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ABSTRACT 

 Clay minerals detected in ancient Martian terrains help constrain Mars’ climate 

and aqueous alteration history. Since Mars’ primordial origin, atmospheric redox 

conditions have evolved from reducing to oxidizing and clay minerals may record the 

effects of that transition. Ferrous trioctahedral smectites of varying iron content were 

synthesized and subjected to oxidation by O2 and by UV irradiation to address these as 

potential oxidizing agents. UV irradiation (112.77 hours with 450 W Hg lamp) of 

smectites equivalent to approximately four years of flux on the Martian surface caused 

incomplete oxidation (Fe3+/ΣFe = 16-18%). O2 experiments (two hour, twelve hour, two 

day, and five day) produced more oxidation in smectites with higher Fe content at the 

same exposure times. Photooxidation caused octahedral sheet contraction; however, 

chemical oxidation allowed more contraction to occur in the high Fe smectites. The mid 

and high Fe smectites had observable changes in their visible-near infrared (VNIR) 

reflectance spectra with the formation of a nontronite (Fe3+, Mg)2-OH feature at 2.3 µm, 

even with partial oxidation. With both oxidation experiments, the reflectance spectra lost 

its initial MMM-OH features (AlAl(Fe2+,Mg) and Fe2+MgMg-OH) and produced a single 

nontronite-like MM-OH feature. UV irradiation produced a secondary nontronite phase, 

possibly on the surface of the higher Fe content smectites; however there was no 

evidence for iron ejection. Ferrous smectites are capable of undergoing UV 

photooxidation under aqueous conditions and this process could have occurred during 

early Martian history. Distinguishing between UV and O2 oxidation in smectites cannot 

be completed exclusively with Martian spectra; however, the lack of secondary oxides 

may hint at alteration history based on the nature of mineral assemblages detected on 

Mars.  
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CHAPTER 1 

INTRODUCTION 

 

The composition and structure of clays and other weathering minerals observed 

on Mars provide constraints on the evolution of Mars’ surface environment. Currently, 

Mars’ atmosphere (average pressure 7 mbar) is dominated by CO2 (95.3%) with minor N2 

(2.7%) and Ar (1-3%), and lesser amounts of H2O (0.03%), CO, and O2 (0.15%) (Jakosky 

and Phillips, 2001; Vázquez and Hanslmeier, 2006). Mars’ average pressure of 7 mbar is 

not sufficient to allow stable liquid water at the surface (Vázquez and Hanslmeier, 2006). 

However, the presence of clay minerals, iron oxides, and jarosite among others on the 

Martian surface suggests the early Martian atmosphere must have had a higher pressure 

and temperature to allow the presence of liquid water and a weathering environment. 

Different types of clay minerals, including nontronite (Ehlmann et al., 2011b) and ferrian 

saponite (Treiman et al., 2014) have been identified on the Martian surface. These 

minerals must have formed under different redox conditions, suggesting evolution of 

atmospheric redox conditions (Catalano, 2013).  

Mars’ atmosphere evolved in its redox state and its ability to sustain surficial 

liquid water and redox conditions. The Noachian (4.1-3.7 Gyr) atmosphere had a denser 

CO2 –rich atmosphere, or a different composition, to allow the presence of liquid water. 

This atmosphere would likely have had lower oxygen partial pressure (King et al., 2004) 

and been reducing in nature, similar to that of early Earth (Catalano, 2013). The reducing 

nature is based on climate modeling and geochemical analyses on ancient Martian 

meteorites (Catling and Moore, 2003; Ramirez et al., 2014). Later sulfate deposits 



2 
 

represent a different, more oxidizing environment from the anoxic conditions which 

produced the clay minerals (Chevrier et al., 2007). It is unclear what caused these 

climatic and atmospheric changes and when they occurred. Jakosky and Phillips (2001) 

suggest cessation of volcanism or atmospheric hydrogen loss by solar-wind stripping 

(using isotopic and magnetic-field evidence) might have caused a shift in climate in the 

end of the Noachian. It is therefore important to determine Mars’ atmospheric history 

because it reveals the periods during which there may have been potential for habitability 

and life.  

Clay minerals present in ancient terrains are relicts of Mars’ water history. The 

composition and characteristics of clay minerals are controlled by their chemical and 

thermal environment of formation, which in turn changes their properties and/or species 

(Velde, 1992). On Mars, clay deposits were produced during the Noachian by aqueous 

alteration of basalts (Zolotov and Mironenko, 2007). Subsequent loss of water largely 

ended the production of clay minerals (Carr and Head, 2010). Moreover, because 

conditions changed such that there was negligible hydrous weathering, Noachian terrains 

have retained their mineralogy and the weathered products are typically found with 

excavated and exposed older materials (Carr and Head, 2010).  

On Mars, Fe/Mg smectites are the most common clays (>75% of locations with 

hydrous silicates), followed by chlorite (Ehlmann et al., 2011, 2013). The Al-rich 

smectite, montmorillonite, has also been detected in sedimentary strata overlying Fe/Mg 

smectite deposits (Ehlmann et al., 2011b, 2013; Carter et al., 2013). Orbital detections of 

ferric phases, such as nontronite, in Noachian terrains (e.g., Nili Fossae, Mawrth Vallis) 

by the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) (Poulet et al., 
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2005; Murchie et al., 2007; Mustard et al., 2008; Ehlmann et al., 2009), have led Chevrier 

et al. (2007) to conclude the Noachian atmosphere was oxidizing. However, in situ 

observations at Gale Crater using the CheMin X-ray diffractometer on the Mars Science 

Laboratory (MSL) detected a trioctahedral clay (Vaniman et al., 2014). Treiman et al. 

(2014) suggest that the Gale Crater clay is a ferrian saponite (Fe3+>Fe2+) while Chemtob 

et al. (2015) suggest that these could be fully ferrous or ferrian saponite. Under anoxic 

conditions predicted for the Noachian, near-surface aqueous weathering of basalts would 

have produced ferrous rather than ferric smectites (Catalano, 2013).  

Discrepancies in smectite detections between orbital and in situ observations can 

potentially be explained by focusing on Mars’ redox history. There are two hypotheses 

suggested to explain nontronite formation. The first hypothesis, suggested by Chevrier et 

al. (2007), states that the ferric-rich phyllosilicates precipitated in weakly acidic to 

alkaline environments with a highly oxidizing Noachian atmosphere at low CO2 partial 

pressure. With low CO2 pressure, other greenhouse gases, such as CH4 and H2 must have 

been present in sufficient amounts to increase the atmospheric pressure to allow for stable 

water (Haberle, 1998; Halevy et al., 2007; Chevrier et al., 2007). The second hypothesis 

(e.g., Catalano, 2013) considers that nontronites are oxidation products of ferrous 

smectites under reducing/anoxic conditions. This transformation may have proceeded by 

exposure to O2 or other atmospheric chemical oxidants, such as hydrogen peroxide or 

ozone (Chemtob et al., 2015, 2017); alternatively, ferrous smectites could have been 

oxidized by exposure to ultraviolet radiation.  

The experimental evaluation of oxidation of ferrous clay minerals will allow us to 

understand Mars’ redox state history. Chemtob et al. (2017) performed chemical 



4 
 

oxidation of ferrous smectites by dissolved O2 and hydrogen peroxide (H2O2) and found 

that nontronite can be produced by these oxidants. Ferrous smectite was oxidized readily 

by H2O2, disrupting the octahedral sheet in the smectite structure (Chemtob et al., 2017). 

Dissolved O2 did not completely oxidize the smectites, which might be due to lack of 

octahedral site vacancies (Chemtob et al., 2017). Ultraviolet photooxidation, however, 

has not been evaluated for smectite minerals. UV photooxidation has previously been 

suggested as a potential pathway for aqueous ferrous iron oxidation on Mars (Catalano, 

2013; Hurowitz et al., 2010, 2017; Dehouck et al., 2016; Nie et al., 2017); however, the 

mechanism and mineralogical products of smectite transformation by photooxidation are 

poorly constrained.   

This study aimed to explore UV photochemical oxidation as a viable pathway to 

address alteration of clay minerals on Mars. Ferrous smectites synthesized under anoxic 

conditions were subjected to photo- and chemical oxidation experiments. The goal was to 

determine if ferric smectites could be produced by direct oxidation of ferrous precursors. 

Furthermore, the oxidation mechanisms between UV radiation and O2 in smectites were 

compared. Mineralogical, structural, and spectral properties of reactants and products 

were characterized before and after oxidation treatments. Our results suggest that 

smectites that are oxidized could represent the upper surface of the ferrous-rich basaltic 

crust that has been oxidized by UV radiation throughout Mars’ history.  
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1.1 Hypotheses 

• Ultraviolet radiation of smectites suspended in solution will cause 

observable oxidation of iron in initially ferrous smectites.  

• Iron oxidation by ultraviolet irradiation will be accompanied by changes in 

the smectite structure from tri- to dioctahedral, determined by 060 shifts 

with XRD.  

• Due to the change in redox state and mineral structure, products of UV 

photooxidation will change its VNIR signature of ferrous smectite to that 

of nontronite.  

• The products of UV and O2 oxidation experiments will be similar in their 

structural changes and secondary phases.    

1.2 Objectives  

• Synthesize ferrous smectites under anoxic conditions.   

• Subject synthetic ferrous smectites to UV photo- and O2 chemical 

oxidation experiments. 

• Characterize samples for their chemistry, mineralogy, oxidation state, and 

spectroscopic signatures.  

• Describe observed variations in the products of UV and O2 oxidation 

experiments.  
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CHAPTER 2 

BACKGROUND INFORMATION 

2.1 Clay Minerals 

Clay minerals are fine-grained (<2 µm), hydrous, sheet silicates that are 

commonly found in low temperature environments on the Earth’s surface (Velde and 

Meunier, 2008). They are composed of tetrahedral (T) and octahedral (O) sheets (Figure 

1) (Velde and Meunier, 2008). Tetrahedral sheets are made up of tetrahedrons with 

silicon and/or aluminum surrounded by oxygen (Velde, 1992). Octahedral sheets are 

laterally edge-linked, iron, aluminum or magnesium in six-fold coordination with 

oxygens from the tetrahedral (Velde, 1992). Both the tetrahedral and octahedral sheets 

have a negative charge, so clays have an overall negative charge (Velde, 1992). 

Octahedral sheets are further classified as dioctahedral or trioctahedral (Figure 2).  In the 

trioctahedral clays, each anion (oxygen or hydroxyl) is bonded to three cations and in 

dioctahedral it is bonded to two cations, which leaves a vacant third site (Velde and 

Meunier, 2008). Cations commonly found in trioctahedral clays are divalent (Fe2+, Mg2+), 

and those in dioctahedral clays are trivalent (Fe3+, Al3+) (Brigatti et al., 2006).  Clays can 

undergo isomorphous substitutions in the tetrahedral and octahedral sheets (Eberl, 2014). 

Smectites are 2:1 (2 tetrahedral, 1 octahedral layer) with an interlayer cation that can be 

Ca, Na, K, or a water molecule. Smectites have an ability to swell due to adsorption of 

water or other fluids between weakly charged layers. This swelling property causes them 

to have a variable c dimension and a negative charge on the 2:1 layer (Eberl, 2014). 

Smectites can be dioctahedral or trioctahedral, based on their octahedral sheet cation 

content. Nontronite (Na0.3Fe2(Si,Al)4O10(OH2)) and montmorillonite (Al-rich) are 

dioctahedral; saponite (Fe/Mg-rich) is a trioctahedral clay (Velde, 1992). 
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Figure 1: Diagram of tetrahedral and octahedral layers in smectite. Iron will be present in 

the octahedral layer or the smectite. Image obtained from Murray (2006).  
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Figure 2: Diagram of the octahedral layer of clay mineral sheet structures. a) trioctahedral 

sheets in which each anion is bonded to three cations (typically divalent). b) dioctahedral 

sheet in which each anion is bonded to two cations (typically trivalent), which leaves a 

vacant third site. Image obtained from Brigatti et al. (2006).  

 

 

Structural iron in clay minerals is redox active and it affects physiochemical 

properties such as cation exchange and swelling capacity (Stucki, 1983; Wu et al., 1989; 

Khaled and Stucki, 1991; Shen et al., 1992; Gates and Wilkinson, 1993; Gorski et al., 

2012). Redox reactions will change structural properties, which occur to maintain charge 

balance and accommodate atomic size differences between Fe2+ and Fe3+ (Stucki and 

Roth, 1977; Lear and Stucki, 1985; Stucki et al., 1996; Drits and Manceau, 2000; 

Manceau et al., 2000; Favre et al., 2006). Moreover, the extent of these reactions will 

depend on mineral properties such as total iron content, Fe binding environment, layer 

charge and structure as well as solution chemistry (e.g., pH and oxidant used) (Gorski et 

al., 2012).  

Descriptions of oxidation mechanisms for ferrous trioctahedral clay minerals are 

uncommon in the literature but may be compared to those described for reduction of 

ferric smectites. Reducing Fe3+ in clays will generally cause Fe migration to form 

trioctahedral domains (Manceau et al., 2000; Neumann et al., 2011), which can be 
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accompanied by structural changes and dehydroxylation (Komadel et al., 1995; Neumann 

et al., 2011). Chemtob et al. (2017) state that the few octahedral vacancies in trioctahedral 

ferrous smectites might not allow iron migration with oxidation. Iron ejection from the 

octahedral sheet will likely be the most prevalent process occurring in these reactions 

(Badaut et al., 1985; Decarreau and Bonnin, 1986). Positive charge buildup in the 

octahedral sheet occurs as oxidation progresses which causes stronger electrostatic 

repulsion in the absence of charge redistribution by cation migration (Chemtob et al., 

2017). This will produce a decrease in oxidation rate. Surface passivation can also lower 

oxidation rate or prevent further oxidation by forming Fe3+ on the smectite edges (Ilgen et 

al., 2012).   

Clay mineral phases have specific unit cell parameters that can be resolved using 

X-ray diffraction. In clay minerals, the 001 peak corresponds to the first order basal 

reflections, which will differ between mineral phases. For example, illite has a d(001) of 

~10 Å and nontronite ~16.9 Å, although this varies with glycolation and heating to 550° 

C (Moore and Reynolds, 1997). The 02l asymmetric peak and 060 peak correspond to the 

b unit cell dimension and allows distinction between di- and trioctahedral smectites 

(Moore and Reynolds, 1997). The d(060) spacing for a dioctahedral clay will be in the 

range of 1.49-1.52 Å and for a trioctahedral clay between 1.52-1.55 Å (Moore and 

Reynolds, 1997).  

