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ABSTRACT 

Phyllosilicates are widespread on Noachian to Early Hesperian terrains on Mars 

and can help constrain the planet’s geologic and environmental history, particularly its 

aqueous and redox history, which in turn can provide clues about past habitability. A 

range of ferrous and mixed-valence smectites were synthesized and then exposed to 

varying O2 fluxes under dry conditions to determine if Fe/Mg trioctahedral smectites can 

be oxidized without an aqueous medium to form dioctahedral smectites like those 

observed on the surface of Mars. The appearance of a secondary peak in some unaltered 

samples indicates a separate phase formed during synthesis, which remained throughout 

the oxidation process. Partial oxidation was achieved by all samples, but only those with 

the highest starting Fe3+ content reached almost complete oxidation. Rapid initial 

oxidation was observed for all samples, but seemed to subside before oxidation was 

complete, indicating the process becomes unfavorable after a certain point. All three O2 

fluxes used in this study were successful in partially oxidizing the smectite samples but 

no correlation was observed between O2 flux and actual amount of oxidation, i.e., a 

higher O2 flux does not necessarily result in higher production of ferric iron. The process 

of oxidation did cause octahedral sheet contraction in some cases; however, in some 

samples octahedral sheet expansion was observed with oxidation. No additional phases 

were formed upon oxidation and no Fe ejection was observed. Overall, the amount of 

oxidation observed for all samples indicates that O2 alteration of trioctahedral smectites 

into dioctahedral smectites can proceed under dry conditions, meaning oxidation could 

have continued on Mars after surface water dried up.  
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CHAPTER 1 

INTRODUCTION 

 

 

Orbital and rover missions have provided data about the presence of 

phyllosilicates in Noachian to Early Hesperian-aged Martian crust, dating roughly 4.1-3.6 

Ga. The presence of phyllosilicates indicates a history of fluid interaction with basalt, 

with phyllosilicates forming as a hydrous weathering product of basalt, most likely in the 

subsurface rather than the surface of the planet (Bibring et al., 2006; Carr and Head, 

2010). This detection suggests the possibility of habitable conditions in the subsurface of 

early Mars. Rover data from Gale Crater has shown a clear transition from phyllosilicate 

deposits to sulfate deposits that point to a lacustrine environment and changing 

environmental conditions as Mars transitioned from a wetter, more alkaline environment 

in the Noachian to drier, more acidic conditions in the Hesperian (Xue et al., 2018; 

Bristow et al., 2018). Some of the phyllosilicate phases found include kaolinite, chlorite, 

serpentine, and aluminous smectites. However, the most prevalent phases planet-wide are 

Fe (III)/Mg smectites, such as nontronite and saponite (Carter et al., 2013; Fox et al., 

2016). In situ observations at Yellowknife Bay showed the presence of an Fe2+-bearing 

trioctahedral smectite a few centimeters below the surface with Fe and Mg compositions 

consistent with ferrian saponite (Vaniman et al., 2014; Bristow et al., 2015; Rampe et al., 

2017). This observation suggests that if the Fe (III) smectites observed in different 

locations on the planet are oxidation products of ferrous smectites, there could be large 

deposits of Fe2+ phyllosilicates in the shallow subsurface that have not been observed yet.  
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Planetary evolution and volcanic outgassing models suggest that Noachian-era 

Mars was characterized by anoxic and reducing atmospheric conditions (Bibring et al., 

2006; Catalano, 2013; Sholes et al., 2017). Anoxic weathering of basalt results in the 

formation of Fe2+-bearing smectites (Catalano, 2013; Zolotov and Mironenko, 2016), so 

the presence of ferrous smectites a few centimeters below the surface suggests they 

formed in reducing conditions. Therefore, one mechanism to explain the presence of 

ferric smectites is that they are the products of oxidation of ferrous smectites by 

atmospheric oxidants later in Mars’ history. Today, Mars’s atmosphere is composed 

mainly of CO2 (95.32%) with some N2 (2.7%) and Ar (1.6%). Diatomic oxygen, carbon 

monoxide, and water constitute <1% of the Martian atmosphere (Williams, 2018). The 

temperature averages 218 K, and ice sublimates without passing through the liquid phase 

due to the low atmospheric pressure. However, there is geomorphological evidence for 

liquid water on the planet, such as valley networks, deltas, and dendritic flow channels in 

its geologic history (Fassett and Head, 2008). This indicates that Mars’s atmospheric 

conditions have changed over time. Studying minerals, such as phyllosilicates, that 

formed during a time that allowed liquid water to be stable on the surface can allow us to 

better constrain the planet’s atmospheric history. 

The study of ancient hydrated minerals on Mars can provide unique insight into 

the aqueous and redox conditions of early Mars, and thus provide information about the 

habitability of the planet in its early stages. Furthermore, aqueous mineralogy on Mars 

can provide insight into Earth’s pre-biotic era, which is believed to have been similar to 

that of Mars (Carter et al., 2013). Global mapping of the Martian surface and subsurface 

shows that the presence of phyllosilicates is widespread, but only found in ancient 
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Noachian to early Hesperian-aged terrains (Mustard et al., 2008). This indicates that Mars 

had a wet period very early on that allowed for hydrated minerals to form, followed by an 

arid and more acidic period where no hydrated minerals formed, favoring sulfates 

instead. Phyllosilicate formation requires high aqueous activity, as well as moderate to 

high pH. Therefore, the phyllosilicates found on the Martian crust by OMEGA (Visible 

and Infrared Mineralogical Mapping Spectrometer), CRISM (Compact Reconnaissance 

Imaging Spectrometer for Mars), and the Mars Curiosity rover can provide constraints on 

surface and subsurface environmental conditions (Mustard et al., 2008).  

Due to their instability and quick oxidation in the Earth’s atmosphere, ferrous and 

mixed-valence iron smectites have not been extensively studied. We propose that the 

ferric smectites found on Mars were not formed at the same time as the underlying 

ferrous smectites, but rather are later products of oxidation of the original ferrous clay 

minerals. Previous work by Chemtob et al. (2017) showed that ferrous smectites can be 

oxidized to form ferric smectites, but the process is disruptive to the clay structure and 

results in ejected Fe. However, the conditions of that study may not be representative of 

early Mars conditions. Chemtob et al. (2017) used an O2 bubbling technique to perform 

oxidation on ferrous smectites in suspension, as well as a technique that involved 

immersion of the smectite samples in hydrogen peroxide solution. In early Mars, the 

conditions could have allowed only for limited water/rock ratios, as well as a limited flux 

of oxidants, as seems to be the case for the Sheepbed member in Gale Crater, where 

trioctahedral smectites have been observed (Bridges et al., 2015; Bristow et al., 2015). On 

Earth, phases like smectites and amorphous silica do not stay in the geologic record for 

more than a few million years due to diagenetic alteration, which requires a constant 
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source of water. However, on Mars these phases are still preserved and diagenetically 

under-developed, indicating that water has not been readily available after these 

sediments were deposited (Tosca and Knoll, 2009). Therefore, it is important to explore 

how ferrous smectite oxidation proceeds under more relevant conditions, including lower 

oxidant concentrations and lower water/rock ratios. 

 Furthermore, it is possible that because of low oxidant concentrations the 

reactions are quite slow, and not all the ferrous smectites are fully oxidized. In fact, 

Michalski et al. (2015) showed that 69% of all smectites found on Mars by CRISM and 

OMEGA are Fe-rich dioctahedral and di-trioctahedral. The latter could be evidence of a 

diversity of mixed-valence smectites with a range of oxidation states that occur as a result 

of partial oxidation of Fe2+- rich trioctahedral smectites. To address this possibility, we 

synthesized and studied mixed valence smectites in addition to the ferrous smectites. One 

of the goals of the experiment was to aid in expanding the spectral library of Fe-bearing 

smectites at different stages of oxidation that contain varying amounts of ferrous and 

ferric iron, which in turn can be used to compare to data from Mars missions and aid in 

mineral characterization. Ferrous and mixed-valence smectites were produced in the 

laboratory under anoxic conditions meant to be analogous to the environment of 

Noachian Mars. The synthetic smectites were then oxidized using three different oxygen 

fluxes, and then analyzed to observe the effect of oxidant concentration and starting 

mineral composition on the oxidation products of ferrous and mixed-valence smectites, as 

well as any structural changes caused by the oxidation process. The goal of this research 

was to observe what conditions could lead to the full recrystallization of ferrous smectites 

into ferric smectites, what the byproducts of the oxidation and recrystallization might be, 
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if any, and correlate the results to the known Martian conditions to examine their 

plausibility. 
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CHAPTER 2 

BACKGROUND 

 

2.1 Clay Minerals 

 Clay minerals are very fine-grained phyllosilicates, consisting of alternating 

tetrahedral and octahedral sheets. There are two types of layer structures, the 1:1 (T-O), 

consisting of one tetrahedral layer alternating with one octahedral layer, and the 2:1 (T-

O-T), which has two tetrahedral layers per one octahedral layer. Structures that have all 

octahedral sites filled are referred to as trioctahedral, while structures that have one of 

every three octahedral cation sites empty are referred to as dioctahedral (Marchel and 

Stanjek, 2012; Gorski et al., 2012a; Bergaya and Lagaly, 2013). A diagram depicting the 

two types of octahedral layers can be seen in Fig. 2.1. Smectites are a type of clay 

mineral with a T-O-T structure that can be either dioctahedral or trioctahedral. The sheets 

of dioctahedral smectites are mainly composed of trivalent cations, while those of 

trioctahedral smectites are mainly occupied by divalent cations (Barton and Karathanasis, 

2002). Substitution of Al3+ and Fe3+ for Si4+ is common in the tetrahedral sheet. In order 

to balance the charge, substitution of Al3+, Fe3+, Fe2+, Mg2+, Zn2+, and Li+ can occur in 

the octahedral sheet. The layers in smectites are held together by van der Waals bonds 

and also contain exchangeable cations in between the water or hydroxyl molecules that 

allow for swelling of the crystal lattice during hydration (Guggenheim and Eggleton, 

1986; Barton and Karathanasis, 2002).  
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Figure 2.1. Diagram of octahedral sheet in clay mineral structures, such as smectites. (a) 

trioctahedral sheet, in which all sites of the octahedral layer are filled and typically 

contain divalent cations; (b) dioctahedral sheet, in which one of every three octahedral 

cation sites is empty and typically contains trivalent cations (Brigatti et al., 2006). 

 

 The structural Fe redox state in clay minerals can affect some of the mineral’s 

properties, such as cation exchange capacity and swelling (Marchel and Stanjek, 2012; 

Gorski et al., 2013). Said structural properties are affected by oxidation and reduction, as 

the lattice structure accommodates to the changes in cation size and attempts to maintain 

charge balance. Because of this, the structural properties and the structural rearrangement 

induced by redox reactions of these minerals are heavily dependent on iron content and 

species, as well as the chemical environment (Komadel et al., 1990; Gorski et al., 2012a). 

Smectites have two different sites in the octahedral sheet that can be filled by cations – 

the trans octahedron, denominated as M1, and the cis octahedron, M2. In every half unit 

cell, there are two M2 sites and one M1 site (Manceau et al., 2000b). In dioctahedral 

smectites, only two of these three available sites are filled. While the mechanisms of iron 

oxidation in ferrous smectites and its effects on the mineral structure have not been 

widely studied, reduction and re-oxidation of nontronites has been discussed in the 
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literature. Previous studies have shown that some of the Fe atoms in nontronites can 

migrate from cis to trans sites within the octahedral sheet upon reduction to Fe2+ 

(Manceau et al., 2000a; Gorski et al., 2012b). This leads to the formation of small 

trioctahedral domains within the nontronite structure. Additionally, irreversible and only 

partially-reversible processes such as dehydroxylation, as well as the formation of other 

metastable iron sites in the structure have been observed during reduction and re-

oxidation (Komadel et al., 1995; Neumann et al., 2011; Gorski et al., 2013).  

