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SECTION VII - Project Summary

Mars is currently cold and dry but evidence for an earlier warmer and wetter period comes from the mineral products of substantial
chemical weathering. Abundant deposits of sulfate and iron oxide minerals suggest widespread alteration of primary silicates under
acidic and oxidizing conditions. However, recent observation of Noachian-aged phyllosilicate deposits suggest an earlier period in the
geochemical history of Mars dominated by weathering under less extreme conditions. The observation of phyllosilicate clays, especially
smectites of various compositions, is a paleoenvironmental indicator of more alkaline conditions.

The specific phyllosilicate minerals observed in Noachian-aged deposits may provide further constraints on major environmental
parameters. The presence of both ferrous and ferric iron-bearing phyllosilicates suggests that these phases may indicate the oxidation
state of the atmosphere during formation or later alteration. The occurrence and composition of these phases may also provide an
indication of carbon dioxide partial pressure in the past as high levels of carbond dioxide may inhibit ferrous phyllosilicate formation.
However, thermodynamic and kinetic uncertainties in the weathering systems that likely produced these phyllosilicate phases prevent
full utilization of orbital and lander data for the assessment of past Martian environmental conditions. Fundamental research into the
pathways of iron phyllosilicate formation is thus needed to establish the relationship between mineral characteristics and
paleoenvironmental conditions during the Noachian.

This proposal seeks to address this critical knowledge-gap through a series of laboratory studies under controlled conditions to
determine the sensitivity of ferrous and ferric smectite properties to specific environmental parameters during their formation and
alteration. Two major efforts will be undertaken. The first will explore how iron oxidation and clay recrystallization conditions affect
the final smectite structure and composition. A possible formation route for ferric smectites on Mars is through a ferrous smectite
precursor. The second effort will focus on exploring clay formation through weathering of mafic minerals and basalt. Properties of
the initial clay phase(s) that forms may be sensitive to chemical conditions, such as whether conditions are oxidizing or reducing, the
partial pressure of carbon dioxide, and the initial acidity of the weathering fluid. This project will thus explore the effects of carbon
dioxide content and system redox conditions on the composition and structure of the phyllosilicate weathering products, especially the
iron-bearing phase(s). In addition, the iron-bearing phyllosilicate weathering products formed under anoxic conditions will be
subsequently oxidized and have their composition and structural properties compared to the products of weathering under oxic
conditions to determine if the relative timing of weathering and oxidation affects the final phase(s) that form.

The proposed work will substantially improve our understanding of geochemical processes that likely operated in the past on Mars.
Experimental results will address the conditions under which iron-bearing phyllosilicate phases, similar to those observed in Noachian
deposits, may form and how the properties of these phases relate to the formation pathway. This work will both place fundamental
constraints on the relationship between phyllosilicate formation and environmental conditions and provide an improved scientific basis
for using iron-bearing phyllosilicate deposits as paleoenvironmental indicators on Mars. This project will also address a number of
specific Mars Exploration Program Science Goals. Finally, this work will benefit the current and future robotic exploration of Mars by
providing an improved scientific basis for interpreting data from landers and orbiters.
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SCIENTIFIC/TECHNICAL/MANAGEMENT SECTION 
 
1. PROJECT MOTIVATION 
 Mars is currently cold and dry but evidence for an earlier warmer and wetter period 
comes from the mineral products of substantial chemical weathering.  Abundant deposits of 
sulfate and iron oxide minerals suggest widespread alteration of primary silicates under acidic 
and oxidizing conditions [1-6].  However, recent observation of Noachian-aged phyllosilicate 
deposits [3, 7-15] suggest an earlier period in the geochemical history of Mars dominated by 
weathering under less extreme conditions.  The observation of phyllosilicate clays, especially 
smectites of various compositions, is a paleoenvironmental indicator of weakly acidic to alkaline 
conditions. 
 The specific phyllosilicate minerals observed in Noachian-aged deposits may provide 
further constraints on major environmental parameters.  The observed ferrous (Fe2+) iron-bearing 
smectites (Fe/Mg-smectite) and chlorites and ferric (Fe3+) iron-bearing smectites (as nontronites 
or related ferric smectites) provide insight into redox conditions during this period.  Ferrous 
smectites are the expected weathering products of basalts under anoxic conditions [16].  These 
products have been observed in weathered basalt on the ocean floor, in Iceland, California, 
Connecticut, Japan, and India, and at the Atlantis II Deep in the Red Sea [16-23].  The presence 
of ferric phyllosilicates as well requires some oxidation to have occurred during or after 
weathering as the Martian basalts contain primarily ferrous iron [24].  While ferric smectites may 
be thermodynamically stable to fairly low equilibrium redox potentials (see Section 4.3), the 
production of ferric smectite deposits on the scale suggested from orbital observations requires 
the consumption of a substantial quantity of oxidant.  Iron-bearing phyllosilicates thus provide 
insight into the local oxidation state at the time of deposition or during any subsequent alteration. 
 The presence of ferrous phyllosilicates also poses some constraints on CO2 partial 
pressure and clay formation temperature.  Elevated CO2 partial pressure of around 1 bar, as has 
been proposed in some Noachian greenhouse scenarios [25, 26], may not result in the formation 
of such phases.  Siderite (FeCO3) is predicted to form instead; Mg-carbonates are also 
thermodynamically stable but their formation under low-temperature (i.e., not hydrothermal) 
conditions is generally kinetically inhibited [27].  At lower CO2 partial pressures, such as the 
current level on Mars of ~0.0057 bars [28], these carbonate phases show a strong temperature 
dependence in their stability and ferrous smectites and chlorites may be expected to dominate.  
Similar calculations but with different assumptions regarding phase stability had been used to 
argue that the presence of smectites, especially nontronites, indicate that elevated CO2 partial 
pressures were not present in the Noachian [15].  However, recent observations of magnesite 
(MgCO3) from orbit [29] and Mg-Fe carbonate in outcrops by MER Spirit [30] suggest that 
elevated CO2 levels were present during periods in the Noachian.  These periods would most 
likely have been warm and wet [25] and thus conducive to weathering.  It thus appears that the 
Noachian-aged smectites and other phyllosilicates may have formed under high CO2 partial 
pressures.  As experimental studies of such systems are generally lacking it is unclear whether 
carbonate phases actually form and limit phyllosilicate production as predicted under plausible 
weathering scenarios.  This highlights the challenges in extracting meaningful information about 
past environmental conditions from the limited thermodynamic data available as the results may 
be highly dependent on model assumptions regarding which reactions are kinetically favorable. 
 These thermodynamic and kinetic uncertainties prevent full utilization of orbital and 
lander data for the assessment of past Martian environmental conditions.  It is unclear whether 
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ferric smectites may form through a process of ferrous phyllosilicate deposition and later 
oxidation.  Such a process would require a re-evaluation of the paleoenvironmental implications 
of these phases [15].  Related to this, later oxidation of a precursor phase may produce a ferric 
smectite with different composition or structural properties than one formed directly through 
oxidative weathering.  The effect of CO2 on iron phyllosilicate formation during weathering has 
also been suggested to be significant, and the occurrence of ferric phyllosilicates has been 
suggested to constrain Noachian CO2 levels [15]. However, this is complicated by kinetic 
inhibition of the formation of some carbonate minerals and uncertainty regarding whether 
oxidizing or reducing conditions dominated at the time of formation, as CO2 is expected to have 
a greater effect on ferrous phyllosilicate formation because of siderite precipitation.  
Fundamental research into the pathways of iron phyllosilicate formation is thus needed to 
establish the relationship between mineral characteristics and paleoenvironmental conditions 
during the Noachian. 
 
 
2. PROJECT OBJECTIVES 
 The primary objective of this project is to determine the mineralogical signatures of 
iron phyllosilicate formation pathways in order to connect mineral occurrence to past Martian 
environmental conditions.  Specific research objectives include: 
1. Determine how ferrous saponite oxidation and subsequent recrystallization pathways affect 

the structure and composition of the ferric smectite products. 
2. Characterize properties of ferric smectites formed from mafic mineral and rock weathering 

through different chemical conditions and oxidation sequences. 
3. Establish a relationship between PCO2 during mafic mineral and basalt weathering and 

phyllosilicate weathering product composition and structure. 
 