Clay minerals can also be distinguished by their VNIR reflectance spectra. The 

VNIR features that are produced from combination and overtone bands (2.1-2.5 µm) are 

either MM-OH, for dioctahedral or MMM-OH for trioctahedral groups (M=Fe2+, Fe3+, 

Mg2+, or Al3+) (Chemtob et al., 2017). Trioctahedral clays with Fe/Mg < 0.5 contain 

MMM-OH features from 2.309-2.317 µm (Michalski et al., 2015; Chemtob et al., 2017). 

Dioctahedral ferric clays with Fe/Mg>10 have an MM-OH feature from 2.284-2.290 µm 

(Michalski et al., 2015; Chemtob et al., 2017). Water and OH-stretching vibrations 

appear in the range of 2.7 to 3.1 µm; water bending overtone features are present around 
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3.1 µm (Bishop et al., 2008). Overtone and combination bands for the fundamental OH 

and H-O-H vibrations are present from 1.35 to 2.5 µm (Bishop et al., 1994, 2008). 

Smectites have their strongest water overtones at 1.41 µm, water combination bands at 

1.92 µm, OH combination bands from 2.2-2.5 µm, the latter which relates to the 

octahedral cation composition (Bishop et al., 2008). Nontronite contains a Fe2-OH 

overtone at 1.43 µm, AlFe-OH and Fe2-OH combination bands at 2.24 and 2.29 µm, OH-

stretching bands at 2.72 µm (Bishop et al., 2008). 
 

2.2 Orbital Spectroscopy: Observations of Clay Minerals 

Clay minerals have been detected from orbit by observations (Figure 3) with 

OMEGA (Observatoire pour la Minéralogie l’Eau, les Glaces et l’Activité) on board the 

Mars Express orbiter and the Compact Reconnaissance Imaging Spectrometer for Mars 

(CRISM) on board the Mars Reconnaissance Orbiter. OMEGA and CRISM are both 

orbital imaging spectrometers that collect mineralogical data in the visible-near infrared 

range (VNIR) (Bibring et al., 2004; Murchie et al., 2007). OMEGA is older and has a 

lower spatial resolution (0.3-4.8 km/pixel), but better spatial coverage, so the global 

mapping helped determine where CRISM would make targeted observations (Carter et 

al., 2013). CRISM has a 6.55 nm band spacing and can reveal deposits that are <1 km 

scale, allowing determination of primary as well as secondary minerals (Murchie et al., 

2007). At this range and with its resolution (18 m/pixel), CRISM observations can be 

used to determine clay mineralogy, structure, and composition.  
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Figure 3: Clay mineral reflectance spectra. A) CRISM reflectance spectra (1.0-2.6 μm) 

of clay minerals detected on Mars. At this range water overtone (1.4 µm) and 

combination (1.9 µm) are observable. The 2.1-2.6 µm range contains the metal-OH 

bands that are relevant for Fe-rich smectites. B) Library reflectance spectra of clay 

minerals with the same absorption bands as those on Mars.  Image obtained from 

Mustard et al. (2008).  
 

 

 

 

 

 

 

 

 

 

A 

B 
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Located mostly in Mars’ southern hemisphere, the Noachian terrains (Figure 4) 

host diverse phyllosilicate minerals which, in turn, indicate the past presence of liquid 

water, moderate to high pH, and surface-subsurface alteration (Bibring et al., 2006; 

Mustard et al., 2008; Murchie et al., 2009; Carter et al., 2013; Ehlmann et al., 2011b, 

2013). The diversity of phyllosilicates indicates a variety of alteration environments 

during their formation (Poulet et al., 2005). Fe/Mg smectites (nontronite and saponite) are 

the most common observed phases and these occur in uplifted crust by craters, basin fill, 

and stratigraphic sections (Mustard et al., 2008; Carter et al., 2013; Catalano, 2013; Fox 

et al., 2016). Al phyllosilicates (e.g., Al-smectites: (Na, ½Ca)0.33(Al,Mg)2(Si4O10)(OH)2 

and kaolinite: Al2(Si2O5)(OH)2) are also detected in the Noachian terrains, but are less 

common than Fe/Mg smectites (Mustard et al., 2008).  
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Figure 4: Global distribution and crustal iron on Mars. A) Global distribution map of 

smectite clays on Mars with the Noachian terrains highlighted. Group 1-4 are clay 

mineral classification based on the position of the metal OH features. Group 1 is a 

dioctahedral clay with very high Fe content. Group 2 are either di-trioctahedral with 

relative Fe-rich content or these are dioctahedral clays rich in Fe3+ and are difficult to 

characterize. Group 3 is the most common smectite mineral and it is Fe-rich dioctahedral 

and di-trioctahedral. Group 4 is a trioctahedral, low Fe content clay. b) Crustal FeO wt % 

on Mars overlain by the smectite locations. Image obtained from Michalski et al. (2015).  
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Mawrth Vallis is a Noachian-aged region which hosts layered clay outcrops that 

are considered to represent the climate transition from warm and wet to sporadic water 

activity (Bishop and Rampe, 2016). This region contains the largest Al/Si-rich clay 

outcrop which overlies Fe/Mg-rich smectite units (Loizeau et al., 2012; Bishop and 

Rampe, 2016). The Fe/Mg and Al phyllosilicates are stratigraphically separated; Mustard 

et al. (2008) state that thus far no mixing of the two has been detected, which suggests 

that the minerals occur in spatially distinct units. The Al/Si-rich layer contains 

montmorillonite (Al smectite), opal, kaolinite/halloysite, and zeolite (Bishop et al., 

2013a). This layer is considered to have formed by leaching the Fe and Mg from the 

underlying units (Bishop et al., 2008). As the montmorillonite units are generally found 

without Fe/Mg smectites or iron oxides mixed, they illustrate the presence of reducing 

conditions in the Noachian, because iron cannot be leached from such assemblages once 

it is oxidized (Catalano, 2013).  

The Nili Fossae region contains units of Noachian-aged phyllosilicate-bearing 

rocks overlain by olivine-rich rocks (Mustard et al., 2008). The phyllosilicates in this 

region are generally considered to have formed in multiple subsurface regions of 

differing chemical environments (Ehlmann et al., 2009; Viviano et al., 2013). Illite and 

muscovite are identified in the ejecta of an impact near Nili Fossae (Mustard et al., 2008). 

Chlorite, a low-grade metamorphic, Mg-Fe-phyllosilicate, has been detected as well 

(Mustard et al., 2008). Finally, small deposits of kaolinite have also been detected 

(Mustard et al., 2008). Mustard et al. (2008) suggest that the observed diversity in 

phyllosilicates hints that microenvironments with greater input of water and hydrothermal 

activity were a feature of early Mars.  

Clay minerals are found as part of paleolakes (e.g., Gale Crater) and fluvial 

basins, both of which are priority locations for future Mars missions. Fe/Mg smectites 

and chlorites are also present in ancient terrains that were produced by igneous processes 

(Ehlmann et al., 2011). Chlorite has also been found with prehnite, which indicates high 
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temperatures (200-350 °C) within the subsurface (Schiffman and Day, 1999; Robinson 

and Bevins, 1999; Carter et al., 2010; Ehlmann et al., 2011). Ehlmann et al. (2009) 

suggest that these units might have formed from high temperature, aqueous alteration in 

the subsurface, which was then exposed via impact. Alternatively, prehnite may have 

been produced by circulation of water in the central peak post impact (Ehlmann et al., 

2009). Fe/Mg smectite-chlorite assemblages indicate anoxic and alkaline conditions 

(Harder, 1976; Spear, 1993; Meunier, 2005; Tosca et al., 2008); most likely to have 

formed in closed systems in the subsurface (Ehlmann et al., 2011). Most Al clay units are 

Late Noachian in age and found in stratigraphic units overlying Fe/Mg clays, which 

indicates that these are likely formed in situ and represent leaching profiles (Ehlmann et 

al., 2011). Mustard et al. (2008) state that smectites detected in these various deposits led 

to the hypothesis that these formed in an aqueous environment by either alteration of 

volcanics or by impact-related alteration. Impact-related alteration indicates episodic 

rather than long-term hydrologic activity (Sun and Milliken, 2015). 

 

2.3 Rover Detections of Clay Minerals 

Orbital mineralogical characterization has aided in landing selection for rover 

missions. At Gusev Crater, the Spirit Rover was expected to detect hydrated minerals 

(e.g., clays) that were produced in fluvial-lacustrine environments, but was unable to do 

so (Carter and Poulet, 2012). Mg-Fe carbonates were later inferred at Columbia Hills, 

likely via precipitation from carbonate-bearing solutions under hydrothermal conditions 

(Morris et al., 2010). Clay and carbonate minerals were finally detected at Gusev Crater 

with CRISM observations (Carter and Poulet, 2012). The Opportunity Rover was able to 

detect Fe/Mg clay-altered bedrock at Endeavor crater using the Alpha Particle X-Ray 

Spectrometer (APXS) (Arvidson et al., 2014). Opportunity went to locations with units 

that had been previously observed with CRISM (Arvidson et al., 2014).  
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On the Mars Science Laboratory (MSL), Chemistry & Mineralogy X-Ray 

Diffraction (CheMin) has been used to detect clay minerals at Gale Crater. Curiosity has 

detected trioctahedral smectites in the Yellowknife Bay Formation, interpreted as ferrous 

iron-bearing (Vaniman et al., 2014; Treiman et al., 2014; Chemtob et al., 2015). 

CheMin’s 2θ range does not include the 060 peak that is typically used to determine the b 

unit cell dimension; however, Vaniman et al. (2014) used the 02l peak to assess 

octahedral site occupancy. The d(02l) spacing of the Gale Crater trioctahedral smectite is 

4.59 Å and was interpreted as a high-Mg ferrian (Fe3+>Fe2+) saponite by Vaniman et al. 

(2014) and Treiman et al. (2014) due to a correlation with the Griffith saponite (Mars 

analog in California, U.S.A.). Later, Chemtob et al. (2015) suggested that the smectite 

can also be interpreted as a Mg-rich ferrosaponite (Fe2+) due to analogous synthetic 

ferrous clays molar Mg/(Fe2++Fe3+) ratio and 02l peak. These Gale Crater smectites are 

late Noachian-Early Hesperian in age, which supports the idea of anoxic conditions 

during this time on Mars (Ming et al., 2014; Vaniman et al., 2014). In Gale Crater at the 

Murray Buttes, a dioctahedral smectite has also been identified (Bristow et al., 2017).  

 
2.4 Gale Crater’s Geologic History 

Gale Crater is located near Mars’ dichotomy boundary and the crater formation 

age is estimated at 3.6-3.8 Ga (late Noachian-Hesperian boundary) (Cabrol et al., 1999; 

Thomson et al., 2011; Deit et al., 2013). Mount Sharp, the Gale Crater’s sedimentary 

central mound, is hypothesized to have formed soon after the formation of the crater 

(Thomson et al., 2011; Grant et al., 2014; Palucis et al., 2016). Gale Crater is located in 

the Gale-Knobel-Sharp watershed system, which would have experienced large-scale 

fluvial activity in the late Noachian-Early Hesperian (Irwin et al., 2005; Fassett and Head 

III, 2008), followed by more localized activity in the late Hesperian-early Amazonian 

(Grant et al., 2014; Ehlmann and Buz, 2015). Gale Crater was chosen for the MSL 
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mission because the rocks record, in age and composition, Mars’ global transition from 

that a climate more favorable to produce clays to one that favors sulfate production 

(Milliken et al., 2010).  

The Bradbury Group (Figure 5), the stratigraphically oldest unit investigated by 

the Curiosity rover, is comprised of alluvial fan facies and detrital sediment inferred to 

originate from the northern crater wall and rim (Williams et al., 2013; Grotzinger et al., 

2014, 2015; Szabó et al., 2015). Within the Bradbury Group are the Yellowknife Bay, 

Darwin Outcrop, Cooperstown Outcrop, and Kimberley Formations. The Yellowknife 

Bay Formation is dominated by lacustrine mudstone and fluvial sandstone, as well as 

minor aeolian sandstones (Vasavada et al., 2014; Grotzinger et al., 2014, 2015). The 

Sheepbed member of the Yellowknife Bay Formation, which is a basal unit at Gale 

Crater, contains lacustrine mudstones which are dominated by Fe-Mg smectites and 

lesser ferric oxides and Fe sulfides (Vaniman et al., 2014; Treiman et al., 2014).  
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Figure 5: Gale Crater Stratigraphy. Stratigraphic column for the major units and 

formations observed by the Curiosity Rover at Gale Crater. Yellowknife Bay contains the 

Sheepbed Mudstone which contains trioctahedral smectites that have been interpreted to 

be ferrous smectites. Image obtained from Grotzinger et al. (2015).  
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The Murray Formation is generally made up of a younger mudstone unit with fine 

laminations and it is overlain by thickly laminated sedimentary facies (Grotzinger et al., 

2015). Grotzinger et al. (2015) state that the Bradbury Group is overlain by the Murray 

Formation, although at their contact there is interfingering of the two. The lowermost 

portion of the Murray Formation is dominated by laminated mudstones with minor 

crossbedded sandstones, which is interpreted as a fluvial-deltaic environment (Grotzinger 

et al., 2015). The sedimentary facies in the Murray Formation are: thinly laminated 

mudstone, thickly laminated mudstone-siltstone, cross-laminated sandstone, and 

conglomerate (Grotzinger et al., 2015). In terms of mineralogy, the Murray Formation 

contains two main facies: hematite-phyllosilicate and magnetite-silica (Grotzinger et al., 

2015; Hurowitz et al., 2017; Rampe et al., 2017). Clay minerals with hematite facies are 

present in the basal units of the Murray Formation; however, they are less abundant 

relative to the Sheepbed member clays in the Bradbury Group (Rampe et al., 2017). The 

magnetite-silica facies are in the upper part of the Murray Formation. The upper Murray 

formation (Murray Buttes) contains a 2:1 dioctahedral clay that was determined to be a 

dioctahedral smectite (Bristow et al., 2017).  The facies change in the Murray Formation 

indicates a complex aqueous alteration history as well as an increase in oxidation state up 

section. This has been interpreted by Hurowitz et al. (2017) as indicative of changing 

redox conditions in a neutral-alkaline lake. Alternatively, Rampe et al. (2017) suggest 

that the Murray Formation’s variability indicates multiple influxes of short term, 

moderately acidic pore fluids diagenetically altered the minerals. Rampe et al. (2017), 

however, also suggest that the variable mineralogy can be due to changes in Eh and pH 

while Gale Crater was a lake. The lake would have had oxidizing or acidic waters in the 

lower portion (Confidence Hills and Mojave) and those sediments in the upper Pahrump 

Hills and Marias Pass would have experienced lower Eh, higher pH waters (Rampe et al., 

2017).  
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Units above the Murray Formation are inferred to have been produced from the 

erosion and exposure of Mount Sharp units (Banham et al., 2018). The Murray Formation 

is overlain unconformably by the Stimson Formation, which is part of the Siccar Point 

Group (Watkins and Grotzinger, 2016; Frydenvang et al., 2017; Banham et al., 2018). 

