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ABSTRACT 15 

The crystallization of iron-containing sodium silicate phases holds particular importance, 16 

both in the management high-level nuclear wastes and in geosciences. Here, we study three as-17 

quenched glasses and their heat-treated chemical analogues, NaFeSiO4, NaFeSi2O6, and 18 

NaFeSi3O8 (with nominal stoichiometries from feldspathoid, pyroxene, and feldspar mineral 19 

groups – i.e., Si/Fe = 1, 2, and 3 respectively) – using a variety of techniques. Phase analyses 20 

revealed that as-quenched NaFeSiO4 cannot accommodate all Fe in the glass phase (some Fe 21 

crystallizes as Fe3O4), whereas as-quenched NaFeSi2O6 and NaFeSi3O8 form amorphous glasses 22 

upon quenching. NaFeSi2O6 glass is the only composition that crystallizes into its respective 23 

isochemical crystalline polymorph, i.e. aegirine, upon isothermal heat-treatment. As revealed by 24 

Mössbauer spectroscopy, iron is predominantly present as 4-coordinated Fe3+ in all glasses, 25 

though it is present as 6-coordinated Fe3+ in the aegirine crystals (NaFeSi2O6), as expected from 26 

crystallography. Thus, Fe can form the crystalline phases in which it is octahedrally coordinated, 27 

even though it is mostly tetrahedrally coordinated in the parent glasses. Thermal behavior, 28 

magnetic properties, iron redox state (including Fe K-edge X-ray absorption), and vibrational 29 

properties (Raman spectra) of the above compositions are discussed. 30 

 31 
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INTRODUCTION 34 

Crystallization of iron-containing sodium silicate phases is important, both in the 35 

management of high-level nuclear wastes and in geosciences (Ahmadzadeh et al., 2017; Bailey 36 

and Schairer, 1963; Bailey and Schairer, 1966; Cochain et al., 2012; Jantzen, 2011; Jantzen and 37 

Brown, 2007; Jeoung et al., 2001). The complex high-level nuclear wastes (HLW) stored in steel 38 

tanks at the Hanford site can contain more than 20 elements, among which iron (Fe) 39 

concentrations vary from about 5 to more than 30 wt% Fe2O3, for high-Al and high-Fe HLW, 40 

respectively (Kim et al., 2011; Kruger et al., 2013). Within the high-Fe wastes, Na2O 41 

concentration varies from about 10 to 20 wt% depending on the cluster (Kim et al., 2011). 42 

Vitrification is the process used to immobilize radioactive HLW by converting it into a solid 43 

stable glass. SiO2 is added in considerable amounts (with lower levels of other additives) to 44 

vitrify the radioactive HLW into a glass for immobilization. Consequently, HLW glasses have 45 

high concentrations of Si, Fe, and Na, and are thus potentially prone to crystallization of iron 46 

sodium silicate phases.  47 

In particular, aegirine (NaFeSi2O6, also known as acmite), which is a clinopyroxene 48 

silicate phase, has been known to crystallize within some HLW glasses (Hrma et al., 1999; 49 

Jantzen and Edwards, 2015; Jantzen and Bickford, 1984; Jantzen et al., 1984; Vienna et al., 50 

1996). Studying the crystallization of more than 100 simulant HLW glass compositions, Kim et 51 

al. (1994) reported that aegirine forms upon isothermal heat-treatment of glasses with high Na2O 52 

(>10 wt%) and Fe2O3 (>7 wt%) contents, while aegirine is not observed in samples that have 53 

been canister-centerline-cooled (slow cooling profile recorded at the centerline of the Hanford 54 

HLW canisters). Surface crystallization of aegirine from simplified HLW glasses was confirmed 55 

by Plaisted et al. (2000), who showed that the aegirine contains other elements such as Cr and Ni 56 



4 
 

and that its composition varies by temperature of the heat treatment. The formation of aegirine 57 

causes a small to moderate decrease in the chemical durability of final HLW glass waste form 58 

(Jantzen and Bickford, 1984; Jantzen et al., 1984; Jantzen et al., 2010). The spinel formation 59 

(i.e., magnetite Fe3O4 and related phases), however, has little or no effect on glass durability, 60 

whereas nepheline (NaAlSiO4) and related aluminosilicate phases have the most detrimental 61 

impacts on aqueous chemical durability of crystallized HLW glass.  62 

Iron and sodium are among the most common constituents of natural silicate melts, and 63 

both can have remarkable effects on their physical properties. Bailey and Schairer (1966) have 64 

extensively described how equilibrium crystalline and liquid phases in the system Na2O-Al2O3-65 

Fe2O3-SiO2 are petrologically important for a wide range of alkaline igneous rocks. These 66 

crystalline phases include aegirine (NaFeSi2O6), 5.1.8 (5Na2O·Fe2O3·8SiO2 or Na5FeSi4O12), 67 

nepheline (NaAlSiO4, hexagonal), carnegieite (NaAlSiO4, orthorhombic), albite (NaAlSi3O8), 68 

sodium metasilicate (Na2SiO3), hematite (Fe2O3), and different polymorphs of SiO2 (quartz, 69 

tridymite, and cristobalite). In such a system, Fe3+ can potentially behave similarly to Al3+, 70 

though iron can play a special role; each valence state of iron plays a different structural role, and 71 

the redox ratio (Fe3+/Fe2+), can consequently influence the melting and crystallization behavior 72 

of magmas and properties of igneous rocks (Mysen and Richet, 2005). Hence, studying the 73 

speciation and structural role of Fe is crucial in understanding the structure of iron-containing 74 

silicate melts and glasses and their crystallization behavior (Komatsu and Soga, 1980).  75 

