ash will always alter to 
phyllosilicates. Detection of secondary zeolites would 
strongly imply the occurrence of alkaline conditions 
but detection of both smectites and zeolites would in-
dicate a much more persistent and evolved hydro-
geologic system. Formation of kaolin minerals would 
imply a reasonably distinct set of formation conditions. 
For example, Millot [20] emphasized that kaolin min-
erals form on Earth most commonly in tropical cli-
mates, usually under more-acidic conditions and with 
high water:rock ratios (well drained), although a  
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Figure 1. Stability diagram for minerals in the 
Al2O3-SiO2-H2O system at 25ºC and 1 atm. Solu-
tions are supersaturated with the respective phase 
to the left of or above the solid line (from [19]). The 
“p” in both axis labels refers to –log[]. 

hydrothermal association is also common. Kaolinite, 
nacrite, and dickite all also commonly form under 
hydrothermal conditions, and kaolinite is known to 
transform with depth under diagenetic conditions to 
dickite in sandstone reservoirs. The kaolin minerals 
may also be accompanied by amorphous silica when 
formed hydrothermally, often at the expense of pre-
existing volcanic rocks. In addition, they are often 
accompanied by TiO2 minerals such as anatase and by 
other hydroxides, such as gibbsite and/or boehmite, if 
hydrothermal leaching is more severe. On Mars, a Ti-
Si association has been considered to support acid va-
por alteration [14]. The generally observed relation-
ships between intensity of weathering and resultant 
mineralogy show relic micas and chlorites in the least 
weathered/altered assemblages, smectites and kaolinite 
as intermediates, and oxides/hydroxides (hematite, 
gibbsite) as end stages. Additional information on 
formation conditions can be obtained from experi-
ments. For example, nontronite has been often sug-
gested to occur on Mars;  [21] showed that nontronite 
can form at low temperatures only under reducing 
conditions, where Fe is soluble. If this conclusion re-
mains sound, the occurrence of nontronite on Mars 
obviously has important implications for redox condi-
tions when the clay minerals formed. 

We also have the potential to learn considerable 
new information concerning clay mineral stability 
from Mars’ surface mineralogy. More poorly ordered 
clay minerals such as smectites and illite/smectites do 
not occur in old rocks on Earth, and it has often been 
assumed that these minerals gradually transform to 
more stable, higher-temperature phases such as illite, 
micas, and chlorites. This concept is illustrated in Fig-
ure 2, which implies that mixed-layer illite/smectites 

are not stable over long times even at low tempera-
tures. The discovery of smectites in Noachian terrains 
[7, 8] has important implications for the long-term 
stability of clay minerals and suggests a possible alter-
native hypothesis, namely that tectonic activity on 
Earth eventually results in the progressive alteration of 
low-temperature minerals to higher-temperature as-
semblages. If the existence of smectites on Mars in 
rocks older than 3 By is verified, these results will 
rewrite our understanding of clay mineral stability and 
suggest that, in the absence of (plate) tectonic activity 
and burial, “metastable” clay minerals may be “stable” 
for times on the order of the age of our planet. 
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Introduction: Phyllosilicate observations in the 

Mawrth Vallis region of Mars indicate thick, wide-
spread and uniform deposits [1]. Light-toned outcrops 
imaged by CRISM show abundant phyllosilicates. 
Fe/Mg-smectite bearing rocks are covered by an Fe2+-
rich phase that may be a ferrous mica. This unit is 
overlain by rocks rich in hydrated silica and Al-
phyllosilicates. Montmorillonite and kaolinite appear 
to be present primarily in mixtures with the hydrated 
silica.  This builds on previous identifications of phyl-
losilicates in the Mawrth Vallis region [2, 3].  Here we 
discuss potential formation scenarios for the observed 
clay species at Mawrth Vallis. 

The breadth of the phyllosilicate deposit at Mawrth 
Vallis implies abundant water in Mars’ geologic past. 
A high density of phyllosilicates is observed along the 
main channel and nearby craters, however, phyllosili-
cates are observed in smaller outcrops across hundreds 
of km (Fig. 1). The extent of hydrated components 
including phyllosilicates is discussed in detail by [4]. 

 
Fig. 1  Phyllosilicate identifications at Mawrth Vallis: 
Fe/Mg-smectite in OMEGA data (blue), Al-phyllosilicate in 
OMEGA data (green) and phyllosilicates in CRISM data 
(yellow squares). Image is 800 km across, modified from [4]. 

Stratigraphy of Phyllosilicates:  The phyllosili-
cate units at Mawrth Vallis appear to share the same 
general stratigraphy in CRISM observations through-
out the region (Figs. 2 and 3). Small differences are 
observed in spectral character and the nature of the 
outcrops; for example, in some cases we see kaolinite 
bordering the hydrated silica unit, while in other cases 
we see kaolinite bordering a montmorillonite unit on 
top of the hydrated silica. However, similar trends are 
observed in all images.  This uniform stratigraphy at 

Mawrth Vallis is different from other regions on Mars, 
such as Nilli Fossae, where distinct provinces of clays 
and associated minerals have been identified [5, 6].  

Analyses of spectra collected at Mawrth Vallis in 
relation to MOLA topography reveal that the Fe/Mg-
smectite-rich rocks are typically 200-300 m lower in 
elevation than neighboring Al-phyllosilicate-rich and 
hydrated silica-rich layers [1]. The Fe/Mg-smectite 
exposures appear to be thicker and more resistant to 
erosion and in most areas they are the lowest unit visi-
ble. Differing textures and layering are also observed 
in HiRISE images for these distinct clay units [7, 8]. 

 
Fig. 2  CRISM image HRL43EC is draped over MOLA ter-
rain and enhanced 20X vertically. Fe/Mg phyllosilicates are 
shown in orange/red, a ferrous phase in yellow, hydrated 
silica in green, and Al-phyllosilicates in blue. 

 
Fig. 3  Stratigraphy of 
phyllosilicates observed at 
Mawrth Vallis, where N is 
Fe/Mg-smectite (e.g. Mg-
nontronite) in the lowest 
unit, FM is ferrous mica or 
other ferrous species 
bordering the nontronite, 
HS is hydrated silica, M is 
montmorillonite and K is 
kaolinite. 

Possible Formation Scenarios: The nature of the 
phyllosilicate deposits in the Mawrth Vallis region 
provide insights into the possible formation processes 
that took place and enable determination of constraints 
on the early aqueous activity in the region. Smectites 
are commonly formed by chemical weathering in ma-
rine, lacustrine and hydrothermal environments on 
Earth and the species of smectite observed can provide 
information about the geochemical formation envi-
ronment [9, 10]. Alteration of basaltic rocks typically 
produces Al- and Fe-bearing dioctahedral smectite, in 
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some cases via formation of serpentine, and metastable 
Mg-smectite as intermediate phases [11, 12].  

The initial Fe/Mg-smectite observed at Mawrth 
Vallis likely formed via aqueous alteration of basalt, 
the dominant lithology of the Martian highlands [e.g. 
13].  This smectite unit appears to drape the topogra-
phy and exhibits layered textures suggesting that vol-
canic ash was the basaltic precursor [1]. Alternative 
sources include water-lain basaltic sediments and im-
pact ejecta. The stratigraphy of the clay units is com-
plex indicating that multiple depositional events oc-
curred over a prolonged period of time [14].  

A number of possible formation processes exist for 
the additional clay minerals and stratigraphy of these 
units. Cold and dry climates, such as those found at the 
Arctic, Antarctic, and high elevations on Earth, as well 
as on Mars today, have limited liquid water and are 
dominated by physical weathering [9, 10, 12, 15]. Cool 
and humid conditions may alter precursor rocks to 
form free silica and highly degraded rock-derived 
phyllosilicates, while warm-subarid climates favor 
formation of iron-bearing smectites, especially in envi-
ronments with seasonal variations in humidity. 

Acid-leaching. Alkaline conditions favor smectites 
under normal temperatures and pressures on Earth in 
the presence of Ca and favor mica in the presence of 
K, whereas acidic conditions support formation of kao-
linite and hydrated silica [9, 10]. Assuming the pres-
ence of basaltic ash that at least partially altered to 
Fe/Mg-smectite, subsequent aqueous alteration and 
acid leaching of Fe and Mg could have produced hy-
drated silica, montmorillonite, mica, and kaolinite. 
Dissolution rates are similar for most phyllosilicates in 
near neutral environments and increase under lower 
and higher pH conditions [15]. Sedimentary micas 
(e.g. glauconite, illite) form from smectite under more 
highly altered conditions [e.g. 9]. Active hydrolysis 
and ion leaching in soils often results in formation of 
kaolinite, goethite, opal and gibbsite [e.g. 10].  Acid-
leaching studies on smectites in the lab have shown the 
gradual formation of hydrated silica [16]. 

Hydrthermal alteration.  Lab studies of hydrother-
mal alteration of volcanic glass have shown formation 
of increasing amounts of smectite and illite-smectite 
with reaction time [e.g. 17].  Hydrothermal alteration 
at Mawrth Vallis via warm standing water could have 
enabled formation of the multiple clay units observed 
due to changes in aqueous chemistry. Under long-term 
exposure to aqueous conditions smectites can convert 
to ferrous mica (e.g. glauconite) in a reducing envi-
ronment, if wet/dry cycling occurs, or in the presence 
of abundant iron or high salinity [9, 15]. 

Another scenario could be hydrothermal alteration 
created by a large melt sheet that quickly covered a 
large region of basaltic ash mixed with H2O (perma-
frost of aquifer).  The trapped H2O would have been 
heated and could have provided a mechanism for 
smectite formation from the basaltic ash.  Perhaps an 
alteration front expanded downwards from the hot sur-
face, thus forming the most highly altered and leached 
clay units (hydrated silica and Al-phyllosilicates) 
above the Fe/Mg-smectites.  

A possible scenario for formation of the ferrous 
material could be an initial widespread aqueous event 
that produced Fe/Mg-smectite that then hardened, fol-
lowed by subsequent melt sheet activity.  Perhaps this 
could have created a layer of Fe2+ that was leached 
quickly from the ash as the hydrated silica, montmoril-
lonite and kaolinite were formed, but then was trapped 
at the border with the Fe/Mg-smectite and then formed 
Fe2+ clays. Without contact with the surface and an 
oxidizing environment, this Fe2+ could have remained 
in its reduced form. 

Summary:  Mawrth Vallis appears to have experi-
enced at least one large-scale aqueous event that pro-
duced roughly uniform strata 100s of km across.  Un-
derstanding the processes that formed Mawrth Vallis 
may enable a better picture of the early epoch of Mars. 
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Introduction:  The CheMin mineralogical instru-

ment on Mars Science Laboratory (MSL ’09) [1] will 
return quantitative X-ray diffraction data (XRD) and 
qualitative X-ray fluorescence data (XRF; 14<Z<92) 
from scooped soil samples and drilled rock powders 
collected from the Mars surface. Samples of 45-65 
mm3 from material sieved to <150 µm will be deliv-
ered through a funnel to one of 27 reusable sample 
cells (five additional cells on the sample wheel contain 
diffraction or fluorescence standards). Sample cells are 
8-mm diameter discs with 7-µm thick Mylar or Kapton 
windows spaced 170 µm apart. Within this volume, the 
sample is shaken by piezoelectric vibration at sonic 
frequencies, causing the powder to flow past a narrow, 
collimated X-ray beam in random orientations over the 
course of an analysis. In this way, diffraction patterns 
exhibiting little to no preferred orientation can be ob-
tained even from minerals exhibiting strong preferred 
orientation such as phyllosilicates. Figure 1 shows the 
geometry of the source, sample, and detector.   

 
Fig. 1. Geometry of CheMin instrument. A 50-µm diameter 
collimated Co X-ray beam is directed through a powder sample 
held between X-ray transparent windows. 

 
Individual analyses will require several hours over 

one or more Mars sols. For typical well-ordered miner-
als, CheMin has a Minimum Detection Limit (MDL) 
of <3% by mass, an accuracy of better than 15% and a 
precision of better than 10% for phases present in con-
centrations >4X MDL (12%). CheMin utilizes a Co X-
ray tube which minimizes absorption in iron-rich sam-
ples. The resolution of the diffraction patterns is 0.30° 
2θ, and the angular measurement range is 4-55° 2θ. 

Terrestrial Versions of CheMin:  Several terres-
trial prototype CheMin instruments have been devel-

oped to evaluate the capability of the instrument for 
qualitative and quantitative analysis of single minerals 
and complex mixtures. Patterns are of sufficient qual-
ity that commercial search-match programs can readily 
identify the major mineralogy of a sample and quanti-
tative analysis via Rietveld refinement or full-pattern 
fitting can be performed with 1-4 hours of data or less, 
depending on sample complexity. Successful Rietveld 
analyses have been performed using data collected for 
only 5-10 minutes using the field-deployable Terra 
instrument, a commercial version of CheMin [2]. 

Phyllosilicates on Mars: The OMEGA imaging 
spectrometer aboard Mars Express [3,4] has revealed a 
rich diversity of mineralogy on the surface of Mars, 
including the hydrated clay mineral nontronite in older 
cratered terrains [5], along with montmorillonite and 
other clay minerals [6]. Recent observations of hy-
drated silicate minerals by the CRISM instrument on 
Mars Reconnaissance Orbiter have validated these 
observations and provided an even more detailed pic-
ture of the distribution of hydrous phyllosilicates on 
the martian surface [7,8]. OMEGA and CRISM data 
also suggest the presence of diverse clay minerals, 
including kaolins, chlorites, and serpentine minerals, 
along with a variety of hydrous sulfate minerals. 

Clay mineral analysis with CheMin:  Although 
orbiters and rovers have provided tantalizing clues 
regarding alteration mineralogy on the martian surface, 
the traditional method for analyzing mineralogy, par-
ticularly clay mineralogy, is X-ray diffraction (XRD). 
Discriminating between the variety of possible silicate 
clay minerals is traditionally done by taking advantage 
of the existence of distinct large repeat distances per-
pendicular to the phyllosilicate layers. As clay mineral 
discrimination is based primarily on these repeat dis-
tances in their structures, it is therefore crucial that a 
martian XRD instrument be capable of detecting low-
angle (large d-spacing) diffraction peaks. Figures 2, 3 
and Table 1 show CheMin results obtained from a syn-
thetic mixture of phyllosilicate and evaporite minerals. 
In figure 2, the ~15Å d-spacing from nontronite (7º 2θ) 
is seen as the first spatially distinct bright ring of inten-
sity around the undiffracted beam (silhouette of beam 
stop is seen at the center of the lower edge of the im-
age). Figure 3 shows the conventional 1-D diffracto-
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gram that results from summing the 2-D pattern cir-
cumferentially around the central undiffracted beam. 
Table 1 shows a quantitative analysis of this sample 
using the program FULLPAT [9].    

With this performance, CheMin can identify and 
distinguish a number of clay minerals. For example, 
discrimination between 1:1 phyllosilicates (such as the 
kaolin minerals), with repeat distances of ~7Å, and 
smectites (e.g., montmorillonite, nontronite, saponite), 
with repeat distances from 10-15Å, is straightforward. 
However, it is important to note that the variety of 
treatments used in terrestrial laboratories to aid in dis-
crimination of clay minerals will not be accessible on 
Mars (e.g., saturation with ethylene glycol vapor, heat 
treatments). Although these treatments will not be 
available on Mars, dehydration within the CheMin 
instrument could be used to advantage in discriminat-
ing between phyllosilicate minerals that exhibit differ-
ent dehydration behavior, such as chlorite vs. smectite. 
In addition, it should be possible to identify the hy-
drated kaolin mineral, halloysite. The lowest-angle 
diffraction peak from 10.1Å hydrated halloysite occurs 
at ~10.2º 2θ with Co radiation and is easily detectable; 
the mineral may readily dehydrate to ~7Å, making its 
identification possible based on this transition. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2. 2-D image of diffraction pattern from a synthetic clay-
bearing evaporite sample. The direct beam is at the lower center of 
the image; 2θ increases radially with distance from this point. 
 

Clay Minerals and MSL landing sites: Study of 
clay mineralogy in situ on Mars will begin with the 
arrival of CheMin on MSL in 2010. Potential landing 
sites include the Nili Fossae Trough, Mawrth Vallis, 
Southern Meridiani, Holden Crater, Miyamoto Crater, 
Eberswalde Crater, and Gale Crater. All sites have 
evidence of sedimentary processes along with spectral 
signatures of smectites and, in many cases, kaolinite. 

Wherever MSL lands, clay mineralogy will be a criti-
cal component of determining hydrogeologic history 
and habitability. 

 
Fig 3. 1-D 2θ diffractogram of the 2-D image in Fig. 2. The low 
angle detection capabilities of CheMin allow detection of the basal 
spacing of all natural phyllosilicates. 
 
Table 1. Quantitative XRD analysis of a synthetic clay-bearing 
evaporite. 
 

Phase Meas-
ured 

(wt%) 

Known 
(wt%) 

Known vs. 
measured 
(diff., %) 

Com-
ment 

Nontronite 69 61 13.1 Within 
15% 

Gypsum 22.6 25 -9.6 Within 
15% 

Halite 2.8 8.7 
 

-67.8 <4x 
MDL 

Hematite 5.7 5.3 7.5 Within 
15% 
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(2008). Nature  454, 305-309. [8] J.L. Bishop et al., 
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Introduction:  In the Yangtze Gorges region of 

South China, exposures of Doushantuo Formation re-
cord sedimentation in an intrashelf basin on the Yang-
tze Block between 635 and 551 Ma [1]. The Doushan-
tuo Formation is probably best known because it hosts 
exquisitely preserved spherical multicellular fossils, 
widely thought to represent embryos of some of the 
oldest animals fossils [2].  However, sections in the 
Yangtze Gorges area also contain some of the oldest 
sedimentary saponite deposits on Earth [3]. This paper 
documents the clay mineralogy of the Doushantuo 
Formation, focusing on the mechanisms and conditions 
in which saponite formed, as well as diagenetic reac-
tions that affected clays during burial. The discussion 
of formation processes on early Earth may give new 
insights into the origins of extensive magnesium-
smectite deposits found on Mars. 

Methods:  Clay mineralogy was investigated using 
X-ray diffraction of powdered whole rock samples and 
clay extracts of representative samples, as well as SEM 
observations of broken chips. 

Background:  Stratigraphic sections of the Dou-
shantuo Formation are between 100-200m thick in the 
Yangtze Gorges area, and are typically divided into 
four members (fig.1). Member 1 is the 3-5m thick ‘cap 
carbonate,’ that consists of vuggy, carbonate and silica 
cemented dolomicrites passing upward into partially 
disrupted, thinly bedded micritic carbonates. The cap 
marks the transition from intense icehouse conditions 
that characterize the middle Neoproterozoic (reviewed 
by [4]), and in S. China sharply overlies glacially de-
rived diamictites of the underlying Nantuo Formation. 
The cap is conformably overlain by ~80m of calcare-
ous mudstones and marls with interbedded muddy 
dolomites and limestones. A predominance of mm-
scale, parallel laminations indicate deposition below 
storm wave-base. In member 3 (~60m thick) cross-
bedding and scouring observed in silty dolomites with 
thin mudstone partings, indicate deposition in shal-
lower water depths. There is a sharp lithological 
change to organic-rich, silty mudstones of member 4, 
that are ~10m thick  

Distribution of Clays:  Lower Doushantuo Fm.  
Saponite and its diagenetic products, corrensite and 
chlorite dominate the clay mineral assemblage and 
make up to 30% of the bulk rock in samples from the 
lower 80m of the Doushantuo Formation. Corrensite 
and chlorite are more abundant in the cap carbonate 
and the lower part of member 2, with an upward tran-

sition to pure saponite. However, the stratigraphic po-
sition and extent of the transition varies between sec-
tions.  

 
Figure 1. Simplified stratigraphy and mineralogical 

distribution of the Doushantuo Formation in the Yang-
tze Gorges. 
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Upper Doushantuo Fm and ash beds.  In contrast, 
Mg-smectites are absent in the upper part of the forma-
tion. Silty mudstones of member 4 contain illite-rich, 
mixed layer, dioctahedral, illite/smectite (I/S). The clay 
fraction of thin (<5cm) ash beds occurring within the 
cap carbonate and at the top of member 4 also consists 
of illite-rich I/S. 

Origin of saponite:  A secondary mechanism for 
the formation of saponite, such as hydrothermal altera-
tion of basaltic detritus [5], or diagenetic reaction be-
tween dolomite and Al-phyllosilicates [6] is ruled out 
because: a) SEM observations show random clay fab-
rics, which are interpreted as having a detrital origin 
[7], rather than secondary fabrics such as pore-filling 
cements or mineral overgrowths, b) the absence of 
basaltic material in the Doushantuo Formation, and in 
underlying lithological units in this part of the Yangtze 
Platform, and c) the purity of saponites in many sam-
ples (the reaction between dolomite and Al- phyllosili-
cates produces corrensite [6]), and absence of saponite 
in calcareous mudstones of member 3 despite evidence 
that the entire formation experienced the same thermal 
history. 

The reworking of an older deposit, or erosion of a 
saponite generating soil as a source of clays is also 
unlikely given that the monomineraliac nature of the 
clay mineral assemblage through the lower 80m of the 
formation requires an exclusively saponitic clay source 
to be maintained and eroded for millions of years – 
based on current estimates of depositional rates in the 
Doushantuo Formation [8].  

Instead, compositional and textural evidence indi-
cate that saponite formed by neogenesis of original 
detrital clays. The conversion of Al to Mg-rich phyl-
losilicates occurs in sedimentary systems under high 
pH (greater than ~9) or high Mg concentrations. Dur-
ing the Phanerozoic, favorable conditions are found in 
alkaline lakes or evaporative sabkahs [9, 10, 11]. The 
absence of evaporites in the Doushantuo Formation 
leads to two possible interpretations for the presence of 
saponite: a) deposition in an isolated basin under alka-
line conditions, or b) anomalous Precambrian ocean 
chemistry that was favorable for the process of neo-
genesis.  

Based on this interpretation, the switch to an Al-
phyllosilicate assemblage indicates a change in pa-
leoenvironmental conditions during member 3.  

Diagenetic pathways of Al and Mg-smectites:  
Comparisons of clays in different parts of the Dou-
shantuo Formation also give indications of the relative 
resistance of Mg and Al-smectites to diagenetic change 
under the same thermal conditions. Ash beds at the top 
and bottom of the formation were presumably devitri-
fied and converted to Al-smectites soon after deposi-
tion, but were largely illitized during burial. Member 4 
mudstones probably originally contained Al-smectite 
or smectite-rich I/S and followed the same diagenetic 
pathway. In comparison, many saponite-rich samples 
from member 2 have not been chloritized. The differ-
ence in degree of diagenesis can be attributed to 
greater thermal stability of saponite [12] and differ-
ences in the alteration pathways of trioctahedral and 
dioctahedral smectites (chloritization vs. illitization) 
[13]. The host lithology is also an important factor in 
controlling the degree of chloritization of saponite 
because Mg or Fe is required for the reaction [6, 14]. 
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Introduction:  The Argyre basin is a >1500 km, 

well preserved impact basin in the southern highlands 
of Mars.  The geologic units associated with the basin 
(Fig. 1)  are mostly Noachian in age [1].  Thus, Argyre 
is an ideal location to characterize ancient highland 
rocks.   

Methods: We analyzed 72-channel CRISM multi-
spectral data that had been map projected to 256 pixels 
per degree.  The data were corrected for illumination 
by dividing by the cosine of the solar incidence angle 
and a multiplicative correction for atmospheric gas 
absorption [2] was applied.  Spectrally distinct regions 
were identified by calculating summary parameters 
[3]; spectra of key areas were then examined in detail.  
Based on our evaluation of these data, areas of interest  
were identified and higher resolution targeted observa-
tions covering them were aquired.  Phyllosilicates have 
been detected in eight 20 m/pixel resolution targeted 
observations of the basin interior (Fig. 2). 

Observations: We use tetracorder to interpret 
CRISM full resolution data.  Tetracorder is a software 
tool which utilizes an expert system decision method-
ology to analyze spectra to identify components in the 
spectrum [4].   

In northwest Argyre is a scarp roughly associated 
with a contact between the Hpl3 (interpreted as Hespe-
rian aged lava flows and eolian deposits) and Npl1 
(interpreted as a Noachian mixture of lava flows, py-
roclastic material and impact breccia) units.  Phyl-
losilicates have been identified extending laterally 
along the scarp, related to the fluvially dissected 
impact breccias of unit Npld (same origin as unit Npl1 
but is more eroded by fluvial processes).  Below the 
phyllosilicates are found deposits of high-Ca pyroxene 
in unit Npld, similarly hugging scarps.  High-Ca 
pyroxene is also identified in the undissected impact 
breccias of unit Npl1, perhaps at the same stratigraphic 
level of the Npld pyroxenes.   

Phyllosilicates have also been observed on the 
north-central Argyre rim and around Hale crater, 
which impacts the north-central Argyre rim.  Interest-
ingly, other CRISM images of the northern rim of Hale 
do not indicate phyllosilicates, only those CRISM im-
ages at or inside the Argyre rim line.  This may indi-
cate that these phyllosilicates did not form during the 
Hale impact event, but rather are sampling pre-existing 
phyllosilicates exposed by the Argyre event. 

 
Figure 1. MOLA topography of Mars centered at 45°S, 
45°W showing the location of the Argyre basin.  Inset 
box shows location of figure 2.  
 

Also, at least two high-standing knobs in the Npl1 
unit have a strong phyllosilicate signature.  A targeted 
observation of one of the knobs indicates that the phyl-
losilicate might be prehnite (Fig. 3).  However, other 
Arygre images indicate the presence of chlorite. 

Conclusions:  We suggest that these deposits, along 
with other minerals identified in the CRISM data, re-
veal the stratigraphy of the Noachian crust in this re-
gion (Fig. 4).  At the bottom of the stratigraphic col-
umn are olivine and low-Ca pyroxene associated with 
uplifted ancient volcanic rocks (unit Nplh).  Above 
these deposits are high-Ca pyroxenes associated with 
lavas and impact-formed materials (unit Npl1 and 
Npld).  The phyllosilicates we’ve observed appear 
within the same units as the high-Ca pyroxene, but 
stratigraphically above it, preserved both in freestand-
ing knobs and along scarp walls.  At the top of the 
stratigraphic column in northwest Argyre is olivine 
associated with the early Hesperian Hpl3 unit. 
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Figure 2. Colorized MOLA topography draped over THEMIS daytime infrared mosaic of north-western Argyre. 
Red boxes show the location of CRISM targeted observations that show phyllosilicates.  Black boxes indicate 
CRISM targeted observations of the Hale crater rim that do not show phyllosilicates. 
 

 
Figure 3. a) Tetracorder analysis of CRISM FRT 7D76 shows range of 2.3 micron absorptions in image.  b) Com-
parison of spectra from 7D76 to USGS spectral library indicates that this phyllosilicates knob is primarily prehnite. 
 

 
Figure 4. Proposed Argyre stratigraphic cross-section. 
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EARLY MARTIAN SURFACE CONDITIONS FROM THERMODYNAMICS OF PHYLLOSILICATES. 
V.F. Chevrier1, 1W.M. Keck Laboratory for Space Simulations, Arkansas Center for Space and Planetary Sciences, 
202 Old Museum Building, University of Arkansas, Fayetteville, AR 72701, USA. <vchevrie@uark.edu>. 

 
Introduction:  The Mars Express OMEGA and Mars 
Reconnaissance Orbiter CRISM imaging spectrome-
ters have identified phyllosilicates (Fe, Mg, Ca-
smectites, kaolinite and chlorite) in Noachian aged 
terrains [1,2], often associated with lacustrine or flu-
vial deposits [3,4]. Clay minerals usually result from 
long term weathering of primary minerals by liquid 
water at neutral to alkaline pH [5], suggesting an early 
environment completely different from the acidic con-
ditions responsible for the formation of sulfate out-
crops widely observed on Mars [6,7]. This also sug-
gests a global evolution of the martian surface envi-
ronment, through loss of water from the surface [5,8].  

Starting from the hypothesis that phyllosilicates 
are formed by liquid water induced weathering of the 
primary basaltic outcrops, thermodynamic models are 
used to study the conditions on the surface during the 
Noachian. Focus was placed on the effect of acidic 
conditions and temperature using solution equilibria 
and thermodynamic models.  
Methods: The water composition data presented in 
Table 1 was used as input of the models. This compo-
sition reflects possible primary solutions on Mars [9]. 
Al3+ and SiO2 have been set up at typical terrestrial 
values, being generally driven by their low solubility. 
The Geochemical Workbench software package was 
used to model thermodynamic equilibria, with the 
thermo_phrqpitz database, which is especially de-
signed for solution equilibrium at ionic strength using 
the Pitzer model. This database was updated by includ-
ing the Pitzer parameters for Fe2+ and Fe3+ as well as 
ferric and ferrous aqueous species [10,11]. Also in-
cluded are approximately 350 silicates taken from the  
thermo.com.v8.r6+ database.  
 
Table 1. Primary concentrations and activities of dissolved 
species taken from [9] except for Al3+ and H4SiO4 which are 
estimated for the present work. 

Specie Log (Activity, 10-3 mol l-1) Concentration 
(mg L-1) 

SiO2 -4.5 60.1 
Al3+ -5 0.3 

Fe2+/3+ -3.1 44.7 
Mg2+ -3.0 24.3 
Ca2+ -3.3 20 
K+ -4.2 2.7 

Na+ -3.1 18.4 
SO4

2- -3.7 17.3 
Cl- -3.2 23 

 

 
 
   

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Three simulations of evaporation processes at 
25ºC using initial compositions presented in Table 1 with pe 
= 13.05 (high oxidation level). (A) pCO2 = 0.001 bar, pH = 7. 
(B) pCO2 = 1 bar, pH = 7, [Cl-] = 120 mg L-1. (C) pCO2 = 
0.006 bar, pH = 3, SO4

2- = 5000 mg L-1, all concentrations 
are multiplicated by 10 to simulate an advance state of 
evaporation.  

A

C

B
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Evaporation simulations: In all simulations, the 
evaporation paragenesis is largely dominated by ferric 
phases. In such a Fe-rich geochemical system, the 
early  paragenesis (high water content) includes mostly  
nontronite, ferrrihydrite and chalcedony (Fig. 1A&B). 
All these phases precipitate from the very beginning of 
the simulation, indicating that the early solution is su-
persaturated at neutral pH and high pe. The amount of 
precipitated phyllosilicate is largely dependent on 
availability of Al3+. 

In low pCO2, nontronite dominates along with silica 
(chalcedony) and ferrihydrite (Fig. 1A). If the CO2 
pressure becomes high, then carbonates become 
prdominant (Fig. 1B). However, siderite does not ap-
pear because the conditions are too oxidizing. 

Finally, in the presence of sulfur (in this case SO4
2-, 

resulting from sulfides or SO2), the evaporite assem-
blage is dominated by ferric sulfates (jarosite, ferrico-
piapite and bilinite). This case shows the lowest stabil-
ity of nontronite, which dissolves very early in the 
evaporation sequence as a result of conditions becom-
ing strongly acidic. In most simulations, smectites did 
not last in acidic conditions, with the exception of kao-
linite which can precipitate down to pH ~ 2. 
Temperature effect: Two different scenarios were 
investigated for the effect of temperature on the pre-
cipitating parageneses. In the first one, the conditions 
are oxidizing (pe = 13.05) which can simulate the ef-
fect of increasing the temperature on the surface, for 
example by volcanic activity. In this case, nontronite 
appears remarkably stable, destabilizing only at tem-
perature above 190ºC.  

In the second scenario, conditions are strongly re-
ducing (pe = -5). This corresponds to typical terrestrial 
subsurface hydrothermal systems. In this case the min-
eralogical paragenesis appears very complex, with 
several assemblages of Fe2+ and Fe3+ phyllosilicates 
evolving with the temperature. Globally, carbonates 
and nontronite are stable up to ~50ºC. Other iron sili-
cates are present up to 75ºC, including minnesotaite 
and cronstedtite.  At higher temperature, iron phyl-
losilicates are not stable any more and are replaced by 
magnetite + saponite. At temperatures higher than 
~140ºC, chlorite (clinochlore) becomes stable.  
Conclusions: These simulations confirm previous re-
sults concerning low-CO2 pressure during the Noa-
chian [5]. Nevertheless, while  some specific condi-
tions could lead to clays-carbonates associations (high 
pH, low pe, low temperature), these minerals appear 
mutually excusive with sulfate deposits. 

