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Abstract

Iron-bearing pyrope, an abundant silicate mineral in the Earth’s upper mantle, exhibits the largest 
quadrupole splitting (QS) in Mössbauer spectra among all common Fe-bearing rock-forming silicate 
minerals at ambient conditions, with a value of ~3.5 mm/s. Knowledge regarding the hyperfine QS 
of mantle minerals at relevant pressures and temperatures (P-T) is needed to aid our understanding 
of the electronic spin and valence states of iron and local site distortion in major mantle silicate min-
erals. The latter, in turn, is relevant for coherent model of electronic and mechanical properties of 
the Earth’s mantle. Here we have measured synchrotron Mössbauer spectra (SMS) of the high-spin 
Fe2+ in Fe-bearing pyrope garnet with two distinct compositions, (Mg0.8Fe0.2)3Al2Si3O12 (py80alm20) 
and Fe3Al2Si3O12 (alm100), up to 30 GPa and 750 K. Analyses of the SMS spectra revealed that the 
high-spin Fe2+ ions in the distorted dodecahedral site exhibit extremely high QS of ∼3.4–3.6 mm/s 
and relatively high chemical shifts (CS) of ∼1.2–1.3 mm/s at high P-T, indicating that the Fe2+ ions 
remain in the high-spin state. An increase in the Fe content in the pyrope-almandine series only slightly 
decreases the QS and CS of the Fe2+ ions. To decipher the energy separation (∆) between the two 
lowest energy levels of the 3d electrons of the Fe2+ ions in the sample, the dxy and dz

2 orbitals, the QS 
values of py80alm20 at high P-T were further evaluated using Huggins model. Our modeled results 
show that the ∆ of the Fe2+ ions in py80alm20 is ~156 meV at high P-T, and may be correlated to the 
change of the crystal-field energy splitting (∆C). Comparison of the QS, ∆, and ∆C values of Fe2+ ions 
in the distorted dodecahedral sites of pyrope and silicate perovskite indicates that the high-spin Fe2+ 
with the extremely high QS can remain stable at high P-T conditions, consistent with recent theoretical 
predictions. Our results thus contribute to our current understanding of the hyperfine parameters and 
spin and valence states of iron in the mantle silicate minerals at high P-T.

Keywords: Fe-bearing pyrope, Mössbauer spectroscopy, high pressure, high temperature, hyper-
fine parameters

Introduction

Iron-bearing pyrope is one of the major constituents in the 
Earth’s crust and upper mantle, and is commonly found in many 
igneous and metamorphic rocks (e.g., Deer et al. 1982; Ringwood 
1991). The pyrope (Mg3Al2Si3O12; abbreviated as py)-almandine 
(Fe3Al2Si3O12; abbreviated as alm) solid solution represents the 
dominant garnet composition and is thus of great geological and 
petrological interest. Fe-bearing pyrope crystallizes in the cubic 
system with space group Ia3d in which the divalent Mg2+ and 
Fe2+ cations occupy the large eightfold dodecahedral sites, while 
the Al3+ and Si4+ cations are located in the center of the sixfold 
octahedral and fourfold tetrahedral sites, respectively (Zemann 
and Zemann 1961; Gibbs and Smith 1965). Due to its geologi-
cal abundance, physical properties of pyrope-almandine have 
attracted extensive research interest, including the study of their 
crystal structure (e.g., Gibbs and Smith 1965; Armbruster et al. 
1992), elasticity (e.g., Chai and Brown 1997; Conrad et al. 1999; 
Sinogeikin and Bass 2000; Jiang et al. 2004), and thermodynam-
ics (e.g., Haselton and Westrum 1980; Wang et al. 2000).

