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Abstract The physical properties of silicate melts within Earth’s mantle affect the chemical and thermal
evolution of its interior. Chemistry and coordination environments affect such properties. We have
measured the hyperfine parameters of iron-bearing rhyolitic and basaltic glasses up to ~120 GPa and
~100 GPa, respectively, in a neon pressure medium using time domain synchrotron Mössbauer spectroscopy.
The spectra for rhyolitic and basaltic glasses are well explained by three high-spin Fe2+-like sites with
distinct quadrupole splittings. Absence of detectable ferric iron was confirmed with optical absorption
spectroscopy. The sites with relatively high and intermediate quadrupole splittings are likely a result of
fivefold and sixfold coordination environments of ferrous iron that transition to higher coordination with
increasing pressure. The ferrous site with a relatively low quadrupole splitting and isomer shift at low
pressures may be related to a fourfold or a second fivefold ferrous iron site, which transitions to higher
coordination in basaltic glass, but likely remains in low coordination in rhyolitic glass. These results indicate
that iron experiences changes in its coordination environment with increasing pressure without
undergoing a high-spin to low-spin transition. We compare our results to the hyperfine parameters of
silicate glasses of different compositions. With the assumption that coordination environments in silicate
glasses may serve as a good indicator for those in a melt, this study suggests that ferrous iron in chemically
complex silicate melts likely exists in a high-spin state throughout most of Earth’s mantle.

1. Introduction

Iron-bearing silicate melts may exist in the lowermantle, particularly near the core-mantle boundary [Williams
and Garnero, 1996; Vidale and Hedlin, 1998;Maruyama et al., 2007; Thomas et al., 2012]. The behavior of iron in
melts derived from mantle rocks is poorly understood but in some cases may be approximated by iron-
bearing glasses. The local structure environment around iron in a glass can be taken as a good approximation
for the melt structure, provided the quench rates are fast enough through the temperature interval of the
glass transition, Tg [e.g., Rossano et al., 2008; Wilke et al., 2007]. Using X-ray absorption spectroscopy at the
iron K-edge,Wilke et al. [2007] use the integrated pre-edge intensity and centroid position to determine iron’s
average coordination in Na-, K-, and Al-bearing silicate melts and glasses. The average coordination of Fe2+ is
found to be close to five, with a slightly higher concentration of fourfold coordinated Fe2+ in the melts
compared to glasses. There is most likely a distribution of site geometries in the glasses. When compared
to the liquid, the short-range metal-anion interatomic distances of quenched glasses have been shown to
be similar or slightly shorter and the next-nearest neighbor distances longer, while the average coordination
numbers of cations are smaller in the liquid (glass) than the crystalline aggregate. During crystallization,
partitioning of the cations likely takes place between fourfold, fivefold, and sixfold coordination sites in the
liquid and the octahedral sites in a crystal [Burns, 1993].

Nevertheless, previous studies have conflicting conclusions on the coordination of iron in silicate glasses,
especially at high pressures. Experiments using X-ray absorption near edge spectroscopy on mid-oceanic
ridge basalt (MORB) glasses have revealed that the average coordination of iron is about five regardless of
oxidation state and may potentially be a mixture of fourfold, fivefold, and sixfold coordinated iron [Wilke
et al., 2005]. Guo et al. [2013] conducted high-temperature density measurements on CaO-FeO-SiO2 melts
with 40 mol % FeO, finding a positive correlation between polymerization and the coordination of
ferrous iron. The average coordination ranged from 4.6 to 5.2, consistent with studies using X-ray
absorption near edge spectroscopy [Farges et al., 2005; Jackson et al., 2005; Wilke et al., 2005, 2007].
Nevertheless, it is still challenging to correlate spectral features to coordination environments in
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glasses, in part due to the range and distribution of available coordination environments. In Mössbauer
experiments conducted in the energy domain, the spectra are often fit using correlated distributions to
capture these phenomena in glasses, yet challenges still remain. Conventional Mössbauer experiments
have reported fivefold coordinated Fe2+ with small amounts of fourfold and sixfold coordinated Fe2+ for a
suite of natural MORB glasses [Cottrell and Kelley, 2011], as well as predominantly sixfold Fe2+ with small
amounts of fourfold Fe2+ in natural tektites and synthetic CaO-SiO2-FeO glasses [Alberto et al., 1996;
Rossano et al., 1999]. Spectra from time domain synchrotron Mössbauer experiments at high pressures
have been fit with one to three Fe2+ sites with a wide range of quadrupole splitting and isomer shift
values, but without the use of correlated distributions. These data sets have been used to interpret a range
of spin, and in some cases oxidation states for the iron cations, leading to conflicting predictions on
whether iron in lower mantle silicate melts goes through a high-spin to low-spin transition [Nomura et al.,
2011; Gu et al., 2012; Murakami et al., 2014]. Ramo and Stixrude [2014] used first-principle molecular
dynamics to study the spin crossover of iron in liquid Fe2SiO4. Their PBE + U calculations at 3000 K
indicate that the magnetic moment of iron remains close to the initial magnetic moment of ~3.7 μB
throughout the majority of the lower mantle and that the spin transition region is expected to be very
broad (>200 GPa). Additional studies are necessary to help constrain the geometric and electronic state of
iron in silicate melts and glasses at high pressure.

2. Methods
2.1. Sample Preparation

The silicate glasses were synthesized at the University of Lille, France, from powdered mixtures of SiO2, Al2O3,
CaCO3, MgO, Na2CO3, K2CO3, TiO2, and Fe2O3, which were melted at 1550°C and rapidly quenched in air after
2–3 h in the furnace. The oxidation state of iron was equilibrated with the imposed oxygen fugacity, log(fO2)
of �8 (iron-wüstite buffer, IW + 0.3) using CO/CO2 gas mixtures. For more synthesis details, we refer the
reader to Dauphas et al. [2014]. The compositions of the glasses were determined with an electron microp-
robe at the UMET laboratory in the University of Lille 1. The oxide weight percents for the rhyolitic and basal-
tic glasses are listed in Table 1, and the oxide mole percents are illustrated in Figure 1.

Two diamond anvil cells with beveled 250 μm diamonds on tungsten-carbide seats were assembled for the
high-pressure measurements. For each experiment, a rhenium gasket of ~50 μm thickness was prepared by
drilling a hole with a ~ 90 μm diameter. In one diamond anvil cell, a 60 by 50 μm chip of rhyolitic glass with
a thickness of about 11 μm was loaded onto the center of the diamond culet and two ruby spheres with
diameters of 6 and 7.5 μm, respectively, were loaded next to the sample as a pressure gauge. In the