Thermal results indicate that chlorite identified by 
CRISM [2] formed in localized reducing conditions. 
However, the genral abundance of Fe,Mg-smectites 
still suggests an overall oxidizing environment.  

Further study will focus on the variability of smec-
tite silicates (Fe, Mg, Al) to constrain primary solu-
tions and the relationship with bedrock and atmos-
phere.  

 

 

 
Figure 3: Evolution of the secondary paragenesis as a func-
tion of the temperature of the system. (A) pH = 7 and pe = 
13.05. (B) more reducing conditions with pH = 7 but pe = -5. 
Nontronite is much more stable at high pe, but the conditions 
need to be reducing for chlorite to precipitate.  
 
References: [1] Poulet F. et al. (2005) Nature 481, 
623-627. [2] Mustard J. F. et al. (2008) Nature 454, 
305-309. [3] Ehlmann B. L. et al. (2008) Nature Geos-
ci. 1, 355-358. [4] Grant J. A. et al. (2008) Geology 
36, 195-198. [5] Chevrier V. et al. (2007) Nature 448, 
60-63. [6] Gendrin A. et al. (2005) LPSC XXXVI. [7] 
Squyres S. W. et al. (2004) Science 306, 1709-1714. 
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(2007) Geochim. Cosmochim. Acta 71, 2680-2698. 
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CHEMICAL CONTROLS ON PHYLLOSILICATE COMPOSITION AT THE EARLY FORMATION
STAGE. J. Cuadros1, V. Dekov2, L. Aldega3, S. Fiore4, 1Natural History Museum, (Department of Mineralogy,
Cromwell Road, London SW7 5BD, UK, j.cuadros@nhm.ac.uk), 2University of Sofia (Department of Geology and
Palaeontology, 15 Tzar Osvoboditel Blvd., 1000 Sofia, Bulgaria), 3Universitá di Roma Tre (Department of Geology,
L.go San L. Murialdo 1, 00146 Rome, Italy), 4Istituto di Metodologie per l’Analisi Ambientale, CNR (Tito Scalo
[PZ], Italy).

Introduction: The average rock on Mars surface
is of magmatic type with a felsic composition in the
northern hemisphere and a mafic composition in the
southern hemisphere. The chemistry of the original
rock should be one of the controls on the type of clay
minerals that formed (and are still forming?) on Mars
surface. However, the interplay between rock chemis-
try and that of the altering fluids to produce clay min-
erals can be rather complicated. The present contribu-
tion presents some studies of clay formation, mainly at
the early stage, where several factors affecting chemi-
cal control are illustrated. They can be used to analyse
what type of clay minerals can be expected to form in
the several environments on Mars surface.

Rock control on clay formation: The first study
reported is a hydrothermal alteration of rhyolitic glass
in a wide range of temperature and water chemistry
conditions (5 g of glass in 25 ml of water; NaCl/KCl
molar ratio 0.01-100; total chloride concentration 0.01-
1 M; other experiments used deionized water; 60-180
ºC; 60-360 days). The aim was to investigate the for-
mation of illite-smectite of different illite content. Sur-
prisingly, the products were consitently illite-smectite
with approximately 25% illite layers [1]. SEM and
TEM studies with microanalysis showed that the major
mechanism for illite-smectite formation was a direct
transformation of the glass, with evidence of minor
precipitation from solution [2]. Analysis of the aqueous
activity diagrams showed that some were consistent
and some inconsistent with illite-smectite formation.
These results were interpreted to indicate a complete
control of the glass chemistry on the composition of the
neoformed clay.

In a second study (in progress) we investigated the
alteration of phlogopite crystals in a matrix of phonoli-
tic glass, from a (seemingly) pyroclastic deposit (al-
though one author describes it as a dyke), in a karstic
environment (Grotta del Cervo, Pietrasecca, Italy).
Fine phlogopite crystals show alteration to mica-
smectite with 1-4% smectite. SEM-EDS observation of
large phlogopite crystals shows progressive in-situ al-
teration of mica layers towards beidellite (dioctahedral,
Al-rich smectite). In this case, the almost complete loss
of octahedral Mg from the phlogopite precursor and
large increase in Al and Si contents indicates that water
chemistry controlled the composition of the neoformed

phase, even though the alteration mechanism appears
to be a solid-state transformation, as in the case of the
rhyolitic glass. Seemingly, the local environments
where the transformation reaction takes place in the
glass and the mica have different characteristics. Glass
alteration starts by penetration of protons (with cation
exchange) and water within the glass, which may result
on the transformation process taking place within the
glass grains (very near the surface) and thus, controlled
mainly by glass chemistry. Alteration of the phlogopite
crystals probably takes place from the outer surface
(edges of the layers, primarily) and water chemistry
controls the coposition of the resulting phase.

Mg-rich phyllosilicates: Trioctahedral Mg-rich
phyllosilicates of the 2:1 type (2 tetrahedral sheets, 1
octahedral sheet) can be easily synthesized hydrother-
mally. The yields are large in periods as short as sev-
eral hours, depending on the method. The synthesis of
Al-rich (dioctahedral) counterparts is much slower,
with reactions taking months. However, Al-rich phyl-
losilicates are a much more common product of silicate
alteration in natural environments. This is probably a
reflection of the fact that Mg is less abundant than Al
in silicates and of the mechanism of the alteration
process, both favouring rock control. The formation of
Mg-rich phyllosilicates needs high Mg contents in the
rock and/or a high Mg activity in the altering fluids.
Recently, a study of the early stage of amphibole
weathering in a soil environment showed that Mg-rich
smectite formed on some crystallographic faces and
Al-rich smectite on others [3].

Our recent study of clay minerals from several sub-
marine hydrothermal fields [4] showed talc formation
on the surface of the marine sediment and in open
cracks in contact with seawater, where the Si-rich
hydrothermal fluids mixed with the seawater and the
Mg supply from the latter is unrestricted. On the con-
trary, we observed the formation of talc-smectite with
increasing Al content in the interior of chimney struc-
tures. In this secluded environment, the Mg supply is
restricted as seawater has to penetrate through the
chimney walls and the resulting phase contains more
Al. Accordingly with these considerations, Mg-rich
phyllosilicates are probably restricted to the southern
Martian hemisphere.
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Fe-rich phyllosilicates: Iron is abundant on Mars
surface. A recent study, still in progress, of metallifer-
ous deposits from the East Pacific Rise, off the Chilean
coast, has shown a mechanism of phyllosilicate (smec-
tite-type) formation that may be relevant to Mars.

The hydrothermal fluids in the studied region are
rich in Si and Fe. At the contant between these fluids
and seawater, Fe is oxidized and precipitated as very
fine-grained, low crystallinitiy Fe oxide. Our samples
from the east Pacific Rise have large amounts of bio-
genic calcite and lower amounts of a non-crystalline
Fe-rich phase. Calcite was removed by reaction with
dilute HCl. X-ray diffraction does not detect crystalline
clay phases. However, SEM-EDS observation reveals
numerous μm-size grains of smectite-like composition.
Many of these have a high Fe content (nontronite-like)
whereas others are Al-rich (montmorillonite-like). Our
interpretation is that these grains correspond to “proto-
clays”, particles with smectitic or near-smectitic com-
position in the process of maturation to acquire a crys-
talline structure. Reaction of amorphous Fe oxy-
hydroxide with dissolved silica is one of the proposed
mechanisms for the formation of nontronite in subma-
rine hydrothermal fields [5].

References: [1] de la Fuente S. et al. (2002) Clays
Clay Miner., 50, 578-590. [2] de la Fuente S. et al.
(2000) Clays Clay Miner., 48, 339-350. [3] Proust D.
et al. (2006) Clays Clay Miner., 54, 351-362. [4] De-
kov V. et al. (2008) Chem. Geol., 247, 171-194. [5]
Severmann S. et al. (2004) Geochim. Cosmochim.
Acta, 68, 73-88.
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Figure 1.  Schematic of 6-coordinated polyahedra in  
the octahedral sheet of layer silicates.  In trioctahedral 
minerals, all three sites are occupied, while in dioctahe-
dral species, the M1 site is vacant. 

DISCRIMINATING AMONG LAYER SILICATES USING REMOTE MÖSSBAUER SPECTROSCOPY.  
M. D. Dyar1 and M. W. Schaefer2.  1Department of Astronomy, Mount Holyoke College, 50 College St., South 
Hadley, MA 01075, mdyar@mtholyoke.edu. 2Department of Geology and Geophysics, E235 Howe-Russell, Louisi-
ana State University, Baton Rouge, LA 70803, mws@lsu.edu. 

 
 

Table 1 Classification of Layer Silicates [1] 
Layer Type Layer Charge Interlayer Group Sub-group Examples of species 

serpentine chrysotile 1:1 0 none or H2O only kaolin-serpentine 
kaolinite kaolinite 

talc talc <0.2 none talc-pyrophyllite pyrophyllite pyrophyllite 
saponite saponite 0.2-0.6 hydrated exchangable cations smectite montmorillonite nontronite 

trioctahedral vermiculite vermiculite 0.6-0.9 hydrated exchangable cations vermiculite dioctahedral vermiculite vermiculite 
trioctahedral micas phlogopite 0.6-1.0* non-hydrated cations true micas dioctahedral micas muscovite 

trioctahedral brittle micas clintonite ≈ 2.0 non-hydrated cations brittle micas dioctahedral brittle micas margarite 
trioctahedral chlorites clinochlore 
dioctahedral chlorites donbasseite 

2:1 

Variable hydroxide sheet chlorite 
di-, trioctahedral chlorites cookeite 

* The charge on the layer for a true mica is 0.85 to 1.0 for dioctahedral micas.  Trioctahedral micas may have a layer charge of near 0.6, with the 
possible exception of wonesite (layer charge of 0.5).  Any layer charge of 0.6 to 0.85 represents an “interlayer-cation-deficient mica”. 

 
Introduction:  The ExoMars mission payload in-

cludes a Miniaturized Mössbauer Spectrometer 
(MIMOS-II) that is an upgraded version of the suc-
cessful Mössbauer spectrometers from the MER mis-
sion.  Given the interest in phyllosilicates as record-
ers of aqueous processes on Mars, it is posssible that 
the landing site chosen for ExoMars might be rich in 
hydrous phases.  This abstract addresses the question 
of how MIMOS-II might distinguish among varous 
phyllosilicate minerals that might be encountered.   

Structures:  57Fe Mössbauer spectra give infor-
mation about the geometry of the coordination poly-
hedra occupied by Fe, and the valence state of the 
iron.  In layer silicates (Table 1), both Fe2+ and Fe3+ 
occupy 6-coordinated sites (in rare Si-deficient cases, 
there may also be tetrahedral Fe3+).   In layer silicates 
there are a total of three M sites per formula unit in 
the octahedral sheet: one slightly larger M1 site, with 
OH’s positioned on adjacent (cis) sides of the octa-

hedra, and two slightly smaller M2’s, with OH’s on 
opposite sides (trans) of the octahedra (Figure 1).  
Because of the difference in size, trivalent cations 
generally prefer to occupy the M2 sites, while diva-
lent cations can enter either site.  In dioctahedral spe-
cies, two of the three M sites are filled, leaving the 
M1 site vacant.  In trioctahedral minerals, all three M 
sites are occupied.  If the polyhedral distortion 
around the Fe atom varies among species, then  the 
Mössbauer parameters, especially quadrupole split-
ting (QS), are affected. 

Previous Work:  The literature on Mössbauer 
spectroscopy of layer silicates is voluminous [see 
reviews in 2,3].  There are two key issues: the proper 
line shape to be used to model the spectra, and the 
ability of the technique to discriminate between Fe2+ 
in M1 and M2 [4]. Recent work applying several 
different line shapes to a range of layer silicates [5] 
suggests that use of Lorentzian, pseudo-Voigt, and 
quadrupole splitting distributions as line shapes gives 
similar  results for areas of the two octahedral Fe2+ 
doublets (in some cases, a third Fe2+ distribution is 
also reported). However, the resultant areas are very 
difficult to interpret.  Most workers generally accept 
that fact that Mössbauer spectra of 2:1 layer silicates 
cannot resolve the octahedral Fe2+ cis (M2) and trans 
(M1) sites.  Rather, the areas of the various promi-
nent Fe2+ doublets in layer silicates are interpreted to 
represent different populations of next nearest 
neighbor cations.  These may or may not be charac-
teristic of different layer silicate species. 
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Figure 2.  Typical Mössbauer spectra of layer silicates.  
Only Fe3+ is present in nontronite; this spectrum is typical 
of all the Fe3+ layer silicates.  Glauconite and biotite show 
examples of mixed valence secies, and are typical of the 
micas and chlorite group minerals. 

Table 2. Typical Mössbauer Parameters of Layer Silicates* 
Fe2+ Fe2+ Fe3+ Fe3+ 

Group Sub-group Example 
Species IS  QS IS  QS IS QS IS  QS 

serpentine chrysotile 1.13 2.75   0.31 0.86 0.18 0.33 kaolin-
serpentine kaolinite kaolinite 1.11 2.53   0.41 0.46   

talc talc 1.13 2.57 1.12 2.15     talc-
pyrophyllite pyrophyllite pyrophyllite 1.12 2.65 1.14      

saponite saponite 1.18 2.70 1.20 2.40     
smectite 

montmorillonite nontronite 1.12 2.61   0.36 0.61   
trioctahedral vermiculite vermiculite 1.15 2.90 1.12 2.53 0.40 0.94   

vermiculite 
dioctahedral vermiculite vermiculite 1.11 2.41   0.34 0.88   
trioctahedral micas phlogopite 1.13 2.57 1.12 2.15 0.40 0.87 0.20 0.75 

true micas 
dioctahedral micas muscovite 1.15 2.93 1.14 2.13 0.37 0.84   
trioctahedral brittle micas clintonite 1.16 2.48 1.15 1.72 0.47 0.51 0.24 0.68 

brittle micas 
dioctahedral brittle micas margarite 1.10 2.37   0.40 0.63   

chlorite trioctahedral chlorites clinochlore† 1.14 2.66 1.11 2.33 0.35 0.65 0.12 0.39 
*Parameters given in mm/s relative to the midpoint of Fe metal; the range of reported values for eaxh species is at least 
±0.05 mm/s for isomer shift (IS) and ±0.15 mm/s for quadrupole splitting (QS). Data from [2] and [3] and unpublished 
work by this group.  †Some workers resolve three octahedral doublets representing the Fe sites in the “brucite sheet” in the 
interlayer of the chlorite structure; two Fe3+ doublets may also be observed with QS = 0.40 and 0.65 mm/s. 
 

Results:  Typical Mössbauer parameters for 
layer-silicate mineral species are given in Table 2, 
and spectra shown in Figure 2.  The Fe2+ species  
generally have 2-3 distributions, all with similar iso-
mer shifts (IS ~ 1.13 mm/s) but different QS (~2.75, 
2.20, and rarely 1.7 mm/s).  The pure Fe3+ species 
may contain one or two closely-overlapped dou-
blets/distributions representing 6-coordination, again 
with similar IS (~0.35-0.45 mm/s) and variable QS 
(0.46-1.0 mm/s).  Tetrahedral Fe3+ has the best-
constrained parameters, with IS ~ 0.20 mm/s and QS 
~ 0.50 mm/s.  Because  all these minerals have very 
similar structures, the Mössbauer parameters are con-
sistent, and depend more on the nearest-neighbor 
chemistry in an individual sample than on the steric 
constraints of any particular species.  Furthermore, 
the Fe3+/Fe2+ range of layer silicates (particularly 
micas and chlorites) is large, and depends on the oxi-
dation state of the mineral assemblage rather than on 
any particular crystal structure.  Thus, distinguishing 
among different species of layer silicates using Möss-
bauer alone would be difficult.  Of course, the com-
bination of this technique with other types of spec-
troscopy on ExoMars should be effective in deter-
mining not only mineralogy, but also redox equilibria 
should layer silicates be studied. 
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Introduction:  The region west of the Isidis basin, near 

Nili Fossae, hosts the greatest mineral diversity mapped 
from orbit: olivine [1, 2], low- and high- calcium pyroxene 
[3], and iron-magnesium smectite [4-6]. High resolution 
targeted observations (18-36 m/pixel) from the Compact 
Reconnaissance Imaging Spectrometer for Mars (CRISM) 
[7] reveal diverse alteration minerals generated by aqueous 
processes, including nontronite, saponite, kaolinite, chlo-
rite, illite or muscovite, carbonate, analcime and another 
zeolite, and a hydrated Si-OH bearing phase whose spectra 
are consistent with altered basaltic glass or opaline silica 
[4-6, 8-11]. The spatial distribution of these minerals (Fig. 
1), suggests distinct mineralogic provinces which may indi-
cate different environments for aqueous alteration or differ-
ent starting materials. Both near surface and subsurface—
possibly hydrothermal—settings of neutral to alkaline pH 
are implicated by the mineralogy and geomorphology of the 
provinces discussed below. 

 “Provinces” of alteration: Three distinct provinces of 
alteration mineral assemblages are tentatively identified: 

(1) Western: Near the Antoniadi basin, multiple genera-
tions of impact craters are superposed on one another. 
Fe/Mg smectite, chlorite and hydrated Si-OH bearing 
phases are found, usually associated with crater central 
peaks and walls. The zeolite analcime is detected in the 
central peaks of two craters (e.g. Fig. 2A; [10]) that also 
exhibit “quartzofeldspathic” (QF) material [12]. Chlorite, 
smectite, and zeolite occur in small knobs within the central 
peak, while the Si-OH phase is associated with aeolian de-
posits at the base of the peak which also hosts the QF mate-
rial.    

 (2) Central: West of Nili Fossae near a 50 km crater, 
chlorite is the dominant phyllosilicate with Fe/Mg smectite 
and a mica, illite or muscovite, as minor phases [9]. The 

strongest mineral signatures are associated with small cra-
ters and topographic highs. At the base of some of these 
highs, areas polygonally fractured at meter-scale contain 
chlorite (Fig. 2B). Elevation around the crater is asymmet-
ric with the chlorite/mica-rich eastern side lower by several 
hundred meters. This may reflect pre-impact topography or 
may indicate chlorite and illite are exposed by erosion from 
the lower portion of the ejecta blanket or underlying crust. 

(3) Eastern: This region encompasses the concentric 
grabens of Nili Fossae which formed between the inner and 
outer rings of the basin during structural readjustment fol-
lowing the Isidis impact ~3.9 Ga [13]. West and south of 
Isidis in Nili Fossae and Libya Montes, a consistent strati-
graphy is observed with a basement of Fe/Mg smectites and 
low-calcium pyroxene overlain unconformably by olivine 
and a mafic cap rock [5].  

While the regional Fe/Mg smectite-bearing rocks are 
cut by the fossae, placing their age as early Noachian [4, 6, 
13], there is geomorphic evidence for the continued pres-
ence of water into the Hesperian from valleys and channels 
which dissect both the Noachian cratered terrains and the 
Hesperian Syrtis Major lavas. Filled craters, alluvial fans, 
and a 15,000 km2 valley system feeding Jezero crater lake 
provide evidence for extensive sedimentary transport [6, 
14-15].  

Kaolinite is found in 11 locations and typically occurs 
as the topmost layer of phyllosilicate, found in a tens of 
meters thick layer above Fe/Mg smectite (Fig. 2C). It is 
sometimes the uppermost unit and sometimes exposed from 
beneath apparently unaltered mafic cap rock. Eastern Nili 
Fossae also hosts a phase most likely to be carbonate, spe-
cifically magnesite [8]. With the exception of carbonate 
associated with transported sediments within Jezero crater, 
the carbonate is in a rock unit above and draped over 

Figure 1. Phyllosili-
cate diversity west of 
the Isidis basin. Out-
lines of CRISM tar-
geted observations are 
shown on a THEMIS 
Day IR image and 
colored orange if  iron-
magnesium smectite is 
identified within the 
scene. Colored dots 
indicate detections of 
additional hydrated 
minerals.  
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Figure 2. (A) Fe/Mg smectite 
and chlorite (green) along with 
zeolite (red) in the ~4 km wide 
crater central peak, which is 
surrounded by hydrated silica-
bearing aeolian sediments (ma-
genta-blue) (B) fractured chlo-
rite-bearing terrain (polygons are 
~10-20m). Chrolite (red) and 
illite (magneta) are associated 
with topographic highs near 
500m craters (C) a kaolinite layer 
(green), exposed in a 2 km wide 
mesa, caps a thick Fe/Mg smec-
tite basement (magneta) (D) 
Olivine (yellow) and carbonate 
(green) overlie Fe/Mg smectite 
(blue). Image is 1km across. 

Fe/Mg smectites and beneath a mafic cap rock, in a similar 
stratgraphic position to olivine (Fig. 2D). The carbonate is 
light toned and layered with extensive polygonal fracture 
patterns. It and the mafic cap are both cut by valleys, indi-
cating formation was likely subsequent or coincident with 
valley formation (no later than Hesperian). 

Implications: Distinct assemblages of minerals suggest 
that the nature of aqueous activity varied in space and time 
across the region west of the Isidis basin. Fe/Mg smectites 
are exposed as the lowermost unit in images sampling over 
100,000 km2. The great spatial extent of this unit seems to 
exclude lacustrine or volcanic hydrothermal processes as 
the primary mechanism for regional smectite formation and 
instead favors pervasive near surface alteration or hydro-
thermal/metamorphic alteration in the crust [16]. However, 
existence of multiple secondary minerals suggests locally 
more intensive or distinct processes for alteration.  

Eastern Nili Fossae crustal materials apparently experi-
enced multiple episodes of aqueous activity. The first was 
early Noachian alteration, which formed a Fe/Mg smectite-
rich basement. Later episode(s) are indicated by fluvial 
geomorphology and by mineralogic evidence, namely kao-
linite and carbonate. A plausible formation mechanism for 
a capping kaolinite layer on smectite deposits is top down 
leaching of pre-existing phyllosilicates, leading to loss of 
Ca, Mg, and Fe ions from smectite and its transformation to 
kaolinite.  

Carbonate formation conditions are more ambiguous 
and may have taken place in the surface or subsurface. The 
carbonate may have formed in the same episode as the kao-
linite, by alteration of olivine by water at the surface and 
subsequent emplacement of mafic cap rock. An alternative 
is carbonate formation at depth  by a initiation of me-
tasomatic alteration along a contact between hot olivine 
bearing rocks and underlying hydrous Fe/Mg smectite. A 
key control on carbonate distribution appears to be exis-
tence of precursor ultramafic rock, since carbonate is not 
observed moving west as olivine abundance decreases. In 
any case, the persistence of carbonate to the present indi-
cates waters interacting with this unit were not acidic. 

Greater mineral diversity in the Central and Western 
provinces may have been generated in local hydrothermal 
systems related to impact events. The mineralogy associ-
ated with impact craters in the Central and Western prov-

inces is remarkably similar to the Fe/Mg-rich smectites or 
chlorites with accessory zeolite, silica, quartz, and K-
feldspar which result from hydrothermal alteration in ter-
restrial craters [17]. Such an assemblage suggests the QF 
material [12] may be hydrothermal rather than igneous.  
The low TES-modeled abundances of quartz and K-spar 
and association with hydrated Si-OH bearing phases (e.g. 
altered impact glass [11]) are consistent with such a forma-
tion process. Experimental data show smectite-zeolite as-
semblages result from glasses and or basalt powders and 
are stable at temperatures <150°C [18] while illite-chlorite 
assemblages are stable at T>200°C [17]. Hence, variation 
in the temperature of the hydrothermal system may result in 
the distinctive Central and Western assemblages. 

An alternative hypothesis is that alteration materials as-
sociated with craters reflect changes in underlying crustal 
materials westward of the Isidis basin and that aqueous 
alteration pre-dated formation of the impact structures in 
which these minerals are mapped. Smectite transforms to 
illite upon burial at T>50-80°C [19]. Illite and chlorite al-
tered at depth may have been excavated by impact.   

Collectively, the data indicate multiple episodes of 
aqueous activity, perhaps resulting from multiple processes, 
and suggest that the region west of the Isidis basin was over 
early Mars history persistently and unusually water-rich.    
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ANALYSIS OF PHYLLOSILICATES WITHIN IMPACT CRATERS.  
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Introduction:  Multiple phyllosilicate deposits on 

Mars appear associated with impact craters and distri-

buted throughout the rims, ejecta and central peaks [1-

4]. It has been suggested that these deposits derived 

from pre-existing phyllosilicate-rich materials that were 

excavated in the process of crater formation [3,5], and 

are therefore indicative of aqueous activity early in the 

history of the planet. We have analyzed if the distribu-

tion of phyllosilicates within impact craters is consis-

tent with their stability against shock and thermal de-

composition, to test the hypothesis that these deposits 

represent vestiges of early Mars aqueous activity.   

 

Thermal and Shock stability:  Hydrated silicate 

minerals are characterized by a low thermal stability 

due to the presence of OH-groups in their lattice, and 

many mixed-layer phyllosilicates become unstable at 

temperatures of ~370 K, resulting in phase transforma-

tion and loss of volatile components (mainly H2O or 

OH) contained in the crystal lattice [6]. Nontronite is 

completely decomposed at temperatures as low as 625 

K [7], the iron-enriched smectites dehydroxylate at 725 

K [8], and kaolinite starts undergoing dehydroxylation 

at 775 K [9]. In general, 920 K can be considered the 

upper average decomposition temperature for phyllosi-

licates, as it is the decomposition temperature of ser-

pentine to glass and anhydrous silicates [10]. The large 

shock pressures resulting from a meteor impact can 

also induce the dehydration of silicate minerals. Theo-

retical estimates and shock recovery experiments show 

incipient to complete water loss from 200 to 600 kbar 

respectively, with an average 40% water loss at 300 

kbar shock pressures [11]. Up to 2/3 of the interlayer 

water of nontronite samples is lost at shock pressures 

of 300 kbar [12], and phyllosilicates shocked above 

260 kbar can be changed to an almost amorphous state 

[13]. 

We adapted the model derived by Kieffer and Si-

monds [14] to compute the shock-induced pressure and 

the residual temperature of an impact event on Mars.  

The top panel of Figure 1shows the radii of the areas 

heated up to 370 K and 920 K and shocked at 300 

kbars around the impact point. The radius of the area 

experiencing temperatures and pressures leading to 

complete phyllosilicate decomposition, the total de-

composition zone (TDZ), is ~1/5 of the crater radius at 

the surface level. Subsurface clay-bearing horizons 

located in the central peak and surrounding areas, 

would not survive the impact process. However, peri-

pheral deposits outside these regions could survive the 

impact forces, due to shock pressure and temperature 

dissipation.  

 

Figure 1.  (Top) Radius of non-stability areas for phyllo-

silicates, as function of the crater diameter, due to a shock-

induced pressure (300 kbars) and two different temperatures 

(370 and 920 K).  (Bottom) Simulation for Miyamoto crater.  

The phyllosiclicates (green) lie outside the TDZ. 

 

In the bottom panel of Figure 1 we simulate the 

case of Miyamoto crater in Meridiani Planum. The 

green deposits, in the southwest portion of the crater, 
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exhibit spectral features indicative of Fe/Mg-smectite 

clays [15], and are located in the periphery of the crater 

floor, outside the TDZ. Therefore their presence is 

compatible with excavation models of crustal phyllosi-

licate-rich deposits formed prior to the impact. 

 

Late stage phyllosilicates:  We have analyzed sev-

eral examples of impact craters with phyllosilicate de-

posits that fall within the TDZ.  

 

 
Figure 2.  Crater in the Syrtis Major region (71.8E, 

17.0N).  Areas indicated in green have spectral signatures of 

phyllosilicates; some of which occur within the TDZ (circles 

in center of crater). 

 

The crater shown in Figure 2 is 40 km in diameter 

and 2 km depth, and is located close to the northern 

edge of the Syrtis Major Volcanic Plains (SMVP). It is 

deep,  bowl-shaped with maximum slopes of 25º, and 

has a well developed central peak with a central pit, 

fresh ejecta blankets, megabreccia on the crater floor, 

terraced walls, and a well-defined and complete rim. 

These features are all diagnostic of a fresh impact [16]. 

The formation age of the SMVP has been constrained 

to the Hesperian [17], and this places an upper limit for 

the age of the impact crater. The crater is located in the 

Late Hesperian units and there are only meter-scale 

superposed impacts on the crater floor, and two larger 

impacts [~2 km diameter] on the area covered by the 

ejecta. This suggests that the crater formed towards the 

end, or after the volcanic activity that resulted in the 

formation of the SMVP. Hydrated silicate deposits, 

mainly composed of Fe/Mg smectites and chlorites 

appear inside the TDZ. At high resolution, the deposits 

have the appearance of bright outcrops, partially cov-

ered with sand dunes. Current models suggest that 

these deposits are Noachian in age and were excavated 

after the impact [3,5]. But phyllosilicate outcrops ap-

pear on the rim of the central peak, where our model 

predicts a TDZ, and Mg/Fe smectites would dehydrox-

ylate and decompose completely [8,11,12]. Our model 

also predicts that any preexisting phyllosilicate depo-

sits would be completely decomposed down to a depth 

of ~2 km beneath the TDZ. 

We favor the hypothesis that phyllosilicates in this 

crater formed through hydrothermal activity associated 

with the impact itself, as is documented on Earth [18]. 

Impact-induced hydrothermal activity is initiated by an 

impact event into water-rich or ice-rich crustal materi-

al. The resulting release of heat provides a thermal 

driver for the circulation of water and volatiles [19, 

20]. Numerical models of groundwater flow within 

freshly formed martian impact craters indicate that hy-

drothermal systems will develop if sufficient water is 

present [21]. Impact triggered hydrothermal activity 

can last over 10
5
 yrs for a crater the size of that ana-

lyzed here [20]. Based on this cumulative information, 

we favor the hypothesis that the presence of phyllosili-

cates within the TDZ of this fresh impact crater is in-

dicative of hydrothermal activity on Mars after the 

Noachian. 
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Introduction: 

Clay minerals have been found in some of the 
oldest terrains on Mars.  Because of their Noachian age, 
clays hold clues to the earlier history of the surface of 
Mars [1, 2].  CRISM/MRO data have confirmed 
OMEGA data of clays’ existence in outcrops 
surrounded by lava flows and in small impact crater 
ejecta [3, 4].  It has been suggested that clays may have 
formed due to hydrothermal processes induced by 
impacts [5] and later underwent thermal and/or impact 
alteration.  Studies have suggested that heated/impacted 
clays may be responsible for the physical and magnetic 
properties of the red dust on Mars [6, 7].  In this study, 
we investigate the effects of heat and impact on the 
spectral properties of clays and their relation to the 
martian surface.   
Experimental and Analytical Methods: 

One-gram samples of nontronite (Fe3+, Mg) and 
montmorillonite (Al, Ca) were heated in a Lindberg 
tube furnace to temperatures ranging from 350oC to 
1150oC for 4 to 24 hours.  Samples were heated in air 
as well as under a steady flow of CO2 to more closely 
replicate early martian conditions.  Each sample was 
allowed to cool overnight and weighed after heating.  
Samples were also impacted with an SUS projectile 
using a two-stage light gas gun.  Projectile speeds 
ranged from 2-3.3 km/s resulting in shock pressures 
from ~10-60GPa. 

The samples’ extreme color change after heating 
was precisely characterized using Munsell soil color 
charts.  Samples were analyzed using X-ray diffraction 
and reflectance spectroscopy.  
Results and Discussion: 
Heating Experiments: 

Each heated sample of nontronite and 
montmorillonite showed significant color change.  
Nontronite samples changed from yellow-green to 
shades of reddish brown.  Montmorillonite samples 
transitioned from gray to shades of orange.   

Weighing the heated samples showed there was an 
average of about 25% mass loss, most likely due to the 
loss of interlayer water, as is has been shown to be lost 
at lower temperatures than structural water is [6]. 

XRD spectra taken of nontronite samples heated to 
low temperatures (T < 750oC) showed significant 
variation from the untreated sample.  The 001 peak 
disappeared, consistent with the loss of interlayer water, 
but all other peaks were still intact. There was also very 
little difference in the spectra of sample heated in air 
and those heated in CO2, indicating the CO2 atmosphere 
had little, if any, effect on the transformation process.   

The XRD spectra of samples heated to intermediate 
temperatures (800oC < T < 1000oC) showed low 
intensity, broad peaks.  These are evidence of a 
complex mixture of secondary nanocrystalline phases. 

The sharp, well-defined peaks in the XRD spectra 
of samples heated to high temperatures (T > 1100oC) 
indicate the sample has melted and recrystallized into 
new phases (Figure 1).  We identified hematite, 
cristobalite and sillimanite as these new phases. 