 The lack of vacancies in trioctahedral structures may pose a problem for 

oxidation, inhibiting cation migration required to maintain charge balance (Gorski et al., 

2012a; Chemtob et al., 2017). With increasing Fe3+ during oxidation, the charge buildup 

in the octahedral sheet results in electrostatic repulsion that creates unfavorable 

conditions for further oxidation when cation migration is not possible, which may inhibit 

any more oxidation from occurring.  

Clay minerals have distinct unit cell size parameters that can help distinguish 

them from one another using X-ray diffraction. While the 001 peak can be used to 

determine clay layer size, the 02l and the 060 peaks can also be used to resolve the b 

parameter of the mineral, allowing to differentiate between di- and trioctahedral phases 

(Pansu and Gautheyrou, 2006). The 060 d-spacing values for dioctahedral clay minerals 

range from 1.49-1.52 Å, while for trioctahedral smectites the values range from 1.52-1.55 

Å (Srodon et al., 2001; Pansu and Gautheyrou, 2006; Chemtob et al., 2015).  
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2.2 Phyllosilicates on Mars 

Clay minerals on Earth form through hydrothermal processes, from weathering of 

near-surface rocks, and in rare cases from precipitation in lake basins (Ehlmann et al., 

2011). While on Earth a lot of the ancient rocks have been lost and reworked by plate 

tectonics, making it hard to study the environmental conditions of the early Earth, on 

Mars about half of the surface dates back to the first billion years after the planet formed 

(Ehlmann et al., 2011). Hydrated minerals preserved in the Martian crust can provide 

insight into the aqueous history of early Mars, as well as constraints on the redox history 

of the planet. Phases found include hydrated sulfates, hydroxylated sulfates, hydrated 

opaline silica, as well as abundant phyllosilicates (Bibring et al., 2006; Mustard et al., 

2008; Gou et al., 2015).  
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Figure 2.2. Distribution of clay minerals on Mars. Source: Ehlmann et al., 2011
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Most of the phyllosilicates found on Mars are Fe/Mg-rich smectites, constituting 

54% of all alteration minerals in crustal clays detected by CRISM (see Fig. 2.2) 

(Ehlmann et al., 2011). These are distributed in Noachian-aged terrains, such as Mawrth 

Vallis (Bibring et al., 2006), Nili Fossae (Mustard et al., 2008), the southern highlands 

(Carter et al., 2013), and in both Noachian to early-Hesperian terrains in Gale Crater 

(Ehlmann et al., 2011). The most common Fe-rich smectites were identified as nontronite 

(Fe3+-bearing smectite), while the Mg-rich were identified as saponite. Chlorites, 

serpentine, and Al-rich phyllosilicates were also detected. Fe/Mg-rich phyllosilicates 

have been found in a few different environments, including material exposed in the rims 

and central peaks of impact craters, as basin fill, and in sedimentary units deposited by 

water (Mustard et al., 2008; Ehlmann et al., 2011). The majority of Al clays, such as 

kaolinite and montmorillonite, have been found overlying Fe/Mg smectites but contain no 

iron-bearing minerals within the same unit. This type of stratigraphy has been found 

mainly in the Nili Fossae and Mawrth Vallis regions (Mustard et al., 2008; Greenberger 

et al., 2012). This suggests a leaching profile with reducing conditions, since oxidizing 

conditions would allow for both iron oxides and Al minerals to be present within the 

same unit (Ehlmann et al., 2011; Greenberger et al., 2012; Carter et al., 2013).  

Figure 2.2 shows the distribution of all clay minerals on Mars, broken down into 

three depositional groups: crustal clays, sedimentary clays, and clays in stratigraphies. 

The figure further breaks down the distribution by showing the percent of each phase 

found in the three different groups with respect to all alteration mineral detections. Fe/Mg 

smectites are the most abundant in all three groups, while Al-phyllosilicates are the 

second most abundant phases only in stratigraphies (Ehlmann et al., 2011).  
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 Notably, the mineral record of Mars is divided into two distinct periods. All clay 

minerals seem to be restricted to the older Noachian-Early Hesperian terrains, while all 

younger rocks, mostly Hesperian-aged, are composed of layered sulfate deposits and 

crystalline igneous material (Bibring et al., 2006; Murchie et al., 2009). This translates to 

an older period with more water-rich conditions and higher pH, followed by a transition 

to more water-poor and acidic conditions in the surface and subsurface waters (Ehlmann 

et al., 2011). This is also supported by the dating of valley networks, which suggests a 

rather abrupt climatic shift in the Noachian-Hesperian boundary. Valley networks are 

clustered in the cratered highlands and are all Noachian to Early Hesperian in age, while 

the younger Late Hesperian to Amazonian terrains show no evidence of aqueous activity. 

Some younger networks have been found in younger impact craters, as well as on the rim 

of Valles Marineris, but their presence is very localized and sporadic. All the younger 

networks found have different ages that suggest they formed from isolated events, rather 

than from continuous aqueous activity (Fassett and Head, 2008).  

 Figure 2.3 shows the global distribution of smectitic clays on Mars overlaid on 

Noachian-aged surfaces (top) and on Fe abundance (bottom). The detected clays are 

divided into four groups based on Fe content, as obtained from near infrared CRISM data 

(Michalski et al., 2015). Group 1 corresponds to clay minerals with very high FeO/MgO 

(>30), identified as nontronites. Group 2 shows variable Fe/Mg ratios. These have 

spectral features that overlap with those of Group 1 but have different FeO/MgO ratios 

(2-10). The spectral features overlap occurs due to mixed layering and chemical 

substitution between dioctahedral and trioctahedral sheets. Group 3 includes both 

dioctahedral and di-trioctahedral smectites that are Fe-rich, but to a lesser extent than 
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Group 1, with FeO/MgO ratios ~10-30. Group 4 includes trioctahedral clay minerals that 

have the lowest FeO/MgO ratios, ranging from 0-2, but with most samples having an 

FeO/MgO ratios of <1 (Michalski et al., 2015).  
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Figure 2.3. Distribution of smectitic clays on Mars. Group 1: dioctahedral, very high 

FeO/MgO (>30); Group 2: Moderate FeO/MgO (2-10); Group 3: dioctahedral and di-

trioctahedral, high FeO/MgO (~10-30); Group 4: trioctahedral, low FeO/MgO (0-2).  

Source: Michalski et al., 2015 
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 Several different formation processes have been suggested for the Noachian-aged 

clay minerals. The wide range of phyllosilicate compositions indicates a wide range of 

temperature conditions at the time of formation. For example, the presence of prehnite 

suggests hydrothermal activity and alteration of basalt at temperatures ranging from 200 

°C to 400 °C (Frey et al., 1991). Chlorite also indicates hydrothermal alteration at 

temperatures >200 °C, while smectites form at lower temperatures between <100 and 250 

°C (Alt, 2009).  

It has been suggested that the presence of nontronite in Noachian-aged terrains 

indicates oxidizing conditions were present at the time of phyllosilicate formation, with 

liquid water as a slow oxidizing agent (Chevrier et al., 2007). An atmosphere rich enough 

in CO2 to trigger a significant greenhouse effect to warm up the planet enough to 

maintain liquid water on its surface has been suggested (Chevrier et al., 2007). However, 

models have been unable to produce sufficient warming by greenhouse gases with the 

solar luminosity conditions present at the time to support the sustained presence of liquid 

water (Ramirez et al., 2013), and this hypothesis is inconsistent with the ample data 

supporting reducing conditions in the Noachian-Hesperian (King et al., 2004; Catalano, 

2013; Sholes et al., 2017).  

Bibring et al. (2006) suggested that phyllosilicates could have been formed in the 

subsurface through hydrothermal alteration or cratering supplying the impacted minerals 

with surface water. This would not require warm conditions or a thick atmosphere. Since 

the composition of the Martian crust is known to be basaltic, hydrothermal alteration 

would result in the formation of ferrous phyllosilicates (Catalano, 2013). More recently, 

Cannon et al., (2017) offered an alternate formation process for the clay minerals 
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observed on Mars. They propose that these formed during the formation of the primary 

crust as it reacted with outgassing of water and carbon dioxide during magma-ocean 

cooling and attribute the patchy distribution to excavation and mobilization by impacts. 

Their experiments to recreate this event yielded rapid and extensive alteration of basalt 

into clay minerals, including a variety of iron-rich trioctahedral clays. They state that the 

widespread dioctahedral (ferric) clays seen on Mars probably did not form as a result of 

aqueous alteration, but as an alteration product of the oxidation of ferrous smectites, 

concluding that their model could yield the precursor to the ferric phases.  

Both Bibring et al. (2006) and Cannon et al.’s (2017) models agree that the ferric 

smectites observed by CRISM and OMEGA did not form at the same time as the ferrous 

smectites and require a later period of oxidation. Chemtob et al. (2017) showed that 

ferrous smectites can be oxidized to nontronite using hydrogen peroxide, but that the 

process causes the structure to be distorted, resulting in nanoparticulate hematite from 

ejected Fe. Thus, understanding the mineralogical and structural changes of Fe-bearing 

smectites can be key to interpreting the data brought back by Mars missions to help 

reconstruct the environmental past of the planet. 

2.3 Mineralogical Signatures of Clay Minerals 

 X-ray Diffraction data has been collected at Yellowknife Bay by the CheMin 

instrument aboard the Mars Curiosity Rover. XRD can be used to distinguish between 

dioctahedral and trioctahedral smectites by analyzing the 060 diffraction band, which has 

a peak position ranging from ~1.49-1.52 Å for dioctahedral clay minerals and from 

~1.52-1.55 Å for trioctahedral clays, since oxidation change from Fe2+ to Fe3+ results in a 
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shift of the d-spacing to smaller values (Manceau et al., 2000b; Chemtob et al., 2017). 

The CheMin instrument is equipped with a cobalt X-ray source, which has the 060 peak 

positioned at approximately 71° 2θ and 73° 2θ Co K-alpha (Vaniman et al., 2014), which 

can be easily identified when using instruments on Earth. However, the CheMin aboard 

the Mars Curiosity rover can only see up to 50° 2θ, so in order to acquire data relevant to 

Mars missions, other components of the pattern must also be observed, such as the 

position of the maximum in the 02l asymmetric band. This band also relates to the b unit 

cell parameter, much like the 060 band, and is sensitive to octahedral sheet occupancy by 

different cations, so its position will change based on occupancy of divalent or trivalent 

cations (Bristow et al., 2018). The range for this band’s position is from ~22.5 to 23.1° 2θ 

(Co K-alpha) for dioctahedral and trioctahedral structures (Vaniman et al., 2014). The 

dioctahedral samples analyzed by the Mars Science Laboratory (MSL) at Yellowknife 

Bay showed this band’s position at 22.9° 2θ Co K-alpha, while the trioctahedral sample’s 

band was positioned at 22.7° 2θ Co K-alpha (Bristow et al., 2018). 

