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Abstract

High-pressure synchrotron Mössbauer (SMS) and X‑ray emission (XES) spectroscopic measure-
ments were conducted to investigate the spin and valence states of iron in (Al,Fe)-bearing magnesium 
silicate glass (Mg0.79Fe0.10Al0.10Si0.96O3) up to 126 GPa and 300 K. By analyzing the Fe Kβ emission 
spectra using the integrated relative difference (IRD) method, which accounts for the spectral broadening 
effects, the derived total spin momentum (S) of the iron in the glass shows no observable changes with 
pressure within the experimental uncertainties. A two-doublet fitting model representing two diverse 
local iron atomic environments was used to satisfactorily simulate the high-pressure SMS spectra of 
iron in the glass. The doublet with an averaged quadrupole splitting (QS) value of 1.94(±0.25) mm/s 
and chemical shift (CS) of 1.02(±0.25) mm/s at ambient conditions was assigned to be high-spin Fe2+, 
whereas the second doublet with QS = 0.83(±0.25) mm/s and CS = 0.49(±0.25) mm/s was assigned to 
be high-spin Fe3+. Increasing pressure continuously elevates the QS of Fe2+ from ~2 mm/s at ambient 
pressure to 3.5 mm/s at 126 GPa, while Fe3+ only exhibits a slight increase in the QS to 1.34(±0.25) 
mm/s. Comparing with previous experimental and theoretical studies on the local geometries and hy-
perfine parameters of silicate glasses and minerals, we conclude that the occurrence of the extremely 
high QS of Fe2+ in our glass above ~40–50 GPa can be associated with the enhanced density and diverse 
distortions and geometries of the local Fe2+ environments. Our combined XES and SMS results show 
that both Fe2+ and Fe3+ ions in Al-bearing silicate remain in the high-spin state, rather than undergoing 
a spin-pairing transition as proposed previously. Assuming that the silicate glass results can be used 
as an analog for understanding silicate melts, our results here indicate that iron ions likely experience 
significant changes in the local environments yet remain overall in the high-spin state in silicate melts 
at the extreme pressure and temperature conditions of the deep mantle.

Keywords: Silicate glass, high pressure, synchrotron Mössbauer spectroscopy, X‑ray emission 
spectroscopy, lower mantle

Introduction

Physical and chemical properties of rock-forming silicate 
melts at pressure and temperature (P-T) conditions relevant to 
the Earth’s mantle have attracted extensive research interest in 
the deep-Earth community (Guillot and Sator 2007; Lee 2005, 
2011; Ohtani 1985; Poe et al. 1997; Stixrude and Karki 2005; 
Tonks and Melosh 1993; Wolf and McMillan 1995; Yarger et 
al. 1995). These properties hold the key to our understanding on 
the fractionation of the Earth’s mantle in the early stage of the 
terrestrial planetary evolution (Funamori and Sato 2010; Rig-
den et al. 1984; Stixrude and Karki 2005; Stolper et al. 1981), 
the model of lunar formation from a giant impact that caused 
widespread melting (Cameron and Benz 1991; Stevenson 1987), 
and the formation of the Large Low Shear Velocity Provinces 

(ULVPs) beneath the central Pacific and southern Africa above 
the core-mantle boundary (Wen and Helmberger 1998; Williams 
and Garnero 1996). The presence of partially melted materials 
also has the potential to produce chemically distinct reservoirs 
in the Earth’s mantle, because several incompatible elements, 
including both trace and major elements [e.g., Fe and Pt group 
elements (PGEs)], preferentially partition into the melt relative to 
the surrounding solids (Andrault et al. 2012; Corgne et al. 2005; 
Nomura et al. 2011). It is thus of great interest to deep-Earth 
geophysicists and geochemists to have a comprehensive knowl-
edge of the behavior of silicate melts and their solid-counterpart 
glass analogs at relevant P-T conditions of planetary interiors.

A recent experimental study reported an abrupt increase 
in the partition coefficient of Fe between silicate melts and 
(Mg,Fe)SiO3 perovskite at ~76 GPa (Nomura et al. 2011). 
The authors explained that this sudden change in the partition 
coefficient was caused by the high-spin (HS) to low-spin (LS) 
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transition of Fe in the system, as supported by their synchrotron 
X‑ray emission spectroscopy (XES) measurements in the glass 
analog. However, such abnormal behavior of the Fe partition 
coefficient between melts and solids has not been observed in 
Al-bearing (Mg,Fe)SiO3 perovskite in a later study (Andrault et 
al. 2012). Furthermore, a very recent high-pressure XES study, 
together with new Mössbauer results, has also disputed this HS 
to LS transition explanation (Gu et al. 2012). We note that proper 
XES spectral references for the HS and LS states were not used in 
either of these studies, preventing reliable derivations of the total 
spin momentum (S) associated with the potential spin-pairing 
transition of iron in the glasses at high pressures (de Groot 2001; 
Gu et al. 2012; Nomura et al. 2011).