The particularity of the Fe-bearing pyrope in mineral phys-
ics pertains to the extremely high quadrupole splitting (QS) 
of 3.47–3.58 mm/s observed in Mössbauer spectra at ambient 
conditions. This is, in fact, the largest QS ever observed among 
all common Fe-bearing silicate minerals under ambient environ-
ments (e.g., Bancroft et al. 1967; Lyubutin and Dodokin 1970; 
Huggins 1975; Amthauer et al. 1976; Murad and Wagner 1987; 
Geiger et al. 1992, 2003; Černá et al. 2000). As measured by 
Mössbauer spectroscopy (MS), the QS represents the splitting of 
the nuclear energy levels caused by the interaction of the nuclear 
quadrupole moment with the electric field gradient (EFG) (Dyar 
et al. 2006). The QS value is governed by the iron electronic state 
and its local surrounding in the crystal lattice. It depends on the 
pressure-temperature (P-T), crystal-field splitting, and valence 
and spin states of Fe in minerals. The QS value also reflects the 
degree of the lattice distortion for the coordination polyhedron 
surrounding the Fe atoms (Burns and Solberg 1988). The largest 
QS in Fe-bearing pyrope thus indicates an extremely high lattice 
distortion of the dodecahedral Fe2+ site.

Data on the hyperfine QS values of minerals at a given P-T 
condition provide necessary constraints on the crystal-field * E-mail: zhumao@mail.utexas.edu
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splitting parameters (Fig. 1) (e.g., Huggins 1975; Lin et al. 
2009) that are essential for understanding the electronic spin and 
valence states in mantle minerals. For Fe-bearing pyrope, the 
five 3d energy levels, together with the crystal-field stabilization 
energy (∆C), have been determined using optical absorption and 
Mössbauer spectroscopic methods at ambient P-T (Fig. 1) (White 
and Moore 1972; Huggins 1975). On the other hand, Lin et al. 
(2009) have measured the QS of lower-mantle ferropericlase 
[(Mg0.75Fe0.25)O] at high P-T to determine the crystal-field split-
ting energy of the lowest level (∆) in the octahedral Fe2+ site 
using synchrotron Mössbauer spectroscopy (SMS) in an exter-
nally heated diamond-anvil cell (EHDAC) (Fig. 1). At a given 
pressure, the QS of Fe2+ as a function of temperature follows the 
Boltzmann distribution with ∆ (Huggins 1975). The observed 
increase in ∆ with pressure directly correlates with the variation 
of the spin crossover in ferropericlase at high P-T (Fig. 1) (Lin 
et al. 2009). In addition, recent experimental studies revealed 
that Fe2+ in Fe-bearing silicate perovskite [(Mg,Fe)(Al,Si)O3], 
the most abundant mineral phase in the Earth’s lower mantle, 
exhibits extremely high QS (as high as ∼4.4 mm/s) at above ap-
proximately 30 GPa (Lin et al. 2008, 2012; McCammon et al. 
2008, 2010; Narygina et al. 2010). Fe2+ in perovskite occupies the 
pseudo-dodecahedral site (A-site) that is similar to the distorted 
dodecahedral site in Fe-bearing pyrope (Fig. 1). Combined with 
previous XES analyses for the total spin momentum of iron in 
perovskite (Badro et al. 2004; Li et al. 2006), the extremely high 
QS of Fe2+ in the A-site has been interpreted as an occurrence of 
the intermediate-spin Fe2+ with a total spin momentum of one (S 
= 1) at above 30 GPa (McCammon et al. 2008, 2010; Narygina 
et al. 2010). First-principle theoretical calculations, on the other 

hand, show that the high-spin Fe2+ in the A site is much more 
stable than the intermediate-spin state at lower-mantle pressures 
(Zhang and Oganov 2006; Stackhouse et al. 2007; Bengtson et 
al. 2009; Caracas et al. 2010; Hsu et al. 2010, 2011; Umemoto 
et al. 2010), and the extremely high QS site is interpreted as a 
result of a change of the position of iron which moves away from 
the central positions in the A site at high pressures (Bengtson et 
al. 2009; Hsu et al. 2010, 2011). We note that the occurrence of 
the intermediate-spin state in geological materials is very rare 
in literature reports (e.g., Dyar et al. 2006). In addition, Fe2+ in 
silicate post-perovskite [(MgFe)SiO3] also displays extremely 
high QS at pressures of the lowermost mantle (Lin et al. 2008; 
Mao et al. 2010; Yu et al. 2012).

