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ABSTRACT 44 

 Iron(II)-bearing trioctahedral smectites (saponites) form during anoxic alteration of 45 

basaltic rock. They are predicted to have been widespread on the early Earth and are observed in 46 

the oceanic subsurface today. Smectite structures, including the occupancy of sites in the 47 

octahedral sheet, affect iron redox behavior but the rates and products of trioctahedral smectite 48 

oxidation have been largely unexplored to date. In this study we synthesized two Fe(II)-bearing 49 

trioctahedral smectites, one moderate (22 wt. % Fe) and one high (27 wt. % Fe) in iron content. 50 

We then examined the rate, extent, and products of their oxidation by dissolved oxygen, nitrite, 51 

and hydrogen peroxide. Dissolved oxygen caused partial oxidation of Fe(II) in the smectites with 52 

14 to 43% of Fe(II) unoxidized after 20 to 30 days of exposure. The rate and extent of oxidation 53 

correlated with the dissolved oxygen concentration and the Fe(II) content of the clay. The 54 

incomplete oxidation in these experiments is consistent with the mixed-valent trioctahedral 55 

smectites observed in oxidized natural samples but contrasts with the complete reoxidation by 56 

oxygen shown by chemically- or microbially-reduced dioctahedral smectites. Oxidation of 57 

structural Fe(II) by 5 mmol L-1 nitrite was negligible for the moderate-iron smectite and yielded 58 

only ~17% oxidation after 54 days of reaction for the high-iron smectite. Hydrogen peroxide 59 

caused rapid and near-complete oxidation of both clays. Powder X-ray diffraction, variable-60 

temperature Mössbauer spectroscopy, and extended X-ray absorption fine structure spectroscopy 61 

together detected no crystalline or short-range-ordered secondary phases and show that oxidized 62 

iron remained in the trioctahedral smectite structure. The recalcitrant Fe(II) pool in oxidized 63 

trioctahedral smectites exists in less distorted sites than Fe(II) in the initial clays. Its unreactive 64 

nature at prolonged reaction times indicates an elevated redox potential generated by the local 65 

coordination environment. Slower oxidation rates create a larger recalcitrant Fe(II) pool, 66 
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suggesting kinetic competition between oxidation and a process involved in redox stabilization, 67 

such as electron exchange between octahedral iron sites or deprotonation of hydroxyl groups in 68 

the structure. The resistance to complete oxidation of trioctahedral ferrous smectites and their 69 

full retention of iron demonstrates that transitions from anoxic to oxic conditions generate 70 

mixed-valence smectites rather than a mixture of new phases. Identifying the diagenetic products 71 

of mixed-valent trioctahedral smectites may provide an indicator in the rock record of past redox 72 

cycling. Substantial portions of structural Fe(II) in trioctahedral smectites display slow abiotic 73 

oxidation kinetics and represent potential electron donors for both microaerophilic iron oxidizing 74 

and nitrate-reducing, iron-oxidizing microorganisms in altered mafic rocks and related settings.  75 

 76 

Keywords: Iron Redox; Oxidation Rate; Trioctahedral Smectite; Mössbauer Spectroscopy 77 
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1. INTRODUCTION 79 

Aqueous alteration of basalts produces Mg- and Fe-rich smectites (Velde and Meunier, 80 

2008). Under anoxic conditions, these minerals incorporate ferrous iron and are predominantly 81 

trioctahedral saponite smectites (Alt et al., 1986; Andrews, 1980; Badaut et al., 1985; Kohyama 82 

et al., 1973). There are numerous occurrences of Fe(II)-bearing smectites (primarily saponites) in 83 

the anoxic subsurface of the oceanic crust as vesicle and fracture infilling and alteration crusts 84 

(Alt, 1999; Andrews, 1980; Teagle et al., 1996). Similarly Fe(II) smectites form authigenically in 85 

anoxic sediments affected by hydrothermal input in the Atlantis II basin in the Red Sea (Badaut 86 

et al., 1985). Analogous terrestrial locations contain Fe(II)-bearing trioctahedral smectites in the 87 

Deccan Traps flood basalts (Parthasarathy et al., 2003) and low temperature hydrothermal 88 

systems in Iceland (Kristmannsdottir, 1979). Despite its overall composition, the glassy, rhyolitic 89 

Oya tuff contains both high-iron trioctahedral and low-iron dioctahedral ferrous smectites 90 

(Kohyama et al., 1973) formed from altered mineral fragments. Trioctahedral ferrous smectites 91 

are also found intercalated with vermiculite in immature orogenic sediments as a result of 92 

alteration of biotite and chlorite (Craw et al., 1995). Subsequent oxidation of these clay minerals 93 

in the upper oceanic crust (Alt, 1999; Alt et al., 1986) and in exposed terrestrial environments 94 

(Craw et al., 1995; Kohyama et al., 1973) produces Fe(III)-bearing phyllosilicate and oxide 95 

minerals. 96 

Trioctahedral smectites likely retained a predominantly ferrous state before the 97 

oxygenation of Earth’s atmosphere in the Paleoproterozoic (Lyons et al., 2014) possibly 98 

persisting as a dominant marine clay until the deep ocean oxygenated in the Neoproterozoic 99 

(Canfield et al., 2007; Shen et al., 2002). The size of this smectite Fe(II) pool on the early Earth 100 

can be estimated based on current oceanic crust compositions and alteration depths and extents 101 
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(Alt, 1999; Alt et al., 1986). Assuming an area of oceanic crust equal to the modern ocean 102 

surface (3.62×108 km2), a depth of crustal alteration of 500 m, a basaltic composition with 9 103 

wt.% FeOT and Fe(II)/Fe(Total) of 0.84, and 5% total alteration, we estimate that there was 104 

1.9×1019 moles of Fe(II) in smectites and related phyllosilicates in the shallow oceanic crystal of 105 

the early Earth. If the ocean prior to the Great Oxidation Event (GOE) contained ~0.1 mmol L-1 106 

dissolved Fe(II) (Holland, 2004) then it hosted 1.3×1017 moles of Fe(II), assuming as a first 107 

approximation a total volume equal to today. These coarse estimates yield a total Fe(II) content 108 

of the altered oceanic crust more than 200 times that of dissolved Fe(II) in pre-GOE seawater. 109 

Recent geochemical modeling (Hao et al., 2017) and examination of Archean paleosols 110 

(Babechuk et al., 2019) suggest that ferrous smectites were present on land and in Archean 111 

lacustrine systems in addition to marine settings. Similar clays, possibly as mixed valent phases, 112 

also occur in lacustrine mudstones at Gale Crater on Mars (Treiman et al., 2014; Vaniman et al., 113 

2014). Iron-rich smectites may also occur on the surface of Ceres (Ehlmann et al., 2018; Rivkin 114 

et al., 2006) and on icy worlds with subsurface oceans (Neveu et al., 2017). Trioctahedral 115 

smectites thus represent a large Fe(II) pool on the early Earth that may also occur on potentially 116 

habitable bodies in the Solar System. 117 

Despite widespread occurrence in anoxic aquatic environments, trioctahedral ferrous 118 

smectites are rarely studied because of the difficulty in obtaining, storing, and purifying samples 119 

without causing oxidation (Alt et al., 1986; Andrews et al., 1983; Badaut et al., 1985; Craw et al., 120 

1995). Upon exposure to oxygen, iron in these smectites partially oxidizes (Chemtob et al., 2017; 121 

Kohyama et al., 1973) yielding a mixed valent phase similar in composition to well-studied 122 

saponite smectite from Griffith Park, California (Treiman et al., 2014). To gain further insight 123 

into these clay minerals, studies have investigated synthetic trioctahedral ferrous smectites, 124 
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characterizing their formation mechanisms (Baldermann et al., 2014), composition, structure, 125 

and spectral properties (Chemtob et al., 2015; Fox et al., 2021; Sakuma et al., 2022), as well as 126 

oxidation products (Chemtob et al., 2017). Notably, a prior study (Chemtob et al., 2017) found 127 

that oxidation of ferrous iron in trioctahedral smectites by dissolved oxygen in air-equilibrated 128 

solutions was incomplete after 7 days, although hydrogen peroxide caused rapid and complete 129 

oxidation. Hydrothermal recrystallization of these fully-oxidized clays generated nanoparticulate 130 

hematite, but it is unclear whether iron was ejected from the clay structure to produce an iron 131 

oxide during oxidation or simply was more easily observed after the hydrothermal treatment 132 

because of conversion from ferrihydrite to hematite. The kinetics of iron oxidation in 133 

trioctahedral smectites, the extent of oxidation under different oxygen concentrations, and their 134 

reactivity with other potential oxidants remain unexamined to date. 135 

 In contrast, the redox chemistry of iron in nontronite and other dioctahedral smectites 136 

containing ferric iron has been studied extensively (Dong et al., 2022; Komadel et al., 1995; 137 

Pentráková et al., 2013; Stucki, 2011; Zhao et al., 2015), providing insight into potential 138 

behavior displayed by Fe(II)-bearing trioctahedral smectites. Reduction of dioctahedral smectites 139 

may be accompanied by iron migration through vacancies, forming trioctahedral domains (Drits 140 

and Manceau, 2000; Fialips et al., 2002b; Manceau et al., 2000a; Manceau et al., 2000b) 141 

analogous to trioctahedral ferrous smectites. However, this also creates excessive negative layer 142 

charge and may cause interlayer collapse (Dong et al., 2009; Khaled and Stucki, 1991; Shen and 143 

Stucki, 1994; Shen et al., 1992), features not displayed by trioctahedral smectites natively 144 

containing Fe(II). Oxidation of Fe(II) in reduced dioctahedral smectites is typically complete 145 

(Komadel et al., 1995; Shen and Stucki, 1994) and may displays two-stage kinetics (Neumann et 146 

al., 2008). As noted above, the oxidation rates of synthetic trioctahedral ferrous smectites have 147 
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not been studied so it is unclear if the incomplete oxidation previously observed (Chemtob et al., 148 

2017) is a result of slow kinetics or a recalcitrant Fe(II) fraction not seen in reduced dioctahedral 149 

smectites. Two stage (re)oxidation kinetics for dioctahedral clays is attributed to redox 150 

interconversion between two distinct iron sites, possibly related to structural rearrangement in 151 

the octahedral sheet following oxidation (Neumann et al., 2008). While reoxidized dioctahedral 152 

smectites retain some trioctahedral clusters (Fialips et al., 2002a), the low vacancy content of 153 

trioctahedral sheets may preclude the structural changes associated with oxidation of 154 

dioctahedral smectites and thus yield distinct kinetic behavior. 155 

Additional aspects of Fe(II) oxidation in smectites remain unresolved despite the 156 

extensive investigations of reduced dioctahedral clays. While studies have examined the 157 

reoxidation of several dioctahedral smectites in oxygen-equilibrated fluids (Fialips et al., 2002a; 158 

Komadel et al., 1990; Komadel et al., 1999), oxidation rates have not been examined under 159 

microoxic levels favored by microaerophilic iron oxidizers. Separately, the potential role of 160 

nitrite as an oxidant of Fe(II) in smectites is uncertain. Nitrite is a reactive intermediate formed 161 

by denitrifying bacteria (Betlach and Tiedje, 1981; Glass and Silverstein, 1998) and implicated 162 

in oxidation of dissolved Fe(II) (Klueglein and Kappler, 2013; Klueglein et al., 2014). Prior 163 

literature is contradictory regarding whether nitrite abiotically oxidizes structural Fe(II) in 164 

reduced dioctahedral smectites, with reports of both minor reactivity (Zhao et al., 2013) and 165 

substantial reactivity (Grabb et al., 2017) on timescales of ten to twenty days. 166 