Aegirine, a chain silicate from the clinopyroxene group, is the most well-studied sodium 76 

iron silicate phase. It melts incongruently, with separation of hematite at 990°C (Bowen et al., 77 

1930) and has a monoclinic symmetry with space group C2/c (Clark et al., 1969). Aegirine is the 78 

mineral name for the Na-Fe3+ end-member of the class of rock-forming pyroxene minerals which 79 
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in nature typically contains some impurities of Al, Cr, and Ca. The mineral aegirine is less 80 

common than other mixed metal Ca-Mg-Fe pyroxenes, such as augite, but is an important minor 81 

component (Bailey and Schairer, 1966; Bowen et al., 1930; Deer et al., 1992; Larsen, 1976). 82 

Another sodium iron silicate phase, known as 5.1.8 (Na5FeSi4O12), has not been reported to 83 

occur in natural rocks. The “5.1.8” composition was first discovered by Bowen et al. (1930), and 84 

is extensively studied in our previous work (Ahmadzadeh et al., 2018).  85 

In the sodium alumino-silicate groups, there are three important types of well-known 86 

minerals based on their SiO2 content; nepheline or carnegieite (NaAlSiO4, feldspathoid), jadeite 87 

(NaAlSi2O6, pyroxene), and albite (NaAlSi3O8, feldspar). Aegirine is the iron “equivalent” of 88 

jadeite, with the same crystal structure in which Fe3+ substitutes for Al3+ depending upon the 89 

pressure, though end-member jadeite is difficult to form except under extreme conditions 90 

(Nestola et al., 2007). NaFeSiO4 (Fe-nepheline) and NaFeSi3O8 (Fe-albite) do not exist as known 91 

crystalline phases.  92 

The present work describes crystallization studies of the three feldspathoid-, pyroxene-, 93 

and feldspar-type sodium iron silicate compositions. The structure of the parent glasses and the 94 

corresponding phases which form upon heat-treating the glasses are discussed. It should be noted 95 

that controlling the melting and/or heat-treatment atmosphere, and the subsequent Fe oxidation 96 

state, was not the aim of this work. The crystallization behavior of these compounds and the role 97 

of iron are presented through thermal analysis, X-ray diffraction, Raman, Mössbauer and X-ray 98 

absorption spectroscopies, and magnetic property measurements.  99 

MATERIALS AND METHODS 100 

Glasses nominally isochemical with the compositions of NaFeSiO4 (‘Fe-nepheline’), 101 

NaFeSi2O6 (aegirine), and NaFeSi3O8 (‘Fe-albite’) were synthesized from Na2CO3 (Fisher 102 
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Scientific, >99%), Fe2O3 (Alfa Aesar, 98%), and SiO2 (U.S. Silica, 99.7%) powders as starting 103 

materials. Each batch was melted twice for one hour in air in an electric furnace at 1500oC in 104 

platinum-10% rhodium crucibles, to make ~ 20 g of glass. Each melt was poured onto an Inconel 105 

plate to quench and form a glass. In the case of the Fe-nepheline composition, the melt was 106 

quenched more rapidly between two brass plates in order to attempt to avoid formation of Fe3O4 107 

(magnetite), which was not completely achievable. The quenched glasses were then crushed into 108 

powders and isothermally heat-treated in the specific conditions selected to attempt to obtain 109 

maximum crystallization. The Fe-nepheline glass was heat-treated at 775°C for 7 h based on our 110 

previous study (Ahmadzadeh et al., 2017). The aegirine glass was heat treated at 900°C for 24 h 111 

based on the available phase diagrams in the literature (Bowen et al., 1930). The Fe-albite glass 112 

was heat treated at 1000°C for 24 h due to its higher SiO2 content and known difficulty for 113 

nucleating its Al analogue, albite. In another test, this glass was also kept in the furnace for a 114 

longer time (72 h) at 900°C in an attempt to form the isochemical crystalline polymorph. All 115 

heat-treatments were followed by quenching samples in air. The compositions, melting 116 

temperatures, and heat-treatment conditions are summarized in Table 1. 117 

For differential thermal analysis (DTA) and thermogravimetric analysis (TGA), the as-118 

quenched glasses were crushed and sieved to a particle range of 63 to 125 µm. The data were 119 

obtained with a heating rate of 10°C min-1 under constant N2 flow (99.998% pure) with a SDT 120 

Q600–TA Instruments system.  121 

An X’Pert Pro MPD (PANalytical, Netherlands) was employed to collect powder X-ray 122 

diffraction (XRD) patterns with Co Kα X-rays (λ = 0.1789 nm) at 40 kV and 40 mA, and data 123 

were analyzed using HighScore Plus software (PANalytical, Netherlands). For semi-quantitative 124 
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Rietveld refinement and quantification of the phase fractions, powders were mixed with 10 wt % 125 

CaF2 as an internal standard.  126 

Magnetic hysteresis loops were obtained using a vibrating sample magnetometer (VSM, 127 

PMC3900, Lakeshore Cryotronics, Westerville, OH) with maximum applied field of 1.8 T.  128 

Room temperature 57Fe Mössbauer spectra were collected relative to α-Fe over a velocity 129 

range of ± 12 or ± 6 mm s-1 using a constant acceleration spectrometer with a 25 mCi source of 130 

57Co in Rh. Attempts were made to fit the spectra using Lorentzian as well as Extended Voigt-131 

