
Mao et al., High P Study of Al-bearing Silicate Glass 
 

Revision 2 1 

Spin and valence states of iron in Al-bearing silicate glass at high 2 

pressures studied by synchrotron Mössbauer and X-ray emission 3 

spectroscopy 4 

Zhu Mao1, Jung-Fu Lin1, Jing Yang1, Junjie Wu1,2, Heather C. Watson3, Yuming Xiao4, 5 

Paul Chow4,  and Jiyong Zhao5 6 

 7 

1Department of Geological Sciences, Jackson School of Geosciences, The University of 8 

Texas at Austin, Austin, TX 78712, USA 9 

2Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics, 10 

Chinese Academy of Sciences, Beijing 100190, China 11 

3Department of Earth and Environmental Science, Rensselaer Polytechnic Institute, Troy, 12 

NY 12180, USA 13 

4HPCAT, Carnegie Institution of Washington, Advanced Photon Source, Argonne 14 

National Laboratory, Argonne, IL 60439, USA 15 

5Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 



Mao et al., High P-T Study of Al-bearing Silicate Glass 
 

 

2

2

 24 

Abstract 25 

High-pressure synchrotron Mössbauer (SMS) and X-ray emission (XES) spectroscopic 26 

measurements were conducted to investigate the spin and valence states of iron in 27 

(Al,Fe)-bearing magnesium silicate glass (Mg0.79Fe0.10Al0.10Si0.96O3) up to 126 GPa and 28 

300 K. By analyzing the Fe Kβ emission spectra using the integrated relative difference 29 

(IRD) method which accounts for the spectral broadening effects, the derived total spin 30 

momentum (S) of the iron in the glass shows no observable changes with pressure within 31 

the experimental uncertainties. A two-doublet fitting model representing two diverse 32 

local iron atomic environments was used to satisfactorily simulate the high-pressure SMS 33 

spectra of iron in the glass. The doublet with an averaged quadrupole splitting (QS) value 34 

of 1.94(±0.25) mm/s and chemical shift (CS) of 1.02(±0.25) mm/s at ambient conditions 35 

was assigned to be high-spin Fe2+, whereas the second doublet with QS = 0.83(±0.25) 36 

mm/s and CS = 0.49(±0.25) mm/s was assigned to be high-spin Fe3+. Increasing pressure 37 

continuously elevates the QS of Fe2+ from approximately 2 mm/s at ambient pressure to 38 

3.5 mm/s at 126 GPa, while Fe3+ only exhibits a slight increase in the QS to 1.34(±0.25) 39 

mm/s. Comparing with previous experimental and theoretical studies on the local 40 

geometries and hyperfine parameters of silicate glasses and minerals, we conclude that 41 

the occurrence of the extremely high QS of Fe2+ in our glass above approximately 40-50 42 

GPa can be associated with the enhanced density and diverse distortions and geometries 43 

of the local Fe2+ environments. Our combined XES and SMS results show that both Fe2+ 44 

and Fe3+ ions in Al-bearing silicate remain in the high-spin state, rather than undergoing a 45 

spin-pairing transition as proposed previously. Assuming that the silicate glass results can 46 
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be used as an analog for understanding silicate melts, our results here indicate that iron 47 

ions likely experience significant changes in the local environments yet remain overall in 48 

the high-spin state in silicate melts at the extreme pressure and temperature conditions of 49 

the deep mantle. 50 

 51 

Introduction 52 

Physical and chemical properties of rock-forming silicate melts at pressure and 53 

temperature (P-T) conditions relevant to the Earth’s mantle have attracted extensive 54 

research interest in the deep-Earth community (Guillot and Sator 2007; Lee 2005; Lee 55 

2011; Ohtani 1985; Poe et al. 1997; Stixrude and Karki 2005; Tonks and Melosh 1993; 56 

Wolf and Mcmillan 1995; Yarger et al. 1995). These properties hold the key to our 57 

understanding on the fractionation of the Earth’s mantle in the early stage of the 58 

terrestrial planetary evolution (Funamori and Sato 2010; Rigden et al. 1984; Stixrude and 59 

Karki 2005; Stolper et al. 1981), the model of lunar formation from a giant impact that 60 

caused wide-spread melting  (Cameron and Benz 1991; Stevenson 1987), and the 61 

formation of the ultra-low velocity provinces (ULVPs) beneath the central Pacific and 62 

southern Africa above the core-mantle boundary (Wen and Helmberger 1998; Williams 63 

and Garnero 1996). The presence of partially-melted materials also has the potential to 64 

produce chemically distinct reservoirs in the Earth’s mantle, because a number of 65 

incompatible elements, including both trace and major elements (e.g. Fe and platinum 66 

group elements (PGEs)), preferentially partition into the melt relative to the surrounding 67 

solids (Andrault et al. 2012; Corgne et al. 2005; Nomura et al. 2011). It is thus of great 68 

interest to deep-Earth geophysicists and geochemists to have a comprehensive knowledge 69 
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of the behavior of silicate melts and their solid-counterpart glass analogs at relevant P-T 70 

conditions of planetary interiors. 71 

A recent experimental study reported an abrupt increase in the partition coefficient of 72 