 In this study, two trioctahedral ferrous smectites of different compositions were 167 

synthesized and their oxidation rates were determined in the presence of dissolved oxygen at 168 

atmospheric (21% O2) and microoxic (2% O2) levels. The observed rates were fitted to a kinetic 169 

model and then compared across different smectite compositions and oxygen concentrations to 170 
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explore how oxidation rates and extents vary with these parameters. The rates of oxidation of 171 

trioctahedral ferrous smectites with nitrite were also investigated. The products of each 172 

experiment were characterized by powder X-ray diffraction (XRD) to evaluate changes to the 173 

smectite unit cell and identify possible crystalline secondary phases. Mössbauer spectroscopy 174 

was utilized to analyze changes in iron speciation and detect potential secondary short-range-175 

ordered (amorphous or nanocrystalline) iron phases. Extended X-ray absorption fine structure 176 

(EXAFS) spectroscopy evaluated changes in the local coordination environment of solid-phase 177 

iron following oxidation. Products of trioctahedral ferrous smectites exposed to hydrogen 178 

peroxide were also studied to assess structural alteration and the possible ejection of iron 179 

following near-complete oxidation of structural iron. Through these analyses, we constrain the 180 

oxidation behavior of trioctahedral ferrous smectites under exposure to oxidants relevant to both 181 

early Earth and modern subsurface environments. 182 

 183 

2 MATERIALS AND METHODS 184 

2.1. Synthesis of Trioctahedral Smectites 185 

 Two smectites were synthesized using a previously-published hydrothermal sol-gel 186 

method (Decarreau and Bonnin, 1986) modified to inhibit iron oxidation during heating 187 

(Chemtob et al., 2015). All synthesis steps that did not involve sealed vessels were carried out in 188 

an anaerobic chamber (Coy Laboratory Products, 96% N2, 4% H2, O2 < 20 ppm). A secondary 189 

oxygen trap containing 40% potassium hydroxide and 10% pyrogallol was also employed in the 190 

anaerobic chamber. Water used in each step was ultrapure (>18.2 MΩ cm) and deoxygenated 191 

through sparging, first with nitrogen gas on the benchtop and then using the gas mix inside the 192 

anaerobic chamber. Dissolved oxygen concentrations were measured colorimetrically after 193 
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sparging (CHEMetrics test kit K-7540); all sparged waters contained undetectable dissolved 194 

oxygen (detection limit of 2.5 µg L-1 , ~80 nmol L-1). Synthesis began with formation of a gel by 195 

combining a solution of sodium silicate with a mixture of aluminum, magnesium and iron(II) 196 

chloride solutions at a ratio corresponding to a target final smectite composition (Table 1). After 197 

aging for 24 hours, the gel and fluid were separated by centrifugation (50 mL Oak Ridge style 198 

tubes with sealing caps, Beckman Coulter Avanti 30 centrifuge, F0850 rotor, 16500 rpm/29000 199 

g), then resuspended in deoxygenated ultrapure water and centrifuged once more to remove any 200 

excess salt. The washed gel was resuspended in water once more and adjusted to pH 9 with 0.5 201 

mol L-1 sodium hydroxide or 1.0 mol L-1 hydrochloric acid. The gel suspension for each 202 

synthesis was continuously-stirred and evenly divided in 10 mL increments into two, 200 mL 203 

PTFE-lined, steel-jacketed hydrothermal vessels (Parr Instrument Company model 4748A) 204 

which were sealed and transferred to a vacuum oven (Lindberg/BlueM V01218A). The oven was 205 

evacuated and then backflushed with ultrahigh purity nitrogen gas five times and the sealed 206 

vessels were then heated at 200°C for 15 days. The oven was set to a slight vacuum condition 207 

(-30 kPa relative to atmospheric pressure) to maintain the door seal; the internal pressure did not 208 

change over the 15-day heating period. 209 

 Following the hydrothermal treatment, the reactors were transferred back to the anaerobic 210 

chamber and synthetic smectites were suspended in a 0.5 mol L-1 calcium chloride solution to 211 

saturate the interlayer with calcium. After Ca-saturation the smectites suspensions were 212 

centrifuged in sealed tubes (16500 rpm/29000 g) with the fluid then decanted. Excess dissolved 213 

salts in the remaining liquid were removed by twice suspending the smectites were ultrapure 214 

water and then centrifuging again in sealed tubes, with the supernatant decanted. The wet clay 215 

pastes were transferred to a vacuum desiccator loaded with a 4 Å molecular sieve for drying. All 216 
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steps in the washing and drying process were carried out in the anaerobic chamber except for 217 

centrifugation. Once sufficiently dry, the samples were ground to a powder using an agate mortar 218 

and pestle and sealed in secondary containment within the anaerobic chamber to protect them 219 

from inadvertent oxidation. 220 

 221 

2.2. Compositional Analysis of Synthetic Smectites 222 

  To determine the structural formula for each smectite, a lithium metaborate fusion 223 

(Amonette, 1994) method was used. 50 mg of smectite was finely ground in an agate mortar and 224 

pestle and combined with 350 mg of lithium metaborate flux in a graphite crucible. The mixture 225 

was then melted at 1050°C in a muffle furnace for fifteen minutes to produce a glass pellet which 226 

was quenched into 40 ml of 10% v./v. trace metal grade nitric acid in a centrifuge tube. This tube 227 

was then sealed and placed into a sonicating bath for 12 hours to ensure complete dissolution of 228 

the sample. The dissolved sample was diluted and measured on a Thermo Scientific iCap 7400 229 

Duo inductively coupled plasma optical emission spectrometer (ICP-OES). The iron oxidation 230 

extent of the solids was determined colorimetrically using a modified 1,10-phenanthroline assay 231 

(Tarafder and Thakur, 2013). In place of the leaching procedure Tarafder and Thakur 232 

demonstrated for syenite and gabbro, recovered solids were completely dissolved by placing the 233 

sample into 10 ml of 20 g/l ammonium bifluoride solution. To ensure dissolution, samples were 234 

mixed continuously for 30 minutes in an end-over-end rotator. Following dissolution, 200 ul of 235 

the dissolved clay solution was added to two 2 ml cuvettes, one with 1200 ul of water and 200 ul 236 

of 5% hydroxylamine hydrochloride to reduce the ferric iron, and another with 1400 ul of water. 237 

200 ul of 10% sodium citrate was then added to each sample to buffer the pH and finally 200 ul 238 

of 0.1% 1,10-phenanthroline was added to develop color in the presence of ferrous iron. These 239 
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cuvettes were then measured in a UV-Vis spectrometer to capture the absorbance at 510 nm. The 240 

elemental abundances obtained by ICP-OES were normalized to 22 anionic charges per half unit 241 

cell and cations were assigned to either tetrahedral, octahedral or interlayer sites according to 242 

their affinity with that site (Amonette, 1994). Iron was divided into ferrous and ferric pools based 243 

on the ratio obtained by colorimetry 244 

 245 

2.3. Oxidation Kinetics Studies 246 

 Each kinetic study was conducted in an artificial freshwater media (Emerson and Floyd, 247 

2005) for microaerophilic lithophiles that was chosen to replicate the conditions utilized in 248 

microbial cultures, e.g., (Zhou et al., 2022), and consistent with natural bicarbonate-buffered 249 

aquatic environments. The media contained 1 mL per liter each of ATCC Vitamin Supplement 250 

(ATCC MD-VS) and ATCC Trace Mineral Supplement (ATCC MD-TMS). Full media 251 

composition appears in Table S1; note that the 0.35 µmol L-1 Fe(II) in the media is <0.1% of the 252 

total Fe(II) in each experiment. A 10 mmol L-1 MES buffer was added to decrease the pH drift 253 

over the course of the experiment. For each replicate, 200 mg of smectite was suspended in 100 254 

ml of the media and adjusted to an initial pH of 6.2±0.1 using 1 mol L-1 hydrochloric acid. This 255 

pH was chosen to mirror conditions used in microbial cultures, such as for the iron-oxidizing 256 

lithophile Sideroxydans lithotrophicus ES-1 (Emerson and Floyd, 2005), to enable comparisons 257 

with biotic studies (Zhou et al., 2022). Suspensions were kept in foil-wrapped 125 ml 258 

borosilicate serum bottles sealed with butyl rubber septa. Each experiment was conducted in 259 

triplicate.  260 

 In order to determine the rate of oxidation by dissolved oxygen, either air or a gas 261 

mixture of 78% N2, 20% CO2, and 2% O2 was first humidified and then passed through a 0.22 262 
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µm filter membrane to each serum bottle at a rate of 50 mL min-1. The gas mixture composition 263 

was selected to mirror the headspace used in microaerophilic microbial oxidation studies (Zhou 264 

et al., 2022). Suspensions were continuously stirred for the duration of the experiment. 265 

Temperature and dissolved oxygen were measured every 10 minutes for the duration of the 266 

experiments using a Pyro Science Firesting-O2 optode system with contactless sensor spots 267 

mounted on the inside walls of the serum bottles for oxygen, and a temperature probe in a 268 

separate smectite-free serum bottle. 269 

 Sodium nitrite was added to a second set of 125 mL serum bottles for both smectite 270 

compositions filled with 100 ml of media to a concentration of 5 mmol L-1. Nitrite is a reactive 271 

intermediary produced during bacterial denitrification that has been shown to accumulate 272 

extracellularly (Betlach and Tiedje, 1981) up to mmol L-1 concentrations (Kappler et al., 2005; 273 

Weber et al., 2006). For both smectite compositions an oxidant-free control was also prepared. 274 

These serum bottles were then sealed inside the anaerobic chamber with butyl rubber stoppers. 275 

The control and nitrite experiments were kept on a horizontal orbital shaker table at 150 rpm and 276 

sampled inside the anaerobic chamber. Nitrite content was monitored using the Griess assay 277 

(Ivanov, 2004) on supernatant fluids collected at each time point. An analytical problem 278 

prevented nitrite quantification for the experiment with the high-iron smectite. 279 

 At each timepoint, a 3 mL subsample of the suspension was collected from each 280 

suspension and filtered onto a 0.22 µm PTFE filter membrane inside the anaerobic chamber. The 281 

filter was washed with deoxygenated ultrapure water to remove any adsorbed oxidants. 282 

Digestion in ammonium bifluoride solution followed by colorimetry was used to measure the 283 

extent of oxidation in the smectite sample collected via filtration at each timepoint; this method 284 

was identical to that used for the initial compositional analysis. At the end of each kinetic 285 
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experiment, the remaining smectite suspension in each reactor was centrifuged in sealed tubes 286 

(16500 rpm/29000 g) and then decanted to remove the reaction solution. The solids were 287 

resuspended once in ultrapure water followed again by centrifugation and decanting of the 288 

supernatant. The solids were then dried in a vacuum desiccator in the anaerobic chamber and 289 

then sealed in secondary containers until used for solid-phase analyses. 290 

The rates of iron oxidation in the oxygen exposed smectites were quantified using a two-291 

term second-order kinetic model whose rates are defined by Equation 1:  292 

ௗሾி௘ሺூூሻሿ

ௗ௧
ൌ 𝑘ଵ𝑎ଵ

ଶ ൅ 𝑘ଶ𝑎ଶ
ଶ     (Eq. 1) 293 

Where k1 and k2 are the two different rate constants that govern the portions of Fe(II) a1 and a2, 294 

respectively. The integrated form, with the additional non-reactive portion is given in Equation 295 

2: 296 

𝐹𝑒ሺ𝐼𝐼ሻ௧ ൌ
௔భ

௞భ௧ሺ௔భାଵሻ
൅

௔మ
௞మ௧ሺ௔మାଵሻ

൅ 𝑎ଷ     (Eq. 2) 297 

Fe(II)t is the fraction of iron remaining as Fe(II) at time t and a3 is the portion of Fe(II) that is 298 

recalcitrant to oxidation. Note that the sum of a1, a2, and a3 represents the fitted Fe(II)/Fe(Total) 299 

at the start of the experiment (t = 0). These are not constrained to sum to 1 to enable simulation 300 

of a minor initial Fe(III) content, as seen for prior synthetic Fe(II)-bearing smectites (Chemtob et 301 

al., 2015; Fox et al., 2021). This integrated equation was fit to the data with parameters of the 302 

model determined in MATLAB using a Levenberg-Marquardt nonlinear least squares regression. 303 