Based on a series of recent experimental and theoretical 
studies on the spin and valence states of iron-bearing minerals 
at high pressures (Lin et al. 2013), it is now well understood 
that applied pressure can induce spin-pairing transitions of 
Fe2+ and Fe3+ in the relatively small octahedral sites (B site) in 
several minerals including ferropericlase, perovskite, and post-
perovskite (Badro et al. 2003; Lin et al. 2012; Mao et al. 2010). 
However, a survey of recent studies on the spin states of Fe2+ 
and Fe3+ in the comparatively larger pseudo-dodecahedral site 
(A site) with 8–12 coordination numbers in silicate perovskite 
shows that these iron ions likely remain in the HS state even at 
lower-mantle pressures (Hsu et al. 2011, 2012; Lin et al. 2012); 
though, an intermediate spin state of Fe2+ has also been proposed 
(McCammon et al. 2008). These observations can be understood 
in terms of the volume-driven spin transition in which applied 
pressure further reduces the volume of the local iron site over-
coming the spin-pairing energy to stabilize the LS state, while 
the extremely high-quadrupole values of the A-site Fe2+ can be 
understood in terms of the lattice distortion.

The structural role of Fe in silicate melts and glasses is much 
more complex than in crystals of the same composition and is 
currently under debate because of its various oxidation states and 
local atomic geometries (Mysen and Richet 2005). Particularly, 
Fe3+ can be four- and six-coordinated in silica-rich melts and 
glasses and has been shown to be in a mixture of four and six 
coordination in Ca-bearing silica-rich melts (Calas and Petiau 
1983; Giuli et al. 2011; Levy et al. 1976; Mysen and Richet 
2005; Mysen and Virgo 1989; Mysen et al. 1984, 1985; Wang 
et al. 1995). The five-coordinated Fe3+ has also been observed 
in hydrous aluminosilicate glass (Wilke et al. 2006). Although 
Fe2+ was proposed to be predominantly in six-coordination 
(Boon and Fyfe 1972; Fox et al. 1982; Goldman and Berg 1980; 
Nolet 1980; Virgo and Mysen 1985), recent experimental studies 
have shown the presence of four- and five-coordinated Fe2+ in 
silicate melts and glasses (Alberto et al. 1996; Bonnin-Mosbah 
et al. 2001; Giuli et al. 2002, 2011; Jackson et al. 2005; Rossano 
et al. 1999, 2000; Waychunas et al. 1988). Due to the complex 
local environments of Fe and limited experimental studies, it 
remains highly debated as to whether or not iron ions in silicate 
melts and glasses can undergo a spin transition at lower-mantle 
pressures (Andrault et al. 2012; Gu et al. 2012; Nomura et al. 
2011). Silicate glasses have long thought to be analogs to melts 
in the deep-Earth mantle due to their similarities in local atomic 
structures (Akins et al. 2004; Henderson et al. 2006; McMillan 
1984; Mysen and Richet 2005). The local structure of the glass 

presents the structure of supercooled liquids at the glass transi-
tion temperature that is much lower than the melting temperature 
(Ediger et al. 1996). The information on the spin and valence 
states of iron in silicate glasses may provide new insights into 
understanding physical and chemical properties of iron-rich melts 
in planetary interiors.

In this study, we have investigated the spin and valence 
states of Fe in an Al-bearing silicate glass using synchrotron 
XES and Mössbauer spectroscopy (SMS) in a high-pressure 
diamond-anvil cell (DAC). XES spectra were used to derive the 
total S of the 3d electrons of Fe ions, while SMS results relate 
hyperfine parameters to the spin and valence states as well as 
the abundance of Fe ions in the glass at high pressures. Our XES 
and SMS results are combined with literature data on melts and 
glasses to decipher the electronic spin and valence states as well 
as the local electronic environments of Fe in silicate glasses at 
high pressures.

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

mixing MgO, Al2O3, 57Fe2O3, and SiO2. All of the oxides were mechanically well 
mixed and pressed into a small pellet of 2 to 3 mm in diameter and height. The 
pressed pellet was wrapped in a Pt wire loop and melted in a vertical tube furnace at 
1600 °C for one hour in air. Then it was quenched by rapidly removing the sample 
from the furnace. Electron microprobe and Mössbauer spectroscopic analyses of 
the sample showed a bulk, homogeneous composition, Mg0.79Fe0.10Al0.10Si0.96O3 with 
22% Fe2+ and 78% Fe3+ of the total iron, while X‑ray diffraction (XRD) measure-
ments did not show any obvious crystalline lines.