The Stimson Formation is a mafic aeolian sandstone and its composition can be produced 

from diagenetic alteration of basaltic aeolian parent material (Frydenvang et al., 2017; 

Yen et al., 2017). Currently, the Curiosity rover is on the hematite-rich Vera Rubin Ridge 

and will be arriving at “The Clay-Bearing Unit” in 2018 (Bennett et al., 2018; Fox et al., 

2018). Fraeman et al. (2013) hypothesizes the hematite ridge to have been produced 

under oxidizing conditions either from hematite precipitation via exposure of Fe2+- rich 

groundwater or from in situ weathering of silicates. The stratigraphic relationship of the 

hematite ridge and the “Clay-bearing Unit” has not been resolved from orbital 

observations due to uncertainties in the stratigraphic orientations (Fox et al., 2018). The 

Hesperian aged, “Clay-Bearing Unit” contains a stratigraphic succession from smectites 

to hydrated-sulfate bearing materials, so its exploration will be essential to constrain 

Early Mars’ climate changes (Fox et al., 2018; Bennett et al., 2018). It is the first unit that 

has widespread, measurable smectite signature that will be explored by Curiosity (Fox et 

al., 2018). In situ measurements will allow to provide ground truth observations of 

Martian Fe/Mg smectites (Fox et al., 2018).  

 
2.5 Constraints on the Redox Evolution of Mars 

The Noachian atmosphere would have been influenced primarily by volcanic 

outgassing, impact events, and Mars’ carbon cycle (regolith, polar caps, and carbonate 

rocks processes) (Jakosky and Phillips, 2001; Manning et al., 2006; Grott et al., 2011). 

Martian meteorites have been used to constrain the redox state of the mantle, which will 

allow determination of gases involved in volcanic outgassing during its activity in the 
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Noachian. Geochemical analyses of meteorites indicate that the mantle was reducing 

(close to or slightly below Iron-Wüstite buffer); therefore, volcanic activity would expel 

reducing gases (Herd et al., 2002; Herd, 2003; Shearer et al., 2006; Karner et al., 2007; 

Lapen et al., 2010). There have been, however, various climate models proposed that 

support reducing and oxidizing conditions for early Mars due to detection of oxidized 

geologic deposits (e.g., nontronite, sulfates, Fe-oxides). For an oxidizing Noachian, water 

photolysis and hydrogen escape would have been the dominant atmospheric process over 

volcanic emissions (Chevrier et al., 2007). This process would have reduced water, which 

would have been the most abundant potential oxidant and would have oxidized aqueous 

iron (II) to iron (III) (Lammer et al., 2003; Chevrier et al., 2004). Catling and Moore 

(2003) propose that the early atmosphere would have been anoxic due to continuous flux 

of reduced volcanic gases, which would have consumed oxygen. It is likely that the early 

atmosphere would have had all of the aforementioned processes happening; however, 

Dehouck et al. (2016) state that the volcanic outgassing would have likely been at a 

higher rate than hydrogen escape. With an anoxic atmosphere, it is therefore predicted 

that ferrous smectites will be produced via anoxic weathering of basalts (Catalano, 2013). 

Mars’ atmospheric switch from reducing to oxidizing would have occurred after clay 

mineral production (Catalano, 2013). 

The Noachian-Hesperian boundary typically marks the timing for major global 

climate changes for Early Mars. There is uncertainty in the timing of this switch, as well 

as if its trend was gradual or caused by specific events at the boundary (Howard et al., 

2005; Irwin et al., 2005; Warner et al., 2010). Volcanism is one of the main drivers of 

climate condition changes on Mars, specifically, volcanic emission of hydrogen that will 

compete with hydrogen escape (Lammer et al., 2003). The age and volume of sulfate 

deposits and lava flows have been used to assess Mars’ volcanic history. Sulfate deposits 

on Mars are primarily found in Hesperian as well as Noachian terrains and are possibly 

related to geomorphic features such as basaltic ridged plains (Head et al., 2002; Gendrin 
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et al., 2005; Bibring et al., 2005, 2006; Ehlmann and Edwards, 2014). Volcanic gas 

emissions on Mars would have included reduced (e.g., CO) and sulfur-bearing gases, 

which are able to photochemically eliminate atmospheric oxidants with enough emission, 

as it is inferred for the Noachian (Catling and Moore, 2003; Ramirez et al., 2014; 

Dehouck et al., 2016; Sholes et al., 2017). Rates of volcanism increased from the late 

Noachian into the early Hesperian and then decreased (Craddock and Greeley, 2009). 

Geologic deposits produced once Mars began to lose volcanic activity reflect the 

proposed oxidizing conditions, although younger, episodic volcanic activity would have 

been possible (Sholes et al., 2017).  

 
2.6 Ultraviolet Photooxidation of Iron: Reaction Overview and Relevance for 

Mars 

Ultraviolet photooxidation has previously been suggested as a potential 

mechanism for aqueous ferrous iron oxidation on Mars (Hurowitz et al., 2010; Catalano, 

2013; Dehouck et al., 2016; Nie et al., 2017). UV photochemical oxidation of aqueous 

iron is well studied, but UV oxidation of iron in solid mineral phases (e.g., Braterman et 

al., 1983; Konhauser et al., 2007) is less well studied. UV photooxidation has been 

proposed for Banded Iron Formations (BIFs) on Earth and recently has had an increased 

interest as a potential oxidant on Mars. Oxidation of iron (II) with UV radiation was 

proposed by Cairns-Smith (1978) as an alternative to the biological models that address 

these processes during the Precambrian on Earth. The reaction (shown below) occurs 

readily in acidic aqueous conditions in a UV wavelength range of 200-300 nm 

(Konhauser et al., 2007).  

2 Fe2+(aq) + 2 H+ + hv → 2 Fe3+(aq)+ H2  (1) 

Photoinduced electron excitation reactions in minerals can cause electron 

transitions, valence and conduction band transitions, and molecular orbital transitions 
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(Marcus, 1965). Experimental UV photochemical oxidation has shown that this reaction 

is pH dependent, as well as energy dependent in terms of the UV source (Borowska and 

Mauzerall, 1987). Braterman et al. (1983) demonstrated that photooxidation of Fe2+ (aq) 

at pH >6.5 causes rapid production of Fe3+, aided by the presence of Fe(OH)+ since it is 

oxidized by photons at 300-450 nm. Braterman et al. (1983) found that in photooxidation 

experiments with 400 nm radiation and initial pH >6.5, the solution acidified and 

subsequently began to stop (reactions shown below). The rates of photooxidation have 

been shown to differ between aqueous and mineral structure species. Anbar and Holland 

(1992) estimate a rate of aqueous iron photooxidation of 200 mg cm-2 yr-1 under the 

assumption that FeOH+ was the only photo-active iron species and no attenuation of UV 

by Earth’s atmosphere (quantum yield 0.03 from Braterman et al., 1983).  

2 Fe3+ (aq) + 6 H2O → 2 Fe(OH)3 + 6 H+ (2) 

2 Fe2+ + 6 H2O → 2 Fe(OH)3 + 4 H+ + H2  (3) 

Anoxic UV oxidation was recently completed with an iron carbonate as an analog 

to processes occurring during the Archean by Kim et al. (2013). Their experiments 

showed that the reaction produced hydrogen gas and iron oxide phases (Kim et al., 2013). 

They also estimated an iron oxidation capacity for an Archean photic zone of 5.657x107 

mg/yr (~1013 mol Fe yr-1). Kim et al. (2013) then suggested that this Archean analog 

oxidation process could have also acted on the minerals on Mars since these would have 

similar atmospheric conditions.   

In recent years, the subject of UV radiation’s influence in Mars’ history has been 

on the sedimentary rocks at Meridiani Planum (Hurowitz et al., 2010), primary lacustrine 

redox gradient at Gale Crater (Hurowitz et al., 2017), and jarosite-hematite deposits on 

Mars (Nie et al., 2017), all of which focus on aqueous ferrous iron. Hurowitz et al. (2010) 

stated that aqueous iron (II) from subsurface waters will oxidize and acidify with 

exposure to atmospheric O2 or UV radiation. Meridiani Planum contains sulfate-rich 

sedimentary units, including jarosite, which is diagnostic of acidic, aqueous iron rich 
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conditions (Burns and Fisher, 1990; Nordstrom et al., 2000; Squyres et al., 2004). 

Oxidation via exposure to atmospheric O2 or UV radiation will allow the generation of 

excess acid needed to produce these mineral assemblages (Hurowitz et al., 2010). Nie et 

al. (2017) modeled the process of anoxic groundwater containing ferrous iron, 

intersecting the surface and becoming oxidized by UV radiation. UV photooxidation 

would cause the aqueous solution to become more acidic, slowing down the reaction due 

to iron speciation changes to those that are less effective at absorbing UV (Nie et al., 

2017). This process is estimated to take months to years to complete in centimeter-meter 

deep water (Nie et al., 2017).  

Gale Crater is understood to have been a lacustrine environment (Thomson et al., 

2011; Deit et al., 2013; Grant et al., 2014; Grotzinger et al., 2015) that had input from 

fluvial runoff (Williams et al., 2013; Szabó et al., 2015) and groundwater (Hurowitz et 

al., 2017). Gale Crater units increase in oxidation state up section, which brought about 

the redox-stratified lake hypothesis that is driven by UV photooxidation (Hurowitz et al., 

2017). Groundwater flow would bring dissolved ferrous iron, which would oxidize in the 

shallow portion of the lake (oxidant concentration > Fe2+(aq)) and precipitate secondary 

oxides (Hurowitz et al., 2017). The depth dependence of UV radiation in the water 

column caused the upper portion of the lake to have these oxide facies while the lower 

portion stayed anoxic (oxidant concentration < Fe2+(aq) (Hurowitz et al., 2017).  
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CHAPTER 3 

METHODS  

 

3.1 Smectite Synthesis 

Ferrous iron smectite samples used in the oxidation experiments were synthesized 

following a method from Chemtob et al. (2015) that is modified from Decarreau and 

Bonnin (1986). Three smectite compositions were synthesized, each differing in iron 

content (Table 1). The syntheses were completed under anoxic conditions inside an 

anaerobic chamber in order to prevent O2 oxidation. The anaerobic chamber conditions 

were 97% N2, 3% H2, p(O2) <1ppmv. 

 

 

Table 1: Smectite Stoichiometry. Stoichiometric formulas for representative synthetic 

low, mid, and high Fe smectites normalized to 11 oxygens, based on no sodium content, 

as determined with ICP-OES. The approximate standard deviation is: Ca 0.66-1.9%; Na 

1.2-1.9%; Si 0.59-4.5%; Al 0.59-4.5%; Fe 3.3-9.1%; Mg 0.88-8.6%.  

Smectite Stoichiometric Formula 
Low Fe_B (Ca0.25)(Fe0.74Al0.246Mg1.84)VI(Si3.62Al0.385)IVO10(OH)2 
Mid Fe_B (Ca0.212)(Fe1.44Al0.28Mg1.11)VI(Si3.64Al0.36)IVO10(OH)2 
High Fe_2B (Ca0.187)(Fe2.11Al0.288Mg0.428)VI(Si3.68Al0.318)IVO10(OH)2 

 

 

Gels were synthesized from stock solutions of hydrated iron (II) chloride, 

aluminum chloride, magnesium chloride, and sodium silicate. The gels were precipitated 

within 50 mL Oak Ridge-style centrifuge tubes. After precipitation, the gels were then 

centrifuged three times at maximum speed (11400 rpm) for 30 minutes at 20°C. Between 
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centrifugations, the supernatant was decanted and gels were washed with deoxygenated, 

deionized (DI) water inside the anaerobic chamber. The gel suspensions were transferred 

to Teflon Parr bombs and placed in a vacuum oven under anoxic conditions for 15 days at 

200°C. After heating, the solids were suspended and centrifuged in 0.5 M CaCl2 in order 

to replace Na+ with Ca2+ in the smectites’ cation interlayer (Chemtob et al., 2015). The 

last rinsing steps were accompanied by a final set of centrifugations. The final solid was 

desiccated in the anaerobic chamber for several days (Chemtob et al., 2015). 

Nine syntheses (Table 2) of three compositions were completed (A, B, C) from 

Fall 2016 to Summer 2017. During this time, the anaerobic chamber experienced two 

leak events that introduced 0.02% O2 for a few hours. The smectite samples were all 

stored in two heat-sealed bags to prevent exposure to O2, so the leaks that occurred likely 

did not affect these. Low Fe_B smectite was used for the UV-, as well as all of the O2-

oxidation experiments. Mid Fe_B was used for the UV-, as well as the all of the O2-

oxidation experiments. The High Fe_1B smectite was used for the five day experiment. 

High Fe_2B was used for the UV- and two day O2- oxidation experiments. High Fe_C 

smectite was used for the 2 and twelve hour O2 oxidation experiments. Multiple batches 

of synthetic High Fe smectite were required in order to preserve enough sample for all of 

the analyses. 
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Table 2: Synthesized Smectites and Experimental Treatments. All synthesized smectite 

samples from syntheses A, B, and C. The “x” indicates when the unaltered smectites 

were used for oxidation experiments.  
 

UV 
Oxidation 

O2 
Oxidation 

2 hour 

O2 
Oxidation 
12 hour 

O2 
Oxidation 

2 day 

O2 
Oxidation 

5 day 
PilotClay_A - - - - - 
LowFe_B x x x x x 
LowFe_C - - - - - 
MidFe_B x x x x x 
MidFe_C - - - - - 
HighFe_1B - - - - x 
HighFe_2B x - - x - 
HighFe_C - x x - - 
HighFe_B2_C - - - - - 

 

 

 

 

 

3.2 Ultraviolet Photooxidation Experiments 

Smectites from each composition were subjected to photooxidation by UV 

radiation. The experiment was completed at Rutgers University in the laboratories of Dr. 