Table 1. Oxide Weight Percents of Silicate Glasses Considered in This Studya

MgO % FeO % Fe2O3% CaO % Na2O % K2O % TiO2% Al2O3% SiO2%

Basaltic glass 18.33 7.61 - 11.40 1.03 0.09 0.86 14.46 46.26
Rhyolitic glass 0.05 4.10 - 0.03 4.54 4.49 0.00 10.44 75.71
Andesitic glass 8.30 7.04 - 7.22 2.98 1.44 0.81 16.30 55.80
Dacitic glass 4.23 4.47 - 4.68 3.93 2.50 0.71 14.90 64.10
Murakami et al. [2014] 30.16 13.63 - 0.00 0.00 0.00 0.00 0.00 56.20
Gu et al. [2012], Al free 30.16 13.63 - 0.00 0.00 0.00 0.00 0.00 56.20
Gu et al. [2012], Al bearing 28.26 13.62 - 0.00 0.00 0.00 0.00 4.77 53.35
Mao et al. [2014] 31.05 1.56 6.15 0.00 0.00 0.00 0.00 4.97 56.26
Prescher et al. [2014], Fe3+ free 31.62 9.38 - 0.00 0.00 0.00 0.00 2.77 56.24
Prescher et al. [2014], Fe3+ bearing 0.00 9.29 25.44 0.00 12.91 0.00 0.00 0.00 52.36
Alberto et al. [1996], sample A 0.00 5.00 - 34.1 0.00 0.00 0.00 0.00 60.9
Rossano et al. [1999], Thailand tektite 2.02 4.91 0.29 2.23 1.21 2.16 0.77 12.73 73.27
Dorfman et al. [2016] 0.00 33.56 7.63 0.00 0.00 0.00 0.00 22.50 36.31
Jackson et al. [2005], BAS 0.00 13.74 - 9.96 3.07 0.00 0.00 15.85 50.08
Jackson et al. [2005], NC2 0.00 17.22 - 9.52 11.25 0.00 0.00 0.00 62.01
Jackson et al. [2005], NA1 0.00 27.51 - 0.00 10.95 0.00 0.00 0.00 61.54

aThe Fe2O3 % is estimated as 0 for reduced glasses with Fe3+ content below the detection level of the fit, except for Rossano et al. [1999] where coulometric
titration was used to determine the exact Fe3+ content. The rhyolitic and basaltic glasses contain about 0.02–0.04 wt % and 0.005–0.008 wt % of OH�, respectively
(see text for details). The tektite in Rossano et al. [1999] has 0.03 wt % P2O5.
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second diamond anvil cell, a ~ 40 μm chip of basaltic glass with a thickness of about 12 μm was loaded
with a 10 μm ruby sphere. Both cells were loaded with neon at 25000 psi using the gas-loading system
at Caltech.

2.2. Experimental Methods

Optical absorption spectroscopic measurements were conducted on polished samples of the rhyolitic and
basaltic glasses with thicknesses of 95 and 300 μm, respectively, at room temperature. Room temperature
ultraviolet/visible/near-infrared (UV/VIS/NIR) absorption spectra were collected at the Caltech mineral
spectroscopy laboratory in the wave number range of ~27100 cm�1 and 2000 cm�1 for the rhyolitic glass
and ~27700 cm�1 and 1200 cm�1 for the basaltic glass. For wave numbers below about 10000 cm�1, we used
a Nicolet iS50 FT-IR spectrometer with CaF2, KBr, and SiO2 beamsplitters and InGaAs and deuterated triglycine
sulfate detectors. Above 10000 cm�1, we used a Si diode array spectrometer. The sample chamber of the
Nicolet iS50 FT-IR spectrometer was purged to reduce atmospheric H2O and CO2 in the infrared region.
Spectra were averaged over approximately 1000–2000 scans in the UV/VIS region and 200–400 scans in
the IR region.

Relevant hyperfine parameters for the silicate glasses were determined with Mössbauer spectroscopy
[Mössbauer, 1962]. The isomer shift (IS) originates from the electron density at the nucleus and is indirectly
influenced, via shielding effects, by the d electrons in the valence shell, thus allowing constraints on the oxi-
dation state. A nuclear quadrupole splitting (QS) results from a nonvanishing electric field gradient at the
Mössbauer nucleus occupying a state with an angular momentum quantum number I > 1/2. The QS yields
information on the local coordination environment, and complementary to the isomer shift, oxidation and
spin states of the atom can be deduced.

Conventional energy domain 57Fe Mössbauer spectroscopic experiments were conducted using a radioac-
tive source at 1 bar and 298 K. The spectra for the basaltic and andesitic glasses were collected at the
Advanced Photon Source (APS), and the spectra for rhyolitic and dacitic glasses were collected at the Unité
Matériaux et Transformations (UMET) laboratory. High-pressure hyperfine parameters for the rhyolitic and
basaltic glasses were determined with time domain synchrotron Mössbauer spectroscopy (SMS). The SMS
measurements were conducted at Sector 3-ID-B of the APS. The storage ring was operated in top-up mode
with 24 bunches separated by 153 ns. A high-resolution monochromator was tuned to the 14.4125 keV
nuclear transition energy of 57Fe with a full width at half maximum (FWHM) of 1 meV [Toellner, 2000]. The
beam was focused to an area of 10 by 11 μm2 using a Kirkpatrick-Baez mirror system [Zhang et al., 2015].
The time spectra were measured with an avalanche photodiode detector, positioned ~0.5 m downstream
from the sample in the forward direction. A time window of 21 to 128 ns after excitation was used to observe
nuclear resonant scattering and fit the data.

Figure 1. Composition in oxide mole percents for (a) rhyolitic glass and (b) basaltic glass. The rhyolitic and basaltic glasses
contain about 0.1–0.2 mol % and 0.03–0.05 mol % of OH�, respectively (see text for details).
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A stainless steel (SS) foil was placed in the downstream direction as a reference absorber for isomer shift
measurements. At each compression point, an SMS spectrum was collected for the sample with and without
a naturally 57Fe-enriched SS foil. For the experiments on rhyolitic glass, a 25 μm SS foil was used between
3.2 and 25.3 GPa, a 6 μm SS foil was used between 31.2 and 94.0 GPa, and a 10 μm SS foil was used between
102 and 119 GPa. For the experiments on basaltic glass, we used a 10 μm SS foil for the entire pressure
range. The isomer shifts between the SS foils and α-iron metal were measured at the APS using a radioactive
source and found to be �0.107(4), �0.100(3), and �0.094(3) mm/s with a corresponding FWHM (due to the
combined effect of site distribution and source broadening) of 0.42(1), 0.445(9), and 0.50(1) mm/s for the 6,
10, and 25 μm SS foils, respectively. Pressure was determined before and after the SMS data collection with
ruby fluorescence at GSECARS of the APS using the ruby fluorescence pressure scale reported in Dewaele
et al. [2008]. Gu et al., [2012], Mao et al. [2014], Prescher et al., [2014], and Dorfman et al., [2016] used the
ruby pressure scale reported in Mao et al. [1986], which underestimates the pressure (e.g., by about
2 GPa at 60 GPa). The average pressure drifts during the measurements were 0.3 GPa for the rhyolitic glass
and 0.6 GPa for the basaltic glass. For the rhyolitic glass, pressure was measured with the first-order Raman
band of the diamond anvils above 94 GPa [Akahama and Kawamura, 2006]. We assume a pressure error of
3 GPa above 94 GPa, accounting for the systematic difference between Raman band pressure and
ruby pressure.