  
 
 
 
 
 
 
 
 
 

 
Figure 1: XRD of a sample heated to 1130oC. The identifying 
peaks of the new phases that formed have been marked (hem: 
hematite, sil: sillimanite, and cri: crystoballite).   

Near infrared (NIR) reflectance spectra were taken 
of each sample.  Figure 2 shows the NIR reflectance 
spectra of an untreated sample of nontronite compared 
to several heated samples.  At T = 475oC and 630oC, 
the 1.4μm band corresponding to the structural 
hydroxyl in the clay has disappeared.  This correlates 
with the fact that structural OH- is lost at temperatures 
above ~300oC [8]. However, the 1.9μm hydration band 
is still visible.  This is most likely the result of the 
nontronite being destroyed locally so that interlayer 
water can still be present [6].  The 2.3μm band has not 
completely disappeared, but instead has flattened into a 
plateau rather than a distinct peak.  After temperatures 
have reached ~800oC, the spectra become featureless in 
this range indicating the structure of nontronite has 
been completely destroyed.   

Figure 3 shows the NIR spectra of several heated 
samples of montmorillonite.  The same trends can be 
seen: the hydration band is still intact at low 
temperatures and the spectra are featureless after 
~800oC, and the 2.2μm band has also flattened into a 
plateau shape. 
Impacted Samples: 

An XRD spectrum taken of a sample of nontronite 
impacted with a projectile speed of 2.5 km/s showed 
very little difference from the XRD of an untreated 
sample.  The 001 peak was still intact as well as the 
other signature peaks of nontronite.  This suggests that 
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the shock pressure from the impact did not have any 
significant effect on the clay’s overall structure, 
although amorphous phases may have been formed 
indicated by the decrease in peak intensity.  
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Figure 2: NIR spectra of samples of nontronite heated to 
various temperatures (shown in oC). 
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Figure 3: NIR spectra of samples of montmorillonite heated 
to various temperatures (shown in oC). 

NIR reflectance spectra of several impacted 
samples (Figure 4) confirm the XRD data.  All three 
signature bands of nontronite are still clearly visible.  
There are three trends that can be seen in the impacted 
samples’ spectra that correspond to higher projectile 
speeds: (1) a decrease in band depth, (2) a slight shift in 
the 1.4μm band to higher wavelengths and (3) a 
decrease in overall reflectance.  These are most likely a 
result of the heat being generated by the impact that has 
begun transforming the clays and the possible 
formation of impact glass. 
Implications for Mars: 

Our experiments have confirmed that the clays that 
have been detected in ejecta of small craters were pre-
existing and were simply excavated by the impact.  If 
impact-induced hydrothermal processes formed the 
clays seen in crater ejecta, their spectral signature 
would be identical to that of untreated clays.  This is not 
the case.  Their spectra are more similar to that of the 
heated and impacted clays indicating they were pre-
existing and altered by the heat and shock pressure of 
the impact. 
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Figure 4: NIR reflectance spectra of impacted samples of 
nontronite. 
Conclusions: 

Two major conclusions can be drawn from our 
experiments: (1) Impact alone does not cause major 
transformations in clays and (2) heat in the substantial 
factor in transforming clays.  Clays are affected even at 
low temperatures (~350oC) by the loss of interlayer 
water and color change.  Clays (especially nontronite) 
transform into secondary phases, such as hematite, 
sillimanite, and cristoballite, at temperatures above 
~1100oC.  The temperatures needed for such 
transformations cannot be reached by small impacts, 
but rather by contact with lava flows.  The clays seen in 
crater ejecta on Mars could not have been formed by 
impact-induced hydrothermal systems but existed pre-
impact because their spectra are not identical to that of 
untreated clays rather they are more similar to that of 
altered clays. 
Future work: 

Further analysis of the heated and impacted 
samples included Raman spectroscopy to detect any 
amorphous phases that may have been formed at low 
temperatures.  We intend to calculate the post-shock 
temperature of our impacted samples and compare them 
to the temperatures reached by the impacts on Mars. 
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Introduction:  An extensive light-toned formation 

tops the plains around Valles Marineris near Juventae, 
Melas, Ius, Candor, Tithonium and Ganges Chasma 
(Figure 1). Near Juventae Chasma, these layered de-
posits (LDs) have been interpreted to have a possible 
lacustrine, volcanic or eolian/glacial origin due to their 
light tone, apparent friability and flat-lying shape [1]. 
Mineralogical studies based on the analysis of CRISM 
data show that some parts of the LDs are hydrated near 
Juventae, Melas, Ius and Candor Chasma [2, 3]. Typi-
cal spectra of these areas display absorption bands at 
~1.4 µm (OH overtone), at ~1.9 µm (H20 band) and at 
~2.2 µm (OH vibration band). These properties may 
correspond to hydrated silicates such as phyllosilicates 
(e.g. montmorrillonite, palygorskite), amorphous or 
finely crystalized silica, or weathered basaltic glass [2, 
3, 4].  

 
Figure 1 Layered Deposits (LDs) resting on the Noachian 
plains west of Ganges Chasma (CRISM cube FRT 8949 su-
perimposed on a mosaic of CTX images). The location of 
Figure 2 is indicated by a white box.  
 

We describe here the morphology of the LDs and 
report on the identification, based on the analysis of 
OMEGA [5] and CRISM [6] data, of hydrated miner-
als occurring in LDs that cover the plateau near 
Ganges Chasma. We compare their spectral character-
istics with those of LDs around Juventae and Melas 
Chasma and discuss their mineralogical composition. 

Morphology:  The LDs near Ganges Chasma are 
stratigraphically above the Noachian plains and are  
younger than the Hesperian [7] Allegheny Vallis out 

flow channel (Figure 1). Like in the other regions, the 
light-toned layers are subparallel and do not exceed a 
hundred of meters in thickness. They are apparently 
interbedded with darker beds; this can be due to varia-
tions in mineralogical composition, topographic slope, 
roughness, grain size or state of erosion of the differ-
ent layers, or to partial covering of certain layers by a 
dark mantle.  

Spectral properties and location of hydrated 
layers near Ganges Chasma (Figure 2):  The analy-
sis of CRISM cube FRT 8949 shows the presence of 
spectra with a small absorption band at ~1.4 µm, ~1.94 
µm and a large band between ~2.2 and ~2.27 µm. This 
is confirmed by the analysis of the OMEGA data (orbit 
0394_2). One pixel of OMEGA orbit 0394_2, located 
on the LDs, shows similar spectral properties, which 
reinforces the confidence in the detection.  

The comparison of CRISM data with HiRISE im-
age PSP_005939_1720 shows that the hydrated miner-
als correspond to the basal layer of the LDs (arrows on 
Figure 2a), which has been exposed after erosion of 
the upper part of the LDs. No hydrated signature has 
been detected on the LDs topographic surface so far. 
This must be due to the dusty material mantling the 
LDs. 

Comparison with spectral properties of LDs in 
other regions (Figure 3):  We analysed CRISM cubes 
FRT 5814 and HRL 44ac near Juventae and Melas 
Chasma. The ratio spectra are consistent with previous 
analysis of the same cubes [2,3]. Band positions and 
global shapes of ratio spectra of LDs near Melas 
Chasma are similar to those near Ganges Chasma, 
which suggest that they constitute the same composi-
tional unit. Several minerals are consistent with the 
observed spectral characteristics. The band centered at 
~2.20 µm may be due to Al-OH bonds and/or Si-OH 
bonds. The large width of the band between ~2.20 µm 
and ~2.27 µm suggest that Si-rich phases such as opal 
and chalcedony are good candidates. On the other 
hand, the band at ~2.2 µm is generally narrower for 
Al-rich phyllosilicates such as montmorillonite and 
palygorskite. Linear mixing of a spectrum of mont-
morillonite with a spectrum of an iron-rich sulfate (e.g. 
jarosite) produces a spectrum with a large band 
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Figure 3 Comparison of ratio spectra of LDs with library 
spectra. Top: CRISM ratio spectra of LDs near Juventae 
(FRT 5814), Ganges (Figure 2) and Melas Chasma (HRL 
44ac) (overlain by smoothed ratios). Bottom: USGS library 
spectra [7] and linear mixtures of these spectra (50% each). 
 

between ~2.20 µm and ~2.26 µm. This synthetic spec-
trum fits the band observed on CRISM spectra of the 
LDs. Similarly, linear mixing of a spectrum of opal 
with a spectrum of jarosite produces a spectrum with a 
band between ~2.20 µm and ~2.26 µm as large as the 
one of a spectrum of pure opal. Consequently, a linear 
mixture of Al-rich phyllosilicates and/or hydrated sil-
ica with a mineral that has Fe-OH bonds may explain 
the observed spectra. The detection of jarosite by [2] 
near Melas and Ius Chasma reinforces the possibility 
of the occurrence of this kind of mixture in LDs. 

Ratio spectra of LDs near Juventae Chasma show 
bands at positions similar to those of Ganges and Me-
las Chasma but the band at ~1.9 µm is deeper and lar-
ger near Juventa Chasma, and the band between ~2.20 
µm and ~2.26 µm is shallower. This may be due to the 
relative abundance of the Al/Si-rich material and also 
to a mixing with other minerals such as iron-rich sul-
fates like coquimbite, which do not display aborption 
band between ~2.20 µm and ~2.26 µm (no Fe-OH 
bond).  

Conclusion:  The LDs on the plains around Valles 
Marineris display hydrated layers revealed from the 
analysis of CRISM and OMEGA data. Some layers 
near Ganges Chasma display spectral characteristics 
similar to other LDs that have been previously re-
ported [2, 3]. They may correspond to hydrated silica 
and/or Al-OH phyllosilicates possibly mixed with 
other phases. 

References:  [1] Lucchitta B. K. (2005) LPSC XXXVI, Abstract #1500. 
[2] Milliken R. E. et al. (2008) LPSC XXXIX, Abstract #2025. [3] Bishop J. 
L. et al. (2008) LPSC XXXIX, Abstract #2334. [4] Mustard J. F. et al. (2008) 
Nature, 454, 305-309. [5] Bibring J.-P. et al. (2004) ESA-SP 1240. [6] Mur-
chie S. et al. (2007) JGR, 112, E05S03, doi:10.1029/2006JE002682. [7] 
Coleman N. M. (2007) Icarus, 189, 344-361. [8] Clark R. N. et al. (2007) 
USGS splib06a: U.S. Geological Survey, Digital Data Series 231. 

Figure 2 Spectral prop-
erties and location of 
hydrated layers near 
Ganges Chasma. (a) 
Subset of HiRISE image 
PSP_005939_1720. 
Bright outcrops with 
hydrated signatures are 
shown  (white arrows). 
(b) Subset of CRISM 
image FRT 8949 of the 
LDs. Colored pixels cor-
respond to the location of 
averaged spectra shown 
in (c). (c) Spectrum, av-
erage spectra overlain by 
smoothed spectra for 
CRISM spectra (colored 
areas) and ratio spectra 
(division by an average 
spectrum of spectrally 
featureless surfaces) of 
the LDs. 
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Introduction:  OMEGA/Mars Express has discov-

ered large outcrops rich in phyllosilicates in the region 

of the outflow channel Mawrth Vallis, Mars, around 

20°W, 25°N [1], through the detection of absorption 

bands at 1.4 and 1.9 µm, and at 2.2 or 2.3 µm. Com-

parison with laboratory spectra reveals similarities with 

clay minerals such as Al-OH smectites (with the pres-

ence of 2.2 µm band) and Mg- or Fe-OH smectites 

(with the 2.3 µm band) [2]. Moreover the abundances 

of clay minerals in the Mawrth Vallis region are the 

highest detected on Mars, reaching more than 65% in 

volume in some outcrops [3]. 

Those hydrated minerals are located exclusively on 

strongly eroded bright outcrops, exhumed from the 

Noachian plateaus, and cut by the outflow channel 

Mawrth Vallis, as seen on HRSC/MEx and MOC/MGS 

narrow angle images. Several MOC and HiRISE/MRO 

images also reveal that those bright Noachian terrains 

display meter-scale layers, over more than 150 meter 

depth as seen on some crater walls. The horizontal ex-

tension of more than 300 km x 400 km of this thick 

phyllosilicate-rich unit implies an important volume of 

altered rocks, formed during the “phyllosian era” [2,4]. 

The use of HRSC color imagery and the computa-

tion of HRSC Digital Terrain Models (DTM) provides 

helpful information to understand the geometry and 

stratigraphy of the phyllosilicate-rich unit. In the con-

text of landing sites selection for the future rover mis-

sion, it is highly important to elect the most scientifi-

caly relevant sites through the diversity of the exhumed 

terrains [5]. 

Correlation between OMEGA, HRSC color im-

agery and stratigraphy:  The red, green and blue 

channels of the HRSC camera (High Resolution Stereo 

Camera) have been used to compose RGB images. No 

calibration has been applied, the aim is to detect easily 

different terrains by their different colors.  

When looking at the bright exhumed outcrops of 

the phyllosilicate-rich unit on HRSC color imagery and 

comparing it to OMEGA detection of the 1.93 µm 

band, and the 2.20 or 2.30 µm absorption bands, it 

appears that, as in figure 1: 

1. Al-bearing smectite-rich outcrops (2.2 µm band) 

always appear as white, grey or bluish outcrops; 

2. Fe-bearing smectite-rich outcrops (2.3 µm band) 

display a yellow, red, pink or brown color. 

 
Fig. 1: Part of HRSC color image on Mawrth Vallis 

floor and OMEGA detection of Al-phyllosilicates 

(green) and Fe-/Mg-phyllosilicates (red).. 
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Moreover, when looking at very high resolution 

datasets (HiRISE or MOC narrow angle images), and 

relating them to HRSC or HiRISE color imagery, we 

see that the different colors correspond locally to dif-

ferent groups of layers deposited on top of each other, 

thus contructing different color sub-units indicating 

different compositions. 

Hence, we used the color properties in the visible to 

map at high resolution the different smectites over the 

whole Mawrth Vallis region. This is complementary to 

the use of the CRISM dataset [5,6]. 

The stratigraphy of the phyllosilicate-rich unit: 

We apply the color mapping in addition to the use of 

the HRSC high resolution DTM to map constrained 

cross-sections of the phyllosilicate-rich outcrops across 

the plateau and the Mawth Vallis channel (example 

Fig. 2). When the same color sub-unit crops out at dif-

ferent levels along the cross-section, by linking the 

limits between the different sub-units, it is possible to 

retrieve a value of the apparent dip of the sub-unit –and 

hence of the layers– in the direction of the cross-

section, with an error <0.5°. It was possible to count up 

to five color sub-units on top of each other in the re-

gion, but other sub-units may be present. The mapping 

method applied to other large outcrops of the region 

reveals generally sub-horizontal sub-units, or with < 3° 

dips. 

Layers cannot be tracked from the top to the bottom 

of the Mawrth Vallis channel due to local mantling, but 

layered terrains can be seen in some outcrops on the  

sides and floor of the channel, implying that the phyl-

losilicate-rich unit extend down to below Mawrth Val-

lis floor. This possibility is even reinforced by the 

presence of large deposits of clay minerals in other 

parts of the channel floor. 

We also identified in numerous locations, outcrops 

of a paleo-surface. This surface is also phyllosilicate-

rich, and appears brown in HRSC and HiRISE color 

images. 

Implications for the formation: We observed a 

paleo-surface on top of which the layered unit was de-

posited and later impacted and eroded, enabling today 

to see large sections of the unit. 

The link between the deposition and alteration of 

the rocks is still a fundamental issue: 1) the alteration 

could have happened during the accumulation of the 

material, building different sub-units depending of 

changing conditions of formation; 2) the alteration 

could have happened by groundwater/pedogenic proc-

esses after depositionof a thick layered unit.. 

Moreover, the presence of layers outcropping at the 

dichotomy boundary in the western part of the region 

(Fig. 2), and in the sides of Mawrth Vallis channel, 

imply a deposition prior to the Mawrth Vallis present 

channel and the dichotomy boundary erosion, for at 

least part of the sediments. 

References: [1] Poulet F. et al. (2005), Nature, 

438, 623-627. [2] Loizeau D. et al. (2007), JGR, 112. 

[3] Poulet et al., submitted to Science. [4] Michalski J. 

R. and E. Z. Noe Dobrea (2007), Geology 35, 951-954. 

[5] Mustard et al. (2008), Nature 454, 305-309. [6] 

Wray et al. (2008), GeoRL 35. 

Fig. 2: a) Close-up on a scarp at the dichot-

omy boundary. CTX images, and HRSC color 

images are displayed. HRSC DTM height 

contours are displayed with an interval of 

100 m. 

b) Close-up on the cross-section of the scarp 

presented in (c). 

c) Constrained cross-section of the upper-

figure derived from the HRSC DTM and the 

color imagery. 
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Introduction:  Surface weathering by running water 
can form phyllosilicate if the action of water is long 
enough [e.g., 1]. However, hydrothermal circulation 
can lead to phyllosilicates too, without that liquid wa-
ter would have to be present at the surface [2]. This 
questions the origin of phyllosilicates and their rele-
vance to understand the past climate of Mars. Two 
approaches can improve this question. First, new min-
erals found with spectral data can provide a better 
view of the type of alteration, and its surficial charac-
teristics, i.e. kaolinite now found extensively in two 
regions might be the signature of more extended sur-
face alteration [e.g. 3]. Second, the association of phyl-
losilicates with geologic units formed at the surface 
such as fluvial landforms is another potential signature 
of surface processes. Here, we use this second ap-
proach, by showing several chronological and strati-
graphical relationships between fluvial landforms and 
phyllosilicates detected in three regions, Nili Fossae, 
Mawrth Vallis, and Thyrrena Terra.  
Mawrth Vallis region: This region displays extensive 
clay-rich outcrops distributed in many layers of both 
Al-rich phyllosilicates and Fe/Mg-rich smectites [2, 4] 
with proportion of smectites often reaching 50% [5]. 
Layers were deposited on top of the crust with thick-
ness reaching >300 m extending over a broad area of 
300 by 300 km [4, 6, 7]. This region displays different 
fluvial landforms. The Mawrth Vallis outflow channel 
is known to be a snapshot episode of aqueous flow as 
most outflow channels, therefore it is not expected to 
play a major role in the alteration process. In contrast, 
small branching valleys exist throughout the region, 
which appear to erode inside the layered unit. Of inter-
est is an inverted valley located on the eastern side of 
Mawrth Vallis. This valley appears to be more and 
more inverted to the west were the erosion exhumes 
the clay-rich unit deeper. This shows that these valleys 
formed inside the clay-rich unit which was later eroded 
enough to invert the alluvial deposit of these valleys. 
These alluvial deposits likely behaves stronger against 
erosion than the clay-rich unit composed of fine 
grained material easy to erode. These examples show 
that these branching fluvial patterns formed after the 
layered deposits and dissected them, but there seems to 
be no genetic relationships between them.  
Nili Fossae:  In this region phyllosilicates exist as Fe-
rich smectites mainly into the outcrops of the exhumed 
bedrock and associated to olivine rich unit [2,8]. The 

Nili Fossae floor and the whole Syrtis Major unit, a 
volcanic early Hesperian unit, is devoid of any altera-
tion which limits the period of activity of this altera-
tion to earlier geologic phases in the Noachian period 
(crust formation and olivine-rich unit formation). Two 
main types of fluvial landforms are observed in the 
Nili Fossae region. First, ancient valleys cross the 
Noachian highlands. These display sinuous shapes 
typical of meanders of fluvial origin, having a depth 
that reaches locally 300 m and extend up to 180 km in 
length. The valley floor exhibits a large channel with 
braided patterns typical of high-energy flows. A dis-
charge of 500–900 m3/s was estimated for the EW 
oriented valley [9]. The poorly branching geometry of 
these valleys is different from the usual dendritic val-
ley systems observed on Earth for valleys formed by 
precipitation. Their width and the presence of large 
channels suggest better flash floods, subsurface dis-
charge or glacial surges. These valleys are superim-
posed on the olivine-rich unit that compose many out-
crops of the eastern part of the region. This olivine-
rich unit is only partially altered compared to the un-
derlying bedrock which displays more extensive al-
teration. For this reason, the fluvial valleys observed 
might have participated into the local alteration of the 
olivine-rich unit, but their participation to the exten-
sive alteration of the bedrock is unlikely, because this 
early phase of alteration was likely finished at the time 
of formation of the olivine-rich unit which is not mas-
sively altered.   
Second, deep but poorly organized valleys emerge on 
the rim of the Nili Fossae trough system and some 
other landforms. Their short length, theater-shaped 
head and constant width are typical of sapping can-
yons, i.e., valleys formed by headward erosion due to 
subsurface flows. Several debris fans are associated 
with their termination in the Nili Fossae trough. These 
deposits are likely not deltas but alluvial fans (depos-
ited subaerially). Additionally, another unusual fan is 
observed on high-resolution MOC images in a 80 km 
large crater. The ejecta of this crater are superimposed 
on the Nili Fossae floor, therefore involving an age 
younger than the alteration sequences for these alluvial 
fans, which formation was finished at the time of the 
Nili Fossae floor formation. One of this fan shows 
little alteration in a secondary trough of Nili Fossae [8, 
Fig. 13]. As the surrounding bedrock displays stronger 
signature of alteration than the fan, we interpret this 
fan to present clays mainly due to the transport and 
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deposition of these outcrops rather than any in situ 
formation. In general, to understand if clay deposits in 
fans, such as in Jezero crater, are due to in situ altera-
tion or transport of upward material of the crust is a 
critical question for the origin of clays. It requires to 
study outcrops surrounding the fan deposits to under-
stand if the lacustrine system was enough long to per-
mit to the bedrock to be altered or not.  
In summary, these fluvial landforms and their deposi-
tional products formed late in this region: all of them 
formed after the emplacement of the Noachian units 
that are rich in LCP, olivine or phyllosilicates, with 
some of them (sapping valleys especially) being 
clearly active during the Hesperian period. It is thus 
not surprising that most of the observed fluvial land-
forms are poorly correlated with hydrated regions: they 
cannot account for the epoch in which the largest out-
crops of phyllosilicates formed, but some of them 
could be correlated to small outcrops altered late. 
Thyrrena region: In this region, most outcrops of 
phyllosilicates are observed on craters walls or ejecta 
which does not allow an easy correlation with fluvial 
landforms [2, 10]. Nevertheless, a small plain displays 
hydrated minerals (single 1.93 micron signature with 
poor 2.3 micron peak locally). This plain is at the foot 
of hilly outcrops of Noachian bedrock dissected by 
few fluvial valleys. The study of this region is under 
progress to evaluate the relationships between these 
valleys and the observed signatures. 

Conclusion: The timing of formation of most fluvial 
landforms observed in the vicinity of phyllosilicates 
indicate that these minerals formed mainly earlier than 
the fluvial systems still observed at the surface. Trans-
port and deposition might explain many secondary 
deposits such as clays in alluvial fans. However, late 
alteration related to river streams is possible in several 
locations such as Nili Fossae and Thyrrena. Moreover, 
most of the fluvial landforms observed are the last 
episodes of aqueous deposition in the early Mars pe-
riod, so they can not inform on the aqueous episodes 
that occurred earlier and might have been eroded or 
buried. 
References: [1] Velde, Clays, 1995. [2] Poulet F. et al. 
(2005), Nature, 438, 623-627. [3] Bishop et al. (2008), 
Science. [4] Loizeau D. et al. (2007), JGR, 112. [5] 
Poulet et al., Astronomy Astrophysics., 2008 [6] Loi-
zeau et al., submitted to Icarus [7] Wray et al. (2008), 
GeoRL 35. [8] Mangold et al., JGR, 2007. [9] Fasset 
and Head, GRL, 2005. [10] Costard et al., LPSC, 
2006. 
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Introduction:  Aram Chaos is a 280 km wide Mar-

tian crater centered at 2.5°N, 338.5°E. This depression 
is connected to the Ares Vallis outflow channel by a 
gorge 15 km wide and 2.5 km deep, which cuts across 
the eastern wall of the crater. Previous studies have 
shown that this crater is filled by chaotic terrains, over-
lain by a presently dome-shaped, layered, 900 m thick 
formation (Figure 1), displaying spectral signatures of 
ferric oxides and sulfates on TES and OMEGA data 
[1,2,3,4,5]. In a previous study [6,11], we described 
the mineralogical composition, the structure and the 
morphology of this crater fill using various kinds of 
data: OMEGA, MOLA, MOC, TES, THEMIS, CTX 
and HiRISE. The aim of the present work is to refine 
these results and to compare them with newly ac-
quired, high resolution, hyperspectral data from the 
Mars Reconnaissance Orbiter Compact Reconnais-
sance Imaging Spectrometer for Mars (CRISM).  

 
Figure 1: Morphological map of Aram Chaos (superimposi-
tion of a MOLA DTM on a mosaic of visible THEMIS im-
ages). The box indicates the location of Aram Chaos on a 
MOLA topographic map of Mars. 
 

Methodology: The mineralogical composition of 
Aram Chaos was investigated from data acquired by 
the OMEGA imaging spectrometer, which collects 352 
spectral channels from 0.38 to 5.2 µm at a spatial reso-
lution ranging from 300 m to 4 km [7]. These data are 
compared with data from the CRISM imaging spec-
trometer, which collects 544 wavelengths from 0.36 to 

3.9 µm at a spatial resolution ranging from 15 to 19 
m/pixel [8]. We computed maps of various spectral 
parameters, which we integrated into a Geographic 
Information System (GIS) containing also high-
resolution images from different instruments such as 
MOLA, MOC, THEMIS, CTX and HiRISE. 

Sulfates and ferric oxides detected by OMEGA:  
Our previous study, based on OMEGA data, revealed 
that the floor of Aram Chaos is made of chaotic ter-
rains, the composition of which remains unclear be-
cause they are covered by dust. A sulfate-rich forma-
tion, presently dome-shaped and layered, seems to 
have been emplaced unconformably on these chaotic 
terrains (Figures 1 and 3). The surface of this forma-
tion is partially covered by dust and displays wind 
erosion landforms (Figure 3). After its emplacement, 
this formation has been grooved down to various 
depths by large aeolian erosion corridors (Figures 1 
and 3). On the floor of these corridors, strong spectral 
signatures of ferric oxides (possibly hematite and/or 
goethite and ferrihydrite and/or schwertmannite) are 
identified and correspond to large sheets of dark 
dunes. These dunes cover some outcrops of a bright, 
layered, cohesive material, which displays, in addition 
to ferric oxides, a monohydrated sulfate signature (kis-
eserite or szomolnokite). The borders of the corridors 
are steep linear cliffs where the bright, layered, sulfate-
rich material crops out (Figure 3). These cliffs are also 
partially covered by dark debris fans, which originate 
from the bright formation itself, and feed the dark sand 
sheets (Figure 3). We therefore infer that the dark fer-
ric oxide sand sheets and debris fans are erosional 
products of the bright formation. However, due to the 
relatively low spatial resolution of OMEGA, it is not 
possible to analyse the exact composition of these 
cliffs.  

Sulfates and ferric oxides confirmed by CRISM: 
New CRISM data on the dome-shaped formation are 
consistent with the results of our previous study. On 
the corridor floors, CRISM images display also a 
strong ferric oxide signature on the dark dunes, and a 
monohydrated sulfate signature that correlates well 
with the bright outcrops. According to the shape of the 
2.4 µm band, CRISM data favour kieserite and there-
fore, enable us to discriminate between the two mono-
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hydrated sulfates suggested by OMEGA. Moreover, 
with the better resolution of CRISM images, it is pos-
sible to observe this mineralogy with both ferric oxides 
and sulfates, on the bright corridor cliffs.  

Al-OH minerals (phyllosilicates?): On two 
CRISM cubes (FRT 7FA4 and HRL 646A), an addi-
tional absorption band centered at 2.23 µm is detected 
on some very localized areas of the corridor floors 
(Figure 2), in association with sulfate and ferric oxide 
signatures. Carefull re-examination of OMEGA data 
on these areas shows that this band is also present, but 
with a detection level very close to the noise level 
(Figure 2c). The detection of this feature on several 
OMEGA and CRISM cubes, exactly at the same loca-
tions (Figure 2a and b), confirms that this band is not 
an artifact but a real mineralogical signature. The com-
parison with high-resolution images shows that this 
spectral feature is always found at the base of the 
dome-shaped formation, at the boundary with the un-
derlying chaotic terrains. Systematic investigation of 
this feature on OMEGA data, which have a wider spa-
tial extent, confirms this stratigraphic position, on the 
whole Aram Chaos area (Figure 3). 

The absorption band centered at 2.23 µm can be at-
tributed to the presence of Al-OH or SiO [9]. How-
ever, the absorption band near 2.2 µm, due to the pres-
ence of SiO, is commonly wider than the 2.2 µm Aram 
Chaos absorption band. This new signature is therefore 
most probably correlated to Al-OH minerals.  

The accurate mineralogical identification is still in 
progress but this signature could be attributed, for ex-
emple, to an Al-OH phyllosilicate such as montmoril-
lonite, as was suggested on Mawth Vallis [10]. 

Conclusion: CRISM data confirm the conclusions 
made with OMEGA data. The dome-shaped formation 
is composed of a bright, layered material, which con-
tains both sulfates (kieserite) and ferric oxides. The 
erosion of these rocks induces ferric oxides accumula-
tions in the form of dark dunes on topographic lows.  

CRISM data allowed the detection of a new layer 
at the bottom of this dome-shaped formation (Figure 
3). This layer contains an Al-OH mineral, which can 
possibly belong to the phyllosilicate family. 
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(2003) Icarus, 144, 21-26. [3] Glotch T. D. and Chris-
tensen P. R. (2005) JGR, 110, E09006. [4] Oosthoek et 
al. (2007) LPSC XXXVIII, Abstract #1577. [5] Noe 
Dobrea E.Z. et al. (2007) Icarus, 193, 516-534. [6] 
Massé M. et al. (2008) LPSC XXXIX, Abstract #1391. 
[7] Bibring J.-P. et al. (2004) Eur. Space Agency Spec. 
Publ. 1240, 37. [8] Murchie  S. et al. (2007), JGR, 
112, E05S03, doi:10.1029/2006JE002682. [9] Hunt 
G.R. and Salisbury J.W. (1973), Modern Geology, 
vol.4, p. 85-106. [10] Loizeau et al. (2007), JGR, 112, 
E08S08, doi :10.1029/2006JE002877. [11] Massé et 
al. (2008), JGR, accepted. 

 

 

Figure 2: Map of a spectral criterion (location on Figure 1) corresponding to the 2.23 µm band depth computed on a) OMEGA 
data and b) CRISM data. This map is superimposed on a CTX image c) Comparison between an OMEGA and a CRISM spectrum 
acquired at the same place. 

 
 

 
 

Figure 3: Interpretative cross-section of Aram Chaos (location on Figure 1), vertical exaggeration: x12.5. 
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EMISSIVITY SPECTRA OF SOME PHYLLOSILICATES IN THE [3, 50] µm SPECTRAL RANGE FROM 
THE BERLIN EMISSIVITY DATABASE (BED).  A. Maturilli and J. Helbert, Institute for Planetary Research, 
DLR, Rutherfordstrasse 2, 12489, Berlin, Germany (alessandro.maturilli@dlr.de) 

 
 
Introduction:  Hydrous minerals as phyllosilicates 

class have been detected on Mars by the OMEGA in-
strument, onboard the ESA Mars Express mission [1, 
2]. These minerals can keep the record of the interac-
tion of martian pristine rocks with water. The OMEGA 
analysis found a limited range of mineralogy (Fe/Mg 
and Al smectite), located only in ancient terrains [3]. 
The very recent measurements of the CRISM instru-
ment, onboard the NASA MRO mission, show that the 
phyllosilicate mineralogy on Mars is wider, giving evi-
dence of kaolinite, chlorite, illite or muscovite, and 
hydrated silica. Furthermore, nontronite, saponite, and 
in less amount, chlorite are the most common smectites 
[3]. 

Actually, still another instrument is observing Mars 
from orbit: the PFS on Mars Express, measuring the 
emerging Mars radiation in the SWC from 1 to 5 µm 
and in the LWC from 5 to 45 µm. 

For the interpretation of the remote sensing meas-
ured data an emissivity spectral library of planetary 
analogue materials is needed. The Berlin Emissivity 
Database (BED) presented here is focused on relatively 
fine-grained size separates, providing a realistic basis 
for interpretation of thermal emission spectra of plane-
tary regoliths, and is therefore complimentary to exist-
ing thermal emission libraries. 