Considering the similarity in the crystallographic environ-
ments and the magnitude of the QS of Fe2+ on Fe-bearing 
pyrope, perovskite, and post-perovskite, experimental studies 
on the local electronic structures and hyperfine parameters of 
Fe-bearing pyrope as a function of P-T can provide new insights 
into the spin states of Fe2+ in the lower-mantle minerals. The QS 
and chemical shift (CS) of Fe-bearing pyrope have only been 
determined by Mössbauer spectroscopy at temperatures up to 
800 K under ambient pressure in previous studies (Bancroft et al. 
1967; Lyubutin and Dodokin 1970; Prandl 1971; Huggins 1975; 
Amthauer et al. 1976; Murad and Wagner 1987; Geiger et al. 
1992; Černá et al. 2000). The combined effects of P-T on these 
parameters remain largely unknown, significantly limiting our 
understanding on the electronic structures of Fe-bearing pyrope 
and other major rock-forming silicates at high P-T. In this study, 
we have measured and analyzed SMS spectra of two Fe-bearing 
pyropes at P-T conditions relevant to the Earth’s upper mantle. 
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Figure 1. Crystal-field splitting and stabilization energy of Fe2+-bearing pyrope, silicate perovskite, and ferropericlase. Three different crystal-field 
models are shown: (a) free ion; (b) undistorted field; (c) distorted site. CFSE: crystal-field stabilization energy; ∆C: crystal-field splitting energy; ∆: 
energy separation between the lowest dxy and dz

2 levels of the eg states in a distorted dodecahedral site of the high-spin Fe2+ in pyrope and perovskite, 
or between the lowest dxy and upper dxz and dzy levels of the t2g states in a distorted octahedral Fe2+ site in ferropericlase. Literature values shown here 
are taken for pyrope from Huggins (1975), for silicate perovskite [(Mg0.94Fe0.06)SiO3] from Keppler et al. (1994), and for ferropericlase {up to 25% Fe 
in [(Mg,Fe)O]} from Bancroft (1973), Burns (1985, 1993), Goto et al. (1980), Goncharov et al. (2006), Keppler et al. (2007), and Lin et al. (2009).
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The derived QS values of the Fe-bearing pyrope at high P-T were 
used to constrain the energy splitting between the two lowest 
dxy and dz

2 orbitals and to help us understand the local electronic 
environments of Fe2+ at the dodecahedral site.

Experimental methods
Two single-crystal Fe-bearing pyropes, py80alm20 [(Mg0.8Fe0.2)3Al2Si3O12] and 

alm100 (Fe3Al2Si3O12), were synthesized from 57Fe-enriched starting glasses. Mixed 
oxides, 57Fe2O3+57Fe+Al2O3+SiO2 (>95% enrichment) and MgO+Al2O3+SiO2, were 
weighed for Mg3Al2Si3O12 and Fe3Al2Si3O12 composition, respectively, and then 
melted in a plasma melting device to produce pyrope-like glass and almandine-
like glass. The Fe3Al2Si3O12 glass was then loaded in a 14/8 cell multi-anvil cell 
assembly and heated to 1223 K at 2.5 GPa for 24 h to synthesize alm100 single 
crystals. To synthesize single-crystal py80alm20, we mixed 80 mol% pyrope-like 
glass with 20 mol% almandine-like glass. The glass mixture was heated to 1523 K 
at 2.8 GPa for 20 h in the multi-anvil cell. The synthesized py80alm20 and alm100 
crystals were examined by X‑ray diffraction and electron microprobe analyses 
to confirm the crystal structure and chemical compositions, respectively. The 
py80alm20 and alm100 single crystals were polished to ∼20 µm in thickness. For 
high-pressure measurements at 300 K, the py80alm20 and alm100 crystals were 
loaded into symmetric diamond-anvil cells (DACs) with Re gasket and Ne pressure 
medium. Ruby spheres close to the samples served as a pressure calibrant (Mao 
et al. 1986). For the high P-T experiments on py80alm20, the sample was loaded 
with Ne in an EHDAC. A K-type thermocouple for temperature measurements was 
attached to the surface of one of the two diamond anvils, ~500 µm away from its 
culet. Pressures were determined from the fluorescence shift of the ruby spheres 
by taking temperature effects into account (Rekhi et al. 1999).