 
3. SCIENTIFIC BACKGROUND 
 
3.1. Current Understanding of Noachian Conditions 
 The Noachian period clearly had periods where conditions were warmer than today, with 
greater atmospheric pressure and near-surface water.  The Martian Noachian hydrological 
system, however, is poorly constrained. Some studies envision widespread water activity [11, 13, 
31, 32] or a large northern paleocean [33, 34]; others believe the evidence best supports episodic 
water [26, 35-38]. Episodic water may have taken the form of intense rains and flash floods 
following an impact [26] or impact-generated hydrothermal systems (primarily Late Heavy 
Bombardment) that formed phyllosilicates [37]. Evidence for a northern Noachian ocean comes 
primarily from the geomorphic evidence suggesting a northern “shoreline” [31, 33, 34]. 
Channels in the Vastitas Borealis Formation (VBF) are interpreted as outflow channels, although 
the VBF is a veneer of Hesperian age that may be sublimation residue [31].  
 The presence of liquid water for any appreciable amount of time would have required 
temperatures above freezing. Currently Mars has ~6 mbar atmospheric pressure and an average 
temperature of about 215K [39]. One possibility for a warmer Noachian is the presence of a large 
PCO2 [25]. A CO2 greenhouse model calls for 1 to 5 bar PCO2 to enable liquid water [26]. 
However, this should lead to the presence of widespread carbonates, such as siderite [25, 26]. 
Warming of Mars could also have been performed by large-impact ejecta, which simulations 
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show could keep the planet above the freezing point of water for decades to millennia [26]. 
Alternatively, periodic influxes of sulfur volatiles alone could have been responsible for 
warming up to 25K greater than that produced by CO2 [35]. 
 The oxygen content of the Noachian atmosphere is also uncertain.  Mars’ current 
atmosphere is composed mainly (95.3%) of carbon dioxide [39]. The current partial pressure of 
O2 in the Martian atmosphere is about 10-5 bars [28, 40]. Using this as an upper bound, the 
estimated partial pressure of oxygen early in Mars’ history varies greatly. Proposed values 
include 10-78 bars as calculated using meteorites [40], to 10-69 bars based on the presence of 
Fe(III) oxides [41],  to between 10-12-10-15 bars using an estimation method originally applied to 
early Earth [42]. The study of Martian SNC meteorites clearly supports variable PO2 through 
time, with the earliest meteorite, ALH84001, being the most reduced [43].  Thermodynamic 
modeling of basalt weathering suggested that the Martian atmosphere could have contained up to 
10-7 bar of O2 during volcanism [44]. 
 Weathering products during the Noachian are point to a period of environmental change.  
Clays are found in Noachian-aged terrain and sulfates are found in Hesperian-aged terrain, but 
the two are rarely found together [45].  Further examples of this clay-sulfate transition appear in 
Gale Crater, featuring a clay-sulfate layer unconformably overlain by a sulfate-oxide layer [7].  
Evaporitic saline minerals are indicative of a harsher environment just before aqueous activity 
was lost [38].  Regardless of the conditions near the Noachian-Hesperian transition, during the 
early- to mid-Noachian secondary minerals were dominated by phyllosilicate clays [1]. 
 
3.2. Occurrence of Phyllosilicate Clays on Mars 
 Detection of phyllosilicate clays on Mars dates back to the Viking era [46]. These clays, 
especially chlorite, illite and smectites, [11] are widespread throughout Noachian-aged Martian 
terrain, but the most extensive phyllosilicate regions are in Mawrth Vallis and Nili Fossae [10]. 
The OMEGA instrument on board Mars Express has detected nontronite and montmorillonite in 
Mawrth Vallis units [14], while the CRISM instrument has detected these minerals plus kaolinite 
and hydrated silica. The lowest stratigraphic unit at Mawrth Vallis is nontronite-rich and is 
unconformably overlain by a unit with aluminum-rich phyllosilicates. The lower, nontronite-rich 
layer contains a substantial ferrous iron component, as indicated by a strong positive slope in the 
1-2 μm region of the CRISM data. Ferrous micas or chlorites may be responsible for this [9]. The 
phyllosilicate-containing unit at Mawrth Vallis is large (about 300 km by 400 km by 100 m 
thick), but the phyllosilicates in the unit occur exclusively in thermally bright Noachian-aged 
outcrops with erosional features [14].  

The Nili Fossae phyllosilicate-rich unit has some fundamental differences from the 
Mawrth Vallis phyllosilicate-rich unit. The phyllosilicates at Nili Fossae are mixed in with 
basaltic minerals, unlike the Mawrth Vallis phyllosilicates. Investigation with CRISM detects a 
wider variety of minerals in the unit, including but not limited to kaolinite (which is also found at 
Mawrth Vallis), chlorite, analcime, lizardite, illite, muscovite, and others. Despite this variety in 
occurrence, Nili Fossae phyllosilicates are predominantly Fe/Mg-rich smectites; some are 
nontronite or nontronite-like. This interpretation is based on OMEGA H-O-H absorptions that 
are thought to be interlayer water, as well as an octahedral Fe/Mg-OH band. Additionally, the 
Nili Fossae phyllosilicates correspond to a greater variety of surface thermal properties than do 
the Mawrth Vallis phyllosilicates [47]. Phyllosilicates in Nili Fossae are spatially and 
chronologically disconnected from fluvial and depositional landforms [13].  
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 Although Mawrth Vallis and Nili Fossae are the largest areas of extensive phyllosilicate-
rich units, phyllosilicate deposits occur in other areas as well. One such is Gale Crater, which, as 
mentioned above, exhibits a kilometers-thick sequence showcasing not just phyllosilicates but 
also a transition to clay/sulfate conditions and then sulfate/oxide conditions [7]. Also, detrital 
phyllosilicates have been identified using CRISM data in three basins that indicate a sustained 
depositional period: Eberswalde, Holden, and Jezero craters. The latter is thought to have 
contained a crater lake for at least 103 years; smectites are observed in deltas in the crater [12].  
In situ formation of at least some of these phyllosilicates cannot be ruled out, however [11]. 

Infrared spectroscopy can identify not only different clay minerals, but the oxidation state 
of the iron within their structures. Clay minerals are identified and distinguished from each other 
by unique OH bands in the 2.2-2.5 µm region; additionally, smectites exhibit strong water 
overtones near 1.41 µm and water combination features near 1.92 µm. Phyllosilicates rich in 
Fe(III) display OH combination bands near 2.29-2.31 µm, while this is increased to 2.35-2.37 
µm for phyllosilicates rich in Fe(II). Additionally, iron oxidation state can be determined by a 
number of electronic transition features. The Fe(III) in nontronite is recognized by the presence 
of electronic Fe(III) absorptions near 0.5, 0.65, and 0.95 µm, whereas Fe(II)-bearing clays 
display absorption bands from 1.0-1.2 µm [48]. Additionally, spectra may have a strong positive 
slope that is associated with the presence of Fe(II)-bearing minerals. This slope, occurring at 1-2 
µm, is caused by broad, overlapping absorptions that come from electronic excitations of Fe(II) 
[9].  Additionally, the amount of iron present in the phyllosilicate structure has an effect on the 
position of two silica absorption features. These features are a doublet associated with the 
Si(Al,Fe,Mg)O4 bending vibration and a band known as the Christiansen feature, which is 
associated with the Si(Al,Fe,Mg)O4 stretching vibration [48]. Also, the peak positions in the 
hydroxyl region of the infrared absorption spectrum vary depending on the iron content of the 
sample [49]. 
 
3.3. Origin of Phyllosilicates on Mars 
 The use of phyllosilicates as paleoenvironmental indicators requires an understanding of 
the likely origin of these phases.  At Nili Fossae, one of the regions with the greatest abundance 
of phyllosilicates, the observed phyllosilicates are found in four types of locations, all on 
Noachian-aged terrain. Three of these types of locations are comprised only of phyllosilicates: 
smooth layered deposits, massive exhumed material, and crater ejecta. The fourth type is 
associated with altered mafic material. This diversity suggests predominantly hydrothermal 
aqueous alteration at this locale [13].  This smectite-bearing bedrock unit is seen in images 
sampling an area over 100,000 km2. This large spatial extent suggests that a widespread, long-
lived period of aqueous alteration must have taken place [50]. Mawrth Vallis, the other large 
phyllosilicate-rich region, features a smectite unit that appears to drape the local relief and has a 
complex, layered texture that suggests it derived from aqueous alteration of ash [51]. 
 Surface alteration of volcanic ash and basalt may have played a significant role in 
phyllosilicate formation on Mars [1]. Past aqueous alteration activity as a phyllosilicate 
formative mechanism dates back to the Viking era (e.g. [52, 53]). Evidence for this includes the 
detection of allophane, a poorly crystalline material derived from the weathering of volcanic 
deposits [54].  If clays formed from aqueous alteration of basalt, there should be an excess of 
cations that would form contemporaneous salts [45]. Consistent with this, a significant amount of 
Noachian-aged chlorides have been detected by THEMIS, with morphology indicating an 
evaporative origin [32]. 
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3.4. Ferrous and Ferric Smectite Formation in Sedimentary and Hydrothermal Systems 
 Terrestrial formation of iron smectites provides insight into their geochemical behavior.  
Smectites are found in anoxic marine sediments rich in mafic minerals, where they are the most 
common clay minerals [55]. In the Pacific Ocean, smectites range from about 20% of the clay 
fraction to more than 50%, with ferrous iron-bearing smectites deeper in the sediment column 
than ferric smectites [56]. In hydrothermal vent systems, authigenic Mg-smectites may form 
from hydrothermal fluids mixing with seawater, while Fe-rich clays may form from 
hydrothermal fluid mixing with pelagic sediments [57]. In continental environments, iron-rich 
saponites can form from neutral to alkaline hydrothermal alteration of mafic minerals, as seen by 
studying volcanic deposits near Mount St. Helen eruption. The temperature of this system can be 
constrained by the fact that heating saponite to 750° C will collapse its interlayer space to 10 Å 
irreversibly [58].  