2.3. Fitting Procedure of Mössbauer Spectra

Synchrotron Mössbauer spectroscopy spectra were fitted with version 2.1.1 of the CONUSS software
[Sturhahn, 2000], which uses a least square algorithm to fit iron’s hyperfine parameters (e.g., isomer shift,
quadrupole splitting, and distribution of the quadrupole splitting expressed as the full width at half maxi-
mum, and the correlation parameter for the distributions), sample thickness, and relative weights of the sites.
We used the dual fit module within the CONUSS software (implemented in version 2.1.1), which fits the spec-
trum of the sample and sample with SS simultaneously and permits the use of prior information (“priors”) in
fitting of the data. It is important to use a well-defined reference foil with a uniform effective thickness that is
similar to that of the sample. For evaluations of data of the rhyolitic glass sample between 3.2 and 25.3 GPa,
the relatively large effective thickness of the 25 μm stainless steel foil required a prior of 1.08 mm/s with a
prior window of ±0.01 mm/s for the isomer shift of site 1 (equivalent to the isomer shift of site 2) and a prior
of 0.80 mm/s with a prior window of ±0.01 mm/s for the isomer shift of site 3. Prior values correspond to the
isomer shifts of the two sites fitted in the ambient pressure spectra that were collected using a radioactive
source, adjusted relative to the 25 μm thick stainless steel foil. No priors were used for pressures above
25.3 GPa, and no priors were used while fitting the spectra of the basaltic glass.

Energy domain Mössbauer absorption spectra of silicate glasses are typically composed of asymmetrical
doublets due to site distributions. To account for the spectral asymmetry, we model the distributions of
the isomer shift and quadrupole splitting as linearly correlated. The use of correlated isomer shift and
quadrupole splitting distributions result in a lower reduced χ2 compared to models without the use of
correlated distributions. In CONUSS, one-dimensional distributions are implemented with the possibility
to attach a second parameter corresponding to a pseudo two-dimensional distribution defined by the
covariance matrix

σ̂ ¼ FWHM2

8 ln2

1 Δ

Δ Δ2

� �
;

where Δ is the attachment parameter. The distribution width of the two lines is then

FWHM± ¼ 1±
Δ
2

����
����FWHM:

Two values of Δ and FWHM

Δ1 ¼ 2
FWHMþ þ FWHM�
FWHMþ � FWHM�

Δ2 ¼ 2
FWHMþ � FWHM�
FWHMþ þ FWHM�
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FWHM1 ¼ 1
2
FWHMþ � FWHM�j j

FWHM2 ¼ 1
2
FWHMþ þ FWHM�j j

lead to identical spectra. Thus, one may obtain alternative solutions using the relationship: Δ2 = 4/Δ1 and
FWHM2 = 2FWHM1/Δ2. For example, for site 1 in basaltic glass at 60.5 GPa, the FWHM is 0.68 mm/s and
the attachment parameter is 0.27; the alternative solution is a FWHM of 0.09 mm/s and an attachment para-
meter of 14.65. We choose the FWHM similar to those reported in high-pressure energy domain synchrotron
Mössbauer studies on silicate glasses [Murakami et al., 2014; Prescher et al., 2014; Dorfman et al., 2016].

3. Results
3.1. Optical Absorption Spectroscopy

The ultraviolet/visible/near-infrared (UV/VIS/NIR) absorption spectra of rhyolitic and basaltic glasses are
shown in Figure 2. The dominant features of the spectrum of rhyolitic glass are two intense bands at
~9000 cm�1 and 12500 cm�1, while the dominant feature of the spectrum of basaltic is an intense absorption
band near ~9500 cm�1. The spectrum of the basaltic glass also has an absorption band at ~5000 cm�1, which
appears as a shoulder in the spectrum of the rhyolitic glass. These absorption bands are consistent with elec-
tronic transitions in ferrous iron in fourfold, fivefold, and/or sixfold coordination in silicate glasses [e.g., Boon
and Fyfe, 1972; Iwamoto et al., 1978; Nolet, 1980; Jackson et al., 2005; Kido et al., 2006; Carl et al., 2007; Rossano
et al., 2008; Klement et al., 2009]. Distorted octahedral ferrous sites (e.g., the M2 crystallographic site in ortho-
pyroxenes) result in absorption bands at about 11000, 5400, and 2350 cm�1 [Goldman and Rossman, 1977];
fivefold ferrous iron sites in grandidierite and joaquinite result in two to three absorption bands between
12550 and 9500 cm�1 and one at around 4500–5000 cm�1 [Rossman and Taran, 2001]; and tetrahedral
ferrous sites typically result in absorption bands between 2500 and 6250 cm�1 [Burns, 1985; Rossman and
Taran, 2001]. In a glass, iron atoms most likely occupy a continuum of coordination environments.
Nonetheless, a qualitative assessment of the optical spectra suggests that there is a low concentration of
tetrahedrally coordinated iron in these glasses. In the basaltic glass, the approximate fourfold ferrous iron
concentration with respect to total ferrous iron is 0.6–14%, assuming that the 5000 and 9500 cm�1 bands
are entirely due to fourfold and sixfold ferrous iron with a molar extinction coefficient of 30–40 L/mol cm
and 1–16 L/mol cm, respectively [Rossman and Taran, 2001; Klement et al., 2009]. The rhyolitic glass contains
about half the concentration of tetrahedrally coordinated iron compared to the basaltic glass using the same

Figure 2. UV/VIS/NIR absorption spectra of rhyolitic glass (blue) and basaltic glass (red). The samples were polished to a
thickness of 95 and 300 μm, respectively. The spectra are plotted for an equivalent iron concentration, and offset for clarity.
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assumptions. Thus, the majority of the iron in the rhyolitic and basaltic glasses most likely exist in fivefold
and/or distorted sixfold coordination, similar to that reported in the Jackson et al. [2005] study for iron-
bearing silicate glasses of a wide variety of compositions (see Table 1).

There are no clearly identifiable Fe3+ features in the optical absorption spectra; however, small amounts of
Fe3+ cannot be excluded based on these spectra due to the intensemetal-oxygen charge transfer in the ultra-
violet region above ~20000 cm�1 [ElBatal et al., 2007; Carl et al., 2007]. The very intense absorption band at
~950–1100 cm�1 is due to the Si-O fundamental stretching mode, and the less intense absorption bands at
about 1600–1950 cm�1 evident in the basaltic glass are related to Si-O stretching overtones [Manghnani et al.,
1974; Costa et al., 1997; Karakassides et al., 1999;Madejová and Komadel, 2001]. In both glasses, the sharp fea-
tures at about 3500 cm�1 are due to structural OH�. We fitted a Gaussian function to the dominant OH� band
at 3583 and 3451 cm�1 in the rhyolitic and basaltic glasses, respectively. The molar extinction coefficients for
the OH� vibrational bands depend on the composition and the OH� content of the glasses. Using values of
60 to 100 L mol�1 cm�1 as lower and upper bounds [Newman et al., 1986; Pandya et al., 1992; Behrens and
Stuke, 2003], we find that the rhyolitic glass likely contains about 0.02–0.04 wt % (0.1–0.2 mol %) of OH�,
while the basaltic glass contains about 0.005–0.008 wt % (0.03–0.05 mol %) of OH�.