 The instrument we used at Temple University for this study has a copper X-ray 

source, meaning the diffraction bands are positioned at slightly different 2θ than those 

obtained by the CheMin instrument. The range for the 02l diffraction band is from ~19.3 

to 19.8° 2θ Cu K-alpha, while the 060 diffraction band position ranges from 

approximately 60 to 62° 2θ Cu K-alpha for dioctahedral and trioctahedral structures.  
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2.4 Project Hypotheses 

 Oxidation under dry conditions will alter the smectite structure from trioctahedral 

to dioctahedral, with higher oxidant concentrations causing the most oxidation 

and most octahedral sheet contraction. 

 Higher starting Fe/(Fe+Mg) and Fe3+ will yield the most oxidation with the least 

damage to the structure, i.e., the least amount of Fe ejected from the structure.  

 Oxidation of high Fe samples will result in Fe ejection due to charge build-up 

from the transition of Fe2+ to Fe3+ that will be seen as the appearance of new 

mineral phases in XRD.  
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CHAPTER 3 

METHODS 

 

 

Table 3.1. Sample compositions and the corresponding abbreviated codes each sample 

will be referred as throughout the text. For oxidized samples the same code will be used 

but the O2 flux will be added at the end, e.g. 0.25L-1%. 

Fe (III)/∑Fe Fe/Mg Sample code 

0 50/50 (Low) FerrousL 

0 90/10 (High) FerrousH 

0.25 50/50 (Low) 0.25L 

0.25 90/10 (High) 0.25H 

0.50 50/50 (Low) 0.50L 

0.50 90/10 (High) 0.50H 

0.75 50/50 (Low) 0.75L 

0.75 90/10 (High) 0.75H 
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Figure 3.1. Breakdown of all smectite samples and their composition



21 

 

3.1 Smectite Synthesis 

All samples were synthesized in a Coy Laboratory Products Inc. Vinyl Anaerobic 

Chamber with a Palladium catalyst using N2 as the purge gas and H2/N2 as the gas mix. 

The atmosphere within the chamber contains 50-70 ppm O2 and ~3% H2. The following 

stock solutions were mixed for the synthesis of the smectite samples using chemicals 

from Fisher Chemical™: 1 M iron (II) chloride, 1 M iron (III) chloride, 1 M magnesium 

chloride, 1 M aluminum chloride, and 0.5 M sodium silicate (full chemical information 

can be found in Appendix A). These stock solutions were mixed inside the glovebox 

using deionized, deoxygenated water to prevent oxygen contamination. Solid salts were 

brought into the glovebox in an open container covered by a Kimwipe to allow air to 

purge during the vacuum and to prevent the powder from flying away. Stock solutions 

were spiked with nitric acid to achieve a concentration of 0.1% to prevent precipitation of 

the metal in solution. All the water used in the glovebox was deoxygenated by filling a 

Buchner flask with 2 L of deionized (DI) water, which was then put on a stirrer plate 

while nitrogen gas was pumped through it for 2 hours. 

A recipe adapted a from Chemtob et al., (2015) was used to synthesize the 

smectites, with varying amounts of Fe and Mg, depending on the desired composition, to 

obtain a high Fe/Mg endmember and a low Fe/Mg endmember. Refer to Fig. 3.1 and 

Table 3.2 for all sample compositions.  
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Table 3.2. Intended Stoichiometric Formulas for Synthetic Smectites 

    Intended Half-Cell Stoichiometric Formula 

Sample ID Oct site 

occ 

Fe3+ 

% 

Fe/(Fe+Mg)  

FerrousL 3 0 0.5 Na0.3(Fe2+
1.4 Mg1.4 Al0.2)

VI (Si3.5 Al0.5)
IV O10 (OH)2 

FerrousH 3 0 0.9 Na0.3(Fe2+
2.52 Mg0.28 Al0.2)

VI (Si3.5 Al0.5)
IV O10 (OH)2 

0.25L 2.75 0.25 0.5 Na0.48(Fe2+
0.96 Fe3+

0.32 Mg1.28 Al0.2)
VI (Si3.5 Al0.5)

IV O10 (OH)2 

0.25H 2.75 0.25 0.9 Na0.23(Fe2+
1.72 Fe3+

0.57 Mg0.26 Al0.2)
VI (Si3.5 Al0.5)

IV O10 (OH)2 

0.50L 2.5 0.5 0.5 Na0.73(Fe2+
0.58 Fe3+

0.58 Mg1.15 Al0.2)
VI (Si3.5 Al0.5)

IV O10 (OH)2 

0.50H 2.5 0.5 0.9 Na0.27(Fe2+
1.04 Fe3+

1.04 Mg0.23 Al0.2)
VI (Si3.5 Al0.5)

IV O10 (OH)2 

0.75L 2.25 0.75 0.5 Na1.03(Fe2+
0.26 Fe3+

0.77 Mg1.03 Al0.2)
VI (Si3.5 Al0.5)

IV O10 (OH)2 

0.75H 2.25 0.75 0.9 Na0.42(Fe2+
0.46 Fe3+

1.38 Mg0.21 Al0.2)
VI (Si3.5 Al0.5)

IV O10 (OH)2 
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The first batch of samples consisted of fully ferrous smectites with two different 

Fe/Mg ratios. The low Fe endmember samples (labeled “FerrousL”; codes for each 

sample can be found in Table 3.1) had a 50/50 Fe/Mg molar ratio, while the high Fe 

endmember samples (labeled “FerrousH”) had a 90/10 Fe/Mg ratio. The amounts used of 

each stock solution for the different sample compositions can be found on Table 3.3. The 

stock solutions and deoxygenated DI water were transferred to a 50 ml centrifuge tube 

using a pipette inside the glovebox. The sodium silicate stock solution was added last, 

since it raises the pH of the mixture, reducing solubility and causing a gel to precipitate. 

The process was repeated three times for each endmember for a total of 4 tubes 

containing samples of the same composition. All eight tubes were allowed to sit for 2 

hours so that a gel would begin to precipitate before being taken out of the anaerobic 

chamber for centrifugation.  

Once out of the anaerobic chamber, the tubes were placed in a centrifuge set to 

maximum speed for 30 minutes at a time at a temperature of 20 °C to remove excess salts 

from the precipitate that did not incorporate into the gel. In between centrifugation 

cycles, the samples were returned to the anaerobic chamber for rinsing cycles. The 

supernatant was decanted, leaving the precipitate inside the tube. Each tube was then 

filled again with water and shaken to re-suspend the solid before being placed in the 

centrifuge once again.  

The process was repeated for a total of 4 centrifugation cycles. After the fourth 

cycle, the precipitated gel from all four tubes of the same composition was transferred to 

a single tube inside the glovebox using a spatula. This tube was then refilled with DI, 

deoxygenated water and shaken to disperse the solid evenly. Then, the final suspension 
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was transferred to a Teflon hydrothermal pressure vessel (Parr bomb). The process was 

repeated for the other four tubes with high Fe/Mg samples, yielding one Parr bomb for 

each of the two compositions. The vacuum oven has the capacity to hold 4 Parr bombs at 

a time, so in order to maximize time efficiency two Parr bombs were sealed and stored in 

the glovebox while the next composition was synthesized. The samples with 25% 

Fe3+/∑Fe as the starting composition (both the low and high Fe endmembers) were 

prepared a week later following the same procedure.  

Sealed Parr bombs were transferred from the glovebox to a vacuum oven. 

Anaerobic atmosphere was established in the oven by pulling vacuum and backfilling 

with nitrogen over repeated cycles, then the oven was heated to 200 °C for 15 days. After 

15 days, the oven was turned off and the Parr bombs were allowed to cool down inside 

the oven for another day. Once cooled off, they were transferred back to the glovebox, 

where they were emptied, and the contents were put in separate weigh boats. The samples 

were de-clumped and left to desiccate in the glovebox for a few days. Once completely 

dry, the samples were ground down into a powder using a mortar and pestle. The same 

process was followed for the samples with compositions of Fe (III)/∑Fe = 0.50 and 0.75.  
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Table 3.3. Amounts of each stock solution used for the synthesis of samples of each 

composition. 

Sample FeCl2 ● 4 

H2O (g/mol) 

FeCl3 ● 

6H2O 

(g/mol) 

MgCl2 ● 

6H2O 

(g/mol) 

AlCl3 ● 

6H2O 

(g/mol) 

Na2SiO3 ● 9 

H2O (g/mol) 

FerrousL 78.18 0 34.03 18.89 98.30 

FerrousH 140.7 0 6.805 18.89 98.30 

0.25L 53.40 17.80 30.99 18.89 98.30 

0.25H 96.12 32.04 6.198 18.89 98.30 

0.50L 32.11 32.11 27.95 18.89 98.30 

0.50H 57.80 57.80 5.590 18.89 98.30 

0.75L 14.31 42.93 24.91 18.89 98.30 

0.75H 25.7 77.28 4.983 18.89 98.30 
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3.2 Oxidation Experiments 

Acid-cleaned polypropylene containers were brought into the glovebox and left to 

deoxygenate for a day. Approximately 500 mg of each sample was added to each 

container to form a monolayer to ensure that the entire sample was exposed equally to the 

gas mix. The containers with the samples were sealed with air-tight lids and moved from 

the glovebox to a smaller glove bag in the laboratory. The bag had an opening to let air 

out, and another opening to insert a tube that connected it to the O2/N2 gas mix tank (Fig. 

3.2). The inlet was secured around the tube with tape to ensure no air was leaking.  

Once the samples were inside the glove bag, the gas was turned on to purge the 

laboratory air out of the glove bag. For the first oxidation experiment the bag was filled 

with the gas mix containing 1% O2 and 99% N2. Once the outlet of the bag was sealed 

and the bag was fully inflated, the lids were removed from the containers to expose the 

samples, which were left to sit for 24 hours. To lessen the waste of mixed gas, the gas 

tank was left closed off for most of the day. Every 24 hours the gas tank was opened 

again, and old air was purged from the glove bag by the influx of new gas mix for 10 

minutes, before being closed off again. This procedure was repeated every day for the 

next 3 days. On the 4th day, the air in the glove bag was purged with nitrogen gas before 

sealing and removing the containers and transferring them back to the glovebox. The 

oxidized samples were ground with a mortar and pestle once again to prepare for 

analysis, and then stored in glass vials in the glovebox. The same procedure was followed 

for the oxidation of samples with 5% and 21% O2.  
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Figure 3.2. Laboratory set-up for oxidation experiments. 
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3.3 X-Ray Diffraction  

XRD analysis was done using a Bruker D8 Advance instrument with a Cu Kα X-

ray source at Temple University. Both the unoxidized and oxidized powdered smectite 

samples were loaded into zero-background holders with an air-tight dome that is 

transparent to X-rays and prevents oxygen from entering. Once loaded, the samples were 

taken out of the glovebox and loaded into the XRD for analysis. Each sample was run for 

2 hours at 40 kV and 40 mA, from 2 to 80° 2θ.  

The data was analyzed using the Solver function on Excel to fit the 060 peak 

parameters for each sample. Solver uses a least-squares simplex solving method, which 

iteratively changes the parameters to minimize the least-squares difference. The fitting 

procedure included fitting of the peak center, full width at half-maximum, intensity of the 

peak, and fraction of Gaussian/Lorentzian. In some cases, more than one peak was 

necessary to obtain a good fit of the peak shape. The position of the peak center was used 

to observe changes in the d-spacing, which was calculated using Bragg's Law:  

λ = 2dsinθ         eq.1 

For a Cu Kα source, λ = 1.5406 Å is the wavelength of the X-ray. d refers to the d-

spacing, or the distance between crystallographic planes, and θ is the angle of incidence 

of the ray.  