The (Al,Fe)-bearing silicate glass was polished down to a 15 m disk in thick-
ness, and sample disks of ~50 m in diameter were loaded into symmetric DACs 
for high-pressure experiments. The sample for SMS experiments was loaded in a 
sample chamber with a Re gasket and Ne pressure medium, whereas a Be gasket 
with cBN gasket insert and mineral oil medium was used for XES experiments. 
Several 10 m ruby spheres were loaded into the sample chambers and used as the 
pressure calibrant (Mao et al. 1986).

The glass sample has been first examined by the conventional Mössbauer 
spectroscopy at ambient conditions. High-pressure SMS measurements at ambient 
temperature were performed at the HPCAT Sector and Sector 3 of the Advanced 
Photon Source (APS), Argonne National Laboratory (ANL). An incident X‑ray 
beam with an energy of 14.4125 keV and a bandwidth of 2 meV was used to excite 
the 57Fe nuclei in the sample. An avalanche photodiode detector (APD) was used 
to collect the SMS signals with a typical collection time of ~4 to 6 h for each 
spectrum. The SMS spectra were collected in pressure steps of ~4 to 12 GPa from 
1 bar to 126 GPa. High-pressure and room-temperature XES measurements were 
also performed at the HPCAT Sector of the APS, ANL. An incident X‑ray beam 
with an energy of 11.3 keV and a bandwidth of ~1 eV was used for the experiments. 
The collection time for each XES spectrum was ~40 min, and 4 to 6 spectra were 
added together for a given pressure. Enstatite [(Mg0.75Fe0.25)SiO3, En25] was used 
as the HS reference, whereas ferropericlase [(Mg0.75Fe0.25)O, Fp25] at 90 GPa was 
used as the LS reference (Mao et al. 2010).

Results
The conventional Mössbauer spectrum can be well described 

by a two-doublet model with 21(±5)% of Fe2+ and 79(±5)% 
of Fe3+. The SMS spectra show two dominant quantum beats, 
which shift to faster time decays with increasing pressure (Fig. 
1). Above 100 GPa, these beats become less obvious and the 
spectra are dominated by a single broad decay. In addition, the 
spectral intensity at slower decay times above 80 ns slightly 
increases with pressure. The broadening of the SMS spectra 
may be caused by the deviatory stress and/or modifications of 
the local electronic structures in the diamond-anvil cell at high 
pressures. The SMS spectra were analyzed using the CONUSS 
program (Sturhahn 2000) (Fig. 1). A two-doublet model was used 



MAO ET AL.: HIGH PRESSURE STUDY OF Al-BEARING SILICATE GLASS 417

R
el

at
iv

e 
Tr

an
sm

is
si

on

a. Mossbauer Spectra                                                 b. Modeled Energy Spectra

Velocity (mm/s) Velocity (mm/s)

Figure 1

Time (ns) Time (ns)

In
te

ns
ity

 (C
ou

nt
s)

Figure 1. Representative Mössbauer spectra of (Al,Fe)-bearing silicate glass (Mg0.79Fe0.10Al0.10Si0.96O3) at high pressures and 300 K. (a) 
Experimentally collected Mössbauer spectra of silicate glass. Circles: measured SMS spectra; black lines: modeled spectra using CONUSS program 
(Sturhahn 2000); (b) Modeled energy spectra of silicate glasses (black line). Red lines: doublet 2 corresponding to Fe3+ sites; blue lines: doublet 1 
corresponding to Fe2+ sites. (Color online.) 

Figure 2

Figure 2. Quadrupole splitting (QS) of iron in the silicate glass at 
high pressures. The lower-QS component is assigned to be Fe3+, while 
the higher-QS component is Fe2+ (see Fig. 6 for details). Solid lines are 
shown for readers to follow the trend with pressure. (Color online.)

to most satisfactorily simulate the SMS spectra, consistent with 
results from conventional Mössbauer measurements, although 
other doublet models were tested and were shown to be not as 
representative. Since the iron ions in the silicate glass should have 
diverse distributions of the local geometries with coordination 
numbers ranging from four to six (Calas and Petiau 1983; Dyar 
1985; Giuli et al. 2002, 2011; Jackson et al. 2005; Rossano et 
al. 1999, 2000; Wilke et al. 2001, 2006), these modeled doublets 
well represent averaged hyperfine parameters of the iron ions. 
Because the thermally activated charge transfer between Fe2+ and 
Fe3+ valence states is unlikely to occur at ambient temperature 

(see further discussion in Discussion section) (Fei et al. 1994; 
Potapkin et al. 2013), the abundance ratio of these doublets 
was fixed in our analyses. These analyses show that doublet 1 
with 22(±4) % abundance has a QS = 1.94(±0.25) mm/s and 
CS = 1.02(±0.25) mm/s at ambient conditions. Its QS increases 
to 3.54(±0.25) mm/s at 126 GPa (Fig. 2). Most importantly, it 
exhibits a significant increase in the QS between 4 and 55 GPa. 
Above 55 GPa, its QS shows a much weaker pressure depen-
dence. Doublet 2 has much lower QS [0.83(±0.25) mm/s] and 
CS [0.49(±0.25) mm/s] values as compared to the doublet 1 at 
ambient conditions, and shows a smooth increase in the QS to 
1.34(±0.25) mm/s at our maximum pressure of 126 GPa (Fig. 2).