3.2. Mössbauer Spectroscopy

Conventional Mössbauer spectra for the rhyolitic and basaltic glasses used in this study were reported in
Dauphas et al. [2014], but detailed fits of the hyperfine parameters were not reported. These spectra are
shown in Figure 3 with our best fits. The rhyolitic glass required two Fe2+-like sites with weight fractions,
0.80(5) and 0.20 for the sites with a higher and lower QS, respectively, where the uncertainties are given in
parenthesis at the 68% confidence level (Table 2). The first site is characterized by a QS of 1.729(9) mm/s
and an IS of 0.982(2) mm/s. The second site is characterized by a QS of 0.65(2) mm/s and an IS of
0.705(8) mm/s. The basaltic glass required two sites with weight fractions, 0.83(6) and 0.17 for the sites with
a higher and lower QS, respectively. The first site is characterized by a QS of 1.995(7) mm/s and an isomer shift
of 0.948(3) mm/s, whereas the second site is characterized by a QS of 0.96(5) mm/s and an IS of 0.69(2) mm/s.
For both glasses, the site with the higher QS is likely a result of fivefold and/or sixfold coordination Fe2+, while
the site with the lower QS can be attributed to fourfold or fivefold Fe2+ (see section 4 for more details). The

Figure 3. Conventional Mössbauer spectra for (a) rhyolitic glass and (b) basaltic glass at room pressure and temperature,
and the corresponding best fits. Blue and red lines correspond to site 1 and site 2, respectively. Insets show modeled
time domain spectra of these best fits.

Table 2. Best Fit Hyperfine Parameters for Rhyolitic, Basaltic, Andesitic, and Dacitic Glasses From Fitting the Ambient Conventional Mössbauer Spectra With the
CONUSS Softwarea

Weight 1
QS Site
1 (mm/s)

IS Site
1 (mm/s)

FWHM Site
1 (mm/s) Δ Site 1

QS Site
2 (mm/s)

IS Site
2 (mm/s)

FWHM Site
2 (mm/s) Δ Site 2

Rhyolitic glass 0.80(5) 1.729(9) 0.982(2) 0.571(9) 0.38(2) 0.65(2) 0.705(8) 0.37(2) 0.66(9)
Basaltic glass 0.83(6) 1.995(7) 0.948(3) 0.804(6) 0.102(6) 0.96(5) 0.69(2) 1.72(6) �1.09(7)
Andesitic glass 0.77(4) 2.032(8) 1.001(3) 0.812(7) 0.086(2) 1.00(3) 0.922(2) 1.24(7) �0.84(5)
Dacitic glass 0.94(9) 1.859(3) 1.040(2) 0.632(5) 0.276(8) 0.70(8) 0.91(4) 0.80(8) �1.18(9)

aThe uncertainties are given in parentheses at the 68% confidence level for the last reported significant digit.
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spectra of basaltic glass can also be fitted with a three-site model but results in a slightly worse fit than the
two-site model. Attempts were made to fit the low-pressure energy domain and time domain spectra with
5–10% Fe3+ (i.e., isomer shift values below about 0.5 mm/s [Mysen, 1987; Burns, 1994]); however, these
models did not reproduce the shape of the spectra well and resulted in significantly higher χ2 values.
Thus, we conclude that the Fe3+ content in our samples is below the detection limits of Mössbauer and
optical absorption spectroscopy.

Typical high-pressure time domain synchrotron Mössbauer spectra (SMS) for rhyolitic and basaltic glass are
shown in Figure 4 together with their best fit models. The hyperfine parameters of the best fit models were
then used to calculate the energy spectra shown in Figure 5. The spectra for rhyolitic glass required three sites
with weight fractions, 0.34(2), 0.47, and 0.19 for site 1, site 2 and site 3, respectively (Figure 6). These values
were determined from Monte Carlo searches and a careful analysis of χ2, because strong parameter correla-
tions prevented unconstrained variation. The isomer shifts for site 1 and site 2 are very similar and are
constrained to be equal. The steep increase at low pressures in the QS values for site 1 plateaus at

Figure 4. Select synchrotron Mössbauer spectra of (a) rhyolitic glass (Table 3) and (b) basaltic glass (Table 5) without
stainless steel foil (blue) and with stainless steel foil (red) in the X-ray beam path. Their corresponding best fits with the
reduced χ2 for each dual fit are shown in the lower left corner.
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~3.1–3.3 mm/s above about 40 GPa. The shallow increase of the QS for site 2 up to ~50 GPa is followed by a
plateau at ~2.3–2.4 mm/s. The QS of site 3 increases slowly with pressure from 0.63 mm/s at 0 GPa to
1.18 mm/s at 119 GPa. The IS values are roughly constant at about 1 and 0.7 mm/s up to 81 GPa, after
which they decrease to 0.85 and 0.63 mm/s at 119 GPa for the first two sites and the third site,
respectively. Hyperfine parameters for rhyolitic glass are tabulated in Table 3, and the correlation matrix
for the fitted parameters at 60.9 GPa is reported in Table 4.

The SMS spectra for basaltic glass also required three sites (Figure 6). Between 1.8 and 84 GPa, the weight
fractions were fixed at 0.62(3), 0.26, and 0.12 for site 1, site 2, and site 3, respectively. As in the case of the
rhyolitic glass, variations of these values were accompanied by large errors caused by strong parameter
correlations. Therefore, they were determined from Monte Carlo searches and a careful analysis of χ2 and
correlations between fitted parameters. There was no need to vary the weights for spectra collected at pres-
sures higher than 84 GPa due to excellent fits to both sample and sample with the stainless steel reference
absorber. At higher pressures, we found that the best weight fractions are 0.60(2), 0.26, and 0.14 for site 1,
site 2, and site 3, respectively. Between 0 and 8 GPa, the QS of site 1 is constant around 2 mm/s, increases

Figure 5. Modeled energy spectra of rhyolitic and basaltic glass using the best fit parameters (Tables 3 and 5, respectively).
Blue, green, and red lines correspond to site 1, site 2, and site 3, depicted as blue, green, and red circles in Figure 6. Source
broadening is not modeled and isomer shifts are relative to α-iron.
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with pressure from 12 to 60 GPa, after which it plateaus to ~2.9 mm/s. The QS of site 2 is roughly constant
around 1.7 mm/s, while the QS of site 3 increases from 0.96 mm/s at 0 GPa to about 1.5 mm/s at 25 GPa,
after which it plateaus at ~1.4 mm/s. The IS of site 1 and site 2 are constant up to 25 GPa at ~1 mm/s, after
which it decreases to ~0.9 mm/s at the highest pressure, while the isomer shift of site 3 remains constant
at ~0.7 mm/s up to 25 GPa after which it decreases to 0.37 mm/s at the highest pressure. The negative
slope of the IS with pressure for the Fe2+ sites is consistent with previous studies on silicate glasses of
similar composition [Murakami et al., 2014; Prescher et al., 2014]. Attempts were made to fit the high-
pressure data with a fourth ferrous site with low-spin hyperfine parameters (QS = 0–0.4 mm/s and
IS = 0.3–0.6 mm/s), but after extensive Monte Carlo searches, such a site in any proportion could not fit the
data. Hyperfine parameters for basaltic glass are tabulated in Table 5, and the correlation matrix for the
fitted parameters at 60.5 GPa is reported in Table 6.

4. Discussion
4.1. Coordination Environments at Room Pressure

In silicate minerals at ambient conditions, sixfold ferrous iron sites typically show QS values ranging from 1.5
to 3.2 mm/s and IS values of 1 to 1.2 mm/s. For eightfold ferrous iron sites, QS values of 3.2 to 3.5 mm/s and IS
values of 1.2 to 1.3 mm/s have been observed [e.g., Burns 1994; Dyar et al., 2006]. The range of QS values for
sixfold ferrous iron has been correlated to the degree of distortion of the local site environment [Burns, 1994;
Victor et al., 2001; Dyar et al., 2006; Zhang et al., 2011].