Based Fitting (xVBF) paramagnetic doublets consistent with Fe3+ and/or Fe2+, using the Recoil 132 

analysis software package (Rancourt, 1998). The area ratio of the doublets was established, 133 

enabling estimation of the (Fe3+/ΣFe) redox ratio based on fitted peak areas and assuming that 134 

the recoil-free fraction ratio f(Fe3+)/f(Fe2+) = 1.0.  135 

For iron redox ratio analysis, in addition to Mössbauer spectroscopy, a solution-based 136 

spectrophotometric method (wet chemistry) was used. The reported average and standard 137 

deviation values are obtained from three replicate measurements of each sample.  The procedure 138 

details are given in (Ahmadzadeh et al., 2018; Weaver et al., 2015) and references therein. 139 

Fe K-edge X-ray absorption near edge structure (XANES) data were collected on the 140 

Beamline for Materials Measurement (bending magnet beamline BM-6) at the National 141 

Synchrotron Light Source II (NSLS II), Brookhaven National Laboratory, Upton, New York 142 

State, USA. The beamline is configured with a Rh-coated paraboloid collimating mirror, a Si 143 

(111) monochromator, and a flat harmonic rejection mirror. XANES data were acquired in 144 

transmission mode; an array of three ionization chambers, filled with N2 and operated in a stable 145 

region of their current vs voltage curve, enabled concurrent measurement of incident and 146 

transmitted beam intensities from both a sample and a reference Fe foil. Measurements were 147 
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made in air at room temperature with the sample orientated at an incidence angle of 45o to the 148 

beam. Samples were prepared from finely ground powder specimens. These were homogenously 149 

dispersed in 60 mg of polyethylene glycol (PEG) and pressed in a 13 mm diameter die, to 150 

produce a thickness of one absorption length. Further details on data treatment of the XAS data, 151 

including the pre-edge, is described in the supplementary.  152 

Raman spectra were collected on a Jobin Yvon-SPEX Horiba T64000 triple-spectrometer 153 

with confocal system through an Olympus BX40 microscope. Samples were excited using a 488 154 

nm Coherent Genesis MX SLM laser running at 500 mW output power. The detector was a 155 

liquid nitrogen cooled CCD camera. The spectrometer was calibrated using the 520 cm-1 line of 156 

single crystal silicon to within 1 cm-1. Spectra were collected through a 200 x objective lens, 157 

from 25-1300 cm-1, for count times of 200 s, with three subsequent spectra averaged.  158 

RESULTS 159 

Phase Analysis 160 

X-ray diffraction patterns were obtained for the as-quenched (AQ) and heat-treated (HT) 161 

samples (See supplementary, Figure S1). Table 2 summarizes phase analysis of the three 162 

compositions, based on their XRD and Rietveld refinement results. As described in Table 2, 163 

depending on the ratio of Si to Fe, the as-quenched samples make either an amorphous phase (for 164 

Fe-albite and aegirine) or precipitate some iron as magnetite (for Fe-nepheline). Upon heat-165 

treating the as-quenched samples, they may form hematite and/or aegirine, depending on the 166 

composition. 167 

Thermal Analysis 168 

The DTA and TGA results of the three as-quenched glasses are presented in 169 

supplementary, Figure S2Error! Reference source not found.. Increasing the SiO2 content 170 
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leads to an increase in the glass transition temperature, Tg, of the amorphous phases, which is 171 

characterized by a subtle endothermic drop in the DTA thermographs, from 471°C in NaFeSiO4, 172 

to 498°C in NaFeSi2O6, to 521°C in NaFeSi3O8 glasses. The Tg decrease is probably related to 173 

overall decrease in average bond strength, since Fe-O bonds (both with Fe2+ and Fe3+) are 174 

considerably weaker than Si-O bonds (Luo and Kerr, 2006). Other observations about the 175 

thermal behavior are given in the supplementary. 176 

Magnetic Measurements 177 

Magnetization as a function of magnetic field measurements at room temperature (Figure 178 

1) reveal that Fe-albite and aegirine as-quenched glasses contain no iron oxide (paramagnetic), 179 

whereas the as-quenched Fe-nepheline contains considerable amount of magnetite 180 

(ferrimagnetic). Further observations are provided in the supplementary.  181 

Mössbauer Spectroscopy  182 

Room temperature Mössbauer spectra of Fe-nepheline, aegirine, and Fe-albite as-183 

quenched samples and crystallized aegirine sample were obtained (Figure 2). The fitted 184 

Mössbauer spectral parameters are given in the supplementary (Table S1). Aegirine and Fe-albite 185 

glasses and crystallized aegirine were fitted by two overlapping doublets, whereas the as-186 

quenched Fe-nepheline was fitted by one doublet plus two sextets characteristic of magnetite 187 

(Fe3O4) (Oh et al., 1998). As-quenched aegirine and Fe-albite samples (Figure 2b and c) were 188 

fitted by xVBF functions, because at least three doublets were required in order to obtain robust 189 

fits using Lorentzian lines, and xVBF has also been successfully used to fit Mössbauer spectra 190 

for similar materials (Forder et al., 2013). This method provided robust fits with acceptable χ2 191 

using only two doublets to fit the glass spectrum, one each representing Fe2+ (lower intensity) 192 
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and Fe3+ (higher intensity), according to their chemical shift (CS) and quadrupole splitting (QS) 193 

values obtained from the fits (Dyar, 1985; Dyar et al., 2006; Mysen and Richet, 2005).  194 

Such 57Fe Mössbauer behavior, shown in Figure 2, is typical for iron-containing silicate 195 

glasses (Mysen and Richet, 2005). The fitted CS and QS values also reveal that the Fe3+ and Fe2+ 196 

are predominantly tetrahedrally coordinated in these glasses, though Fe2+ can possibly have some 197 

five-fold coordination. In the spectrum for the Fe-nepheline as-quenched sample, there is an 198 

intense doublet assigned to four-coordinated Fe3+ in the glass phase, in addition to the sextets 199 

attributed to the magnetite phase.  200 

The crystallized aegirine sample shown in Figure 2d (fitted using Lorentzian peaks) 201 

exhibits a new strong doublet, in addition to the primary four-coordinated Fe3+ doublet which is 202 

also observed in the glass sample. The new doublet, showing significantly lower QS and higher 203 