At first sight, the raw XES spectra appear to show a subtle, 
continuous change with pressure up to 80 GPa (Fig. 3). Com-
paring to the iron-bearing enstatite as the HS reference, the 
Kβ main peak is slightly widened and the intensity of the Kβ′ 
satellite peak is slightly reduced with pressure. To evaluate the 
cause for these spectral features, here we have evaluated the 
XES spectra in two different ways. First, using the integrated 
absolute difference (IAD) method (Vankó et al. 2006), we have 
modeled the absolute difference between the sample spectrum 
and the LS reference (Fig. 3). This difference was later normal-
ized, integrated, and compared with the one from the HS and LS 
references to derive the S values (Fig. 3). The derived S values ob-
tained in the IAD analyses decrease from 2 to 1.4 with pressure. 
However, it is well known in spectral analyses that broadening 
of a spectrum can also lead to the decrease in the intensity of a 
relatively weaker peak, e.g., in our case here, a weaker satellite 
peak (de Groot 2001) (Fig. 3). Such broadening effect can be a 
result of the energy resolution function of the experiments and/
or complex electronic environments at high pressures, and has 
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been observed in the previously reported XES spectra (e.g., 
Lin et al. 2005; de Groot 2001). Specifically, a reduction of the 
derived satellite intensity in the purely high-spin ferropericlase, 
which should have a derived S = 2, indicates an artifact of the 
pressure-induced broadening of the emission spectra (e.g., Lin 
et al. 2005), although such a subtle effect has been neglected in 
previous analyses (Fig. 4). The broadening effect thus needs to 
be taken into account in deriving the S values. 

Here we report a new XES spectral analytical method to more 
reliably derive the total spin momentum (Fig. 3). In the analyses, 
the XES spectra are aligned around the K main peak of the HS 
reference spectrum and are then integrated using the relative 
intensity difference of the spectra, herein called integrated rela-
tive difference (IRD) method. Comparison of the aligned spectra 

with the HS reference clearly shows intensity differences in the 
whole spectral range; though, these regions have either positive 
or negative differences. Since the spectral shape can be affected 
and broadened by applied pressure, this pressure-induced broad-
ening effect produces the region with a negative difference in the 
satellite Kβ′ peak region from the lowest energy to 7049 eV even 
without a spin transition. The broadening also results in the region 
with a positive difference from 7049 to 7056 eV. If one was to 
sum up the differences using the IAD method where all absolute 
differences were used (Vankó et al. 2006), the integrated intensity 
would lead to an overestimation of the total spin momentum 
reduction as a result of the peak broadening alone. To minimize 
the influence of this broadening effect in the spectral analyses, we 
have, instead, derived the relative intensity difference between 
the sample and the HS reference from the lowest energy to the 
energy at ~7056 eV where the spectral difference is zero near 
the left shoulder of the K main peak (Fig. 3). This method allows 
us to directly integrate the difference in the satellite Kβ′ peak 
region that is most sensitive to the 3d electronic spin transition 
while avoiding the broadening effect of the dominant, intense 
main peak in the XES spectra. The integrated relative differences 
are then normalized using the difference between the HS and LS 
reference spectra to derive the total spin momentum. The IRD 
method we employed here satisfactorily provides results that are 
consistent with measurements using X‑ray diffraction, Möss-
bauer spectroscopy, and resonant X‑ray emission spectroscopy 

Figure 4

Ferropericlase

SMS
XRD
RXESTo

ta
l S

pi
n 

M
om

en
tu

m
 (S

)

Absolute Difference
Relative Difference

Figure 4. X‑ray emission spectra of ferropericlase at high pressures 
[(Mg0.75Fe0.25)O, Fp25]. (a) XES spectra at selected pressures reported 
by Lin et al. (2005); (b) Derived total spin momentum (S). Red circles: 
obtained using IRD method; black circles: using the IAD method (Vankó 
et al. 2006). The fraction of the HS state Fe2+ in Fp25 as a function of 
pressure from previous XRD, RXES, and SMS studies is also shown 
for comparison (Gavriliuk et al. 2006; Lin et al. 2006, 2010; Mao et al. 
2011). (Color online.)