 

3.4 XAFS Preparation 

Mounts that were acceptable for XAFS transmission and fluorescence were 

prepared as follows. Approximately 20 mg of powdered sample was spread on a piece of 

tape inside the glovebox. The tape was completely covered in sample until no sticky parts 
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remained. The tape was then folded three times to increase the thickness of the sample for 

the X-rays to go through. The folded tape mounts were then taped together, labelled, and 

heat sealed in plastic bags to ensure no oxygen contamination would occur. The samples 

were then taped to a wheel and heat-sealed again to send to Brookhaven National 

Laboratory for synchrotron analysis.  

3.5 UV-Vis / Colorimetric Measurements 

 UV-Vis spectroscopy was used to quantify the amount of iron contained in each 

sample, both to determine if the samples contained the desired starting Fe proportions 

after synthesis, and to observe the changes in Fe redox state upon oxidation. The method 

outlined by (Tarafder and Thakur, 2013) was followed, which uses 1,10 phenanthroline 

as the spectrophotometric reagent for Fe determination. This chemical reacts by 

producing an orange chelate of varying intensities, depending on the Fe content of the 

sample, allowing for spectrophotometric analysis. This method allows for the 

determination of Fe2+ in the solution, as well as total Fe by reducing all Fe (III) using 

hydroxylammonium chloride. Sodium citrate was used to adjust the pH.  

To digest the samples for UV-Vis analysis, 10 g of a 1:1 solution of sulfuric acid 

(H2SO4) and water were mixed with 1 g of ammonium bifluoride (NH4HF2) and ~30 mg 

of sample (full chemical information can be found in Appendix A). The combination of 

these two chemicals allows for leaching of the Fe ions in the sample. The mixture was 

taken out of the glovebox and placed on a hot plate for a few minutes to help dissolve the 

samples completely. Once dissolved, each sample was transferred to a Nalgene bottle and 

diluted by adding 40 ml of deionized water. To obtain the Total Fe content for each 
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sample, 1 ml of each of the sample mixtures was put into a 50 ml volumetric flask. Then, 

5 ml of a 10% hydroxylammonium chloride solution was added to the Total Fe flask and 

was left to sit for a couple minutes. After the iron in the Total Fe flask was reduced, 5 ml 

of 0.1% 1,10 phenanthroline and 5 ml of tri-sodium citrate were added to that flask. For 

the ferrous Fe content, 1 ml of each of the sample mixes was added to a separate 50 ml 

volumetric flask, followed by 5 ml of 0.1% 1,10 phenanthroline and 5 ml of 10% tri-

sodium citrate. Finally, all flasks were filled with deionized water to have 50 ml of each 

solution. The samples were then left in a dark cabinet for an hour before analysis, as 1,10 

phenanthroline is sensitive to light.  

Each sample was put in a cuvette for UV-Vis spectroscopic analysis from 400-

600 nm. To determine the percentage of ferric Fe in each sample, the absorbance of the 

ferrous sample was divided by the absorbance of the total Fe at 510 nm, which is the 

absorption maximum wavelength for Fe, and then subtracted from 100%.  
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CHAPTER 4 

RESULTS 

 

4.1 Synthesis  

The ferrous sample with high Fe/Mg (FerrousH) showcases a black coating on the 

exterior of the sample after being removed from the Parr bomb. The inside is 

significantly lighter in color (green-ish gray), so the decision was made to separate the 

outside and label it as “coat” (Fig. 4.1a). The coating and the inner sample were also 

analyzed separately. This suggests that the outside of the sample was exposed to some 

amount of oxygen during its time in the vacuum oven. Alternatively, traces of O2 from 

the glovebox could have remained inside the Parr bomb, causing some oxidation of the 

sample.  

Sample 0.25H is different from the rest of the smectite samples when removed 

from the Parr bomb. It is fully dry and showcases a rusty red color (Fig. 4.1b), compared 

to all other samples which had to be left out to dry for a few days and are all in the 

spectrum of a gray color with green undertones. The hues of the samples darken with 

increasing Fe3+ and Fe/Mg content. We investigated the possibility of a leak in the 

hydrothermal pressure vessel that held the 0.25H smectite and synthesized a new sample 

with the same composition using a different Parr bomb. However, the resulting new 

sample is also dry and a dark, almost black, color that turns into the same rusty red as the 

previous sample when ground to a powder.  
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Figure 4.1. Samples after synthesis. a) Sample FerrousH after being removed from the 

Parr bomb, before desiccating and grinding. Dark outside layer can be seen coating the 

entire sample, with the interior being much lighter. b) Sample 0.25H after being removed 

from the Parr bomb. Sample is a brown-ish red color and seems to have completely dried 

out. c) Synthetic smectite samples after drying and grinding. 

 

 

 

 

 

 

 

 

 

 

 

 



 

33 

 
 

4.2 UV-Vis Spectroscopy 

4.2.1 UV-Vis Results for Unoxidized Samples 

 

Table 4.1. UV-Vis results for unoxidized smectite samples. The absorbance maximum is 

at 510 nm. The sample marked ND is due to a lack of data, as most of this sample was 

lost due to contamination.  

Sample Intended 

Fe3+ (%) 

Absorbance 

maximum 

Fe2+ 

Absorbance 

maximum 

Total Fe 

Measured 

Fe3+ content 

(%) 

FerrousL 0 ND ND ND 

FerrousH 0 0.3658 0.4165 12.17 

FerrousH-

coat 

0 0.3311 0.4537 27.02 

0.25 Low 25 0.1754 0.2507 30.04 

0.25 High 25 0.0123 0.4379 97.19 

0.50 Low 50 0.1096 0.2429 54.88 

0.50 High 50 0.0682 0.122 44.10 

0.75 Low 75 0.0336 0.1403 78.25 

0.75 High 75 0.0603 0.4194 85.62 
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This method was used to determine the oxidation state of Fe in both the 

unoxidized and the oxidized samples. For the unoxidized samples, the results allowed to 

confirm whether the desired compositions were in fact achieved during synthesis. A 

representative UV-Vis spectrum is pictured in Fig. 4.2, with the Fe absorbance maximum 

located at 510 nm. The ratio of the absorbance of Fe2+ to Total Fe at this maximum was 

used to calculate the amount of ferric iron in each sample. The results for each 

unoxidized sample can be found on Table 4.1. Observations show that the samples that 

were intended to be fully ferrous contain some Fe3+. As stated previously, the coating and 

the inner sample were analyzed separately due to the stark difference in color. As 

expected from visual observations of the samples, the coating shows roughly twice as 

much oxidation than the inner sample. 

 

 

Figure 4.2. UV-Vis spectrum for the unoxidized sample 0.25L. The results show that the 

sample contains 30% Fe3+, which is close to the intended 25%. The black line shows the 

absorption maximum wavelength for Fe at 510 nm. 
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The 0.25L sample has a Fe3+ content of 30%, which is close to the intended 25%. 

However, sample 0.25H, the high Fe endmember with the same Fe (III)/∑Fe 

composition, is almost fully oxidized at 97.2% Fe3+ content. This is not unexpected after 

visual inspection of the samples, as this is the red sample pictured in Fig. 4.1b. Both 

endmembers with an intended composition of Fe (III)/∑Fe = 0.50 are within 10% of the 

desired Fe3+ content, at ~55% for sample 0.50L and ~44% for sample 0.50H. The 0.75L 

sample is the closest of all samples to the desired composition, with a Fe3+ content of 

78%. Sample 0.75H, the high Fe/Mg endmember, however, is slightly more than 10% 

above the intended Fe3+ content, at ~85-86%.  

 

4.2.2 UV-Vis Results for Oxidized Samples 

Table 4.2. UV-Vis results for all samples showing the amount of ferric iron as a %.  

 Ferric iron % 

Sample Unoxidized 1% O2 5% O2 21% O2 

FerrousL ND 46.31 21.14 31.09 

FerrousH 12.17 61.39 72.86 50.79 

0.25L 30.04 50.85 64.05 47.66 

0.25H 93.85 97.18 95.32 96.34 

0.50L 54.88 53.36 67.48 70.46 

0.50H 44.10 71.99 59.93 86.00 

0.75L 78.25 80.84 76.12 81.83 

0.75H 85.88 93.81 94.41 93.10 

 

The ferric iron content calculated from UV-Vis data for all samples is 

summarized in Table 4.2. The ferrous sample in Fig. 4.3 (FerrousH) shows slight 

oxidation from the beginning. After being exposed to 1% O2, the amount of Fe3+ goes up 

from ~12% to ~60%. The sample exposed to 5% O2 shows the greatest amount of 
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oxidation at ~73%, while the sample exposed to 21% O2 shows the least amount of 

oxidation of the three fluxes, at ~51%. 

 

 

Figure 4.3. Oxidation of sample intended to be fully ferrous with a 90/10 Fe/Mg ratio as 

the starting composition (FerrousH). 

 

 

Figure 4.4. Oxidation of sample 0.25L. The intended starting Fe3+ content was 25%, 

which is close to the 30% measured after synthesis.  
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Upon exposure to 1% O2 sample 0.25L (Fig. 4.4) is oxidized to ~51% Fe3+. 

Similarly to the sample in Fig. 2, the 5% O2 gas yields the greatest amount of oxidation, 

at 64% Fe3+ content, while the 21% O2 flux results in the least amount of oxidation, at 

~48% Fe3+.  

Sample 0.50L (Fig. 4.5) had an intended starting Fe3+ content of 50%, which is 

close to the 55% measured after synthesis. Exposure to 1% O2 does not seem to result in 

any oxidation. In fact, the Fe3+ appears to be ~1.5 % lower in the oxidized sample. This 

could be due to experimental error (more details on error can be found in section 5.1). 

Oxidation with 5% and 21% O2 produce similar results, at 67.5% and 70.5% Fe3+ content, 

respectively. Sample 0.50H (Fig. 4.6) also had an intended starting Fe3+ content of 50%; 

the measured initial Fe3+ content is within 10% of this, although somewhat lower, at 44% 

Fe3+. Oxidation with 1% O2 results in 72% Fe3+, while exposure to the higher 5% O2 

results in only 60% oxidation. The highest amount of oxidation occurs from exposure to 

21% O2, resulting in 86% final Fe3+ content. 
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Figure 4.5. Oxidation of sample 0.50L. The intended starting Fe3+ content was 50%, 

which is close to the 55% measured after synthesis. 

 

 

Figure 4.6. Oxidation of sample 0.50H. The intended starting Fe3+ content was 50%; 

actual measured initial Fe3+ content was 44% Fe3+. 

 

 
  



 

39 

 
 

Sample 0.75L (Fig. 4.7) had an intended Fe3+ content of 75%, which is very close 

to the obtained 78.25%. This sample shows little variation in oxidation when exposed to 

the three different O2 fluxes. The sample oxidized with 5% O2 seems to contain a lower 

percentage of Fe3+ than the unoxidized sample, but due to the small difference (~2%) it is 

likely this is due to experimental error. The samples oxidized with 1% and 21% O2 

exhibit very similar Fe3+ contents, with the 21% sample showing only ~1% more 

oxidation than the 1%. Sample 0.75H (Fig. 4.8) also had an intended starting Fe3+ content 

of 75%. The actual Fe3+ content measured is higher than intended, at roughly 86%. 

Similarly to the sample in Fig. 4.7, this sample does not exhibit a great amount of 

variation in Fe3+ content with the different oxygen fluxes. Oxidation of this sample is 

between 93-94% for all three fluxes.  

 

 

Figure 4.7. Oxidation of sample 0.75L. The intended starting Fe3+ content was 75%; 

actual obtained result is 78.25%. 
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Figure 4.8. Oxidation of sample 0.75H. The intended starting Fe3+ content was 75%. The 

actual Fe3+ content measured is higher than intended, at roughly 86%. 