Fe between silicate melts and (Mg,Fe)SiO3 perovskite at approximately 76 GPa (Nomura 73 

et al. 2011). The authors explained that this sudden change in the partition coefficient was 74 

caused by the high-spin (HS) to low-spin (LS) transition of Fe in the system, as supported 75 

by their synchrotron X-ray emission spectroscopy (XES) measurements in the glass 76 

analog. However, such abnormal behavior of the Fe partition coefficient between melts 77 

and solids has not been observed in Al-bearing (Mg,Fe)SiO3 perovskite in a later study 78 

(Andrault et al. 2012). Furthermore, a very recent high-pressure XES study, together with 79 

new Mössbauer results, has also disputed this HS to LS transition explanation (Gu et al. 80 

2012). We note that proper XES spectral references for the HS and LS states were not 81 

used in either of these studies, preventing reliable derivations of the total spin momentum 82 

(S) associated with the potential spin-pairing transition of iron in the glasses at high 83 

pressures (de Groot 2001; Gu et al. 2012; Nomura et al. 2011).  84 

Based on a series of recent experimental and theoretical studies on the spin and 85 

valence states of iron-bearing minerals at high pressures (Lin et al. 2013), it is now well 86 

understood that applied pressure can induce spin-pairing transitions of Fe2+ and Fe3+ in 87 

the relatively small octahedral sites (B site) in a number of minerals including 88 

ferropericlase, perovskite, and post-perovskite (Badro et al. 2003; Lin et al. 2012; Mao et 89 

al. 2010). However, a survey of recent studies on the spin states of Fe2+ and Fe3+ in the 90 

comparatively larger pseudo-dodecahedral site (A site) with 8-12 coordination numbers 91 

in silicate perovskite shows that these iron ions likely remain in the HS state even at 92 

lower-mantle pressures (Hsu et al. 2011; Hsu et al. 2012; Lin et al. 2012); though, an 93 
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intermediate spin state of Fe2+ has also been proposed (McCammon et al. 2008). These 94 

observations can be understood in terms of the volume-driven spin transition in which 95 

applied pressure further reduces the volume of the local iron site overcoming the spin-96 

pairing energy to stabilize the LS state, while the extremely high quadrupole values of the 97 

A-site Fe2+ can be understood in terms of the lattice distortion.  98 

The structural role of Fe in silicate melts and glasses is much more complex than in 99 

crystals of the same composition and is currently under debate because of its various 100 

oxidation states and local atomic geometries (Mysen and Richet 2005). Particularly, Fe3+ 101 

can be four- and six-coordinated in silica-rich melts and glasses, and has been shown to 102 

be in a mixture of four and six coordination in Ca-bearing silica-rich melts (Calas and 103 

Petiau 1983; Giuli et al. 2011; Levy et al. 1976; Mysen and Richet 2005; Mysen and 104 

Virgo 1989; Mysen et al. 1985; Mysen et al. 1984; Wang et al. 1995). The five-105 

coordinated Fe3+ has also been observed in hydrous aluminosilicate glass (Wilke et al. 106 

2006). Although Fe2+ was proposed to be predominantly in six-coordination (Boon and 107 

Fyfe 1972; Fox et al. 1982; Goldman and Berg 1980; Nolet 1980; Virgo and Mysen 108 

1985), recent experimental studies have shown the presence of four- and five-coordinated 109 

Fe2+ in silicate melts and glasses (Alberto et al. 1996; Bonnin-Mosbah et al. 2001; Giuli 110 

et al. 2011; Giuli et al. 2002; Jackson et al. 2005; Rossano et al. 1999; Rossano et al. 111 

2000; Waychunas et al. 1988). Due to the complex local environments of Fe and rather 112 

limited experimental studies, it remains highly debated as to whether or not iron ions in 113 

silicate melts and glasses can undergo a spin transition at lower-mantle pressures 114 

(Andrault et al. 2012; Gu et al. 2012; Nomura et al. 2011). Silicate glasses have long 115 

thought to be analogs to melts in the deep-Earth mantle due to their similarities in local 116 

atomic structures (Akins et al. 2004; Henderson et al. 2006; Mcmillan 1984; Mysen and 117 
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Richet 2005). The local structure of the glass presents the structure of supercooled liquids 118 

at the glass transition temperature that is much lower than the melting temperature 119 

(Ediger et al. 1996). The information on the spin and valence states of iron in silicate 120 

glasses may provide new insights into understanding physical and chemical properties of 121 

iron-rich melts in planetary interiors. 122 

In this study, we have investigated the spin and valence states of Fe in an Al-bearing 123 

silicate glass using synchrotron XES and Mössbauer spectroscopy (SMS) in a high-124 

pressure diamond anvil cell (DAC). XES spectra were used to derive the total S of the 3d 125 

electrons of Fe ions, while SMS results relate hyperfine parameters to the spin and 126 

valence states as well as the abundance of Fe ions in the glass at high pressures. Our XES 127 

and SMS results are combined with literature data on melts and glasses in order to 128 

provide us with a clearer picture on the role of the electronic spin and valence states as 129 

well as the local electronic environments of Fe in silicate glasses at high pressures. 130 