CS (0.40 and 0.31 mm/s, respectively), is due to octahedrally-coordinated Fe3+ from crystalline 204 

aegirine, as Fe3+ arranges 6-coordinated in this phase (Cameron et al., 1973). Considering the 205 

experimental error, these values are consistent with the QS and CS values reported in the 206 

literature (e.g., in (Baum et al., 1988), 0.39 and 0.33 mm/s, respectively) for pure aegirine 207 

crystals at room temperature. Overall, in the studied sodium iron silicate glasses, iron is shown to 208 

be predominantly present as four-fold coordinated Fe3+ ([4]Fe3+), whereas crystal chemistry 209 

dictates the iron redox state and coordination in the crystalline phase(s).Error! Reference 210 

source not found.Table S2 (see supplementary) presents the measured iron redox values of the 211 

two crystal-free samples, i.e., aegirine and Fe-albite glasses, obtained from the wet chemistry 212 

method, compared to those estimated from Mössbauer spectroscopy. Note that the iron redox 213 

values from Mössbauer spectroscopy are derived from the xVBF fits. The redox states from both 214 
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methods are consistent, and aegirine glass shows slightly higher Fe3+/ΣFe ratio than Fe-albite 215 

glass.  216 

X-ray Absorption 217 

Figure 3 shows the results of the Fe K-edge data and analysis, including the XANES 218 

spectra (a), the extracted pre-edge features (b), and the structure field diagram of pre-edge 219 

centroid energy position and integrated intensity (c). The latter diagram gives an indication of Fe 220 

redox state and coordination number (CN). Qualitative comparison with the standard spectra for 221 

Fe3+, CN=6 ([6]Fe3+, aegirine, natural mineral, NaFeSi2O6), Fe3+, CN=4 ([4]Fe3+, FePO4, 222 

synthetic), Fe2+, CN=6 ([6]Fe2+, FeCO3, synthetic), and Fe2+, CN=4 ([4]Fe2+, staurolite, natural 223 

mineral, Fe1.5Mg0.5Al9Si3.9Al0.1O22(OH)2), indicates that the iron in the glasses mostly exists as 224 

[4]Fe3+. In general, the determined centroid energy and integrated intensity of the weak pre-edge 225 

features measured from our reference crystalline compounds are in good agreement with those 226 

reported by (Wilke et al., 2001), with the exception of our FePO4 standard for which we 227 

determine a greater integrated intensity, most likely due to an overly thick sample resulting in a 228 

relatively suppressed edge step.  229 

The weak pre-edge feature is associated with electronic transitions occurring between the 230 

1s and 3d energy levels, and is a feature common to the K-edge spectra of many transition metals 231 

(Yamamoto, 2008). Lower oxidation states have fewer unfilled 3d levels, so transitions from the 232 

1s levels become less probable and the intensity of this feature becomes less well-defined; these 233 

transitions are only weakly allowed for octahedral Fe since the initial and final states are 234 

centrosymmetric; whereas, for Fe in a non-centrosymmetric tetrahedral environment, the 235 

transition probability is enhanced due to admixture of unoccupied 4p orbitals in the final state. 236 

Previously, careful measurements of crystalline standards have been made (Wilke et al., 2001), 237 
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showing the relationship between Fe valence and coordination and pre-edge position and 238 

intensity, and further applied to glasses (Farges et al., 2004). It has also been shown that the 239 

extraction of Fe redox and coordination number from Fe XAS pre-edge features is complicated 240 

by monochromator resolution limitations (Cottrell et al., 2009; Galoisy et al., 2001; Wilke et al., 241 

2005) and fitting method. Recent inter-synchrotron comparison of a set of reference glasses 242 

shows that with careful measurements and fitting procedures, an uncertainty in the centroid of 243 

±0.1 eV is achievable (Fiege et al., 2017). 244 

Raman Spectroscopy 245 

The raw Raman spectra of the as-quenched glasses are shown in Figure 4. All of these 246 

spectra show a background decreasing in intensity from low to high Raman shifts. Di Muro et al. 247 

(2009) have studied a number of Fe-containing natural glasses and shown that the background 248 

slope of the raw Raman spectra correlates with the total iron content and its redox within the 249 

glasses. Figure 4 reveals a consistent trend for our samples; the slope of the background 250 

increases with increasing the Fe content and its redox state (Fe3+/ΣFe) from Fe-albite to Fe-251 

nepheline. 252 

The Raman spectra of the three as-quenched glasses (Figure 4) show intense low 253 

frequency envelopes with at least two bands; a main peak at ~440-460 cm-1 and a shoulder at 254 

530-550 cm-1. The main peak at ~450 cm-1, which was shown to be a polarized band by (Wang et 255 

al., 1993) for similar compositions, is assigned to the vibrations of bridging oxygens (BOs), i.e. 256 

(T–O–T), where T=Si,Fe, in tetrahedral rings. The high frequency (HF) band of the three spectra 257 

consists of a dominant peak at 900-960 cm-1 and a shoulder at higher frequencies, i.e., ~1040-258 

1100 cm-1. Wang et al. (1993; 1995), have shown for similar compositions that the dominant 259 

peak is depolarized whereas the shoulder is polarized, suggesting that the dominant peak is for 260 
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the antisymmetric T–O–T stretching vibrations of BOs (νas(T–O–T)), and the shoulder originates 261 

from the symmetric stretching vibrations of NBOs. This is a similar conclusion to that reached 262 

earlier by Mysen et al. (1980), who measured an aegirine glass spectrum similar to that shown 263 

here, with slightly greater intensity of the higher frequency band, though these authors attributed 264 

both bands to stretching of BOs, with one in a Fe-rich and the other in a Si-rich environment.  265 