 

 

Overall, the samples with lower starting Fe3+ show the greatest amount of 

oxidation after being exposed to the 5% O2 gas mix. While they show oxidation with all 

three O2 fluxes, these samples tend to show the least amount of oxidation with the highest 

oxygen flux (21%). The samples with a higher starting Fe3+ content also show oxidation 

with all three fluxes, but with much less variation, achieving very similar results with all 

three fluxes. However, none of the samples oxidized completely. The highest amount of 

oxidation observed is for the sample with the highest starting Fe (III) content and high 

Fe/Mg. This sample achieved oxidation of 93-94.5% with all three oxygen fluxes.   
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4.3 X-Ray Diffraction 

Table 4.3. d-spacing values for 060 peak obtained from X-ray diffraction analysis for all 

samples. 

  d-spacing  

Sample  Unoxidized 1% O2 5% O2 21% O2 

FerrousL  1.5352 1.5316 1.5312 1.5346 

FerrousH primary 1.5306 1.5352 1.5323 1.5324 

 secondary 1.5484 1.5530 1.5520 1.5450 

0.25L primary 1.5280 1.5368 1.5326 1.5334 

 secondary 1.5383 1.5270 1.5163 1.5230 

0.25H  1.5270 1.5309 1.5267 1.5258 

0.50L  1.5369 1.5362 1.5308 1.5354 

0.50H primary 1.5152 1.5157 1.5134 1.5180 

 secondary 1.5397 1.5349 1.5281 1.5344 

0.75L  1.5240 1.5216 1.5209 1.5202 

0.75H  1.5139 1.5146 1.5143 1.5138 

 

 

Figure 4.9. Example of the full raw XRD pattern for the synthetic smectite samples 

showing peaks of interest. 2θ range: 2-80°. This particular diffraction pattern belongs to 

the unoxidized sample 0.50H.  
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XRD patterns show well-defined 060 peaks for all samples. Most samples also 

show well-defined 001 and 02l peaks, with a few exceptions (full patterns for all samples 

can be found in Appendix B). The 001 peak was fit for some samples in order to get an 

idea of the size of the interlayer spacing of the smectites. The values range from 12.59 to 

16.62 Å, which is within the range of 2:1 clay minerals (Raven and Self, 2017). 

Additionally, a peak centered at ~28.5° 2θ was observed in most samples (ex: Fig. 4.9) 

that seems to correspond to the 003 peak of talc (Mg3Si4O10(OH)2) (Kursun and Ulusoy, 

2006; Cuadros et al., 2008; Corona et al., 2015; Steudel et al., 2017).  

XRD analysis yielded variable shifts in unit cell size with oxidation. D-spacing 

values for all unaltered and oxidized samples can be found on Table 4.3. We 

hypothesized that we would see a shift of the peaks toward higher 2θ as the unit cell size 

decreases with oxidation due to the smaller size of Fe3+ cations with respect to Fe2+ 

cations. This trend is observed in some samples, such as sample FerrousL, among others, 

shown in Fig. 4.11 which shows an overall contraction of the octahedral sheet with 

oxidation. However, what we observe in some other samples is octahedral sheet 

expansion with oxidation. For example, in the case of sample FerrousH (Fig. 4.12), the 

060 peak is apparently best fit by more than one Gaussian peak in the unoxidized sample, 

suggesting the sample separated into two phases during synthesis. This secondary peak is 

visible in all 3 oxidized samples with this initial composition as well.  
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Figure 4.10. Example of secondary peak observed in XRD data of some samples. The 

secondary phase is seen as a “hump” or shoulder in the raw data. Dashed line shows the 

Gaussian fit for one peak, showing that the fit is not quite accurate. These samples are 

best fit with two Gaussian curves.   

 

Sample FerrousL (Fig. 4.11) shows decreasing d-spacing values with oxidation, 

implying octahedral sheet contraction consistent with the replacement of Fe2+ by the 

smaller cation Fe3+. However, the oxygen flux does not seem to influence the amount of 

contraction, as the d-spacing value decreases the least (only -0.001 Å) with the highest O2 

flux (21%). The most contraction is exhibited by the sample exposed to 5% O2, which 

has a d-spacing value of 1.531 Å, followed by the sample exposed to 1% O2 with a d-

spacing value of 1.532 Å, compared to the 1.535 Å of the unoxidized sample.  

Sample FerrousH (Fig. 4.12) separated into two phases during synthesis rather 

than oxidation. This sample exhibits contraction of the secondary phase when oxidized 
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with 21% O2 (1.548 Å d-spacing for the unoxidized sample; 1.545 Å d-spacing for 

FerrousH-21%), but slight expansion of the primary phase (1.531 Å d-spacing for the 

unoxidized sample; 1.532 Å d-spacing for FerrousH-21%). However, the difference in 

the latter is small enough that it is possible it is due to experimental error. As one of the 

first samples analyzed, FerrousH may have had coarser grains that were not ground down 

into a fine enough powder, which would explain the low counts observed in its XRD 

pattern, as well as the overall less well-defined peaks compared to other samples. This 

can introduce some error by making the peaks harder to fit. Fitting more than one peak 

also increases the error for both peaks.  Both other oxidized samples (5%, 21% O2) show 

an increase in d-spacing values for both the primary and secondary peaks, indicating 

expansion of the octahedral sheet. All d-spacing values of both the primary and 

secondary phase are within the range for trioctahedral clay minerals.  
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Figure 4.11. 060 peaks for sample FerrousL with d-spacing values. Shown are the raw 

data and the Gaussian-Lorentzian fit for each sample.  

 

Figure 4.12. 060 peaks for sample FerrousH, best fit by two Gaussian peaks (dashed 

lines), with d-spacing values for both peaks. Dark gray dashed line represents primary 

phase, pink dashed line represents secondary phase. Solid lines represent the sum of both 

peaks for each sample. 
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Smectite sample 0.25L (Fig. 4.13) shows an overall decrease in the d-spacing 

values with oxidation. This sample also shows the appearance of a secondary peak in the 

unoxidized and all oxidized samples, suggesting the unoxidized samples separated into 

two different phases during synthesis. All oxidized samples have lower d-spacing values 

than the unoxidized sample, both for the primary and secondary phases, indicating 

octahedral sheet contraction occurred with oxidation. Additionally, all four samples have 

a peak at ~28.5° 2θ that did not correspond to any smectite peaks, suggesting there is 

another mineral phase present.  

 

Figure 4.13. 060 peaks for 0.25L samples with d-spacing values. This sample also shows 

the appearance of a secondary peak with oxidation. Dark gray dashed line represents 

primary phase, pink dashed line represents secondary phase. Solid lines represent the sum 

of both peaks for each sample. 
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 Sample 0.50L (Fig. 4.14) shows an overall shift of the 060 peak toward higher 2θ. 

This implies octahedral sheet contraction, seen in the decreasing d-spacing values of the 

oxidized samples, with respect to the unoxidized smectite of this composition, which has 

a d-spacing value of 1.537 Å. The samples oxidized with 1% and 21% O2 show only a 

small decrease, with d-spacing values of 1.536 Å and 1.535 Å, respectively. The most 

contraction observed is for the sample oxidized with 5% O2, which has a d-spacing value 

of 1.531 Å.  

 Samples 0.50H (Fig. 4.15), both unoxidized and oxidized, are best fit by two 

Gaussian peaks. This suggests that this sample separated into two phases during 

synthesis. The secondary peak exhibits decreasing d-spacing values with oxidation, with 

the sample oxidized with 5% O2 displaying the most contraction and the one oxidized 

with 1% O2 showing the least. The d-spacing value for the secondary peak of the 

unoxidized sample is calculated to be 1.540 Å. The samples oxidized with 1% and 21% 

O2 are also observed to have very similar d-spacing values (1.535 Å for sample 0.50H-

1%, 1.534 Å for sample 0.50H-21%), suggesting oxidation is similar despite the large 

difference in oxidant concentration. The contraction shown by the sample oxidized at 5% 

O2 is much more noticeable, at 1.528 Å. However, the primary peak shows variation in 

unit cell size without a clear pattern. The primary peak of sample 0.50H-5% is the only 

one of the three that shows any contraction, although rather small, while samples 0.50H-

1% and 0.50H-21% both show expansion of the octahedral sheet. 
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Figure 4.14. 060 peaks for sample 0.50L with d-spacing values. Oxidation caused the 

peak to shift to higher 2θ. The lower d-spacing values suggest contraction of the 

octahedral sheet with exposure to oxygen.  
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Figure 4.15. 060 peaks for smectite sample 0.50H with d-spacing values. This sample is 

best fit by two Gaussian peaks, both in its unoxidized and all oxidized forms. The 

secondary peak (pink dashed line) shows an overall decrease in unit cell size with 

oxidation, while the primary peak (black dashed line) shows more variation and no clear 

trend.  

 

 Both smectite samples with high starting Fe (III)/ΣFe (~75%) show smaller 

variations in unit cell size, compared to some of the other samples with lower starting 

amounts of Fe3+. Sample 0.75L (Fig. 4.16) exhibits steady contraction of the octahedral 

sheet after exposure to all three O2 fluxes. Exposure to the highest O2 flux (21%) results 

in the most contraction, with a d-spacing of 1.520 Å, compared to the 1.524 Å of the 

unoxidized sample. Sample 0.75H (Fig. 4.17) shows very little variation in unit cell size 

upon exposure to O2. The d-spacing values of the samples oxidized with 5% and 21% O2 

remain the same as that of the unoxidized sample, with d-spacing values of 1.514 Å, 
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while the d-spacing of the sample oxidized with 1% O2 increases by only 0.001 Å. Both 

unoxidized and oxidized forms of these samples also have talc’s 003 peak present; 

however, no secondary 060 peak is observed for either 0.75L or 0.75H.  

 

 

Figure 4.16. 060 peaks for sample 0.75L with d-spacing values. 
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Figure 4.17. 060 peaks for sample 0.75H with d-spacing values. 

 

The results for this study are mainly focused on the values for d(060). This is 

because d(02l) is asymmetric and therefore, harder to fit. The 02l peak was fit for a couple 

of samples and the d-spacing values obtained for these were compared to those given by 

the 060 peak, since the latter is outside of the XRD range of the CheMin instrument 

aboard the Mars Curiosity rover, making the measuring of the 02l peak relevant to rover 

data. The expected ratio for d(02l):d(060) is 3:1. The samples showed a good correlation but 

deviated from the expected ratio by up to ~0.03 Å, as seen on Tables 4.4 and 4.5.  
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Table 4.4. d-spacing values for sample FerrousL. The ratio of d(02l):d(060) deviates 

somewhat from the expected 3:1 

 

O2 content d-spacing 

 060 02l 02l:060 

unoxidized 1.5352 4.5774 2.9815 

1% 1.5316 4.5485 2.9697 

5% 1.5312 4.5555 2.9749 

21% 1.5346 4.5898 2.9907 

 
 

 

Table 4.5. d-spacing values for smectite peak of sample 0.75H. The ratio of d(02l):d(060) 

deviates somewhat from the expected 3:1 

O2 content d-spacing 

  060 02l 02l:060 

unoxidized 1.5139 4.4986 2.9715 

1% 1.5146 4.4951 2.9678 

5% 1.5143 4.4967 2.9694 

21% 1.5138 4.4910 2.9667 
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4.4 XAFS Results 

 X-Ray Absorption Spectroscopy was performed on a few samples only during the 

Summer of 2020. Our Fall 2020 proposal to analyze the rest of the samples was 

unfortunately rejected by the Brookhaven National Laboratory due to limited availability 

caused by COVID-19. The results we obtained can be found in Appendix C but will not 

be the focus of this study.  
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CHAPTER 5 

DISCUSSION 

 

5.1 Sources of Error in UV-Vis Analysis 

 Interpretation of the oxidation trends in our data requires an understanding of the 

uncertainties in our redox estimates from UV-Vis spectroscopy. We identify three main 

sources of uncertainty: machine error, repeatability, and errors from sample digestion. 