Nontronite is the most common Fe(III)-bearing clay mineral in hydrothermal seafloor 
systems [59]. Nontronite in these areas may have formed from interactions between pelagic silica 
and hydrothermal sediments, resulting in the nontronite replacing these components [60], or a 
reaction between silica and hydrothermal fluid [61]. A third proposed mechanism suggests that 
iron cations and silica may adsorb onto bacterial surfaces and, upon aging, form into well-
ordered nontronite [59].  
 
3.4. Mafic Mineral and Rock Weathering 

Weathering of mafic minerals and rocks is a major source of iron-bearing smectites.  The 
oxygen partial pressure of the system plays a role in determining the final products formed [62]. 
For example, ferrous iron-bearing saponites are predicted products of anoxic mafic mineral 
weathering processes [63] while nontronite can form from oxidative weathering [64]. Olivine 
weathers more rapidly than pyroxene [65, 66] but the order of chemical weathering in a basalt 
may not be fixed [67]. Weathering of olivine and pyroxene can produce pseudomorphs of 
trioctahedral smectite [65], which may occur as part of the secondary product iddingsite [67].  

Both pyroxene and olivine are present in large quantities in Mars’ crust [68]. Following 
dissolution of these mafic minerals, if Mars had a low (defined as <0.1 atm) PCO2, ferrous iron-
bearing smectites could have been favored secondary phases as a significant silicon sink [69]. 
Smectite formation would also be favored if plagioclase were weathered along with the mafic 
minerals, typically raising the pH of the weathering solution while freeing the elements needed 
to form smectite [70]. 
 
 
4. PRELIMINARY DATA 
 
4.1. Oxidative Transformations of Ferrous Smectites 
 We have conducted preliminary measurements to investigate oxidative transformations of 
ferrous smectites.  A ferrous saponite was synthesized via a hydrothermal sol-gel procedure and 
subsequently oxidized with H2O2. A subset of oxidized samples was then hydrothermally 
recrystallized at 150°C in an electrolyte solution (either CaCl2 or KCl). These conditions were 
selected to increase the reaction rates and not to explore hydrothermal processes per se. 
Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) show that the 
initial material consists of aggregates of 2-4 nm platelets (Fig. 1A,B); oxidation preserves this 
structure. Larger platelets are produced at longer aging time and at higher synthesis and aging 
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temperatures; synthesis conditions are currently being optimized.  X-ray diffraction (XRD) 
patterns display (hk0) reflections indicative of a smectite and show no evidence of any iron 
oxides (Fig. 2). These (hk0) peaks are maintained upon oxidation and aging, but exhibit a shift of 
the (060) peak to smaller d-spacing, consistent with oxidation of structural Fe(II) [71]. 
 Fe K-edge X-ray absorption near-edge structure (XANES) spectra show a shift to a 
higher binding energy after reaction with H2O2, consistent with iron oxidation.  The spectra also 
show pre-edge features after oxidation that suggest ~5% of the Fe is tetrahedrally coordinated 
(Fig. 3).  Extended X-ray absorption fine-structure (EXAFS) spectra (Fig. 4) show an Fe-O bond 
distance shortening after oxidation and loss of the Fe shell with just an Si shell remaining.  The 
Fe shell reappears after aging in an electrolyte solution, producing a nontronite-like phase.  Loss 
of the Fe shell suggests that iron(III) is partially ejected from the structure, possibly adsorbing to 
the surface of the clay.  After aging Fe moves back into the octahedral sheet, with some possibly 

Figure 1. (A) Bright-field TEM and (B) HRTEM images 
of unoxidized ferrous saponite. Needle-like features are 
edges of platelets. 

 Figure 2. XRD patterns of a 
synthetic ferrous smectite before and 
after oxidation with H2O2.  

 
Figure 3. XANES spectra of 
the samples shown in Figure 
2 as well as an oxidized 
sample aged in CaCl2. Also 
included is Nontronite NAu-
2. Dashed line shows 
location of pre-edge features 
in the top three samples. 

Figure 4. Fe K-edge EXAFS spectra (A) and their Fourier 
transform magnitudes (B) for the unoxidized synthetic ferrous 
smectite, the same sample oxidized with no further aging, and 
the sample oxidized and subsequently aged for 6 days in a CaCl2 
solution. Included for comparison is the nontronite NAu-2. The 
dashed line in B indicates the first O shell position (uncorrected 
for EXAFS phase shift) of the unoxidized sample. 
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migrating to the tetrahedral sheet as well.  The preliminary data thus indicate that oxidation is 
structurally disruptive, but hydrothermal aging promotes recrystallization to a ferric smectite. 
 
4.2. Mafic Mineral Weathering Under Anoxic Conditions 
 Preliminary work has also been conducted to examine the anoxic weathering products of 
olivine (Fo90) using a dilute (pH 2) sulfuric acid solution. After one month of weathering the pH 
increased to 6.8 and substantial quantities of Si, Mg, and Fe were detected in solution by 
inductively coupled plasma optical emission spectrometry (ICP-OES).  Scanning electron 
microscopy (SEM) images suggest that a secondary phase, possibly a phyllosilicate (Fig. 5). The 
energy-dispersive X-ray spectroscopy (EDS) spectra suggest that this weathered phase contains 
more iron than the original mineral (Fig. 6).  These measurements demonstrate that the proposed 
one year reaction time will lead to substantial secondary phase formation. 

 
4.3. Thermodynamic Calculations 
 To further assess the stability of Fe-bearing phyllosilicates and to predict the potential 
competition between siderite (FeCO3) and Fe-phyllosilicate formation during weathering, 
thermodynamic calculations were performed using 
The Geochemist’s Workbench.  The Lawrence 
Livermore National Laboratory database was [72] 
used with additional data from Wilson et al. [73].  
Calculations at 0°C demonstrate that the stable form of 
Fe-bearing phyllosilicates is dependent on pH and 
redox potential (Fig.7).  Fe(III)-smectites have a wide 
stability field and are predicted to be stable to low 
redox potentials.  Fe(II)-smectites are predicted to be 
stable under very reducing conditions at circumneutral 
to slightly alkaline pH.  Under more alkaline pH 
conditions (pH >9) Fe(II)-chlorites are expected to 
dominate.  These stability fields are not appreciably 
affected by temperature, except for an overall shift to 
lower pH because of the temperature dependence of 
the water dissociation constant. 
 Calculations were also used to simulate the 

 
Figure 5. SEM image of 
secondary phyllosilicate clays 
forming on olivine grains after 
weathering.  

Figure 6. EDX spectra of (A) the secondary phase seen on the 
olivine grains and (B) the unaltered olivine grains. 