Each datapoint was weighted by the experimental uncertainty in that point. The same model was 304 

applied to all datasets to enable the comparison of parameters between the studies. A two-term 305 

second-order model was chosen in line with previous published analysis of Fe(II) oxidation in 306 

smectites (Neumann et al., 2008). This prior work allowed for the interconversion of less 307 

reactive (k1) to more reactive (k2) sites, with a conversion rate determined through an oxidant 308 
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spike experiment. Our experiments maintained a continuous flow of oxygen and we did not 309 

determine an interconversion rate. 310 

 311 

2.4. Oxidation by Hydrogen Peroxide 312 

 Both synthetic smectites were exposed to hydrogen peroxide in order to produce fully 313 

oxidized products. These experiments were not conducted in triplicate because oxidation was 314 

predicted to be complete and too rapid to be measured in kinetic studies. A suspension of 20 mg 315 

of smectite in 100 ml of media was prepared in a sealed 125 ml serum bottle for both 316 

compositions and stirred continuously with a magnetic stir bar. A 30% hydrogen peroxide 317 

solution was added at a ten to one molar ratio of H2O2 to Fe for each suspension, with a needle 318 

inserted to vent excess gas buildup. This process was carried out on the benchtop, not in an 319 

anaerobic chamber, because hydrogen peroxide decomposes to oxygen. Suspensions were vented 320 

and continuously stirred with a stir bar for 24 hours to allow for the decomposition of the 321 

remaining hydrogen peroxide before being transferred to the anaerobic chamber. Following 322 

oxidation, samples were filtered and stored similarly to other samples. The completion of 323 

oxidation was checked using the same colorimetric method to measure iron oxidation as with 324 

other samples. 325 

 326 

2.5. Solid-phase Product Characterization 327 

2.5.1. X-ray Diffraction 328 

  Powder XRD patterns for the synthesized smectites and reaction products were measured 329 

using Cu Kα radiation from an X-ray tube operating at 40 kV with a 40 mA current on a Bruker 330 

d8 Advance X-ray diffractometer equipped with a LYNXEYE XE energy-dispersive silicon strip 331 
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detector. Samples were evenly ground using an agate mortar and pestle and measured in a silicon 332 

zero-background sample holder. In order to prevent oxidation during measurement an acrylic 333 

dome was fitted over the samples to maintain an anoxic environment. Each sample was 334 

measured from 3˚ to 65˚ 2θ with 0.019° steps and 0.8 s integration time per step. By scanning 335 

over all 192 strips of the detector for 0.8 seconds each, a total integration time of 153.6 s is 336 

achieved for each 2θ position. Positions of the (001) peak and (06,33) hk band were determined 337 

by least-squares fitting utilizing a pseudo-Voigt profile and assuming a linear background. 338 

 339 

2.5.2. Mössbauer Spectroscopy 340 

Samples from one replicate in each set of experimental conditions were selected for 341 

Mössbauer analysis. These were evenly ground using an agate mortar and pestle and then 342 

homogenously mixed with boron nitride to achieve 10 mg of iron in each 1 cm round PTFE 343 

sample holder. Sample holders were sealed with Kapton tape, and then impulse-sealed in 344 

polyethylene pouches to inhibit oxidation during measurement. Spectra were collected at room 345 

temperature (295 K) and at both 13 K and 5 K using a liquid helium cryostat. Samples were 346 

measured in transmission with a 10 to 50 mCi 57Co-Rh gamma source on a 1024 channel 347 

detector. Measurement time was up to 18 h for each temperature, and all measurements were 348 

taken between -11 and +11 mm s-1. Fitting of each spectrum was accomplished using the Voigt 349 

based fitting module of the Recoil software package (Lagarec and Rancourt, 1997). 350 

 351 

2.5.3. EXAFS Spectroscopy 352 

 Samples of the initial synthetic smectites from one replicate in each of the 21% O2 and 353 

hydrogen peroxide oxidation studies were prepared for EXAFS spectroscopy measurements by 354 
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sealing the solids in polyimide washers (0.14 mm thick, 4 mm inner diameter, 9.5 mm outer 355 

diameter) using Kapton tape. Aluminized Kapton film was then affixed to each sample holder 356 

using epoxy as a secondary barrier to prevent exposure to O2 in air. EXAFS spectra were then 357 

measured in transmission at Advanced Photon Source beamline 12-BM-B. The incident beam 358 

energy was scanned using a fixed-offset Si (111) double-crystal monochromator. The 359 

monochromator was detuned 20% to decrease the harmonic content. A pair of flat and toroidal 360 

mirrors defined the beam shape to approximately 1 mm diameter and further decreased the 361 

harmonic content. A metallic iron foil was used for energy calibration, with the first maxima in 362 

the first derivative set to 7112 eV. Three scans were collected for each sample and averaged in 363 

the Athena (Ravel and Newville, 2005) interface to IFEFFIT (Newville, 2001), followed by 364 

extraction of the EXAFS spectrum for analysis. 365 

 A structural model was refined to each k3-weighted EXAFS spectrum using Sixpack 366 

(Webb, 2005). Backscattering phase and amplitude functions for neighboring atoms were 367 

calculated in FEFF 7.02 using the structure of siderophyllite (Redhammer and Roth, 2002). The 368 

calculation was performed on a modified structure that included Al, Fe, and Mg as neighboring 369 

octahedral cations to provide the necessary fitting components. The amplitude reduction factor, 370 

S0
2, was set to 0.9 for fitting. Data were fitted in R-space between 0.8 and 4.0 Å with a Fourier 371 

transform range of 3 to 13 Å-1 (Hanning window, dk = 1 Å-1). A local coordination model was 372 

created consisting of two oxygen neighbors to represent Fe-O interatomic distances expected for 373 

Fe(II) and Fe(III). Each oxygen shell was given a coordination number corresponding to 374 

octahedral coordination scaled by the fractional abundance of Fe(II) or Fe(III) measured by 375 

colorimetry. The neighboring tetrahedral sheet cations were modeled as four Si neighbors.  The 376 

minor tetrahedral Al component was not explicitly included because it displays similar 377 
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backscattering behavior as Si and would have a negligible impact on the fitting results.  The 378 

adjacent octahedral sheet cations were modeled as Fe, Al, and Mg neighbors having a 379 

distribution based on the clay composition and site occupancy, assuming a random distribution. 380 

To decrease correlations, the interatomic distance to each was linked to have a single value. Two 381 

σ2 values were fitted, one for the Fe shell and one for the Al and Mg shells because the former 382 

likely consists of a mixture of Fe(II) and Fe(III) and is thus expected to have greater apparent 383 

positional disorder. Expected differences in Fe-Fe interatomic distance resulting from the distinct 384 

ionic radii (Shannon, 1976) of Fe(II) and Fe(III)  (0.135 Å) are smaller than the spatial resolution 385 

of the data (0.157 Å) and thus cannot be modeled separately. 386 

  387 

3. RESULTS 388 

3.1. Characterization of Initial Synthetic Smectites 389 

The compositions of the two synthetic smectites (Table 2) are consistent with 390 

trioctahedral saponites enriched in iron (April and Keller, 1992; Badaut et al., 1985; Kohyama et 391 

al., 1973; Parthasarathy et al., 2003). Layer charge determined from the structural formulas 392 

resided solely in the tetrahedral sheet from aluminum substitution for silicon. Despite hosting 393 

some aluminum and the small portion of iron that oxidized during synthesis, the trioctahedral 394 

sheets have only slight net positive charges because trivalent ion substitutions are largely offset 395 

by small vacancy contents. Both smectites have similar octahedral sheet occupancy close to the 396 

ideal trioctahedral case.  Consistent with previous syntheses of similar phases (Chemtob et al., 397 

2015; Fox et al., 2021), the compositions of the resulting smectites were depleted in magnesium 398 

relative to the ratios of components in the initial precipitating solutions. The initial Fe:Mg:Al 399 

ratios for the precipitating fluids (Table 1) were 40:40:20 and 60:20:20 for the resulting 53:24:23 400 
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and 70:08:23 smectites, respectively. In both cases iron and aluminum appear as a higher 401 

proportion of the resulting composition relative to magnesium than in the precipitating fluid. 402 

XRD patterns for both smectites indicate the presence of no other detectable crystalline mineral 403 

phases (Fig. 1). Asymmetry seen in some features is typical for turbostratically-stacked 404 

phyllosilicates (Brindley and Brown, 1982; Moore and Reynolds, 1997). Positions of the (06,33) 405 

hk band (Fig. 1), corresponding to d-spacings of 1.537 Å for the moderate-iron smectite and 406 

1.546 Å for the high-iron smectite, are consistent with trioctahedral smectites (Moore and 407 

Reynolds, 1997), including smectites of similar composition (Chemtob et al., 2015; Fox et al., 408 

2021). The (001) peak positions, corresponding to d-spacings of 16.2 and 16.4 Å for the 409 

moderate- and high-iron smectites, respectively, indicate predominantly two layers of water in 410 

the Ca-saturated interlayer (Brindley and Brown, 1982; Watanabe and Sato, 1988). The Fe K-411 

edge EXAFS spectra of the initial synthetic smectites (Fig. S1) are consistent with the measured 412 

compositions and a random distribution of octahedral cations through the clay structures 413 

(Supplementary Material). 414 

 Room temperature Mössbauer spectra for the two smectite compositions (Fig. 2) were 415 

well fit by a single doublet each for Fe(II) and Fe(III) (Table 3). The proportion of Fe(III) to 416 

Fe(II) in the synthesized clays determined by Mössbauer spectroscopy were in agreement with 417 

colorimetric measurements (Table 4). Mössbauer spectra of unoxidized samples at low 418 

temperature show a pattern consistent with the nascent emergence of ferrous octets with a 419 

magnetic ordering temperature that increases with increasing Fe(II) content (Ballet et al., 1985; 420 

Rancourt et al., 1994; Ribeiro et al., 2009; Rothwell, 2019). Spectra of both compositions begin 421 

to magnetically-ordered at lower temperatures, with the onset of ordering observed at 13 K for 422 

the high-iron smectite and at 5 K for the moderate-iron smectite (Fig. 2). These low-temperature 423 
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spectra are similar to those of fully-reduced nontronites or other layer silicates with substantial 424 

ferrous substitution (Cardile et al., 1986; Rancourt et al., 1994; Stucki, 2011). The partially-425 

ordered ferrous octet at low temperature can be modeled using a Full Static Hamiltonian method, 426 

but there is still debate over the interpretation of the parameters (Rothwell, 2019). For our 427 

purposes here, which relate mostly to oxidation extent, we only qualitatively interpret these low 428 

temperature spectra and focus quantitative interpretation on the 295 K spectra.  429 

 430 

3.2. Rates and Extents of Oxidation of Fe(II) in Smectites 431 

3.2.1. Oxidant-free controls 432 

 Negligible oxidation of ferrous iron in the smectites occurred during control studies 433 

conducted in the absence of oxidants (Fig. 3). Measured Fe(II) / Fe(Total) ratios were slightly 434 

lower than those obtained during initial characterization, which we attribute to prolonged 435 

exposure to traces of oxygen in the anaerobic chamber used for these studies. An increase in pH 436 

of ~0.4 units occurred over the course of the experiments (Table 4). This is attributed to slight 437 