It can also be seen in Figure 4 that increasing SiO2 content systematically increases the 266 

frequency of HF envelope. This shift is related to decreased number of heavier Fe3+ tetrahedra 267 

(as opposed to lighter Si4+ tetrahedra) in the Fe-albite sample which lead to increased vibration 268 

frequencies (i.e., Raman shift). The HF envelope contains not only the silicate tetrahedral bands, 269 

Qn, where n is the number of bridging oxygens, but also the [4]Fe3+ related band, generally 270 

thought to be ~910-980 cm-1 (Baert et al., 2011; Cochain et al., 2008; Di Genova et al., 2017; 271 

Magnien et al., 2006), near the lower frequency end of the band and hence weighting the 272 

envelope to lower frequencies when the tetrahedral Fe3+ concentration is high. This band 273 

attributed to [4]Fe3+ has been reported to shift to lower frequencies as Fe concentration is 274 

increased (Cochain et al., 2008), and does here as well (peak of Raman spectrum moves 965 cm-275 

1, 950 cm-1, 920 cm-1, for Fe-albite, aegirine, Fe-nepheline glasses, respectively), though there is 276 

some contribution of the silicate stretches. A Raman band attributed to Fe2+ contributions has 277 

been reported at 1040-1050 cm-1 (Cochain et al., 2008; Di Genova et al., 2017); however, the 278 

significant Raman scattering observed in this region in the Fe-nepheline glass is due rather to the 279 

Si-O stretching, since the peak of the Raman spectrum for a NaAlSiO4 glass lies ~1015 cm-1 280 

when measured on the same instrument (not shown). 281 
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 DISCUSSION 282 

As-quenched glasses 283 

As confirmed by XRD and magnetic measurements, NaFeSi2O6 and NaFeSi3O8 284 

compositions have sufficient Si content to make pure glasses during quenching, while molten 285 

NaFeSiO4 cannot readily quench into a glass at our quenching rate, without crystallization of 286 

excessive Fe as magnetite. Mössbauer spectroscopy revealed that iron in these glasses is 287 

predominantly present as tetrahedrally coordinated Fe3+, while some Fe2+ with higher 288 

coordination may also exist. Preparation of silicate glasses in which 100% of the iron is present 289 

as Fe3+ can only be accessed under normal laboratory melting conditions if oxidizing agents (for 290 

example CeO2) are added to the batch (Bingham et al., 2014), or if glasses with high basicity 291 

(i.e., high alkali contents) are used. Similar Mössbauer results to ours are reported by Fleet et al. 292 

(1984) and Henderson et al. (1984) for Fe-albite glass melted at 1450°C and 1 bar, though they 293 

used Lorentzian functions to fit their data, possibly resulting in lower reduced iron (~9% Fe2+) 294 

than our measurements (~19% Fe2+). Using neutron diffraction experiments and Empirical 295 

Potential Structure Refinement (EPSR) modeling, Weigel et al. (Weigel et al., 2008b; Weigel et 296 

al., 2006) have discussed that, in their aegirine glass melted at 1450°C for 30 min in air, the 297 

majority of Fe3+ (~95%) is four-coordinated with oxygen, some Fe3+ (~5%) is five-coordinated, 298 

and all Fe2+ is five-coordinated. Their results also showed that [4]Fe3+ is randomly distributed in 299 

the glass network, acting as a network former. These temperatures are sufficiently close to our 300 

melting temperature (1500°C) that redox ratios obtained upon quenching should be similar 301 

(~12% Fe2+ (Weigel et al., 2008a) vs. ~15% Fe2+ our measurements), if redox equilibrium with 302 

the surrounding atmosphere was obtained or approached in both cases. 303 
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The XAS pre-edge results of our as-quenched glasses shown in Figure 3 indicate that, 304 

while iron primarily exists as Fe3+ based on the centroid positions of the glasses, the centroids 305 

are slightly shifted towards Fe2+ (lower energies) compared to the reference compounds. This is 306 

consistent with the presence of some Fe2+ obtained from Mössbauer and wet chemistry 307 

colorimetric data, and consistent with the ‘mixing curves’ for [4]Fe3+ and [4]Fe2+ in silicate glasses 308 

(Jackson et al., 2005).  However, no difference in the position of the centroids of the three 309 

studied glasses can be ascertained. This implies that the small differences between redox of these 310 

three materials are not distinguishable from the pre-edge results at this spectrometer resolution. 311 

Indeed, the shift from the Fe redox glass standards recently reported (Fiege et al., 2017) suggests 312 

that at most a 0.2 eV shift would be expected for glasses with Fe3+/∑Fe of  80 to 100%. 313 

Moreover, the integrated intensities of the glasses, as shown in Figure 3-c, do not vary 314 

sufficiently to be able to make a meaningful interpretation of change, if any, of Fe coordination 315 

numbers.  Our XAS data therefore demonstrate the speciation of Fe in the glasses to be 316 

predominantly [4]Fe3+ with some Fe2+, probably [4]Fe2+, contribution. It should be noted, however, 317 

that some have suggested that Fe coordination in silicate glasses is between 4 and 5 for both Fe3+ 318 

and Fe2+ (Bychkov et al., 1993; Farges et al., 2005; Liu and Lange, 2006).      319 