 131 

Experimental Details 132 

57Fe-enriched Al-bearing silicate glass (>95% enrichment) was synthesized by mixing 133 

MgO, Al2O3, 57Fe2O3, and SiO2. All of the oxides were mechanically well mixed and 134 

pressed into a small pellet of 2 to 3 mm in diameter and height. The pressed pellet was 135 

wrapped in a Pt wire loop and melted in a vertical tube furnace at 1600oC for one hour in 136 

air. Then it was quenched by rapidly removing the sample from the furnace. Electron 137 

microprobe and Mössbauer spectroscopic analyses of the sample showed a bulk, 138 

homogeneous composition, Mg0.79Fe0.10Al0.10Si0.96O3 with 22% Fe2+ and 78% Fe3+ of the 139 
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total iron, while X-ray diffraction (XRD) measurements did not show any obvious 140 

crystalline lines.  141 

The (Al,Fe)-bearing silicate glass was polished down to a 15 μm disk in thickness, 142 

and sample disks of approximately 50 μm in diameter were loaded into symmetric DACs 143 

for high-pressure experiments. The sample for SMS experiments was loaded in a sample 144 

chamber with a Re gasket and Ne pressure medium, whereas a Be gasket with cBN 145 

gasket insert and mineral oil medium was used for XES experiments. Several ~10 μm 146 

ruby spheres were loaded into the sample chambers and used as the pressure calibrant 147 

(Mao et al. 1986).  148 

The glass sample has been firstly examined by the conventional Mössbauer 149 

spectroscopy at ambient conditions. High-pressure SMS measurements at ambient 150 

temperature were performed at the HPCAT Sector and Sector 3 of the Advanced Photon 151 

Source (APS), Argonne National Laboratory (ANL). An incident X-ray beam with an 152 

energy of 14.4125 keV and a bandwidth of ~2 meV was used to excite the 57Fe nuclei in 153 

the sample. An avalanche photodiode detector (APD) was used to collect the SMS signals 154 

with a typical collection time of approximately 4 to 6 hours for each spectrum. The SMS 155 

spectra were collected in pressure steps of approximately 4 to 12 GPa from 1 bar to 126 156 

GPa. High-pressure and room-temperature XES measurements were also performed at 157 

the HPCAT Sector of the APS, ANL. An incident X-ray beam with an energy of 11.3 158 

keV and a bandwidth of approximately 1 eV was used for the experiments. The collection 159 

time for each XES spectrum was approximately 40 minutes, and 4 to 6 spectra were 160 

added together for a given pressure. Enstatite [(Mg0.75Fe0.25)SiO3, En25] was used as the 161 

HS reference, whereas ferropericlase [(Mg0.75Fe0.25)O, Fp25] at 90 GPa was used as the 162 

LS reference (Mao et al. 2010). 163 
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 164 

Results 165 

The conventional Mössbauer spectrum can be well described by a two-doublet model 166 

with 21(±5)% of Fe2+ and 79(±5)% of Fe3+. The SMS spectra show two dominant 167 

quantum beats which shift to faster time decays with increasing pressure (Fig. 1). Above 168 

100 GPa, these beats become less obvious and the spectra are dominated by a single 169 

broad decay. In addition, the spectral intensity at slower decay times above 80 ns slightly 170 

increases with pressure. The broadening of the SMS spectra may be caused by the 171 

deviatory stress and/or modifications of the local electronic structures in the diamond 172 

anvil cell at high pressures. The SMS spectra were analyzed using the CONUSS program 173 

(Sturhahn 2000) (Fig. 1). A two-doublet model was used to most satisfactorily simulate 174 

the SMS spectra, consistent with results from conventional Mössbauer measurements, 175 

although other doublet models were tested and were shown to be not as representative. 176 

Since the iron ions in the silicate glass should have diverse distributions of the local 177 

geometries with coordination numbers ranging from four to six (Calas and Petiau 1983; 178 

Dyar 1985; Giuli et al. 2011; Giuli et al. 2002; Jackson et al. 2005; Rossano et al. 1999; 179 

Rossano et al. 2000; Wilke et al. 2001; Wilke et al. 2006), these modeled doublets well 180 

represent averaged hyperfine parameters of the iron ions. Because the thermally-activated 181 

charge transfer between Fe2+ and Fe3+ valence states is unlikely to occur at ambient 182 

temperature (see further discussion in Discussion section) (Fei et al. 1994; Potapkin et al. 183 

2013), the abundance ratio of these doublets was fixed in our analyses. These analyses 184 

show that doublet 1 with 22(±4) % abundance has a QS = 1.94(±0.25) mm/s and CS = 185 

1.02(±0.25) mm/s at ambient conditions. Its QS increases to 3.54(±0.25) mm/s at 126 186 
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GPa (Fig. 2). Most importantly, it exhibits a significant increase in the QS between 4 and 187 