Figure 3

Figure 3. X‑ray emission Fe K spectra of (Al,Fe)-bearing silicate 
glass at high pressures and 300 K. (a) The XES spectra at various 
pressures. Fe-bearing enstatite [(Mg0.75Fe0.25)SiO3] was used as the high-
spin reference (HS En25), while ferropericlase [(Mg0.75Fe0.25)O] at 90 
GPa was used as the low-spin reference (LS Fp25) (Mao et al. 2010); 
(b) XES spectra of silicate glass together with the LS reference (dashed 
black line) aligned with the HS reference spectrum (solid black line). 
The difference between the sample spectra (HS spectrum) with the LS 
reference spectrum is also shown at the bottom. The inserted figure shows 
the modeled total spin momentum (S) as a function of pressure. The unit 
of the total spin momentum in the vertical axis is normalized to 1 for 
the high-spin state of all iron in the glass using their relative abundance 
ratio derived from the Mössbauer analyses. Red circles represent the 
derived values using the integrated relative difference (IRD) method. 
Black circles were calculated using the integrated absolute difference 
(IAD) method (Vankó et al. 2006). The blue area shows the difference in 
spectra between the sample spectra (HS spectrum) with the LS reference 
spectrum, which is used in IRD method. (Color online.)
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for ferropericlase [(Mg0.75Fe0.25)O] (Gavriliuk et al. 2006; Lin et 
al. 2006, 2010; Mao et al. 2011). On the other hand, derived S 
values from the IAD method show a broad, continuous decrease 
with increasing pressure that is not consistent with results from 
other studies (Gavriliuk et al. 2006; Lin et al. 2006, 2010; Mao 
et al. 2011) (Figs. 3 and 4). We interpret this continuous decrease 
as a result of the peak broadening effect at high pressures. The 
aforementioned comparisons with previous studies further verify 
the IRD method and justify its use for analyzing the XES spectra 
of the (Al,Fe)-bearing silicate glass.

Discussion

Total spin momentum of iron in silicate glasses
The electronic spin state of Fe in an Al-free silicate glass has 

been recently reported to undergo a HS to LS transition at 77 
GPa, based on the reduction of the Kβ′ satellite peak from high-
pressure XES measurements (Nomura et al. 2011); however, 
the study did not take relevant reference HS and LS spectra into 
consideration of the spectral analyses. Relevant reference spectra 
were also lacking in a more recent XES study on two silicate 
glasses at high pressures (Gu et al. 2012). To derive reliable val-
ues of the S and to decipher the spin states of iron ions, we note 
that it is critical to simultaneously measure reliable HS and LS 
reference spectra of relevant iron-bearing materials with known 
spin states for proper data analyses (Figs. 3 and 4). Although the 
XES spectra are known to be unaffected by the valence states 
and the coordination numbers between Fe2+ and Fe3+ (Vankó et 
al. 2006), the spectral features can be affected by the energy 
resolution of the incident X‑ray source, analyzer, stress states, 
detector, and applied pressure causing artifacts on the derived 
S values (de Groot 2001). Additionally, Fe-bearing silicate 
glasses that are of relevant research interest here only contain 
dilute amounts of iron ions that have spectral features similar to 
those in iron-bearing oxides and silicates with minor amounts of 
Fe2+/Fe3+. However, iron metal and alloys used as references in 
some previous studies have very distinct spectral features with 
reduced satellite peaks and narrower band widths of the main 
peak in the HS state as a result of the strong electron-electron 
correlations in the system (Lin et al. 2004; Rueff et al. 2001, 
2002); these iron alloys belong to strongly correlated systems 
and cannot be used as reliable references for dilute systems such 
as the silicate glasses.

Although our collected XES spectra display a slight reduc-
tion in the intensity of the Kβ′ satellite peak, analyses of the 
band width of the main peak, together with previous XES data 
on the HS ferropericlase, suggest that this change is mainly 
an artifact caused by the broadening of the XES spectra with 
increasing pressure (Figs. 3 and 4); that is, applied pressure 
slightly increases the band width of the peaks, which, from the 
spectral analyses prospect, would certainly reduce the peak in-
tensity of the satellite peak. We note that the XES spectral shape 
reflects multi-electronic transitions from 3p to 1s for the main 
Kβ peak and 3p-3d exchange interactions for the main Kβ′ peak 
(de Groot 2001). The spectral position and shape can thus be 
affected by applied pressure that modifies the electronic orbital 
environments, leading to the broadening of the XES spectra at 
high pressures and at high-stress environments. As shown in our 