Spectral Library: The Berlin Emissivity Database 
(BED) is a spectral library containing the emissivity 
measurements of several planetary analogues. It con-
tains currently entries for plagioclase and potassium 
feldspars, low Ca and high Ca pyroxenes, olivines, 
elemental sulphur, common martian analogues (JSC 
Mars-1, Salten Skov, palagonites, montmorillonite, 
hematite, goethite), phyllosilicates (several kaolinites, 
chlorite, illite, some nontronites, saponite, talc, biotite), 
garnets, feldspathoids, and a lunar highland soil sample 
measured in the wavelength range from 3 to 50 μm as a 
function of particle size. For each sample, the spectra 
of four well defined particle size separates (<25 μm, 
25-63 μm, 63-125 μm, 125-250 μm) are measured with 
a 4 cm-1 spectral resolution. These size separates have 
been selected as typical representations for most of the 
planetary surfaces [4, 5]. 

Laboratory set-up: The instrumentation is located 
in the Planetary Emissivity Laboratory (PEL) at the 
Institute for Planetary Research (PF) of the German 
Aerospace Center (DLR) in Berlin, Germany. It con-
sists of a spectrometer attached to an external emissiv-
ity device. The Bruker VERTEX 80v spectrometer, has 

a very high spectral resolution (better then 0.2 cm-1), 
and a resolving power of better than 300,000:1, and 
can be operated under vacuum conditions. To cover the 
to 16 μm spectral range, a liquid nitrogen cooled MTC 
detector, a KBr beam-splitter, and a KBr entrance port 
are used. The 16 to 50 to μm spectral range is meas-
ured using a room temperature DTGS, a Multilayer 
beam-splitter, and a CsI entrance port. 

The emissivity device is composed of the sample 
chamber, a double-walled box with three apertures: a 
15 cm squared door used to insert the cup in the box, a 
5 cm rounded opening through which the beam is di-
rected to the spectrometer and a 5 cm opening facing 
the attached blackbody unit. A heater is placed in the 
chamber and is used to heat the cup with samples from 
the bottom. The thermal radiation emitted normal to 
the surface by the sample or the blackbody is collected 
by an Au-coated parabolic off-axis mirror and reflected 
to the entrance port of the spectrometer. 

A pump circulates water at a constant temperature 
in the volume between the inner and outer walls of the 
chamber. The surfaces of the box are painted with 
black high emissivity paint. The chamber is purged 
with dry air to remove particulates, water vapour and 
CO2. Further details can be found in [6, 7]. 

Validation of the measurements: An exhaustive 
suite of tests has been performed to study and charac-
terize our experimental setup. Among these, the re-
peated measurement of the same target is a meaningful 
test for the investigation of the instrument stability. 
Eleven measurements of the same target, a cup contain-
ing the 125-250 µm grain size separate of quartz at 
180° C, has been repeated, with a time interval of 5 
minutes between each shot.  

Figure 1 shows the calibrated emissivity for all the 
11 measurements (each in a different colour), together 
with the average over all the calibrated data. The pic-
ture clearly prove the stability of our set-up, especially 
when considering that the whole 3 to 50 µm spectral 
range is covered operating the instrument with the two 
detectors, the beam-splitters and the entrance windows 
in two different days. 
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Fig. 1 Repeated measurements of a 125-250 µm quartz sample at 

180° C. 

 
By means of such kind of repeated measurements, we 
can estimate the standard deviation of our calibrated 
data, as shown in Figure 2. It is evident from the pic-
ture how limited is the error on our measurements, al-
ways well below 0.1% across the whole spectral range, 
except for the region between 3 and 4 µm, where the 
noise level is higher, due to the blackbody radiation 
approaching the zero value, at the samples operational 
temperature (180° C).  
    

 
Fig. 2 Standard deviation for the repeated measurements of a 125-

250 µm quartz sample at 180° C. 

 
Future measurements at 500° C will allow us to extend 
the spectral range to at least 1 µm, providing the scien-
tific community a unique new set of data. 

Emissivity of phyllosilicates: As an example of the 
numerous spectra of phyllosilicates present in the BED 
library, we discuss the emissivities of our 4 standard 
grain sizes of the Fe/Mg rich saponite endmember, 
shown in Figure 3. A serie of diagnostic maxima and 
minima in emissivity occur in the 3 to 30 µm spectral 
region, while the rest of the spectra is almost flat and 
featureless. The Cristiansen feature (a maximum in 
emissivity) is located at 8.04 µm, corresponding to 
1244  cm-1, in agreement with previous studies [8]. The 

bands depth strongly depends on the grain sizes, this is 
a well known already described phenomena. The large 
adsorption band around 10 µm (1000 cm-1) is due to 
Si-O stretching, while the Mg3OH bending vibration is 
observed at 15.15 µm (660 cm−1). To note is the series 
of bands between 10 and 14 µm, in particular the 
change in shape, depending on the grain size, of the 
band at 11 µm and the shift in the band center position 
for the 12 µm feature. The 6.94 (1440 cm−1) feature 
could be due to ammonium substitution in the mineral 
[9]. 

 

 
Fig. 3 Emissivity spectra of saponite in the 4 BED grain sizes. 

 
Outlook: The spectral library has been built to ana-

lyse the PFS measured spectra, especially for the LWC 
channel. The first step of this process is to search for 
confirmation of the OMEGA and CRISM results using 
the PFS data, and then use the large database of mar-
tian measurements for new investigations. However, 
the spectral range covered by the BED data could be of 
primary importance to understand the PFS SWC, 
OMEGA and CRISM measurements in the 3 to 5 µm 
spectral region. 

The activity in the lab will be focused on under-
standing the spectral influence for different degrees of 
hydration in the martian analogue minerals. 

References: [1] Bibring J. P. et al. (2005) Science, 
307, 1576-1581. [2] Poulet F. et al. (2005) Nature, 
438, 623-627. [3]  Mustard J. F. et al. (2008) Nature, 
doi:10.1038/nature07097. [4] Hiesinger H., Helbert J., 
et al. (2008), submitted to PSS. [5] Helbert J. et al. 
(2007) ASR, 40, 272-279. [6] Maturilli A. et al. (2006) 
PSS, 54, 1057-1064. [7] Maturilli A. et al. (2008) PSS, 
56, 420-425. [8] Koeppen W. C. and Hamilton V. E. 
(2005) JGR, doi:10.1029/2005JE002474. [9] Glotch T. 
D. et al. (2007) Icarus, 192, 605-622. 

 

48 LPI Contribution No. 1441



CHARACTERIZATION OF PHYLLOSILICATE UNITS AT MAWRTH VALLIS: COMPARISON OF 
CRISM OBSERVATIONS AND INTIMATE PHYLLOSILICATE MIXTURES.  N. K. McKeown1, J. L. 
Bishop2, J. Cuadros3, E. Amador1, E. Silver1, 1University of California Santa Cruz (Earth and Planetary Sciences, 
1156 High St., Santa Cruz, CA 95064, nmckeown@pmc.ucsc.edu), 2SETI Institute/NASA-ARC (515 N. Whisman 
Rd., Mountain View, CA 94043), 3Natural History Museum (Cromwell Rd., London, SW7 5BD, UK). 

 
Introduction:  Mawrth Vallis is one of the oldest 

outflow channels on Mars, cutting through Noachian-
aged terrain on the border of the southern highlands 
and northern lowlands at ~25°N, -20°W [1, 2].  
OMEGA detected large exposures of the phyllosili-
cates nontronite and montmorillonite in this region [3-
6].  CRISM has refined these observations with the 
detection of an Fe/Mg-phyllosilicate such as Mg-
nontronite, hydrated silica, and kaolinite in addition to 
nontronite and montmorillonite [7-10].  However, the 
montmorillonite and kaolinite spectra appear to be 
mixed with another material, possibly hydrated silica 
[7, 11].  We have prepared laboratory mixtures of a) 
montmorillonite and obsidian, b) kaolinite with mont-
morillonite, and c) kaolinite with altered ash from 
Kilauea dominated by opal-A in order to better charac-
terize the CRISM spectra collected at Mawrth Vallis 
having a band near 2.2 µm. 

Methods:  Kaolinite (KGa) and montmorillonite 
(SWy) were sieved to <125 µm and then mixed at in-
tervals of 25 wt%, from pure montmorillonite to pure 
kaolinite, with additional measurements at 15, 30, 40, 
and 60 wt% kaolinite.  The mixtures were then sieved 
to <125 µm to homogenize the mixture and break up 
any clumps that may have formed.  Kaolinite (KGa) 
and hydrated silica (SiOH) from Kilauea were sieved 
to <125 µm then mixed at 25 wt% intervals, with addi-
tional mixtures at 30 and 40 wt% kaolinite, and then 
sieved again.  Montmorillonite and obsidian were 
sieved to <125 µm and mixtures prepared of 2, 5, 8, 
10, 20, 50, and 80 wt% montmorillonite.  The spectra 
were then measured in the lab relative to spectralon 
using a contact-probe ASD handheld spectrometer.  
The laboratory spectra were then compared to spectra 
previously collected from CRISM images [7, 8]. 

Results of Mixture Studies:  We have focused 
here on the ~2.2 µm absorption feature due to a com-
bination of the OH stretching and bending modes since 
the greatest change in spectral features is observed at 
this wavelength.  In all cases, the 1.4 and 1.9 µm hy-
dration features are reduced in strength as the amount 
of phyllosilicate decreases.  

Montmorillonite-obsidian.  Montmorillonite spec-
tra have an absorption at 2.210 µm due to Al2OH and 
obsidian spectra have a broader absorption centered at 
2.216 µm due to SiOH species; therefore, the band 
center of the mixtures does not shift greatly (fig. 1).  
However, since the obsidian feature is broader, the 

maximum inflection point on the longward side shifts 
to longer wavelengths with decreasing amounts of 
montmorillonite.  At 50 wt% montmorillonite the in-
flection is still in the same position as for pure mont-
morillonite, but is not as sharp.  At 20 wt% it is in an 
intermediate position, at 10 wt% it is slightly shorter 
than pure obsidian, and at 8 wt% it is in the same posi-
tion as pure obsidian (fig. 1). 
 

Fig.1 (left).  Reflectance spec-
tra from 2.1-2.4 µm of mix-
tures of montmorillonite and 
obsidian.  Vertical line marks 
band center in pure mont-
morillonite at 2.21 µm. 

 
 
Fig. 2 (right).  Reflectance spec-
tra from 2.1-2.3 µm of mixtures 
of kaolinite and montmorillonite.  
Vertical lines from left to right 
show the position of the 2.17 and 2.21 µm doublet and the maximum 
inflection point of pure montmorillonite longwards of 2.21µm. 

 
Kaolinite-montmorillonite.  Kaolinite spectra have 

a doublet at 2.17 and 2.21 µm with very steep slopes.  
Montmorillonite spectra have a single absorption at 
2.21 µm with an asymmetry to longer wavelengths.  
With decreasing kaolinite, the maximum inflection 
point on the longward side of this absorption shifts to 
longer wavelengths, more similar to montmorillonite 
(fig. 2).  Additionally, the absorption at 2.17 µm is 
reduced.  At 60 wt% kaolinite, this feature is a clear 
shoulder, while at 50 wt% it is a more gradual shoul-
der, and at 25 wt% it is barely detectable (fig. 2). 

Kaolinite-SiOH.  The Kilauea SiOH spectrum has 
an absorption at ~2.26 µm, slightly longer than that of 
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kaolinite.  As a result, the depth of the kaolinite ab-
sorption with decreasing wt% kaolinite is greatly re-
duced on the longward side, but the maximum inflec-
tion point does not shift wavelengths (fig. 3).  There is 
a clear 1.17 µm absorption observed at 75 wt% kao-
linite, a clear shoulder down to 30 wt%, and a weak 
shoulder at 25 wt% (fig. 3). 

Analysis of CRISM Spectra:  Spectra from multi-
ple images at Mawrth Vallis exhibiting a band near 2.2 
µm were compared with the lab mixture spectra. The 
mixture with 20 wt% montmorillonite-80% obsidian 
appears to most closely match the majority of CRISM 
spectra collected from Mawrth Vallis on the longward 
side of the ~2.2 µm feature (fig.4). Most Mawrth 
Vallis spectra with a band near 2.2 µm exhibit a grad-
ual slope on the shortward side of the ~2.2 µm absorp-
tion which is not observed in the mixtures.  Therefore, 
more mixtures are needed to try and explain the shape 
of this feature. 

The kaolinite-Kilauea SiOH mixtures do not match 
the CRISM observations as the 2.21 µm band is not 
broadened (fig. 5). Future mixture experiments with 
kaolinite and a pure opal or hydrated glass component 
are planned to test this further. 

The 2.21 µm feature is broadened in spectra of the 
kaolinite-montmorillonite mixtures, but not to the ex-
tent observed in CRISM spectra (fig. 6).  Additionally, 
the mixture spectra show a break in slope at ~2.24 µm 
which may be present in spectrum 43EC-b but is not 
resolved in the other CRISM observations (fig. 6). 

In summary, CRISM spectra of the Mawrth Vallis 
region having a band near 2.2 µm appear to be most 
consistent with mixtures of hydrated glass with either 
montmorillonite or kaolinite.  The kaolinite doublet is 
observable in mixtures down to ~25 wt% kaolinite. 

Acknowledgements: This work was supported by 
MFR, NASA-Ames UARC, and the NPS at Monterey.  
Thank you to the CRISM Team for the collection and 
processing of the CRISM images. 

References: [1]Scott, D. H., et al. (1986) USGS MI, I-
1802-A. [2]Edgett, K. S., et al. (1997) GRL, 24, 2897-2900. 
[3]Loizeau, D., et al. (2007) JGR, 112, E08S08. [4]Bibring, 
J.-P., et al. (2007) LPS XXXVIII Abstract #2160. [5]Bibring, 
J.-P., et al. (2005) Science, 307, 1576-1581. [6]Poulet, F., et 
al. (2005) Nature, 438, 632-627. [7]Bishop, J. L., et al. 
(2008) Science, 321, 830-833. [8]McKeown, N. K., et al. 
(2008) LPS XXXIX Abstract #1400. [9]Noe Dobrea, E. Z., et 
al. (2008) LPS XXXIX Abstract #1077. [10]Wray, J. J., et al. 
(2008) GRL, 35, L12202. [11]Milliken, R. E., et al. (2008) 
Geology, in press. 
 
 

 
 
 

 
Fig. 3 (left).  Spectral results of 
kaolinite-Kilauea SiOH mixtures.  
Vertical lines from left to right 
show the position of the 2.17 and 
2.21 µm doublet and the maximum 
inflection point of pure kaolinite. 

 
 

 
Fig. 4 (right).  Comparison of 
montmorillonite-obsidian mixtures 
with CRISM observations from 
image FRT0000848D, labeled a-c.  
Vertical lines show the center of 
the 2.21 µm feature and the maxi-
mum inflection point in the CRISM 
observations.  Note how well 
CRISM spectra a and b match the 
spectrum of 20% montmorillonite longwards of 2.21 µm. 

 
 

Fig. 5 (left).  Comparison of kao-
linite-SiOH mixtures with CRISM 
observations from images 
FRT0000848D, labeled d and e, 
and HRL000043EC, labeled a and 
b.  Vertical lines from left to right 
show the position of the 2.17 and 
2.21 µm doublet and the maximum 
inflection point of the CRISM 
observations.  None of the mixtures 
match the CRISM observations. 

 

 
 
 

Fig. 6 (right).  Comparison of kao-
linite-montmorillonite mixtures 
with the same CRISM observations 
as in fig. 5.  Vertical lines from left 
to right show the position of the 
2.17 and 2.21 µm doublet and the 
maximum inflection point of the 
CRISM observations. 
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Introduction:  Mars’ crust in the southern hemi-

sphere is mainly composed of basalt-like rocks. The 
discovery of nontronite in Syrtis Major, Nili Fossae 
and Mawrth Vallis regions [1] has been attributed to 
long-term contact of these rocks with liquid water. The 
conditions in which nontronite has been formed at the 
surface of Mars were discussed assuming a low-
temperature alteration process [2]. However, the ques-
tion is: do clay minerals in basaltic rocks form exclu-
sively through alteration? To address this question we 
studied terrestrial analogues in order to compare the 
petrography, mineralogy and geochemistry of clay 
minerals formed in altered glassy chilled or brecciated 
margins with those composing the mesostasis in the 
massive inner crystallized parts of three basalt-
hawaiite bodies from  Mururoa atoll (French Polyne-
sia). 

Analytical methods: X-ray diffraction (XRD) has 
been performed from randomly oriented powders and 
oriented preparations using a Philips PW 1730 diffrac-
tometer (Cu Kα radiation, 40 kV, 40 mA), equipped 
with a stepping motor drive (SOCABIM DACO sys-
tem) and a KEVEX solid state detector. A JEOL 6400 
scanning electron microscope (SEM) equipped with a 
KEVEX energy dispersive X-ray fluorescence analysis 
system (Si-Li diode – EDS) was used. Observations 
were performed both in the secondary (SE) and back-
scattered electron (BSE) modes on small slabs of rocks 
(several mm3) and petrographical thin sections previ-
ously coated with carbon.  
  Electron microprobe analyses were performed 
using a CAMECA SX50 electron microprobe 
(CAMPARIS service, Paris VI) equipped with wave-
length dispersive spectrometers (4 nA, 15 kV, spot size 
4µm, counting time 10s per element. The quantitative 
analyses have been obtained by comparison with natu-
ral silicate standards using a CAMECA PAP matrix 
correction. 

The chemical analyses of the bulk rocks and 
the clay fractions were performed from <5µm and <0.2 
µm powders respectively at the Service d’Analyse des 
Roches et des Minéraux (SARM), Nancy France 
(http://www.crpg.cnrs-nancy.fr/SARM/). Major ele-
ments and Rare Earth Elements (REE) were analyzed 
using atomic absorption spectrometry (AA),  ICP-AES 
and ICP-MS respectively. Stable and radiogenic iso-
topes (O, Sr, Rb) were analyzed using mass spec-
trometry. The loss on ignition (LOI) was measured 

using a Netzsch apparatus for simultaneous thermal 
analyses (STA 409 EP). 

Results:  The clay minerals form polyphased as-
semblages either in the veins crosscutting the glassy 
chilled margins or in the mesostasis. All assemblages 
are composed of di- and trioctahedral phases which are 
formed of expandable (nontronite, saponite types) and 
non expandable layers (chlorite, celadonite types) ei-
ther in discrete phases or interstratified in mixed lay-
ered minerals. These assemblages are different from 
that formed in hydrothermal systems or low grade 
metamorphic conditions which are characterized by 
the  saponite → randomly ordered chlorite/smectite 
mixed layered minerals → corrensite → chlorite se-
quence (no plagioclase albitisation; no corrensite). 
Nontronite is systematically present. It is high-charge 
in the massive inner crystallized part. 

Clay minerals formed in the chilled margins 
and the massive crystallized inner parts of three basalt-
hawaiite bodies of  Mururoa atoll (French Polynesia) 
exhibit contrasted textures. Glass alteration textures 
are observed around fractures crosscutting the 
quenched margins: Fe-rich clays grow inward the glass 
(retreating surface on which Ti-oxides accumulate) 
while Mg-rich ones grow outward (Fig. 1).  

 
Figure 1: Submarine flow. BSE picture of  the chilled 
margin. 

 
The textures of clay deposits filling the dikty-

taxitic voids (mesostasis) in the massive inner parts of 
the three volcanic bodies are different: non-oriented 
clay matrix (submarine flow) embedding euhedral apa-
tite and pyroxene microcrysts; palissadic clays (subae-
rial flow) coating the void walls and the crystal sur-
faces of apatite and K-feldspar microcrysts. In the 

Altered glass 

Non-altered glass 

Ti-oxides 

Fe-rich clays 
Mg-rich clays 

10 µm 

51Workshop on Martian Phyllosilicates:  Recorders of Aqueous Processes?



dyke, the central part of the void remain empty (Fig. 
2A). Clay muffs (dyke) cover all the apatite needles 
(Fig. 2B),.  

The non-oriented texture could result from the 
alteration of a glass precursor concomitantly to the 
olivine phenocrysts (clay pseudomorphs). The palis-
sadic and muff textures form through heterogeneous 
nucleation on the solid surfaces and crystal growth 
from a saline solution. No glass precursor has existed 
before. The centre of the diktytaxitic voids in the dyke 
being empty, it is probable that the residual liquid was 
boiling. 

 

 
Figure 2: Dyke. A) BSE picture of small sized dikty-
taxitic voids. B) SE picture showing nontronite-like 
muffs coating apatite needles in a micro-geoda. 

The amounts of LREE, Sr and the most in-
compatible elements are systematically higher in clays 
from diktytaxitic voids relatively to that formed in the 
altered glass of the chilled margins (Fig. 3). Thus, dik-
tytaxitic clays formed from a residual liquid which 
gave either a glass or a saline solution after cooling 
(fractionation process). On the contrary, clays in 
quenched margins result from glass-solution interac-
tions (alteration process). The δ18O variation versus 
LOI indicates that sea water was involved either in 
rock alteration or magma contamination (Fig. 4). This 

is confirmed by the 87Rb/86Sr ratio of bulk rocks and 
clay fractions from the quenched and massive inner 
parts of the three volcanic bodies which do not fit with 
the 11.5 Ma isochron indicating that the Rb-Sr system 
was never closed during the magmatic history. 
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Figure 3: REE amounts normalized to the parent rock 
composition of the < 2µm fraction of the chilled mar-
gins (black diamonds) and the massive inner parts 
(square) of the three volcanic bodies. Grey zone: ex-
perimental error domain for the bulk rock composition.  
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Figure 4: Relation between the loss on ignition (LOI) 
and 18O/16O isotopic ratio of the clay fractions . 
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WHICH CLAYS ARE REALLY PRESENT ON MARS AND HOW DID THEY FORM?  R. E. Milliken1, Jet 
Propulsion Lab, Caltech, 4800 Oak Grove Dr. Pasadena, CA, 91109   ralph.milliken@jpl.nasa.gov  

 
Introduction:  The vast amount of spectral infor-

mation regarding the composition of Mars returned by 
the OMEGA (Mars Express) and CRISM (MRO) visi-
ble-near infrared spectrometers has revolutionized our 
understanding of water-rock interactions on the red 
planet. The detection of regional phyllosilicate deposits 
[1] and numerous smaller phyllosilicate deposits scat-
tered throughout the ancient crust [2] imply that water-
rock interaction was spatially extensive during the 
early history of Mars. To date, researchers have identi-
fied deposits of smectites, kaolin group minerals, chlo-
rites, and illite/mica [1, 2]. Though distinguishing be-
tween these major types of phyllosilicates is relatively 
straightforward, distinguishing between types within 
these groups can be more difficult. In addition, there 
are certain cases in which smectites or chlorites may be 
confused with other types of clay minerals. Finally, 
though many clay minerals can form in a variety of 
environments and are subject to aqueous and eolian 
transport, the accurate identification of certain types of 
clay minerals can be indicative of local geochemical 
conditions. These distinctions are crucial when inter-
preting the mineralogy of a given location to determine 
if it is suitable to address the science goals of future 
landers or rovers such as NASA’s Mars Science Labo-
ratory and ESA’s ExoMars. 

 
 Martian Spectra of Clays: Phyllosilicates (clay 

minerals) have been identified on Mars primarily by 
the presence of metal-OH absorptions centered at 
wavelengths between ~2.2 – 2.4 µm, where the metal is 
usually Al, Fe, and/or Mg. Generally speaking, Al-OH 
features in smectites occur at shorter wavelengths (~2.2 
µm), followed by Fe-OH bands at longer wavelengths 
(~2.28 µm), followed by Mg-OH (~2.31 µm). Cation 
substitution in smectites often give rise to multiple 
bands or shoulders in this region, though they are usu-
ally distinguishable from other clay mineral groups by 
the overall shape and width of these absorptions (Fig-
ure 1). Kaolin group minerals (e.g. kaolinite, halloy-
site) exhibit a clear doublet near ~2.2 µm and near ~1.4 
µm that make them distinct from smectites. Similarly, 
chlorites exhibit bands that are wider and at longer 
wavelengths than smectites (~2.35 µm; Figure 1). Most 
serpentines exhibit diagnostic absorptions at ~1.4 µm 
and ~2.32 µm, though to date no serpentines have been 
unambiguously identified on Mars from orbit. 

It is important to note that regions believed to  have 
Fe/Mg smectites exhibit clear differences in their spec-
tral properties, suggesting some may not be true smec-
tites. As shown in Figure 2, spectra suggested to be 
indicative of smectites in Mawrth Vallis, Nili Fossae, 
and Gale Crater are quite variable. Specifically, the 
type spectrum for Nili Fossae exhibits a distinct asym-
metry in the ~2.3 µm band that is not observed in true 

Fe/Mg-rich smectitites such as nontronite or saponite 
and cannot be attributed to variations in albedo, particle 
size, or hydration level [3, 4]. An alternative explana-
tion for this difference is that the Nili spectrum is in-
dicative of hisingerite, and Fe-rich phyllosilicate with a 
halloysite-like (i.e. kaolin group) structure [5]. 

Another potential source of confusion is within the 
chlorite-serpentine groups. Though spectra of most 
serpentines exhibit a distinct sharp absorption near 
~2.32 µm, some Fe-rich varieties such as greenalite 
exhibit a broader absorption [6] that may be confused 
with some chlorites at the signal to noise and spectral 
resolution of instruments such as OMEGA and CRISM 
(Figure 3). The presence of greenalite on Mars would 
be of interest because it can occur as an early diage-
netic phase and is commonly formed under reducing 
conditions. Similarly, laboratory experiments have also 
shown that the formation of Fe-rich smectites and chlo-
rites under low temperature conditions requires initially 
reducing conditions [7]. Therefore, the identification of 
Fe-rich clays formed under surface conditions on Mars 
would imply moderate pH levels and reducing condi-
tions, factors that are favorable for life. 

A third potential ambiguity in the identification of 
specific clay minerals is between saponite (Mg-rich 
smectite) and the fibrous clay sepiolite (also Mg-rich). 
The latter is commonly formed in saline lakes and, if 
found on Mars, could be diagnostic of clays precipi-
tated in situ in standing bodies of water instead of clays 

transported as the suspended load to their current loca-
tion. As an example, the detection of sepiolite in the 
Eberswalde or Jezero deltas would represent a mineral 
detection consistent with the morphology for standing 
bodies of water. Unfortunately, it may be quite difficult 
to distinguish between saponite and sepiolite with the 
resolution of OMEGA and CRISM, thus the identifica-
tion of clays precipitated in saline lakes will likely con-
tinue to be speculative. In fact, spectra of clays in the 
Eberswalde delta exhibit similar asymmetric features 
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as those in Nili, suggesting they may be detrital clays 
transported from the outcrops in the surrounding crater 
walls and rim. 

 
Figure 2. CRISM ratio from Nili Fossae. The asymmetry of 
the Fe/Mg-OH band at ~2.3 µm is more similar to hisingerite 
than similar bands in smectites. 

 
Formation Environments of Clays:     On Earth, 

the majority of clay minerals form as weathering prod-
ucts of the continental crust, which has a granitic bulk 
composition. Mars, on the other hand, is dominated by 
a basaltic crust and presumably decreasing levels of 
water-rock interaction through time. Plate tectonics, 
subsidence, and the presence of oceans result in large 
scale sedimentary sinks on Earth, whereas craters and 
large canyon systems (e.g. Valles Marineris) act as the 
primary sediment sinks on Mars. Most of the clay de-
posits on Mars are found within the ancient Noachian 
cratered terrain, suggesting they formed early in the 
history of Mars, though some are associated with Hes-
perian-aged sedimentary deposits. These younger clay 
deposits are often associated with fluvial systems and 
their spectra do not exhibit evidence of leaching by 
acidic fluids. This suggests that local geochemical con-
ditions were quite variable during the Hesperian and 
that not all regions were altered by acidic fluids, even 
though it is known that large sulfate deposits were also 
formed during this period [8]. 

Though the martian surface exhibits clear geomor-
phic evidence of fluid flow (valley networks, channels, 
etc.), it is yet unclear if the clays formed primiarly on 
the surface (e.g. weathering) or in the subsurface (e.g. 
hydrothermal). Therefore, the primary mechanism of 
clay formation may be significantly different on Mars 
than Earth. The majority of clays discovered on Mars 
fall within the Fe/Mg-rich group, suggesting that 
chemical alteration and continuous leaching by fluids 
was not significant enough on a global scale to produce 
late stage Al-rich phases such as kaolinite and gibbsite. 
Extensive montmorillonite deposits in the Mawrth 
Vallis region are one of several exceptions and have 
been interpreted as altered volcanic ash deposits [9]. 

The presence of numerous Fe/Mg-rich chlorite deposits 
throughout the southern highlands suggest that physi-
cal, not chemical, weathering has dominated these re-
gions since these clays were exposed. 

The effects of subsidence, burial, and diagenesis on 
clay mineralogy have been studied extensively on 
Earth, but their Martian counterparts and implications 
for fluid chemistry have yet to be examined in detail 
for Mars. Burial and diagnesis of smectite commonly 
produces interlayered illite-smectite and ultimately 
illite. However, this requires substitution of K or an 
equivalent cation into the structure, and the relatively 
low abundance of K on Mars suggests that smectite 
may not readily convert to illite. Instead, the Fe/Mg-
rich smectites may convert to inerlayered chlorite-
smectite, possibly explaining the presence of Fe/Mg 
chlorite at depth in the sourthern highlands [2]. Alter-
natively, these chlorite deposits may have formed in 
the subsurface via hydrothermal processes. 

Conclusions:     In summary, though the detection 
of clay minerals on Mars appears to be unambiguous, 
the identification of specific clay minerals and their  
chemistry must be approached with caution. Clay min-
erals can form in a wide variety of environments and 
by a variety or processes, thus great care must be taken 
when interpreting a formation process based on a min-
eral identification. Local geology, morphology, zona-
tion of minerals, and identifying mineral assemblages 
are important factors when attempting to distinguish 
whether or not individual clay deposits are detrital, 
formed in situ, or representative of diagnetic or hy-
rothermal processes. Constraining these possibilities 
will be critical for evaluating sites of potential habita-
bility for future Mars missions. 

 
Figure 3. Example of a possible chlorite deposit in the walls 
of Juventae Chasma. Alternatively, this material could be the 
Fe-rich serpentine greenalite or a mixture of the two. Not all 
spectral features in the CRISM ratio match a single chlorite 
spectrum, such as the hydration feature at ~1.9 µm. 
 
References:    [1] Poulet, F. et al. (2005), Nature, 438; [2] 
Mustard, J. et al. (2008), Nature, 454 ; [3] Milliken, R. and J. 
Mustard, (2007a), Icarus, 189; [4] Milliken, R. and J. Mus-
tard (2007b), Icarus, 189; [5] Eggleton, R. and D. Tilley 
(1998), Clay Clay Min., 46; [6] Calvin, W. and T. King 
(1997), Met. Plan. Sci., 32; [7] Harder, H. (1978), Clay Clay 
Min., 26; [8] Bibring et al. (2006), Science, 312; [9] Bishop 
et al. (2008), Science, in press. 
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VISIBLE AND NEAR-IR SPECTRA FOR AQUEOUS ALTERATION PRODUCTS (PALAGONITE, 
PHYLLOSILICATES, SULFATES) OF BASALTIC TEPHRA ON MAUNA KEA VOLCANO, HAWAII. 
R. V. Morris1, V. E. Hamilton2, J. E. Gruener1, D. W. Ming1, and S. Mertzman3. 1NASA Johnson Space Center, 
Houston, TX 77058 richard.v.morris@nasa.gov; 2SRI, Boulder, CO 80302; 3F & M College, Lancaster, PA 17604. 

 
Introduction: Mauna Kea volcano is a basaltic 

volcano that has undergone a variety of aqueous altera-
tion process that are also plausible for the Martian sur-
face. The processes on Mauna Kea include low-
temperature alteration (phyllosilicate-free palagonite 
alteration product) and hydrothermal alteration under 
near-neutral (phyllosilicate alteration products) and 
acid-sulfate conditions (jarosite, alunite, hematite 
spherules, and phyllosilicate alteration products) [e.g., 
1,2,3]. Here, we summarize [3] and focus on the spec-
tral region between 1.7 and 2.5 µm where spectral fea-
tures resulting from H2O and M-OH occur in order to 
determine the strength of the spectral signatures of the 
alteration products and relate those signatures to spe-
cific alteration products. 