CO2 degassing after decapping the reactors and measuring the pH in the low-CO2 atmosphere of 438 

the anaerobic chamber, although minor smectite dissolution or surface acid-base chemistry 439 

cannot be ruled out as a contributing factor.  440 

 441 

3.2.2. Oxidation by Dissolved Oxygen 442 

 Dissolved oxygen incompletely oxidizes both smectite compositions, irrespective of 443 

oxygen concentration (Fig. 3). Oxidation initially proceeded rapidly for both compositions but 444 

then slowed despite ferrous iron remaining in the smectite structures. The initial rate and total 445 

extent of oxidation were greater for the high-iron composition clay compared to the moderate-446 
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iron composition (Table 5). Atmospheric O2 levels produced more rapid oxidation, and 447 

oxidation proceeded to a greater extent compared to 2% O2(g) in the microoxic studies, 448 

regardless of smectite composition. 449 

 Dissolved oxygen levels took several hours to reach equilibrium in both the air-450 

equilibrated and microoxic studies (Fig. S2). Pre-equilibration of the solution with O2 was not 451 

possible because the smectites needed to first be suspended and hydrated under anoxic 452 

conditions prior to initiating the experiments. Initial gas-water equilibration with O2 was more 453 

rapid in studies using atmospheric oxygen than in the microoxic experiments. This is likely due 454 

to high initial rates of consumption by the oxidation of ferrous iron while gas composition and 455 

flow rates remained constant. Dissolved oxygen levels after this point remained stable and 456 

primarily varied with temperature, which affects oxygen solubility. In each experiment, pH 457 

increased by 0.4 to 0.7 units over the course of the experiment (Table 4), again likely from CO2 458 

degassing during pH measurement in the anaerobic chamber. The effect was smaller in the 459 

microoxic studies, potentially because of increased buffering capacity from the greater CO2 460 

partial pressure in these experiments. 461 

 462 

3.2.3. Oxidation by Nitrite 463 

 In contrast to reaction with dissolved oxygen, suspensions of both smectites in media 464 

containing 5 mmol L-1 sodium nitrite showed minimal oxidation over the experimental period of 465 

650 hours for the moderate iron smectite and 1302 hours for the high iron smectite (Table 4, Fig. 466 

4). The Fe(III)/Fe(Total) of nitrite-exposed samples were generally indistinguishable from 467 

oxidant free controls except at long time intervals with the high-iron smectite, with the 468 

Fe(II)/Fe(Total) ratio dropping below 0.8 at 580 hours and proceeding to 0.73±0.04 at 1302 469 
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hours. For the moderate-iron smectite, no variation in nitrite concentration was observed over the 470 

duration of the experiment (Fig. S3). An analytical problem prevented quantification of 471 

dissolved nitrite for the high-iron concentration experiment. However, the observed iron 472 

oxidation requires reduction of only 1.7% of the nitrite in the experiment, smaller than the 473 

typical 4.6% standard deviation of nitrite concentrations in the triplicate reactors for the 474 

moderate-iron experiment. This amount of nitrite reduction would not have been observable. 475 

 476 

3.2.4. Oxidation by Hydrogen Peroxide 477 

 Oxidation by hydrogen peroxide resulted in an immediate change in the color of the 478 

smectite from blue-green to brown. This reaction was accompanied by the release of a 479 

substantial amount of gas, presumably O2 although this was not measured. The extent of 480 

oxidation in the smectite measured colorimetrically and by Mössbauer spectroscopy were in 481 

close agreement (Table 4), with both showing 3 to 6 % residual Fe(II) remained after oxidation 482 

by hydrogen peroxide. 483 

 484 

3.3. Analysis of Oxidation Kinetics 485 

A two site second-order kinetic model (Equations 1, 2) was fit to each dataset for 486 

oxidation by O2 (Table 5). Fast and slow oxidation components as well as a recalcitrant Fe(II) 487 

fraction were independently fitted for the high-iron smectite results. For the high-iron smectite, 488 

the rapid component had a rate constant ~5 times greater at 21% O2 compared to 2% (Table 5). 489 

While this may suggest kinetic behavior that is not first-order with respect to oxygen partial 490 

pressure, dissolved oxygen concentrations took 1 to 4 h to equilibrate with the gas stream; this 491 

period of unbuffered oxygen partial pressure was not accounted for in the model. Data at short 492 
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reaction times (<3 h) was not obtained for the moderate-iron smectite at both O2 concentrations 493 

and this prevented accurate fitting of the rate constant for the fast oxidation component (k1). This 494 

parameter was fixed to the value obtained from the high-iron smectite experiments using the 495 

same O2 concentration (Table 5). This precludes comparison of the rate of the rapid component 496 

(k1) between two clays.  497 

The fraction of oxidized Fe(II) modeled by the fast component (a1) was greatest for the 498 

high-iron smectite oxidized by air, with this contribution decreasing under lower oxygen partial 499 

pressure and for the moderate-iron smectite. The moderate-iron smectite reacted with 2% O2 500 

contained a substantially lower initial Fe(II) concentration than the same smectite immediately 501 

after synthesis or in the other experiments (Table 4). Kinetic modeling of the oxidation of the 502 

moderate-iron smectite by 2% O2 required only a small contribution of the fast oxidation 503 

component (i.e., a small a1 value). We hypothesize that inadvertent partial oxidation occurred 504 

during the setup for this specific experiment, and that a portion of the fast-reacting Fe(II) pool 505 

was consumed before our measurements were initiated. 506 

For each smectite, the modeled slow oxidation component of the kinetic behavior 507 

accounted for a similar fraction of Fe(II) oxidation under both oxygen levels (Table 5). Kinetic 508 

modeling produced a smaller recalcitrant Fe(II) fraction for the high-iron smectite compared to 509 

the moderate-iron smectite (Table 5), consistent with observed differences total Fe(II) oxidation 510 

(Fig. 3). For both clays, the modeled recalcitrant fraction was greater for experiments with 2% 511 

O2 than with 21% O2 (Table 5). This indicates that slower overall reaction rates, as produced by 512 

lower Fe(II) contents or O2 concentrations, generate greater fractions of recalcitrant Fe(II). 513 

 The modeled extent of oxidation in the control experiments, as well as the nitrite-exposed 514 

experiment with the moderate-iron smectite, was equal to or within error of zero. We evaluated 515 
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this behavior using a single first-order kinetic term with a recalcitrant portion (see 516 

Supplementary Material). For the oxidant-free control experiments, the model-obtained rate 517 

constants were effectively zero after considering parameter uncertainty (Table S3), confirming 518 

that no detectable oxidation occurred over the duration of these control experiments. Reaction of 519 

the moderate-iron smectite with nitrite yielded a rate constant that was the same order of 520 

magnitude as, but smaller than, its uncertainty, indicating that no statistically-significant 521 

oxidation occur on the experimental timescale. Reaction of the high-iron smectite with nitrite 522 

was the only system to produce a rate constant that was not within error of zero (Table S3, Fig. 523 

S4). However, accurately quantifying the rate of oxidation of this clay by nitrite would require 524 

experiments longer than the 54-d duration explored in this study because of the slow reaction 525 

rate. 526 

 527 

3.4. Characterization of Oxidation Products 528 

3.4.1. Powder X-ray Diffraction 529 

No features from crystalline secondary minerals were observed in the XRD patterns of 530 

the oxidized smectites but diffraction features associated with layer stacking and lattice size 531 

shifted systematically (Fig. 5, 6). The (001) peak positions (Fig. 5) of the smectites show a 532 

general shift to higher angle with increasing extent of oxidation (Table 6), resulting in a 533 

decreased in d-spacing (Fig. 7). The (001) d-spacing for the initial synthetic smectites is 534 

systematically larger than for the reacted smectites, deviating from the trend with increasing iron 535 

oxidation extent. This reflects differences in drying between the initial smectites and the reacted 536 

smectites. While both were dried in a vacuum desiccator, the initial smectite samples had 537 

substantially larger masses (~5 g) than the reacted samples (<200 mg) and thus reached different 538 
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extents of dehydration during similar desiccation times. In addition, suspension in the media 539 

solution during the oxidation experiments alters the interlayer cation composition (this was not 540 

measured) compared to the initially Ca-saturated smectites, which also impacts the (001) d-541 

spacing. All of the smectites used in oxidation experiments experienced the same fluid 542 

composition and drying procedures and the observed trend among these reacted samples is thus 543 

robust.  The (06,33) hk bands (Fig. 6) also shift to higher angle after oxidant exposure (Table 6), 544 

corresponding with a shift towards smaller b unit cell parameters. This results from Fe(II) in the 545 

octahedral sheet oxidizing to Fe(III), which has a smaller ionic radius (Shannon, 1976). The 546 

high-iron smectite displays a more linear relationship between (06,33) d-spacing and extent of 547 

oxidation than the moderate-iron smectite (Fig. 7). All changes to the XRD patterns of the 548 

smectites were greatest after reaction with hydrogen peroxide and smallest after reaction with 549 

nitrite, showing that oxidation extent (Table 4) is the primary cause of structure change.  550 

 551 

3.4.2. Mössbauer Spectroscopy  552 

Spectra collected at 295 K (Fig. 8, 9) show only paramagnetic ordering and a transition 553 

from primarily an Fe(II) doublet to an Fe(III) doublet with increasing extent of oxidation. These 554 

spectra were thus modeled with one Fe(II) and one Fe(III) site using the Voigt-based fitting 555 

module in Recoil (Table 3). The resulting Fe(II) and Fe(III) contents were consistent with the 556 

extents of oxidation determined by the colorimetric measurements for the oxygen-exposed and 557 

control samples (Table 4). For both smectites, greater oxidation extent correlated with a smaller 558 

quadrupole splitting of the Fe(II) site (Fig. 10). The Mössbauer-derived Fe(III) content for one 559 

sample (the nitrite-exposed, high-iron sample) was substantially larger than the value determined 560 

from colorimetry (Table 4). We hypothesize that inadvertent oxidation of this sample occurred 561 
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during prolonged storage between the experiments, during which colorimetric analysis occurred, 562 

and the Mössbauer measurements. 563 

The 13 K and 5 K Mössbauer spectra of smectites reacted with oxidants (Fig. 8, 9) are 564 

consistent with layered silicate clays with high iron substitution and spectral features that vary in 565 

response to the Fe(III) and Fe(II) content (Ballet et al., 1985; Rancourt et al., 1994; Ribeiro et al., 566 

2009; Rothwell, 2019). This includes the emergence of magnetic coupling and ordering (or 567 

partial ordering) at low temperatures (generally <13 K) arising principally from magnetic 568 

interactions between Fe atoms in next-nearest neighbor positions, for example Fe-O-Fe. Such 569 

superexchange (Ballet et al., 1985) may result from the high Fe content. The partially ordered 570 

ferrous octet observed in the initial smectites at 5K persists after exposure to nitrite but with the 571 

emergence of a partially-collapsed ferric iron sextet for the high-iron smectite (Fig. 8, 9). For the 572 

oxygen-exposed and hydrogen peroxide samples, the spectra contain a larger Fe(III) component 573 

and the ferrous-magnetic ordering is lost (Fig. 8, 9). In the oxygen-exposed moderate-iron 574 

smectite, this ferric component persists as a doublet down to 5K, with some evidence of a 575 

collapsed feature in the less reduced (2% and 21% O2) samples that may indicate Fe clustering 576 

(Ballet et al., 1985; Rothwell, 2019). For the high-iron smectite samples, the Fe(II) and Fe(III) 577 

doublets are overlain by a weakly-formed and partially collapsed Fe(III) sextet (Fig. 9). The 578 

samples exposed to hydrogen peroxide displayed the greatest amount of Fe(III) for both the high- 579 

and moderate-iron compositions, comprising >94% of the iron in each sample (Table 4) and 580 

show a strong doublet component in the 5 K spectra and a similar partially collapsed Fe(III) 581 

sextet at 5 K for the high-iron sample. 582 

Many layered silicates have low to moderate Fe substitution levels and do not exhibit any 583 

hyperfine field splitting or magnetic ordering in their Mössbauer spectra at 5 K. The spectra of 584 
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these typical clay minerals contain only ferric or ferrous doublets. Any sextets in Mössbauer 585 

spectra of such low-iron clay samples (even partially-ordered sextets) suggest the presence of 586 

secondary Fe-oxide phases. Exceptions to this assumption occur at both at the extreme low-end 587 

of Fe substitution, where some non-parametric relaxation can produce a broad sextet (Murad and 588 

Cashion, 2004), or at high levels of substitution where clusters of Fe atoms can interact through 589 

superexchange and produce hyperfine field splitting and partial or full magnetic ordering (Murad 590 

and Cashion, 2004; Rancourt et al., 1994). The latter case applies to the smectites in the present 591 

study. 592 

Distinguishing Fe atoms in iron-rich (or extremely iron-poor) layered silicates from 593 

secondary iron (oxyhydr)oxides, both of which can exhibit hyperfine ordering at 5 K, using 594 