SMS measurements, the quadrupole splitting of both of Fe2+ and 
Fe3+ ions increases with pressure, indicating an increase in the 
site-to-site atomic distortions of the geometries of the polyhedral 
surrounding the iron atoms in the glass. The increased distortions 
of the polyhedral surrounding the iron atoms could result in a 
wider range of the distribution in the local electric field, leading 
to the broadening of the XES spectra of glasses. Similar broad-
ening in the XES spectra has also been seen in ferropericlase 
presented in Lin et al. (2005). To emphasize the importance 
of correcting the broadening effect when deriving the S value, 
we have reanalyzed the XES spectra of ferropericlase (Lin et 
al. 2005) (Fig. 4). Although it is well known that the HS to LS 
transition of Fe in ferropericlase with 25% iron occurs above 50 
GPa, the XES spectra have shown a reduction in the intensity of 
the Kβ′ satellite peak below 50 GPa (Fig. 4). Our analyses here 
indicate that this is caused by the aforementioned broadening 
of the XES spectra at high pressures. The S value derived using 
the IAD method, which does not take this broadening effect into 
account, decreases from 2 at 1 bar to 1.4 at 47 GPa, although Fe 
in ferropericlase is observed to be in the HS state at this pressure 
range in other studies (Fig. 4) (Gavriliuk et al. 2006; Lin et al. 
2006, 2010; Mao et al. 2011). Such results with a continuous 
decrease in the derived S value as function of pressure are in-
consistent with recent high-pressure X‑ray diffraction (XRD), 
resonant X‑ray emission spectroscopy (RXES), and Mössbauer 
results (Fig. 4b) (Gavriliuk et al. 2006; Lin et al. 2006, 2010; 
Mao et al. 2011). After correcting the broadening effect using 
the IRD method noted above, the derived S value (S = 2) remains 
almost constant between 1 bar and 47 GPa within experimental 
uncertainties. The S starts to decrease at ~50 GPa when the HS 
to LS transition of Fe occurs, and drops to 0 at ~80 GPa when the 
HS to LS transition ends (Fig. 4). The pressure region for the HS 
to LS transition of Fe in ferropericlase derived from this method 
is in excellent agreement with that obtained from the previous 
SMS, RXES, and XRD studies (Gavriliuk et al. 2006; Lin et al. 
2006, 2010; Mao et al. 2011), confirming the need to take the 
broadening effect into account when analyzing the XES spectra.

Based on these analyses, we conclude that the total spin num-
ber of our silicate glass does not change with increasing pressure 
up to 80 GPa after correcting the broadening effect (Fig. 3). That 
is, both Fe2+ and Fe3+ ions remain in the HS state at pressures 
up to 80 GPa (see discussions on Mössbauer results for other 
details). This conclusion is in distinct contrast to the report by 
Nomura et al. (2011) but is, to the first order, consistent with the 
recent study (Gu et al. 2012), although the observed reductions 
in satellite intensities by Gu et al. (2012) were treated as a partial 
spin-pairing transition. We note that the composition of the glass 
sample used by Nomura et al. (2011) was (Mg0.95Fe0.05)SiO3, 
which did not contain any Al, while one of the samples in Gu et 
al. 2012 (0.2FeSiO3–0.05Al2O3–0.75MgSiO3) and our sample 
contain some amount of Al. Based on previous experimental 
and theoretical studies, the presence of Al does not affect the 
stability of the Fe spin state at high pressures (Catalli et al. 2010, 
2011; Hsu et al. 2012). The inconsistency among these studies 
may be partially explained by different energy resolutions and 
use of the reference spectra within the experimental conditions, 
together with the consideration of the broadening effects on the 
spectra (de Groot 2001; Figs. 3 and 4).
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Hyperfine parameters of iron in silicate glasses
Analyses of the SMS spectra provide direct information on 

the hyperfine parameters (QS and CS) of the iron ions, which can 
be used to refer the spin and valence states of Fe in minerals and 
glasses (Burns 1994; Dyar 1985; Dyar et al. 2006), because each 
iron ion with a specific spin and valence state should have distinct 
characteristics of the relevant hyperfine parameters. Since the 
local atomic environments of the iron ions in silicate glasses 
are very diverse, their hyperfine parameters are expected to be 
broadly distributed when compared to minerals with distinct iron 
sites (Burns 1994; Dyar 1985; Dyar et al. 2006). The modeled 
energy spectra from SMS measurements show a distinct broaden-
ing with pressure, with a full-width at half maximum increasing 
from 0.77 mm/s at ambient conditions to 1.87 mm/s at 126 GPa, 
indicating that applied pressure indeed increases the disorder of 
the iron ions in the system (Fig. 1). As shown from the analyses 
of the SMS spectra in the (Al,Fe)-silicate glass, the QS of both 
modeled doublets increases with pressure (Fig. 2). Comparing 
our results with previous studies on silicate glasses and miner-
als at ambient conditions, together with the XES analyses, the 
hyperfine parameters of the two doublets are consistent with the 
HS Fe2+ and Fe3+ ions, which have similar local coordination 
geometries to magnesium in our silicate glass sample (Figs. 5 
and 6) (Burns 1994; Dyar 1985; Dyar et al. 2006).