55 GPa. Above 55 GPa, its QS shows a much weaker pressure dependence. Doublet 2 has 188 

much lower QS (0.83(±0.25) mm/s) and CS (0.49(±0.25) mm/s) values as compared to 189 

the doublet 1 at ambient conditions, and shows a smooth increase in the QS to 190 

1.34(±0.25) mm/s at our maximum pressure of 126 GPa (Fig. 2). 191 

At first sight, the raw XES spectra appear to show a subtle, continuous change with 192 

pressure up to 80 GPa (Fig. 3). Comparing to the iron-bearing enstatite as the HS 193 

reference, the Kβ main peak is slightly widened and the intensity of the Kβ’ satellite peak 194 

is slightly reduced with pressure. In order to evaluate the cause for these spectral features, 195 

here we have evaluated the XES spectra in two different ways. First, using the Integrated 196 

Absolute Difference (IAD) method (Vankó et al. 2006), we have modeled the absolute 197 

difference between the sample spectrum and the LS reference (Fig. 3). This difference 198 

was later normalized, integrated, and compared with the one from the HS and LS 199 

references to derive the S values (Fig. 3). The derived S values obtained in the IAD 200 

analyses decrease from 2 to 1.4 with pressure. However, it is well known in spectral 201 

analyses that broadening of a spectrum can also lead to the decrease in the intensity of a 202 

relatively weaker peak, e.g., in our case here, a weaker satellite peak (de Groot 2001) 203 

(Fig. 3). Such broadening effect can be a result of the energy resolution function of the 204 

experiments and/or complex electronic environments at high pressures, and has been 205 

observed in the previously reported XES spectra (e.g. Lin et al. 2005; de Groot, 2001). 206 

Specifically, a reduction of the derived satellite intensity in the purely high-spin 207 

ferropericlase, which should have a derived S=2, indicates an artifact of the pressure-208 

induced broadening of the emission spectra (e.g. Lin et al. 2005), although such a subtle 209 
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effect has been neglected in previous analyses (Fig. 4). The broadening effect thus needs 210 

to be taken into account in deriving the S values.  211 

Here we report a new XES spectral analytical method to more reliably derive the total 212 

spin momentum (Fig. 3). In the analyses, the XES spectra are aligned around the Kβ main 213 

peak of the HS reference spectrum and are then integrated using the relative intensity 214 

difference of the spectra, herein called IRD (Integrated Relative Difference) method. 215 

Comparison of the aligned spectra with the HS reference clearly shows intensity 216 

differences in the whole spectral range; though, these regions have either positive or 217 

negative differences. Since the spectral shape can be affected and broadened by applied 218 

pressure, this pressure-induced broadening effect produces the region with a negative 219 

difference in the satellite Kβ’ peak region from the lowest energy to 7049 eV even 220 

without a spin transition. The broadening also results in the region with a positive 221 

difference from 7049 eV to 7056 eV. If one were to sum up the differences using the IAD 222 

method where all absolute differences were used (Vanko et al. 2006), the integrated 223 

intensity would lead to an overestimation of the total spin momentum reduction as a 224 

result of the peak broadening alone. To minimize the influence of this broadening effect 225 

in the spectral analyses, we have, instead, derived the relative intensity difference 226 

between the sample and the HS reference from the lowest energy to the energy at 227 

approximately 7056 eV where the spectral difference is zero near the left shoulder of the 228 

Kβ main peak (Fig. 3). This method allows us to directly integrate the difference in the 229 

satellite Kβ’ peak region that is most sensitive to the 3d electronic spin transition while 230 

avoiding the broadening effect of the dominant, intense main peak in the XES spectra. 231 

The integrated relative differences are then normalized using the difference between the 232 

HS and LS reference spectra in order to derive the total spin momentum. The IRD 233 
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method we employed here satisfactorily provides results that are consistent with 234 

measurements using X-ray diffraction, Mössbauer spectroscopy, and resonant X-ray 235 

emission spectroscopy for ferropericlase [(Mg0.75Fe0.25)O] (Gavriliuk et al. 2006; Lin et 236 

al. 2006, 2010; Mao et al. 2011). On the other hand, derived S values from the IAD 237 

method show a rather broad, continuous decrease with increasing pressure that is not 238 

consistent with results from other studies (Gavriliuk et al. 2006; Lin et al. 2006; Lin et al. 239 

2010; Mao et al. 2011) (Fig. 3 and 4). We interpret this continuous decrease as a result of 240 

the peak broadening effect at high pressures. The aforementioned comparisons with 241 

previous studies further verify the IRD method and justify its use for analyzing the XES 242 

spectra of the (Al,Fe)-bearing silicate glass. 243 

 244 

Discussion 245 

Total Spin Momentum of Iron in Silicate Glasses 246 

The electronic spin state of Fe in an Al-free silicate glass has been recently reported 247 

to undergo a HS to LS transition at 77 GPa, based on the reduction of the Kβ’ satellite 248 

peak from high-pressure XES measurements (Nomura et al. 2011); however, the study 249 

did not take relevant reference HS and LS spectra into consideration of the spectral 250 

analyses. Relevant reference spectra were also lacking in a more recent XES study on two 251 

silicate glasses at high pressures (Gu et al. 2012). In order to derive reliable values of the 252 