The range of reported QS and IS values of fourfold ferrous iron is shifted to lower values, with some overlap,
relative to those of sixfold coordinated sites. QS values range from 0.7 to 2.3 mm/s with IS values of about 0.9

Figure 6. Quadrupole splitting and isomer shift (relative to α-Fe) of (a) rhyolitic glass and (b) basaltic glass. Blue circles
correspond to Fe2+ with a high quadrupole splitting (site 1), green circles are Fe2+ with an intermediate quadrupole
splitting (site 2), and red circles are Fe2+ with a low quadrupole splitting (site 3). The isomer shifts of site 1 and site 2 are set
to be equivalent (blue circles with a green outline). Pastel circles are isomer shift values for (Mg0.8Fe0.2)SiO3 glass
[Murakami et al., 2014]. See section 4 for discussion. At 0 GPa, the relative weight fractions are 0.80 and 0.20 for site 1 and
site 2, respectively (Figure 6a). Above 0 GPa, the relative weights are 0.34, 0.47 and 0.19 for site 1, site 2, and site 3
respectively. At 0 GPa, the relative weight fractions are 0.83 and 0.17 of the high and low QS sites, respectively (Figure 6b).
Between 1.8 and 84 GPa, the relative weights are 0.62, 0.26 and 0.12 for site 1, site 2, and site 3, respectively. At 89.0 and
96.9 GPa, the relative weights are 0.6, 0.26, and 0.14 for site 1, site 2, and site 3, respectively.
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to 1.1 mm/s. In staurolite, the reported QS and IS values for fourfold iron are 1.3 to 1.6 mm/s and ~1 mm/s,
respectively [Dowty, 1972], whereas in chromite, the fourfold ferrous iron has QS values ranging from 0.5
to 1.6 mm/s and IS values of 0.9 to 1.1 mm/s [Chen et al., 1992; Kuno et al., 2000]. Fourfold ferric iron has
slightly higher QS values and significantly lower IS values than fourfold ferrous iron. For example, melilite
has two distinct tetrahedral ferric sites with QS values ranging from 1 to 1.9 mm/s and IS values of 0.1 to
0.3 mm/s [Hamada and Akasaka, 2013].

Fivefold ferrous iron has a larger spread of hyperfine parameters as reported in literature, with QS and IS
values ranging from 0.4 to 2.7 mm/s and from about 0.2 to 1.1 mm/s, respectively, depending on the crystal
structure and interpretation of hyperfine parameters [Burns, 1994]. Grandidierite and kornerupine each have
a fivefold ferrous site with QS and IS values of ~1.7 mm/s and ~1.1 mm/s, respectively [Seifert and Olesch,
1977; Zhe et al., 2000]. Also, in vesuvianite a site with QS and IS values of 0.6 mm/s and 0.33 to 0.37 mm/s
was attributed to fivefold ferrous iron [Malczewski et al., 2006]. For natural hibonite, Burns and Burns [1984]
attribute a site with QS and IS values of 2.2 mm/s and 0.3 mm/s, respectively, to fivefold ferric iron and a site
with QS and IS values of 2.2 mm/s and 1 mm/s, respectively, to fivefold ferrous iron. Unlike grandidierite and
kornerupine, where the fivefold and sixfold sites are distinct, the three to five sites in the spectra for vesuvia-
nite and hibonite have significant overlap, and alternative models may possibly fit the spectra as well. Thus, it
is unclear if QS values of 0.4 to 2.7 mm/s establish a plausible strict range for fivefold ferrous iron in crystalline

Table 4. Error Correlation Matrix for the Fitted Hyperfine Parameters for Rhyolitic Glass at 60.9 GPa, Acquired
With CONUSSa

QS Site 1 QS Site 2 QS Site 3 IS Site 1 IS Site 3

QS site 1 1.000 �0.212 0.314 �0.483 �0.448
QS site 2 �0.212 1.000 0.487 �0.044 0.385
QS site 3 0.314 0.487 1.000 �0.235 0.407
IS site 1 �0.483 �0.044 �0.235 1.000 0.608
IS site 3 �0.448 0.385 0.407 0.608 1.000

aPerfect correlation corresponds to ±1 and a lack of correlation corresponds to 0. Thickness, thickness distribution, QS
distribution, attachment parameter, and weight fractions of the different sites were fixed.

Table 3. Best Fit Hyperfine Parameters for Rhyolitic Glass and the Corresponding Reduced χ2 From Fitting the Time Domain Synchrotron Mössbauer Spectra With
the CONUSS Softwarea

Pressure
(GPa)

QS Site
1 (mm/s)

IS Site
1 (mm/s)

FWHM Site
1 (mm/s)

Δ Site
1

QS Site
2 (mm/s)

FWHM Site
2 (mm/s)

Δ Site
2

QS Site
3 (mm/s)

IS Site
3 (mm/s)

FWHM Site
3 (mm/s)

Δ Site
3

Reduced
χ2

3.2(3) 1.818(8) 0.955(1) 0.51 5.13 1.69(2) 0.63 0.58 0.80(3) 0.69(2) 0.63 0.41 1.36(6)
9.2(4) 2.07(3) 0.972(6) 0.46 3.88 1.66(2) 0.77 0.21 0.99(6) 0.68(1) 0.77 0.33 1.38(6)
13.1(2) 2.18(3) 0.975(6) 0.55 3.46 1.75(2) 0.82 0.11 0.93(5) 0.685(7) 0.82 0.21 1.20(5)
19.0(6) 2.46(3) 0.965(7) 0.41 4.57 1.99(1) 0.61 0.31 0.86(3) 0.690(8) 0.61 1.74 1.71(6)
25.3(1) 2.71(5) 0.940(7) 0.65 0.20 2.02(5) 0.71 1.30 0.744(7) 0.684(7) 1.40 1.41 2.15(7)
31.2(4) 2.99(2) 0.91(2) 0.65 0.20 2.10(1) 0.59 0.84 0.87(5) 0.71(3) 0.68 0.74 1.43(6)
36.5(2) 3.03(2) 0.98(2) 0.65 0.20 2.11(1) 0.65 0.77 0.65(6) 0.65(6) 0.84 0.60 1.45(6)
41.9(4) 3.14(1) 0.96(1) 0.65 0.20 2.17(1) 0.61 0.82 0.80(4) 0.69(2) 0.64 0.78 1.10(5)
48.0(6) 3.18(1) 0.95(2) 0.65 0.20 2.23(1) 0.62 0.81 0.89(5) 0.71(3) 0.72 0.70 1.32(6)
54.7(2) 3.157(9) 0.99(1) 0.65 0.20 2.334(8) 0.69 0.73 0.82(4) 0.72(3) 0.77 0.65 1.17(5)
60.9(9) 3.22(2) 0.98(2) 0.65 0.20 2.36(1) 0.67 0.75 0.92(5) 0.72 (3) 0.78 0.64 1.14(5)
65.8(8) 3.21(1) 0.96(1) 0.65 0.20 2.36(1) 0.69 0.75 0.88(4) 0.73(3) 0.73 0.66 1.18(5)
70.8(9) 3.24(1) 0.98(2) 0.65 0.20 2.35(1) 0.72 0.70 0.80(7) 0.72(5) 0.91 0.55 1.23(5)
76.7(9) 3.29(2) 0.94(2) 0.65 0.20 2.36(1) 0.66 0.76 0.96(7) 0.69(3) 0.80 0.62 1.36(6)
85(2) 3.31(1) 0.95(2) 0.65 0.20 2.38(1) 0.65 0.77 1.00(6) 0.69(3) 0.77 0.65 1.20(5)
94(3) 3.25(1) 0.91(2) 0.65 0.20 2.27(1) 0.68 0.74 1.04(9) 0.65(5) 1.00 0.50 1.69(6)
102(3) 3.256(6) 0.890(9) 0.49 0.51 2.337(6) 0.61 0.38 1.15(1) 0.662(9) 0.44 0.53 1.17(5)
111(3) 3.298(7) 0.863(5) 0.42 0.45 2.334(8) 0.54 0.51 1.15(2) 0.654(7) 0.41 0.67 1.47(6)
119(3) 3.310(8) 0.847(7) 0.47 0.51 2.369(8) 0.58 0.43 1.18(2) 0.627(8) 0.41 0.58 1.15(5)