Figure 7. Fe-bearing phyllosilicate 
stability at 0°C as a function of pH 
and Eh, the redox potential. 
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secondary phases formed during the weathering of Martian basalt under anoxic conditions as a 
function of CO2 partial pressure (Fig. 8).  These calculations are generally insensitive to the 
exact basalt composition so the “Adirondack” composition described by McSween et al. [24] 
was chosen; this composition has been used in a previous thermodynamic analysis of weathering 
[44].  Also, the formation of Mg-bearing carbonates was suppressed because their formation is 
kinetically inhibited at low temperatures.  These calculations predict a dependence of the 
weathering products, including Fe(II)-bearing phyllosilicates, on both temperature and CO2 
partial pressure.  In the absence of CO2, Fe(II)-bearing chlorite is predicted to dominate iron 
mineralogy at 0°C but Fe(II)-smectites become more stable at higher temperatures.  This 
dependence is an effect of basaltic mineral dissolution on pH, which drives the system to alkaline 
conditions in the absence of CO2. 
 At higher CO2 partial pressures siderite may limit Fe(II) availability, inhibiting Fe(II)-
phyllosilicate formation.  At a PCO2 = 1 bar no Fe(II)-phyllosilicates are expected to form at 0°C 
because of siderite formation, although minor amount of Fe(II)-smectite may form at more 
elevated temperatures.  At PCO2 = 0.005 bar and 0°C a minor amount of Fe(II)-smectite occurs, 
with most Fe(II) immobilized in siderite.  At more elevated temperatures, however, siderite 
formation becomes unfavorable because of the low solubility of CO2(g), favoring Fe(II)-smectite 
formation. 
 While providing a general overview of predicted mineral formation, these calculations do 
not take into account kinetic effects and the limitations of thermodynamic data.  For example, 
olivine and pyroxenes display substantially faster dissolution kinetics than feldspars [74].  This 
will alter the amount of Al, Si, Na, and Ca released compared to Fe and Mg and affect the 
composition of the final products.  Redox reactions also show strong kinetic effects, and it is 
unclear whether weathering in the presence of a low O2 partial pressure will result in substantial 
oxidation.  The mineral phases that form, especially those containing Fe(II), are also unclear.  
Past modeling studies have suggested that berthierine, and Fe-bearing analogue of serpentine, is 
the stable ferrous silicate in such systems [15, 73].  However, berthierine has not been observed 
during basalt and mafic mineral weathering, with smecites, chlorites, and interlayered smectite-
chlorite dominant instead [75, 76].  The occurrence of berthierine appears to be limited to 

Figure 8. Predicted sequence of secondary minerals results from anoxic weathering of Martian 
basalt (Adirondack composition [24]) as a function of temperature and CO2 partial pressure. 
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sediments and paleosols that were once oxidizing, with microbial iron reduction possibly an 
important step in the formation of this phase [76].  The modeling above thus discounted 
bethierine formation, although we will be cognizant of its possible occurrence during the course 
of the proposed research.  Finally, the thermodynamic data for many clays, especially smectites, 
is poor because of their variable composition.  It is thus unclear what composition smectites will 
be produced and how well they may compete with carbonate minerals for Fe and Mg. 
 
 
5. PROPOSED RESEARCH 
 
5.1. Major Hypothesis 
 The proposed research is guided by the following major hypotheses: 
1. Ferric smectite composition and structure are directly related to the conditions during 

ferrous smectite oxidation and subsequent recrystallization. 
2. The composition of Fe-bearing phyllosilicate weathering products formed anoxic condition 

will vary with PCO2 and temperature. 
3. Ferric phyllosilicate clays produced during oxidative weathering of mafic minerals and 

basalt differ compositionally and structurally from those formed through the later oxidation 
of ferrous clays produced through anoxic weathering. 

 
5.2. Research Approach 
 The proposed work seeks to provide fundamental information regarding iron-bearing 
phyllosilicate formation processes and their relationship to environmental conditions.  To 
achieve this goal a series of laboratory studies will be conducted under controlled conditions to 
determine the sensitivity of ferrous and ferric smectite properties to specific environmental 
parameters during formation and alteration (temperature, pH, electrolyte composition, PO2, PCO2).  
Two major efforts will be undertaken.  The first will explore how iron oxidation and clay 
recrystallization conditions affect the final smectite structure and composition.  A possible 
formation route for ferric smectites on Mars is through a ferrous smectite precursor.  Properties 
of the final product may thus reflect the conditions during oxidation and subsequent 
recrystallization.  The second effort will focus on exploring clay formation through weathering 
of mafic minerals and basalt.  Properties of the initial clay phase(s) that forms may be sensitive 
to chemical conditions, such as whether conditions are oxidizing or reducing, the partial pressure 
of CO2, and the acidity of the weathering fluid.  This project will thus explore the effects of CO2 
content and system redox conditions on the composition and structure of the phyllosilicate 
weathering products, especially the iron-bearing phase(s).  In addition, the iron-bearing 
phyllosilicate weathering products formed under anoxic conditions will be subsequently oxidized 
and have their compositional and structural properties compared to the products of weathering 
under oxic conditions to determine if the relative timing of weathering and oxidation affects the 
final phase(s) that form. 
 
5.3. Research Projects 
 The two major research thrusts are described below.  Less common analytical methods 
are explained in Section 5.3.3. 
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5.3.1. Oxidation and Recrystallization of Ferrous Smectites 
 Ferrous saponite is a major weathering product of basalt and ultramafic rocks on Earth 
[16].  Ferrous smectites have been observed in Martian phyllosilicate deposits [9].  These phases 
are thus potential precursors to the ferric smectites also observed in Noachian-aged phyllosilicate 
deposits.  However, this oxidative transformation is expected to involve substantial structural 
changes and the possible formation of additional phases.  Ferric smectites are dioctahedral and 
often contain minor Fe3+ in the tetrahedral sheet, whereas ferrous saponite is trioctahedral with 
Fe2+ located exclusively in the octahedral sheet.  Oxidation of trioctahedral Fe(II)-smectites are 
expected to generate an unstable excess positive charge in the octahedral sheet that will be 
difficult to accommodate because of the lack of vacancies.  Our preliminary data agrees with this 
suggestion, with oxidation causing structural disruption and partial ejection of Fe from the 
structure.  Recrystallization after oxidation appears to drive the clay to a stable ferric smectite 
structure (see Section 4.1.).  However, we have only explored to date a limited range of solid and 
solution compositions, oxidant types, oxidation rates, and recrystallization conditions (see 
Section 4).  This project thus explores structural transformations and compositional changes that 
occur during the oxidative alteration and subsequent recrystallization of ferrous saponite. 
 Although this iron smectite phase is a common weathering product of basalt and 
ultramafic rock [16], natural samples of ferrous saponite are unavailable because this phase 
rapidly oxidizes in air.  We will thus work with ferrous saponite samples prepared through a 
hydrothermal sol-gel synthesis [77].  Initial materials have already been prepared and 
characterized (Section 4.1.) and the synthesis procedure will be optimized before the start of this 
project.  The use of synthesized clays allows for detailed study of well characterized single-phase 
material with Fe in a known oxidation state.  Saponite samples with three different Fe(II) 
contents will be used to explore whether oxidation-induced structural transformation are 
dependent on this parameter.  We expect that saponites with greater Fe contents will experience 
more substantial structural transformations as a larger fraction of octahedral sheet cations will 
undergo oxidation.  All synthesized material will be characterized for bulk composition, cation 
exchange capacity (CEC), particle size and morphology, crystallinity and structural properties, 
Fe oxidation state, and Fe coordination environment using ICP-OES, TEM, XRD, and 
Mössbauer, infrared (IR), XANES, and EXAFS spectroscopy. 
 Oxidation of synthetic ferrous saponite samples by oxygen (O2), hydrogen peroxide 
(H2O2), or nitrate (NO3

-) will be investigated under ambient conditions.  Oxygen is currently 
present in Mars atmosphere at a partial pressure of 10-5 bars, and is thought to have occurred at 
substantially lower levels in the Noachian (see Section 2).  However, planetary-wide oxidation 
has occurred, likely through photodecomposition of water and H2 loss to space [78, 79].  This 
process results initially in OH radicals that may combine to H2O2, which eventually decomposes 
to H2O and O2.  Whether H2O2 or O2 served as primary oxidants depends on the relative rate of 
surface deposition and H2O2 decomposition, which is difficult to constrain for the Noachian.  
Use of OH radicals is not experimentally feasible as it is difficult to produce such species and to 
maintain them at a known concentration.  NO3

- is an alternative oxidant that plausibly may occur 
in limited amounts on Mars.  It is has not been detected on Mars to date but does co-occur with 
perchlorate (ClO4

-) in the Antarctic dry valleys [80], with both being produced through 
atmospheric photochemical processes.  The recent identification of perchlorate by the Phoenix 
lander [81-83]  suggests that similar occurrences of NO3

- and ClO4
- salts could have formed in 

the past on Mars.  Although ClO4
- is also a known oxidant it does not couple with Fe(II), only 

metallic Fe [84], and will thus not be used in the proposed work. 
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 We will explore the effect of oxidant type, oxidant concentration, and oxidation rate of 
ferrous saponite.  This will be accomplished by containing a ferrous saponite suspension in 
dialysis tubing of various pore sizes and diameters and then placing that suspension in a known 
volume of aqueous solution containing the oxidant in a known concentration.  The variation in 
pore size and tubing diameter of the dialysis membrane will vary the rate of molecular diffusion 
into the suspension and thus the rate of oxidation.  Saponite-free solutions in dialysis tubing will 
be used to quantify the diffusion rate of oxidants.  We will also rapidly oxidize ferrous saponite 
through direct addition of the oxidants. We hypothesize that structural disruption increases with 
oxidation rate, although all oxidation conditions are expected to partially disrupt the structure 
because of the instability of a trivalent cation (i.e., Fe(III)) in the octahedral sheet of a 
trioctahedral clay.  A portion of each oxidized saponite will then be aged at 25°C, 75°C, and 
200°C to explore the effects of recrystallization on the clay structure; aging times of up to 1 year 
will be explored.  Samples will be aged in electrolyte solutions containing different monovalent 
and divalent cations to explore cation effects on particle aggregation and structural 
recrystallization. 
 Wet chemical, microscopic, spectroscopic, and diffraction analyses will be used to track 
the mineralogical and chemical transformations that occur upon oxidation and recrystallization 
of ferrous saponite.  The fluid composition after initial oxidation and after aging will be 
quantified using ICP-OES for major element concentrations, inductively coupled plasma mass 
spectrometry (ICP-MS) for dissolved Fe concentrations because of the low solubility of Fe(III), 
and spectrophotometry for oxidant concentrations.  Geochemical modeling will be used to 
determine the saturation state of relevant mineral phases.  The particle size, crystallinity, and 
structural properties will be investigated using TEM and XRD.  This will be complemented by 
IR spectroscopy measurements.  XANES and Mössbauer spectroscopy will be used to determine 
Fe oxidation state.  The Mössbauer results will also be combined with EXAFS spectroscopic 
measurements to investigate the Fe coordination environment in the octahedral sheet. 
 