The first two are rather small sources of error, while the latter contributes the most 

uncertainty. Machine error was calculated by running the same sample five times without 

removing the cuvettes from the machine in between runs (Table 5.1). Then, standard 

deviation was calculated for the ferric iron content (%) derived from each of those five 

runs. While the standard deviation is <0.1 for half of the samples this was performed for, 

we provide the maximum value obtained for any sample, which is 0.41. Repeatability 

error refers to discrepancies between runs of the same digested sample when poured into 

different cuvettes. This error is due to uneven mixing of the chemicals in the flask. The 

maximum standard deviation for the ferric iron % calculated for any sample is 0.58% 

(Table 5.2).  

 As mentioned previously, the greatest source of uncertainty comes from errors in 

the digestion of the samples. This can stem from the small differences in the amount of 

powder digested for each sample, which varied from 30.4-35.2 mg, as well as any 

undissolved iron that may have remained in the solution. However, the most uncertainty 

comes from the time of digestion, as we found that some oxidation occurs during the 

months of storage in the glovebox. Sample 0.75L-1% is the only one that was analyzed 
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by UV-Vis right after undergoing oxidation. Two digestions were performed for this 

sample: one on the same day it finished being oxidized, and one three days later. A third 

digestion was not performed, so we are unable to calculate standard deviation for the 

amount of oxidation observed. However, the difference in oxidation observed from those 

two analyses is very small. The first analysis yielded 78.34% Fe3+ content, while the 

second yielded 78.15%. This indicates that the error from digestion without large 

amounts of time in between is rather small.  

 The problem comes from running the samples months after they underwent 

oxidation. For example, for sample FerrousH-21% the first analysis, performed 5 months 

after oxidation, yields ~51% oxidation, while a new digestion and analysis performed 2 

months later yields ~67.7% Fe3+ content. A third digestion performed three days later 

yields ~63.2% Fe3+. This discrepancy results in a much higher standard deviation than 

that of both the machine and the mixing error, at 7.16%. Similar results are observed for 

sample 0.25L-21%, which shows ~48% oxidation the first time it is analyzed, 6 months 

after oxidation, but shows ~57% oxidation 2 months later. This means that the oxidation 

results for individual samples analyzed in this study should be taken as a maximum, as 

most samples spent extended periods of time in the glovebox, where unintended 

oxidation occurs over time.  
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Table 5.6. Machine error calculated for select samples. 

 Fe3+ %   

 Run 1 Run 2 Run 3 Run 4 Run 5 Average STD 
FerrousH-21% 
(A)* 

80.498 80.662 81.001 81.382 81.584 81.026 0.412 

FerrousH-21% 
(B)* 

81.594 81.882 82.155 82.465 82.705 82.160 0.397 

0.25H-21% 97.698 97.820 97.713 97.835 97.787 97.770 0.056 
0.50H-21% 88.059 88.125 88.111 88.055 88.124 88.095 0.031 
* Digested sample was stored outside of the glovebox, causing further oxidation to occur; 

however, this should not interfere with calculations for the machine error. 

 

 

 

 

Table 5.7. Mixing/repeatability error calculated for select samples. 

 Fe3+ %   

 A B C D E Average STD 
FerrousH-21% 
(2nd digestion) 

67.694 67.910 67.700 67.640 ND 67.736 0.103 

0.25L-21% 57.422 56.682 56.605 56.793 56.701 56.841 0.297 

0.75L 77.494 77.810 78.729 78.719 78.969 78.345 0.581 
0.75L (2nd 
digestion) 

77.488 77.823 78.768 78.531 ND 78.153 0.518 

0.75H 85.982 86.201 86.132 86.194 86.152 86.132 0.079 
0.75L-1% 80.639 80.700 81.264 80.768 ND 80.843 0.247 
0.75H-1% 93.676 93.706 93.971 93.873 ND 93.807 0.121 
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5.2 Individual Samples    

5.2.1 Sample “Ferrous Low” 

 This sample’s initial composition was intended to be fully ferrous. Unfortunately, 

we were unable to obtain UV-Vis data for the unoxidized sample, as most of it was lost 

due to contamination. Therefore, we are unable to determine if any unintended oxidation 

occurred during synthesis. The unoxidized sample shows a very broad 001 peak (Fig. B1 

in Appendix B), indicating low crystallinity. It is also possible that the sample was not 

ground enough before analysis, resulting in large grains and less random orientation, as 

the oxidized samples show a well-defined 001 peak, indicating good crystallinity. The 

octahedral sheet shows contraction with oxidation, as seen by the 060 peak’s shift 

towards higher 2θ. All values for d060 are within the range for trioctahedral structures 

(1.531-1.535 Å).  

The most oxidation is achieved by the 1% O2 flux (~46%), while FerrousL-5% 

show the least (~21%). However, the most octahedral sheet contraction is observed for 

the latter and both of the samples have almost identical d-spacing values (1.532 Å for 

FerrousL-1%; 1.531 Å for FerrousL-5%). The difference is so small that it could be 

attributed to experimental error. The unoxidized sample and FerrousL-21% also have 

almost identical d-spacing values (0.001 Å difference), but since we lack Fe redox data 

for the unoxidized sample we cannot compare them.  

5.2.2 Sample “Ferrous High “ 

The 060 region of sample FerrousH is best fit by two peaks, suggesting it 

separated into two phases during synthesis. The d-spacing values for all the primary and 

secondary 060 peaks are both consistent with a trioctahedral smectite. While the primary 
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peak does not show great variation in d-spacing values (1.531-1.535 Å), it does show a 

slight expansion of the octahedral sheet with oxidation, in contrast to what we were 

expecting to observe. Samples FerrousH-5% and 21% have the same d-spacing value for 

this primary peak, even though they show significantly different amounts of oxidation in 

UV-Vis data. According to the UV-Vis data collected, the sample oxidized with 5% O2 

has the highest Fe3+ content (~73%), while the one oxidized with 21% O2 has the lowest 

of the oxidized samples (~51%). All samples except for FerrousH-21% show octahedral 

sheet expansion of the secondary peak as well. It is unclear why this occurs, as the 

samples show significant oxidation with all three O2 fluxes.  

5.2.3 Sample “0.25 Low” 

The smectite sample 0.25L shows an overall decrease in d-spacings with 

oxidation. The greatest amount of oxidation is with exposure to the 5% O2 gas mix 

(~64% Fe3+), as observed from UV-Vis analysis. XRD analysis shows that the secondary 

peak, which we interpret to be the Fe-bearing smectite, for this sample (0.25L-5%) also 

has the smallest d-spacing (1.516 Å), compared to the unoxidized sample (1.528 Å) and 

samples 0.25L-1% (1.527 Å) and 0.25L-21% (1.523 Å). This indicates that the most 

oxidized phase has the greatest amount of Fe cation substitution that resulted in the most 

contraction of the octahedral sheet as the smaller Fe3+ cations substitute for the larger 

Fe2+ cations, which is what we expected to see. The same is observed for the primary 

peak, which has the smallest unit cell size of the three oxidized samples, at 1.532 Å, 

compared to 1.538 Å for the unoxidized peak. It is unclear, however, why sample 0.25L-

1% has a larger d-spacing value for the smectite peak than sample 0.25L-21% when it 

shows more oxidation, at ~51% Fe3+ (compare to ~48% for 0.25L-21%). The same is 
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observed for the primary peak, which we interpret to be the talc phase. Sample 0.25L-1% 

has a d-spacing value of 1.537 Å, while 0.25L-21% is slightly smaller at 1.533 Å, despite 

the very similar amounts of oxidation.  

5.2.4 Sample “0.50 Low” 

 XRD data for smectite sample 0.50L exhibits a shift of the 060 peak toward 

higher 2θ with all three O2 fluxes. According to the UV-Vis data obtained for this sample, 

the unoxidized smectite and the smectite exposed to 1% O2 contain almost the same 

amount of ferric Fe (~1.5% difference). The difference in d-spacing values between these 

two samples is also minimal (1.537 Å for the unoxidized sample, 1.536 Å for 0.50L-1%). 

The sample exposed to 5% O2 shows the most contraction of the octahedral sheet (1.531 

Å), but while it has a high amount of ferric iron (~67.5%), it does not have the most 

oxidation out of the three fluxes. The most oxidation is shown by the sample exposed to 

21% O2, which contains only 3% more Fe3+ than sample 0.50L-5%, yet it exhibits a 

larger d-spacing (1.535 Å).   

5.2.5 Sample “0.50 High” 

 Our results for the smectite 060 peak are consistent with those found by 

Deocampo et al., 2009 for nontronite-Fe-rich montmorillonite, whose 2θ positions for 

060 peaks range from 60.9-61.6°. The 2θ positions of the primary 060 peaks for sample 

0.50H range from 60.98° to 61.19°, all within the range for nontronite. Both the primary 

phase (Fe-smectite) and the secondary phase (talc) show the most lattice contraction upon 

exposure to 5% O2. However, out of the three oxygen fluxes, this is the one that resulted 

in the least amount of oxidation, as seen with UV-Vis analysis, reaching ~60% Fe3+ 

content. Both other O2 fluxes result in lower d-spacing values for the secondary peak, but 
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slightly higher values for the primary peak. It is unclear why octahedral sheet expansion 

would be observed, as all three samples experienced significant oxidation. The talc phase 

exhibits lattice contraction with all three O2 fluxes, indicating Fe is likely to be present in 

non-negligible amounts.  

5.2.6 Sample “0.75 Low” 

The 060 peaks for this sample, both unoxidized and oxidized, all seem to be 

dioctahedral. This sample shows a steady, although small (~0.004 Å range), decrease in 

d-spacing values with oxidation, reaching the most contraction when exposed to 21% O2 

(1.520 Å). This is also the O2 flux that resulted in the greatest amount of oxidation 

(~82%). However, the overall amount of oxidation is not high, since these samples 

already had a high amount of ferric iron (~78%). It is possible that at this high Fe3+ 

content the layer charge was already high, so great amounts of oxidation could not 

readily occur. This sample also exhibits a peak consistent with the 003 peak of talc but 

does not show a secondary 060 peak. One possible explanation for this is that the higher 

starting ferric iron content results in more vacancies available in the octahedral sheet 

from the beginning. This would mean that the talc phase likely has a significant amount 

of its iron in the 3+ state, eliminating the need to form separate dioctahedral and 

trioctahedral domains during synthesis, and making the small amounts of oxidation that 

occur less disruptive to the structure.  

5.2.7 Sample “0.75 High” 

 The 060 peaks for this sample show little to no variation and are all within the 

range for dioctahedral smectites (1.514-1.515 Å). The amount of oxidation achieved with 

all three O2 fluxes is also very similar, with the highest percentage of Fe3+ being only 
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~1.3% higher than the least oxidized sample. This is not surprising, considering the high 

starting Fe3+ content, as well as the higher Fe/Mg content in general. 0.75H is the sample 

that achieved the most oxidation, reaching >90% Fe3+ content with all three O2 fluxes. 