aThe relative weight of site 1, site 2, and site 3 were fixed to 34%, 47%, and 19%, respectively. These values were found with Monte Carlo searches combined
with χ2 and parameter correlation analysis as a function of pressure and cannot be fitted freely due to parameter correlations. The isomer shift for site 1 and site 2
are equivalent. Isomer shift values are with respect to α-ironmetal. The physical thickness was fixed to 10 μmat all pressures (η ≈ 1.6). The uncertainties are given in
parentheses at the 68% confidence level for the last reported significant digit.
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phases, because different types of fivefold iron geometries result in a wide variability of quadrupole splitting
values. Optical spectra of grandidierite and joaquinite support the idea that fivefold iron geometries can be
very dissimilar from each other [Rossman and Taran, 2001].

At ambient pressure, the majority site in rhyolitic and basaltic glasses shows hyperfine parameters typical for
sixfold and possibly fivefold ferrous iron in silicate minerals. The minority site has a QS value that falls
between those associated to fourfold ferrous and ferric iron in minerals and may represent a less distorted
fivefold site. The presence of predominantly fivefold and distorted sixfold ferrous iron are consistent with
the absorption spectra (see section 3 for more details). The IS value for the minority site in both glasses is
about 0.7 mm/s, which is higher than that reported for Fe3+ in minerals [Mysen, 1987; Burns, 1994; Dyar et al.,
2006]. The silicate glasses were synthesized under reducing conditions (see section 2.2). The rhyolitic glass
remained optically colorless at all pressures and is therefore unlikely that the minority site with a weight
fraction of 20% is Fe3+. Using the extended Voigt-based fitting method [Alberto et al., 1996], Rossano et al.
[1999] did not detect ferric iron in the tektites in their study although the Fe3+/ΣFetot ranges from 5 to 9%,
as determined from coulometric titration. The minority site in the tektites has QS and IS values of ~1 mm/s
and ~0.6 mm/s, respectively, and is attributed to tetrahedral Fe2+ [Rossano et al., 1999], consistent with the
minority site in the rhyolitic and basaltic glasses in this study at room pressure-temperature conditions.
One cannot rule out that the lower isomer shift value is a result of electron exchange between ferrous iron
and small amounts of ferric iron in the glasses [Burns, 1991; Burns, 1994; Dyar et al., 2006], but based upon
the optical absorption spectra showing no detectable ferric iron features, the amount of ferric iron would
indeed be very small.

Table 6. Error Correlation Matrix for the Fitted Hyperfine Parameters for Basaltic Glass at 60.5 GPa, Acquired
With CONUSSa

QS Site 1 QS Site 2 QS Site 3 IS Site 1 IS Site 3

QS site 1 1.000 0.553 0.393 0.195 0.413
QS site 2 0.553 1.000 0.724 0.165 0.480
QS site 3 0.393 0.724 1.000 �0.106 0.296
IS site 1 0.195 0.165 �0.106 1.000 0.746
IS site 3 0.413 0.480 0.296 0.746 1.000

aThickness, thickness distribution, the QS distribution, attachment parameter, and weight fractions of the different
sites were fixed.

Table 5. Best Fit Hyperfine Parameters for Basaltic Glass and the Corresponding Reduced χ2 From Fitting the Time Domain Synchrotron Mössbauer Spectra With
the CONUSS Softwarea

Pressure
(GPa)

QS Site
1 (mm/s)

IS Site
1 (mm/s)

FWHM Site
1 (mm/s)

Δ Site
1

QS Site
2 (mm/s)

FWHM Site
2 (mm/s)

Δ Site
2

QS Site
3 (mm/s)

IS Site
3 (mm/s)

FWHM Site
3 (mm/s)

Δ Site
3 η

Reduced
χ2

1.8(3) 2.003(3) 1.015(4) 0.57 0.22 1.63(2) 1.02 0.53 1.08(4) 0.704(4) 0.75 0.46 6.87 1.48(6)
5(1) 1.994(5) 1.021(3) 0.59 0.23 1.60(1) 0.94 0.31 1.10(3) 0.664(3) 0.66 0.29 8.07 2.89(8)
6.5(4) 2.047(3) 1.007(4) 0.57 0.27 1.64(3) 0.69 0.45 1.02(6) 0.630(4) 0.90 0.70 8.08 1.56(6)
8.2(5) 2.065(3) 1.019(4) 0.59 0.19 1.62(2) 0.71 0.34 1.09(3) 0.681(4) 0.72 0.95 7.87 1.31(5)
12.6(7) 2.328(2) 1.030(4) 0.61 0.13 1.679(7) 0.52 0.41 1.25(6) 0.688(4) 0.75 1.30 8.92 1.30(6)
18.8(2) 2.481(2) 1.029(4) 0.60 0.22 1.743(7) 0.51 0.42 1.40(7) 0.675(4) 0.84 1.17 9.22 1.40(6)
25.4(1) 2.576(2) 1.006(5) 0.64 0.28 1.79(1) 0.57 0.39 1.53(8) 0.685(5) 0.93 1.09 9.19 1.26(5)
33.7(1) 2.650(2) 0.983(5) 0.62 0.23 1.745(9) 0.52 0.11 1.42(1) 0.628(5) 0.51 0.75 8.99 1.49(6)
38.9(1) 2.704(2) 0.960(5) 0.64 0.24 1.72(1) 0.55 0.14 1.40(2) 0.591(5) 0.49 1.00 8.87 1.21(5)
45.4(1) 2.724(2) 0.939(5) 0.64 0.19 1.680(9) 0.52 0.14 1.41(1) 0.591(5) 0.39 0.86 9.25 1.62(6)
52.9(3) 2.831(2) 0.959(4) 0.67 0.23 1.764(8) 0.52 0.29 1.48(1) 0.520(4) 0.40 1.07 9.28 1.16(5)
60.5(6) 2.869(2) 0.938(4) 0.68 0.27 1.772(7) 0.52 0.45 1.47(1) 0.493(4) 0.38 1.14 9.28 1.09(5)
74.9(7) 2.925(2) 0.934(4) 0.68 0.30 1.811(6) 0.52 0.49 1.45(1) 0.445(4) 0.36 1.00 7.91 1.39(6)
84(2) 2.919(2) 0.932(4) 0.68 0.30 1.798(6) 0.52 0.53 1.43(1) 0.426(4) 0.35 0.98 7.63 1.56(6)
89.0(6) 2.938(3) 0.912(4) 0.69 0.30 1.772(7) 0.56 0.58 1.40(1) 0.404(5) 0.34 0.86 7.45 1.90(7)
96.9(9) 2.938(2) 0.895(4) 0.71 0.38 1.756(6) 0.63 0.70 1.338(9) 0.378(4) 0.31 0.80 7.21 1.63(6)