5.3.2. Iron Phyllosilicate Formation from Mafic Mineral and Basalt Weathering 
 Fe-rich phyllosilicate clays in both anoxic and oxic environments on earth often form 
during the weathering or hydrothermal alteration of basaltic and ultramafic rocks and minerals.  
The occurrence of Fe-bearing phyllosilicate clays on Mars suggests similar origins.  However, 
systematic studies of clay formation during basalt and ultramafic rock weathering are generally 
lacking.  This limits the constraints placed on Noachian environmental conditions by 
observations of phyllosilicate clays to the general conclusion that aqueous activity occurred.  
Establishing how clay composition and structure depends on PCO2, redox conditions, and 
temperature will allow these materials to constrain these paleoenvironmental properties. 
 We proposed to determine how the properties of iron-bearing phyllosilicate clays formed 
through mafic mineral and basalt weathering are dependent on key environmental parameters.  
We will systematically explore how PCO2 affects the composition clays formed during anoxic 
weathering of these mineral and rock phases under various initial pH conditions.  Studies will be 
conducted under a range of temperatures.  We will then explore how weathering differs under 
oxidizing conditions, and compare the properties of ferric phyllosilicates formed directly under 
oxidizing conditions versus those formed from the oxidation of precursor ferrous phyllosilicate 
produced by anoxic weathering.  Details of the specific projects are described below: 
 Effects of CO2 on Iron Phyllosilicate Formation.  Samples of olivine (a natural Fo90 
olivine and a synthetic fayalite, i.e., Fo0), pyroxene (Augite with a Fs13 component), and basalt 
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(Columbia River basalt, USGS standard BCR-2) will be weathered under anoxic conditions in 
plastic batch reactors sealed with Teflon-coated septa and aluminum crimp seals; glass reactors 
will be avoided to prevent silica release from the vessel.  Mineral suspensions having low water-
rock ratios of 1:1 to 10:1 will be used as these lead to favorable conditions for clay formation 
[85] and are most consistent with the conditions of basalt weathering observed on Earth [38].  
Water-rock ratios on Mars at the time of basalt weathering are unknown but cannot deviate much 
from these if clay minerals were produced.  Weathering solutions will be pure water (carbonic 
acid solutions when CO2 is present), pH 2 or 4 sulfuric acid solutions, and pH 2 or 4 
hydrochloric acid solution.  These are selected to nominally simulate a rain-supplied water 
source as rain is generally cation deficient.  The acidity would reflect periods of substantial 
volcanic activity as any rainfall would otherwise be circumneutral or mildy acidic and it 
composition would not deviate substantially from CO2-equilibrated water.  Evidence exists for 
both sulfate-dominated [2-6, 9] and chloride-dominated [32] weathering environments in the 
Noachian, so both anions will be investigated.  Water-rock interaction is expected to 
substantially alter the fluid composition during weathering and the initial fluid composition may 
thus have little effect on the weathering products.  Groundwater fluids would similarly have 
compositions dominated by water-rock interaction and would likely not differ much from the 
final weathering solution in pure or CO2-equilibrated water. 
 Prior to use mineral and rock samples will be crushed, sieved, and sonicated to remove 
fine surface material.  In a CO2-free and O2-free anaerobic chamber these materials will be 
briefly washed in 0.1 M HCl to remove any surface contaminants.  Reactors will be loaded with 
a mineral or basalt powder and the weathering solution and then sealed.  These initial 
suspensions will have low CO2 and O2 partial pressures producing total dissolved oxygen and 
carbon concentrations of <10-10 mol/L.  Given that these are at least five orders of magnitude 
lower than expected dissolved concentrations and eight to ten orders of magnitude less than the 
concentrations of major elements in the reactors, these initial concentrations will have a 
negligible effect on any reaction. 
 Three sets of reactors will be prepared for each mineral or rock suspension, with each set 
having a same series of initial weathering fluids.  One set will be maintained at these effectively 
CO2-free conditions as control samples.  The other two sets will be sparged through needles 
inserted through the reactor septa with either 5000 ppm CO2(g) in ultra-high purity N2(g) or with 
ultra-high purity CO2(g).  These will produce suspension in equilibrium with CO2 partial 
pressures of 0.005 bar or 1 bar, respectively.  Both gases will first flow through an oxygen filter 
to ensure anoxic conditions are maintained.  Samples will be weathered for 1 year.  Solution pH 
will be measured monthly and the samples will be re-sparged with the proper gas weekly to 
maintain an approximately gas-buffered system.  Samples will be maintained in constant 
temperature baths at 25°C during the weathering period. 
 At the end of the experiment the fluid phase will be sampled and its composition 
determined by ICP-OES and ICP-MS; the dissolved carbonate content will be determined by 
alkalinity titration and pH measurement.  These data will be used to calculate saturation indices 
for relevant silicate, oxide, and carbonate mineral phases.  The solid phase will be subdivided for 
a series of characterization methods.  One subsample will be sonicated in water and the clay size 
fraction separated through sedimentation.  The clay separate will be characterized by XRD, 
TEM, XAFS spectroscopy, and Mössbauer spectroscopy.  A second subsample will be analyzed 
by XRD to determine bulk mineralogy changes and SEM/EDS to examine the morphology and 
composition of weathering products.  The final subsample will be embedded in epoxy and thin 
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sectioned.  These thin sections will be examined by EPMA to examine the thickness and 
composition of any weathering coating on the mineral and rock fragments.  For representative 
areas of weathering products on select samples a small slice (100 nm thick and roughly 4 by 4 
μm in size) will be extracted by FIB milling.  This will be removed using micromanipulators in 
the FIB and transferred to a TEM for analysis to determine the mineralogy, particle size, 
morphology, and composition of the weathering products. 
 Effects of Temperature on Iron Phyllosilicate Formation.  For each initial solid material 
additional anoxic batch reactors will be prepared under the three CO2 conditions described 
above.  These will be aged in temperature-controlled baths at 4°C, 50°C, and 90°C.  The solution 
and solid phases will be characterized as described above to determine mineral saturation indices 
and the composition, mineralogy, and structure of the secondary phyllosilicates that form. 
 Weathering Products under Oxidizing Conditions.  In addition to these anoxic studies, 
weathering studies under oxidizing conditions will also be conducted.  O2, H2O2, and NO3

- will 
again be used because of their potential occurrence on Mars and expected ability to oxidize 
Fe(II).  All studies will be conducted at CO2 partial pressures of 0 and 0.005 bar and either 25°C 
or 90°C.  CO2 is not expected to have a large direct effect on the formation of oxidized Fe-
smectites as there are no known Fe(III) carbonate phases.  However, the formation of Ca- and 
possibly Mg-carbonate may indirectly affect the favorability of forming Fe(III)-smectites by 
limiting the solution concentrations of structural and exchangeable cations.  All samples will be 
prepared following the same general procedure as for the other weathering studies described 
above.  H2O2 and NO3