Nathan Yee and Dr. Paul Falkowski by graduate student Winnie Liu.  

The samples were irradiated using a 450 Watt mercury lamp (Figure 6) for a total 

of non-consecutive 112.77 hours (Figure 7). Each smectite sample (300 mg) was 

suspended in 20 mL DI, deoxygenated water in a quartz reaction vessel prepared inside 

an anaerobic chamber (Kim et al., 2013). The reaction cells were then purged with 

nitrogen to maintain anoxic conditions and remove residual H2 from the chamber (Figure 

8) (Kim et al., 2013). Hydrogen gas released during the reaction was measured using a 



28 
 

gas chromatograph (SRI Instruments) with a thermal conductivity detector. N2 is the 

carrier gas used in the gas chromatograph. The gas chromatograph is injected with 1 mL 

of headspace from the reaction vessels after adding 1 mL of nitrogen to maintain constant 

pressure. 

 

 

 
Figure 6: Rutgers University Hg Lamp Spectra. A Hg lamp was used for the UV 

photooxidation experiments. 
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Figure 7: Experimental set up for the UV photooxidation experiments at Rutgers 

University. A) Aluminum shield circles around the set up. B) Center contains the Hg 

lamp which radiates outward toward six sample holders.  

A 

B 
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Figure 8: Schematic of the Hg lamp. Hg lamp used for the UV oxidation experiments 

radiates toward six reaction vessels. Approximately 10% of the energy is lost from lamp 

to well area transfer due to the distance to the reaction vessels, quartz, and water where 

the samples are suspended. Image obtained from Ace Glass Incorporated Hg Lamp 

Manual.  

 

 

 

 

3.3 O2 Chemical Oxidation Experiments  

O2 oxidation experiments were conducted at Temple University. It was intended 

to determine the differences in oxidative agents (UV vs. O2) acting upon the synthesized 

iron (II) smectites. Experiments were conducted over four time periods: two hours, 

twelve hours, two days, and five days. The experimental set up included an air bubbling 

system that obtained air from the laboratory air valve (Figure 9). Smectites (450 mg) 

were suspended in 100 mL of DI water and left oxidizing for their specified time.  After 
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the air oxidation times were completed, the sample suspensions were centrifuged twice, 

first for 10 minutes at maximum speed (11400 rpm). The oxygenated water was decanted 

in the glovebox, replaced with deoxygenated water, and centrifuged again for 30 minutes 

at maximum speed.  

 

 

 
Figure 9: O2 chemical oxidation set up. Bubbler is fed by laboratory air in order to 

produce a supersaturated fluid. 

 

 

 

 



32 
 

3.4 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

ICP-OES analysis was completed at Temple University with a Thermo 

Scientific™ iCAP-7000 Series. ICP-OES was used to obtain quantitative chemical 

information, such as stoichiometry and octahedral site occupancy of the iron (II) 

smectites. Layer charge was also determined from interlayer Ca2+. The calculation of the 

structural formulas were based on a formula unit of 11 oxygens. The digestion method 

used was a lithium metaborate flux at 1080° C following the method of Murray et al. 

(2000). Smectite samples (25 mg) were mixed with lithium metaborate powder (175 mg) 

within graphite crucibles. These crucibles were placed in a furnace for the fusion for 15 

minutes. After fusion, the molten solution was placed into 10% nitric acid and digestion 

was completed in an oven at 50-60°C. Digested samples were filtered with a syringe filter 

(MCE 0.22 µm) to remove trace graphite from the crucibles. The samples were then 

diluted to 15 mL and spiked to 2% HNO3. 

 

3.5 X-ray Diffraction (XRD) 

X-ray Powder Diffraction was completed at Temple University using a Bruker D8 

Advance powder diffractometer, which has a copper K-alpha X-ray tube source. Scans 

were performed over a 2θ range from 3° to 70° at a 0.020° step size and 0.25 sec 

time/step. This range was chosen in order to identify the 001 peak, which identifies clay 

minerals, as well as the 060 peak which distinguished between dioctahedral and 

trioctahedral smectites (Moore and Reynolds, 1997). The b cell dimension is sensitive to 

cation size (Moore and Reynolds, 1997) and, therefore, will change noticeably during 

oxidation. Scans were also performed in the 2θ range from 55° to 70° at a 0.020° step 
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size and 0.8 sec time/step to enhance the 060 peak. The ferrous smectite powders were 

mounted on a silicon sample stage with a sealing dome cap inside of the anaerobic 

chamber to maintain anoxic conditions. This method allowed us to initially characterize 

mineralogy to confirm they are single-phase smectites and any secondary phases post-

oxidation. Furthermore, the 060 peak was used to characterize the octahedral sheet 

dimension in the sample. XRD characterization was completed pre- and post- oxidation 

treatments.  

Least squares fitting of the 060 peak was completed in SixPACK using Pseudo-

Voigt functions. This was done in order to better characterize the peak position and 

calculate the d(060) spacing values. Values for d spacing were determined using Braggs 

Law (2dsinθ=nλ). For some oxidized smectite samples, two Pseudo-Voigt peaks were 

required to complete fitting (Figure 10), which might indicate two phases causing the 060 

reflections. 
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Figure 10: Pseudo Voigt Fitting for mid Fe UV Ox Smectite. Two pseudo Voigt peaks 

were required to fit the 060 peak for the Mid Fe UV oxidized smectite. This likely 

indicates two mineral phases that are causing the 060 peaks.  

 

 

3.6 Visible-near Infrared (VNIR) Reflectance Spectroscopy  

VNIR reflectance spectroscopy was completed at Temple University with the 

assistance of Dr. Timothy Glotch and his graduate student, Carey Legett, from Stony 

Brook University. An ASD Fieldspec 3 Max UV-VIS-NIR spectrometer (1 nm 

resolution) was used with its optic fiber and light source set up inside the anaerobic 

chamber. The light source was an Ocean Optics HL-2000-HP with a QP600-1-VIS-NIR 

fiber. Each measurement was done in the absence of ambient light with an incident angle 

of 30° and an emergence of 0°. All reflectance measurements were normalized to a 

diffuse Spectralon disk. The spectra was normalized by continuum removal using ENVI 
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software. This is done by dividing the measured spectra by the continuum curve, which 

allows the continuum removed spectra to have a common baseline. The VNIR peak 

position that identifies smectite minerals in the metal-OH absorption between 2.1µm and 

2.5 µm (Bishop et al., 2008). The iron state for our smectites is represented in the peak 

position of the –OH combination vibration bands in the range of ~2.29 µm and 2.39 µm 

(Bishop et al., 2008). 

 

3.7 Fe K-Edge Absorption Spectroscopy  

X-ray absorption data was collected at beamline 8-ID (Inner-Shell Spectroscopy) 

of the National Synchrotron Light Source II at Brookhaven National Laboratory with Dr. 

Klaus Attenkofer. A Si (111) double-crystal monochromator was used. Transmission and 

fluorescence data were collected at an energy range of 6.9-8.0 keV (Figure 11). The 

powdered smectite samples were mounted in polyimide capillary tubes (inner diameter= 

0.4953 mm; outer diameter=0.5461 mm) and heat sealed in bags to maintain anoxic 

conditions.  
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Figure 11: XAS set up at beamline 8-ID in NSLS-II at Brookhaven National Laboratory. 

The beam pass in through I0 towards the sample. Transmission and fluorescence detectors 

(shown above) collect XAS data. I2 allows the measurement of the Fe foil standard which 

is used for energy calibration.  

 

 

The XANES and pre-edge region were evaluated for all of the samples. The pre-

edge region arises from the first transition of 1s to 3d orbital and allows tetrahedral and 

octahedral iron to be distinguished (Shulman et al., 1976; Vantelon et al., 2003). The 

peaks in this region have characteristics of intensity and energy, of which energy 

corresponds to the peak position (Vantelon et al., 2003). These characteristics relate to 

the spin state, oxidation state, and site geometry (Vantelon et al., 2003). Standards for 

nontronite, hematite, magnetite, and ferrihydrite were used in order to complete the linear 

combination fitting.  
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Normalization (Figure 12) and fitting of the data was completed with Demeter: 

Athena XAS Data Processing program (Ravel and Newville, 2005). Edge-step 

normalization is completed by regressing a line in the pre-edge range and regressing a 

polynomial in the normalization range (Ravel and Newville, 2005). The normalization 

range was chosen as 75 to 175 eV. The normalized data is then flattened by subtracting 

the difference in slope and quadrature of the pre- and post- edge lines, which moves the 

oscillations of the data at y=1 (Ravel and Newville, 2005).  
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Figure 12: Fitting of Fe K-Edge on Demeter: Athena Software. A) Fitting of pre- and 

post- edge continuum. B) Normalization of the near edge region.  

 

 

For each sample, three to five measurements were obtained, which were then 

merged and deglitched as necessary. The fluorescence data was used for the analyses 

with every sample, although both transmission was collected as well. With transmission 

data, the intensity is measured before and after a sample (Lee et al., 1981). Fluorescence 

refers to the production of X-ray fluorescence with higher-shell electrons which relax into 

A) 

B) 
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the space left by the photoelectron (Lee et al., 1981). Of the two, fluorescence is more 

sensitive (Lee et al., 1981), allowing better resolved data.  

In order to obtain oxidation state, Fe2+ and Fe3+ were quantified by the position of 

the Fe K-edge (Vantelon et al., 2003). A linear combination fitting is completed by using 

a nontronite standard (NAu-2) as the fully ferric iron endmember and each unaltered 

ferrous smectite corresponding to the three compositions as the ferrous iron endmember. 

For the High Fe samples, the ferrous iron standard used was High Fe_2B as this had the 

leftmost edge position, which indicates that of the three, it contains most ferrous iron. 

With the linear combination fitting feature, the variable weights were constrained to be 

between 0 and 1, as well as forced to sum to 1. The initial weights of the standards were 

50% each, so the fitting will modify the proportions of the two to fit the sample’s whole 

near edge region (Figure 13). 
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Figure 13: Near edge region for the mid Fe UV oxidized smectite sample. The “LCF fit” 

is the resulting linear combination fitting between the nontronite and MidFe_B ferrous 

standard. The resulting %Fe oxidized values for the Mid Fe UV Ox sample is that it is 

83.5% Fe2+ (MidFe_B as standard) and 16.5% Fe3+ (nontronite standard).  
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CHAPTER 4 

RESULTS 

4.1 Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) 

The synthesized smectites (Table 3) had octahedral site occupancy values of ~2.8 

among the three compositions. The sodium content of the smectites were higher than 

expected (~0.2-0.5 formula units Na per half unit cell), considering the CaCl2 suspension 

step as part of the clay synthesis. This result is likely due to experimental factors during 

digestion rather than part of the synthesis, i.e., incomplete removal of sodium salts by 

washing after digestion. The quantitative analyses and structural formulas were 

recalculated assuming that there is no sodium present in the smectite interlayers (Table 

4).  

 

 

Table 3: Ferrous Smectite ICP-OES Analysis. Calculated stoichiometry for synthesized 

smectites (Fe2+ based) determined with ICP-OES analyses. These values include sodium 

as part of the interlayer cations.  

Smectite 
Sample Fe Si Al Na Ca Mg Occupancy 

Interlayer 
Charge 
(Ca2+) 

Low Fe_B 0.76 3.57 0.562 0.2 0.25 1.91 2.803 0.491 
MidFe_B 1.45 3.65 0.55 0.24 1.097 1.1 2.755 0.394 
HighFe_2B 2.14 3.69 0.506 0.39 0.162 0.372 2.706 0.324 
HighFe_1B 2.1 3.69 0.54 0.35 0.176 0.40 2.69 0.351 
HighFe_C 2.226 3.72 0.469 0.53 0.145 0.227 2.639 0.29 
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Table 4: Ferrous Smectite ICP-OES Analysis without Na. Calculated stoichiometry for 

synthesized smectites (Fe2+ based) determined with ICP-OES analyses with the 

assumption of Na+ absent from the clays. 

Smectite 
Sample Fe Si Al Ca Mg Occupancy 

Interlayer 
Charge 
(Ca2+) 

Low Fe_B 0.77 3.60 0.567 0.25 1.92 2.865 0.496 
MidFe_B 1.47 3.69 0.56 0.197 1.11 2.828 0.398 
HighFe_2B 2.18 3.75 0.515 0.165 0.378 2.825 0.33 
HighFe_1B 2.1 3.75 0.54 0.178 0.40 2.798 0.357 
HighFe_C 2.28 3.81 0.481 0.148 0.232 2.803 0.297 

 

 

4.2 Oxidation State 

Hydrogen production data obtained from the UV photooxidation experiments 

were used to infer %Fe oxidized. The calculation is based on reaction (1) where for every 

H2 produced, two Fe should have been oxidized: 

%Fe = 2*(total H2) * 100   (4) 
(total Fe) 

 
The hydrogen production curve (Figure 14) shows that more hydrogen gas was 

produced with greater initial Fe content in the smectites. The hydrogen production curve 

was fit with a t1/2 linear regression line (Figure 15). The reaction rates obtained from this 

were 3.332±0.291, 5.452±0.358, and 6.757±0.203 µmol/hr1/2 for the low, mid, and high 

Fe smectite, respectively. %Fe oxidized (Figure 16) was greater for the low Fe smectite at 

14.39% versus the mid and high Fe smectites, 12.09% and 10.04%, respectively. 
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Figure 14: Hydrogen production curves for low, mid, and high Fe smectites. Hydrogen 

spikes during the beginning of the reaction for the three compositions. The parabolic 

regression fit does not exactly fit after ~100 hours for each composition, indicating that 

the reaction is only partially dictated by diffusion.  
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Figure 15: Linear regression fitting with the hydrogen production data. The first part of 

the reaction is fit with the linear regression, but it deviates with sufficient time due to gas 

pressure build up.  
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Figure 16: %Fe Oxidized in UV irradiation experiments from H2 Produced Data. These 

values were stoichiometrically determined with the hydrogen produced data. The values 

of %Fe oxidized between the three are not significantly different, so even with varying 

initial Fe content, with the same exposure time the smectites oxidized similarly with UV 

radiation.  

 

 

All samples were analyzed for % Fe oxidized (Table 5) with XANES 

fluorescence data for the UV and O2 oxidation experiments. The high Fe smectite 

oxidized 56.7% for the O2 five day experiment which was the most oxidized sample of 

the O2 or UV experiments. Neither oxidation pathway was able to fully oxidize the 

smectites.  
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Table 5: XANES %Fe Oxidized Values for Smectites. %Fe oxidized values for each 

oxidation experiment and composition as determined with XANES linear combination 

fitting. The cells with “-“ indicate the unaltered smectites, which are considered to be 

100% Fe2+ and were used as the ferrous Fe standard in the linear combination fits. 