aThe relative weight of site 1, site 2, and site 3 were fixed to 62%, 26%, and 12%, respectively, between 1.8 and 84 GPa. At 89.0 and 96.9 GPa, the relative weights
are 60%, 26%, and 14%, respectively. The isomer shift for site 1 and site 2 are equivalent. Isomer shift values are with respect to α-iron metal. The uncertainties are
given in parentheses at the 68% confidence level for the last reported significant digit.
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4.2. Coordination Environments at
High Pressure

At high pressure, the increase of the QS
values of site 1 with pressure up to
about 30 GPa is likely associated with
glass densification that results in an
increase in the coordination number of
that site from around four to eight, and
perhaps higher than eight. Bajgain
et al. [2015] presented density func-
tional theory-based results on the
behavior of hydrous and anhydrous
basaltic melts with pressure, noting
steep gradients in the coordination
increases of Ca-O, Na-O, and Si-O from
ambient pressure to about 40 GPa. This
particular densification does not appear
to affect the electron density near the
nucleus of iron, as evidenced by the
relatively flat trend of the IS up to about
20 GPa for both glasses. The QS and IS
values of site 2 in rhyolitic and basaltic
glass are consistent with fivefold and
sixfold ferrous iron in minerals. At
elevated pressure, a third site is required
to fit the glass spectra. Site 3 in the
rhyolitic glass has a QS value that
increases from about 0.7 to 1.2 mm/s
and an IS value that plateaus at about
0.7 mm/s up to 80 GPa, likely remaining
in a low-coordinated site environment
to high pressure.

In the basaltic glass, the IS values start
to decrease from 0.7 mm/s to 0.5 mm/
s at about 25 GPa with a very similar
trend compared to that reported by
Murakami et al. [2014]. Murakami et al.
[2014] propose that the decrease in IS
values is due to a change in the spin
state from high spin to intermediate
spin. For Al-bearing enstatite glass, Gu
et al. [2012] observe comparable IS
values (0.5–0.7 mm/s relative to a stain-
less steel reference absorber) for the
site with low QS values and attribute it
to low-spin ferrous iron. We do not
attribute site 3 to intermediate-spin or
low-spin iron because of its existence
even at low pressures with significant

weight fractions, 19% for the rhyolitic glass and 12% for the basaltic glass without significant change at
higher pressures. We attribute the decreasing trend of the isomer shift values to glass densification and
near-neighbor coordination increases that start to have a stronger effect on the electron density near
the nucleus.

Figure 7. Quadrupole splitting versus isomer shift at about (bottom)
0 GPa and (top) 60 GPa for high-pressure synchrotron Mössbauer
studies on silicate glasses. Our study is in bold colors, whereas previous
studies are in pastel colors. See Table 1 for compositions of the glasses.
Blue, green, and red circles represent Fe2+ sites with relatively high,
intermediate, and low quadrupole splitting values, respectively. Triangles
have been interpreted as Fe3+ sites; the inverted triangle denotes
low-spin Fe3+ [Dorfman et al., 2016]. All isomer shifts are with respect to
α-iron, except for the Al-bearing silicate glass from Gu et al. [2012], which
is with respect to a stainless steel foil. For the Al-free silicate glass, Gu et al.
[2012] do not report isomer shifts.Murakami et al. [2014],Mao et al. [2014],
and Prescher et al. [2014] fit their spectra with two sites, a high QS site
and a low QS site; thus, there is no intermediate QS site for those studies.
Figure 7 (bottom) is at 1 bar for all studies, except for Prescher et al. [2014]
where their lowest pressure is at 0.18 GPa for the Fe3+-bearing glass in
a Ne pressure medium (label #5 here). There was no low-pressure mea-
surement for the Fe3+-free glass from Prescher et al. [2014]. The high-
pressure measurements for rhyolitic and basaltic glass were measured at
60.9 and 60.5 GPa, respectively. The high-pressure measurements for
Murakami et al. [2014], Mao et al. [2014], Prescher et al. [2014] with Fe3+,
Prescher et al. [2014] without Fe3+, Dorfman et al. [2016], and Gu et al.
[2012] were conducted at 58, 55, 56, 61, 57, and 58 GPa, respectively.
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4.3. Comparison With
Previous Studies

A comparison of our results to previous
room temperature studies is shown in
Figure 7, where we plot QS against IS
values for a variety of reduced and oxi-
dized silicate glasses for pressures up
to ~60 GPa. At ambient pressure, the
hyperfine parameters for the dominant
ferrous iron site are tightly constrained
with QS and IS values ranging from 1.7
to 2 mm/s and from 0.9 to 1 mm/s,
respectively. The QS values for all sites
generally increase with pressure. At
higher pressures, the increased scatter
of hyperfine parameters is likely a result
of compositional effects that become
more prominent. At high pressure, the
hyperfine parameters of the ferrous site
with a low QS value are similar to those
reported for ferric iron. Therefore, if
there is a lack of constraint on the beha-
vior of this site from low-pressure data
and/or complementary spectroscopic

data, it can be difficult to interpret. The weights of such sites obtained from Mössbauer studies can also con-
ceivably trade for each other making quantitative assignments uncertain. In our study of the rhyolitic glass,
this site has a weight fraction of about 20%, which clearly exceeds the possible Fe3+ content.

4.4. Trends With Composition

QS values are affected by the coordination environment, whichmay be influenced by the type and number of
cations in the vicinity of the iron atoms. Here we examine the effect of different cations on the QS values of
ferrous iron in combination with the effect of the molar quantity of Na2O, K2O, MgO, CaO, SiO2, and Al2O3

with respect to FeO. Studies on glasses that reported a detectable amount of ferric iron (Fe3+/ΣFetot > 6%)
were not included in this analysis due to the strong effect of ferric iron on the local coordination environment
of ferrous sites [Alberto et al., 1996; Wilke et al., 2005]. Asymmetric peak shapes, characteristic of silicate
glasses, require correlated distributions to fit the spectra and cannot be quantitatively compared to studies
that do not use correlated distributions [Rossano et al., 1999]. Thus, we do not include the results of those
studies [e.g., Aramu et al., 1994; Costa et al., 2014; Gu et al., 2012]. Although Dunlap et al. [1998] use correlated
distributions, they do not report the compositions of the natural tektites in their study; thus, their results are
not included in our compositional analysis. At high pressures, Gu et al. [2012] fit their data using FWHM values
ranging from 1 to 2 mm/s, which is larger than has been used in previous studies on silicate glasses, in
particular those studies using a radioactive source, and is likely a result of not implementing
correlated distributions.