SMS experiments were conducted at HPCAT sector of the Advanced Photon 
Source (APS), Argonne National Laboratory (ANL). The 57Fe nuclei in the sample 
were excited by an X‑ray beam with an energy of 14.4125 keV and a bandwidth of 
~2 meV. The SMS spectra were recorded by an avalanche photodiode detector in 
the forward direction with a collection time of ~1 h for each spectrum. SMS spectra 
of the py80alm20 and alm100 samples were collected with or without a stainless 
steel foil in a pressure step of 3–4 GPa up to 30 GPa at 300 K. The stainless steel 
foil was used as the reference to determine the CS of the Fe2+ in the samples. To 
constrain the temperature effect on the hyperfine parameters, Mössbauer spectra 
of py80alm20 were also collected at temperatures up to 750 K and pressures up 
to 25 GPa in an EHDAC.

Results

SMS spectra of py80alm20 and alm100 are dominated by 
five quantum beats in the time window up to 125 ns at the in-
vestigated P-T range, immediately indicating the high QS value 
of the Fe-bearing pyrope (Fig. 2). Increasing pressure at 300 K 
only has a small effect on the QS by slightly moving the posi-
tion of five time beats toward faster time decay. In contrast to 
the effect of pressure, elevating temperature at a given pressure 
weakly causes the five time beats of Fe-bearing pyrope to move 
toward slower time decay (Fig. 2).

Mössbauer spectra of the Fe-bearing pyropes were analyzed 
using the CONUSS program (Fig. 2) (Sturhahn 2000). The ob-
tained SMS spectra were evaluated with a single-doublet model 
with Fe2+ in the dodecahedral site (e.g., Lyubutin and Dodokin 
1970; Geiger et al. 1992, 2003). The QS values of both samples 
increased by 1% with pressure up to 2 GPa, but only showed 
weak pressure dependence above 2 GPa (Fig. 3). At a given 
temperature, the CS values decreased linearly with pressure up 
to 30 GPa for both samples (Fig. 3); the pressure derivative of 
the CS is approximately –0.0020 (±0.0004) mm/(s⋅GPa) for each 
sample. High P-T experiments show that elevating temperature 
at a given pressure leads to the decrease of the QS and CS of 
py80alm20 (Fig. 4), consistent with previous experimental results 
(Lyubutin and Dodokin 1970). The temperature effect on the QS 
weakens with increasing pressure, while the effect of temperature 
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Figure 2. Representative synchrotron Mössbauer spectra of 
Fe-bearing pyrope [(Mg0.8Fe0.2)3Al2Si3O12] at high pressures and/or 
temperatures. (a) Ambient pressure and high temperatures; (b) 25 GPa 
and high temperatures. (c) Mössbauer spectra of the sample with stainless 
steel as an external reference at 25 GPa and high temperatures. Red 
circles: measured spectrum; black lines: modeled results using CONUSS 
program (Sturhahn 2000). (Color online.)

on the CS is similar at all investigated pressures. The temperature 
derivative of the CS for py80alm20 is approximately –3.2 × 10−4 
(±0.2 × 10−4) mm/(s⋅K).

Discussion

Fe-bearing pyrope exhibits the largest QS of any known 
Fe-bearing silicate or oxide of geological relevance at ambient 
conditions (e.g., Bancroft et al. 1967; Dodokin et al. 1973). Our 
SMS results further show that the QS values of py80alm20 re-
main extremely high at high P-T conditions relevant to the upper 
mantle. Increasing the Fe content in the pyrope-almandine system 
slightly increases the QS and CS values (Fig. 3), consistent with 
previous experimental observations (e.g., Lyubutin and Dodokin 
1970; Prandl 1971; Amthauer et al. 1976; Murad and Wagner 
1987; Černá et al. 2000). Overall, high P-T conditions have rela-
tively weak effects on the QS of the system—the QS increases 
by ~1% from ambient pressure to 2 GPa and another 1% from 
2 to 30 GPa, respectively. The QS of py80alm20 decreases by 
5–6% with increasing temperature from 300 to 750 K at high 
pressures (Fig. 4).