S and to decipher the spin states of iron ions, we note that it is critical to simultaneously 253 

measure reliable HS and LS reference spectra of relevant iron-bearing materials with 254 

known spin states for proper data analyses (Figs. 3 and 4). Although the XES spectra are 255 

known to be unaffected by the valence states and the coordination numbers between Fe2+ 256 
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and Fe3+ (Vanko et al. 2006), the spectral features can be affected by the energy 257 

resolution of the incident X-ray source, analyzer, stress states, detector, and applied 258 

pressure causing artifacts on the derived S values (de Groot 2001). Additionally, Fe-259 

bearing silicate glasses that are of relevant research interest here only contain dilute 260 

amounts of iron ions that have spectral features similar to those in iron-bearing oxides 261 

and silicates with minor amounts of Fe2+/Fe3+. However, iron metal and alloys used as 262 

references in some previous studies have very distinct spectral features with reduced 263 

satellite peaks and narrower band widths of the main peak in the HS state as a result of 264 

the strong electron-electron correlations in the system (Lin et al. 2004; Rueff et al. 2002; 265 

Rueff et al. 2001); these iron alloys belong to strongly-correlated systems and cannot be 266 

used as reliable references for dilute systems such as the silicate glasses.  267 

Although our collected XES spectra display a slight reduction in the intensity of the 268 

Kβ’ satellite peak, analyses of the band width of the main peak, together with previous 269 

XES data on the HS ferropericlase, suggest that this change is mainly an artifact caused 270 

by the broadening of the XES spectra with increasing pressure (Figs. 3, 4); that is, applied 271 

pressure slightly increases the band width of the peaks which, from the spectral analyses 272 

prospect, would certainly reduce the peak intensity of the satellite peak. We note that the 273 

XES spectral shape reflects multi-electronic transitions from 3p to 1s for the main Kβ 274 

peak and 3p-3d exchange interactions for the main Kβ’ peak (de Groot, 2000). The 275 

spectral position and shape can thus be affected by applied pressure that modifies the 276 

electronic orbital environments, leading to the broadening of the XES spectra at high 277 

pressures and at high stress environments. As shown in our SMS measurements, the 278 

quadrupole splitting of both of Fe2+ and Fe3+ ions increases with pressure, indicating an 279 

increase in the site-to-site atomic distortions of the geometries of the polyhedral 280 
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surrounding the iron atoms in the glass. The increased distortions of the polyhedral 281 

surrounding the iron atoms could result in a wider range of the distribution in the local 282 

electric field, leading to the broadening of the XES spectra of glasses. Similar broadening 283 

in the XES spectra has also been seen in ferropericlase presented in Lin et al. 2005. To 284 

emphasize the importance of correcting the broadening effect when deriving the S value, 285 

we have reanalyzed the XES spectra of ferropericlase (Lin et al. 2005) (Fig. 4). Although 286 

it is well known that the HS to LS transition of Fe in ferropericlase with 25% iron occurs 287 

above 50 GPa, the XES spectra have shown a reduction in the intensity of the Kβ’ 288 

satellite peak below 50 GPa (Fig. 4). Our analyses here indicate that this is caused by the 289 

aforementioned broadening of the XES spectra at high pressures. The S value derived 290 

using the IAD method, which does not take this broadening effect into account, decreases 291 

from 2 at 1 bar to 1.4 at 47 GPa, although Fe in ferropericlase is observed to be in the HS 292 

state at this pressure range in other studies (Fig. 4) (Gavriliuk et al. 2006; Lin et al. 2006; 293 

Lin et al. 2010; Mao et al. 2011). Such results with a continuous decrease in the derived S 294 

value as function of pressure are inconsistent with recent high-pressure X-ray diffraction 295 

(XRD), resonant X-ray emission spectroscopy (RXES), and Mössbauer results (Fig. 4b) 296 

(Gavriliuk et al. 2006; Lin et al. 2006; Lin et al. 2010; Mao et al. 2011). After correcting 297 

the broadening effect using the IRD method noted above, the derived S value (S=2) 298 

remains almost constant between 1 bar and 47 GPa within experimental uncertainties. 299 

The S starts to decrease at approximately 50 GPa when the HS to LS transition of Fe 300 

occurs, and drops to 0 at ~80 GPa when the HS to LS transition ends (Fig. 4). The 301 

pressure region for the HS to LS transition of Fe in ferropericlase derived from this 302 

method is in excellent agreement with that obtained from the previous SMS, RXES, and 303 

XRD studies (Gavriliuk et al. 2006; Lin et al. 2006; Lin et al. 2010; Mao et al. 2011), 304 
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confirming the need to take the broadening effect into account when analyzing the XES 305 

spectra. 306 

Based on these analyses, we conclude that the total spin number of our silicate glass 307 

does not change with increasing pressure up to 80 GPa after correcting the broadening 308 

effect (Fig. 3). That is, both Fe2+ and Fe3+ ions remain in the HS state at pressures up to 309 