Smectite samples with “AO” in their name are the O2 oxidized samples.  

Smectite Samples %Fe Ox  Error (%) 

LowFe_B - - 

Low Fe_UVOx 18.5 0.2 

LowFe_AO_2hr 5.8 0.3 

LowFe_AO_12hr 2.6 0.3 

LowFe_AO_2day 9.5 0.2 

LowFe_AO_5day 10.3 0.1 

MidFe_B - - 

MidFe_UVOx 16.5 0.6 

MidFe_AO_2hr 13.4 2.2 

MidFe_AO_12hr 19.8 0.6 

MidFe_AO_2day 18.5 0.3 

MidFe_AO_5day 31.9 0.4 

HighFe_1B - - 

HighFe_AO_5day 56.7 0.6 

HighFe_2B 0 0 

HighFe_UVOx 17.4 0.3 

HighFe_AO_2day 46.2 0.4 

HighFe_C - - 

HighFe_AO_2hr 25.8 0.4 

HighFe_AO_12hr 43.3 0.3 
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4.3 X-Ray Diffraction (XRD) 

4.3.1 Low Fe Smectites 

The unaltered low Fe smectite (Figure 17) had a c-axis dimension of 16.27 Å, as 

determined from the 001 peak and a d(060) spacing of 1.531 Å. The d(060) spacing (Table 6) 

values for the oxidized low Fe smectites were less decreased than their unaltered 

counterpart. The UV oxidized sample decreased from 1.531 Å to 1.529 Å. The O2 

oxidized low Fe smectites ranged in d(060) spacing from 1.527-1.529 Å (Figure 18). The 

UV oxidized sample required two Pseudo-Voigt peaks to complete fitting of the 060 

peak. In the full XRD, there were no secondary phases identified in either of the 

oxidation experiments. 
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Figure 17: Representative XRD pattern (2θ range: 3-70°) for unaltered low Fe smectite 

sample. The peaks of focus for this study are the 001, 02l, and 060.  

 

 

Table 6: XRD peak positions and corresponding d spacing values for low Fe smectites. 

“AO” is used to identify the air oxidized samples. Uncertainties are given in parentheses; 

those without parentheses had d(060) uncertainties less than 0.0005 Å. 

 

 

Smectite Samples % Lorentzian 
2θ (°) d(060) (Å) 2θ (°) d(060) (Å)

LowFe_B 60.375(5) 1.531 - - 50
Low Fe_UVOx 60.495(17) 1.529 61.38(14) 1.509(3) 50, 50
LowFe_AO_2hr 60.518(5) 1.528 - - 60
LowFe_AO_12hr 60.568(6) 1.527 - - 80
LowFe_AO_2day 60.271(14) 1.529 - - 75
LowFe_AO_5day 60.476(16) 1.529 - - 60

(060)
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Figure 18: XRD 060 peak for all of the low Fe smectites. The 060 peak shifts to greater 

2θ values with oxidation, which represents a decreasing d(060) spacing. The dashed gray 

line indicates the center of the 060 peak for the unaltered low Fe smectite. The 5 day peak 

was multiplied by 5 in order to enhance the peak*.  
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4.3.2 Mid Fe Smectites  

The unaltered mid Fe smectite (Figure 19) had a c-axis dimension of 16.09 Å and 

a d(060) spacing of 1.537 Å. The d(060) spacing (Table 7) values for the oxidized mid Fe 

smectites were less than their unaltered counterpart. The UV oxidized sample decreased 

from 1.537 Å to 1.531 Å. The O2 oxidized Mid Fe smectites ranged in d(060) spacing from 

1.529 to 1.536 Å (Figure 20). The UV oxidized sample required two Pseudo-Voigt peaks 

to complete fitting. XRD did not reveal any secondary phases in either oxidation 

experiment.  

 

 

 

Figure 19: Representative XRD pattern (2θ range: 3-70°) for unaltered mid Fe smectite 

sample. The 001, 02l, 060 peaks are the focus of this study.  
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Table 7: XRD peak positions and corresponding d spacing values for mid Fe smectites. 

“AO” is used to identify the air oxidized samples. Uncertainties are given in parentheses; 

those without parentheses had d(060) uncertainties less than 0.0005 Å. 

 

 

 

 

Figure 20: XRD 060 peak for all of the mid Fe smectites. The oxidized mid Fe smectites 

had greater 2θ values from decreasing d(060) spacing value, which is caused by contracting 

octahedral sheet. The dashed gray line indicates the center of the 060 peak for the 

unaltered mid Fe smectite. 

 

Smectite Samples % Lorentzian 
2θ (°) d(060) (Å) 2θ (°) d(060) (Å)

MidFe_B 60.112(7) 1.537 - - 90
MidFe_UVOx 60.293(10) 1.533 61.16(12) 1.514(3) 50, 50
MidFe_AO_2hr 60.164(8) 1.536 - - 50
MidFe_AO_12hr 60.209(7) 1.535 - - 100
MidFe_AO_2day 60.242(8) 1.534 - - 90
MidFe_AO_5day 60.278(6) 1.534 - - 100

(060)
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4.3.3 High Fe Smectites  

The c-axis dimension value for the unaltered high Fe smectites (Table 8) were of 

15.57 Å (HighFe_1B) and 16.030 Å (HighFe_2B) (Figure 21). The third unaltered 

smectite, High Fe C, did not have a clear 001 peak. The d(060) spacing for the unaltered 

high Fe smectites was 1.543 Å (HighFe_1B) and 1.544 Å (HighFe_2B and HighFe_C). 

 

 

Table 8: XRD peak positions and corresponding d-spacing values for high Fe smectites. 

“AO” is used to identify the air oxidized samples. The oxidized smectites are located 

below their unaltered counterpart. Uncertainties are given in parentheses; those without 

parentheses had d(060) uncertainties less than 0.0005 Å. 

 

 

 

 

 

 

 

 

Smectite Samples % Lorentzian 
2θ (°) d(060) (Å) 2θ (°) d(060) (Å)

HighFe_1B 59.853(12) 1.543 - - 100
HighFe_AO_5day 60.518(11) 1.528 60.237(51) 1.535(1) 100, 50

HighFe_2B 59.844(8) 1.544 - - 95
HighFe_UVOx 60.255(9) 1.534 60.943(84) 1.518(2) 55, 60

HighFe_AO_2day 60.271(14) 1.534 - - 90
HighFe_C 59.833(9) 1.544 - - 90

HighFe_AO_2hr 60.179(19) 1.536 59.908(67) 1.542(2) 50, 100
HighFe_AO_12hr 60.328(11) 1.532 - - 80

(060)
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Figure 21: Representative XRD Pattern for the High Fe Smectite. Representative XRD 

(2θ range: 3-70°) pattern for the High Fe_2B smectite as the example for the unaltered 

high Fe smectite. The 001, 02l, and 060 peaks are the focus of this study. With increasing 

Fe content, the d(060) spacing value is greater.  

 

 

For the UV oxidation experiments, the 060 peak shifted from 1.544 Å to 1.528 Å. 

The five day O2 smectite 060 peak shifted from 1.543 Å to 1.535 Å. The two day O2 

smectite shifted from 1.544 Å to 1.534 Å. The 2- and 12-hour O2 experiments had an 

(060) peak shift from 1.546 Å to 1.542 and 1.532 Å, respectively (Figure 22). The UV 

oxidized, O2 two hour, and O2 five day high Fe smectites were fit with two Pseudo-Voigt 

curves. 
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Figure 22: XRD 060 peak for the high Fe smectites. The dashed gray line indicates the 

center of the 060 peak for the unaltered high Fe smectite. The 12 hour and 2 day peaks 

have been multiplied by 5 in order to enhance the peak.  

 

 

4.4 Visible-near Infrared (VNIR) Reflectance Spectroscopy  

VNIR spectra of unaltered smectites contained a broad feature near 0.89 µm 

which corresponds to a Fe2+ crystal field band. The unaltered and oxidized smectites 

contained a water overtone feature near 1.4 µm and a water combination feature near 1.9 

µm (Figure 23). These features had differences in heights among the samples, which is 

likely related to changing humidity conditions within the anaerobic chamber rather than 

systematic changes with oxidation. The UV oxidized sample for the low Fe compositions 

contains small artifact peaks in the 0.35-0.65 µm region which are produced from light in 



55 
 

the laboratory. Continuum removal was completed for all of the spectra in the 2.1-2.5 µm 

region (Table 9). The spectra above 2.4 µm was noisy due to low light intensity, therefore 

it is not displayed. At this region, the unaltered smectites contained an AlAl(Fe2+, Mg)-

OH and Fe2+MgMg-OH feature, both of which were observed to decrease in height and 

broaden with oxidation for the higher Fe content smectites. The position of the 

Fe2+MgMg-OH feature shifts with higher Fe content to higher wavelengths. The 

continuum removed spectra for low Fe smectite (Figure 24) did not change with photo- or 

chemical oxidation.  

 

 

 

Figure 23: VNIR reflectance spectra for the mid Fe smectites (0.35-2.4 µm). The largest 

features arise from the water overtone and combination bands. Differences in the water  

band heights are likely due to changing humidity conditions within the glovebox.  

 

 



56 
 

Table 9: VNIR Bands for Continuum Removed Spectra. Range of continuum removed 

spectra is from 2.1-2.4 µm for all of the samples in this study. Cells with “-“ indicate that 

those bands were not present.  

Smectite Sample 
AlAl-
OH 

AlAl(Fe²⁺, Mg)-
OH 

(Fe³⁺, Al, Mg)₂-
OH 

(Fe²⁺, Mg)3-
OH 

LowFe_B - 2.243 - 2.32 
Low Fe_UVOx - 2.243 - 2.319 
LowFe_AO_2hr - 2.243 - 2.319 
LowFe_AO_12hr - 2.245 - 2.319 
LowFe_AO_2day - 2.244 - 2.318 
LowFe_AO_5day - 2.244 - 2.318 
MidFe_B - 2.25 - 2.33 
MidFe_UVOx - 2.25 - 2.32 
MidFe_AO_2hr - 2.24 - 2.33 
MidFe_AO_12hr - 2.25 - 2.32 
MidFe_AO_2day - 2.25 - 2.33 
MidFe_AO_5day - 2.25 - 2.32 
HighFe_1B - 2.254 - 2.34 
HighFe_AO_5day - 2.211*, 2.256 2.305 - 
HighFe_2B - 2.248 - 2.345 
HighFe_UVOx - 2.251 2.299 2.332 
HighFe_AO_2day - 2.29 2.304 2.329 
HighFe_C - 2.259 - 2.348 
HighFe_AO_2hr - 2.252 2.301 2.342 
HighFe_AO_12hr 2.192 2.259 2.284 - 
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Figure 24: Continuum removed reflectance for the low Fe smectite series. The vertical 

dashed like at 2.25 µm is located at the center of the unaltered low Fe smectite’s 

AlAl(Fe2+, Mg)-OH feature. The vertical dashed line at 2.3 µm indicates where there 

would be a MM-OH feature from nontronite. The vertical dashed line at 2.246 µm 

indicates the center of the (Fe2+MgMg)-OH feature for the unaltered low Fe smectite.  
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The mid Fe smectites did not experience significant shifts in band positions or 

formation of new features (Figure 25). The AlAl(Fe2+, Mg)-OH and Fe2+MgMg-OH band 

heights for the mid Fe smectite decreased with oxidation. The high Fe smectites 

experienced decreasing band heights and center position shifts with oxidation (Figure 

26). The unaltered high Fe smectites’ had their (Fe2+, Mg)3-OH range from 2.34-2.348 

µm. Gaussian fits of the high Fe smectites required additional peaks to complete. The 

high Fe O2 twelve hour smectite required a feature at 2.192 µm which is in the position of 

an AlAl-OH band. The oxidized high Fe smectites formed a (Fe3+, Mg)2-OH band at ~2.3 

µm and it decreased in wavelength of band positions. 
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Figure 25: Continuum removed reflectance for the mid Fe smectite series. The vertical 

dashed like at 2.25 µm is located at the center of the unaltered mid Fe smectite’s 

AlAl(Fe2+, Mg)-OH feature. The vertical dashed line at 2.3 µm indicates where there 

would be a MM-OH feature from nontronite, which might be forming with UV oxidation. 

The vertical dashed line at 2.33 µm indicates the center of the (Fe2+MgMg)-OH feature 

for the unaltered mid Fe smectite 
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Figure 26: Continuum removed reflectance for the high Fe smectite series. The vertical 

dashed like at 2.25 µm is located at the center of the unaltered high Fe smectite’s 

AlAl(Fe2+, Mg)-OH feature. The vertical dashed line at 2.3 µm indicates where there 

would be a MM-OH feature from nontronite. This feature is present in the O2 samples as 

well as the UV oxidized sample, although it is not as visible in this figure. The vertical 

dashed line at 2.345 µm indicates the center of the (Fe2+MgMg)-OH feature for the 

unaltered high Fe smectite 
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CHAPTER 5 

DISCUSSION 

5.1 Oxidation Experiments: UV vs. O2 

The H2-production curves obtained from the UV experiments reveal that the 

reaction begins at a high rate and slows as the reaction continues. One possible 

explanation for the observed slowing in H2 production is that the rate of Fe oxidation is 

diffusion-limited. If diffusion is the dominant rate control, the hydrogen production curve 

should be well fit by a parabolic function (H2 ∝ t1/2). The parabolic regression allowed to 

estimate reaction rates in order to note any differences among the three smectites. The 

higher Fe composition smectites produced more H2 than the lower ones. However, the 

parabolic regression fit for the hydrogen curve is not the right functional form since the 

curve flattens out and deviates (Figure 14). This means that the reaction is not dictated by 

diffusion in a longer exposure time. This is produced by the H2 gas pressure that builds 

up and lowers the gradient as the reaction proceeds.   