 
Discussion: Reflectance spectra between 1.7 and 

2.5 µm for unaltered tephra (513B), palagonitic tephra 
(600C and 530C), phyllosilicate-bearing tephra formed 
under hydrothermal conditions (911C, 741C, and 
742C), and sulfate-bearing (jarosite or alunite) tephra 
formed under acid-sulfate, hydrothermal conditions are 
shown in Fig. 1 [after 3]. The spectral feature near 1.9 
µm results from combination and overtone bands of 
the fundamental vibrations of the H2O molecule. The 
spectral features between ~2.0 and 2.5 µm result from 
OH stretch and (Al, Fe)-OH combination bands. All 
altered tephra samples have spectral features associ-
ated with H2O and (Al, Fe)-OH. 

Palagonitic tephra (Fig. 1b) have a broad 1.9 µm 
band from adsorbed and/or trapped H2O and an asym-
metric feature from (Al,Si,Fe,Mg)-OH. The band edge 
at 2.21 µm corresponds to the onset of absorption by 
Al-OH. The phyllosilicate bearing samples (Fig. 1c) 
have shaper (Al, Fe)-OH features, resulting from well-
defined (relative to palagonite) cation sites. Sample 
742C is dominated by Al-OH (2.21 µm), indicating 
montmorillionite. Samples 911C and 741C, with 
stronger bands near 2.24 and 2.30 µm from (Al, 
Fe)-OH, have aluminous nontronite. The spectral sig-
natures of alunite (1.77 and 2.18 µm) and jarosite 
(1.85 and 2.27 µm) are clearly evident in 740C and 
508C and in 515C, respectively (Fig. 1d). 

These results show that aqueous process on Mauna 
Kea produce a variety of alteration products that de-
pend on formation conditions and that can be identi-
fied in VNIR spectra. This information can be used to 
constrain formation processes of phases identified in 
Martian VNIR data obtained by CRISM and OMEGA. 
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57Fe MÖSSBAUER SPECTROSCOPY: A TOOL FOR THE REMOTE CHARACTERIZATION OF 
PHYLLOSILICATES? E. Murad, D-95615 Marktredwitz, Germany (emurad@yahoo.com) 

 
Introduction: The earliest Mössbauer study of 

phyllosilicates dates back to 1962, when Pollak et al. 
[1] published Mössbauer data on several biotites. 
Some years later Malden and Meads [2] carried out a 
detailed Mössbauer study of a commercial kaolin. By 
removing associated mica, these authors arrived at a 
set of “true” parameters for the pure clay-sized 
phyllosilicate kaolinite. Since then a plethora of papers 
on phyllosilicates has been published. The Mössbauer 
Minerals Handbook [3] lists 111 papers that make 
reference to biotite, 26 papers that refer to muscovite 
and 11 references to kaolinite. 

All phyllosilicates have the common structural 
features of continuous two-dimensional tetrahedral 
(Si,Al)O4 sheets which are liked to (Al,Mg)(O,OH)6 
octahedral sheets. Different linkages of the sheets to 
layers give rise to an assortment of structures. Fig. 1 
shows two common layers: a 1:1 layer that is, for 
example, observed in kaolinite, and a 2:1 layer that is 
developed in micas. 

Fig. 1. Common phyllosilicate structures: 1:1 layer 
(top) and 2:1 layer (bottom). 

 
Numerous other cations can replace Al and Mg in 

the octahedra, and Al often replaces part of the Si in 
the tetrahedra. Fe can enter into the octahedra both as 
Fe2+ and Fe3+ and to a lesser extent into the tetrahedra 
as Fe3+. 

Problems: The structural similarity of the 

phyllosilicates makes a distinction of individual 
species by Mössbauer spectroscopy difficult (and in 
many cases impossible), because the Fe atoms “sense” 
predominantly the immediate (tetrahedral or 
octahedral) environment. Mössbauer parameters of 
phyllosilicates therefore reflect the local Fe symmetry, 
and in general allow a distinction of Fe2+ or Fe3+ in 
more or less moderately distorted octahedral or 
tetrahedral environments. 

The isomorphous substitution of cations in the 
octahedra and tetrahedra leads to variations in the 
environments of the resonant (Fe) atoms, causing the 
Mössbauer parameters of phyllosilicates to be often 
“smeared out”. When studying specific clay-sized 
phyllosilicates (“clay minerals” sensu stricto), the 
problem of purity may also arise, because these 
minerals more often than not occur in close association 
with other minerals that can falsify both the bulk 
chemistry and physical properties. This problem is 
particularly serious when phyllosilicates are associated 
with paramagnetic or superparamagnetic Fe3+ oxides, 
because these have Mössbauer parameters that 
resemble those of Fe3+ in many phyllosilicates. The use 
of chemical treatments to remove such Fe oxides 
involves manipulations that will hardly be feasible on 
unmanned missions. 

Applications to clay minerals: as indicated above, 
57Fe Mössbauer parameters reflect the local Fe 
symmetry. This is straightforward in the case of 
octahedrally-coordinated Fe3+, because in this case the 
quadrupole splitting (Δ) is directly proportional to the 
site distortion. The Fe3+ quadrupole splittings of clay 
minerals thus show some subtle variations: nontronite 
has a small average Δ of ~ 0.35 mm/s [4], kaolinite has 
an intermediate average Δ of ~ 0.51 mm/s [5], whereas 
illite has somewhat higher Δ values ranging from 
~ 0.59 mm/s for Fe-rich (> 5 wt.-% Fe) illites to ~ 0.73 
mm/s for Fe-poor (<1 – ~3 wt.-% Fe) samples [6], 
reflecting increasing octahedral flattening angles. 
Fig. 2 shows typical spectra of the mentioned minerals; 
these display an increasing separation of the doublet 
lines in the sequence nontronite → kaolinite → illite. 
These differences can, however, serve for diagnostic 
purposes only when studying pure, monomineralic 
samples, and seldom when untreated natural materials 
are studied (see comment above) 

Sagging shoulders in the kaolinite spectrum in 
Fig. 2 point to a phenomenon which is common in 
Fe-poor samples (and is often mistaken for incipient 
magnetic ordering): slow paramagnetic relaxation. 
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Fig. 2. Room-temperature Mössbauer spectra of 
nontronite (top), kaolinite (center) and illite (bottom). 

 

A parameter which is readily revealed by 
Mössbauer spectroscopy is the Fe2+/Fe3+ ratio, which 
can provide important clues regarding the redox 
environment of a sample. The determination of this 
ratio by Mössbauer spectroscopy is relatively 
straightforward: thus Fig. 2 shows the illite to contain 
a minor proportion of Fe2+, indicated by a resonant line 
at ~ 2.4 mm/s. Such a line is missing in the other two 
spectra, indicating Fe in these samples to be 
exclusively trivalent. 

Applications to natural clays of complex 
mineralogy on Earth and Mars: a basic difference 
between clay minerals s.s. (clay-sized phyllosilicates) 
and Fe oxides is that almost all of the former are 
paramagnetic to ~ 10 K, whereas many Fe oxides are 
magnetically ordered at 300 K and all are magnetically 
ordered at ~ 20 K [7]. Natural clays (and sediments 
and soils) are usually more or less complex mixtures of 
clay minerals, Fe oxides, and other (Fe-bearing and 
Fe-free) minerals. Their room-temperature Mössbauer 
spectra thus generally comprise three sets of 
components: (1) Fe3+ doublets from paramagnetic clay 
minerals and other silicates, and superparamagnetic Fe 
oxides and related minerals (e.g. schwertmannite), 
(2) Fe2+ doublets that, if present, would in most cases 
originate from clay minerals, and (3) Fe3+ sextets from 
magnetically ordered Fe oxides. These features have 
been used to characterize clays from a variety of 
environments using Mössbauer spectroscopy in 
combination with other techniques such as X-ray 
diffraction, visible, infrared and Raman 
spectroscopies, selective chemical extraction 
procedures, optical and electron microscopies, and 
thermal analysis [8,9,10]. As an example, Fig. 3 shows 
how the selective removal of Fe oxides affects the 

room-temperature Mössbauer spectrum of a bauxite. 
This treatment not only allows a better characterization 
of the paramagnetic components (residual minerals, 
some or all of which could contribute to the Fe3+ 
doublet, have been identified by X ray diffraction as 
boehmite, kaolinite, anatase and crandallite), but also 
shows the residual hematite to be identical to that 
which has been extracted [11]. 

Fig. 3. Mössbauer spectra of a bauxite before (top) 
and after extraction with Na dithionite (bottom). 

 

A constraint on remote work, e.g. on Mars, is that 
only minimal sample manipulation will be possible. 
Although Mössbauer work has been instrumental in 
identifying a variety of Fe oxides on Mars [12,13,14], 
a combination of various techniques including 
Mössbauer spectroscopy holds promise for a more 
comprehensive characterization of clay mineralogy 
than Mössbauer spectroscopy alone [15,16]. 

References: [1] Pollak et al (1962) phys. stat. sol., 
2, 1653, [2] Malden P.J. and Meads R.E. (1967) 
Nature, 215, 844, [3] Stevens J.G. et al. (1988) 
Mössbauer Mineral Handbook, MEDC, Asheville, 
N.C., [4] Cardile C.M. & Johnston J.H. (1985) Clays 
Clay Min., 33, 295, [5] Murad E. & Wagner U. (1991) 
N. Jb. Min. Abh., 162, 281, [6] Murad E. & Wagner U. 
(1994) Clay Min., 29, 1, [7] Murad E. & Cashion J. 
(2004) Mössbauer Spectroscopy of Environmental 
Materials, Springer, [8] Murad E. & Wagner U. 
(1989) Hyp. Int., 45, 161, [9] Murad E. and Rojík P. 
(2005) Clay Min., 40, 427, [10] Bishop J.L. et al. (2007) 
Clays Clay Min., 55, 1, [11] Murad E. (200x) Min Eng., 
18, 984, [12] Klingelhöfer G. et al. (2005) Hyp. Int., 166, 
549, [13], Morris R.V. et al. (2006) JGR, 111, E02S13, 
[14], Ming D.W. et al. (2006) JGR, 111, E02S12, [15] 
Bishop J.L. et al. (2004) IJA, 3, 275, [16] Lane M.D. et 
al. (2004) GRL, 31, L17902. 
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An Overview of Classes of Martian Phyllosilicate Deposits from Orbital Remote Sensing.  S. Murchie
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Summary: The occurrence, types, and geologic set-

tings of aqueous minerals have been investigated by the 
Mars-orbital spectral mapping instruments TES, 
THEMIS, OMEGA, and CRISM using an increasingly 
expanded wavelength range and higher spatial resolu-
tion. Each has complemented previous investigations 
by re-imaging sites having spectral evidence for aque-
ous minerals, except using broader wavelength cover-
age and/or higher resolution. MRO's contribution is 
centered on the 20 m/pixel spatial resolution offered by 
CRISM, and 30 cm/pixel resolution of HiRISE images 
that typically are coordinated with CRISM observa-
tions. In conjunction with earlier data, these new meas-
urements indicate at least five different classes of de-
posits containing phyllosilicates and related hydrated 
silica, each with a distinct combination of spectral sig-
natures and morphological features. These deposits may 
represent depositional environments recording different 
phases of the history of water on Mars, and their future 
investigation promises significant new insights in Mars' 
hydrologic evolution. 

Layered Phyllosilicates. The phyllosilicates de-
tected by OMEGA at Nili Fossae and Mawrth Vallis 
[1], when observed at high spatial resolution, are re-
solved into layers having stratified compositions [2]. At 
Mawrth Vallis (Fig. 1) an erosion-resistant deposit typi-
cally overlies hydrated silica and Al-rich clays includ-
ing kaolinite and montmorillonite, which in turn overly 
Fe/Mg-rich clays [3]. The layering is consistent over 
hundred of kilometers inplying regional processes, and 
remnants extend over a region 700x900 km suggesting 
a formerly more extensive deposit [4]. Stratigraphically 
it is younger than Mawrth Vallis indicating a lesser age 
than previously thought [5]. Comparable layered struc-
ture is observed in phyllosilicates occuring in eastern 
Nili Fossae, where Fe/Mg-rich clays are more predomi-
nant. There are only kilometer-scale, local occurrences 
of overlying Al-rich clay [6]. Proposed origins for the 
layered phyllosilicates include alteration of volcanic 
ash, subaerial weathering of basaltic regolith, subaque-
ous sedimentation of sorted, transported clays [7], and 
hydrothermal deposition [3].  

Massive Noachian Phyllosilicates: These occur in 
ejecta, walls, and central peaks of several- to several-
tens-of-kilometer diameter craters in the highland pla-
teau (Fig. 2), in massifs of eroded highlands, and in the 
walls of Valles Marineris [2]. A variety of phyllosili-
cate mineral groups is indicated by their spectral signa-
tures, with chlorite and saponite dominating in contrast 
to the smectite and kaolinite that dominate layered 
phollosilicates. Regional differences are observed in the 
relative abundance of these phases between Argyre, 
Tyrrhena Terra and western Nili Fossae, suggesting the 
occurrence of mineralogic "provinces" [8,9]. In general 
the mineralogy suggests a low level of alteration, but a 
few locations exhibiting kaolinite and muscovite may 

indicate locally higher temperatures or a more active 
hydrology to flush Fe and Mg from the rock (assuming 
basaltic parent rock). Based on CRISM global mapping 
at reduced (200 m/pixel) spatial resolution, we estimate 
that there are 5000-10,000 exposures exceeding 1 km in 
size, that occur throughout the Noachian highlands 
where tens-of-kilometers diameter craters and escarp-
ments provide "windows" relatively free of eolian 
sediment through Hesperian and upper Noachian plains, 
to about 3-6 km depth. However larger basins such as 
Argyre that penetrate deeper expose massifs of rela-
tively unaltered mafic and ultramafic rocks [10]. These 
observations suggest that massive phyllosilicates oc-
cupy a globally extensive layer of uncertain continuity, 
emplaced at the surface or shallow depths in the early 
Noachian period. 

Phyllosilicate-containing Intracrater Fans. MRO 
observations of highland intra-crater fans [e.g. 11] have 
revealed that parts of several fans exhibit enhanced 
content of phyllosilicate (Fig. 3), most evident in 
Holden [12], Eberswalde [13], Terby [14], and Jezero 
[15]. Jezero is a type example because spectral contrast 
in the drainage basin provides a tracer for fluvial trans-
port of sediment. The phyllosilicate is concentrated in 
lower, horizontally bedded parts of the fans whose 
morphology suggest a fine-grained texture and deposi-
tion in a lacustrine environment. These lower beds are 
overlain by coarser deposits interpreted as alluvial fans. 
Spectrally, the phyllosilicate is consistent with outcrops 
of massive or layered phyllosilicate in the drainage ba-
sin, suggesting that it was fluvially transported to a del-
taic environment with minimal alteration  [15].  

Glowing Terrain. "Glowing terrain" was identified 
in THEMIS data based on thermal infrared properties 
indicating a significant content of minerals having an 
emissivity <<1.0. The geologically most reasonable 
candidate is chloride in excess of 25% mass fraction, 
consistent with the deposits' location typically in closed 
basins [16]. HiRISE images (Fig. 4) show distinct color 
properties, fine layering, and intense polygonal fractur-
ing. CRISM data reveal a disinctive near-infrared signa-
ture characterized by a weak 3-!m H2O absorption and 
a red spectral slope, properties consistent with intermix-
ture of a high-albedo anyhydrous component such as 
chloride. In addition this signature is sometimes located 
near the center of an irregular bulls-eye, surrounded by 
phyllosilicates that extend from flat areas containing the 
glowing terrain into surrounding highlands (Fig. 5).  

Hydrated Silica Deposits. CRISM data have re-
vealed the widespread occurrence of hydrated silica in 
light-toned layered deposits on the Hesperian-aged 
plains surrounding Valles Marineris (Fig. 6) [17]. The 
light-toned deposits are eroded in some places into 
yardangs, and in others display inverted channels sug-
gesting eolian erosion of fluvial deposits. Discrete lay-
ers have a broad, shallow 2.2-!m absorption distinct 
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from that in phyllosilicates, but matching hydrated sil-
ica. The shape and center of the band, and strengths and 
positions of accompanying bands at 1.4 and 1.9 !m, 
indicate a variety of forms including altered glass, opal, 
and chalcedony. Other layers exhibit absorptions due to 
Fe sulfates. The relationship of the hydrated silica to 
high-Si deposits found by MER/Spirit [18] is unknown.  

Discussion. The diversity and widespread occur-
rence of phyllosilicate and related phases suggests de-
positional environments that extend from the early 
Noachian (massive phyllosilicates) through early Hes-
perian (layered phyllosilicates and hydrated silica) peri-
ods. Key questions to develop a more compete under-
standing of formation of these materials include: (a) 
What were the genetic mechanisms of layered phyl-
losilicates, and how were they related to those of hy-
drated silica? (b) What are the spatial extent, lateral 
continuity, and mineralogic distributions of massive 
phyllosilicates? (c) Are the massive phyllosilicates 
equivalent to layered phyllosilicates that subsequently 
were buried and further altered into different phases, or 
did they form by distinct mechanisms such as hydro-
thermal alteration driven by radiogenic or impact heat? 
(d) What is the relationship of phyllosilicate-containing 
fans and glowing terrain with associated phyllosili-
cates? Do they represent a continuum of lacustrine en-

vironments with different proportions of evaporite and 
clastic sediments, or were they formed by distinct proc-
esses? As the MRO mission continues, the targeting 
strategy for new observations is incorporating the dis-
coveries outlined above, to test these hypotheses with 
newly acquired data. 
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Fig. 1. HiRISE image of Noachian 
layered clays (type location, Mawrth 
Vallis). The light-colored materials 
are clay-bearing. 

Fig. 2. CRISM image of massive phyl-
losilicate (in blue) excavated and ex-
posed in a crater wall (type location, 
Tyrrehena Terra).  

Fig. 3. CRISM IR false color image of 
intra-crater fan. Green material in the 
base of the fan is phyllosilicate-
bearing (type location, Jezero crater). 

 

 

  
Fig. 4. HiRISE image of the polygo-
nally fractured surface of glowing 
terrain. Thermal IR properties are 
consistent with a high chloride con-
tent (type location, Terra Sirenum). 

Fig. 5. CRISM spectral map of glow-
ing terrain draped over MOLA topog-
raphy with 5x vertical exaggeration. 
Blue areas are glowing terrain, and 
red areas contain Fe-Mg phyllosili-
cates. 

Fig. 6. CRISM IR false color image of 
thin, light-toned layered deposits on 
the plateau around Valles Marineris. 
Discrete layers (having a bluish color) 
contain hydrated silica and jarosite 
(type location, Sinai Planum). 
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Introduction: Phyllosilicate minerals were first defini-

tively identified on Mars from orbit by the OMEGA 

(Observatoire pour la Mineralogie, L’Eau, les Glaces 

et l’Activitié) instrument on board Mars Express [1, 2]. 

Global mapping showed that sheet silicates are wide-

spread but largely found in terrains of Noachian age. 

Phyllosilicate formation requires moderate to high pH 

and high water activity [3]. A major hypothesis pre-

sented by Bibring et al. [4] is that the conditions neces-

sary for phyllosilicate formation were specific to the 

Noachian, the earliest era in Mars’ history. 

High spatial resolution, precision pointing, and 

nested observations by the Context Imager (CTX), 

Compact Reconnaissance Imaging Spectrometer for 

Mars (CRISM), and the High Resolution Imaging Sci-

ence Experiment (HiRISE)) on the Mars Reconnais-

sance Orbiter (MRO) provide enhanced capabilities to 

analyze surface mineralogy across the planet and de-

termine the nature and geologic setting of phyllosili-

cate deposits. Analysis of the diversity of phyllosili-

cates, associated hydrated minerals, and their geologic 

setting based on integrated OMEGA-CRISM-MRO 

analysis are described here.  

Mineralogy of Crustal Phyllosilicate Terrains:  

Particular phyllosilicate minerals can be identified 

based on the cation-OH pairing, which can be distin-

guished using infrared spectroscopy though more work 

is needed to increase the fidelity of some identifica-

tions, particularly for Fe/Mg phyllosilicates [5]. Two 

principal classes of phyllosilicate minerals exist on the 

Mars surface: Al-phyllosilicates and, the more com-

mon and spatially dominant, Fe/Mg-phyllo-silicates. 

OMEGA identified the smectites nontronite (Fe-rich), 

saponite (Mg-rich), and montmorillonite (Al-rich), 

along with the Fe-rich chlorite chamosite [2]. The in-

creased spatial and spectral resolution of CRISM has 

revealed an increased diversity of phyllosilicate miner-

als: kaolinite (Al-rich), illite or muscovite (K-rich), and 

Mg-rich chlorites.  

CRISM data also show regions with phyllosilicate 

–bearing units typically have additional alteration min-

erals. Hydrated silicates such as opal, altered glass, and 

zeolite, specifically analcime, have also been mapped 

by CRISM associated with phyllosilicate bearing ter-

rains [6]. Iron oxides are also present [7, 8]. Sulfates 

for the most part are absent though a few areas of 

alunite in association with Al-smectite clays have been 

found. Importantly, while prehnite has tentatively been 

observed in a few locations, minerals and assemblages 

indicative of metamorphism at elevated P/T conditions 

(T>300 C) such as pumpellyite, epidote, actinolite, and 

talc are not found. 

A new class of hydrated silicate has been identi-

fied with CRISM data [9]. This is characterized by 

absorption near 2.2 !m and commonly has associated 

1.4 and 1.9 !m bands. This 2.20-2.25 !m band is dis-

tinct from that observed with Al-OH phyllosilicates 

such as montmorillonite in that the absorption is 

broader and centered at longer wavelengths. These 

spectral characteristics are consistent with hydrated 

silica glasses such as opal or volcanic glass. 

The lack of definitive high-temperature mineral 

assemblages is a highly significant finding and leads to 

three possible environments of formation: low tem-

perature hydrothermal alteration in the crust; near-

surface/shallow crustal alteration in connection with a 

hydrologic system; surface weathering in a pedogenic 

environment. A final possibility is that high-

temperature assemblages may have been formed but 

have been altered to low temperature assemblages in 

the presence of water over the course of Mars history. 

Stratigraphic settings and Environment: In the 

Murchie et al. [10] analysis of martian environments 

that host hydrated minerals there are three that focused 

on phyllosilicate-bearing systems: Massive deposits in 

crustal settings (e.g. Nili Fossae), layered terrains (e.g. 

Mawrth Valles), and intricate fan and fluvio-lacustrine 

units (e.g. Jezero Crater).  We structure this abstract 

around these three. 

 CRISM has identified phyllosilicate and other 

hydrated silicates in the intracrater fan and fluvio-

lacustrine layered deposits in Holden [11], Eberswalde, 

Jezero, and Gale craters. Some of these deposits are 

clearly fluvio-lacustrine in origin (e.g. Jezero [12] 

while others are less clear and may contain significant 

sequences of eolian sediments (e.g. Gale). These de-

posits often show phyllosilicates to be present in the 

source regions for the sediments, leading to the hy-

pothesis that much, if not all, of the phyllosilicates in 

these deposits have been transported to the site of 

deposition.  More observations and analyses are 

needed to resolve the origin and significance of the 

phyllosilicate in these regions. 

The layered terrains in Mawrth Valles show spec-

tacular deposits of Al and Fe/Mg phyllosilicates in 

distinct stratigraphic sequences (e.g. [13. 14. 15. 16]). 

The strong association of phyllosilicate mineralogy to 

specific layers over a large region (>10
5
 km

2
) indicates 
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regional alteration processes of deposition of sedi-

ments from source regions alternately rich in Al then 

Fe/Mg phyllosilicate. In Nili Fossae, laminated and 

layered phyllosilicate-bearing units are observed in 

exposures of Noachian basement [17, 18].  However, 

this region lacks the distinct Al-Fe/Mg phyllosilicate 

associations among stratigraphic units and coherent 

units are not as traceable over extensive regions. This 

suggests a complex evolution of the Noachian crust 

forming the layered units over an extended period. 

Massive phyllosilicate deposits are observed in 

Noachian basement outcrops near Nili Fossae. They 

are in direct contact with Noachian-aged olivine-

bearing units and establish unequivocal evidence for 

Noachian formation. Throughout the southern high-

lands, phyllosilicate-bearing outcrops are observed 

exposed by erosion and impact craters [18]. They are 

found in ejecta, walls, floors and central peaks of im-

pact  craters. If formed as a consequence of the impact 

process (e.g. [19]), the deposits would be expected in 

distinct settings such as along fractures or in floor de-

posits, and T/P conditions of these environments 

would results in specific mineralogy assemblages. The 

ubiquity and uniformity of mineralogy in all elements 

of the crater deposits argues for the alteration minerals 

to be present at the time of impact.  

Phyllosilicate mineralogy is surprisingly uniform 

across Mars and apparently with depth [2, 18]. Central 

peaks in craters as large as 70 km and exposures of 

phyllosilicate-bearing outcrops near the base of Valles 

Marineris contain comparable mineral assemblages to 

those in Mawrth Valles and Nili Fossae [18]. Mineral 

assemblages expected for high temperature environ-

ments (e.g. prehnite, actinolite, talc) are not observed. 

This indicates that either the environment of phyllosili-

cate formation was uniform over the upper 5-10 km 

(e.g. [20]) of the crust, or mixing of basin ejecta incor-

porated minerals formed in the near surface to depth. 

More work is needed with the high-resolution CRISM 

observations to determine if there is a change in phyl-

losilicate mineralogy with depth.  

While the phyllosilicate mineralogy is uniform on 

the broad scale, there are nevertheless distinct regional 

variations that may indicate specific processes or envi-

ronments. The phyllosilicate-bearing outcrops sur-

rounding the northern portions of the Argyre Basin 

[21] are uniformly chlorite-rich. In the highlands north 

of Syrtis Major there are three distinct phyllosilicate 

assemblages that define provinces [6]. Of note, the 

eastern province has Noachian basement rich in Fe/Mg 

smectite overlain by regionally extensive but thin and 

discontinuous kaolinite and carbonate-bearing units. 

The latter indicates a possible near-surface alteration 

environment fostered by Late Noachian to Early Hes-

perian hydrologic processes.  

Discussion: Orbital data show a wide range of 

sheet silicates that occur in diverse geologic settings. 

However, there is an apparent lack of minerals formed 

in high temperature environments such as would be 

expected in some diagenetic, metamorphic, or hydro-

thermal settings expected on Mars. Exposure of phyl-

losilicate by impact craters and in the walls of Valles 

Marineris traverse a large range of apparent crustal 

depths (5-10 km), yet show a limited range of phyl-

losilicate variability.  Does this indicate a limited range 

of temperature environments at the time of formation 

or processes that might have homogenized the mineral 

compositions with time? 

The association of the phyllosilicate minerals with 

Noachian-aged terrains does not require Noachian age 

of formation and more work is needed to stratigraphi-

cally date these deposits. Specifically, the nature of the 

contact with overlying units (unconformable vs. grada-

tional) and the stratigraphy of phyllosilicate-bearing 

units with respect to unaltered mafic units will be as-

sessed using combined CRISM-CTX-HiRISE observa-

tions. In the regions where this has been investigated to 

date, however, there is little to no evidence for phyl-

losilicate alteration of Hesperian-aged units, though 

precipitates of hydrous silicates have been observed in 

Hesperian units [Milliken et al., 2008]. 
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Introduction: The largest exposure of phyllosili-

cates on Mars occurs in the highland plains around 

Mawrth Vallis in western Arabia Terra.  This exposure 

is known to extend discontinuously for about 300 km 

southward from the edge of the dichotomy boundary, 

covering an area greater than 200 x 300 km over an 

elevation range of ~2000 m (e.g. [1-5]).  At least three 

different hydrated phyllosilicates, as well as examples 

of hydrated silica (e.g., opal-A, hydrated glass), have 

been identified in OMEGA and CRISM data based on 

absorption bands near 2.3 and 2.2 µm (e.g., 

[1],[5],[6]).  Detailed studies of the light-toned layered 

units present evidence for a mineralogical stratigraphy: 

the Fe/Mg phyllosilicate-bearing units are overlayed by 

the Al-phyllosilicate and hydrated silica (Al/Si-OH)-

bearing units, which are in turn overlain by a dark-

toned, spectrally unremarkable capping unit 

(e.g.,[5],[6],[7]).  Formation theories for these layered 

units include pyroclastic, sedimentary, and impact 

processes.  Hypotheses addressing the formation of the 

phyllosilicates include direct precipitation, diagenesis 

[3,5,7,9].   

Regional analysis of CRISM multi-spectral and tar-

geted (FRT, 20 m/pixel) observations reveal hydrated 

minerals with absorptions at ~2.2 or 2.3 µm in loca-

tions up to 700 km away from the borders of the previ-

ously identified extent of clay-bearing units [8, 9], sug-

gesting that the processes that formed the hydrated 

minerals at Mawrth Vallis may have been more ubiqui-

tous and therefore more representative of the geologic 

state of ancient Mars than previously realized.   

In this work, we are seek to constrain: 1) the extent 

of the clay-bearing units observed around Mawrth Val-

lis, 2) the geologic origin of the dark overlying mantle, 

and 3) the genesis of the hydrated minerals that are 

observed in association with the light-toned layered 

units.  We have analyzed a selected set of FRTs cover-

ing western Arabia Terra (Fig. 1) and compared the 

mineralogy, morphology, and stratigraphy of the ter-

rains that present spectral evidence for hydrated miner-

als. 

Results:   

Morphology and stratigraphy:  Hydrated minerals 

have been identified in FRTs throughout western Ara-

bia Terra (Fig. 1).  Direct comparison between the ob-

servations of the hydrated units in the Mawrth Vallis 

region and hydrated units throughtout western Arabia 

show astounding mineralogical, morphological, and 

stratigraphic similarities among units scattered over an 

area greater than 1000x1000 km.  We distinguish four 

different types of units based on morphology and tex-

ture at HiRISE resolution (25 cm/pixel), and diagnostic 

spectral features in CRISM data (Fig. 2):  

 
Figure 1: Footprints of FRTs used in this study.  Yellow 

indicates locations where phyllosilicates were identified. 

 

1) a dark, spectrally featureless, heavily cratered, 

capping unit, which appears to have been draped onto 

the underlying topography (Fig 2, upper unit).  It sheds 

boulders and is massive in appearance at HiRISE reso-

lution.  Where possible, its thickness is measured from 

HiRISE stereo to be only a few meters in thickness.  

This unit is characterized by its resistance to erosion, 

which results in the erosional inversion of preexisting 

topography such as craters and valleys.   

2) a light-toned, cliff-forming layered unit that 

presents spectra consistent with montmorillonite, kao-

linite-group minerals, and hydrated silica (Fig 2., mid-

dle unit).  This unit is ~20-50 m thick and it underlies 

the cap unit.  This unit is not cratered, it does not shed 

boulders, and it is very finely layered at HiRISE reso-

lutions.  Incised in several locations of the unit are nar-

row meandering valleys which continue from broader 

ridges when the contact between this unit and the cap-

ping unit is crossed.   

3) a light-toned, slope-forming layered unit that 

presents spectra consistent with Fe/Mg smectites plus a 

ferrous phase (Fig 2, lower unit).  It underlies the 

Al/Si-OH unit.  This unit does not to shed boulders, is 

not cratered, and apperas layered at HiRISE resolution. 
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4) a second dark, hummock-forming unit which 

embays units 1-3.  This unit typically appears in the 

lowest-lying areas.  Careful spectral, and morphologi-

cal observations show that: a)the areas where the unit is 

thinner have the same polygonal fracturing as unit (3) 

at HiRISE scale, b) this unit embays unit (3) and some-

times unit (2); and c) the spectrum of this unit can be 

explained by a linear mixture of the spectra of units (1) 

and (3).  These observations suggest that this unit is a 

spectrally neutral, unit which was deposited after the 

formation (and subsequent erosion) of units 1-3. 

The morphology, stratigraphy, and surface texture 

of each of these units is similar to that of spectrally 

similar units throughout the region. 