80 GPa (see discussions on M�ssbauer results for other details). This conclusion is in 310 

distinct contrast to the report by Nomura et al. (2011) but is, to the first order, consistent 311 

with the recent study (Gu et al. 2012), although the observed reductions in satellite 312 

intensities by Gu et al. (2012) were treated as a partial spin-pairing transition. We note 313 

that the composition of the glass sample used by Nomura et al. (2011) was 314 

(Mg0.95Fe0.05)SiO3 which did not contain any Al, while one of the samples in Gu et al., 315 

2012 (0.2FeSiO3- 0.05Al2O3-0.75MgSiO3) and our sample contain some amount of Al. 316 

Based on previous experimental and theoretical studies, the presence of Al does not affect 317 

the stability of the Fe spin state at high pressures (Catalli et al. 2011; Catalli et al. 2010; 318 

Hsu et al. 2012). The inconsistency among these studies may be partially explained by 319 

different energy resolutions and use of the reference spectra within the experimental 320 

conditions, together with the consideration of the broadening effects on the spectra (de 321 

Groot 2001; Figs, 3,4). 322 

 323 

Hyperfine Parameters of Iron in Silicate Glasses 324 

Analyses of the SMS spectra provide direct information on the hyperfine parameters 325 

(QS and CS) of the iron ions, which can be used to refer the spin and valence states of Fe 326 

in minerals and glasses (Burns 1994; Dyar 1985; Dyar et al. 2006), because each iron ion 327 

with a specific spin and valence state should have distinct characteristics of the relevant 328 
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hyperfine parameters. Since the local atomic environments of the iron ions in silicate 329 

glasses are very diverse, their hyperfine parameters are expected to be broadly distributed 330 

when compared to minerals with distinct iron sites (Burns 1994; Dyar 1985; Dyar et al. 331 

2006). The modeled energy spectra from SMS measurements show a distinct broadening 332 

with pressure, with a full width at half maximum increasing from 0.77 mm/s at ambient 333 

conditions to 1.87 mm/s at 126 GPa, indicating that applied pressure indeed increases the 334 

disorder of the iron ions in the system (Fig. 1). As shown from the analyses of the SMS 335 

spectra in the (Al,Fe)-silicate glass, the QS of both modeled doublets increases with 336 

pressure (Fig. 2). Comparing our results with previous studies on silicate glasses and 337 

minerals at ambient conditions, together with the XES analyses, the hyperfine parameters 338 

of the two doublets are consistent with the HS Fe2+ and Fe3+ ions which have similar 339 

local coordination geometries to magnesium in our silicate glass sample (Figs. 5 and 6) 340 

(Burns 1994; Dyar 1985; Dyar et al. 2006). 341 

Previous experimental and theoretical studies on silicate perovskite have shown that 342 

Fe2+ exhibits a reduction in the QS going through the HS to LS transition, whereas the QS 343 

of Fe3+ would significantly increase to higher than 2 mm/s through the transition 344 

(Bengtson et al. 2009; Hsu et al. 2011; Hsu et al. 2012; Lin et al. 2012; McCammon et al. 345 

2010) (Fig. 5). However, we have observed a significant increase in the QS of Fe2+ 346 

between 4 and 55 GPa and reaching as high as 3.5 mm/s above 55 GPa (Fig. 2). Such 347 

high QS values of Fe2+ have also been observed to occur in silicate perovskite, post-348 

perovskite, garnet as well as silicate glasses at high pressures (Gu et al. 2012; Hsu et al. 349 

2011; Hsu et al. 2012; Lin et al. 2012; Lin et al. 2008; Mao et al. 2010; McCammon et al. 350 

2008) (Fig. 5), with QS values as high as 4 mm/s in these phases. Although the QS of the 351 

Fe sites in Gu et al. (2012) follows a similar trend with pressure compared to our results 352 
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(Fig. 5), they have used a three-doublet model to interpret their SMS spectra, in which the 353 

ratio of the doublet abundances between Fe2+ and Fe3+ was allowed to vary with pressure. 354 

Since their SMS spectra were collected between 1 bar and 93 GPa at 300 K, oxidation 355 

states of iron ions were unlikely to vary in these glasses, unless a chemical reaction 356 

occurred (Gu et al. 2012; Potapkin et al. 2013) and introduced potential bias in the 357 

modeled results. 358 

The high QS values of Fe2+ observed in silicate perovskite and post-perovskite at high 359 

pressures have been explained as a result of the occurrence of the intermediate-spin state 360 

in earlier studies (Lin et al. 2008; McCammon et al. 2008; Mao et al. 2010), but most 361 

recent theoretical and experimental studies have sufficiently indicated that atomic site 362 

change and lattice distortion are likely the cause for the occurrence of the high QS (Hsu 363 

et al. 2011; Hsu et al. 2012). The reduction in the derived S values in these experiments 364 

can now be explained as a result of the peak broadening effect that caused the satellite 365 

intensity to decrease (Figs. 3 and 4) (Lin et al. 2005). Indeed, iron-bearing pyrope has the 366 

highest QS among all known rock-forming minerals at ambient conditions as a result of 367 

the strong lattice distortion in the garnet structure (Lyubutin and Dodokin 1970; Mao et 368 

al. 2013). The extremely high QS of Fe2+ in silicate glasses observed here could also be 369 

explained by the strong distortion of the local environment at high pressures, similar to 370 

the effect of Al in aluminosilicate glasses characterized by a pressure-induced increase in 371 

the quadrupolar coupling constant. 372 

On the other hand, both theoretical calculations and experimental studies have 373 

reported significant changes in the coordination numbers of the Mg2+, Si4+, and Al3+ 374 

cations in silicate glasses at high pressures (Benmore et al. 2011; Lee et al. 2008; 375 