Mössbauer spectroscopy requires collection of spectra at temperatures intermediate between 595 

ambient and 5 K (Chen et al., 2017). For Fe(III) atoms in layered silicates, any hyperfine 596 

splitting or magnetic ordering present at 5 K usually disappears at 12 K, whereas short-range-597 

ordered iron oxyhydroxides (e.g., ferrihydrite) typically retain magnetic ordering until 598 

temperatures exceed 35 to 77 K (Sun et al., 2018; Whitaker et al., 2021). Even the most highly 599 

substituted or nanosized short-range-ordered iron oxyhydroxides will nearly always exhibit at 600 

least partial ordering by 12 K (Chen et al., 2018; Noor and Thompson, 2022). Thus, by collecting 601 

spectra at both 4 to 5 K and 12 to 13 K, Fe(III) in silicates and Fe(III) in secondary oxides can 602 

distinguished. 603 

For the samples studied here, oxidation of the moderate-iron smectites, even with H2O2, 604 

do not produce hyperfine field splitting of Fe(III) atoms at either 13 K or 5 K (Fig. 8). We can 605 

reasonably conclude that no secondary iron oxides or short-range-ordered iron(III) 606 

oxyhydroxides were produced and the Fe(III) exists in generally similar (or uniformly 607 
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distributed) sites. For the oxidized high-iron smectites, the hyperfine field for one or two Fe sites 608 

are split and near their ordering temperature at 5 K (Fig. 9). Progressively more oxidized 609 

samples (2% O2, 21% O2, and H2O2 treatments) have similar features so we can evaluate the 610 

H2O2 sample where near-complete oxidation has occurred. The 5 K Mössbauer spectrum of the 611 

H2O2-oxidized sample contains an Fe(III) sextet with a low field strength (hyperfine field: 612 

42.30.2 T, chemical shift: 0.470.02 mm s-1, quadrupole splitting: -0.040.02 mm s-1), a 613 

collapsed Fe(III) sextet, and an Fe(III) doublet (chemical shift: 0.470.2 mm s-1, quadrupole 614 

splitting: 1.000.02 mm s-1). This could reflect Fe(III) occupying three different sites with the 615 

doublet representing isolated Fe(III) atoms (likely in the octahedral sheet), and the full and 616 

collapsed sextets representing Fe with two (Fe-O-57Fe-O-Fe) or one (Fe-O-57Fe) next nearest 617 

neighbors. The collapsed sextet could also reflect adsorbed Fe(III), perhaps in interlayer sites 618 

after partial dissolution of the clay and ion-exchange into the interlayer before or after oxidation. 619 

The lack of any hyperfine splitting at 13 K strongly argues against a distinct short-range-ordered 620 

Fe oxyhydroxide. This spectral interpretation is consistent with a prior study of reduced, re-621 

oxidized dioctahedral smectites (Ribeiro et al., 2009), which displayed a better developed Fe(III) 622 

sextet at 4 K than observed in the present study without formation of secondary Fe(III) 623 

oxyhydroxides.   624 

 625 

3.4.3. EXAFS Spectroscopy 626 

 The Fe K-edge EXAFS spectra of the smectites after oxidation by 21% O2 or H2O2 show 627 

consistent spectral changes compared to the initial smectites (Fig. 11). The Fourier transform 628 

feature near 1.7 Å shifts inward by ~0.15 Å, consistent with the expected contraction from 629 

oxidation of Fe(II) to Fe(III). The second shell feature near 2.8 Å decreases in amplitude, which 630 
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can be produced by a decrease in the number of octahedral or tetrahedral neighbors, increased 631 

positional disorder among the iron sites, or increased destructive interference between the 632 

spectral contributions from the octahedral and tetrahedral cation neighbors. A structural model 633 

(described in Section 2.6) that retains all iron in the octahedral sheet well reproduces the 634 

observed changes in the spectra (Fig. 11). This explicitly models the first shell feature as a 635 

mixture of Fe(II)-O and Fe(III)-O interatomic distances proportioned by the iron oxidation state 636 

quantification via colorimetry (Table S2). The octahedral cation neighbors maintain the relative 637 

abundances of Fe, Al, and Mg predicted from the clay compositions for a random distribution of 638 

neighbors. The structural model identifies increased disorder of both Fe-Fe and Fe-Si interatomic 639 

distances following oxidation (Table S2). Distinct interatomic distances likely result for Fe(III) 640 

in cis and trans sites within the octahedral sheet, creating substantial disorder in the EXAFS 641 

spectra, which represents an average structure over all sites. A slight decrease in the differences 642 

in interatomic distances between Fe and octahedral versus tetrahedral neighbors (Table S2) 643 

creates increased destructive interference that is partially responsible for the decreased intensity 644 

of the second shell feature in the Fourier transform spectra (Fig. 11). 645 

 646 

4. DISCUSSION 647 

4.1. Products of Trioctahedral Smectite Oxidation  648 

4.1.1. Bulk and Local Structural Changes 649 

 The XRD patterns of the oxidized smectites from our experiments reveal minor changes 650 

in the smectite structure (Fig. 5). Among the reacted smectite samples, a decrease in (001) d-651 

spacing is observed for increasing extents of oxidation (Fig. 7). The transition of iron from 652 

divalent to trivalent form would increase the net positive charge on the octahedral sheet, shifting 653 
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the net layer charge to a less negative/more positive value. Similar decreases in the negative total 654 

layer charge of smectites have previously been associated with a decrease in expandability 655 

(Komadel et al., 2005). While oxidation did not result in interlayer collapse, with the samples 656 

taking on a talc- or illite-like structure, the systematic decrease in d-spacing is likely a direct 657 

effect of the change in layer charge following oxidation. All reacted smectites were exposed to 658 

identical aqueous solution compositions and experienced identical drying conditions prior to 659 

XRD analysis, ruling out experimental artifacts as a cause of the observed variations. 660 

 Oxidation also impacted the in-plane structure of the smectites. The (06,33) hk bands 661 

(Fig. 6) of the oxidized smectites shift towards smaller d-spacings with increased oxidation 662 

(Table 6). There is no evidence of iron ejection from the structure associated with oxidation. No 663 

new crystalline phases, such as goethite, appear in the XRD patterns (Fig. 5). Similarly, the 13 K 664 

Mössbauer spectra of the oxidized samples (Fig. 8, 9) show no evidence of sextets, which would 665 

be expected for all but the most disordered short-range-ordered iron phases and even then partial 666 

ordering would likely be evident (Noor and Thompson, 2022). Further, the EXAFS spectra (Fig. 667 

11) are consistent with full retention of iron in the octahedral sheet. These exclude substantial 668 

migration of iron into the clay interlayer, a possible explanation of a collapsed feature 669 

component in some 5 K Mössbauer spectra. Contributions from a collapsed features are weaker 670 

in the Mössbauer spectra of the moderate-iron smectite, including being absent after oxidation by 671 

H2O2, but this should generate stronger second shell features in the EXAFS spectra for this clay 672 

than for the high-iron smectite, the opposite of what is observed (Fig. 11). Together, these 673 

observations imply that a trioctahedral structure was retained after oxidation. Note that these 674 

methods cannot rule out a small fraction of iron (a few percent at most) forming a discrete 675 
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secondary phase, but this would make a negligible contribution to the overall fate of iron as 57 to 676 

95% oxidizes upon exposure to O2 or H2O2 (Table 4). 677 

 Retention of nearly all iron following oxidation poses a challenge for maintaining charge 678 

balance in the structure. For example, recalculation of layer charge using the initial structural 679 

formulae (Table 2) but with the observed Fe(II)/Fe(Total) ratios after oxidation by 21% O2 680 

would increase the total charge from -0.34 to +1.24 for the moderate-iron smectite and from -681 

0.40 to +1.44 for the high-iron smectite. While an octahedral sheet in a smectite may hold a 682 

positive charge if offset by a negative charge on the tetrahedral sheet, a positive total layer 683 

charge is not possible for a 2:1 clay structure. The available data cannot unambiguously identify 684 

a charge-compensation mechanism, but near-complete iron retention and preservation of 6-685 

coordinated sites suggest that substantial deprotonation of octahedral sheet hydroxyl groups 686 

accompanies oxidation. 687 

 688 

4.1.2. Redox Distribution, Magnetic Ordering, and Secondary Phases 689 

  Direct attribution of doublets in Mössbauer spectra to specific octahedral iron sites has 690 

been shown to be difficult, often leading to inaccurate ratios of sites (Baron et al., 2017; Dyar et 691 

al., 2008; Heller-Kallai and Rozenson, 1981; Rancourt, 1994a, b). The majority of the iron 692 

incorporated into the clay structure was initially present as Fe(II), with only 6 to 8 mol. % as 693 

Fe(III). The low Fe(III) contents of the synthetic clays makes it unlikely that tetrahedral iron is 694 

present in the smectite structure, consistent with the single ferric doublet modeled for each initial 695 

sample. Ferrous CS values (Table 3) were similar to those previously reported for synthetic 696 

trioctahedral ferrous smectites (Chemtob et al., 2015) and quadrupole splitting values were 697 

intermediate of the two sites used in the modeling in that work. Ferric parameters (Table 3) are 698 
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similarly within the range of ferric values previously reported for oxidized trioctahedral 699 

smectites (Chemtob et al., 2017). 700 

  While prior work has examined the cryogenic Mössbauer spectra of Fe(II) in 701 

trioctahedral mica, chlorite, and serpentine minerals (Ballet et al., 1985; Rancourt et al., 1994), 702 

this study is the first to report low-temperature spectra from Fe(II)-bearing trioctahedral 703 

smectites. Previous studies have obtained room temperature Mössbauer spectra of natural 704 

(Badaut et al., 1985; Kohyama et al., 1973) and synthetic (Chemtob et al., 2015) ferrous 705 

smectites. All show similar parameters to the 295 K measurements reported in the presented 706 

work, including for the minor ferric component. Reduced dioctahedral smectites provide an 707 

additional comparison, with 4 K Mössbauer spectra of a fully reduced sample of the Garfield 708 

nontronite (Ribeiro et al., 2009) displaying magnetic ordering of ferrous iron similar to the 709 

unoxidized trioctahedral ferrous smectites measured at 5 K in our study. This similarity is 710 

consistent with reduction of iron-rich dioctahedral smectites producing trioctahedral domains in 711 

the mineral structure (Drits and Manceau, 2000; Fialips et al., 2002b; Manceau et al., 2000a; 712 

Manceau et al., 2000b).  713 

 The observed relationship between oxidation extent and quadrupole splitting of the Fe(II) 714 

site (Fig. 10) is consistent with the behavior displayed by a natural ferrous smectite as it oxidized 715 

(Kohyama et al., 1973). This was suggested to indicate that the oxidized smectite had less 716 

distortion surrounding the iron sites than unoxidized smectite. This interpretation matches the 717 

effect on quadrupole splitting observed in the octahedrally-coordinated Fe(II) in micas when 718 

compressed to 200 kbar (Huggins, 1976). It also agrees with simulations showing that greater 719 

distortion of the octahedral sheet of phyllosilicates results in a greater quadrupole splitting for 720 

Fe(II) in the structure (Evans et al., 2005). The observed trend in quadrupole splitting (Fig. 10) 721 
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thus suggests that the remaining Fe(II) in more oxidized smectites exists within a less distorted 722 

local environment. This could result from the structural shifts following oxidation, i.e., in-plane 723 

lattice contraction, but may also indicate that two Fe(II) sites were present in the structures and 724 

the more distorted site preferentially oxidizes. The quadrupole splitting of Fe(III) within the 725 

samples increases slightly with the extent of iron oxidation (Fig. 10), suggesting a more 726 

disordered environment, consistent with the EXAFS results. Similar observations were made in 727 

prior work on natural oxidized trioctahedral smectites (Kohyama et al., 1973). Study of native 728 

Fe(III) in trioctahedral phyllosilicates is limited but generally finds less variation in the 729 

quadrupole splitting of Fe(III) than in dioctahedral phases (Heller-Kallai and Rozenson, 1981).  730 