Mineralogical constraints:  Analysis of the FRTs 

shows that the light-toned units have a 1.9 µm band, 

whereas the dark cap unit does not.  FRT spectra of the 

dark cap unit have a negative slope in the 1-2.6 µm 

region, and are otherwise featureless.  Spectra where a 

~1.9 µm band is identified also show absorptions near 

2.2 or 2.3 µm.  The CRISM spectra with a band at 

2.28-2.31 are consistent with the presence of Fe/Mg-

bearing smectites.  Spectra exhibiting a band near 2.21 

µm are consistent with either montmorillonites (Al-

OH), or with hydrated silica/glass or opal (Si-OH) in 

altered ash.  Montmorillonites tend to have a band cen-

ter at 2.21 µm, whereas hydrated silica and hydrated 

glass have a broader band in the range 2.18-2.26 µm 

[10,11].  Most of the spectra we observe here have 

band centers shortwards of 2.21 and widths similar to 

that of hydrated silica/glass.  This component has also 

been observed in CRISM spectra from other regions 

[12,13,14].  A doublet near 2.17 and 2.20 µm, consis-

tent with kaolinite, was identified in the spectra of sev-

eral regions.   

Discussion:   

Distribution and geologic setting of hydrate-

bearing outcrops:  Units bearing absorptions 1.4, 1.9, 

and 2.x-µm, and which are therefore interpreted as 

hydrated, have been identified over a broad 

(>1000x1000 km) spatial extent in the western Arabia 

Terra Region.  With no exception, these units are found 

in erosional windows.  They are typically capped by a 

darker-toned unit which does not present a 1.4, 1.9, or 

2.x-µm features, and is therefore interpreted not to be 

as hydrated as the underlying units.  The erosional 

windows in which these hydrate-bearing unit are found 

often occur in association with wind streaks.  In addi-

tion to exposing hydrate-bearing layered units, erosion 

of the dark-toned upper unit has resulted in the inver-

sion of topographic features that are normally found in 

negative relief.  These include features interpreted to 

be inverted craters and channels.  Observations of 

channels cut into the phyllosilicate-bearing bedrock 

suggest that the region experienced an aqueous history 

where there was enough water to erode, and therefore 

transport and subsequently deposit sediments. 

Origin of the dark-toned capping unit:  The dark 

toned-capping unit appears to be pervasive throughout 

the region, and its removal via erosion results in strati-

graphic windows in which the hydrate-bearing minerals 

are exposed.  Perhaps the most striking characteristics 

of this unit are that it is indurated and that it mantles 

pre-existing topography, suggesting that rather than 

having been emplaced via flow processes, it was em-

placed either as an air fall deposit or via subaqueous 

deposition.  Possible methods for induration include 

cementation by evaporites, sintering or welding of mol-

ten rock from volcanic or impact processes, or cemen-

tation by burial. 

Origin of hydrated minerals:  Hypotheses for the 

formation of the Fe/Mg smectites and A/Si-OH bearing 

minerals are discussed in an accompanying abstract by 

Bishop et al.  Here, we include (1) direct deposition of 

units in a lacustrine system, (2) diagenesis of primary 

minerals, (3) pedogenesis, and (4) hydrothermal altera-

tion.  Each of these hypotheses has its merits and will 

be further discussed at the workshop. 

 
Figure 3:  (B) Color composite of parameters maps for 

FRT8838, where R: D2300 (2.3 µm feature [7]), G: 

OLINDEX (ferrous index), B: BD2210 (2.21 µm feature). 
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Introduction:  Smectite minerals may be present on 

Mars [e.g. 1] and the amount of water within their struc-

tures is a sensitive recorder of their environment [2].  In 

this study, we examine the capability of the Laser-Induced 

Breakdown Spectroscopy (LIBS) technique for detecting 

hydrogen [3] in smectites. This work is especially relevant 

given that a LIBS instrument will be onboard the upcom-

ing Mars Science Laboratory (MSL) 2009 and ExoMars 

rover missions to Mars.   

Smectites are capable of adsorbing water molecules on 

grain surfaces and in the interlayer between tetrahedral-

octahedral-tetrahedral (TOT) sheets in addition to relative-

ly fixed OH content within the TOT sheets.  The amount 

of water adsorbed depends primarily on relative humidity 

(RH), interlayer cations, and layer charge [2], as well as 

temperature [4].  Experimental work and thermodynamic 

calculations [4] indicate that a Na-montmorillonite may 

adsorb up to two monolayers of water at low temperatures 

(-5°C) under high RH; additional water would be present 

as ice.  When the RH is restricted to the average partial 

pressure of water in the Martian atmosphere (1.5×10
-6

 

bar), Na-montmorillonites will likely hold less interlayer 

water [5].   

The hydration state of smectites on Mars is likely to 

vary both seasonally and diurnally.  Average RH values 

calculated for Mars by [6] reveal spatial variations as well.  

The number of water layers for a Ca-montmorillonite be-

tween 0 to 40% RH ranges from 0-2 (interstratified but 

increasing towards two layers as RH nears 40%) and up to 

three layers at RH greater than 90% [7].   

Both MSL and ExoMars will be equipped with a LIBS 

instrument that is capable of detecting hydrogen.  H peak 

heights can be used in a semi-quantitative fashion to de-

termine relative water content (assuming OH is constant).  

It may also be possible to determine water content quanti-

tatively.  This experiment is currently in progress but ini-

tial proof-of-concept results have been obtained for a Ca-

montmorillonite sample at four RH values.             

Sample Preparation:  For this pilot study, we used a 

Ca-montomorillonite #23 (Wards Sci. Est.) from Cham-

bers, AZ.  Small mineral chunks were crushed in a shatter-

box for one minute and pressed to 20 tons to form pellets.  

Natural samples were used and thus may contain small 

amounts of impurities such as quartz.  To compensate for 

any heterogeneity, multiple LIBS shots were taken and 

averaged over a line profile across the pellet (see LIBS 

Experimental Setup section).   

 Figure 1:  LIBS hydrogen peak heights (average intensity norma-

lized to total emission (TE) x 1000) for Ca-montmorillonite samples 

prepared at different RH.    

 

Experimental Setup—Relative Humidity Chambers:  

Several small chambers were built to contain samples 

where the atmosphere was held constant at various relative 

humidities using saturated salt solutions.  The following 

solutions and their corresponding RH values [8] were used 

in this experiment:  NaOH (8%), KF (31%), NaBr (58%), 

and SrCl2 (71%).  Samples were in the chambers for 48 

hours prior to being rapidly removed and placed in the 

LIBS chamber at room conditions.          

LIBS Setup:  Experiments were conducted at the Los 

Alamos National Laboratory LIBS laboratory.  The LIBS 

technique uses a Nd:YAG pulsed laser at 1064 nm to ab-

late surfaces forming a plasma of excited atoms, ions, and 

molecules.  When the excited species relax, light is emit-

ted at wavelengths characteristic to these species.  A por-

tion of this light is collected by spectrometers that detect 

the spectrum from approximately 220-325 (UV), 380-470 

(VIS), and 490-900 (VNIR) [9].  For this experiment we 

used a 25 mJ pulse at a 9 m stand-off distance.  We took 

10 shots per second with a one second exposure with five 

spectra per shot for a total of 50 shots per spot.  The five 

spectra were normalized to the total emission to compen-
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sate for variability in the LIBS procedure. The five norma-

lized spectra were then averaged for each sample in order 

to control sample heterogeneity.  This study was done 

under ambient terrestrial conditions; subsequent work will 

be conducted under Martian conditions.       

Results:  LIBS analyses indicate the presence of rela-

tively high amounts of Ca, Mg, Si, H, and O with small 

amounts of K, Na, and Fe.  This corresponds well with the 

chemical analysis of this particular clay given in [10].  

Figure 1 shows the dominant H peaks at 656.27 and 

656.29 nm (not individually resolvable).  The relative H 

peak heights correlate with increasing RH.   

Discussion:  Figure 2 presents the normalized H peak 

heights for samples prepared at different relative humidi-

ties; error bars indicate the standard deviation between 

normalized spectra.  The experiment demonstrates that the 

abundance of H in the sample does increase as the RH 

increases.  Note that the RH was not measured indepen-

dently in these syntheses nor was the amount of water in 

adsorbed into the sample.  We also note that the 8 and 

31% data points and the 58 and 71% data points are within 

error.   

Based on work by [11] and [12], a linear increase in 

water content is not expected.  Figure 3 shows a desorp-

tion isotherm for a homogenized Ca-montmorillonite from 

[11].  Measurements of water contents [e.g. 11,12] provide 

insight into the variability in water content based on inter-

layer cations and layer charge.  This underscores the need 

to have samples processed to known conditions and water 

contents measured independently for calibration against 

LIBS observations.  Future work will focus on calibrating 

H peak height with measured H content and maintaining 

controlled RH during LIBS analysis.         

Improvements for Future Experiments & Analyses:  

Subsequent iterations of this experiment will examine the 

effects of equilibration time on the LIBS spectra of smec-

tites by (a) preparing purified smectites for the experi-

ments; (b) confining pellets to RH chambers and monitor-

ing weight change to determine equilibration times; (c) 

obtaining LIBS spectra in stable RH conditions and (d) 

analyzing OH and H2O of a cross-section of the pellets 

using micro-infrared reflectance spectroscopy.   

Because LIBS is a destructive sampling technique and 

analysis requires integration of multiple shots in the same 

spot, the hydration state recorded by a particular shot is 

likely affected by prior shots.  We will investigate this 

hypothesis by examining spectra from individual shots of a 

depth profile through completely equilibrated pellets as 

determined by weight.  Additional RH values will be in-

vestigated in an attempt to relate our results to adsorp-

tion/desorption isotherms given in the literature [e.g., 

11,12].   Lastly, these experiments will be repeated in a 

Martian environment representative of both daytime and 

nighttime temperatures and pH2O.  

Figure 2:  Hydrogen peak height (average intensity normalized to 

total emission (TE) x 1000) by % relative humidity.   

 

Figure 3:  Example of a desorption isotherm for a pure Ca-

montmorillonite from [11].  p/po is equivalent to RH.   

 

Conclusions:  This proof-of-concept study has shown 

that LIBS is capable of detecting variations in the concen-

tration of water in smectites based on hydrogen signature.  

In addition to improving the experimental parameters and 

analyses and running several more iterations using various 

smectites, future work will include determining elemental 

abundance from peak heights and constraining detection 

limits and uncertainties.                   
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Introduction:. This study aims to test the spectral 

properties of potential Martian dust particles on phyl-
losilicate rocks in order to explain the visible and near-
infrared (VNIR) spectral properties observed for the 
phyllosilicate-rich terrains in the Mawrth Vallis region 
of Mars. The Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) [1] detected exposures of 
an Fe/Mg-smectite such as Mg-nontronite, hydrated 
silica, montmorillonite and kaolinite [2-4]. These stud-
ies have focused on the spectral features in the range 
1.4-2.5 m. In evaluating the extended visible region 
CRISM spectra where different clay minerals are ob-
served, we found only subtle variations in spectral 
properties attributable to Fe electronic transitions in the 
different phyllosilicate units. 

We performed experiments to test the spectral 
properties of dust on phyllosilicate rocks and the pos-
sibility that volcanic ash is only partially altered to 
phyllosilicates in the ancient rocks. One set of experi-
ments evaluates the spectral effects of deposition of 
fine-grained ferrihydrate and altered basaltic ash parti-
cles on nontronite and montmorillonite rocks. A sec-
ond experiment involves measuring the VNIR proper-
ties of chemical mixtures of partially altered volcanic 
tuff samples from a previous study [5]. Our results 
show promising similarities of CRISM spectra of 
Mawrth Vallis terrains with the laboratory spectra. 

Method: Two phyllosilicate rocks were obtained 
from the Clay Minerals Society, Source Clays Reposi-
tory: nontronite NG-1 from Hohen-Hagen, Germany, 
and the Ca-montmorillonite SAz-2 from Arizona. The 
dust particles used for these experiments include an 
altered volcanic basaltic ash is from Haleakala that was 
dry sieved to <45 μm for a previous study [7] and a 
ferrihydrite sample from Iceland [8]. 

We simulated dust deposition by sprinkling pro-
gressively increasing amounts of dust on top of the 
rocks using a spatula. We measured the spectra from 
0.3 to 2.5 μm of the rock surfaces and the rocks with 
different amounts of both ferrihydrate and Haleakala 
ash on a black Teflon dish using an ASD spectrometer 
under ambient conditions. In order to qualitatively as-
sess the amount of dust present on the rocks, we cap-
tured images of the samples with a microscope at mul-
tiple magnifications after dust deposition. 

The volcanic tuff samples were primarily com-
posed of rhyolitic glass and were exposed to hydro-
thermal alteration in the lab at temperatures ranging 
from 60 to 160 °C for up to a year [6].  VNIR and mid-
IR reflectance spectra were measured at RELAB, 

Brown University. The alteration product is a random 
mixed-layer illite-smectite (I-S) with 75% smectite.  

Results: VNIR reflectance spectra of the dust cover 
simulations are shown in Figs. 1-2.  

Montmorillonite rock: The montmorillonite spec-
trum in Fig. 1 contains features due to Al-OH at 1.41 

m (OH stretch overtone) and 2.21 m (OH 
bend+stretch combination band), interlayer and ad-
sorbed H2O near 0.9, 1.2 1.4 and 1.9 m. The altered 
volcanic ash sample from Haleakala includes related 
weak broad features near 1.93 m due to H2O and near 
2.2 m due to non-crystalline Al/Si-OH species. The 
ferrihydrate spectrum includes broad water bands near 
1.4 and 1.9 m as well as a weak ferric minimum near 
0.92 m. The main effect of Haleakala ash deposition 
is the change in curvature in the montmorillonite visi-
ble spectrum near 0.6 m and the loss of spectral con-
trast of vibrational bands in the NIR. The ferrihydrate 
deposition on the other hand primarily increases the 
spectral ratio of the montmorillonite from 0.4-0.7 m  

Nontronite rock: The spectrum of nontronite (Fig. 
2) exhibits H2O bands near 1.4 and 1.9 m. This sam-
ple and has bands due to Fe-OH at 1.42 m (OH 
stretch overtone) and 2.29 m (OH bend+stretch com-
bination band). Another Fe-OH band is present near 
2.41 m, but is weaker. The Haleakala ash mutes the 
feature near 0.53 m in the nontronite spectrum, while 
spectral contrast in the NIR is increased. The ferrihy-
drate dust experiment on nontronite behaviour seems 
consistent with the case of montmorillonite.  

Spectra of selected altered glass samples are shown 
in Fig. 3 where the illite and Al-OH smectites exhibit 
an Al-OH stretching + bending  band around 2.22 μm . 
The water band positions are typical of smectites. A 
magnified version of the visible part of the spectrum is 
also shown in Fig. 3. The main difference occurring in 
the spectra of the hydrothermally altered samples occur 
near 1 μm where the glass absorption band centered at 
1.1 μm changes shape and shifts towards 1.0 μm for 
increasing smectite content.  

Discussion: Relation to CRISM spectra. CRISM 
spectra from the Mawrth Vallis region on Mars (image 
ID FRT0000A2C2) were selected to compare with 
these lab data. The images were atmospherically and 
photometrically corrected using standard techniques by 
the CRISM team [9]. Residual artifact were removed 
using a destriping algorithm [10]. The short (S) and 
long (L) detector images were automatically spliced in 
order to obtain a complete spectrum of the pixels in the 
range of interest [11]. Removal of an instrument effect 
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around 1.2 μm was also performed. Fig. 4 represents a 
direct comparison of the CRISM spectra with the re-
sults of the two lab studies revealing that fine-grained 
dust is dominant at visible wavelengths in all spectra. 
Both altered glass and dust deposition seem to have an 
effect on the feature around 1 μm.  

Summary: Our experiments indicate that only a 
few grains of ferrihydrate or altered volcanic ash coat-
ing a rock surface are sufficient to alter the spectral 
properties of the rock in the visible region . At the 
same time these coatings have only a minor effect on 
the glass bands  from 1.9 to 2.5. Our experiments fur-
ther show that partially unaltered glass mixed with 
phyllosilicates in rocks could account for the presence 
of the ~ 1 μm band in the clay units at Mawrth Vallis. 

References: [1] Murchie, S. et al. (2007) JGR,112, 
E05S03. [2]Bishop, J. L., et al. (2008) Science, 321, 830-833. 
[3] McKeown, N. K., et al. (2008) LPS XXXIX Abstract 
#1400. [4]Noe Dobrea, E. Z., et al. (2008) LPS XXXIX Ab-
stract #1077. [5] De La Fuente, S., et al. (2002), Clays Clay 
Miner., 50-5, 578-590.  [6] De La Fuente, S., et al. (2000), 
Clays Clay Miner., 48-2, 299-303. [7] Bishop J. L. et al. 
(2007) Clays Clay Miner., 55, 1-17.  [8] Bishop J. L. et al. 
(2002), Geological Society special publ. 202, 357-360. [9] 
Mustard J. F. et al. (2008) Nature,454, 305-309. [10] Parente 
(2008) LPS XXIXX Abstract # 2528. [11] Parente, M. et al. 
(2008), to be submitted to JGR. 

  
 
Fig 1,2: Spectra from the dust deposition experiment on a 
SAz-2 montmorillonite rock (left) and an NG-1 nontronite 
rock (top right) using altered volcanic ash and Ferrihydrate.  
Fig. 3: (center right). Spectra of volcanic glass containing 
progressively larger smectite abundances  
Fig. 4: (bottom right). Comparison of spectra from CRISM 
image A2C2 with lab spectra: altered glass 1 contains 8% 
smectite, while altered glass 2 contains more smectite.  The 
montmorillonite and nontronite rock spectra have thin coat-
ings of ferrihydrite (Fh) and altered volcanic ash from 
Haleakala (ash). 

 

.  
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Global mapping by the visible and near-infrared 
imaging spectrometer on Mars Express has 
discovered unique deposits of phyllosilicates 
minerals widespread across the planet [1]. The 
presence of these minerals on Mars is of great 
exobiological relevance, because (1) the formation 
of these hydrous minerals requires moderate to high 
pH and high water activity, (2) some of 
phyllosilicates are potential prebiotic catalyst [2]. 
Here, we first reassess the detection of these 
minerals at the light of the analysis of new OMEGA 
data acquired since the publications of 2005 [1,3]. 
We emphasize the spectral diversity of each major 
class of phyllosilicates. While the Fe, Mg and Al-
bearing smectites are the most common, kaolinite 
and chlorite are also potential spectral matches of 
some phyllosilicate-rich occurrences. New OMEGA 
observations consistently indicate the presence of 
phyllosilicates in deposits that are in place, rocky 
units (outcrops, scarps and crater ejecta) of ongoing 
erosion in Noachian terrains. A detailed analysis of 
each outcrop when high spatial resolution imagery 
is available confirms the major observation 
presented in [1]: phyllosilicate deposits are almost 
exclusively Noachian in age, indicating that the 
environments suitable for phyllosilicate formation 
were particular to the earliest era in Mars’ history. 

 A few clay-rich deposits seem to differ from 
this statement. First, some phyllosilicates are 
associated with some sulfates in the etched terrains 
of Terra Meridiani, possibly indicating that the 
neutralization of the solutions that formed the 
sulfate-rich etched terrains could have occurred at 
least locally. Second, evidence of pumpellyite 
associated with clays is reported in the central peak 
of a few craters. This could suggest alteration 
resulting from metamorphism related to the impact 
that formed the crater, either by its pressure or heat 
or both. Alternatively, the impact central peak may 
have excavated materials from deep parts of the 
crust, where metamorphism forming pumpellyite 
could have occurred. Third, some low albedo 

terrains also exhibit signature of clays, but the origin 
of these deposits is still unclear. 

Different alteration models of mafic rocks can be 
considered, but one of the most efficient processes 
of formation is alteration by leaching under ambient 
conditions. Such a process has been investigated by 
[5] in using calculations of the aqueous equilibria of 
phyllosilicates. The presence of Fe3+-rich 
phyllosilicate nontronite indicates the following 
conditions: (1) a low aluminium activity, (2) a high 
oxidation level, (3) weakly acidic to alkaline 
conditions and (4) very low abundance of SO2. 

We then provide quantitative analysis of the 
surface spectra using nonlinear spectral mixing [6] 
in order to determine the modal mineralogy (mineral 
abundances) of some of the phyllosilicate-rich 
outcrops. This is done in using a nonlinear unmixing 
model based on the Shkuratov radiative transfer 
theory [7]. We focus our study on the two largest 
occurences where phyllosilicates were found on 
Mars: Mawrth Vallis and Nilo-Syrtis. Significant 
differences between these two regions in mineral 
abundances are found. The phyllosilicate-rich 
outcrops in Mawrth Vallis are best reproduced by 
~60% of phyllosilicates (nontronite, 
montmorillonite) mixed with hydroxides 
(Ferrihydrite as a likely end-member) and some 
non-phyllosilicate materials (plagioclase and 
Martian dust). In the Nilo-Syrtis region, the total 
abundance of the phyllosilicate minerals is 
significantly smaller than in Mawrth Vallis and 
mafic materials such as pyroxene are always 
required in the mineral assemblage. This strongly 
suggests that the degree of alteration that formed the 
deposits in Mawrth Vallis was stronger than any 
other deposits on Mars.  

 
References: [1] Poulet F. et al. (2005) Nature 438. 
[2] Ferris P. (2006) Phil. Trans. R. Soc. B.361. [3] 
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et al. (2006) Science 312. [5] Chevrier V. et al. 
(2007) Nature 448. [6] Poulet F. and Erard S. (2004) 
JGR 109. [7] Poulet et al. (2008) A&A, 487.
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Introduction:  Ius Chasma is a long narrow trough 

in western Valles Marineris (VM) that shows strong 
tectonic control in its structure (Fig 1) [1]. CRISM 
(Compact Reconnaissance Imaging Spectrometer for 
Mars) data have revealed diverse hydrated mineralogy 
in Ius Chasma, in addition to the strong kieserite 
(MgSO4·H2O) and polyhydrated sulfate signatures iden-
tified by OMEGA (Observatoire pour la Mineralogie, 
l’Eau, les Glaces et l’Activité) [2]. We describe a new 
hydrated spectral type that is found in Ius Chasma and 
elsewhere in VM.  Updated regional stratigraphy and 
geologic history brings new mineralogic mapping to-
gether with geomorphic and structural evidence. 

Datasets:  CRISM is a VNIR hyperspectral 2-D 
imager on the Mars Reconnaissance Orbiter (MRO) 
mission capable of multiple mapping modes [3]. It can 
acquire high-resolution targeted observations at 544 
wavelengths from 0.362-3.92 µm and 15-19 m/pixel. 
Observations are photometrically corrected and provi-
sionally atmospherically corrected, by an atmospheric 
transmission spectrum derived from CRISM data of 
Olympus Mons [4]. The atmospheric correction is simi-
lar to that used for OMEGA data [5]. Ratioing to a 
CRISM scene, rather than just a spectrum, is necessary 
to account for the spectral smile present in 2-D spec-
trometers. Additionally, some data is “destriped” to re-
move vertical striping caused by instrumental effects as 
in [6]. Spectra of interest are divided by a spectrally 
bland spectrum from the same column. 

The HiRISE (High Resolution Imaging Science Ex-
periment) camera aboard MRO is capable of acquiring 
co-aligned imagery with CRISM and can resolve details 
down to ~30 cm/pixel [7].  

Previous work:  Due to its impressive size and 
unique geomorphic features, the VM canyon system and 
its formation and erosion mechanisms have been well 
studied [e.g. 1,8-11]. Peulvast and Masson and cowork-
ers have created a very thorough and sophisticated re-
gional geologic history of central VM, especially Ius 
Chasma, using Viking imagery [1,11]. The established 
geologic history starts with Hesperian lava flows over 
Noachian basement and mega-regolith. VM forms by 
repeated tectonic extension in late Hesperian, forming 
horst and grabens in Ius Chasma. Geryon Montes, in the 
middle of Ius Chasma, are high-standing horsts. Louros 
Valles, along the south of Ius Chasma, formed by flu-
vial erosion. The morphology may be controlled by 
fractures related to VM formation or to older Noachian 

stresses. More recent tectonism cut across Louros 
Valles and possibly widened the connection between 
Ius and Melas Chasmata. Dry landslides and dust cover 
are the last events [12]. 

Results:  We have identified a variety of hydrated 
minerals in Ius Chasma with CRISM data. Smectite 
clays, mono- and poly-hydrated sulfates, hydrated silica 
and an unknown hydrated material with a 2.2 and 2.28 
μm doublet have all been identified (Fig 2). The un-
known hydrated spectral type most closely matches 
gypsum or jarosite, of the hydrated minerals in the RE-
LAB spectral library. Hydrated silica has a broad ab-
sorption in the 2.2x μm region, but the strong doublet 
feature in this spectral type argues for a more crystalline 
phase. In some places with Ius Chasma, it is difficult to 
distinguish between the unknown spectral unit and hy-
drated silica due to small outcrops and obscuring mate-
rials; it is possible the two materials are also intimately 
mixed. Another possible spectral match is an acid-
leached Fe/Mg smectite, likely producing amorphous 
silica and poorly crystalline residual clays [13]. While 
this is mineralogically plausible, since the hydrated 
spectral type is often found with smectite clays, it is not 
a perfect spectral match because the hydrated spectral 
type also has a 2.4 μm absorption consistent with sul-
fates and not clay minerals. 

The hydrated minerals are generally found at the 
lowest elevations within the chasma and are concen-
trated in light-toned layered deposits, landslides, and 
apparently draping units but are not seen in dunes or 
loose materials (e.g. layered materials in Fig 3). HiRISE 
image PSP_006718_1720 shows the hydrated spectral 
type or hydrated silica draping eroded layered smectite 
material in a regional depression (Fig 4, subset of Fig 
5). Stratigraphic relationships allow placing these hy-
drated materials within the established geologic history 
and shed light on the role of water throughout the for-
mation of Ius Chasma. 

Further work: Further CRISM observations in Ius 
Chasma will help pin down contacts between sulfate 
and the unknown hydrated material, and reveal more 
about the regional mineralogic stratigraphy; many ex-
posures of light-toned materials are visible in CTX and 
HiRISE data, but lack CRISM data to resolve mineral-
ogy. The mineralogic identification of the unknown 
hydrated material with a 2.22 and 2.28 μm doublet is a 
significant outstanding issue.  
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Fig 1. Map of central and eastern Ius Chasma with targeted 
CRISM observations in orange outlines. 

 

 
Fig 2. A. Representative CRISM spectra of kieserite, polyhy-
drated sulfate, smectite, hydrated silica, and an unidentified 
hydrated material distinguished by its 2.2-2.28 μm absorption 
doublet. Smectite from FRT00009B27; sulfates and unknown 
hydrated material from FRT0000A91C. B. RELAB library 
spectra are resampled to CRISM wavelengths.  Gypsum offset 
by +0.5, kieserite by -0.1. 

Fig 3. CRISM image FRT0000A91C draped on MOLA to-
pography, 2x vertical exaggeration. A. False color RGB: 2.5, 
1.5, 1.08 μm. B. 1.9 μm band depth parameter showing kie-
serite (in black), polyhydrated sulfate (white), and the un-
known hydrated silica (light gray).  Spectrally neutral, non-
hydrated material is dark gray. 
 

Fig 4. HiRISE image PSP_006718_1720 showing unknown 
hydrated spectral unit or hydrated silica unit draping previ-
ously eroded layered smectite unit.  Dunes encroach both. 

Fig 5. CRISM FRT000085A4.  Smectite (green) and hydrated 
silica (light blue) in low-lying layered deposits south of 
Geryon Montes.  Yellow box shows extent of Fig 4. 
 

 
Fig 6. Schematic cross section showing superposition of hy-
drated materials.  Colors same as Fig 2A. 
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Introduction: With the advent of two visible/near 

infrared (VNIR) imaging spectrometers, the Mars Ex-
press OMEGA and Mars Reconnaissance Orbiter 
CRISM, spectral evidence for phyllosilicates on Mars 
appears definitive [e.g., 1, 2].  In contrast, thermal in-
frared (TIR) spectra from the orbiting TES instrument 
on the Mars Global Surveyor have not yielded such 
definitive evidence.  Similarly, TIR spectra from the 
Mini-TES instrument on the two Mars Exploration 
Rovers (MER) have not shown unequivocal features of 
phyllosilicates, which is consistent with results from 
the Mössbauer (MB) spectrometer.  Despite the sensi-
tivity of TIR spectroscopy to even thin coatings (<10 
microns), the lack of a clear identification of phyl-
losilicates has been enigmatic. 

Laboratory TIR spectra of the dioctahedral smec-
tites commonly observed with OMEGA and CRISM 
display two features in the low wavenumber range 
covered by TES and Mini-TES (~530 and ~465 cm-1) 
that result from M-O-Si deformation and Si-O bending 
modes [e.g., 3]. The Si-O bending feature near 465 cm-

1 also is found in primary and secondary amorphous 
silicates and zeolites [4].  This feature has been identi-
fied in Mini-TES spectra of some rocks in the Colum-
bia Hills of Gusev Crater that MB and APXS spectra 
indicate are highly altered [e.g., 5, 6].  A similar fea-
ture (the 465 index) has been mapped globally using 
TES spectra [7] and may serve as a proxy for some of 
the rocks encountered in the Columbia Hills.  I have 
now discovered that many of the locations identified 
by OMEGA and CRISM as phyllosilicate-bearing dis-
play this feature in TES data, including parts of 
Mawrth Vallis, NE Tyrrhena Terra, and Nili Fossae.  
To date, I have observed the M-O-Si deformation fea-
ture near 530 cm-1 along with the ~465 cm-1 in one 
location near Nili Fossae.  The full spectra from this 
location strongly resemble weathered basalt. 

Mawrth Vallis:  A map of the TES 465 index rep-
resenting only the globally highest band depth values 
is shown in Fig. 1 along with an OMEGA phyllosili-
cate index map from [2].  The correlation between the 
two maps is notable along the west side of the valley.  
The presence of strong 465 index values in this loca-
tion is especially notable given the relatively high al-
bedo values (~0.2) of much of this terrain.  Such al-
bedo values elsewhere on the planet typically are asso-
ciated with dusty surfaces that have no identifiable 465 
feature. 

Although there are areas with a positive correla-
tion, other areas show a negative correlation.  The 
dark-toned intracrater splotches display high 465 index 
values but no corresponding elevated phyllosilicate 
index.  Because the 465 index is sensitive to a feature 
common to phyllosilicates and primary volcanic glass, 
the dark splotches probably contain minimally altered 
glass. 

NE Tyrrhena Terra:  Tyrrhena Terra is domi-
nated by the spectral signature of TES type 1 basalt 
[8], yet displays isolated examples of strong 465 index 
values [7].  One such example in the northeast portion 
occurs in a crater that has been identified by [2] as 
having a strong phyllosilicate detection (Fig. 2).  Al-
though the CRISM data for this crater do not provide 
full coverage, there is a strong spatial correlation be-
tween the TES and CRISM indices.  In this example, 
the full TES spectra are similar to the “Assemblee” 
type rocks measured by Mini-TES in the Columbia 
Hills, especially in the low wavenumber region.  The 
type example was measured by MB and APXS.  Al-
though neither MB nor Mini-TES data provided clear 
evidence for phyllosilicates in this rock, the APXS data 
suggested a composition consistent with montmorillo-
nite [6]. 

Nili Fossae: A crater at the transition between Syr-
tis Major and Nili Fossae shows a well-correlated TES 
465 index and OMEGA phyllosilicate index [2] (Fig. 
3).  This is a rare example where the TES 530 index 
also is elevated.  The combination of elevated 465 and 
530 indicies is  necessary but not sufficient for a robust 
TES detection of dioctahedral smectite.  The full TES 
spectra from this crater clearly resolve a feature near 
465 cm-1 and a strong shoulder near 535 cm-1.  This 
spectral character is comparable to that shown by [9] in 
the spectra of smectite-bearing weathered Columbia 
River basalts. 
References: [1] Poulet, F., et al., (2005) Nature, 438(623-
627). [2] Mustard, J.F., et al., (2008) Nature, 7097 305-309. 
[3] Michalski, J.R., et al., (2006) J. Geophys. Res., 
111(E03004) doi:10.1029/2005JE002438. [4] Ruff, S.W., 
(2004) Icarus, 168(131-143). [5] Ruff, S.W., et al., (2006) J. 
Geophys. Res., 111(E12S18) doi:10.1029/2006JE002747. [6] 
Clark, B.C., et al., (2007) J. Geophys. Res., 112(E06S01) 
doi:10.1029/2006JE002756,. [7] Ruff, S.W. and P.R. Chris-
tensen, (2007) Geophys. Res. Lett., 34(L10204) 
doi:10.1029/2007GL029602. [8] Bandfield, J.L., et al., 
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Figure 1. TES 465 index (top) and phyllosilicate indi-
ces from [2] for Mawrth Vallis. 
 
Figure 3 (right). TES 465 index (top) and phyllosili-
cate index (bottom) from [2] near Nili Fossae. 