- will be added as dissolved species in solution and O2 as a component of 
gas used to sparge the reactors.  An O2 concentration of 0.1% (0.001 bar) will be used; while 
much greater than estimated past O2 partial pressures on Mars it is not feasible to work with 
lower concentrations as it is challenging to acquire gas mixtures with accurate low O2 contents.  
In addition, Fe(III)-smectites are predicted to be stable at O2 fugacity above at least 10-50 (based 
on conversion of the Eh-pH calculation in section 4.3. to O2 fugacity), so the use of an O2 partial 
pressure of 10-3 bar instead of 10-5 to 10-12 bar should not appreciably affect the thermodynamic 
stability of the final system.  After reaction the solution and solid phases will be characterized as 
described above.  In addition, the oxidant concentrations will be determined 
spectrophotometrically and dissolved element concentrations will be measured using ICP-OES 
and ICP-MS.  The solid-phase analysis will have a strong focus on characterizing the 
composition and structure of any Fe(III)-phyllosilicates formed and determining the extent of 
iron oxide formation during weathering.  As oxidation of ferrous smectites does not appear to 
produce iron oxides (Section 4.1.), coexisting ferric smectites and iron oxides formed during 
oxidative weathering may serve as an indicator of this direct pathway to ferric smectites instead 
of through a ferrous smectite precursor. 
 Oxidation of Anoxic Weathering Products.  As a final component of these weathering 
studies, the Fe(II)-phyllosilicates formed during anoxic weathering will be oxidized and then 
aged to compare to the Fe(III)-phyllosilicates formed during oxic weathering.  The starting 
Fe(II)-phyllosilicates will be obtained through sonication and sedimentation of the anoxic 
weathering samples as they are expected to be dominant in the clay size fraction.  After 
characterization of these separated subsamples, these materials will be oxidized and aged 
following the procedures described in Section 5.3.1.  The solids will be characterized by XRD, 
TEM, Mössbauer spectroscopy, and XAFS spectroscopy to evaluate the structure and 
composition of the clays. 
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5.3.3. Analytical Methods 
 Some of the analytical methods to be employed in the proposed work may be unfamiliar 
to the reviewers in this scientific community.  These less common methods are described below: 
 X-ray Absorption Spectroscopy.  This is an element specific technique that measures the 
change in absorbance of a sample near the absorption edge associated with the binding energy of 
a core electron (e.g., a Fe 1s electron).  The resulting X-ray absorption spectrum is broken down 
into two regions that provide complimentary information.  The XANES region near the 
absorption edge provides information about oxidation state (e.g., Fe(II) or Fe(III)) and 
coordination environment (e.g., presence of tetrahedral iron).  The EXAFS region probes the 
molecular-scale coordination environment of an element in a sample.  Analysis of an EXAFS 
spectrum can determine the identity, number of, and distance to neighboring atoms within ~5 Å 
of the target element.  XAFS spectroscopy is thus useful for probing the location of Fe in clay 
mineral structures. 
 TEM and Associated Methods.  A TEM produces high resolution (<2 Å) images of thin 
samples.  Lattice fringes observed in HRTEM can be used to identify the mineral phase present.  
Selected area electron diffraction (SAED) can provide complementary information in the form of 
diffraction patterns of the material under investigation.  TEM imaging can be coupled with 
energy dispersive spectroscopy (EDS) to provide composition information on discrete particles. 
 TEM Sample Preparation by FIB Milling.  A focused ion beam (FIB) instrument 
bombards a sample with a narrow ion beam; instruments typically also have an integrated SEM.  
The primary use of this instrument in the proposed work is to precisely mill out slices of thin 
sections that are suitably thin for TEM analyses.  Micron-scale areas of interest identified as of 
importance in a sample in the SEM or electron microbe can thus be milled out, extracted, and 
then imaged directly in a TEM.  Weathering products may thus be identified in thin section and 
then extracted and analyzed in a TEM. 
 
5.4. Project Personnel 
 This project will be conducted by graduate student Ms. Alison R. Beehr under the 
supervision of Prof. Jeffrey G. Catalano.  Beehr just completed her second year in the Ph.D. 
program, recently passing her oral examination required for Ph.D candidacy, and requires 
funding to support her major research activities for her dissertation.  Beehr will conduct the 
majority of the experimental work.  Catalano will manage the project, perform geochemical 
modeling calculations, and train and assist Beehr with data collection and analysis. 
 
5.5. Project Timeline 
 The proposed work will be completed on the following timeline: 
 Year 1: Synthesis and oxidation of ferrous smectite; recrystallize oxidized products.    
Characterize minerals and basalt for weathering studies.  Begin anoxic weathering studies as a 
function of CO2 partial pressure at 25°C. 
 Year 2: Final analyses for ferrous smectite oxidation project.  Begin temperature-
dependent weathering and weathering under oxidizing conditions.  Analytical work on 25°C 
variable-CO2 weathering materials.  Published ferrous smectite oxidation study. 
 Year 3: Complete temperature-dependent and oxidizing weathering studies.  Oxidize and 
recrystallize phyllosilicates produced under anoxic conditions.  Complete all final analytical 
work.  Publish weathering studies. 
 



15 
 

5.6. Plan for Data Sharing 
 Graduate student Alison Beehr will prepare manuscripts for submission to peer-reviewed 
scientific journal that traditionally are read by the NASA-associated scientific community, such 
as the Journal of Geophysical Research and Earth and Planetary Sciences Letters.  In addition, 
the research will be presented by the graduate student or PI annually at the Lunar and Planetary 
Science Conference and at a geological, geophysical, or geochemical conference such as the 
Geological Society of America Annual Meeting, the Fall Meeting of the American Geophysical 
Union, or the Goldschmidt Conference.  We will also provide project summaries on our research 
group website. 
 
 
6. IMPACT ON UNDERSTANDING OF MARS 
 The proposed work will substantially improve our understanding of geochemical 
processes that likely operated in the past on Mars.  Experimental results will address the 
conditions under which iron-bearing phyllosilicate phases, similar to those observed in Noachian 
deposits, may form and how the properties of these phases relate to the formation pathway.  This 
work will both place fundamental constraints on the relationship between phyllosilicate 
formation and environmental conditions and provide an improved scientific basis for using iron-
bearing phyllosilicate deposits as paleoenvironmental indicators on Mars. 
 This project will also address a number of specific Mars Exploration Program Science 
Goals [86].  The expected results will constrain the mechanism through which weathering 
processes altered Mars’ crust during specific time periods, furthering goal III.A.  This work will 
lead to improvements in the constraints on the oxidation state and CO2 content of the Martian 
atmosphere during periods in the Noachian, furthering goal II.B.  Finally, the weathering studies 
will establish whether nontronite were preceded by ferrous smectite precursors.  Such phases 
could have served as sources of metabolic energy if coupled with an oxidant.  This work will 
thus further goal I.A. by identifying new potential energy sources for past life on Mars. 
 
 
7. IMPACT ON CURRENT AND FUTURE MARS MISSIONS 
 This work will benefit the current and future robotic exploration of Mars [87] by 
providing an improved scientific basis for interpreting data from landers and orbiters.  MER 
Opportunity may potentially access Endeavor Crater in Meridiani Planum, where Fe/Mg-
smectites have been observed from orbit.  Properties of these phyllosilicate deposits assessed by 
the Mössbauer and Mini-TES instruments can be compared to those of phases observed in the 
proposed work and potentially related to formation conditions.  All currently proposed Mars 
Science Laboratory (MSL) landing sites [88] contain phyllosilicate deposits.  Interpretation of 
chemical and mineralogical data obtained by MSL at any of these sites will benefit from the 
proposed research.  Interpretation of imaging by the Mars Express/OMEGA and MRO/CRISM 
spectrometers may be enhanced by these studies as phyllosilicate weathering products of known 
composition and structure will be obtained, the spectra of which could be used to improve 
confidence in mineral assignments from orbit.  Finally, these studies may identify specific 
properties of iron-bearing phyllosilicates that serve as paleoenvironmental indicators.  Missions 
in the early planning stages without defined instrumentation packages could have their analytical 
tools selected to be chemically and spectroscopically sensitive to these properties. 
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Fax.: (314) 935-7361
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Professional Preparation: 
B.S. Geology, 1999, University of Illinois at Urbana-Champaign; Ph.D. Geological and 
Environmental Sciences, 2005, Stanford University; Postdoctoral Fellow, Chemistry Divisions, 
Argonne National Laboratory, 2004-2007. 
 
Research and Professional Experience: 
Assistant Professor, Department of Earth and Planetary Sciences, Washington University in St. 
Louis (2007-present); Harold Urey Postdoctoral Fellow, Chemistry Divisions, Argonne National 
Laboratory (2004-2007); Graduate Teaching Assistant and Graduate Research Assistant, 
Department of Geological and Environmental Sciences, Stanford University (1999-2004); 
Student Assistant, US Geological Survey, Water Resources Division, Illinois Water Science 
Center, Urbana, IL (1997-1999). 
 
Relevant Scientific, Technical and Management Performance on Prior Research Efforts 
1. Performing geochemical modeling to support data interpretation from MER and Phoenix 
missions in collaboration with Prof. R.E. Arvidson. 
2. MER science collaborator as of December 2009. 
3. Managing NSF-sponsored project on redox-drive structural transformation of iron oxides. 
4. PI on 15 successful proposals to national user facilities with 100% success rate. 
 