Large concentrations of FeO (above about 10 mol %) appear to result in iron-iron interactions that affect the
quadrupole splitting of the minority (lower QS) site more than the other oxides that were considered in our
compositional analysis (Figure 8). There is a positive trend in the quadrupole splitting of the minority site with
increasing FeO concentration, such that the effect of compositional differences on the minority site can only
be resolved at low FeO concentrations. For this reason, we do not include the iron-rich silicate glasses of
Jackson et al., [2005] in our detailed compositional analysis. By including only reduced glasses with low
FeO concentrations and comparing studies that use similar methods to fit their data, it becomes possible
to examine the effect of composition on the QS of ferrous iron in a self-consistent manner.

At ambient pressure, we observe a negative correlation between QS values and Na2O/FeO, K2O/FeO and
(Na2O + K2O)/FeO, and a positive correlation between QS values and CaO/FeO and (MgO + CaO)/FeO for

Figure 8. Quadrupole splitting as a function of FeO concentration at
~0 GPa for a range of glasses. Rhyolitic glass (this study) (1), basaltic
glass (this study) (2), Murakami et al. [2014] (3), andesitic glass (this study)
(5), dacitic glass (this study) (6), Alberto et al. [1996] (7), Rossano et al.
[1999] (8), and Jackson et al. [2005] (9–11). See Table 1 for compositions of
the silicate glasses. Jackson et al. [2005] do not report the hyperfine
parameters for the individual sites. Thus, the quadrupole splitting values
are estimated from their fits. The total concentration of FeO in a glass
affects the quadrupole splitting of the minority (lower QS) site more than
the concentration of other cations above a certain threshold of FeO,
likely due to iron-iron interactions. For this reason, the results of Jackson
et al. [2005] are not included in Figure 9.
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both the majority and minority sites (Figure 9). The Mg-free Ca-silicate glass of Alberto et al. [1996] has
relatively large QS values for the majority site, which is likely affected by CaO. The result is a very weak
correlation for MgO/FeO versus QS and a strong correlation for (MgO + CaO)/FeO versus QS for the
majority site. Ferrous iron in mafic melts, containing more MgO and CaO, is likely to be more distorted
and/or have a higher coordination than ferrous iron in felsic melts, containing more Na2O and K2O. The
effect of SiO2 and Al2O3 is weaker. One can interpret the effect of SiO2 with respect to FeO as having a
weak negative correlation or a moderately strong quadratic relationship. With the amount of data
available at present, it appears that the type of network-modifying cations in the glass have a stronger
effect on the quadrupole splitting (and likely coordination environment) of iron than the silica or alumina
content. As discussed earlier, IS values have also been used as an indicator for coordination [Mysen, 1987;
Dyar et al., 2006]. However, when plotted against compositional ratios or against absolute oxide content,
the IS values are scattered with low R2 values (typically 0 to 0.2) (Figure S1 in the supporting information).
It appears that IS values are not sensitive to composition in silicate glasses. In fact, an enstatite glass with
the composition (Mg0.8Fe0.2)SiO3 [Murakami et al., 2014] shows very similar IS values, but different QS
values than the compositionally-complex basaltic glass in this study (Figures 6 and 7).

Figure 9. Quadrupole splitting as a function of the oxide mole ratios, Na2O/FeO, K2O/FeO, (Na2O + K2O)/FeO, MgO/FeO,
CaO/FeO, (MgO + CaO)/FeO, SiO2/FeO, Al2O3/FeO, and (SiO2 + Al2O3)/FeO at ~0 GPa. Only reduced glasses (Fe3+/ΣFetot
below 6%) are included in this figure due to the strong effect of ferric iron on the coordination environment of ferrous
sites [Alberto et al., 1996;Wilke et al., 2005; Jackson et al., 2005]. Rhyolitic glass (this study) (1), basaltic glass (this study) (2),
Murakami et al. [2014] (3), Prescher et al. [2014] (4), andesitic glass (this study) (5), dacitic glass (this study) (6), Alberto et al.
[1996] (7), and Rossano et al. [1999] (8). Fitting quadratic trends to the majority sites in the plots of QS versus SiO2/FeO
and QS versus (SiO2 + Al2O3)/FeO leads to better R2 values.
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At high pressure, only three studies on
reduced glasses use correlated hyper-
fine parameter distributions to fit the
spectra [Murakami et al., 2014; Prescher
et al., 2014; this study]. We restrict the
figures to ones with the most spread
in compositional space: Na2O/FeO,
MgO/FeO, and (SiO2 + Al2O3)/FeO. At
~60 GPa, the trend for the majority site
is reversed, such that QS values are now
positively correlated with Na2O/FeO
and negatively correlated with
MgO/FeO (Figure 10). The rhyolitic glass
has a much larger distribution of site
environments compared to the other
glasses, indicating that felsic melts
may be expected to have a larger distri-
bution of ferrous iron sites than mafic
melts at high pressures.

5. Conclusions

Our results indicate that ferrous iron in
rhyolitic and basaltic glass experiences
an increase in coordination with increas-
ing pressure. The increase in coordina-
tion is likely accompanied by variable
distortions in the environments. A
decreasing trend of the isomer shift
values at high pressures can be asso-
ciated with glass densification and steep
gradients of coordination changes in
the different glasses, noting that this
trend occurs at lower pressures in basal-
tic glass compared to rhyolitic glass.
Over the pressure range studied, these
local environmental changes occur
without the iron atoms undergoing
high-spin to low-spin transitions but
would nevertheless affect physical and
transport properties. The volume of

iron’s coordination environment is a critical factor determining iron’s spin transition pressure. It has been
shown that the average coordination of iron in silicate melts and glasses of the same composition and oxida-
tion state are similar when the glasses are produced with a fast quench rate [Wilke et al., 2005]. As such, the
characteristics of the spin transition in silicatemelts may be similar to that of glasses, although will likely occur
over an even broader pressure range due to thermal effects on the spin populations and structural disorder in
the melt. With the assumption that silicate glasses can be used to model some of the behavior in silicate
melts, our study predicts that ferrous iron in chemically complex silicate-rich melts in the lower mantle likely
exists in a high-spin state.

We compare the results of studies that used similar methods in fitting their Mössbauer spectra of reduced
glasses and observe a negative relationship between quadrupole splitting and the concentration of Na2O
and K2O with respect to FeO at ambient pressure. At high pressure, this relationship turns into a positive
trend of quadrupole splitting for the majority site and a negative trend for the minority site. Our results indi-
cate that at high pressure, felsic melts may have a larger distribution in ferrous iron site geometries while

Figure 10. Quadrupole splitting as a function of the oxide mole ratios,
Na2O/FeO, MgO/FeO, and (SiO2 + Al2O3)/FeO at ~60 GPa. The high-
pressure measurements for rhyolitic glass (1) and basaltic glass (2) were
conducted at 60.9 and 60.5 GPa, respectively, and the high-pressure
measurements for Murakami et al. [2014] (3) and Prescher et al. [2014]
(4) were conducted at 58 and 61 GPa, respectively. See text for discussion.
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mafic melts have ferrous iron site geometries that are more similar to each other. To the extent that the
distribution of available coordination environments affects element partitioning between the solid and the
melt, more silica-poor melts would accommodate a smaller variety of cations compared to more silica-rich
melts at lower mantle pressures.
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