Fe redox ratio in melts is a function of temperature, pressure, composition, and oxygen 320 

fugacity (Mysen and Richet, 2005). We calculated the Fe redox ratio of the present glasses based 321 

on the equation provided by Jayasuriya et al. (2004), assuming the oxygen fugacity of 10-0.7 for 322 

air. The Fe3+/∑Fe values predicted are 66.3% (Fe-albite), 72.5% (aegirine), compared to 323 

measured values of 81.5% (Fe-albite, wet chemistry) and 83.3% (aegirine glass, wet chemistry) 324 

(Table S2). Other classic equations such as that of Sack et al. (1980) was also used, but the Fe2+ 325 
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computed is larger than those of Jayasuriya equation (Jayasuriya et al., 2004), and the latter is 326 

closer to the measured values for the current compositions. 327 

Our Fe-nepheline as-quenched sample only shows Fe3+ in the glass according to the 328 

Mössbauer results, unlike the other two compositions, while the calculations for this composition 329 

show Fe3+/∑Fe of 81.9% for the melt at 1500°C. In the Fe-nepheline melt, the present Fe2+ in the 330 

melt partitioned into magnetite (Fe2+O · Fe2
3+O3) while it was being quenched, and only Fe3+ 331 

remained in the glass phase. If partial crystallization takes place during quench, the redox ratio of 332 

the glass is different from that of its parent melt (Mysen and Richet, 2005). 333 

Increasing Fe3+/ΣFe with increasing iron content observed in these iron-bearing silicate 334 

glasses is partially due to the following. Having less SiO2 as the main glass former encourages 335 

the iron (which is now at a larger fraction) to take a network forming role, and thus Fe3+. 336 

Systematic decrease in the vibrational frequency of the HF Raman band by decreasing the Si/Fe 337 

ratio confirms increased number of heavier Fe3+ network formers (i.e., tetrahedra). The same 338 

Raman trend has been reported by Wang et al. (1993) for similar compositions. They have 339 

argued that introducing more Fe3+ at Si4+ sites in the glass network leads to a decrease in the 340 

angle of T–O–T linkage which results in a bond length increase. As a result, in the Fe-albite 341 

sample with a higher Si/Fe ratio, the frequency of the antisymmetric vibrations of BOs increases 342 

(HF band shifts to higher frequencies).  343 

The fraction of iron that exists as Fe2+ acts as network modifier (similar to Mg2+ and Ca2+ 344 

in silicate glasses), resulting in network depolymerization. Moreover, even though Fe3+ is 345 

normally a tetrahedral network former, it can also act as octahedral network modifier, even when 346 

other cations can compensate the charge balance for its tetrahedral coordination (Mysen and 347 

Richet, 2005). Therefore, while in some papers the three compositions studied here are assumed 348 
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to have “fully polymerized” network, a fraction of their oxygens is actually non-bridging (unlike 349 

the Al equivalent compositions), due to some Fe acting as network modifier. Even though some 350 

Fe crystallizes into magnetite during NaFeSiO4 quench, the Si/Fe ratio in the glass still remains 351 

lower than that of NaFeSi2O6 and NaFeSi3O8, because the formed magnetite is only ~7.5 wt% 352 

(Table 2). The estimated residual glass composition for the Fe-nepheline as-quenched glass is 353 

~NaFe0.84SiOx.  354 

Changes on heat treatment 355 

Upon the heat-treatment of Fe-nepheline at 775°C for 7 h, the magnetite phase (spinel, 356 

Fe3O4) oxidizes to hematite (Fe2O3), and some Fe may be rejected from the glass into hematite, 357 

whereas a high fraction of the glass remains amorphous. With longer heat-treatment times at 358 

higher temperature, as discussed in (Ahmadzadeh et al., 2017), the amorphous phase can reject 359 

more Fe, creating additional hematite.  360 

For the NaFeSi2O6 composition, on the other hand, a portion of the glass transforms to the 361 

aegirine phase during heat treatment at 900°C for 24 h. Trace amounts of hematite are also 362 

formed. It is interesting to note that even though the glass extensively forms aegirine crystals 363 

after the heat-treatment, no noticeable crystallization peak is observed in its DTA curve, while 364 

the aegirine melting peak is observed. Most likely, some aegirine crystals have formed in the 365 

DTA sample during non-isothermal heating, though not enough to show up as an exothermic 366 

peak. This is likely because the formation of aegirine is kinetically controlled by the relatively 367 

high heating rate of 10 °C min-1 in the thermal analysis, as also suggested by other studies 368 

(Plaisted et al., 2000; Vienna et al., 1996).  369 

The Mössbauer spectrum of the crystallized aegirine (Figure 2-d) confirms the presence 370 

of [6]Fe3+ in the crystal along with some [4]Fe3+ of the glass. The XAS pre-edge centroid of the 371 
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crystallized aegirine (NaFeSi2O6_900°C-24h) shown in Figure 3-c exhibits a shift to higher 372 

energies (+0.2 eV), combined with a shift to lower intensities, compared to those of the glasses. 373 

Comparing to the Mössbauer data (Figure 2), this observed pre-edge shift agrees with the 374 

conversion to ~100% Fe3+ upon crystallization, considerable amounts of [6]Fe3+ in the aegirine 375 

crystal, and some remaining [4]Fe3+ in the residual glass. This change can be seen qualitatively in 376 

comparing the whole XANES spectra (Figure 3-a) of the natural aegirine standard, the 377 

NaFeSi2O6_900C-24h (crystallized) and the NaFeSi2O6_AQ (glass), with the intensity of the pre-378 

edge features increasing visibly in this series, respectively.   379 

In the case of NaFeSi3O8, due to high SiO2 content and hence strong glass forming 380 

ability, the glass does not crystallize during heat-treatment at 1000°C for 24 h, even though some 381 

Fe leaves the glass as a small fraction of hematite. This composition can crystallize aegirine in 382 

addition to hematite upon prolonged isothermal heat-treatment times at lower temperatures (i.e., 383 