 731 

4.1.3. Evolving Distribution of Iron Species in the Smectite Structure 732 

 Exposure to nitrite, O2, and H2O2 produced different extents of iron oxidation, creating an 733 

array of different local iron coordination environments (Fig. 12). The random distribution of iron 734 

throughout the clay structures, as indicated by EXAFS spectroscopy, suggests that the initial 735 

Fe(II) present occurred in an array of local coordination environments resulting from the 736 

complex composition of the smectites. While this was only slightly perturbed by exposure to 737 

nitrite, oxidation by O2 converted a substantial fraction of Fe(II) to Fe(III). A complex mixture of 738 

iron species distributed throughout the structure resulted from oxidation, including varying 739 

amounts of octahedral Fe(II)-Fe(II), Fe(II)-Fe(III), and Fe(III)-Fe(III) neighbors. The recalcitrant 740 

Fe(II) fraction that remained preferentially resides in less distorted sites, as indicated by 741 

Mössbauer spectroscopy, but the nature of such sites cannot be ascertained because of the 742 

abundant Fe(III) that co-occurs and produces the dominant signal source in all spectroscopic 743 

methods employed. The evolution of the local coordination environment around iron species in 744 
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the clay structure involves both contraction of neighboring iron sites as they oxidize and an 745 

increase in positive charge, possibly accompanied by hydroxyl deprotonation.  746 

 747 

4.2. Controls on the Extent and Rate of Oxidation by Dissolved Oxygen 748 

Among the two compositions used in our study, the high-iron smectite exhibited a greater 749 

portion of the most reactive Fe(II) species and less nonreactive Fe(II) relative to the moderate-750 

iron smectite. A prior study of trioctahedral smectite oxidation after 7 days of exposure to O2 751 

similarly found that greater Fe(II) content resulted in a greater fractional amount of oxidation 752 

(Chemtob et al., 2017). This behavior aligns with observations of reduced dioctahedral smectites, 753 

where neighboring cations impact the oxidation rates of Fe(II) and trioctahedral Fe(II)-Fe(II)-754 

Fe(II) clusters show the greatest reactivity (Neumann et al., 2011). The greater iron content in the 755 

octahedral sheet of the high-iron smectite should result in a greater number of trioctahedral 756 

Fe(II)-Fe(II)-Fe(II) clusters. This relationship between iron content and trioctahedral Fe(II) 757 

clusters assumes that iron is randomly distributed throughout the octahedral sheet, which is 758 

supported by the EXAFS spectroscopy results. This contrasts with Fe(III)-bearing dioctahedral 759 

smectites that display either preferential (i.e., non-random) iron clustering or avoidance 760 

(Vantelon et al., 2003; Vantelon et al., 2001).   761 

Changes in iron redox potential across different octahedral sites with different 762 

neighboring cations within the smectite may also contribute to the observed kinetic behavior and 763 

recalcitrant Fe(II) pool. Iron in dioctahedral smectites displays a non-Nernstian redox potential 764 

which varies alongside a variety of structural parameters (Gorski et al., 2012; Gorski et al., 765 

2013). The underlying cause of this behavior is not fully known but may be due to either non-766 

unity activity for different iron species or changes in the variety of local coordination 767 



34 

environments that iron exists in within the smectite structure. This non-Nernstian redox behavior 768 

has been shown to effect the kinetics of U(VI) reduction by Fe(III) in a nontronite (Luan et al., 769 

2014), resulting in a fast-reacting iron fraction, a slower fraction, and a non-reactive fraction. 770 

The exact potentials are dependent upon the specific smectite but studies of reduced dioctahedral 771 

smectites have not measured potentials positive enough to inhibit oxidation by oxygen (Gorski et 772 

al., 2012; Gorski et al., 2013). In addition, reduced dioctahedral smectites are observed to 773 

completely re-oxidize in air (Komadel et al., 1990; Komadel et al., 1995; Ribeiro et al., 2009; 774 

Stucki, 2011). The range of redox potentials for iron in trioctahedral ferrous smectites remains 775 

unexamined, but the incomplete extent of oxidation observed in this study suggests that these 776 

sites also have non-Nernstian redox potentials, and that these potentials may be shifted towards 777 

higher voltages than observed for dioctahedral smectites. We hypothesize that the occurrence of 778 

recalcitrant Fe(II) is primarily a thermodynamic phenomenon. Mössbauer spectroscopy indicate 779 

that this species occurs in a symmetric octahedral site, although further characterization is not 780 

possible with available methods. The presence of multiple Fe(III) neighbors represents a 781 

potential stabilization mechanism because this would create a local environment with excess 782 

positive charge, making further oxidation less favorable. 783 

Non-Nernstian redox potentials in smectites, however, do not explain the variation in 784 

extent of oxidation observed for each smectite under different oxygen concentrations. The 785 

differences in the concentrations investigated in this study only have minor effects on the redox 786 

potential (~0.015 V variation for the O2/H2O couple). Considering the redox potential behavior 787 

displayed by reduced dioctahedral smectites (Gorski et al., 2013), this small variation in oxidant 788 

redox potential would result in <2% difference in the fraction of Fe(II) oxidized, whereas the 789 

experiments reveal a 7% difference for the high-iron smectite and a 19% difference for the 790 
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moderate-iron smectite. The inverse correlation between oxidation rates and recalcitrant Fe(II) 791 

fractions indicates that creating such a stable ferrous iron pool involves a mechanism occurring 792 

on timescales similar to oxidation reactions. Possible Fe(II) stabilization mechanisms include 793 

deprotonation of hydroxyl sites, migration of interlayer cations to offset charge creation during 794 

oxidation, or interconversion of Fe(II) and Fe(III) sites through electron transfer (Neumann et al., 795 

2008). In such a scenario, the amount of recalcitrant Fe(II) reflects competition between two 796 

reaction pathways: Fe(II) oxidation and Fe(II) site stabilization. The size of the recalcitrant iron 797 

pool may thus record the rate of oxidation, providing an indirect proxy for oxygen concentration. 798 

This could be further evaluated through oxidation rate measurements at lower oxygen partial 799 

pressures coupled to computational studies to identify Fe(II) species in the octahedral sheet most 800 

resistant to oxidation. 801 

 802 

4.3. Limited Reactivity of Structural Fe(II) with Nitrite 803 

 Over the time period examined in this study (650 h), nitrite did not detectably oxidize the 804 

iron present in the moderate-iron smectite. A small degree of oxidation was observed in the high-805 

iron smectite: 17±4% after 1302 hours (Fig. 4). Note that this experiment was conducted for a 806 

substantially longer duration than studies of the same smectite in the air-equilibrated and 807 

microoxic studies (432 to 650 hours) in order to observe this partial oxidation. When comparing 808 

over the same reaction times, 10% of the Fe(II) in high-iron smectite exposed to nitrite oxidized 809 

compared to 78% and 60% in the air-equilibrated and micro-oxic samples, respectively. This 810 

demonstrates that although nitrite was present at ~18 times the maximum dissolved oxygen 811 

concentration used in this study (pO2 = 0.21 corresponds to 0.28 mmol L-1 dissolved O2) it 812 

oxidizes Fe(II) in trioctahedral smectites at a far slower rate.  813 
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 Minimal abiotic oxidation of Fe(II) in a reduced nontronite by nitrite was observed under 814 

neutral pH conditions during a 17 d (408 h) growth period (Zhao et al., 2013). This is largely 815 

consistent with our observations of no detectable oxidation in the moderate-iron smectite and 816 

oxidation within error of the oxidant-free control on a similar timescale for the high-iron smectite 817 

(Fig. 4). A separate study observed substantial abiotic nitrite reduction in the presence of reduced 818 

nontronite over ~300 h reaction period (Grabb et al., 2017). Those studies employed a large 819 

excess of clay Fe(II) relative to nitrite (32.9 mM Fe(II) versus 0.13 mM nitrite) whereas the 820 

present work utilized nitrite in stoichiometric excess (~1 mM Fe(II) versus 5 mM nitrite). This 821 

enabled rate determination via nitrite consumption, producing rate constants of 0.003 to 0.005 h-1  822 

for reaction with reduced nontronite (Grabb et al., 2017) versus 0.0009±0.0008 h-1 was for the 823 

high-iron trioctahedral smectite and an unmeasurable rate for the moderate-iron smectite (Table 824 

S2). This demonstrates that natively Fe(II)-bearing trioctahedral smectites react substantially 825 

slower with nitrite then reduced, and originally Fe(III)-bearing, dioctahedral smectites. 826 

 827 

4.4. Implications for Biogeochemical Iron Cycling  828 

The retention of Fe(III) in the mineral structure following oxidation indicates that 829 

authigenic, trioctahedral Fe(II) smectites may be capable of repeated oxidation-reduction cycles 830 

in the same manner as nontronite and other Fe(III)-bearing smectites (Fialips et al., 2002a; 831 

Komadel et al., 1990; Komadel et al., 1995; Manceau et al., 2000a; Manceau et al., 2000b; Zhao 832 

et al., 2015). Trioctahedral smectites may thus represent an additional biogeochemical battery 833 

(Byrne et al., 2015) widely available on the early Earth. However, unlike dioctahedral smectites, 834 

the trioctahedral smectites in this study only partially oxidized upon prolonged exposure to 835 

oxygen, suggesting that not all iron in the structure is accessible to redox cycling. Further, the 836 
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impacts of re-reduction on trioctahedral smectite stability is currently unknown. Long oxidizing 837 

periods may affect redox cycling in these clays because the excess positive charge produced 838 

following oxidation may drive eventual conversion to other products. A prior study (Chemtob et 839 

al., 2017) exposed similar smectites to dissolved oxygen for 6 d, hydrothermally recrystallized 840 

the products at 200°C, and then carried out a second oxidation cycle. Recrystallization increased 841 

the susceptibility towards oxidation, which may indicate that post-oxidation structural resetting 842 

would alter the extent of redox cycling possible. Hydrothermal treatment did not generate any 843 

new phyllosilicates and a smectite structure was preserved, although hematite formed during 844 

heating of a partially-oxidize iron-rich smectite (Chemtob et al., 2017). The rate of restructuring 845 

of oxidized trioctahedral smectites at non-hydrothermal temperatures is unclear and relatively 846 

rapid redox cycling, such as by microbial communities at redox interfaces, may be able to 847 

proceed without the clay structure being substantially altered. 848 

 The rate of abiotic oxidation of trioctahedral Fe(II) smectite suggests that these phases 849 

represent potential electron donors for microorganisms. Recent work (Zhou et al., 2022) has 850 

shown that one of the trioctahedral smectites from the present study was able to support the 851 

growth of a microaerophilic Fe(II)-oxidizing bacterium. The rate of microbial oxidation was not 852 

always faster than abiotic oxidation in the same system. However, the organism expressed outer 853 

membrane proteins capable of conducting electron transfer with minerals only when grown on 854 

smectites and not with dissolved Fe(II), consistent with microbial utilization of smectite Fe(II). 855 

Access to the recalcitrant Fe(II) pool observed in the present work could not be investigated 856 

because the organism investigated loses viability beyond 15 d of incubation. The potential for 857 

biological utilization of recalcitrant Fe(II) by microaerophilic Fe(II)-oxidizing bacteria could be 858 

evaluated using a smectite pre-oxidized by O2.  859 
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 Irrespective of the accessibility of the recalcitrant Fe(II) pool, a series of studies now 860 

indicate that structural Fe(II) in smectites and other phyllosilicates is accessible to microbial 861 

oxidation under microaerophilic conditions (Benzine et al., 2013; Shelobolina et al., 2012a; Zhou 862 

et al., 2022). Such microbially-mediated oxidation may be pervasive in altered oceanic crust 863 

where ferrous smectites frequently coat cracks and vesicles (Alt and Teagle, 2003; Andrews, 864 

1980; Colwell and D’Hondt, 2013). This large Fe(II) pool may also have served as a crustal 865 

redox buffer in ocean basins on the early Earth. In addition, detrital Fe(II)-bearing smectites 866 

(Hao et al., 2017) may have provided a regular electron donor source to microoxic oases 867 

predicted to have transiently occurred in surface waters prior to the Great Oxidation Event 868 