With UV irradiation, the smectite samples all oxidized by approximately similar 

%Fe, but more Fe3+ was produced with more initial Fe content (Table 10). Due to this, 

the final products will contain more Fe3+ if their initial reactants had more Fe with the 

same UV exposure time. The mid and high Fe smectites %Fe oxidized values (Table 5) 

overlap and are, therefore, not significantly different (Figure 27). The low Fe smectite 

%Fe ox has less overlap to the higher Fe samples, although the differences are not 

significant. For UV photooxidation reactions, the initial Fe content of the smectites did 

not influence the %Fe oxidized (Table 10). Products of UV photooxidation could 

therefore have similar %Fe oxidized values in the same exposure time, regardless of their 

initial iron content. Previous chemical oxidation experiments by Chemtob et al. (2017) 

found that smectites with greater iron content are more susceptible to Fe ejection, which 

will create vacancies in the octahedral sheet. The production of vacancies allows ferrous 
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iron to oxidize more readily. Since iron ejection was not detected with UV 

photooxidation, the octahedral sheet is not creating these vacancies. Without the 

vacancies, smectites do not have a mechanism to oxidize readily with extended exposure, 

therefore, oxidizing the smectites of varying Fe content similarly.  

 

 

 
Table 10: Total Fe to Fe3+ Produced during UV Photooxidation Experiments. Initial Fe 

values determined with ICP-OES. %Fe Ox was determined based on the hydrogen gas 

produced during UV oxidation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Smectite Total Initial Fe (µmol) %Fe Ox Fe3+ Produced (µmol)
Low Fe 540 14.39 77.7
Mid Fe 1007 12.09 121.7
High Fe 1409 10.24 141.5
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Figure 27: %Fe Ox for Smectites. Left column: time of oxidation vs. %Fe oxidized 

values for the UV and O2 oxidation experiments. Right column: bar graphs plotting %Fe 

oxidized for all experiments.  
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One possible explanation of the incomplete oxidation observed in the O2 

oxidation experiments is that built up charge led to increasing unfavorability to oxidize 

readily. Oxidation will increase the electrostatic repulsion in smectites and, therefore, 

decrease the rate of oxidation (Chemtob et al., 2017). Chemtob et al. (2017) propose that 

this occurs in trioctahedral smectites since there will be positive charge built up as 

oxidation proceeds since these cannot accommodate the structure rearrangements due to 

few octahedral vacancies. Within the same composition with O2, similar %Fe oxidized 

values indicates increased electrostatic repulsion, which causes further oxidation to be 

unfavorable. Although these experienced incomplete oxidation (Figure 27), the initial 

higher Fe samples oxidized more.  

The low Fe smectites did not oxidize as significantly as the higher Fe smectites. 

The two and five day (Fe3+/ΣFe =9.5-10.3%) low Fe smectites overlap (Figure 27) and 

are not significantly different from each other, so with increased exposure time (days-

weeks) these might not have oxidized more. The two and five day low Fe smectites’ 

oxidation decrease might indicate that there is increased charge in the octahedral sheet. 

Lower Fe smectites will not oxidize as readily as high Fe ones, so these require more 

time exposed to oxidants. UV radiation was able to oxidize the low Fe smectite more than 

O2, but the product is still <20% Fe3+. Since the low Fe smectites contain less 

octahedrally coordinated iron, there will be less structural distortion observed. 

For the mid Fe smectite two hour, twelve hour, and two day samples oxidized 

significantly, but do not differ amongst each other, which could be a result of increased 

electrostatic repulsion. The mid Fe five day sample (Fe3+/ΣFe =31.9%) was more 

oxidized, so with these intermediate iron content reactants, more exposure time would 

produce more Fe3+. The significant increase in oxidation from the mid Fe two day and 

five day (Figure 27) may hint at some ejection of iron that allows oxidation to proceed 
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more readily; however, the datasets collected cannot confirm this process. O2 was able to 

oxidize the mid Fe smectite more than UV radiation.   

For the high Fe content samples, greater exposure times were able to increase the 

oxidation, however, the differences within these samples might indicate other processes 

occurring. At two and twelve hours, oxidation is occurring readily. At two days there is a 

difference of only 2.9% from the twelve hour smectite (Figure 27) which is due to 

increasing electrostatic repulsion. Oxidation increases further from two day (46.2%) to 

five day (56.7%). Similar to the mid Fe smectites, this increase may indicate iron ejection 

which allows oxidation to proceed readily; however, this cannot be confirmed with the 

datasets collected. Another process that can occur is surface passivation in which Fe3+ 

that forms at the edge of smectites do not allow further oxidation, therefore reducing the 

oxidation rate (Chemtob et al., 2017). At five days the high Fe smectite is significantly 

oxidized and would have likely increased with longer exposure time, albeit the rate would 

decrease. O2, even at two hours, was able to oxidize the high Fe smectite more than UV 

radiation.  

 
5.2 Implications of Mineralogical Changes during Oxidation 

An expected consequence of oxidation of trioctahedral iron-bearing smectites to 

produce dioctahedral nontronite is iron ejection. With ejection, Fe3+ is removed from the 

octahedral sheet and would be detected as a secondary crystalline phase (e.g., iron 

oxides) or could develop as a solid phase on the clay minerals (Badaut et al., 1985; 

Decarreau and Bonnin, 1986; Farmer et al., 1971; Treiman et al., 2014). Chemtob et al. 

(2017) found XRD hematite peaks after recrystallizing H2O2 oxidized, Fe2+-rich 

smectites, which concluded in Fe ejection as a result of the experiments.  

Unlike previously studied H2O2-oxidized, smectites oxidized by UV radiation in 

this study did not have any secondary oxide phases detected with XRD. The lack of 
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secondary oxides might indicate that UV radiation accommodates oxidation of iron in 

smectites without ejecting significant Fe from the structure. The susceptibility of a 

smectite to lose its structural iron is related to its iron content, meaning that with more 

iron the susceptibility increases (Chemtob et al., 2017). Since none of the compositions in 

the UV experiments had observable iron ejection, this is related to UV radiation’s ability 

to oxidize iron versus hydrogen peroxide, for example. The higher Fe smectites produced 

more Fe3+ (Table 10), but these are still octahedrally coordinated in the smectite structure. 

The process of recrystallizing post-photooxidation treatment should have crystallized 

initially amorphous secondary phases present with the clays. The lack of hematite in the 

recrystallized products hints at the lack of Fe ejection. Alternatively, hematite or another 

secondary Fe3+ crystalline phase could also be present below the detection limit for the 

XRD (limit for trace mineral phases 5%). These could have also remained in solution and 

were not able to separate after centrifugation. Post oxidation treatments, centrifugations 

were not able to completely separate the black solids and most of them had some loss. 

This was minimized by using a spatula for larger clumps as well as leaving more liquid to 

desiccate within the glovebox. The possibility of losing samples containing secondary 

phases, however, is still possible.   

Changes in the 060 XRD peaks with UV irradiation demonstrate structural shifts 

consistent with oxidation. With ejection, smectites could experience change from a tri- to 

a dioctahedral structure (Decarreau and Bonnin, 1986; Farmer et al., 1971). The 

octahedral sheet was resolved by focusing on the 060 peaks, which were fit with Pseudo 

Voigt curves (Figure 18, 20, and 22). The UV irradiated samples required two pseudo-

Voigt peaks (Table 11) to fit, which indicates the presence of two clay phases causing 

060 peaks (e.g., Figure 9). The second peaks for the low (unaltered d(060) 1.531 Å), mid 

(unaltered d(060) 1.537 Å), and high (unaltered d(060) 1.544 Å) Fe smectites have d(060) 

spacing values of 1.509 Å, 1.514 Å, and 1.518 Å, respectively, consistent with 

dioctahedral structure. The UV photooxidized mid and high Fe smectites also produced 
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small nontronite VNIR features (Figure 25-26) at 2.3 µm. Since the smectites themselves 

did not have d(060) values consistent with a dioctahedral structure, both of these features 

indicate a secondary nontronite phase that may have been produced on the surface of the 

clay. This secondary nontronite may be present as distinct particles or coatings. If the 

smectites would have been irradiated for an extended time, it is likely that there would 

have been more of this nontronite feature in the VNIR spectra. Producing a secondary 

nontronite would likely decrease the oxidation rate by surface passivation. The smectites 

with higher iron content are more susceptible to creating a secondary dioctahedral phase. 

The UV photooxidized low Fe smectite did require two pseudo Voigt peaks for fitting; 

however, its VNIR did not have nontronite.  

 

 
Table 11: 060 Peak Fit with two Pseudo Voigt Peaks. 060 peaks for samples that required 

two pseudo Voigt peaks to complete fitting. Requirement of two peaks is indicative of a 

secondary phase producing an 060 peak. 

 

 

 

The O2 oxidized smectites in this study did not produce crystalline secondary 

oxides in any experiment; however, they were not subjected to post-oxidation 

recrystallization. In the higher Fe content smectites, this is generally related to the lack of 

recrystallization post-oxidation treatment. For the low Fe smectites, these were not 

exposed for sufficient time to cause iron ejection. Even if these would have had Fe 

Smectite Samples % Lorentzian 
2θ (°) d(060) (Å) 2θ (°) d(060) (Å)

Low Fe_UVOx 60.495(17) 1.529 61.38(14) 1.509(3) 50, 50
MidFe_UVOx 60.293(10) 1.533 61.16(12) 1.514(3) 50, 50
HighFe_UVOx 60.255(9) 1.534 60.943(84) 1.518(2) 55, 60
HighFe_AO_2hr 60.179(19) 1.536 59.908(67) 1.542(2) 50, 100
HighFe_AO_5day 60.518(11) 1.528 60.237(51) 1.535(1) 100, 50

(060)
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ejection, it is likely that the secondary phases would have been at low enough 

concentrations that they would not have been detected with XRD. The mid Fe smectites 

may have produced secondary oxides five days (Fe3+/ΣFe =31.9%) and even at two days 

(Fe3+/ΣFe =18.5%), but without recrystallization these secondary phases may be 

amorphous. The high Fe smectites may have ejected iron even at two or twelve hours 

since these are highly oxidized. The increases in oxidation observed from the oxidation 

data (Figure 27) occur from the creation of vacancies in the octahedral sheet. Without 

these vacancies, the smectites will not oxidize at greater rates with increasing time or 

between varying Fe content. The lack of recrystallization is therefore the most likely 

reason for the lack of oxides in the high Fe smectites.  
 

5.3 Structural Changes with Oxidation as Detected with X-ray Diffraction 

(XRD) 

UV photooxidation caused octahedral sheet contraction in the three smectite 

compositions, as determined by decreasing d(060) spacing in XRD. The smectites 

decreased 0.002 Å, 0.004 Å, and 0.010 Å for low, mid, and high Fe, respectively. The 

initial higher Fe samples produced more Fe3+ and experienced more contraction in its 

octahedral sheet. These samples, which were recrystallized, did not contain any 

secondary products (e.g., Fe-oxides) that were identified with XRD. As aforementioned, 

this could indicate that smectites might accommodate UV photooxidation without 

ejection of Fe.  

For the O2 chemical experiments, the higher Fe samples experienced the most 

changes in octahedral sheet contraction (Figure 27). Since the smectite contains more 

structural iron, oxidation caused significant lattice contraction. The low Fe smectite with 

the most change was the twelve hour O2 experiment which decreased d(060) by 0.004 Å, 

although its oxidation was not significant. The two and five day samples had the same 



69 
 

d(060) spacing of 1.529 Å, which is likely related to the oxidation rate lowering from 

increased electrostatic repulsion. Since initially there is less iron, the low Fe smectite had 

the least amount of structural changes due to oxidation.  

The mid Fe smectite resulted in greater oxidation than the low Fe, however, the 

octahedral sheet contraction does not reflect this difference. The d(060) spacing decreased 

with increased O2 exposure time from 1.536 Å (two hour) to 1.534 Å (five day). The 

d(060) spacing changes were not as significant as expected based on the oxidation state 

data. The high Fe smectite had the most significant decreases in d(060) spacing of the three 

compositions. Moreover, the five day sample, which resulted in the lowest d(060) spacing 

value, surpassed every sample with the exception of the low Fe twelve hour O2 sample. 

At two hours, the octahedral sheet contracted significantly. The two hour, twelve hour, 

and two day, the d(060) spacing values did not differ significantly amongst each other. 

With a difference 17% oxidation of the 2 and twelve hour smectites, the d(060) spacing 

differed by 0.004 Å. 

None of the UV photo- and O2 chemical oxidation products had d(060) spacing 

values of dioctahedral structure. The exception to this is the secondary dioctahedral 

phases revealed with pseudo Voigt fitting, as previously discussed. Nontronite has a d(060) 

spacing range of 1.49-1.52 Å, which none of the oxidized smectites were able to contract 

to. This might be related to the incomplete oxidation as well as lack of the 

recrystallization and reoxidation step from Chemtob et al. (2017). The octahedral sheet 

contraction is therefore related to cation size decrease (Fe2+ to Fe3+) in the octahedron 

(Manceau et al., 2000).  

Octahedral site occupancy can be resolved with two XRD peaks in smectite: the 

060 and 02l, the latter of which is essential for Mars-relevant research as this is the peak 

that CheMin collects. The oxidized smectites in these experiments are not fully ferric, 

however, the five day O2 high Fe sample (d(02l) = 4.478 Å) is ferrian, as is suggested for 

the Sheepbed saponite (Treiman et al., 2014; Chemtob et al., 2015). This was determined 
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with analog site studies using the Griffith saponite, which is ferrian and high Mg 

(Vaniman et al., 2014; Treiman et al., 2014). The CheMin data as well as the analyses by 

Treiman et al. (2014) and Chemtob et al. (2015) do not match the 02l XRD data for high 

Fe five day sample because Sheepbed saponite has a d(02l) spacing value of 4.590±0.005 

Å. There were four of our smectites that had a d(02l) spacing that matches that of the 

Sheepbed smectite: unaltered mid Fe smectite, low Fe five day, mid Fe twelve hour, and 

the high Fe two hour, all of which have more Fe2+ than Fe3+. Chemtob et al. (2015) 

demonstrated that the Sheepbed saponite can also be accommodated by a Mg 

ferrosaponite that has only ferrous Fe. The smectites in this study with d(02l) spacing of 

4.59 Å included a ferrous mid Fe smectite and a high Fe oxidized smectite with less Fe3+ 

than Fe2+ and low Mg.  

 
5.4 Spectroscopic Signature Changes with Oxidation as Detected with VNIR 

Reflectance Spectroscopy  

The UV photooxidized smectites with higher Fe content caused the AlAl(Fe2+, 

Mg)-OH feature to shorten and broaden. In the high Fe smectite, the Fe2+MgMg-OH 

feature shortened and broadened as well. The low Fe smectite did not experience any 

significant changes to these features, so the low Fe3+ content in their oxidized products do 

not allow changes to be detected with VNIR reflectance spectroscopy. The Fe2+MgMg-

OH feature in the mid Fe smectite has a dip feature near 2.3 µm, which might correspond 

to the formation of a nontronite feature. In the high Fe smectite, both features flatten, 

which might prelude a formation of a nontronite feature. The nontronite features partially 

present for the mid and high Fe smectites are most likely caused by a secondary 

nontronite that may have been produced on the clay surfaces, as previously discussed.  