The starting composition likely results in enough vacancies available in the octahedral 

sheet, allowing for the mineral to almost fully oxidize without the need for significant 

structural changes. This sample also exhibits a very prominent peak at ~28.5° 2θ 

consistent with talc, but no visible secondary 060 peak.  

5.2.8 Summary of individual samples 

 Contrary to our expectations, oxygen flux does not seem to play a significant role 

in the amount of oxidation observed. Our first hypothesis stated that oxidation under dry 

conditions would alter the smectite structure from trioctahedral to dioctahedral, with 

higher oxidant concentrations causing the most oxidation and most changes to the 

structure. Our data refutes part of this hypothesis, as in many cases the highest O2 flux 

(21%) did not achieve the greatest amount of oxidation, and in fact in some cases the 

lowest O2 flux (1%) resulted in the most ferric iron. Since we expected oxidation to be 

tightly linked to unit cell size, this hypothesis included that higher oxidant concentrations 

would result in the most octahedral sheet contraction. While we do observe the most 

octahedral sheet contraction with the highest amount of ferric iron produced in some 

samples, this was not tied to oxygen flux. All three fluxes were successful in partially 

oxidizing the smectite samples, but only the sample with the highest starting Fe3+ and 

Fe/Mg achieved almost complete oxidation.  

Transition from a trioctahedral to a dioctahedral structure was observed for the 

samples with higher starting Fe3+ and for the most oxidized 0.25L sample only. The lack 
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of vacancies available in the octahedral sheet in the more ferrous samples likely limits a 

great amount of oxidation from occurring, since the Fe cations cannot migrate from cis 

sites to trans sites (or vice versa) without disrupting the charge balance (Manceau et al., 

2000b; Neumann et al., 2011; Gorski et al., 2012b). Furthermore, the lack of an aqueous 

medium limits the reactions that can occur to maintain charge balance, such as 

dihydroxylation or protonation. Another factor that can explain why oxidation seems to 

plateau in many of the samples is surface passivation. Ilgen et al., (2012, 2019) and 

Neumann et al., 2011 found evidence suggesting that not all Fe sites are reactive and only 

edge surface sites participate in redox reactions in nontronites. Fe3+ forming at the edges 

of the smectite may thus form a non-reactive layer that prevents further oxidation from 

occurring (Chemtob et al., 2017; Ilgen et al., 2019).   

5.3 Identity of Secondary Phases 

All three oxidized 0.25L samples, as well as the unoxidized sample, exhibit a 

peak at ~28.5° 2θ not obviously associated with smectite. This observation, along with 

numerous samples requiring two peaks to properly fit the 060 peak, suggests that the 

smectites separated into two different phases during synthesis. We identify this additional 

phase to be talc by its 003 peak at ~28.5° 2θ (Kursun and Ulusoy, 2006; Dekov et al., 

2008; Corona et al., 2015; Steudel et al., 2017), which is a Mg-bearing clay mineral phase 

and typically only contains minor amounts of Fe. Being also a 2:1 phyllosilicate, the 060 

position for talc is in the same region as that of smectite. This explains the overall larger 

d-spacing values observed for the primary phase, since talc is a trioctahedral mineral. The 

lower d-spacings of the secondary peak are still within the trioctahedral range, with the 

exception of the sample with the most ferric iron (0.25L-5%), which shows a transition to 
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fully dioctahedral (1.516 Å). The presence of Fe2+ and Fe3+ in the smectite phase likely 

accounts for the smaller d-spacings compared to those of the primary peak, as talc usually 

has little to no iron. This could mean that the oxidants caused structural reorganization 

that could not be properly accommodated without an aqueous medium, causing the Fe-

bearing phase and the Mg-bearing phase to attempt to separate into a dioctahedral phase 

and a trioctahedral phase to maintain charge balance as the Fe oxidized.  

Like the 0.25L samples, sample 0.50H separated into two phases during synthesis, 

as seen by its 060 peaks, and also showed the 003 talc peak; however, the contrast 

between the d-spacings of the primary and secondary peaks is much more pronounced in 

this case. The primary peaks of the 0.50H samples have d-spacing values that are 

consistent with dioctahedral minerals (1.513-1.518 Å), while the secondary peaks all have 

values consistent with trioctahedral minerals (1.528-1.540). This suggests that the 

secondary peak is showing the presence of talc, a fully trioctahedral phase, while the 

primary peak corresponds to Fe3+-bearing smectite. This is also consistent with results 

obtained by Cuadros et al., 2019, which showed the d-spacing values for interstratified 

talc-nontronite samples. Their results also yielded two 060 peaks with values ranging 

from 1.513-1.516 Å for the dioctahedral phase (nontronite), and 1.530-1.534 Å for the 

trioctahedral phase (talc). The separation of the sample into a dioctahedral phase and a 

trioctahedral phase could be due to a lack of available sites to accommodate the cations, 

given the higher starting Fe/Mg content.  

While talc, as mentioned previously, tends to have little to no iron, it has been 

known to be able to accommodate up to ~0.3-0.45 Fe/(Fe + Mg) (Coey et al., 1991; 

Corona et al., 2015). Sample 0.25L has Fe/(Fe+Mg) = 0.50, meaning that not as much 
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Mg is available to form both a fully Fe-free talc component and a smectite component. 

We also observed that lattice contraction occurs with oxidation in both the primary and 

secondary peaks, meaning that both the smectite and talc phases contain Fe to some 

degree. The presence of a talc phase indicates that the smectite phase is likely much more 

Fe-rich than originally intended, as a lot of the Mg was incorporated into the talc.  

Corona et al., 2015 synthesized talc samples containing varying amounts of iron 

and tried to quantify the amount of molar and ferric iron in these samples using the 060 

peak position, as well as the 003 peak. While they found no significant correlation 

between d003 and the amount of Fe3+ in the mineral, they did find that all unit cell lengths 

showed an increase in unit cell size with increasing molar Fe (XFe = Fe/(Fe + Mg)), due 

to the replacement of the slightly smaller Mg2+ with Fe2+. This means that d003 and d060 

can be used to estimate the amount of total Fe in the talc phase. However, (Forbes, 1969) 

found that under more reducing conditions, increasing iron content results in smaller 

changes in d003 values.  

Our d003 values for sample 0.25L are very similar to those obtained by Corona et 

al., 2015, all within 0.001 Å for the oxidized samples. Their results suggest that our 

unoxidized sample likely contains little to no iron, which is not surprising, given the 

lower Fe/Mg. If we guide ourselves by their d003 values alone, sample 0.25L-1% would 

have XFe=0.41; 0.25L-5% would have XFe=0.50; and 0.25L-21% would have XFe=0.17. 

However, the only sample that also has similar results for the b parameter is 0.25L-5%, at 

9.195 Å, compared to their sample with b=9.194 Å, which has XFe=0.41, giving us a 

range of XFe=0.41-0.50 for that particular sample. All other values we obtained for the b 

parameter are higher than those obtained by Corona et al., 2015.  
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We also found good correlation of our d003 values for sample 0.50H with those of 

the aforementioned study. Similarly to sample 0.25L, the d003 values for the unoxidized 

sample are too low to indicate significant iron content. However, the range of our 

oxidized samples is 3.130-3.144 Å, which correlates to Corona et al., 2015’s samples 

with d003= 3.131-3.143 Å. The range of iron content for these samples is XFe=0.33-0.50. 

The values for b that we obtained for the talc component using d060 are overall slightly 

higher than those obtained by Corona et al., 2015 but some are a good match. For 0.50H, 

our values for the b parameter range from 9.17-9.24 Å, with the highest value being that 

of the unoxidized sample. Their results close to this range for b are 9.173-9.194 Å, which 

had a corresponding XFe = 0.21-0.50. However, according to their statement that unit cell 

lengths increase with increasing Fe content, our higher d060 for the unoxidized sample 

would indicate that it could potentially have more than 0.50 Fe/Mg, which is in 

disagreement with the d003 values indicating no significant Fe. Although less common, 

values up to 0.65 have been reported in the literature (McSwiggen and Morey, 2008). 

Sample 0.50H was synthesized to have Fe/Mg=90/10, so large amounts of Fe in the talc 

phase would not be surprising. However, due to the discrepancies between the b and c 

parameters, we cannot make any accurate guesses to quantify it. The 0.50H oxidized 

samples has smaller unit cell sizes, as stated previously, which is likely caused by Fe3+ 

substituting for Fe2+, rather than a lower iron content. 

Higher Fe contents may indicate the presence of minnesotaite (Fe3Si4O10(OH)2), 

rather than talc, since this is commonly known as the iron analog of talc (Forbes, 1969). 

However, the transition between talc and minnesotaite has not been well-studied and it is 

possible there are structural changes that cannot be observed with the methods we used in 
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this study. Although somewhat less prominent, we also observe the talc 003 peak for 

samples 0.50L and 0.75L. Additionally, sample 0.75H exhibits a very strong talc 003 

peak, but none of these samples seem to have a secondary 060 peak.  

Any secondary phases observed seem to be present from synthesis, meaning no 

additional phases were formed during oxidation. Previous experiments by Chemtob et al., 

2017 show that oxidation with hydrogen peroxide results in fast oxidation but is 

disruptive to the structure, especially for samples with high Fe content, resulting in 

ejected Fe forming secondary iron oxide phases. Our third hypothesis stated that Fe 

ejection would also occur for oxidation under dry conditions and would be observed as 

the appearance of new mineral phases in XRD data. Additionally, the second hypothesis 

stated that higher starting Fe3+ would experience the most oxidation with least amount of 

disruption to the structure, due to the higher number of vacancies available in the 

octahedral sheet. Higher starting Fe3+ did result in the most oxidation; however, Fe 

ejection was not observed for any of our samples, refuting our last hypothesis. Fe ejection 

occurs to create the vacancies necessary to accommodate Fe3+ in the octahedral sheet as 

the structure transitions from trioctahedral to dioctahedral (Decarreau and Bonnin, 1986; 

Chemtob et al., 2017). Lack of vacancies would result in positive charge build-up that 

would make oxidation unfavorable. This could explain why oxidation seems to plateau in 

our samples. Since no evidence for ejected iron is observed in our samples, we conclude 

that the lack of vacancies resulted in electrostatic repulsion that prevented complete 

oxidation from occurring, and that dry oxidation does not result in the formation of iron 

oxides or any other secondary phases.  
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5.4 Implications for Mars 

This study shows that O2 can oxidize ferrous and mixed-valence trioctahedral 

smectites into dioctahedral smectites even in the absence of an aqueous medium. This 

means that ferric smectites observed on the surface of Mars do not necessarily point to 

oxidizing conditions in the Noachian/Early Hesperian when these minerals were 

precipitated and deposited. Oxidation of our fully ferrous smectites, and smectites with 

very low starting Fe3+ contents was incomplete and did not form nontronite within the 

timeframe of our experiments. However, our experiments involved exposure to O2 for 

only 3 days, during which even the fully ferrous samples showed rapid initial oxidation 

before plateauing. It is possible that over longer periods of time these smectites would 

slowly reach full oxidation to nontronite.  

Chemtob et al., 2017’s experiments showed that Fe2+-rich smectites oxidized in 

air-saturated solution achieved higher levels of oxidation after they were recrystallized at 

200 °C and then reoxidized. Recrystallization would facilitate structural accommodation 

that would promote charge redistribution, thus allowing for further oxidation. The strata 

at the base of Mt. Sharp, Gale Crater, where nontronite has been widely observed, is 

believed to have been buried up to 5 km deep (Malin and Kenneth, 2000; Grotzinger et 

al., 2014) for up to millions of years before being exposed at the surface again. 