(Canfield, 2005; Riding et al., 2014) even after dissolved Fe(II) was locally consumed. 869 

 The exceedingly slow reaction of Fe(II)-bearing trioctahedral smectites with nitrite 870 

indicates that these phases are promising potential electron donors for iron-oxidizing, nitrate-871 

reducing bacteria. The intermediate nitrogen species nitrite is highly reactive with dissolved 872 

Fe(II), confounding biological coupling of iron oxidation and nitrate reduction (Klueglein and 873 

Kappler, 2013; Klueglein et al., 2014). Nitrite also abiotically oxidized iron(II)-bearing reduced, 874 

dioctahedral smectites (Grabb et al., 2017), but the present study demonstrates that the abiotic 875 

rate of reaction is substantially slower for trioctahedral smectites. Potential abiotic reaction with 876 

nitrite makes it unclear whether oxidation of iron in reduced nontronites by nitrate reducers 877 

(Benzine et al., 2013; Shelobolina et al., 2012a; Shelobolina et al., 2003) accurately predicts the 878 

ability of these organisms to utilize trioctahedral ferrous smectites. A study using the 879 

trioctahedral, Fe(II)-bearing mica biotite indicates that such organisms induce a small amount of 880 

oxidation during nitrate reduction (Shelobolina et al., 2012b). Substantially greater oxidation 881 



39 

may be possible in trioctahedral smectites because the high crystallinity and larger particle size 882 

of biotite should limit reactivity of that mineral. 883 

 Redox cycling of trioctahedral smectites will produce distinct effects on isotopic and 884 

mineralogical signatures of past biological activity in the rock record. Retention of Fe(III) in the 885 

clay structure precludes iron isotope fractionation occurring during oxidation. Smectite iron 886 

isotope records should reflect either conditions during clay formation or recrystallization during 887 

later diagenesis or metamorphism. Oxidized trioctahedral smectites may, however, leave distinct 888 

mineralogical products compared to natively dioctahedral smectites that underwent redox 889 

cycling. Iron reduction in dioctahedral smectites increases layer charge and can lead to eventual 890 

illitization (Jaisi et al., 2011; Kim et al., 2004; Koo et al., 2014). In contrast, iron oxidation in 891 

trioctahedral smectites decreases the layer charge of the smectite. Diagenesis or metamorphism 892 

may thus  generate iron-rich talc, ferripyrophyllite, chlorite, or stilpnomelane from oxidized 893 

trioctahedral smectites.  894 

 895 

5. CONCLUSIONS 896 

Fe(II)-bearing trioctahedral smectites display distinct reactivity towards different 897 

oxidants (Fig. 12). Nitrite induces minimal oxidation of structural Fe(II) while hydrogen 898 

peroxide, and thus likely reactive oxygen species, causes near-complete conversion to Fe(III). 899 

Abiotic reaction with dissolved oxygen, however, consistently leaves an unreactive Fe(II) pool in 900 

the smectite, even after nearly a month of oxidant exposure. This recalcitrance is supporting by 901 

kinetic modeling, which cannot describe the time-dependent oxidation behavior without 902 

including a portion of Fe(II) that is unreactive. Both the reactivity towards oxidants and 903 

incomplete extent of Fe(II) oxidation displayed by trioctahedral smectites are distinct behaviors 904 



40 

from reduced dioctahedral smectites, indicating the role of mineral structure in controlling the 905 

redox behavior of iron-bearing phases. 906 

The Fe(III) generated during oxidation remains in the clay structure, suggesting that 907 

trioctahedral smectites are capable of redox cycling. The rates of abiotic oxidation indicate that 908 

these minerals represent potential electron donors for microaerophilic iron oxidizing and iron-909 

oxidizing, nitrate-reducing bacteria. It is currently unclear whether the chemically-recalcitrant 910 

Fe(II) pool is available for biological utilization. Trioctahedral, Fe(II)-bearing smectites 911 

represent important components of the iron biogeochemical cycle during the progressive 912 

oxidation of the surface of the Earth and potentially serve as redox buffers in altered oceanic 913 

crust. The impact of iron redox changes on layer charge in trioctahedral smectites suggests that 914 

diagenesis or metamorphism will leave mineral products in the rock record that are distinct from 915 

natively dioctahedral smectites.  916 
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Table 1. Concentrations and volumes of each salt used in the initial precipitating solutions for the 1230 
synthesis of the smectites used in this study.  1231 

Designation Target Fe:Mg:Al 
mole ratio 

Final Fe:Mg:Al 
mole ratio 

1 mol L-1 
FeCl2 

1 mol L-1 
MgCl2 

1 mol L-1 
AlCl3 

0.5 mol L-1 
Na2SiO3 

Moderate-Iron 40:40:20 53:24:23 10 mL 10 mL 5 mL 58.67 mL 
High-Iron 60:20:20 70:08:23 15 mL 5 mL 5 mL 58.67 mL 

 1232 
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Table 2. Structural formulae for the synthetic smectites used in this study. 1233 

Label Formula Octahedral 
Occupancy 

Fe(II) / 
Fe(Total) 

Total 
Charge O-Charge T-Charge 

Moderate-Iron Ca0.17(FeII
1.59Mg0.78FeIII

0.12Al0.33)(Si3.58Al0.42)O10(OH)2 2.82 0.94 -0.34 +0.08 -0.42 
High-Iron Ca0.20(FeII

2.16Mg0.26FeIII
0.19Al0.24)(Si3.48Al0.52)O10(OH)2 2.85 0.92 -0.40 +0.13 -0.52 

1234 
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Table 3. Fitting parameters of the 295 K Mössbauer spectra of the smectites before and after 1235 
oxidant exposure. 1236 

 1237 
Smectite Component CS (mm/s) a QS (mm/s) b Area (%) 
Moderate-Iron     
 Ferric 0.45±0.03 0.40±0.05 8.1±0.8% 
 Ferrous 1.130±0.003 2.614±0.005 92.0± 0.8% 
High-Iron     
 Ferric 0.50±0.02 0.41±0.02 8.4±0.3% 
 Ferrous 1.134±0.001 2.54±0.03 91.6±0.3% 
Moderate-iron nitrite     
 Ferric 0.488±0.009 0.49±0.03 24.1±0.3% 
 Ferrous 1.131±0.001 2.592±0.002 75.9±0.3% 
High-iron nitrite     
 Ferric 0.43±0.01 0.79±0.02 49.0±0.6% 
 Ferrous 1.120±0.006 2.53±0.01 51.0±0.6% 
Moderate-iron 2% O2     
 Ferric 0.37±0.01 0.80±0.02 57.7±0.7% 
 Ferrous 1.122±0.002 2.56±0.02 42.3±0.7% 
High-iron 2% O2     
 Ferric 0.37±0.05 0.81±0.01 79.9±0.8% 
 Ferrous 1.06±0.03 2.45±0.06 20.1±0.8% 
Moderate-iron 21% O2     
 Ferric 0.36±0.09 0.87±0.02 71.5±0.6% 
 Ferrous 1.13±0.01 2.51±0.03 28.5±0.6% 
High-iron 21% O2     
 Ferric 0.353±0.008 0.85±0.01 86.0±0.6% 
 Ferrous 1.13±0.04 2.33±0.07 14.0±0.6% 
Moderate-iron H2O2     
 Ferric 0.351±0.003 0.996±0.005 93.7±0.4% 
 Ferrous 1.14±0.02 2.42±0.03 6.3±0.4% 
High-iron H2O2     
 Ferric 0.352±0.008 0.898±0.005 96.6±0.6% 
 Ferrous 1.14±0.02 2.30±0.07 3.4±0.6% 

a Chemical shift. 1238 
b Quadrupole splitting. 1239 
 1240 
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Table 4. Results of individual oxidation experiments.  1241 
 1242 

Smectite Oxidant Initial pH Final pH Initial Colorimetric 
Smectite 

Fe(II)/Fe(Total) 

Final Colorimetric 
Smectite 

Fe(II)/Fe(Total) 

Final Mössbauer 
Smectite 

Fe(II)/Fe(Total) 
Moderate-Iron None 6.29±0.01a 6.70±0.02 83±3% 88±2% 84.3±0.5% 

 21% O2 6.16±0.01 6.98±0.02 81±1% 26±4% 28.5±0.6% 
 2% O2 6.20± 0.02 6.66±0.05 75±3% 43.4±0.4% 42.3±0.7% 
 5 mmol L-1NO2

- 6.29± 0.08 6.73±0.01 85±4% 85±4% 75.9±0.3% 
 H2O2 6.30± 0.02 -b 78±4% 6±3% 6.3±0.4% 

High-Iron None 6.18± 0.01 6.60±0.01 92±3% 93±3% 91.6±0.3% 
 21% O2 6.24± 0.02 7.11±0.02 92.4±0.8% 14.1± 0.2% 14.0±0.6% 
 2% O2 6.25± 0.01 6.68±0.06 89±1% 28.6±0.1% 20.1±0.8% 
 5mM NO2

- 6.26± 0.02 6.57±0.04 90±5% 73±4% 51.0±0.6% 
 H2O2 6.26± 0.05 - 85±4% 5.3±0.5% 3.4±0.6% 

a pH and colorimetric Fe(II)/Fe(Total) percentages are the average and standard deviation of measurements from triplicate samples. 1243 
Mössbauer Fe(II)/Fe(Total) is the uncertainty in the fit of a single sample 1244 

b pH was not measured following H2O2 exposure 1245 
 1246 
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Table 5. Kinetic fit parameters for each of the oxygen exposure studies. 1247 
 1248 

Smectite Oxidant k1 (h-1) a a1 k2 (h-1) a2 Recalcitrant 
Fe(II) Fraction 

Reduced χ2 b 

Moderate-Iron        
 21% O2 2.58 0.30±0.02 0.07±0.01 0.29±0.01 0.22±0.02 1.82b 

 2% O2 0.47 0.06±0.03 0.10±0.07 0.27±0.01 0.41±0.01 2.10 
High-Iron        

 21% O2 2.6±0.4 0.48±0.02 0.040±0.007 0.36±0.02 0.091±0.009 1.66 
 2% O2 0.5±0.1 0.38±0.03 0.012±0.003 0.36±0.02 0.16±0.02 3.71 

a Fitting parameters are as follows: k1 is the rate constant of the first equation, a1 is the portion of the ferrous iron that is governed by 1249 
the first rate term, k2 is the rate constant of the second equation, a2 is the portion governed by the second rate term, and the recalcitrant 1250 
fraction is the portion of Fe(II) that is assumed non-reactive by the model. Note the dependent variable being modeled is unitless 1251 
(mole fraction) and thus does not contribute to the units for the rate constants. 1252 
b Reduced χ2 is a goodness of fit parameter. 1253 
 1254 
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Table 6. Fitted (001) peak and (06,33) band positions and calculated d-space values.  1255 
 1256 

Smectite (001) position (°2θ) d001 (Å) (06,33) position (°2θ) d06,33 (Å) 
Moderate-Iron     

Initial 5.45(2)a 16.2 60.163(8) 1.537 
21% O2 6.17(2) 14.3 60.509(6) 1.529 
2% O2 6.18(2) 14.3 60.41(1) 1.531 
5 mmol L-1 NO2

- 5.86(1) 15.1 60.247(9) 1.535 
H2O2 6.42(2) 13.8 60.704(6) 1.524 

High-Iron     
Initial 5.37(2) 16.4 59.787(5) 1.546 
21% O2 6.40(3) 13.8 60.619(8) 1.526 
2% O2 6.17(2) 14.3 60.434(9) 1.531 
5 mmol L-1 NO2