Publications: 
Dr. Catalano has published 32 journal articles and 4 technical reports.  Those most relevant to the 
proposed research are listed below: 
 
Cull S., Arvidson R.E., Catalano J.G., Ming D.W., Mellon M.T., Lemmon M., Morris R.V. 

(2010) Subsurface perchlorate at the Mars Phoenix landing site: Evidence for thin films of 
liquid water on Mars. Nature, submitted. 

Arvidson R.A., Bell J.F., III, Bellutta P., Cabrol N.A., Catalano J.G., Cohen J., Crumpler L., 
Des Marais D.J., Estlin T., Farrand W., Gellert R., Grant J.A., Greenberger R., Guinness 
E.A., Herkenhoff K.E., Herman J.A., Iagnemma K., Johnson J.R., Klingelhöfer G., Li R., 
Lichtenberg K.A., Maxwell S., Ming D.W., Morris R.V., Rice M., Ruff S., Shaw A., Siebach 
K., de Souza P., Stroupe A., Squyres S.W., Sullivan R.J., Talley K., Townsend J., Wang A., 
Wright J., Yen A. (2010) Spirit Mars rover mission: Overview and selected results from the 
northern Home Plate winter haven to the side of Scamander crater. Journal of Geophysical 
Research, doi:10.1029/2010JE003633. 
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Beehr A.R., Catalano J.G. (2010) Synthesis of Ferrous Iron Phyllosilicates and Subsequent 
Oxidation as an Analog for Martian Phyllosilicates. Lunar and Planetary Science XLI, 
Abstract 1498. 

Catalano J.G. (2010) Relaxations and interfacial water ordering at the corundum (110) surface.  
The Journal of Physical Chemistry C 114, 6624-6630. 

Catalano J.G., Fenter P., Park C., Zhang Z., Rosso K.M. (2010) Structure and oxidation state of 
hematite surfaces reacted with aqueous Fe(II) at acidic and neutral pH. Geochimica et 
Cosmochimica Acta 74, 1498-1512. 

Fenter P., Lee S.S., Park C., Catalano J.G., Zhang Z., Sturchio N.C. (2010) Probing interfacial 
reactions with X-ray reflectivity and X-ray reflection interface microscopy: Influence of 
NaCl on the dissolution of orthoclase at pOH 2 and 85 °C. Geochimica et Cosmochimica 
Acta 74, 3396-3411. 

Catalano J.G., Fenter P.A., Park C. (2009) Water ordering and relaxations at the hematite (110)-
water interface.  Geochimica et Cosmochimica Acta 73, 2242-2251. 

Tanwar K., Lo C., Eng P.J., Catalano J.G., Brown G.E., Jr., Waychunas G.A., Chaka A.M., 
Trainor T.P. (2007) Surface diffraction study of the hydrated hematite (11̄02) surface.  
Surface Science 601, 460-474. 

Catalano J.G., Fenter P., Park C. (2007) Interfacial water structure on the (012) surface of 
hematite: Ordering and reactivity in comparison with corundum. Geochimica et 
Cosmochimica Acta 71, 5313-5324. 

Catalano J.G., Park C., Zhang Z., Fenter P. (2006) Termination and water adsorption at the α-
Al2O3 (012)-aqueous solution interface.  Langmuir 22, 4668-4673. 

Catalano J.G., Brown G.E., Jr. (2005) Uranyl adsorption onto montmorillonite: Evaluation of 
binding sites and carbonate complexation. Geochimica et Cosmochimica Acta 69, 2995-
3005. 

Trainor T.P., Chaka A.M., Eng P.J., Newville M., Waychunas G.A., Catalano J.G., Brown 
G.E., Jr. (2004) Structure and reactivity of the hydrated hematite (0001) surface. Surface 
Science 573, 204-224. 

Catalano J.G., Brown G.E., Jr. (2004) Analysis of uranyl-bearing phases by EXAFS 
spectroscopy: Interferences, multiple scattering, accuracy of structural parameters, and 
spectral differences. American Mineralogist 89, 1004-1021. 

 
Synergistic Activities: 
1. Reviewer, National Science Foundation, Geobiology and Low-Temperature Geochemistry 

Program (2008-Present) 
2. Panelist, Chemical, Biological, and Environmental Scattering Proposal Review Panel, 

Advanced Photon Source (2009-Present) 
3. Reviewer for Scholarly Journals (In last 12 months: Chemical Geology, Chemosphere, 

Environmental Science & Technology, Geochimica et Cosmochimica Acta, Geosphere, 
Journal of Contaminant Hydrology, Surface Science). 

4. Mentor, Students and Teachers As Research Scientists (STARS) program (2009-Present) 
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CURRENT AND PENDING SUPPORT 
 

 Other agencies to which this proposal has been/will be submitted. 
Investigator: Jeffrey G. Catalano None 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: ETBC: Hidden Iron Oxide Redox Processes During Biogeochemical Iron Cycling: Control 
on Nanoscale Transformations and the Fate of Contaminants (Catalano is sole PI) 
 
Source of Support:  NSF/EAR-GEO 
Total Award Amount:  $340,505 Total Award Period Covered: 8/15/08 - 7/31/11 
Location of Project:  Washington University in St. Louis 
Person-Months Per Year Committed to the Project. 1.0 Cal: 0 Acad: 0 Sumr:  1.0 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: Iron Oxide Morphology and Composition as Possible Indicators of Sedimentary Redox Cycling 
(Catalano is sole PI) 
 
Source of Support:  ACS-PRF 
Total Award Amount:  $50,000 Total Award Period Covered: 9/1/08 - 8/31/10 
Location of Project:  Washington University in St. Louis 
Person-Months Per Year Committed to the Project. 0.7 Cal: 0 Acad: 0 Sumr:  0.7 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: Life cycles of metals in coal combustion:  metal release and capture, speciation in fly ash,  
and transformations during ash reuse and storage (Catalano is co-PI) 
 
Source of Support:  Washington University Consortium for Clean Coal Utilization 
Total Award Amount:  $21,005 (Catalano Portion) Total Award Period Covered: 9/1/08 - 6/31/09 
Location of Project:  Washington University in St. Louis 
Person-Months Per Year Committed to the Project. 0.25 Cal: 0 Acad: 0 Sumr:  0.25 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: Dominant Mechanisms of Uranium-Phosphate Reactions in Subsurface Sediments 
 (Catalano is PI; Giammar and Wang co-PIs) 
 
Source of Support:  Department of Energy: Subsurface Biogeochemistry Research 
Total Award Amount:  $373347 (Washington U. Portion) Total Award Period Covered: 6/1/2011 – 5/31/2014 
Location of Project:  Washington University in St. Louis 
Person-Months Per Year Committed to the Project. 1.0 Cal: 0 Acad: 0 Sumr:  1.0 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: Bacterial Effects on Uranium and Technetium Incorporation into Carbonates 
(Catalano is co-PI; PI Luttge; co-PIs: Arvidson, Icenhower, Burgos) 
 
Source of Support: Department of Energy: Subsurface Biogeochemistry Research 
Total Award Amount:  $312,807 (Washington U. Portion) Total Award Period Covered: 10/1/2010-9/30/2013 
Location of Project:  Washington University in St. Louis 
Person-Months Per Year Committed to the Project. 0.5 Cal:  Acad:  Sumr:  0.5 
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 Other agencies to which this proposal has been/will be submitted. 
Investigator: Jeffrey G. Catalano None 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title: Iron-Bearing Phyllosilicate Clay Formation Pathways: Mineralogical Constraints on  
Past Martian Environmental Conditions 
 
Source of Support:  NASA: Mars Fundamental Research Program (current proposal) 
Total Award Amount:  $236,743 Total Award Period Covered: 6/1/2011 – 5/30/2014 
Location of Project:  Washington University in St. Louis 
Person-Months Per Year Committed to the Project. 1.0 Cal: 0 Acad: 0 Sumr:  1.0 
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title:  
 
 
Source of Support:   
Total Award Amount:  $ Total Award Period Covered:  
Location of Project:  Washington University in St. Louis 
Person-Months Per Year Committed to the Project.  Cal: 0 Acad: 0 Sumr:   
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title:  
 
 
Source of Support:   
Total Award Amount:  $ Total Award Period Covered:  
Location of Project:  Washington University in St. Louis 
Person-Months Per Year Committed to the Project.  Cal: 0 Acad: 0 Sumr:   
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title:  
 
 
Source of Support:   
Total Award Amount:  $ Total Award Period Covered:  
Location of Project:   
Person-Months Per Year Committed to the Project.  Cal: 0 Acad: 0 Sumr:   
Support:  Current   Pending   Submission Planned in Near Future   *Transfer of Support  
Project/Proposal Title:  
 
 
Source of Support: DOE-BER: SBR 
Total Award Amount:  $ Total Award Period Covered:  
Location of Project:   
Person-Months Per Year Committed to the Project.  Cal:  Acad:  Sumr:   
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BUDGET NARRATIVE 
 

Table of Personnel and Work Effort 
Personnel FTE Year 1 FTE Year 3 FTE Year 3 
Jeffrey G. Catalano (PI) 0.0833 0.0833 0.0833 
Alison R. Beehr (Student) 1.0 1.0 1.0 

 
Direct Labor: 
Senior Personnel 
1.0 month per year (8.33% annual FTE) support for Catalano (PI).  Catalano is responsible for 
project management, proposal submission to national user facilities, and training of the graduate 
student in laboratory and analytical methods.  In addition, Catalano shares co-responsibility for 
data acquisition, data analysis, and preparation of publications with the graduate student. 
 