Temperatures at this depth of burial in the Noachian to Early Hesperian are estimated to 

be 75 °C (Grotzinger et al., 2014; Vaniman et al., 2014). While this is lower than the 

hydrothermal temperature used by Chemtob et al., 2017, nontronites have been 

synthesized at this temperature artificially from a silico-ferrous gel that was oxidized by 

exposure to air and hydrothermally treated (Decarreau et al., 2008). Therefore, it is 
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plausible that over geologic timescales heat from burial could alter the smectite structure 

to facilitate oxidation. However, this study did not have a recrystallization component, so 

it is less clear whether this process can occur under dry conditions and ambient or 

epithermal temperatures. Extended monitoring of changes in mineralogy in storage after 

oxidation might simulate the prospects for long-term recrystallization but is beyond the 

scope of this study. Future studies should investigate the products of recrystallization of 

smectites without an aqueous medium to determine if ferrous smectites can form 

nontronite on Mars over extended periods of time even in the absence of water. It is 

likely that if recrystallization does result in more oxidation, it will also result in ejected 

Fe that will be seen as new crystalline phases.    

No secondary mineral formation (hematite, Fe oxides) was observed after 

oxidation for any of our samples. Nanoparticulate hematite was observed by Chemtob et 

al., 2017 as a byproduct of Fe ejection in air-saturated solution and hydrogen peroxide 

oxidation experiments. Hematite has also been observed along nontronite in the Murray 

Formation (Hurowitz et al., 2017; Rampe et al., 2017). The lack of hematite observed in 

our experiments contrasts with previous experiments by Chemtob et al., 2017, and with 

the mineral assemblage observed in the Murray Formation, inferred to have formed in the 

presence of an aqueous medium. Thus, our experiments suggest that hematite is less 

likely to be observed in the same unit as nontronites that were oxidized under dry 

conditions, potentially similar to what has been observed in Mawrth Vallis (McKeown et 

al., 2009), where hematite has been observed but not in the same unit as nontronite.  

CRISM data for Mawrth Vallis has shown a ferrous mineral component at the 

boundary of the nontronite and montmorillonite-bearing units that has been attributed to a 
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ferrous mica. Nontronite/Fe-Mg smectite is present in the lowermost unit, which is 

overlain by a montmorillonite unit separated by an unconformity, followed by a kaolinite 

layer at the top, comprising a leaching profile (Bishop et al., 2008; McKeown et al., 

2009). This fractionation of Al and Fe points to unoxidizing conditions at the time of 

leaching (Das and Krishnaswami, 2007), meaning Fe was largely available in its reduced 

form at the time of deposition. The absence of hematite suggests that oxidation to 

nontronite could have occurred from atmospheric oxidants rather than through aqueous 

alteration.  

Possible sources of oxidation that could explain the widespread occurrence of 

nontronite on Mars include atmospheric oxidants, either at the time of formation or later 

after exhumation, as well as surface and/or subsurface water rich in oxidants. Rampe et 

al., 2017 suggested variable redox conditions in the Gale Crater paleolake based on 

mineralogical and stratigraphical observations from the Curiosity rover that could be 

viable catalysts for the latter. The finely laminated mudstone of the Murray formation in 

Gale Crater is believed to have been deposited from suspension in a pH-neutral ancient 

lacustrine environment (Grotzinger et al., 2014; Vaniman et al., 2014; Bristow et al., 

2015; Rampe et al., 2017). However, the diverse mineralogy and trace element content 

observed in this mudstone points to (likely short-lived) oxic and acidic diagenetic pore 

fluids as an alteration mechanism to explain the presence of hematite and cation-deficient 

magnetite, among other minerals (Rampe et al., 2017).  Hurowitz et al., 2017 propose a 

model of a redox-stratified lake for Gale Crater and suggests that Fe2+ would have been 

supplied by groundwater, while oxidants were supplied from the lake’s surface. This 
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would result in oxidation of the Fe2+ in the shallower portions of the lake, as well as in 

precipitation of oxidized minerals, such as hematite.  

Phyllosilicates of the Sheepbed Mudstone member of the Yellowknife Bay 

formation in Gale Crater, which contains trioctahedral smectite, are believed to have 

formed authigenically from water-rock interactions with the mafic crust at moderate to 

alkaline pH under anoxic conditions (Vaniman et al., 2014; Bristow et al., 2015; 

Hurowitz et al., 2017). The trioctahedral smectites found in the Sheepbed Mudstone were 

initially interpreted as ferrian saponite (Vaniman et al., 2014), based on observations of 

their d02l; however, Chemtob et al., 2017 found a good correlation between their 

unaltered ferrous smectites and the trioctahedral smectite of the Sheepbed Mudstone. 

This means that Fe2+-bearing smectites should not be discarded as a possible 

interpretation for these minerals. The presence of Fe2+-bearing smectites would provide 

further evidence for reducing conditions during formation, as ferrous smectites are the 

product of anoxic alteration of basalt.  

Oxidation from atmospheric oxidants could have also occurred later in Mars’s 

history, after liquid water was no longer widely available on the surface of the planet. 

Trioctahedral smectites that were not oxidized by aqueous sources could have still been 

present when the planet transitioned from a reducing to an oxidizing environment and 

have been later oxidized under dry conditions. Confirmation that this transition is 

possible can constrain the window of habitability of the planet, since the warmer, wetter 

period that could have been viable for life to form was most likely anoxic. Based on our 

findings and previous data in the literature we conclude that a possible formation history 

for nontronite looks as follows: phyllosilicates formed from aqueous alteration of basalt 
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in a reduced environment in the Noachian, resulting in ferrous smectites. Oxidation in the 

presence of water likely occurred for a time during the Early Hesperian and was 

accompanied by the formation of hematite. As the environmental conditions changed and 

became drier and more oxidizing throughout geologic history, further oxidation of Fe/Mg 

smectites occurred from atmospheric oxidants to form nontronite but no additional 

hematite was formed due to the absence of an aqueous medium.  
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CHAPTER 6 

CONCLUSIONS 

 

 O2 gas under dry conditions was able to partially oxidize all samples, regardless 

of initial composition. Samples did show both partial and complete transition from 

trioctahedral to dioctahedral upon oxidation, depending on the starting composition. 

However, contrary to our hypothesis, higher O2 concentrations did not result in greater 

rates of oxidation or more pronounced changes to the smectite structure. No real 

correlation was observed between oxidant flux and amount of oxidation observed. Our 

hypothesis also stated that higher starting Fe/(Fe+Mg) and Fe3+ would yield the most 

complete oxidation with the least damage to the structure, and that oxidation of high Fe 

samples would result in ejected Fe due to charge build-up. While it was true that samples 

with higher Fe (III)/∑Fe and Fe/(Fe+Mg) achieved the most oxidation, no Fe ejection 

was observed for any samples, indicating that the structure was not severely disrupted. 

This is likely due to a lack of an aqueous medium that could mobilize any ejected Fe 

from the structure and aid it in forming other Fe phases, such as iron 

oxides/oxyhydroxides.  

For most samples, the oxidation process seemed to plateau rather than cause Fe 

ejection. We attribute this to a lack of vacancies in the octahedral sheet, since the 

inability of Fe cations to migrate within the structure results in charge build-up that 

makes further oxidation unfavorable. This is especially true for the more ferrous samples. 

Another factor that can explain incomplete oxidation is surface passivation. Even with 

more available vacancies, as is likely the case for the higher Fe (III)/∑Fe samples, ferric 
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iron coatings on the outside or edges of the smectite can create a non-reactive layer that 

prevents the inner parts of the smectite samples from being oxidized. Despite these 

limitations, significant initial oxidation was observed for all samples, indicating that 

water is not required to form nontronite, which has implications for the widespread 

presence of this mineral on Mars. Its ubiquity in Noachian terrains does not imply 

oxidizing conditions in ancient Mars. Furthermore, oxidation of Fe/Mg smectites could 

have continued past the Early Hesperian, when liquid water became sporadic.  
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APPENDIX A 

 

CHEMICAL INFORMATION  

 

 

 

 

Chemical name Chemical formula Molecular weight 

(g/mol) 

Purity 

Sodium silicate 

nonahydrate 

Na2SiO3·9 H2O 284.19 44-47.5% total 

solids 

Magnesium chloride 

hexahydrate 

MgCl2·6 H2O 203.31 99 to 102% 

Aluminum Chloride 

Hexahydrate 

AlCl3·6 H2O 241.43 >99.5% 

Iron (II) chloride 

tetrahydrate 

FeCl2·4 H2O 198.81 99 to 102% 

Iron (III) chloride 

hexahydrate 

FeCl3·6 H2O 270.33 97 to 102 % 

Nitric acid  HNO3 63.012 67 to 70% (HNO3, 

w/w) 

Sulfuric acid H2SO4 98.072 93-98% 

Ammonium 

bifluoride 

H5F2N 57.04 ND 

Sodium citrate 

dihydrate 

Na3C6H5O7·2 H2O 294.10 99.8% 

Ammonium 

chloride 

NH4Cl 53.489 ≥99.5% 

1,10 phenanthroline C12H8N2 180.21 99+% 
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APPENDIX B 

 

X-RAY DIFFRACTION 

 

 

 Full XRD patterns for all smectite samples synthesized and oxidized in this study.  

 

 

 

 
Figure B18. Full XRD pattern for ferrous, low Fe/Mg smectite samples (FerrousL) 
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Figure B19. Full XRD pattern for ferrous, high Fe/Mg smectite samples (FerrousH) 

 

 

 
Figure B20. Full XRD pattern for Fe (III)/∑Fe= 0.25, Low Fe/Mg smectite samples 

(0.25L) 



 

88 

 
 

 

 
Figure B21. Full XRD pattern for Fe (III)/∑Fe = 0.25, High Fe/Mg smectite samples 

(0.25H) 

 

 

 
Figure B22. Full XRD pattern for Fe (III)/∑Fe=0.50, Low Fe/Mg smectites samples 

(0.50L) 
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Figure B23. Full XRD pattern for Fe (III)/∑Fe=0.50, High Fe/Mg smectites samples 

(0.50H) 

 

 

 
Figure B24. Full XRD pattern for Fe (III)/∑Fe=0.75, Low Fe/Mg smectites samples 

(0.75L) 
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Figure B25. Full XRD pattern for Fe (III)/∑Fe=0.75, High Fe/Mg smectites samples 

(0.75H) 
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APPENDIX C 

XAFS DATA 

 

 

 

 

C1. Powder samples mounted on wheel before vacuum sealing to ship to Brookhaven 

National Laboratory for analysis.  

 

 

 
C2. Analysis at Brookhaven National Laboratoy  
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C3. Fe K-edge for samples 0.25L (unoxidized and oxidized at 1% O2) and 0.25H 

(unoxidized and oxidized at 1% O2).  

 

 
 

C4. Unoxidized Fe (III)/ΣFe proportions (excluding 0.75) with Low Fe/Mg samples  

0.25L unox + 1% O2  

0.25H unox + 1% O2  

0.25L-1% 

0.25L 

0.25H-1% 

0.25H 

FerrousL 

0.25L 

0.50L 
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C5. Unoxidized Fe (III)/ΣFe proportions (excluding 0.75) with High Fe/Mg samples. 

 

 
C6. Ferrous samples with both high and low Fe/Mg, unoxidized and oxidized at 1% O2. 

 

  

FerrousH 

FerrousH-1% 

FerrousL 

FerrousL-1% 

FerrousH 

0.50H 

0.25H 