900°C for 72 h).  384 

It was previously shown that NaFeSi2O6 and NaFeSi3O8 glasses do not form the 385 

respective silicate crystals upon slow cooling of the melts (5 °C min-1 from 1500 to 600°C 386 

followed by rapid quench) (Marcial and McCloy, 2019). However, at least for aegirine, the phase 387 

has been observed to crystallize heterogeneously (surface crystallization) in non-isochemical 388 

compositions following a long induction for nucleation, confirming that formation of aegirine is 389 

controlled kinetically (Plaisted et al., 2000; Vienna et al., 1996). In the case of Fe-albite, the 390 

conditions for nucleation of the crystalline phase, if it exists, may mimic that of albite, where the 391 

nucleation time is extremely long and the temperature of maximum nucleation is well below Tg 392 

in a region of high viscosity, making albite glass almost impossible to crystallize in a water-free, 393 

seed-free experiment (Zanotto and Cassar, 2017).  394 
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Related mineral systems 395 

The Al3+ equivalents of the compositions studied here, i.e., NaAlSiO4 (nepheline or 396 

carnegieite), NaAlSi2O6 (jadeite), and NaAlSi3O8 (albite) can form distinct crystalline phases and 397 

are well-studied rock-forming minerals (Deer et al., 2004; Marcial et al., 2016; Marcial and 398 

McCloy, 2019; Palmer, 1994). Al3+, for which we substituted Fe3+, is tetrahedrally coordinated 399 

by oxygen atoms in nepheline and albite structures, while octahedrally coordinated in jadeite. 400 

Substitution of all Al3+ by Fe3+ did not form the same crystal structure for nepheline and albite, 401 

whereas NaFe3+Si2O6 forms isomorphous crystals to NaAl3+Si2O6. Nonetheless, it was shown in 402 

(Ahmadzadeh et al., 2017) that the nepheline structure can incorporate significant amounts of 403 

Fe3+ (up to x=0.37 in NaAl(1-x)FexSiO4) in Al3+ sites. Moreover, Bailey and Schairer (Bailey and 404 

Schairer, 1963; Bailey and Schairer, 1966) have observed that albite can also accommodate a 405 

limited amount of iron in its structure, likely in Al sites, though most Fe found in feldspars is in 406 

impurities of magnetite and hematite (Montiel-Anaya and Franco, 2019).  407 

Comparison with the other alkali oxide-Fe2O3-SiO2 systems is warranted. In the K2O-408 

Fe2O3-SiO2 system, the K analogues of all these three compounds (i.e. KFeSiO4, KFeSi2O6, and 409 

KFeSi3O8) exist as crystalline phases (Faust, 1936; Lange et al., 1986). In fact, not only iron-410 

leucite (KFeSi2O6) (Bell and Henderson, 1994), but also iron-kalsilite (KFeSiO4) (Bentzen, 411 

1983) and iron-orthoclase/ ferri-sanidine (KFeSi3O8) (Lebedeva et al., 2003; Shchipalkina et al., 412 

2019) are isomorphous to their Al equivalents, and Fe3+ is tetrahedrally coordinated in all three 413 

compounds. The Li equivalent of aegirine (LiFeSi2O6), known as Li-aegirine, crystallizes in the 414 

same crystal structure as spodumene (LiAlSi2O6) and aegirine (NaFeSi2O6), i.e., monoclinic 415 

structure with space group C2/c, with [6]Fe3+ (Lottermoser et al., 1998; Zhang et al., 2002). 416 

However, this phase is not reported as a natural mineral. LiFeSiO4 has been reported, but is not 417 
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known as a natural mineral (Honma et al., 2012; Nytén et al., 2006). To our knowledge, 418 

LiFeSi3O8 has only been calculated but not experimentally reported (Persson, 2014).  419 

It is notable that the coordination of Fe3+ has been shown to be particularly strongly 420 

influenced by the nature of the alkali cation in some silicate glasses, wherein [CN]Fe3+ decreases 421 

(from 6 (Li) to 4 (K)) with increasing alkali ionic radius (Bingham et al., 2014). This is 422 

qualitatively consistent with the coordination behavior of Fe3+ in the crystalline systems 423 

described above. Even with the same coordination number, the ionic size may still influence the 424 

stability of a given crystal structure, such as for alkali-Fe3+-feldspar, where the distortion of the 425 

Na environment due to its smaller ionic size is less favorable for the feldspar structure than K 426 

(Shchipalkina et al., 2019). 427 

  428 

IMPLICATIONS 429 

Three sodium iron silicate compositions (NaFeSiO4 – Fe-nepheline, NaFeSi2O6 – 430 

aegirine, NaFeSi3O8 – Fe-albite) have been studied. The high-SiO2 compositions (aegirine and 431 

Fe-albite with SiO2 > 50 wt%) can readily form glass upon quenching, whereas Fe-nepheline 432 

crystallizes magnetite even at relatively fast quench rates because of its lower Si/Fe ratio. In the 433 

glasses, although there is some Fe2+ (<20%, depending on the composition), most of the iron 434 

occurs as 4-coordinated Fe3+ cations. However, when Fe crystallizes as the sodium iron silicate 435 

mineral (i.e., aegirine) upon isothermal heat-treatment, it arranges as Fe3+ octahedra (6-436 

coordinated). It was found that analysis of pre-edge XANES features is less sensitive than 437 

Mössbauer for the study of Fe redox and coordination in such compositions where Fe3+/∑Fe does 438 

not vary significantly. The as-quenched glasses show similar Raman spectra with intense low-439 

frequency (200-600 cm-1) and high-frequency (800-1200 cm-1) envelopes, and systematic 440 
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changes of their frequency and relative intensity based on their changing Si/Fe ratio. Moreover, 441 

the thermal analysis of these glass reveals an increase in the glass transition temperature from 442 