The O2 smectites with higher Fe content experienced changes in their AlAl(Fe2+, 

Mg)-OH and Fe2+MgMg-OH features, which were more significant as the exposure time 
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increased. The low Fe smectite did not experience changes in the features with any O2 

oxidation experiment. The mid Fe experienced more changes in its AlAl(Fe2+, Mg)-OH 

feature as it shortened with each experiment until disappearing at five days. The 

Fe2+MgMg-OH feature shortened/broadened and it had a small band center shift at five 

days (0.01 µm difference). The dip observed in the UV oxidized mid Fe smectite was not 

present in any O2 sample, even though these had greater %Fe oxidized values. At two 

hours, the high Fe smectite’s AlAl(Fe2+, Mg)-OH feature is nearly flat, the Fe2+MgMg-

OH feature shortened, and a nontronite formed at 2.3 µm. With the high Fe O2 smectites, 

there is an observable progression of how these features are changing with increasing 

oxidation. The AlAl(Fe2+, Mg)-OH and Fe2+MgMg-OH features disappear as the 

nontronite feature is forming. At 2 and five days it is a broad nontronite feature centered 

at 2.3 µm without the initial features that were present. Although these oxidized products 

experienced incomplete oxidation, a nontronite feature is still present. The feature is 

likely related to a secondary dioctahedral phase forming of the surface of the oxidized 

clays. With increasing oxidation time, this nontronite feature would likely become 

sharper. With the exception of the O2 oxidized 5 day smectite, these oxidized clays 

contain more Fe2+ than Fe3+ and the high Fe clays could still produce nontronite features. 

Nontronite features in VNIR spectra may not necessarily be correlated with ferric or even 

ferrian clay minerals if these are Fe-rich.     

The VNIR spectra of smectites produced in this study can be compared to a recent 

study by Michalski et al. (2015) demonstrating VNIR spectral variations with crystal 

chemistry. Michalski et al. (2015) grouped smectite clay mineral observation on Mars in 

four groups, two of which include trioctahedral clays (Figure 28). These four groups have 

nontronite bands at ~2.29 µm, but it is stated that their metal-OH combination band does 

not necessarily correlate with trivalent (Fe3+, Al3+) versus divalent (Fe2+, Mg2+) cations. 

Furthermore, it is stated that the deposits on Mars detected by OMEGA and CRISM are 

unlikely to be purely clay deposits, so the smectites in this study are not directly 
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comparable since they have a single mineral phase. The unaltered smectites do not 

contain the MM-OH feature, however, they are trioctahedral and have FeO/MgO ratios 

comparable to the groups 2 and 4 described by Michalski et al. (2015). Due to this, the 

oxidized products’ spectra can be correlated to those from Mars. The oxidized products 

with the clearest MM-OH feature are those from the high Fe compositions and these are 

similar to the CRISM spectra of Mawrth Vallis A2C2 (G1 or G2) and Meridiani crater 

ejecta 99c8 (G4) with the difference in the 2.4 µm position, which has shifted towards 2.3 

µm with oxidation. Group 2 is described as an “anomaly”, with variable FeO/MgO ratios 

that do not fit trends observed in Groups 1, 3, and 4. Group 2 has features that overlap at 

2.29 µm, which is attributed to trioctahedral combination bands (Cuadros et al., 2016; 

Michalski et al., 2015). Group 4 are trioctahedral clays with low FeO/MgO ratios (0-2). 

The similarities with these spectra indicates that CRISM data for smectites might not be 

directly comparable to fully ferric clays since none of the ones in this study fully 

oxidized.  
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Figure 28: CRISM Spectra for Mars Smectite Groups. CRISM spectra of smectite clay 

minerals for the groups described by Michalski et al. (2015). The high Fe oxidized 

smectites bear most similarities with the group 2 and group 4 spectra. Image obtained 

from Michalski et al. (2015).  

 

 

 

 

The spectroscopic signatures of oxidized smectites in this study may hone how 

Martian smectites are interpreted in regards to oxidation history. Oxidized smectites in 

this study had VNIR reflectance features that are comparable to those in Martian 

smectites. The widespread occurrence of nontronites in Noachian terrains has been 

commonly cited as evidence for oxidative conditions on Early Mars. The Nontronite 
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features, however, can be present in mixed Fe2+ and Fe3+ smectites, even at low Fe3+/ΣFe, 

as was observed in this study. Orbital reflectance data from CRISM therefore may not be 

used exclusively to interpret past redox conditions for Mars.  

 
5.5 Implications for Mars 

To apply the results of the UV oxidation experiments presented in this study to 

Mars, it is necessary to calculate the equivalent UV flux on the Martian surface. The 

estimated UV radiation flux that was experienced during the photooxidation experiments 

was 0.0393 W/cm2 (200-315 nm) and 0.0781 W/cm2 (315-400 nm). This calculation is 

based on the sum of the energy experienced within the reaction cell where the smectites 

were suspended. Two UV fluxes were calculated for different wavelength ranges since 

the lamp is assumed to radiate different intensities at different wavelengths. The above 

calculated fluxes do not take into account any reflection caused by the aluminum shield 

which surrounds the set up. The derived values are therefore underestimates of the actual 

flux experienced by the samples. Additionally, we did not conduct experiments with UV 

filters in order to address the relative impact of different wavelengths in causing the 

oxidation. Values for the radiated energy, constants, and measurements used for the UV 

flux calculation are provided in Appendix B.  

The early Mars flux calculated by Cockell et al. (2000) as a daily fluence (1 bar 

CO2) estimate is 0.000138 W/cm2 in the 200-315 nm region (UV-B/UV-C) and 0.000627 

W/cm2 in the 315-400 nm region (UV-A), as described in Appendix B. The UV flux in 

the experiment would therefore represent ~3.69 years of UV-C and UV-B and ~1.61 

years of UVA radiation on Mars. The values for Early Mars are an upper limit on UV 

exposure on the surface, which would be influenced by atmospheric dust loading, cloud 

cover, seasonality, and latitude differences (Sagan and Pollack, 1974; Cockell et al., 

2000). Changes in partial pressure of atmospheric gas content will influence the 
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exposure, such as by periglacial processes with CO2 (decrease to 0.3 bar) and increasing 

partial pressure of N2, which itself is not a UV absorber, but with higher pressure will 

increase scattering (Cockell et al., 2000). These Mars values, however, do take into 

account an early faint Sun, estimated at 25% less luminosity than today.  

Atmospheric conditions may modify the UV flux that reaches the surface of Mars. 

Molina-Cuberos et al. (2001) state that with an early atmosphere of 1 bar CO2 short 

wavelength UV radiation is blocked by the dense atmosphere. The Noachian atmosphere 

has been hypothesized to have had increased CO2 atmospheric pressure or other gaseous 

constituents (or gas mixes) in order to have had liquid water present given estimated solar 

flux to the Martian surface at the time. Generally, thinner atmospheres will be oxidizing 

and thicker ones will be reducing (Zahnle et al., 2008). Zahnle et al. (2008) state that with 

a thick CO2 atmosphere, the importance of H2O photolysis decreases which favors CO 

over O2 (Zahnle et al., 2008). With a CO2 –rich atmosphere, climate models have 

predicted the effects of CO2 cloud cover for Early Mars, which Mischna et al. (2000) 

hypothesize to be between 50-100%. These might have allowed warm conditions on 

Mars with a CO2-rich atmosphere due to reduction of outgoing thermal radiation and 

upwelling of IR radiation (Forget and Pierrehumbert, 1997; Mischna et al., 2000); 

however, the effect of cloud cover would not have exceeded +15 K (and less when 

considering CO2 ice) (Forget et al., 2013). Regardless of the atmospheric composition, 

UV flux on the surface of Mars increased after the climate changes after the Noachian so 

any initially ferrous smectites will be more susceptible.  

UV radiation is able to partially oxidize initially ferrous smectites and based on 

the calculations previously discussed, this process can occur in geologically short 

timescales. On Mars, the clay minerals are Noachian in age, which would have had 

higher rates of erosion, valley formation, and cratering (Carr and Head, 2010). Noachian 

deposits, therefore, would have experienced transportation, deposition, burial, etc. The 

clay minerals would likely not have had continual exposure to UV radiation throughout 
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Mars’ history. Gale Crater, for example, has had its present topographic expression since 

the middle Hesperian, so its infilling, burial, compaction, cementation, and subsequent 

erosion events occurred within a few hundred million years (Grotzinger et al., 2015). 

Erosion rates estimated for Gale Crater are 0.5 m per million years (Grotzinger et al., 

2015), which means that sediments would likely be exposed at the same approximate 

location for sufficient time for UV photooxidation, although it is unlikely without water 

presence. Lakes at Gale Crater, which is the depositional environment considered in this 

study, would have been present for 100 to 10,000 years (Pirmez et al., 1998; Sadler 1981; 

Cattaneo et al., 2004; Grotzinger et al., 2015). Clay minerals at shallower portions of the 

lake would have therefore been able to become oxidized by UV radiation (Hurowitz et 

al., 2017). 

Assuming an initial reducing atmosphere for the Noachian (Ramirez et al., 2014), 

different scenarios can be predicted for how UV photooxidation would have proceeded in 

the absence of chemical oxidants. For the first scenario, UV radiation could have 

oxidized iron in smectites (detrital or authigenic) present in shallow water bodies on the 

surface of Mars. If a ferrous smectite is the initial phase, under aqueous conditions, UV 

photooxidation for longer timescales could have produced ferrian smectites during the 

Noachian. This reaction, however, may not produce nontronite due to the slow rate as 

oxidation progresses. The experiment described in this study did not produce secondary 

oxide mineral phases; however, such phases could be produced with increased exposure 

time. An alternative use of this lack of detection can be used for Mars clay mineral 

assemblages that do not have high Fe oxides present. Chemtob et al. (2017) state that the 

assemblage of nontronite and hematite in the Murray Formation mirrors their Fe-rich 

smectite hydrogen peroxide and recrystallized O2 experiments. Possibly, the lack of 

secondary oxides in iron rich smectites can be used to hint at a lower redox potential for 

the oxidizing agent.  
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As was observed in this study’s experiments, determining the oxidizing agent on 

Mars with the current remote sensing tools (i.e., reflectance spectroscopy with CRISM, 

XRD with CheMin) is not possible with clay minerals since the structural and 

spectroscopic signature changes can be similar. Smectites on Mars are weathered 

products of basalts, so UV radiation could have been involved in this process. A second 

scenario to consider then is that basalts were subjected to UV radiation under anoxic 

conditions in the presence of high weathering rates. UV radiation may oxidize the 

neoformed smectites into mixed Fe2+ and Fe3+ smectites. These smectites might contain 

less Fe3+ compared to the first scenario since there will be less UV exposure to the 

individual smectites themselves.  

A third possible scenario is that UV radiation could photooxidize iron in smectites 

under dry conditions, after the disappearance of surface lakes. However, dry 

photooxidation was not investigated in this study and there is currently no mechanism to 

support that UV radiation can oxidize iron in clay minerals. These experiments can 

account for a wet, anoxic environment, with initially ferrous smectites that are exposed to 

UV radiation for at least four years. Yen et al. (1999) conducted UV photochemical 

experiments with iron oxyhydroxide minerals and concluded that this reaction is not 

capable of dehydroxylating mineral phases. Moreover, the minimum time that the 

reaction would require is 108 years on Mars (Yen et al., 1999). If there was a viable 

mechanism for dry UV photooxidation, the reaction would require more exposure time 

versus wet conditions, so an initially ferrous smectite could have been oxidized slowly 

throughout Mars’ history. Smectite oxidation by dry UV irradiation would also have to 

compete with oxidation by other atmospheric oxidants, such as O2.  

 

 

 

 



78 
 

5.6 Future Direction 

Additional datasets were collected on the experimental products but their analysis 

and interpretation was beyond the scope of this thesis. Analyses of collected Extended X-

ray absorption fine structure (EXAFS) and Mössbauer Spectroscopy data will be 

completed. EXAFS will allow to constrain the properties of iron’s neighboring atoms. 

Mössbauer Spectroscopy will allow us to evaluate the oxidation state and speciation of 

iron in the smectites. Recrystallization of the five day O2 smectites has been completed in 

the same method as the UV oxidized samples to address the possibility of secondary 

phases. Additional experiments will be completed at Rutgers University with the high Fe 

smectites with UV filters in order to address which wavelengths are responsible for the 

redox changes in smectites. Moreover, some control experiments will be run without the 

UV lamp in order to confirm that the reactions are caused by the radiation.  

 Future UV – clay mineral experiments should involve longer irradiation times to 

address when the upper limit of ferrous iron oxidation occurs and what the ultimate redox 

state is. An important variable that should be addressed is the pH of the aqueous solution, 

since this is expected to influence the rate of the reaction (e.g., Nie et al., 2017). 

Furthermore, including other Mars relevant mineral phases or basalt would be interesting 

to compare the hydrogen gas production. Including other gas components (e.g., CO2 or 

CH4) could allow to experimentally determine differences between direct UV radiation 

versus secondary photolysized reactants in clay minerals. Recently, there has been more 

focus on looking into an early Mars climate that was cold and transiently warm and wet 

(e.g., Wordsworth, 2016; Wordsworth et al., 2017), although this has been highly debated 

(Ramirez and Craddock, 2018). Therefore, varying temperature in future UV experiments 

and accompanying it with climate modeling would provide a complete narrative.  
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CONCLUSIONS 

UV radiation is able to partially oxidize initially ferrous smectites under anoxic, 

neutral aqueous conditions. Experimental UV irradiation treatments were estimates to 

represent four years on the Martian surface, making this a viable option for the 

production of Noachian Fe2+/Fe3+ mixed smectites. This process, which would have acted 

on the surface with shallow water presence would have competed with other predicted 

atmospheric oxidants. UV radiation is less efficient at oxidizing iron in clays than O2, 

detected best in Fe-rich smectites, so structural changes will be less significant with this 

oxidant. Changes in spectroscopic signatures are more significant as the iron content is 

increased in smectites, but they do not differ between the oxidizing agents. With the same 

exposure time, the redox state was similar among varying Fe-content smectites. This is 

different from O2 where the higher Fe smectites produced more ferric iron.  