 
Figure 2.  TES 465 index (top) and phyllosilicate in-
dex (bottom) from [2] for a portion of NE Tyrrhena 
Terra.  
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Introduction:  Impact cratering is one of the domi-

nant processes affecting planetary surfaces particularly 
early in their evolution.  While on Earth that record is 
obliterated by subsequent geologic processes, the 
Moon and the ancient, Noachian, surfaces of Mars still 
reveal a detailed chronology of their early history.  
According to this record, the Moon and the terrestrial 
planets have been resurfaced by a cataclysmic event 
caused by main belt asteroids [1-3].  The cataclysm 
occurred at ~3.9 Ga and may have been as short as 10–
150 My [1].  On Mars, impacts have long been recog-
nized as cause for water related processes such as 
hydrothermal alteration of melt sheets [4] or as trigger 
for small outflow channels especially on old Noachian 
terrains [5].  And they are known to cause impact-
generated hydrothermal systems whose lifetimes can 
be evaluated by the heat in central uplift material, the 
central melt sheets, and impact melt breccias [6].  Be-
yond the energy evaluation, the temperature distribu-
tion and water flow over the lifetime of an impact-
generated hydrothermal system can be calculated. The 
HYDROTHERM approach by [7] provided first in-
sights into the development of such systems over time.  
Our work on terrestrial [8,9] and Martian craters [10] 
extended this work to larger craters (thus longer life-
times) and more sophisticated, realistic models, e. g. 
for the topography [10].  Therefore, temperature dis-
tribution and water flow of this important process over 
the entire lifetime of an impact-generated hydrother-
mal system are well understood.  The next step is to 
determine how these systems affected mineral assem-
blages on Mars  that can be detected by ongoing and 
future orbiter and lander missions.  We will do this by 
evaluating information about hydrothermal alteration 
in large terrestrial impact structures and combining this 
knowledge with results from physico-chemical calcu-
lations considering Martian rocks and fluid conditions.  

Terrestrial craters:  As per 2005 more than 60 
terrestrial impact structures showing hydrothermal 
alteration were counted [11].  There are, however, 
about the same number of structures in which hydro-
thermal mineral assemblages have not (yet) been de-
tected [11].  To characterize the main features of im-
pact-generated hydrothermal systems, Sudbury [12], 
Chicxulub [13,14] and three Russian craters Popigai, 
Kara and Puchezh-Katunki [11,15] serve as exemples.  
At Sudbury widespread hydrothermal alteration above 
and below the melt sheet is observed; and drilling ac-
tivities revealed extensive alteration in the impactite 

units of Chicxulub crater.  The main mass of alteration 
assemblages in both cases formed at moderate to low 
temperatures (i. e. below 300 °C).  Comparable altera-
tion temperatures are found in the Russian craters.  
Despite their large difference in target rock lithology 
and geological setting, all hydrothermal systems pro-
duced a variety of sheet silicates, including smectites.  

Modeling:  While the thermal evolution of impact-
generated hydrothermal systems are controlled by the 
amount of heat produced by the impact [8–10], the 
chemical evolution of the system depends on host rock 
composition, oxygen fugacity, and other planet spe-
cific features.  Therefore, physico-chemical modeling 
is a tool to transfer terrestrial observations to the Mar-
tian environment. 

CHILLER calculations.  We performed a series of 
calculations using the computer code CHILLER [16].  
For details of assumptions and input data see [17,18].  

Whole rock:  Results obtained by calculations with 
whole rock chemistry were reported earlier and can be 
divided in three groups: 1) serpentine–chlorite–
(amphibole–garnet) at low water to rock ratios (W/R), 
2) nontronite–hematite at intermediate W/R and hema-
tite dominating at very high W/R [17,18].  We will use 
the results presented in [17,18] in the discussion. 

Minerals:  To further evaluate the alteration proc-
esses we calculated alteration assemblages deduced 
from the individual minerals of the rock used in 
[17,18] at 150 °C and 550 bar.  The mineral chemistry 
was taken from [19] and the fluid as in [17,18].  While 
the results of the pyroxene runs resulted in the same 
alteration phases – though in varying abundances – as 
the whole rock, results obtained with pure olivine and 
plagioclase chemistry were significantly different.  
Olivine forms hematite (at high W/R) and magnetite 
(at low W/R) with serpentine being the only silicate 
that exceeds 10 wt.-% of the precipitate at any W/R in 
the calculation. In contrast to this, plagioclase altera-
tion is dominated by a mica–prehnite–zeolite–
feldspar(–pumpelleyite–amphibole–garnet) assem-
blage at W/R of 1. Epidote is present over a small W/R 
range around W/R=10. Pyroxene is formed at the ex-
pense of the mica–...-assemblage at W/R > 10. Be-
tween W/R of 80 and 100 zeolite quickly fades out and 
is replaced by clay, which is the dominating phase 
until hematite (+diaspore) becomes prevalent (W/R 
~8000).  Note, that the plagioclase alteration took 
place in an Fe-Mg-Ca-rich fluid.  
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Impact-generated hydrothermal alteration min-
erals in their geologic setting:  Resulting from our 
calculations [17,18, and this study] and by combining 
them with knowledge about crater formation [e. g. 20], 
fluid flow and temperature in time and space [8–10], 
and terrestrial observations [e.g. 12–15] the various 
alteration settings can be pictured as follows:  

Fractured basement:  According to modeling of 
fluid flow evolution [10], impact-generated convec-
tions reaches down several kilometers beneath the sur-
face of a crater.  It evolves around the hot rocks in the 
central uplift and merges inwards as they cool below 
~350 °C [10].  The fractures are thereby expected to 
provide pathways for increased fluid flow.  The miner-
als inferred in a Martian crater are hematite–clay-
dominated assemblages where the flow is highest and 
chlorite and/or serpentine with or without amphibole 
and garnet as a more pervasive alteration assemblage.  
The occurrence is expected to differ between fractures, 
in which vein-type mineralizations may result, and the 
low W/R ratio setting, in which the overprint resem-
bles a more disseminated, metamorphic-like setting.  
At the end of the system’s lifetime, the latter may be 
pervasive and widespread throughout the whole rock 
volume under the crater.  Despite the pervasiveness, a 
large volume of rock may be impermeable and thus 
persist alteration and remain fairly fresh, as can be 
observed in terrestrial hydrothermal systems. 

Crater rim and central peak:  The crater rim and 
the central peak are highly fractured parts of the struc-
ture. Upwelling fluid flow is observed here.  There-
fore, alteration assemblages reflecting intermediate to 
high W/R will occur.  These may be found as hematite 
along fracture walls and hemtite–clay assemblages 
replacing the original mineralogy of the rock beyond 
the fracture wall.  The highest degree of overprint is 
expected to occur in these two parts of the structure.  
Depending on fluid chemistry, temperature, and perva-
siveness of the alteration, certain minerals will con-
tribute to the alteration assemblage more than others.  
As shown by calculations with single minerals, espe-
cially prevalent olivine or plagioclase alteration will 
drastically change the resulting assemblage.  

Impactites:  From studies of terrestrial craters, the 
widespread presence of clay minerals in impact depos-
its can be expected.  Thereby alteration of glass phases 
to clay minerals is prevailing in terrestrial settings [11–
15].  For Mars this translates to the formation of non-
tronite, chlorite and other Fe-dominated clay minerals, 
which are expected to be especially prominent on cra-
ter floors where glass rich impactites are deposited. 

Surface:  Inside the crater, a lake may form [10].  It 
is fed by water venting the hydrothermal convection 
system beneath the crater and the mobilized ground 

water in its direct vicinity.  Where fractures provide 
pathways for hot, hydrothermal fluids to vent, precipi-
tation of dissolved species, such as SiO2 is expected.  

Martian mineralogy:  Ongoing orbiter missions 
reveal a large variety of hydrous phases on Mars.  The 
findings are restricted to the Noachian terrain and oc-
cur in outcrops, crater ejecta, and walls and central 
peaks of craters [21–23].  Thereby, the observation of 
hydrous phases and clay minerals in crater rims and 
central peaks is especially interesting [24,25] as the 
most prominent alteration is expected in these highly 
fractured and permeable parts of the structure.  Clay 
minerals possibly result from the hydrothermal altera-
tion caused by the upwelling fluids, while hydrous 
silica phases are likely deposited by the venting fluids.  
A possible explanation for the finding of pumpelleyite 
and epidote phases [24] can be found in the preferred 
alteration of plagioclase in an iron rich fluid.   

Conclusions:  During the early, Noachian history 
of Mars, impact cratering was an important geologic 
process [26].  Creating local hot spots impacts not only 
melt ice, but also establish temperature gradients along 
which fluid flow with subsequent mineral alteration 
will occur.  Given a short time of extremely intense 
bombardment [1], after which many of the water re-
lated processes fade out or cease (e.g., rampart craters 
[27] and valley networks [28]), and the large volume 
of rock impacts affect, impact-generated hydrothermal 
systems have to be considered as a major if not the 
main source for phyllosilicates in Noachian strata. 
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Mars is currently the main focus of extra-terrestrial 

planetary investigation in terms of the number of sur-

face and orbital instruments deployed there. Although 

several missions have scratched into the surface (most 

recently Phoenix) there have not been deeper meas-

urements of the martian subsurface. Phoenix has dis-

covered the surrounding soil to be comparable to soils 

found in Antarctica’s Dry Valleys [1]. It seems clear 

from the initial results that the soil is pH alkaline (8-9) 

and that water has been involved in the formation of 

the soil, detected in the form of subliming ice [2] (see 

figure 1). The presence of salts incorporating magne-

sium, sodium, chloride and potassium further suggests 

the presence of water interacting with soil at some 

point. Since conditions at the martian surface are unfa-

vourable for the presence of water and potential or-

ganic signatures [3] it is necessary to look deeper into 

the subsurface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 - Scoop marks from Phoenix arm exposing 

white ice that can be observed subliming between Sol 

20 and 24 [2]. 

 

Recent classification of geological eras [4] (see figure 

2) suggests an early warm and wet martian environ-

ment in which phyllosilicates formed [5], the Phyllo-

sian era. Mawrth Vallis and Nili Fossae [6, 7] are two 

regions that the orbital VNIR and IR spectrometers 

OMEGA and CRISM [4, 8] have indentified which 

correspond mineralogically and through crater counts 

to this early Phyllosian era. These locations would be 

prime candidates for the detection of Mars’ fluvial 

past, including the observation of carbonates (known to 

be abundant in the presence of water, CO2 and an alka-

line pH; all conditions hospitable for most terrestrial 

life). 

 
Figure 2 – Displays the main mineralogies thought to 

have formed (blue, green and red) and the two derived 

chronologies (geological chronology on top and crater 

count chronology at the bottom) along with major 

events in the martian history after J.-P. Bibring et al., 

2006 [4]. 

 

 

So were those early conditions warm and wet and po-

tentially favourable to life? Hopefully these questions 

will be answered by looking into the martian regolith 

with WatSen, a miniaturized instrument consisting of a 

combined Attenuated Total Reflectance (ATR) IR 

spectrometer, optical microscope and humidity sensor. 

WatSen is designed to be part of a suite of instruments 

onboard a mole on a planetary lander similar to 

ExoMars. A burrowing mole would allow WatSen to 

make multiple readings at intervals of depth providing 

an insight into mineral variation, humidity, water pres-

ence and perhaps biological activity. As part of a mole, 

WatSen could penetrate down to 5 m in depth. These 

would be the first measurements of the non-oxidised 

subsurface and may be below the zone of sublimation 

[9] (see figure 3).  

 

The ATR sensor operates by measuring the changes 

that occur to the totally internally reflected infrared 

beam upon contact with the sample. Surface properties 

alter the spectral reflectance in a mineral grain, thus the 

ATR has a flat surface in intimate contact with the 

sampling surface [10]. The optical microscope will aid 

mineral identification with images of the grains in con-

tact with the ATR being generated at each spectral lo-

cation. The humidity sensor will continually detect any 
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water present in the bore hole during WatSen’s descent, 

whether it is in the form of vapour subliming or direct 

contact with liquid water. Detection of vapour or liquid 

is dependent on whether atmospheric or subsurface 

pressure is higher than expected, the mole penetrating 

below the zone of sublimination and the porosity of the 

regolith [9]. 

 

 
Figure 3 - Illustrating four possible variations in hu-

midity with depth. a) represents no water in regolith; b) 

complete saturation beneath zone of sublimination; c) 

gradual increase in water content with depth; d) alter-

nating saturation after Grady et al., 2006 [9]. 

 

 

Spectral studies show that soil components typical of 

Mars will be uniquely identifiable within the chosen 

wavelength range (5.5 - 10.8 µm, see figure 4). This 

wavelength range is a trade off between technical 

boundaries and the ideals wavelengths; H2O absorption 

is stronger at 3 µm, but strong and distinct absorption 

peaks for minerals occur in the mid infrared spectrum 

(5 - 11 µm). For example carbonate minerals, which 

have yet to be identified by direct surface analysis, 

display a unique spectral shape between 6.3 - 7.4 µm. 

Water IR spectral features are also displayed between 6 

- 7 µm, but major features of anhydrous silicates occur 

at wavelengths greater than 9 µm. Furthermore, hy-

drated minerals such as clays display combined fea-

tures of water and silicates. WatSen’s 0.015 ∆λ/λ reso-

lution is sufficient to resolve distinct spectral features 

for water and minerals found on Mars. 
 

An IR database of analog materials generated on the 

Open University’s (OU) ATR spectrometer will be 

used to as a reference for the WatSen breadboard in-

strument. This autumn/winter tests will be carried out 

with various substrates, temperatures, pressures and 

water contents in the OU’s Mars environment chamber. 

First we will test the functionality under ambient condi-

tions compared with laboratory ATR instruments fol-

lowed by martian environmental conditions. This will 

help identify any reliability and complexity issues with 

the instrument. 

 
Figure 4 - IR spectra of powdered samples of Sher-

gotty, Nakhla and Chassigny, along with a basalt, 

augite, olivine and dolomite. The spectra were acquired 

using an ATR at 295 K, and are offset for clarity [10]. 
 

 

As the surface of Mars is constantly weathered by the 

planet-wide dust storms that spread and mix the loose 

surface soil components it is the layered subsoil mate-

rial that will reveal Mars’ past history. In addition the 

surface oxidizing solar radiation makes conditions in-

hospitable for life, but beneath the surface in briny 

solutions this may not be the case. Rather than merely 

scratching the surface a penetrating mole would super-

sede its martian predecessors and with WatSen’s in-

struments would help characterize the past climate of 

Mars.  
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     Introduction: Noachian outcrops appear to be 
dominated by Fe- and Mg-bearing smectites [1], im-
plying a distinct set of chemical conditions across 
much of the earliest martian surface. Smectites are 
stable over a wide range in temperature [2] and are 
sensitive to a variety of chemical parameters which 
may have controlled their formation on the ancient 
martian surface. Accordingly, it is a priority to con-
strain the limits and controls of smectite formation on 
Mars in a systematic way. Here, we describe a variety 
of experiments focused on identifying major controls 
on smectite formation. We have investigated the role 
of variable redox conditions, Mg2+ concentration and 
pH using chemistries derived from chemical weather-
ing of synthetic martian basalt [3]. With these experi-
mental constraints in mind, smectite formation on 
Mars can be investigated in the framework of mineral 
weathering where the roles of structural inheritance 
and micro-fluid chemistry play crucial roles [4,5]. 
     Methods: Smectite synthesis experiments were 
conducted using a fluid composition derived from the 
chemical weathering of synthetic martian basalt [3]. 
The fluids were synthesized by adding sulfate and 
chloride salts to control Mg, Fe, Ca, Al, Na and K. 
Aqueous silica was added using tetraethoxysilane 
(TEOS). Experiments were conducted at 25oC and 
60oC for 2-5 weeks at both buffered and unbuffered 
initial pH values ranging from 4-9. For Fe-bearing 
anoxic experiments, reagents were added to N2(g)-
saturated deionized (DI) water and sealed after the 
addition of hydrazine (an O2(aq) scavenger). Samples 
were collected and centrifuged/washed in N2(g)-
saturated DI and dried under vacuum. Both air-dried 
samples and oriented aggregates treated with ethylene 
glycol were analyzed by powder XRD to identify the 
precipitates and monitor crystallinity. Bulk samples 
were also analyzed by XRF and IR spectroscopy. For 
some samples, pair distribution function (PDF) analy-
sis from high-energy total X-ray scattering data was 
performed at Argonne National Lab. 

Fig. 1 XRD pattern of a ferroan saponite produced 

under anoxic conditions at pH = 9. 
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     The effect of variable redox conditions: Products 
from oxic and anoxic Fe2+-bearing experiments dif-
fered significantly; Fe-smectites were only formed 
under initially anoxic conditions. For oxic unbuffered 
pH experiments with initial pH (pHi) from 4-9, Fe-
oxidation and hydrolysis drove the pH to low values 
and formed jarosite (pHi = 4), jarosite + goethite 
(pHi=5) and goethite (pHi = 6-7). At pHi = 8 and 9, the 
formation of a Fe2+-smectite occurred before Fe2+ was 

oxidized and so is an artifact of the experimental pro-
tocol (i.e., rapid addition of Fe2+ and SiO2(aq) at high 
pH). The main product present in pHi =5-7 experi-
ments was a powder X-ray amorphous Fe3+/SiO2-
bearing precipitate that, from total X-ray scattering, 
showed a high degree of crystallinity (coherent scatter-
ing domain >20Å) with Fe-O, Mg-O and Si-O fea-
tures. In the vis/near-IR, this material displays several 
features that have been identified at the martian sur-
face, including Si-OH and Fe3+ features. 
     Anoxic unbuffered experiments produced Fe2+/Mg-
trioctahedral clay (Fe2+ saponite) from pH 7-9. The 
clay exhibited a (001) peak (ethylene glycol saturation) 
at 18.06Å (Fig. 1) and an (060) peak at 1.52 Å. How-

ever, at pH 6 and 5, a green SiO2(aq)-bearing precipi-
tate formed with no identifiable peaks in powder XRD 
which may be indicative of a ferroan saponite “precur-
sor”. We are confirming whether oxidation of our 
Fe2+-saponite clays leads to nontronite, as several pre-
vious studies report, via the half-cell reaction [6]: 
 
 
 
     The effect of [Mg2+]: Fe-free experiments were 
conducted under various Mg2+ concentrations. For 
example, for buffered Fe-free experiments at [Mg] = 
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0.06 mol/kg and pH = 8, amorphous silica was the 
only product identified after 4 weeks (Fig 2). 

However, in an identical experiment, but with a ten-
fold increase in [Mg] to 0.5 mol/kg (added as MgSO4), 
after 4 weeks a fully turbostratic Mg-saponite was 
identified (Fig. 2), exhibiting strong (001), (060) and 
hkl peaks in powder XRD. The effect of increases in 
[Mg] appears to expand the stability range of smectites 
to lower pH, with Mg-smectites appearing in pH 7-9 
experiments at 0.5 mol/kg Mg2+ compared to pH = 9 
only in the [Mg]  = 0.06 mol/kg experiments. This 
effect can be thermodynamically predicted, as Mg-
saponite stability is a function of SiO2(aq) and Mg2+ 
activity in addition to pH [7]. Ongoing experiments are 
testing the limits of [Mg] on pH using MgCl2 and 
likely late-stage martian brine compositions. 
     The effect of pH: Aside from the influence of ele-
vated cation concentrations, there are significant dif-
ferences in the range in pH that Fe2+-saponites and 
Mg-saponites precipitate. For example, in anoxic Fe2+ 
experiments, Fe-saponites were identified from pH 6-9 
(with the possibility of precursors being formed at pH 
5) whereas, under identical but Fe-free conditions, 
Mg-saponites formed only at pH 9 ([Mg] = 0.06 
mol/kg). Although the mechanism of smectite forma-
tion in our experiments has yet to be identified, it has 
been suggested that under similar conditions smectite 
formation occurs through epitaxial precipitation [7]. 
This process first involves the formation of a double 
layer hydroxide material (e.g., brucite, Fe(OH)2), sub-
sequent SiO2(aq) adsorption and finally crystallization 
[7]. The differences in pH stability of brucite and 
Fe(OH)2 “templates” could explain the observed pH 
ranges over which Fe2+- and Mg-smectites precipitate 
in our experiments. In addition, SO4-green rust is an 
additional double layer hydroxide material that forms 
under a range of pH values (~4-7) in the presence of 

even trace amounts of Fe3+ [8]. This material could 
also act as a template for Fe-saponite formation over a 
range of mildly acidic values in SO4-bearing environ-
ments. Experiments conducted under elevated Fe2+ (at 
pH = 5-6) have resulted in the formation of SO4-green 
rust and could be indicative of such a mechanism. 
     Applicability to the Noachian surface: It is im-
portant to underscore that our experimental methods 
are designed to evaluate the macroscopic effects of 
chemical parameters on Fe- and Mg-smectite forma-
tion. However, the current challenge is to place these 
results in the context of mineral dissolution/weathering 
processes which occur at the micro- and nano-scales. 
The result of such complex processes is that the 
chemical conditions which lead to smectite formation 
are often not representative of the properties of the 
bulk solution [5]. For example, it is well known that 
smectite formation from the weathering of mafic min-
erals often proceeds by the inheritance of crystallo-
graphic elements, structural re-arrangement and trans-
port of chemical species to and from reaction sites 
[4,5]; a mechanism which has not been accounted for 
in these experiments. The overall effect is that clay 
minerals are out of equilibrium with the bulk solution 
and surrounding environment. 

Fig. 2 XRD patterns of amorphous SiO2 and Mg-

saponite formed at varying [Mg] (pH =8). 

     Most importantly, our results suggest that initially 
anoxic conditions (either locally or globally) could be 
the only route by which to produce Fe2+-saponites and 
nontronite on Mars. Fe-oxidation and hydrolysis re-
sults in a significant decrease in pH and the formation 
of Fe3+-phases regardless of the presence of SiO2(aq). 
It has been suggested that epitaxial smectite formation 
must proceed by a precursor with a double-layer hy-
droxide structure, which no Fe3+-hydroxides possess 
[9]. These results are also consistent with previous 
investigations on anoxic and partially oxidizing routes 
of smectite synthesis [6]. Interestingly, even for topo-
tactic Fe-smectite formation in terrestrial rocks, there 
are indications that the transport of Fe to reaction sites 
is required based on analyses of reaction stoichiometry 
[4]. This implies locally reducing conditions are re-
quired for Fe2+ transport without oxidation or precipi-
tation of Fe-(hydr)oxide phases. 
     References: [1] Mustard, J. et al. (2008) Nature, 454, 
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M. & Barker W. (2008) Clays & Clay Min. 56, 112. [5] Ban-
field, J. & Barker, W. (1994) Geochim. Cosmochim. Acta, 
58, 1419. [6] Decarreau, A. & Bonnin, D. (1986) Clay Min., 
21, 861. [7] Harder, H. (1972) Chem. Geo., 10, 31. [8] Cor-
nell, R. & Schwertmann, U. (2003) The Iron Oxides, Wiley, 
664 p. [9] Harder, H. (1978) Clays & Clay Min., 26, 65. 
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Introduction:  Laser-induced breakdown spectros-

copy (LIBS) is a powerful analytical tool that will be 
employed by the ChemCam instrument on the Mars 
Science Laboratory (MSL) and a combined LIBS-
Raman instrument on ExoMars. In LIBS, a short-
duration laser pulse or multiple pulses are focused onto 
a sample which ablates the sample and produces a 
plasma of atomic, ionic, and simple molecular parti-
cles. Excited electrons in these species undergo quan-
tized transitions, emitting photons with energy charac-
teristic of the species. Spectroscopic analysis of col-
lected photons sheds light on the physical and chemi-
cal properties of the plasma, and hence the original 
sample. 

While LIBS is similar to other types of atomic 
emission spectroscopy such as ICP-AES, its advan-
tages include minimal sample preparation (sample di-
gestion is not needed), relatively low power require-
ments, the ability to perform remotely, and fast data 
acquisition. Despite its recent popularity and success in 
quantifying compositions of many different types of 
materials [1], LIBS is not easily employed on geologi-
cal samples. Complex compositions and chemical and 
physical interactions tend to affect spectral intensities 
in unpredictable ways, giving rise to so-called chemi-
cal matrix effects. 

This work explores the application of three differ-
ent statistical techniques on a set of LIBS data obtained 
from 17 phyllosilicates. Because the samples are all of 
the same mineral group, the matrix effects ought to be 
consistent and predictable, unlike those in rocks. Addi-
tionally, phyllosilicate minerals have been detected on 
Mars in abundance [2,3] so LIBS characterization of 
them will be useful should the be encountered by MSL 
or ExoMars. 

Experimental methods:  The laboratory setup 
used in this study is constructed to mimic ChemCam 
and Mars conditions as closely as possible. Samples 
are placed in a vacuum chamber filled with 7 Torr car-
bon dioxide to simulate the Martian surface atmos-
phere, as LIBS plasmas are influenced by atmospheric 
conditions. The plasma is generated by a Spectra-
Physics Indi Nd:YAG laser operating at 1064 nm and 
pulsing at a rate of 10 Hz with a 10 nanosecond pulse 

width. The laser energy is set to 17±1 mJ/pulse, similar 
to the ChemCam laser. The plasma emission is col-
lected by a Questar Field Model 89 mm telescope 
(slightly smaller than ChemCam's 110 mm telescope) 
situated 9 meters from the sample. The light is trans-
mitted via a fiber optic cable to one of three Ocean 
Optics HR2000 spectrometers covering the regions 
223-326 nm (UV), 382-471 nm (VIS), and 495-927 nm 
(VNIR) with resolutions of 0.1 nm, 0.09 nm, and 0.42 
nm, respectively. The exposure time is set to one sec-
ond to record the cumulative emissions from ten laser 
shots. For each sample, five such exposures (50 laser 
shots total) were recorded in each spectral region, with 
the sample moved slightly between exposures to ac-
count for inhomogeneities in the sample. 

Samples:  The 17 samples selected for this study  
(Table 1) were obtained from the Source Clays Reposi-
tory of the Clay Minerals Society (CMS), the Centre 
de Recherches Pétrographiques et Géochimiques 
(CRPG), the Czech Geological Survey (CGS), and the 
Harvard Mineralogical Museum (HMM).  

Table 1.  Samples Studied 
Sample Mineral Source Form 
Mica-Fe biotite CRPG pellet 
119403 glauconite HHM pellet 
SHCa-1 hectorite CMS pellet 
IMt-1 illite CMS pellet 
IMt-2 illite CMS pellet 
KGa-1b kaolinite CMS pellet 
KGa-2 kaolinite CMS pellet 
SWy-2 montmorillonite CMS pellet 
STx-1b montmorillonite CMS pellet 
SAz-2 montmorillonite CMS chip 
NG-1 nontronite CMS chip 
NAu-1 nontronite CMS pellet 
NAu-2 nontronite CMS chip 
PFl-1 palygorskite CMS pellet 
Mica-Mg phlogopite CRPG pellet 
SepSp-1 sepiolite CMS pellet 
ZW-C zinnwaldite CGS pellet 
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Analysis:  Example LIBS spectra are shown in 
Figure 1. The spectra are normalized to total emission 
intensity as described in [3]. Three chemometric tech-
niques are employed to quantify the compositions of 
each sample: 

1) Univariate analysis:  For each element, the in-
tensity of a peak caused by the element is taken to be 
proportional to the element’s concentration. Thus a 
linear regression can correlate the elemental concentra-
tion and peak intensity. Although this technique is the 
most widely used method for interpreting LIBS data, it 
is the least useful for geologic samples because matrix 
effects cause spectral line intensities to deviate from 
proportionality with concentration. 

2) Partial Least Squares (PLS) analysis:  PLS is 
a statistical method that creates a correlation matrix B 
between a matrix of independent variables X and de-
pendent variables Y yielding a calibration of the (very 
simplified) form Y = XB. In this case, the dependent 
variables are elemental concentrations and the inde-
pendent variables are the LIBS spectra, more specifi-
cally the intensity at each wavelength channel. The 
correlation matrix can then be used to calculate ele-
mental concentrations from the spectra of unknown 
samples. This method has been shown in previous 
work [4] to largely compensate for matrix effects, indi-
cating that PLS is able to statistically identify changes 
in the spectra caused by varying matricies. 

3) Peak Area Step-wise Regression Analysis 
(PASRA):  In this treatment, peak areas are extracted 
using a fitting routine [5], and step-wise multiple re-
gression analyses are run to search for correlations 
between peak areas and elemental concentrations [6]. 
For each element, a multiple regression equation of the 
form Y = b0 + b1X1 + b2X2 + bnXn (where Y is the ele-
mental concentration, X is a peak area, and b is a par-
tial regression coefficient) is calculated using a rela-
tively small number of peaks. Whereas PLS uses inten-
sities at every wavelength channel, PASRA only uses 
peak areas of the most statistically significant peaks. 

Discussion:  Because the chemical matrix of the 
phyllosilicates is consistent, all three methods give 
reasonable results for most elements. The conventional 
univariate analysis is the least effective in predicting 
chemical compositions accurately. Both PLS and 
PASRA appear to compensate for or exploit the 
chemical matrix effects, but the PASRA technique 
may be more instructive with regard to the physics 
contributing to the chemical matrix effects. 

The approaches employed in this study relate to 
complementary studies of an analogous suite of sam-
ples analyzed under ambient conditions by [7]. Their 
approach, which relates patterns of LIBS spectra to 
specific phyllosilicate minerals, will also be a useful 
contribution to understanding Martian LIBS data but 
from a different perspective. 

While PLS and PASRA were developed for cali-
bration of rock samples, it is useful to apply them to 
this data set because these minerals share crystal struc-
tures and have similar chemical matricies. The results 
of this study will facilitate accurate future interpreta-
tion of Martian LIBS data and help to demystify the 
physical forces that convolute geologic LIBS spectra. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  LIBS spectra of three phyllosilicates, 
offset for clarity 
 
References: [1] Pasquini C. et al. (2007) J. Braz. 

Chem. Soc., 18, 463-512.  [2] Bishop J. L. et al. (2008) 
Science, 321, 830-833. [3] Mustard J. F. et al. (2008) 
Nature, 454, 305-309.  [4] Clegg S. M. et al. Spectro-
chim. Acta Part B (accepted pending revision).  [5] 
Schaefer M. W. et al. (2008) LPSC XXXIX, Abstract 
#2171.  [6] Dyar M. D. et al. GRL (submitted). [7] 
Lentz, R. C. F. (2008) LPSC XXXIX, Abstract #2015. 

80 LPI Contribution No. 1441
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Introduction:  Orbiter and lander/rover studies of
Mars’ surface have identified and provided preliminary
characterization of surficial materials including igne-
ous and sedimentary rocks, possible volcaniclas-
tic/pyroclastic rocks, and unconsolidated sediment.
Some surfaces expose unaltered anhydrous silicates
(militating against extensive interactions with water),
but most results (including studies of Mars meteorites)
indicate at least minor aqueous alteration of exposed
surface materials.  The extent of any chemi-
cal/mineralogical alteration, the relative importance of
physical and chemical processes, the timing of any
chemical alteration that may have occurred, and what
information the surficial materials contain about the
chemical history of Mars’ surface and atmosphere are
all matters of continuing research interest.

Clay minerals (phyllosilicates and other related al-
teration products) form by deuteric and hydrothermal
alteration of igneous parent materials; weathering of
any parent-rock type; and diagenesis of sediments (in-
cluding volcaniclastics).  This contribution reviews
what can be inferred about mineral-environment inter-
actions from the study of the clay-mineral products of
mineral-water interactions, emphasizing low-
temperature surface phenomena (weathering).

Rock and mineral weathering.  During weather-
ing, primary rock-forming minerals react with solu-
tions and/or volatiles.  Reactants (minerals and mobile
species) are consumed through processes governed by
interactions among structure, composition, surface
properties, and solute composition (the latter itself in-
fluenced by the history of the solution, including its
origin and other reactions the solution participated in
prior to arriving at the current reaction site) [1-5].
Weathered regoliths produced by weathering reactions
contain residual primary rock-forming minerals (rem-
nant reactants) and secondary minerals (weathering
products), and the composition of the solutions and/or
volatiles are modified [1-5].