As noted earlier, knowledge concerning the hyperfine param-
eters at high P-T has served as one of the most effective means for 
understanding the spin and valence states of Fe2+ in mantle min-
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have noted that the QSlatt contribution needs to be considered 
in properly modeling the QS of pyrope using the Boltzmann 
distribution function, indicating that the QSlatt contribution can-
not be ignored for minerals with extremely high QS and lattice 
distortion, such as is the case of pyrope. This differs from the 
ferropericlase case which has much smaller QS (∼1 mm/s), 
and thus the QSlatt contribution has been ignored (Kantor et al. 
2006; Lin et al. 2006, 2009). Modeling the QS values using both 
QS(0 K) and QSlatt also allowed us to examine how the ratio of 
these contributions is affected by pressure. Our modeled results 
show that the derived QSlatt is of opposite sign to the QS(0 K), 
consistent with theoretical predictions (Fig. 5) (Ingalls 1964), 
and is greatly enhanced by elevated pressure (Fig. 5). At 1 bar, 
the QS(0 K) constitutes 76% of the total QS at 0 K while the 
QSlatt contribution accounts for 24% of the total QS, much less 
than the QS(0 K) contribution. However, the ratio of the QSlatt 
contribution increases to 41% at 1.3 GPa, indicating a great drop 
in the QS(0 K) contribution (Fig. 5), although further increase 
in pressure to 25 GPa has a minor effect on the QSlatt to QS(0 
K) ratio (Fig. 5). The ratio change can be associated with the 
initial increase in the QS of Fe-bearing pyrope below 2 GPa. 
Such increase in the QSlatt contribution may be attributed to 
an increased distortion of the Fe2+ dodecahedral sites with the 
applied pressure initially, although it becomes less sensitive to 
pressure above 2 GPa.

Figure 3

Figure 3. Quadrupole splitting (QS) and chemical shift (CS) 
of Fe-bearing pyrope at high pressures and 300 K. Solid circles: 
(Mg0.8Fe0.2)3Al2Si3O12 (py80alm20); solid diamonds: Fe3Al2Si3O12 
(alm100). Solid lines represent the trend of the QS and CS as a function 
of pressure. Standard deviations of QS and CS as derived the systematic 
analyses of the modeling are approximately ±0.005 mm/s, respectively, 
showed at the bottom (top) right corner of the QS (CS) plot. The CS values 
shown have been converted to the values with respect to α-Fe reference.

Figure 4. Quadrupole splitting (QS) and chemical shift (CS) 
of Fe-bearing pyrope [(Mg0.8Fe0.2)3Al2Si3O12] at high pressures and 
temperatures. Solid circles: derived experimental values. Solid curves in 
a represent calculated QS using the model by Huggins (1975), whereas 
lines in b are a guide to the eye and highlight the linear temperature 
dependence of CS. The standard deviations of the QS and CS values 
are shown as ±1σ at the top right corner of the figure. (Color online.)

erals. In particular, the splitting of the lowest-energy 3d orbital 
of minerals can be derived from the temperature-dependent QS 
values that can be determined from Mössbauer spectra (Ingalls 
1964; Huggins 1975; Lin et al. 2009). Here the variation of the 
QS as a function of temperature at a given pressure for Fe2+ in 
the dodecahedral site in py80alm20 has been evaluated using 
Huggins model (Huggins 1975). The QS can be attributed to two 
major contributions, QS measured at 0 K [QS(0 K)] and lattice 
contribution (QSlatt), and depends on the temperature and the 
separation of the two lowest dxy and dz

2 orbitals, ∆ (Fig. 1). Based 
on Huggins model, the QS follows the Boltzmann distribution 
function with temperature and ∆

QS(T ) = [QS(0K) + QSlatt ]
1 exp( / kT )
1+ exp( / kT )

QSlatt 	 (1)

where k is Boltzmann constant. At a given pressure, QS(0 K) and 
QSlatt are constants and do not change with temperature.