Tg=471°C in NaFeSiO4 (Si/Fe=1) to Tg~521°C in NaFeSi3O8 (Si/Fe=3), due to the stronger Si-O 443 

bonds substituting for Fe-O bonds. 444 

The study of these simplified compositions can help understand the potential phases that 445 

may crystallize within high-Fe nuclear waste glasses, which can affect their aqueous alteration 446 

behavior (Deshkar et al., 2019). It is shown that, in NaFeSixO(2x+2) type compositions, Fe 447 

crystallizes as iron spinel (i.e., magnetite) upon quench when x=1 (even at high quench rates); 448 

the melt can readily form a glass when x≥2; and the glass can hardly crystallize when x≥3. 449 

Increasing the Si/Fe ratio was found to increase the Fe2+ fraction, consistent with known models, 450 

which has a network modifying role. The correlation between Si/Fe ratio and Fe oxidation state 451 

in such glasses, is important for geosciences and high-Fe nuclear waste management, as it can 452 

influence the melt polymerization, and as shown here, its crystallization behavior. Details of Fe 453 

chemistry are also important for nuclear waste vitrification processes, as the redox strongly 454 

influences foaming behavior and melt rate (Pokorny and Hrma, 2014). For a full understanding, 455 

future studies should be conducted with deliberate control of the Fe oxidation state of the starting 456 

glass, for these same compositions, in order to obtain a more complete understanding of the role 457 

of Fe conformation and Fe content on network topology and resulting thermal properties and 458 

viscosity.  459 
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FIGURE CAPTIONS 705 

 706 

 707 

Figure 1. Room temperature curves of magnetization – M, versus magnetic field – H, for a) as-quenched Fe-708 

nepheline, b) as-quenched aegirine and Fe-albite, and c) heat-treated aegirine samples with maximum applied field 709 

of 1.8 T. The insets show the curves with maximum applied field of 0.2 T. 710 

 711 

Figure 2. Fitted room temperature 57Fe Mössbauer spectra of as-quenched (AQ) Fe-nepheline (a), Aegirine (b), and 712 

Fe-albite (c) samples, along with the crystallized aegirine heat-treated at 900°C for 24 h (d). The black points 713 

represent experimental data, blue line is total fit, and magenta lines are fits of individual Fe sites. See the online 714 

version of this article for color. 715 

 716 

Figure 3. Fe K-edge X-ray absorption data. a) Measured XANES of glasses, crystallized glass, and standards, b) fits 717 

of the extracted pre-edge, and c) pre-edge integrated intensity versus centroid position (with respect to Fe foil at 718 

7112 eV). Our measured samples are shown in red, whereas the measured standards are in blue. The same standards 719 

reported by Wilke et al (Wilke et al., 2001) are shown in filled black circles with their other reported values in open 720 

circles.   721 

 722 

Figure 4. Raw (a) and treated (b) Raman spectra of NaFeSiO4 (Fe-nepheline), NaFeSi2O6 (aegirine), and NaFeSi3O8 723 

(Fe-albite) as-quenched (AQ) samples. The curves are offset along Y axis. The data shown in (b) is Long-corrected 724 

(Long, 1977), background-subtracted, and area-normalized. 725 

 726 

 727 
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TABLES 729 

Table 1. Studied sodium iron silicate samples 730 

Sample Formula wt% oxides Melting  

temp (°C) 

Isothermal heat treatment 

Na2O Fe2O3 SiO2 Temp (°C) Time (h) 

Fe-nepheline NaFeSiO4 18.13 46.71 35.15 1500 775 7 
Aegirine NaFeSi2O6 13.42 34.56 52.02 1500 900 24 
Fe-albite NaFeSi3O8 10.65 27.43 61.92 1500 1000a 24  

aThe Fe-albite glass was also heat-treated for longer time (i.e., 72 h) at 900°C to try to crystallize the glass  731 

 732 

 733 

Table 2. Phase analysis of the as-quenched and heat-treated Fe-nepheline, aegirine, and Fe-albite samples, based on 734 
XRD and Rietveld refinement results 735 

Composition 

Phase Analysis 

As-quenched (AQ) Heat-treated (HT) 
Phases (wt%) comments Phases (wt%) comments 

NaFeSiO4 
92.5% Amrph 
+ 7.5% Mgn 

Due to low silica content (Si/Fe=1), 
glass cannot accommodate all Fe easily, 

and excessive Fe crystallizes as Mgn. 

79.2% Amrph  
+ 20.8% Hmt  

Mgn further oxidizes to Hmt, and 
possibly more Fe gets pushed out from 
glass to Hmt upon heat-treatment in air. 

NaFeSi2O6 Amrph 
Due to higher silica content (Si/Fe=2), 

glass accommodates all Fe.  

7.4% Amrph  
+ 91.4% Ae  
+ 1.2% Hmt 

Most of the glass transforms to Ae 
crystals, while some trace Hmt is 

observed. 

NaFeSi3O8 Amrph 
Due to high silica content (Si/Fe=3), 

glass accommodates all Fe. 

95.5% Amrph 
+ 4.5% Hmt 

(HT for 72 h at 
900°C 

crystallizes 
19% Ae too) 

High silica does not allow the glass to 
crystallize readily. Only a small 

fraction of Hmt precipitates. (In case of 
longer HT time, Ae can crystallize.) 

Amrph: amorphous; Mgn: magnetite; Hmt: hematite; Ae: aegirine. 736 
 737 

 738 

  739 



31 
 

FIGURES 740 
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