Previous experimental and theoretical studies on silicate 
perovskite have shown that Fe2+ exhibits a reduction in the QS 
going through the HS to LS transition, whereas the QS of Fe3+ 
would significantly increase to higher than 2 mm/s through the 
transition (Bengtson et al. 2009; Hsu et al. 2011, 2012; Lin et 
al. 2012; McCammon et al. 2010) (Fig. 5). However, we have 
observed a significant increase in the QS of Fe2+ between 4 and 
55 GPa and reaching as high as 3.5 mm/s above 55 GPa (Fig. 2). 
Such high-QS values of Fe2+ have also been observed to occur 
in silicate perovskite, post-perovskite, garnet as well as silicate 
glasses at high pressures (Gu et al. 2012; Hsu et al. 2011, 2012; 
Lin et al. 2008, 2012; Mao et al. 2010; McCammon et al. 2008) 
(Fig. 5), with QS values as high as 4 mm/s in these phases. 
Although the QS of the Fe sites in Gu et al. (2012) follows a 
similar trend with pressure compared to our results (Fig. 5), they 
have used a three-doublet model to interpret their SMS spectra, 
in, which the ratio of the doublet abundances between Fe2+ and 
Fe3+ was allowed to vary with pressure. Since their SMS spectra 
were collected between 1 bar and 93 GPa at 300 K, oxidation 
states of iron ions were unlikely to vary in these glasses, unless a 
chemical reaction occurred (Gu et al. 2012; Potapkin et al. 2013) 
and introduced potential bias in the modeled results.

The high-QS values of Fe2+ observed in silicate perovskite and 
post-perovskite at high pressures have been explained as a result 
of the occurrence of the intermediate-spin state in earlier studies 
(Lin et al. 2008; McCammon et al. 2008; Mao et al. 2010), but 
most recent theoretical and experimental studies have sufficiently 
indicated that atomic site change and lattice distortion are likely 
the cause for the occurrence of the high QS (Hsu et al. 2011, 
2012). The reduction in the derived S values in these experiments 
can now be explained as a result of the peak broadening effect 
that caused the satellite intensity to decrease (Figs. 3 and 4) (Lin 
et al. 2005). Indeed, iron-bearing pyrope has the highest QS 
among all known rock-forming minerals at ambient conditions 

Figure 5

Figure 5. Comparison of the quadrupole splitting of (Al,Fe)-
bearing silicate glass and a representative silicate perovskite as 
a function of pressure. Red lines: Al-bearing silicate glass (this 
study); blue lines: perovskite [Mg0.9Fe0.1SiO3] (Lin et al. 2012); gray 
lines: 0.2FeSiO30.05Al2O30.75MgSiO3 glass (Gu et al. 2012). The 
representative error bar of QS is shown at the top right corner of the 
figure. (Color online.) 
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Figure 6. Representative quadrupole splitting (QS) values of 
minerals and silicate glasses as a function of the coordination number 
(CN) of the iron site at ambient conditions. Our QS results, together with 
expected CN values of the glass from literature results (Dyar 1985), at 
high pressures are shown as red areas. Solid lines: QS of Fe2+ at ambient 
conditions; dashed lines: QS of Fe3+ at ambient conditions; gray color: 
representative silicate minerals (Burns 1994; Dyar et al. 2006); gray 
square: Fe2+ in the A site (8 to 12 coordination number) of silicate 
perovskite (Lin et al. 2012, 2013); blue: representative silicate glasses 
(Dyar 1985); red area: potential increase in the coordination number of 
the Fe ion in glass at high pressures (Benmore et al. 2011; Funamori et 
al. 2004). (Color online.)
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as a result of the strong lattice distortion in the garnet structure 
(Lyubutin and Dodokin 1970; Mao et al. 2013). The extremely 
high QS of Fe2+ in silicate glasses observed here could also be 
explained by the strong distortion of the local environment at high 
pressures, similar to the effect of Al in aluminosilicate glasses 
characterized by a pressure-induced increase in the quadrupolar 
coupling constant.