- 5.90(2) 15.0 60.071(6) 1.539 
H2O2 6.19(2) 14.3 60.811(9) 1.522 

a Values in parentheses represent the uncertainty in the last digit. 1257 
 1258 
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 1259 
Figure 1. XRD patterns of the initial synthetic smectites. Patterns are offset vertically for clarity. 1260 
Labels indicate major peaks and bands. Data between 8 and 18° is obscured by a large scattering 1261 
feature from the acrylic dome used to prevent oxidation and is thus not displayed. 1262 
 1263 
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 1264 
Figure 2. 57Fe Mössbauer spectra of the synthetic smectites. Fits to the 295 K spectra in purple 1265 
are the sum of ferrous and ferric components represented by dashed green and dotted brown 1266 
lines, respectively. 1267 
 1268 
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 1269 
Figure 3. Fe(II)/Fe(Total) and modeled rates of oxidation for both smectite compositions (rows) 1270 
exposed to oxygen at two different partial pressures (columns) compared with oxidant free 1271 
control studies. Open diamonds are the oxidant-free control experiments, solid triangles are for 1272 
the experiments using dissolved oxygen, and blue lines are the kinetic model fits. 1273 
 1274 
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 1275 
Figure 4. Fe(II)/Fe(Total) for both smectites exposed to 5 mmol L-1 nitrite compared with 1276 
oxidant-free controls.  1277 
 1278 
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 1279 
Figure 5. XRD patterns of each smectite and its oxidation products, vertically offset. The small 1280 
sharp peak in the moderate-iron H2O2 pattern is from a quartz contaminant introduced during 1281 
grinding. 1282 

  1283 
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 1284 
Figure 6. The (06,33) band in the XRD patterns (solid) and fitted peaks (dashed) of each 1285 
smectite and its oxidation products. 1286 
  1287 
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 1288 
Figure 7. Relationship between the smectite (001) and (06,33) diffraction features and the extent 1289 
of iron oxidation. 1290 
  1291 
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 1292 
Figure 8. 57Fe Mössbauer spectra of moderate-iron samples from the study, collected at 295 K, 1293 
13 K, and 5 K. Fits to the 295 K spectra in purple are the sum of ferrous and ferric components 1294 
represented by dashed green and dotted brown lines, respectively. 1295 
  1296 
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 1297 
Figure 9. 57Fe Mössbauer spectra of high-iron samples from the study, collected at 295 K, 13 K, 1298 
and 5 K. Fits to the 295 K spectra in purple are the sum of ferrous and ferric components 1299 
represented by dashed green and dotted brown lines, respectively. 1300 
  1301 
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 1302 
Figure 10. The relationship between the quadrupole shift (QS) of the Fe(II) and Fe(III) doublets 1303 
in the 295 K 57Fe Mössbauer spectra and the fraction of iron occurring as Fe(III). The lines 1304 
represent linear regressions weighted by the uncertainties in the QS values. 1305 
 1306 
  1307 
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 1308 
Figure 11. Data (dotted) and structural model fits (solid) of the Fe K-edge EXAFS spectra (left), 1309 
Fourier transform magnitudes (center), and real components of the Fourier transforms (right) of 1310 
the synthetic smectites and their oxidation products. 1311 
 1312 
  1313 
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 1314 
Figure 12. Progressive oxidation in response to oxidants of increasing reactivity creates an array 1315 
of evolving local coordination environments around iron, with some recalcitrant Fe(II) remaining 1316 
in the octahedral sheet. 1317 
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Table S1. Media composition. 

Component Concentration (mol L-1) 
Sodium Bicarbonate 2.000×10-2 
Ammonium Chloride 1.870×10-2 
Calcium Chloride 1.794×10-3 
Magnesium Sulfate 4.179×10-4 
Dipotassium Hydrogen Phosphate 2.871×10-4 
Sodium Chloride 8.556×10-5 
Monopotassium Dihydrogen Phosphate 6.613×10-6 
Manganese Sulfate 2.958×10-6 
EDTA 1.711×10-6 
Iron(II) Sulfate 3.597×10-7 
Zinc Sulfate 3.477×10-7 
Cobalt(II) Nitrate 3.436×10-7 
Boric Acid 1.617×10-7 
Nickel(II) Chloride 8.414×10-8 
Pyridoxine Hydrochloride 4.863×10-8 
Sodium Molybdate 4.133×10-8 
Nicotinic Acid 4.061×10-8 
Copper Sulfate 4.005×10-8 
Potassium Aluminum Sulfate 3.873×10-8 
Disodium Tungstate 3.032×10-8 
Thioctic acid 2.424×10-8 
Thiamine 1.884×10-8 
p-Aminobenzoic Acid 1.588×10-8 
Riboflavin 1.328×10-8 
Calcium Pantothenate 1.049×10-8 
Biotin 8.186×10-9 
Disodium Selenite 5.782×10-9 
Folic Acid 4.531×10-9 
Vitamin B12 3.689×10-9 
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Section S1: Local Coordination Environment of Iron in Synthetic Smectites 

 The EXAFS spectra (Fig. S1) of the synthetic smectites are similar to previously-published 
spectra of smectites with similar composition (Chemtob et al., 2015). The two primary features in 
the Fourier transform at ~1.7 and ~2.8 Å correspond to the oxygen coordination shell and 
neighboring octahedral and tetrahedral cations, respectively. The first feature is well-modeled 
(Table S2) with a shell consisting of a mixture of oxygen atoms in octahedral coordination 
distributed between a longer Fe(II)-O distance (~2.1 Å) and a shorted Fe(III)-O distance (~1.9 Å). 
The contribution from the oxygen shell around Fe(III) is poorly constrained because of its low 
abundance. The second feature is a composite of the contributions of octahedral Fe, Mg, and Al 
neighbors as well as Si in the tetrahedral sheet. The overlap and phase differences among these 
atoms prevents independent quantification of their structural parameters. A constrained model, as 
described in the methods section, consisting of each atom with a coordination number determined 
from the clay composition (Table S2) reproduces the data. The interatomic distances are consistent 
with those expected for Fe(II)-bearing trioctahedral smectites (Chemtob et al., 2015). The ability 
to model the spectra using a random distribution of octahedral cation neighbors suggests that Fe(II) 
does not preferentially partition into only cis or trans sites in the octahedral sheet. 

 

 

Figure S1. Data (dotted) and structure model fits (solid) to the Fe K-edge EXAFS spectra (left), 
Fourier transform magnitudes (center), real components of the Fourier transform (right) of the 
moderate- and high-iron synthetic trioctahedral smectites. 
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Table S2. Fe K-edge EXAFS fitting results. 
Sample Path Na R (Å)b σ2 (Å2)c ΔE0 (eV)d R-factore χν2 e 
Moderate-Iron        

Initial FeII-O 5.64 2.10(2)f 0.009(2) -4(3) 0.045 135 
 FeIII-O 0.36 1.9(1) 0.006(1)    
 Fe-Fe 3.42 3.08(4) 0.009(2)    
 Fe-Al 0.66 3.08 0.004(4)    
 Fe-Mg 1.56 3.08 0.004    
 Fe-Si 4 3.30(7) 0.015(9)    
        
21% O2 FeII-O 1.56 2.12(4) 0.009(4) -3(2) 0.013 150 
 FeIII-O 4.44 1.98(1) 0.012(2)    
 Fe-Fe 3.42 3.04(3) 0.016(5)    
 Fe-Al 0.66 3.04 0.006(2)    
 Fe-Mg 1.56 3.04 0.006    
 Fe-Si 4 3.24(4) 0.014(4)    
        
H2O2 FeII-O 0.36 2.16(8) 0.009(10) -5(2) 0.008 57.4 

 FeIII-O 5.64 1.97(1) 0.013(1)    
 Fe-Fe 3.42 3.00(3) 0.019(6)    
 Fe-Al 0.66 3.00 0.008(2)    
 Fe-Mg 1.56 3.00 0.008    
 Fe-Si 4 3.21(4) 0.019(4)    
        
High-Iron        

Initial FeII-O 5.52 2.09(1) 0.010(1) -4(2) 0.028 189 
 FeIII-O 0.48 1.88(5) 0.007(7)    
 Fe-Fe 4.70 3.12(4) 0.011(3)    
 Fe-Al 0.48 3.12 0.005(11)    
 Fe-Mg 0.52 3.12 0.005    
 Fe-Si 4 3.28(5) 0.014(1)    
        
21% O2 FeII-O 0.85 2.12 0.010 -4(1) 0.013 170 
 FeIII-O 5.15 1.98(1) 0.010(1)    
 Fe-Fe 4.70 3.04(2) 0.013(1)    
 Fe-Al 0.48 3.04 0.002(1)    
 Fe-Mg 0.52 3.04 0.002    
 Fe-Si 4 3.18(4) 0.022(9)    
        
H2O2 FeII-O 0.30 2.12 0.011 -4(1) 0.015 244 

 FeIII-O 5.70 1.97(1) 0.011(1)    
 Fe-Fe 4.70 3.02(2) 0.013(1)    
 Fe-Al 0.48 3.02 0.001(1)    
 Fe-Mg 0.52 3.02 0.001    
 Fe-Si 4 3.14(4) 0.023(9)    

a Coordination number. b Interatomic distance. c Debye-Waller factor. d Difference in the 
threshold Fermi level between the data and theory. e Goodness-of-fit parameters (Kelly et al., 
2008). f The estimated standard deviations are listed in parentheses, representing the uncertainty 
in the last digit. Parameters with no listed uncertainties were not varied in the analyses. 
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Figure S2. Dissolved oxygen and temperature measurements for the oxygen-equilibrated 
experiments. The black lines represent the measured oxygen concentration in each of the 
triplicate reactors. The singular temperature measurement is in red. A computer malfunction 
terminated data collection early after 250 h for the moderate-iron, 21% O2 study. Note that the 
moderate-iron, 2% O2 experiment experienced two deviations that did not perceptibly affects the 
results of the study. First, a building heating problem occurred between 62 and 72 h into the 
experiment, which appears as a transient 6°C decrease in temperature and a correspond slight 
increase in dissolve O2 concentration. Second, the gas line to one reactor developed a clog at 
~120 h that was corrected 40 h later, with a partial drawdown in dissolved O2 concentration in 
the intervening time. This reactor showed no detectable difference in the extent of Fe(II) 
oxidation compared to the other two reactors after this event. 
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Figure S3. Dissolved nitrite concentrations during reaction with the moderate-iron smectite, 
reported as the mean and standard deviation of analyses of the triplicate reactors. The dashed 
lines show the average nitrite concentration over the course of the experiment as well as plus or 
minus one standard deviation of the nitrite concentration. 
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Section S2: Rate Equation for the Fitting of Control and Nitrite Exposed Smectites 

 The single site, pseudo-first order model used to fit the control and nitrite exposed 
smectite datasets follows a rate defined by equation A.1: 

ௗሾி௘ሺூூሻሿ

ௗ௧
ൌ 𝑘𝑎ଵ      (A.1) 

Where k is the rate constant, and a1 is the portion of Fe(II) governed by that rate. The integrated 
rate equation (Equation A.2) additionally incorporates a nonreactive portion, a2: 

𝐹𝑒ሺ𝐼𝐼ሻ௧ ൌ 𝑎ଵ𝑒ି௞௧ ൅ 𝑎ଶ     (A.2) 

The integrated rate equation was fit to each dataset in MATLAB using a Levenberg-Marquardt 
nonlinear least squares regression with each datapoint weighted by the experimental uncertainty 
in that point.  

 

Table S3. Fitting parameters for the oxidant free control and nitrite exposed samples. 

Smectite Oxidant k (h-1)a a1 Nonreactive Fe(II) 
Fraction (a2) 

Reduced 
χ2 

Moderate-Iron      
 None 0.00±0.02a 0±100 1±100 1.008 
 NO2

- 0.003±0.006 0.07±0.05 0.82±0.06 4.001 
High-Iron      

 None 0.0±0.4 0.00±0.03 0.91±0.02 0.509 
 NO2

- 0.0009±0.0008 0.1±0.2 0.7±0.1 0.268 
a k is the rate constant fit to the pseudo-first order kinetics and a1 is the portion of ferrous iron controlled by that rate. 
The recalictrant portion is the portion determined by the model to be non-reactive. 
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Figure S4. Fe(II)/Fe(Total) and modeled rates of oxidation for both smectite compositions 
(rows) for both oxidant-free controls (left) and 5 mmol L-1 NO2

- (right). Open diamonds are the 
datapoints, with errors on each point. Solid lines are the pseudo-first order fit. 
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