Stixrude and Karki 2005; Wilding et al. 2012). The increase in the averaged coordination 376 
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number has been known to be associated with a marked increase in the density of the 377 

glass, known as glass densification (Stixrude and Karki 2005), and in the shear wave 378 

velocity (Murakami and Bass 2011). For example, the coordination number of Mg in a 379 

Mg2SiO4 glass is reported to increase from 5 at 1 bar to 6.6 at 30 GPa (Benmore et al. 380 

2011). For the Fe-bearing silicate glasses, it has been reported that both Fe2+ and Fe3+ 381 

cations likely reside in a similar local coordination geometry as Mg2+ cation (Eckersley et 382 

al. 1988), and are expected to undergo significant changes in local atomic environments 383 

as well as densifications at high pressures. Furthermore, Fe3+ may act as a network 384 

former because of the high Fe3+/Fe ratio in our silicate glass samples (greater than 0.5), 385 

leading to a denser structure in glass by decreasing the fraction of the non-bridging 386 

oxygen with pressure, similar to the behavior of Al3+ in aluminosilicates (Burkhard 2000; 387 

Lee 2010; Mysen and Richet 2005). 388 

 389 

Quadrupole Splitting and Coordination Number of Iron in Silicate Glasses 390 

To understand the relationship between the averaged coordination numbers of Fe ions 391 

and their associated QS values, we have summarized the QS values of minerals and 392 

glasses for different Fe valence states and local geometries at ambient conditions (Fig. 6) 393 

(Burns 1994; Dyar 1985; Dyar et al. 2006; Jackson et al. 2005; Rossano et al. 1999). In 394 

general, increasing the coordination number in minerals tends to elevate the value of QS 395 

for Fe2+ and/or Fe3+ (Fig. 6). The QS of Fe2+ increases from ~1 mm/s in the four-fold 396 

coordination environment to over 3 mm/s in the eight-fold coordination, although Fe2+ in 397 

minerals in the eight-twelve-fold coordination, such as that in the A site of the silicate 398 

perovskite, has a QS value lower than that of the eight-fold coordination (Fig. 6). Most of 399 

the silicate glasses exhibit a greater QS value for Fe2+ and/or Fe3+ in the six-fold 400 
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coordination than in the four-fold coordination, yet a few exceptions with higher 401 

coordination numbers display a relatively small QS value (Dyar and Birnie 1984; Dyar 402 

and Burns 1981). Although experimental studies on the QS value of Fe in the five-fold 403 

coordination are limited, QS of Fe2+ in the five-coordination is similar to that in the six-404 

coordination (Jackson et al. 2005; Rossano et al. 1999). The averaged coordination 405 

number of the Mg and Fe cations is reported to be approximately six in average in 406 

MgSiO3 glasses (Funamori et al. 2004). Comparison of our high-pressure SMS results 407 

with these literature values indicate that the QS values of our glasses at high pressures are 408 

higher than those with a coordination number of six (Fig. 6). Iron ions in our (Al,Fe)-409 

silicate glass would have an enhanced coordination number of higher than six at high 410 

pressures (Lee 2010; Wilding et al. 2012) (Fig. 6). Based on these analyses, we thus 411 

conclude that the enhanced QS in the (Al,Fe)-silicate glass should be associated with 412 

enhanced density, coordination number, and distortion of the local environments of the 413 

(Mg,Fe) ions (Benmore et al. 2011; Wilding et al. 2012). 414 

 415 

Implications and Conclusions 416 

Based on both XES and SMS analyses of our results and relevant literature data, we 417 

conclude that both Fe2+ and Fe3+ ions in the similar local atomic environment to 418 

magnesium in the Al-bearing silicate glass have relatively high QS values in the HS state 419 

up to 126 GPa. The high QS values are likely a result of the enhanced density, 420 

coordination number, and distortion of the local cation environments. Correcting the 421 

broadening effect in XES spectra as a function of pressure reveals no significant changes 422 

in the derived total spin number within experimental uncertainties, indicating that all iron 423 
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ions remain in the HS state at high pressures. Here our results also show that iron ions in 424 

silicate glasses exhibit similar electronic states to mantle minerals at high pressures (Lin 425 

et al. 2013). Previous experimental study on silicate perovskite has shown that increasing 426 

temperature can increase the Fe3+/(Fe2++Fe3+) ratio through thermal activation, but does 427 

not affect the stability of the Fe spin states to pressure (Fei et al. 1994). This could be also 428 

true for our silicate glasses, although the effect of temperature on the spin and valence 429 

states of silicate glass remains to be further investigated. However, if some of the Fe3+ 430 

resides in a local environment similar to Si4+ in silicate glasses at high temperatures as a 431 

result of the thermal activation (Fei et al. 1994), Fe3+ ions may undergo the HS to LS 432 

transition at lower-mantle pressure-temperature conditions (Hsu et al. 2011; Tsuchiya and 433 