On the other hand, both theoretical calculations and experi-
mental studies have reported significant changes in the coor-
dination numbers of the Mg2+, Si4+, and Al3+ cations in silicate 
glasses at high pressures (Benmore et al. 2011; Lee et al. 2008; 
Stixrude and Karki 2005; Wilding et al. 2012). The increase in 
the averaged coordination number has been known to be associ-
ated with a marked increase in the density of the glass, known as 
glass densification (Stixrude and Karki 2005), and in the shear 
wave velocity (Murakami and Bass 2011). For example, the 
coordination number of Mg in a Mg2SiO4 glass is reported to 
increase from 5 at 1 bar to 6.6 at 30 GPa (Benmore et al. 2011). 
For the Fe-bearing silicate glasses, it has been reported that both 
Fe2+ and Fe3+ cations likely reside in a similar local coordination 
geometry as Mg2+ cation (Eckersley et al. 1988), and are expected 
to undergo significant changes in local atomic environments as 
well as densifications at high pressures. Furthermore, Fe3+ may 
act as a network former because of the high-Fe3+/Fe ratio in 
our silicate glass samples (>0.5), leading to a denser structure 
in glass by decreasing the fraction of the non-bridging oxygen 
with pressure, similar to the behavior of Al3+ in aluminosilicates 
(Burkhard 2000; Lee 2010; Mysen and Richet 2005).

Quadrupole splitting and coordination number of iron in 
silicate glasses

To understand the relationship between the averaged coor-
dination numbers of Fe ions and their associated QS values, 
we have summarized the QS values of minerals and glasses 
for different Fe valence states and local geometries at ambient 
conditions (Fig. 6) (Burns 1994; Dyar 1985; Dyar et al. 2006; 
Jackson et al. 2005; Rossano et al. 1999). In general, increasing 
the coordination number in minerals tends to elevate the value of 
QS for Fe2+ and/or Fe3+ (Fig. 6). The QS of Fe2+ increases from 1 
mm/s in the fourfold-coordination environment to over 3 mm/s in 
eightfold coordination, although Fe2+ in minerals in the eightfold 
to twelvefold coordination, such as that in the A site of the sili-
cate perovskite, has a QS value lower than that of the eightfold 
coordination (Fig. 6). Most of the silicate glasses exhibit a greater 
QS value for Fe2+ and/or Fe3+ in the sixfold coordination than 
in the fourfold coordination, yet a few exceptions with higher 
coordination numbers display a relatively small QS value (Dyar 
and Birnie 1984; Dyar and Burns 1981). Although experimental 
studies on the QS value of Fe in the fivefold coordination are 
limited, QS of Fe2+ in the five-coordination is similar to that in 
the six-coordination (Jackson et al. 2005; Rossano et al. 1999). 
The averaged coordination number of the Mg and Fe cations is 
reported to be approximately six in average in MgSiO3 glasses 
(Funamori et al. 2004). Comparison of our high-pressure SMS 
results with these literature values indicate that the QS values 
of our glasses at high pressures are higher than those with a 
coordination number of six (Fig. 6). Iron ions in our (Al,Fe)-
silicate glass would have an enhanced coordination number of 

higher than six at high pressures (Lee 2010; Wilding et al. 2012) 
(Fig. 6). Based on these analyses, we thus conclude that the 
enhanced QS in the (Al,Fe)-silicate glass should be associated 
with enhanced density, coordination number, and distortion of 
the local environments of the (Mg,Fe) ions (Benmore et al. 2011; 
Wilding et al. 2012).

Implications and conclusions

Based on both XES and SMS analyses of our results and 
relevant literature data, we conclude that both Fe2+ and Fe3+ ions 
in the similar local atomic environment to magnesium in the 
Al-bearing silicate glass have relatively high-QS values in the 
HS state up to 126 GPa. The high-QS values are likely a result 
of the enhanced density, coordination number, and distortion of 
the local cation environments. Correcting the broadening effect 
in XES spectra as a function of pressure reveals no significant 
changes in the derived total spin number within experimental 
uncertainties, indicating that all iron ions remain in the HS state 
at high pressures. Here our results also show that iron ions in 
silicate glasses exhibit similar electronic states to mantle minerals 
at high pressures (Lin et al. 2013). Previous experimental study 
on silicate perovskite has shown that increasing temperature can 
increase the Fe3+/(Fe2++Fe3+) ratio through thermal activation, 
but does not affect the stability of the Fe spin states to pressure 
(Fei et al. 1994). This could be also true for our silicate glasses, 
although the effect of temperature on the spin and valence states 
of silicate glass remains to be further investigated. However, if 
some of the Fe3+ resides in a local environment similar to Si4+ 
in silicate glasses at high temperatures as a result of the thermal 
activation (Fei et al. 1994), Fe3+ ions may undergo the HS to 
LS transition at lower-mantle pressure-temperature conditions 
(Hsu et al. 2011; Tsuchiya and Wang 2013), leading to potential 
changes in density, incompressibility, and transport properties 
of silicate glasses (Lin et al. 2013). Since these silicate glasses 
are synthesized by cooling a supercooled liquid below the glass 
transition pressure that produces some similarities in local 
structures to melts, our results here may be used as analogs to 
understanding spin and valence states of iron in melts in the 
deep-Earth mantle (Akins et al. 2004; Henderson et al. 2006; 
McMillan 1984; Mysen and Richet 2005).
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