Other Personnel 
12.0 months per year (100% annual FTE) support for a graduate student, Alison R. Beehr.  Beehr 
is responsible for conducting the primary experiments under the supervision of the PI.  Beehr 
also is responsible for preparing first-author publications that result from this project. 
 
 
Travel: 
Costs were estimated based on previous trips, current airfare, and federal per-diem  and standard 
mileage rates. 
 
Travel to Technical Conferences 
$2100 per year for the PI and graduate student to attend the Lunar and Planetary Sciences 
Conference in The Woodlands, TX.  This estimate is based upon current airfare from St. Louis, 
MO to Houston, TX ($300), meals + lodging estimated from the 2010 conference ($700), and 
current registration costs ($100 student/$200 PI). 
 
Travel to Advanced Photon Source to Conduct Measurements 
$2400 per year for the PI and graduate student to travel twice per year to the Advanced Photon 
Source at Argonne National Laboratory, Argonne, IL to conduct spectroscopic measurements.  
Cost per trip is estimated to be $1200 based on prior trips: $300 transportation in personal 
vehicle (600 miles round trip at $0.50 per mile), $450 each for meals + lodging in on-site 
housing. 
 
Travel to Environmental Molecular Sciences Laboratory to Conduct Measurements 
$1200 per year for the graduate student to travel once per year to the Environmental Molecular 
Sciences Laboratory at Pacific Northwest National Laboratory, Richland, WA to conduct 
FIB/TEM on weathered materials and Mössbauer measurements.  Cost per trip is estimated to be 
$1500: Airfare from St. Louis, MO to Pasco, WA ($500), meals + lodging in on-site housing 
($400), car rental ($300) 
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Materials and Supplies: 
$3100 per year for experimental supplies.  Expenses estimated based on current usage and 
projected needs and calculated from Washington University contract prices with major vendors 
(e.g., Fisher Scientific, Airgas, Ted Pella) include: laboratory consumables ($1000), chemicals 
($500), gasses for the anaerobic chamber and vacuum oven ($400), Parr bombs and replacement 
parts ($700), analytical method sample preparation materials and sample holders ($500). 
 
Publication Costs: 
$600 per year for page charges for publications in journals.  Estimated from current per-page 
costs from American Geophysical Union and American Mineralogical Society journals. 
 
Shipping and Faxes: 
$250 per year for shipping samples to and from national user facilities and for faxing access and 
safety forms to these facilities. 
 
Analyses: 
$3600 per year to pay hourly instrument usage fees.  These are determined based on the 
estimated number of hours of use per year and the current rates for instrument time.  The total 
per year was determined as follows: $1000 for XRD measurements (50 hr @ $20/hr), $500 for 
SEM/EDS measurements (25 hr @ $20/hr), $900 for TEM measurements of synthetic clays (30 
hr @ $30/hr), $400 for ICP-OES/ICP-MS analyses (20 hr @ $20/hr), and $800 for electron 
microprobe measurements (20 hr @ $40/hr). 
 
 
EXISTING FACILITIES AND EQUIPMENT 
 
Environmental Geochemistry and Mineralogy Laboratory, Washington University (PI: 
Catalano) 
The majority of the proposed work will be conducted in Dr. Catalano’s Environmental 
Geochemistry and Mineralogy Laboratory, located in the Earth and Planetary Sciences building 
at Washington University.  The space consists of two general purpose wet chemical laboratories 
equipped with standard equipment needed for solution chemistry, mineral-water interface 
geochemistry, and sample preparation.  This equipment includes multiple fume hoods, two 
environmental chambers for studies under anaerobic or CO2-free conditions, pH meters, 
analytical balances, UV/Vis spectrophotometer, a wheel and fixtures for polishing crystalline 
substrates, muffle and tube furnaces, ultrapure water system, centrifuges, magnetic stir plates, 
and syringe pumps.  The laboratory also maintains computing facilities needed for analysis of X-
ray scattering and spectroscopic data and geochemical modeling, as well as equipment needed 
for making XANES, EXAFS, and Surface X-ray Scattering measurements at X-ray light sources. 
 
Department of Earth and Planetary Sciences, Washington University 
The department of Earth and Planetary Sciences maintains microscopic, spectroscopic, and 
diffraction facilities for sample characterization.  A new (circa 2007) JEOL-8200 electron 
microprobe is available for element mapping and quantitative compositional analysis of solids 
using both energy-dispersive and wavelength-dispersive spectrometry.  X-ray powder diffraction 
is done on a Rigaku Geigerflex D-MAX/A Diffractometer using Cu-Ka radiation. The 
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instrument is equipped with a vertical goniometer and a scintillation counter. Maximum power is 
1.5kW operating at 50kV and 50mA.  PC-based Datascan software by Materials Data, Inc. 
(MDI) controls the diffractometer and MDI's Jade software can be used to analyze mineral 
diffraction patterns.  A Nicolet Nexus 670 FTIR spectrometer with ATR and DRIFT accessories 
is available for vibrational spectroscopy measurements.  Dr. Paul Carpenter and Prof. Alian 
Wang have provided letters of support describing the availability of these pieces of equipment. 
 
Center for Material Innovation (CMI), Washington University 
 Advanced transmission and scanning electron microscopy instrumentation is available in 
the Center for Materials Innovation, an interdisciplinary research effort of which Dr. Catalano is 
a member.  A JEOL 2100F transmission electron microscope (TEM) equipped with an energy-
dispersive X-ray spectrometer is available for analysis of composition in few-nm sized volumes.  
This instrument is outfitted with an electron-energy-loss spectrometer, a high resolution CCD 
camera, and a film camera for recording diffraction patterns.  A JEOL JSM-7001FLV field-
emission scanning electron microscope (FE-SEM) equipped with an energy dispersive X-ray 
spectrometer is available for high resolution imaging and element identification.  CMI Director 
Solin has provided a letter of support describing the availability of this equipment. 
 
Nano Research Facility (NRF), Washington University 
 The NRF contains numerous characterization tools and is a member of the National 
Nanotechnology Infrastructure Network (NNIN), supported by the National Science Foundation.  
Tools relevant to the proposed work include Perkin Elmer Elan DRC II ICP-MS and Optima 
7300DV ICP-OES systems for determining the composition of aqueous samples, including from 
solid phase digestions.  NRF Director Qin has provides a letter of support describing the 
availability of this equipment. 
 
Advanced Photon Source (APS), Argonne National Laboratory 
The APS is a DOE-supported national user facility for the study of matter using brilliant X-ray 
beams.  Users may access this facility at no cost through a competitive, peer-reviewed proposal 
system.  The X-ray absorption spectroscopy measurements described in this proposal can be 
performed at a numbers of different beamlines, including 5-BM, 10-ID, 12-BM, 13-BM, 13-ID, 
20-BM, and 20-ID; X-ray microprobe measurements may be performed at 10-ID, 13-ID, 20-BM, 
20-ID. 
 
Environmental Molecular Science Laboratory (EMSL), Pacific Northwest National 
Laboratory 
The EMSL is a DOE-supported national user facility for the study of matter using brilliant X-ray 
beams.  Users may access this facility at no cost through a competitive, peer-reviewed proposal 
system.  For the current work, the relevant available instrumentation include: a FEI Helios 
Nanolab dual-beam focused ion beam/scanning electron microscopy (FIB/SEM) microscope for 
preparing electron transparent samples for TEM; A JEOL 2010 high-resolution transmission 
electron microscope (TEM) with an energy dispersive spectrometer (EDS) for the post-FIB TEM 
measurements; and two 57Fe Mössbauer spectrometers (WissEL MVT-1000 and Ranger 
Scientific MS-900A), one of which is coupled to a Janis cryostat for measurements at liquid He 
temperature (~4 K). 
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