In many situations of interest, the solutions left the
system long ago, and it is from the surviving solids that
the former processes must be inferred [1-5].  Although
reactant and product solutions and volatiles may no
longer exist, considerable insight into their nature,
abundance, and properties can be achieved by exam-
ining the reactant and product minerals.  The composi-
tional and textural relationships among reactants and
products record mineral stability and elemental mobil-

ity, which in turn result from the thermodynamics and
kinetics of the weathering reactions.  Even on Earth,
where high temperatures and abundant water facilitate
relatively rapid kinetics (at least in comparison with
present conditions on Mars), the mechanisms of
weathering reactions often prevent the attainment of
thermodynamic equilibrium.  Most naturally weathered
materials therefore represent various intermediate
stages between unaltered parent materials and the ulti-
mate weathering products [1-5].

Formation of phyllosilicates as weathering
products.  On Earth, clays formed by weathering vary
with the interplay between (1) the dissolution mecha-
nisms and kinetics of pr imary minerals and (2) the
leaching intensity of the weathering environment.
There are two grain-scale mechanisms by which pri-
mary silicate minerals in general, and chain silicates in
particular, weather to secondary minerals; transforma-
tion and neoformation [1,6,7].

Transformation.  In transformation, the bonds
linking the apical oxygens of the silica tetrahedra in the
chains of, for example, chain silicates are locally bro-
ken and remade, allowing single- and double-width
chains to rearrange and reattach themselves laterally
into extensive tetrahedral-octahedral-tetrahedral (T-O-
T) sheets, the basic structural unit of 2:1 phyllosilicate
minerals [3].  The earliest-formed products of trans-
formation reactions retain large parts of the parent-
mineral structure (e.g., mica to vermiculite or smectite;
pyroxene to smectite [3]).  Solution composition has
only modest influence on the structure and composi-
tion of the alteration product, which at least initially
consists dominantly of cations and structural units in-
herited from the parent mineral [3,8-11].

Neoformation.  In neoformation, destruction of
primary-mineral bonding is more complete [12], and
secondary minerals are formed (often at some distance
from the site of primary-mineral destruction) by crys-
tal-growth of secondary minerals from solutes.  Be-
cause secondary-mineral formation by precipitation
does not require any specific structural relationship
with the primary reactant-mineral surface (from which
precipitation may be separated by considerable dis-
tance), there is no necessary crystallographic orienta-
tion relationship between primary (reactant) minerals
and their neoformation products [12,13].

Clay minerals and environmental conditions.
Secondary minerals vary among different geochemical
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and leaching environments; terrestrial regolith geosci-
entists use a classification based on the major clay
minerals formed [3].  At early stages of weathering (in
the case of phyllosilicate formation by transformation)
and/or under conditions of minimal leaching of dis-
solved products (in both transformation and neoforma-
tion), 2:1 clay-minerals form as weathering products;
such weathering, forming products comprising two
tetrahedral silicate sheets per octahedral sheet (e.g.,
smectite-group minerals), is termed bisiallitic.  At in-
termediate degrees of weathering and/or leaching in-
tensity, 1:1 clay-minerals form; such weathering,
forming products comprising one tetrahedral silicate
sheet per octahedral sheet, is termed monosiallitic.
When weathering has been sufficiently extensive or
intense that silica has been essentially completely
leached from the weathering profile, hydroxides and
oxyhydroxides of Fe and Al are the dominant weath-
ering products; such weathering is termed ferrallitic.

With increased weathering, the influence of parent
material on the structure and composition of weather-
ing products diminishes, and the composition of the
products is increasingly influenced by the composi-
tions of the solutions driving the alteration.  Solution
composition during advanced weathering influences
compositions of product minerals in terms of both the
elements left behind in the products, and the elements
transferred between the product-forming environment
and other nearby weathering micro- and (if enough
water is present) macro-environments.  On Earth,
leaching in wet climates removes those elements over-
abundant in parent minerals relative to products; in dry
terrestrial environments such elements are retained in
the local regolith [1-3,14].   On Mars such mobile
products (esp. Si) appear not have moved far, sug-
gesting that there was little water to carry them.

What can clay minerals tell us about alteration
conditions on Mars?  For most of Mars’ natural his-
tory, Martian environments of aqueous alteration (sur-
face and shallow subsurface environments like those
sampled by Mars meteorites) were likely characterized
by low fluid-rock ratios, negligible leaching, and
highly reactive (mafic) parent materials.  Rapid reac-
tion rates of the mafic silicates and negligible leaching
produce conditions more similar to closed-system con-
ditions than in most other terrestrial weathering envi-
ronments. Consequently, much analysis of Mars-
surface mineralogy assumes that thermodynamic equi-
librium adequately describes parent-product mineral
relationships of weathered planetary surface materials
[15-17].  However, metastability (not thermodynamic
equilibrium) is common in low-temperature mineral-
water systems, even for reactive primary minerals and
soluble product minerals commonly assumed to easily

attain equilibrium [18], so observations of kinetically
controlled textures and mineral associations are more
likely than thermodynamic modeling to detect evi-
dence of processes and reaction paths [1-5, 14,18].

Smectites are widely distributed on the surface of
Mars [19-22].  Smectites indicate either inheritance of
structure and major elements from parent material with
minimal modification by leaching (transformation) or
precipitation from cation- and silica-rich solutions (ne-
oformation).  Optical-petrographic and electron-
microscope-scale textural observations are required
(from Mars meteorites or returned samples) to fully
distinguish phyllosilicates formed by transformation
from those formed by neoformation [8-13].  However,
associations of phyllosilicates (especially smectite-
group minerals) can be linked to categories of parent-
material types from orbital imagery and spectroscopic
data, so informed preliminary inferences about trans-
formation or neoformation origins and their environ-
mental significance are possible even in the absence of
returned samples [19-22].
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Introduction:  The Mars Express OMEGA and 

Mars Reconnaissance Orbiter CRISM experiments 
have discovered and mapped mineralogically diverse 
phyllosilicate deposits on Mars through hyperspectral 
detection in the near-infrared, e.g., [1], [2], [3], [4], [5].  
Examples of these deposits have been reported in the 
Mawrth Vallis region (~24°N, 340°E), the Nili Fossae 
region (~22°N, 77°E), a Noachian-aged outcrop in 
Syrtis Major (~19.5°N, 73°E), and a dark deposit in 
Ismenius Lacus (~34°N, 17°E) [1], [2], [3], [4], [5]. 
OMEGA and CRISM spectra of these phyllosilicates 
are most similar to laboratory spectra of Fe/Mg and Al-
rich varieties, e.g., [1], [3], [5], [6]. 

THEMIS, aboard the Mars Odyssey spacecraft, has 
acquired multispectral thermal infrared images of Mars 
at 100m/pixel spatial resolution with nearly global 
coverage.   Observation of the primary silicate absorp-
tion feature in the thermal infrared may be used to con-
strain clay mineralogical identification [7]. Although it 
is recognized that THEMIS may detect spectral 
uniqueness in clay-rich areas [8], little has been done 
to utilize this feature, due to the lack of a definitive 
clay signal deconvolved from corresponding TES data.  

Here, we have used THEMIS and OMEGA cover-
age of the Mawrth Vallis, Nili Fossae, Syrtis Major, 
and Ismenius Lacus to find a clay spectral signature in 
the thermal infrared. This signature was used to de-
velop a spectral index that is sensitive to the spectral 
shape of clays. Application of this index to other 
THEMIS images will be used to identify clay-rich re-
gions in areas of Mars not yet observed by OMEGA or 
CRISM. 

Methods:  THEMIS daytime infrared images of 
OMEGA-identified clay-rich regions were corrected 
for drift, rectified, “deplaided”, radiance corrected, and 
map projected using the THEMIS image processing 
web interface (http://thmproc.mars.asu.edu). Initially, 
images with the highest average temperatures (a mini-
mum of 240 K) were chosen to maximize signal-to-
noise ratios in the scene. The ENVI 4.2 remote sensing 
software suite was used to run a custom TES-derived 
multiplicative atmospheric correction using techniques 
described in [9].  Mean spectra were extracted from 
regions of interest (ROIs) corresponding to the loca-
tions of OMEGA-identified phyllosilicate-rich depos-
its.  

A spectral index was developed based on manual 
inspection of THEMIS spectral shapes within and out-
side the phyllosilicate areas mapped by OMEGA. This 

index was then refined through application to multiple 
THEMIS scenes of example areas on Mars where 
OMEGA has detected phyllosilicates. 

 
THEMIS Phyllosilicate Index =  
3•(b7/b6)+(b8/b7)+(b7/b5)+(b8/b9)+2•(b8/b5)+2•(b3/b4)+(b6/b5) 
(Outputted values >11.2 correspond to OMEGA-identified clays) 
 
Note that the spectral index above is refined from a 
preliminary version we have previously published [10], 
and will probably be further refined as we examine 
more clay-rich targets. 
 
Results and Discussion: The results of applying our 
phyllosilicate spectral index to THEMIS data are 
shown in the left-hand panels of Figure 1 (below) for 
Mawrth Vallis, Syrtis Major, and Ismenius Lacus. 
THEMIS pixels with a phyllosilicate index greater than 
11.2 correspond to OMEGA-identified, clay-rich re-
gions (right-hand panels in Figure 1), though there are 
some slight discrepancies, particularly in a region NE 
of the clay deposit in Syrtis Major. We were unable to 
map clays in the Nili Fossae region using the same 
spectral index that worked in the other three locations. 
This lack of detection in Nili Fossae could be due to 
the physical nature of the clays in this region. It has 
been hypothesized that the region is comprised of 
>100µm olivine grains [11] within a possible matrix of 
clays produced by alteration [6]. If the clay grains in 
this matrix are sufficiently small (<~30µm), they 
would be more difficult to observe in the longer-
wavelength thermal infrared wavelengths [12], [13], 
used by THEMIS than at the near-infrared wavelengths 
used by OMEGA. In contrast, the phyllosilicates ob-
served in Mawrth Vallis are associated with layered 
rocks [1] part of a >100m thick geologic unit [3], 
which perhaps would be less affected by loss of spec-
tral contrast associated with particle size effects.  The 
output of the index also relies on the quality of the 
atmospheric correction of a region, which is dependent 
upon TES data quality, as well as signal-to-noise and 
atmospheric dust content in the THEMIS scene. 
THEMIS scenes with poor atmospheric corrections 
tend to give false-positive detections (index greater 
than 11.2) over the majority of the image. It was also 
determined that the THEMIS phyllosilicate index pro-
duces ambiguous results when used on clay-rich areas 
with brightness temperatures of greater than 255 K.  
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Figure 1.  A, left: Mawrth Vallis phyllosilicate index image (see text) derived from THEMIS image I01199005. Red pixels 
correspond to index values greater than 11.2, which we consider a positive THEMIS detection of phyllosilicates.  A, right: 
Subset of OMEGA-detected spectral indices of the 1.93µm, 2.20µm, and 2.3µm bands (blue, green, red, respectively) [3] 
for the same area as A, left.  Both right and left centered at (~24°41’N, 340°48’E). B, left: Ismenius Lacus phyllosilicate 
index image derived from THEMIS image I03220002. B, right: Subset of OMEGA coverage of Ismenius Lacus (phyl-
losilicate in blue, pyroxene in green) [1]. Both right and left centered at (~34°10’N, 16°57’E). C, left: Syrtis Major phyl-
losilicate index image derived from THEMIS image I02469002. C, right: OMEGA coverage of Syrtis Major (phyllosili-
cate in blue) [1]. Both right and left centered at (~19°35’N, 73°1’E). 
All OMEGA image panels are adapted from figures in [3] and [1]. 

Conclusions:  Our results suggest that the phyl-
losilicate-bearing outcrops in Mawrth Vallis, Syrtis 
Major, and Ismenius Lacus detected by OMEGA also 
have consistent THEMIS thermal infrared spectral 
properties that are distinct from surrounding terrain.   
These spectral properties can be quantified in a 
THEMIS spectral index. A reliable THEMIS spectral 
index for phyllosilicates would have tremendous utility 
in mapping the full distribution of these minerals be-
cause of the near-global coverage of the THEMIS 
dataset.  THEMIS-based detections of new areas of 
phyllosilicates could be used to target future OMEGA 
and CRISM observations for confirmation. 
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Introduction:  Extensive sedimentary deposits 
[e.g., 1,2] previously mapped as etched (ET) terrain 
are exposed in the Sinus Meridiani region. The       
hematite-bearing plains unit (Ph) explored by the MER 
rover Opportunity covers portions of the ET (Fig. 1).   
Dissected cratered terrain (DCT) is exposed to the 
south of these deposits. Fe/Mg phyllosilicates and hy-
drated Mg sulfate deposits are detected in Meridiani 
using both Mars Express OMEGA [3] and MRO 
CRISM [4] near infrared spectral data [e.g., 5,6,7,8]. 
We are mapping the spatial distribution of both phyllo-
silciate and hydrated sulfate deposits within the Sinus 
Meridiani region using high resolution CRISM images. 
This work builds on previous studies [e.g., 6,9] and 
provides a stratigraphic context for the phyllosilicate 
deposits. 
 

 
 
Figure 1. CRISM multipspectral survey coverage (R=2.5, 
G=1.5, B=1.1µm)  overlain on a THEMIS nighttime IR mo-
saic.  The context map  extends from (10 ̊N, 10 ̊W) to (10 ̊S, 
10 ̊E).  CRISM high resolution targeted footprints are shown 
in red.  Units similar to those mapped by [10] are indicated. 
 

Fe/Mg Phyllosilicates:  The DCT is a complex 
unit that contains fluvial features and buried and ex-
humed craters, some of which exhibit light toned 
layering [11].  Ph embays  DCT along the southern 
boundary (Fig. 2). Phyllosilicate deposits are exposed 
within the DCT and occur in close proximity to the Ph 

unit in some areas.  Detailed examination of these de-
posits revealed a stratigraphic relationship between the 
phyllosilciate-bearing deposits and Ph.  In Miyamoto 
crater (Fig. 2), phyllosilicate-bearing deposits are lo-
cated within ~30 km of the edge of Ph [11], which is 
presumably underlain by sulfate-rich deposits similar 
to those explored by the Opportunity rover.  The depo-
sits within Miyamoto crater are exposed only in areas 
where significant exhumation has occurred. The ma-
jority of the phyllosilicate exposures in the DCT (Fig. 
2) exhibit spectral absorption features at 1.9, 2.3 and 
2.4 µm, consistent with the presence of Fe/Mg               
phyllosilicates [9].   

 

 
 

Figure 2. THEMIS daytime IR mosaic of the box shown in 
Fig. 1 with CRISM multispectral and high resolution cover-
age overlain (R=2.5, G=1.5, B=1.1µm). Areas that are indi-
cated with green arrows exhibit CRISM spectra that are con-
sistent with the presence of Fe/Mg phyllosilicates and the 
area indicated with a red arrow contains Al-rich phyllosili-
cates. 
 

Al-Rich Phyllosilicates:  We have identified Al-
rich phyllosilicates, including montmorillonite and 
kaolinite (Figs. 5,6), for the first time in the Sinus Me-
ridiani region. Fe/Mg smectites are also present in as-
sociation with the Al-rich phyllosilicates. The phyllosi-
licate exposures occur within an in place bedrock unit 
that has been incised via fluvial erosion (Figs. 3,4).  
Similar phyllosilicate assemblages are found in expo-
sures identified in Mawrth Vallis [e.g., 12]. These de-
posits occur within the DCT, close to the boundary 
with Ph (Fig 3). After formation, the phyllosilicate 
deposits were incised via fluvial erosion [Fig. 4]. 
Analysis of image and elevation data show that the 
younger Ph unit embays the phyllosilicate deposits 
[Fig. 4]. These exposures demonstrate that the pyllosi-
licate-bearing deposits predate the formation of Ph. 
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ET Phyllosilicates:   Both hydrated sulfate and 
phyllosilciate exposures are identified in association 
with the ET [e.g., 6,7,8].  The geologic context of 
these deposits is difficult to decipher because the ex-
posures represent erosional surfaces and are partially 
buried by mantling material in some areas. Within ET, 
the phyllosilicate and hydrated sulfate deposits occur 
in close proximity in some areas.  Our current analyses 
focus on deciphering the stratigraphic relationship 
between these phyllosilicate and hydrated sulfate de-
posits. 

Discussion:  Detailed examination of the Al-rich 
and Mg/Fe phyllosilicate exposures within the DCT 
show that the phyllosilicate-bearing deposits predate 
the formation of the Ph unit explored by the Opportu-
nity rover. The deposits record the transition from 
fluvial conditions which produced and/or preserved 
phyllosilicates deposits to a progressively acid sulfate 
dominated groundwater system in which large accu-
mulations of sulfate-rich evaporites were deposited.   

The stratigraphic relationship between the phyllo-
silciate and hydrated sulfate deposits is less clear with-
in the ET. The geochemical conditions experienced by 
ET at various locations were driven by ground water 
recharge and evaporative loss rates [13].  Continued 
mapping of the distribution of phyllosilicate and hy-
drated sulfate deposits will help to elucidate the 
aqueous history of the Sinus Meridiani region. 

 

 
 
Figure 3. THEMIS daytime IR mosaic of the box shown in 
Fig. 2. The MSL candidate Southern Meridiani landing el-
lipse and CRISM FRT images of interest are indicated. 
 

 
 
Figure 4. CTX P16_007348_1768 draped on MOLA topo-
graphy, with a vertical exaggeration of 10.  CRISM FRT 
footprints shown in Figure 3 are indicated in red. 

 
Figure 5. CRISM false color IR composite showing FRT 
91c5 and FRT a063 (R=2.5, G=1.5, B=1.1µm) (left) and 
spectral index [14] composite (R=D2300, G=B2200, 
B=BD1900) (right). 
 

        
Figure 6. CRISM spectra extracted from areas indicated with 
arrows in Fig. 5 compared to library spectra. 
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Introduction:  Orbital near-infrared spectroscopy has revolu-
tionized our knowledge of the history of water on Mars. Sulfate 
minerals were first identified in Martian bedrock at Meridiani 
Planum by the Opportunity rover [1], but have since been found by 
OMEGA in numerous other light-toned layered deposits [2,3], where 
they are thought to reflect alteration by acidic solutions. Phyllosili-
cates, possibly indicative of more neutral-to-alkaline altering fluids 
[e.g., 4], have also been identified [2,5]. 

OMEGA global maps of hydrated minerals including phyllosili-
cates reveal that km-scale and larger surface exposures are scattered 
widely across low and mid-latitudes, but are relatively rare [6,7,8]. 
Sulfates at these latitudes are seen by OMEGA only in a narrow 
band surrounding the equator east of Tharsis [6], prompting the 
suggestion that they all may have formed via a single regional proc-
ess [9]. But a more complex story is visible at higher spatial resolu-
tion. On the opposite side of Mars, ferric sulfates and opaline silica 
have been found in the Columbia Hills by the Spirit rover [10], while 
CRISM has found hundreds to thousands of Fe/Mg-clay exposures 
in the highlands of Terra Tyrrhena [11]. CRISM data now enable a 
reevaluation of the planetary-scale distribution of hydrated minerals. 

Methods:  We have undertaken a survey of publicly released 
CRISM observations in the Southern highlands. Using the online 
map of targeted observations (http://crism-map.jhuapl.edu/), we have 
examined the IR HYD and PHY browse products in search of spa-
tially contiguous areas with absorptions characteristic of hydrated 
sulfate and phyllosilicate mineralogy. Promising observations are 
then processed using standard atmospheric and photometric correc-
tions [11], and their spectra examined to confirm the presence of 
absorptions of interest. Regions currently under study by other inves-
tigators – including Terra Tyrrhena [11,12], Argyre basin [13], and 
Eridania basin [14] – have been omitted from our survey (Fig. 1). 

We have focused initially on observations with the highest val-
ues of the summary parameters over many pixels.  However, all web-
released browse products were produced with a standard stretch, so 
future analysis of more subtle features on an image-by-image basis 
may reveal many additional hydrated mineral occurrences. 

Figure 1. MOLA global topography with regions surveyed circled. 
 
Results:  Only a small subset of images exhibit strong hydrated 

mineral signatures. In Noachis, one image contains a broad exposure 
of a bright plains unit with a strong 2.3-μm band diagnostic of 
Fe/Mg-phyllosilicates, while a small impact crater in the same scene 
has bright ejecta with a 2.2-μm band indicative of Al-phyllosilicates. 
Two images south of Noachis contain strong evidence for hydrated 
sulfates. In one of these, at 63º S, polyhydrated sulfate is seen on top 
of a ~5-km wide hill; HiRISE images of this hilltop show a poly-
gonally fractured surface with scattered ~10-m boulders. 

In the Centauri Montes just East of Hellas, several spots on the 
hourglass-shaped glacier discussed by [15] exhibit absorptions at 
1.5, 1.9, and 2.1 μm, consistent with lab spectra of water ice but 
possibly also consistent with the monohydrated sulfate kieserite (Fig. 

2). If water ice, this material may be frost, but could also be exposed 
glacial ice as predicted by [16]. Seasonal monitoring should distin-
guish between these possibilities. 

In Terra Sirenum, several images of the D~100 km Columbus 
crater reveal a complex mineral assemblage. Polyhydrated sulfate is 
the spatially dominant hydrated phase, but both Fe/Mg- and Al-
phyllosilicates are also seen.  The latter is much more common, and 
spectrally most consistent with a kaolin group mineral (e.g., hallo-
ysite) with a strong 1.9 μm band and doublet absorptions at 1.4 and 
2.2 μm (Fig. 2). The polyhydrated sulfate occurs in a finely layered 
light-toned unit that overlies both types of phyllosilicate-bearing 
units (Fig. 3). This assemblage of sulfates, kaolinite, and other minor 
phyllosilicates occurring in sedimentary layers inside a closed (cra-
ter) basin is reminiscent of terrestrial acid-saline lake deposits [19]. 

Figure 2. Top panel: CRISM ratio spectra (red, blue, and yellow 
from Columbus crater; green from Centauri Montes glacier; white 
from Icaria mound). Bottom panel: library spectra of nontronite 
(yellow), halloysite (blue), polyhydrated Mg-sulfate (red), and kie-
serite (green). 
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     Elsewhere in Sirenum, several exposures of Fe/Mg-phyllosilicate 
occur immediately adjacent to exposures of the THEMIS “glowing” 
terrain interpreted to contain chloride salts [20]. In the three sur-
veyed scenes containing both minerals, they occur in distinct light-
toned units, with the glowing terrain relatively low-standing (either 
underlying or possibly embaying the clay-bearing unit). Farther East 
in Icaria Planum, a ~100 km-wide mound hosts an impact crater in 
which gullies have transported Fe/Mg-phyllosilicate downslope. Just 
outside the gully is a small exposure of material spectrally consistent 
with hydrated silica [e.g., 11], with a strong band at 1.9 μm and a 
broad, asymmetric band centered around 2.2 μm (Fig. 2). 

Figure 3. Portion of HiRISE PSP_005429_1510 in Columbus crater. 
Light-toned, layered unit contains polyhydrated sulfate, while under-
lying darker unit contains a kaolin group clay. 
 

Discussion: One immediate conclusion from our survey is that 
sulfate minerals are more widespread than previously observed. 
OMEGA results have been used to infer a distinct period of sulfate 
formation during the early-to-mid Hesperian, coupled to Tharsis 
volcanic activity [6,9]. However, sulfates today are seen in locations 
far from Tharsis, and virtually all areas covered by our survey are 
mapped as Noachian in age (though the near-surface materials may 
be younger). Sulfate formation may have occurred locally or region-
ally at various times spanning a large fraction of Martian history. 

We have observed hydrated silicates in a number of locations 
scattered throughout the Martian highlands. The various examples in 
Sirenum and Icaria do not occur near any of the large Martian impact 
basins, suggesting that phyllosilicate formation mechanisms related 
to hydrous basin impact melts [21] likely do not apply to these ex-
amples. Smaller impacts may have played a role, but we note that the 
phyllosilicates discussed above do not occur predominantly in asso-
ciation with impact craters as in Terra Tyrrhena [11,12]. 

Among the hydrated silicates observed, Fe/Mg-phyllosilicate 
appears to be most common overall, consistent with previous find-
ings [5,11]. However, we note that the images we examined do not 
represent an unbiased sample of the highlands: while some images 

were targets of opportunity or ride-along observations with other 
MRO instruments, much of CRISM’s targeting strategy is driven by 
previous discoveries of hydrated minerals at the lower resolution 
provided by OMEGA or CRISM multispectral data. Fig. 4 shows a 
small portion of Terra Sirenum in which multiple Fe/Mg-
phyllosilicate exposures stand out in CRISM multispectral mapping 
strips. We are currently targeting these exposures for high-resolution 
CRISM and HiRISE observations. 

Figure 4. Mosaic of CRISM multispectral data in Terra Sirenum, 
(center ~30ºS, 185ºE). Background is IR albedo. The D2300 parame-
ter, sensitive to Fe/Mg-OH absorption in phyllosilicates, is shown in 
red. Yellow arrows highlight exposures. Residual striping in some 
image strips is due to an uncorrected instrument artifact. 
  

Our initial survey reveals the diversity of hydrated mineral oc-
currences in the ancient Southern highlands, and should precipitate 
several more focused studies of local areas of interest. Future work 
will also include analysis of high-resolution images to determine 
(where possible) the stratigraphic context of the hydrated mineral 
exposures, both relative to each other and to unaltered igneous units. 
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Introduction::  Mars  is  one  of  the  most 
intensively studied planets in the solar system other 
than Earth. Space probes observing Mars are sending 
back a huge amount of data every day. They give us 
information about the probable mineral composition 
of Mars surface and atmosphere [1], [4], [8]. 

Infrared spectroscopy is applicable as a method 
of structural analysis to research the composition of 
rocks  and  minerals.  We use  two  Martian  infrared 
spectra from TES (Thermal Emission Spectrometer) 
instrument  aboard  the  Mars  Global  Surveyor 
spacecraft  with atmospheric  contributions  removed 
by  the  Radiative  Transfer  Algorithm method.  The 
first  spectrum  is  of  a  pure  basalt  surface  which 
represents the Martian terrain -Cimmeria Terra and 
second an average dusty surface. We modeled these 
spectra by matching the infrared spectra of minerals 
from  mineralogical  library  (in  the  wavenumber 
range  1700-200  cm-1)  using  the  Deconvolution 
Algorithm without contributions of the atmosphere.

The infrared radiation (5 – 50 µm or respectively 
in wavenumber 1700 – 200 cm-1 ) is the best one to 
determine  the  mineral  composition  because  the 
surface  emits  the  radiation  in  this  range  of 
wavenumbers. Therefore we can obtain characteristic 
spectral features for different components of surface 
and  atmosphere  in  this  connection.  The  most 
important phenomena are absorption and emission by 
surface components as well as by atmosphere gases.

The major component of the Martian atmosphere 
is the carbon dioxide 95.3%, the other components 
are  nitrogen  -2.7%,  argon  -1.6%  and  trace 
admixtures  as  water  vapour,  carbon  oxide,  water 
ices,  and  dust.  The  largest  seasonal  and  diurnal 
variation of abundance are observed for dust. During 
the changes of season there appear dust storms. Then 
the  transparency  of  the  atmosphere  decreases  [6], 
[11]. The knowledge of the variations of abundance 
of dust and the atmospheric gases helps to eliminate 
their  influence  on  the  infrared  spectra  of  radiance 
emitted by the surface.

On the basis of TES measurements we find out 
Mars’  geological  dichotomy,  determining  that  the 
northern  hemisphere  and  some  terrains  on  the 
southern  hemisphere  like  Hellas  [45  S;  70  E]  or 
Daedalia  Planum  [18,4  S;  231,9  E]  consist  of 
lowlands  and  supposed  remains  of  an  ocean  [5] 
composed of andesite or weathered basalt,  whereas 
the  southern  hemisphere  displays  the  features  of 
alkali basalts [7]. This is confirmed by measurements 
of Viking 1 and 2 and Pathfinder, and Rovers: Spirit 
and  Opportunity.  Thanks  to  those  measurements 
have  been  estimated  the  basic  elements  of  Mars’ 

surface composition [2], [3], [9]. Unfortunately, the 
full  confirmation  of  these  measurements  was  not 
possible,  as  in  the  present  study  we used  the  data 
from  small  part  of  Mars  surface  only,  thus  not 
reflecting the global petrologic structure of the whole 
planet.  The  research  that  was carried  was devoted 
only to spectra from Cimmeria Terra. [37,8 S; 189,4 
E]  [4],  (Fig.2)  and  the  average  dusty  surface  [1], 
(Fig.4).

Methods:  First of all we would like to retrieve 
surface  emissivity  spectrum  without  contributions 
caused by atmospheric components. We present two 
methods  that  are  used  to  separate  the  spectral 
features  of  atmospheric  gases  and  surface.  One of 
them (Deconvolution Algorithm) relies on fitting the 
linear  combination  of  spectral  features  of  each 
mineral  and  of  atmospheric  components  to  the 
measured  spectrum  simultaneously.  This  method 
uses  the  spectral  mineral  library  to  find  the 
appropriate mixture of minerals. 

The second algorithm uses the radiative transfer 
through  the  atmosphere  (Radiative  Transfer 
Algorithm).  The  radiances  are  calculated  equation 
with  assumptions  regarding  the  amounts  of  dust, 
aerosols,  water  vapour.  Then  we  can  compare  the 
calculated  values  with  the  measured  ones  to  find 
successively the spectral shapes, first for atmospheric 
dust, then for water-ice aerosols and then, finally, for 
surface  emissivity  by  least  square  fitting. 
Additionally  we  can  assume  the  size  of  dust  and 
water ice crystals and seek the best fit. [4], [10], [12].

Results:  We modeled spectra  by matching the 
infrared  spectra  of  minerals.  We  added  spectra  of 
particular  minerals  from the  mineralogical  infrared 
library with size range 700-1000 µm for pure basalt 
and  powder  size  for  weathered  basalt  to  receive 
spectrum similar to Martian spectrum from TES. We 
used  the  Deconvolution  Algorithm  method.  The 
Martian  atmospheric  spectra  used  for  comparison 
were removed by Radiative Transfer Algorithm.

Basalt  spectrum is  modeled with Decan basalt 
and  weathered  basalt  spectrum  is  modeled  with 
weathered  basalt  with  clay  minerals  from  the 
Krzeniów, Sudetes.

The  Decan  basalt  contains  labradorite  65%, 
augite 28%, forsterite 4% and hornblende 3% (Fig.
2). For the purpose of modeling augite was replaced 
by bronzite to smooth out the spectrum between 900 
–1100  cm-1.  Then  the  fitting  to  Mars’  spectrum is 
better.  Bronzite  is  very  common  meteorite’s 
component (Fig.1).
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Fig.1 Basalt spectrum modeled with Decan basalt spectrum using 
the Deconvolution Algorithm 

Fig.2 Comparison of the spectra of Cimmeria  Terra  and Decan 
basalt  with  atmosphere  separated  by  the  Radiative  Transfer 
Algorithm [4]

The Martian surface is regarded as dusty when 
the albedo >0,18. Dust can be found on the surface 
and can be suspended in the atmosphere with particle 
sizes  <  70  µm.  We  claim  that  a  dust  has  in  its 
composition  weathered  basalt  with  clay  minerals- 
phyllosilicates. 

The composition of a weathered basalt (waste) 
from  Krzeniów  contains  90-100%  of  smectite, 
5-10% of  kaolinite  (clay  minerals),  magnetite  and 
goethite. For the purpose of modeling we set up the 
composition: 90% of smectite, 7% of kaolinite and 
3%  of  magnetite  (Fig.3).  We  believe  that  water 
existed on Mars in the past and  Mars’ atmospheric 
pressure in some places allows water to remain in a 
liquid state,  so clay minerals can appear on Martian 
surface.

This waste the best match to the dusty surface of 
Mars, but makes a problem with fitting minimum at 
800-900  cm-1.  This  minimum  is  shifted  toward 
shorter  waves  with components  available  from the 
used library.
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Fig.3 Weathered  basalt spectrum modeled with the weathered 
basalt with clay minerals from the Krzeniów, Sudetes using the 
Deconvolution Algorithm. 

Fig.4 Comparison of  the  spectra  of  Mars  surface  dust  and fine 
basalt  with  atmosphere  separated  by  the  Radiative  Transfer 
Algorithm [1]

Summary:  The  spectrum  of  Cimmeria  Terra 
surface (Fig.2) best matched by the spectrum of the 
Decan basalt where augite was replaced by bronzite. 
It  is  surface  without  dust  (Fig.1).  A  dusty  Mars’ 
surface  is  compared  to  a  spectrum  of  weathered 
basalt from Krzeniów Sudeten (Fig.3) but the fitting 
agrees roughly with the Mars’ spectrum (Fig.4). 
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