Wang 2013), leading to potential changes in density, incompressibility, and transport 434 

properties of silicate glasses (Lin et al. 2013). Since these silicate glasses are synthesized 435 

by cooling a supercooled liquid below the glass transition pressure that produces some 436 

similarities in local structures to melts, our results here may be used as analogs to 437 

understanding spin and valence states of iron in melts in the deep-Earth mantle (Akins et 438 

al. 2004; Henderson et al. 2006; Mcmillan 1984; Mysen and Richet 2005) . 439 
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Figure Captions 451 

Figure 1. Representative Mössbauer spectra of (Al,Fe)-bearing silicate glass 452 

(Mg0.79Fe0.10Al0.10Si0.96O3) at high pressures and 300 K. a. Experimentally collected 453 

Mössbauer spectra of silicate glass. Circles: measured SMS spectra; black lines: modeled 454 

spectra using CONUSS program (Sturhahn 2000); b. Modeled energy spectra of silicate 455 

glass. Red dashed lines: double 2 corresponding to Fe3+ sites; blue dashed lines: double 1 456 

corresponding to Fe2+ sites. 457 

 458 

Figure 2. Quadrupole splitting (QS) of iron in the silicate glass at high pressures. The 459 

lower-QS component is assigned to be Fe3+, while the higher-QS component is Fe2+ (see 460 

Fig. 6 for details). Solid lines are shown for readers to follow the trend with pressure. 461 

 462 

Figure 3. X-ray emission Fe Kβ spectra of (Al,Fe)-bearing silicate glass at high 463 

pressures and 300 K. a. the XES spectra at various pressures. Fe-bearing enstatite 464 

[(Mg0.75Fe0.25)SiO3] was used as the high-spin reference (HS En25), while ferropericlase 465 

[(Mg0.75Fe0.25)O]  at 90 GPa was used as the low-spin reference (LS Fp25) (Mao et al. 466 

2010); b. XES spectra of silicate glass together with the LS reference (dashed black line) 467 

aligned with the HS reference spectrum (solid black line). The difference between the 468 

sample spectra (HS spectrum) with the LS reference spectrum is also shown at the 469 

bottom. The inserted figure shows the modeled total spin momentum (S) as a function of 470 

pressure. The unit of the total spin momentum in the vertical axis is normalized to 1 for 471 

the high-spin state of all iron in the glass using their relative abundance ratio derived 472 

from the Mössbauer analyses. Red circles represent the derived values using the 473 
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Integrated Relative Difference (IRD) method. Black circles were calculated using the 474 

Integrated Absolute Difference (IAD) method (Vanko et al. 2006). The blue area shows 475 

the difference in spectra between the sample spectra (HS spectrum) with the LS reference 476 

spectrum which is used in IRD method. 477 

 478 

Figure 4. X-ray emission spectra of ferropericlase at high pressures [(Mg0.75Fe0.25)O, 479 

Fp25]. a. XES spectra at selected pressures reported by Lin et al. (2005); b. Derived total 480 

spin momentum (S). Red circles: obtained using IRD method; black circles: using the 481 

IAD method (Vanko et al. 2006). The fraction of the HS state Fe2+ in Fp25 as a function 482 

of pressure from previous XRD, RXES, and SMS studies is also shown for comparison 483 

(Gavriliuk et al. 2006; Lin et al. 2006; Lin et al. 2010; Mao et al. 2011). 484 

 485 

Figure 5. Comparison of the quadrupole splitting of (Al,Fe)-bearing silicate glass and 486 

a representative silicate perovskite as a function of pressure. Red circles and lines: Al-487 

bearing silicate glass (this study); blue lines: perovskite [Mg0.9Fe0.1SiO3] (Lin et al. 488 

2012); grey open circles and lines: 0.2FeSiO3· 0.05Al2O3·0.75MgSiO3 glass (Gu et al. 489 

2012). The representative error bar of QS is shown at the top right corner of the figure. 490 

 491 

Figure 6. Representative quadrupole splitting (QS) values of minerals and silicate 492 

glasses as a function of the coordination number (CN) of the iron site at ambient 493 

conditions. Our QS results, together with expected CN values of the glass from literature 494 

results (Dyar 1985), at high pressures are shown as red areas. Solid lines: QS of Fe2+ at 495 

ambient conditions; dashed lines: QS of Fe3+ at ambient conditions; grey color: 496 

representative silicate minerals (Burns 1994; Dyar et al. 2006); grey square: Fe2+ in the A 497 
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site (eight to twelve coordination number) of silicate perovskite (Lin et al. 2012; Lin et al. 498 

2013); blue: representative silicate glasses (Dyar 1985); red area: potential increase in the 499 

coordination number of the Fe ion in glass at high pressures (Benmore et al. 2011; 500 

Funamori et al. 2004). 501 
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