UV photooxidation may not produce substantial nontronite, even with extended 

exposure time, however, there are MM-OH features detected in the VNIR spectra of 

oxidized products. The widespread detection of nontronite is commonly cited as evidence 

for oxidizing Noachian conditions, however, smectites with small (e.g., high Fe smectite, 

Fe3+/ΣFe= 25.8%) ferric Fe content can produce these spectroscopic signatures.  There is 

likely no way of distinguishing the oxidizing agent with the current tools on Mars or even 

with future sample return missions. The lack of secondary phases, however, could be 

translated in the context of mineral assemblages observed on Mars. Future geochemical 

experiments involving UV photooxidation should be focused on since this has 

implications for Mars’ early atmosphere composition and the reactions that would have 

been dominant. Moreover, understanding how Mars’ atmosphere has evolved overtime 

will ultimately determine its potential for habitability.  
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APPENDICES  

APPENDIX A 

CLAY SYNTHESIS 

 

Ferrous smectite clays were synthesized following Chemtob et al. (2015) 

modified recipe from Decarreau and Bonnin (1986). Table A1 contains the amount per 

centrifuge tube of the solutions that will be combined to precipitate the silicate gel. The 

powders used for the solutions are hydrous. A 0.5 M CaCl2 suspension step after 

hydrothermal aging step will require ~50 mL of solution. The FeCl2 solution should be 

filtered as an attempt to get rid of any precipitated Fe3+.   

 

 

A-1. Recipes for smectites of each composition.  

  
1 M FeCl2 
(mL) 

1 M MgCl2 
(mL) 

1 M AlCl3 
(mL) 

DI, 
deoxygenated 
water (mL) 

0.5 M 
Na2SiO3 
(mL) 

Low Fe 1.59 4.77 1.58 12.13 15.91 
Mid Fe 3.18 3.18 1.58 12.13 15.91 
High Fe 4.77 1.59 1.58 12.13 15.91 

 

 

 Eight Oak Ridge centrifuge tubes that had been de-gassed in the glovebox for at 

least 24 hours are used per synthesis. The solutions are mixed from the FeCl2 to the 

Na2SiO3 solution and once they are combined, the solution is left overnight with regular 
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caps. Sealing caps are used to remove tubes from the glovebox in order to centrifuge the 

gel (30 minutes at maximum speed). The gels are returned to the glovebox to decant the 

supernatant. This follows with three centrifugations (30 minutes at maximum speed) with 

DI, deoxygenated water. After the final rinse, the gel is transferred with a spatula into a 

single centrifuge tube (or more depending on total gel yield). The tube(s) is then filled 

with DI, deoxygenated water in order to disperse gel evenly. The gel suspension is 

transferred to a Teflon Parr bomb sleeve (up to ¾ full), which itself should be de-gassed 

and had been previously prepared. Parr bombs will be sealed and wrench-tightened 

within the glovebox. These will be transferred into a vacuum oven, which will be filled 

with ultra-high purity N2 in six purge/vacuum cycles. Vacuum oven will be under 5-10 

psi. The Parr bombs will be left at 200° C for 15 days.  

 After heating, turn off oven and allow it to cool for several hours (at least 8 

hours). Transfer Parr bombs into the glovebox and note the color of the solid. If there is a 

red layer, gently scrape with a spatula. Transfer solid to centrifuge tubes with sealing 

caps and immerse in CaCl2 solution for a minimum of 2-3 hours or preferably overnight. 

Centrifuge and decant the solution (30 minutes at maximum speed). Follow by four 

centrifugations with DI, deoxygenated water. Transfer clays to weigh boats and desiccate 

in glovebox for 2-3 days, or as needed if still wet. Break up the clumps during the drying 

process with a spatula and grind clays one they are dry.  
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APPENDIX B 

OXIDATION EXPERIMENTS 

B.1 Ultraviolet Experiments 

 UV light intensity calculations were determined in order to assess the UV flux 

received during the reaction. Radiated energy per wavelength (Table B-1) and 

experimental measurements (Table B-2) were obtained from Ace Glass manual for the 

UV lamp model 7825-34. Radiated energy was considered as the sum of the wavelengths 

in the UV-C/UV-B and UVA range. Radiated watt density (W/cm2) was calculated at the 

lamp surface from total area at lamp arc length. With those values, the radiated watt 

density was calculated for the reaction cell radius, assuming a 10% loss due to distance, 

the quartz well, and water. The radiated watt density at the reaction cell values were 

compared with Early Mars Daily UV flux values by Cockell et al. (2000).  
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B-1. Energy for each wavelength of Hg lamp at Rutgers University. Mercury line values 

are obtained from the Ace Glass Incorporated UV lamp manual under the Spectral 

Energy Distribution for medium pressure UV vapor arc lamps for the lamp model 7825-

34. The sum of energy is of 175.8 W. 

 

Mercury Lines   
Wavelength (A) Energy (W) 

13673 2.6 
11287 3.3 
10140 10.5 
5780 20 
5461 24.5 
4358 20.2 
4045 11 
3660 25.6 
3341 2.4 
3130 13.2 
3025 7.2 
2967 4.3 
2894 1.6 
2804 2.4 
2753 0.7 
2700 1 
2652 4 
2571 1.5 
2537 5.8 
2482 2.3 
2400 1.9 
2380 2.3 
2360 2.3 
2320 1.5 
2224 3.7 
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B-2. Constants used for the calculation of total UV flux during experiments.  

Constants + Measurements 
    
Lamp arc length total area 
(cm2) 80 
Well arc length total area 
(cm2) 200 
Radiated distance (cm) 1.5 
lamp area to well area 
transfer of watts with a 10% 
loss due to distance, quartz 
and water   
Radius of rxn cell (cm) 1.27 
Radius of immersion well 
(cm) 2.5 
Distance to surface of 
reaction cell from immersion 
well (cm) 4 
Distance to center of 
reaction cell (cm) 7.77 
Length of arc lamp (cm) 13.15 

Length of suspension (cm) 5 
Area of suspension (cm2) 12.7 
Plancks constant (Js) 6.63x10-34 
Speed of light (m/s) 3.00x10+08 
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B-3. UV light intensity calculations.  

Wavelength (nm) 
Radiated 

Energy (W) 

Watt 
Density at 

lamp surface 
(W/cm2) 

Watt Density at Rxn Cell 
Radius (W/cm2) 

Energy 
hitting 

suspension 
(W=J/s) 

Photon Energy 
(J) 

Number of 
Photons per 

second 
Photons 
(µmol/s) 

366 25.6 0.32 0.0359 0.456 5.43x10-19 8.40x1017 1.394 
334.1 2.4 0.03 0.00336 0.043 5.95x10-19 7.19x1016 0.119 

313 13.2 0.165 0.0185 0.235 6.35x10-19 3.70x1017 0.615 

302.5 7.2 0.09 0.0101 0.128 6.57x10-19 1.95x1017 0.324 
296.7 4.3 0.0538 0.00603 0.077 6.70x10-19 1.14x1017 0.190 

289.4 1.6 0.02 0.00224 0.028 6.86x10-19 4.15x1016 0.069 
280.4 2.4 0.03 0.00336 0.043 7.08x10-19 6.03x1016 0.100 
275.3 0.7 0.00875 0.000981 0.012 7.22x10-19 1.73x1016 0.029 

270 1 0.0125 0.0014 0.018 7.36x10-19 2.42x1016 0.040 

265.2 4 0.05 0.00561 0.071 7.49x10-19 9.51x1016 0.158 
257.1 1.5 0.0188 0.0021 0.027 7.73x10-19 3.46x1016 0.057 

253.7 5.8 0.0725 0.00813 0.103 7.83x10-19 1.32x1017 0.219 
248.2 2.3 0.0288 0.00322 0.041 8.00x10-19 5.12x1016 0.085 
240 1.9 0.0238 0.00266 0.034 8.28x10-19 4.09x1016 0.068 
238 2.3 0.0288 0.00322 0.041 8.35x10-19 4.91x1016 0.081 
236 2.3 0.0288 0.00322 0.041 8.4210-19 4.87x1016 0.081 



107 

232 1.5 0.0188 0.0021 0.027 8.56x10-19 3.12x1016 0.052 
222.4 3.7 0.0463 0.00519 0.066 8.93x10-19 7.38x1016 0.122 
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B-4: Values of hydrogen produced and Fe oxidized during the UV photooxidation 

experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  %Fe Oxidized H2 Produced 

  Low Fe Mid Fe High Fe 
Low 
Fe 

Mid 
Fe High Fe 

dt (hr) % µmol 
0 0 0 0 0.00 0.00 0.00 

5.6 6.51 4.10 2.55 17.57 20.66 17.98 
11.1 7.57 5.49 3.69 20.45 27.65 26.01 
16.6 7.83 6.33 4.43 21.13 31.85 31.21 
22.1 8.93 7.13 5.16 24.10 35.92 36.34 
27.6 10.06 8.08 5.83 27.17 40.66 41.12 
33.1 10.25 8.34 6.18 27.67 42.00 43.52 
50.1 11.77 9.57 7.41 31.78 48.19 52.21 
55.6 11.91 9.78 7.72 32.15 49.24 54.40 

74.77 13.16 10.78 8.88 35.54 54.25 62.59 
91.6 13.84 11.32 9.5 37.36 57.00 66.95 

112.77 14.39 12.09 10.04 38.86 60.86 70.73 
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B.2 O2 Chemical Oxidation Experiments  

 The O2 oxidation experiments included two post-oxidation centrifugation steps. 

The smectite powders were not fully separated in these steps, so the mass pre and post 

experiment was noted.   

B-5: Mass log of smectite sample in each air oxidation experiment.  
 

O2 Oxidation Experiments 

Mass Log 

Smectite  time 

mi 

(mg) mf (mg) 

Low Fe  2 hour 453.2 240.8 

  12 hour 454.2 305.8 

  2 day 300 171.6 

  5 day 300 155.4 

Mid Fe 2 hour 458 297.6 

  12 hour 399 289.4 

  2 day 455.2 259.4 

  5 day 449.8 274 

High Fe 2 hour 453.6 196.4 

  12 hour 455.4 147.8 

  2 day 369.8 265.8 

  5 day 438.8 264.2 

 



110 

APPENDIX C  

OXIDATION STATE CHARACTERIZATION 

 Fe K-edge positions were used to quantify oxidation state for oxidized smectites. 

A nontronite standard (NAu-2) was used as the fully ferric standard and unaltered 

smectites were used as the ferrous standard.  

 

 

 

 
C-1: Fe K-Edge positions of the ferric iron standards measured for XANES analyses. 
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C-2: Low Fe UV oxidized Fe K-Edge area with standards. 
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C-3: Low Fe O2 oxidized series Fe K-Edge area with standards. 
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C-4: Mid Fe UV oxidized Fe K-Edge area with standards. 
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C-5: Mid Fe O2 oxidized series Fe K-Edge area with standards. 
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C-6: High Fe UV oxidized Fe K-Edge area with standards. 
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C-7: High Fe O2 oxidized series Fe K-Edge area with standards. 
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APPENDIX D 

X-RAY DIFFRACTION (XRD) 

 Full patterns for all the oxidized smectites were collected from randomly oriented 

clay mineral mounts. These patterns contain four characteristic peaks: the 001, 02l, 13,20, 

and 060.  

 

 

 

D-1: Full XRD patterns for the low Fe smectite series.   
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D-2: Full XRD patterns for the mid Fe smectite series.  
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D-3: Full XRD patterns for the high Fe smectite series.  
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D-4: 060 peak characterization: peak position, full width half maximum (FWHM), and amplitude (AMP). 

Smectite 2θ (°) ± FWHM ± AMP ± 2θ (°) ± FWHM ± AMP ±
LowFe_B 60.375 0.005 1.062 0.014 8.062 0.091
Low Fe_UVOx 60.495 0.017 0.823 0.032 5.892 0.331 61.375 0.143 0.895 0.322 0.829 0.349
LowFe_AO_2hr 60.518 0.005 1.015 0.015 6.473 0.082
LowFe_AO_12hr 60.568 0.006 1.010 0.021 6.722 0.146
LowFe_AO_2day 60.493 0.004 1.018 0.011 12.275 0.113
LowFe_AO_5day 60.476 0.016 0.959 0.049 1.687 0.085
MidFe_B 60.112 0.007 0.991 0.028 7.098 0.211
MidFe_UVOx 60.293 0.010 0.811 0.023 5.817 0.383 61.155 0.116 1.372 0.219 2.151 0.484
MidFe_AO_2hr 60.164 0.008 1.088 0.024 5.936 0.136
MidFe_AO_12hr 60.209 0.007 0.982 0.027 5.809 0.154
MidFe_AO_2day 60.242 0.008 1.026 0.028 5.184 0.141
MidFe_AO_5day 60.278 0.006 0.972 0.023 5.323 0.120
HighFe_1B 59.853 0.012 1.127 0.052 5.230 0.261
HighFe_2B 59.844 0.008 1.095 0.037 9.646 0.383
HighFe_C 59.833 0.009 1.015 0.038 9.451 0.399
HighFe_UVOx 60.255 0.009 0.983 0.032 4.414 0.213 60.943 0.084 3.859 0.232 6.178 0.4
HighFe_AO_2hr 59.908 0.067 2.520 0.452 8.239 0.741 60.179 0.019 0.99 0.065 4.727 0.830
HighFe_AO_12hr 60.328 0.018 1.491 0.073 2.261 0.126
HighFe_AO_2day 60.271 0.014 1.285 0.047 3.352 0.113
HighFe_AO_5day 60.237 0.051 3.677 0.496 10.660 1.466 60.518 0.011 0.909 0.046 3.44 0.317

060 Peak
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APPENDIX E 

VISIBLE-NEAR INFRARED (VNIR) REFLECTANCE SPECTROSCOPY 

 Continuum removal reflectance spectra was completed in the 2.1 – 2.5 µm range for the 

smectite samples. The 2.4-2.5 µm was noisy due to low light intensity.  

  

 

 

E-1: Continuum removed VNIR reflectance spectra for the low Fe smectite series.   
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E-2: Continuum removed VNIR reflectance spectra for the mid Fe smectite series.   
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E-3: Continuum removed VNIR reflectance spectra for the high Fe smectite series.   
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E-4: Continuum removed VNIR reflectance spectra for the three unaltered high Fe smectites. 

The high Fe_2B sample was used for post-oxidation band analyses with the oxidized smectites.  
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