The QSlatt contribution has been mostly ignored in previ-
ous studies because of its much smaller value compared to the 
QS(0 K) (Ingalls 1964; Lyubutin and Dodokin 1970; Huggins 
1975; Lin et al. 2009). However, the variation of QSlatt appears 
to be affected by the value of ∆. For instance, greatly varying 
the QSlatt of Fe-bearing pyrope by 1 mm/s (~30% of QS) leads 
to a 100 cm–1 change in ∆ (Huggins 1975). In particular, we 
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Based on the temperature-dependent Boltzmann distribution 
model (Eq. 1), we have also derived the energy separation of the 
two lowest levels, ∆ (Fig. 6), which is an important crystal-field 
parameter for understanding the electronic spin-pairing transi-
tions of Fe in major mantle minerals. According to the crystal 
field theory (Burns 1993), the spin transition of Fe occurs when 
the crystal-field splitting energy, ∆C, increases with pressure and 
eventually overcomes the spin-pairing energy. Previous resonant 
X‑ray emission spectroscopic experiments confirmed this notion 
(Lin et al. 2010), showing an increase in the ∆C of ferropericlase 
before the spin transition. However, optical absorption experi-
ments (Keppler et al. 2007) observed a slight decrease in the 
∆C of ferropericlase before the transition. Most importantly, the 
increase of the ∆C in ferropericlase with pressure is accompanied 
with an increase of ∆ in the high P-T SMS study (Lin et al. 2009). 
Knowing the effect of pressure on ∆ thus provides additional 
information on the spin state of Fe in mantle minerals.

The ∆ of 1100 cm–1 for Fe-bearing pyrope is much greater than 
290–770 cm–1 for ferropericlase at high pressures and higher than 
500 cm–1 for silicate perovskite at ambient conditions (Figs. 1 
and 6) (Keppler et al. 1994; Lin et al. 2009). The ∆ of py80alm20 
represents the energy difference between the dxy and dz

2 orbitals of 
the eg states of Fe2+ in the dodecahedral site (Fig. 1). Our derived 
∆ of py80alm20 is 195 meV at 1 bar, drops to 156 meV at 1.3 
GPa, and then slightly decreases to 144 meV at 25 GPa (Fig. 6). 

That is, the ∆ of py80alm20 has a weak dependence on pressure 
between 1.3 and 25 GPa. The decrease of the ∆ with pressure 
indicates a lower-degree energy separation between the dxy and 
dz

2 orbitals at high pressures. As noted above, the variation of 
∆ with pressure is positively correlated with the change of ∆C 
with pressure for ferropericlase (Lin et al. 2009, 2010). To the 
best of our knowledge, there is no theoretical or experimental 
study discussing the correlation of ∆ and ∆C as a function of 
pressure, though it is conceivable that ∆ and ∆C follow a similar 
trend to that in ferropericlase with increasing pressure. In this 
case, increasing pressure should slightly lower the ∆C of Fe2+ 
in the dodecahedral site, similar to the ∆ of Fe-bearing pyrope 
observed here (Fig. 6).

The pressure dependence of the ∆C for Fe-bearing pyrope 
obtained in this study sheds new lights on understanding the 
electronic structures of Fe2+ in similar crystallographic sites, such 
as Fe2+ in the pseudo-dodecahedral site of silicate perovskite or 
even in post-perovskite (e.g., Hsu et al. 2010, 2011; Lin et al. 
2008, 2012; Yu et al. 2012). Unlike ferropericlase, the electronic 
spin states of Fe2+ in silicate perovskite remain highly debated 
(e.g., Lin et al. 2008, 2012; McCammon et al. 2008; Narygina et 
al. 2009; Hsu et al. 2010, 2011). Previous SMS studies revealed 
that Fe2+ in silicate perovskite exhibits extremely high QS as 
high as ∼4.4 mm/s at pressures above 30 GPa (Fig. 7) (Lin et 
al. 2008, 2012; McCammon et al. 2008; Mao et al. 2011), and 

Figure 5. Derived QS(0 K) and lattice contribution (QSlatt) of Fe-
bearing pyrope [(Mg0.8Fe0.2)3Al2Si3O12] at high pressures. (a) QS(0 K) 
and QSlatt contributions of the QS; (b) ratio of the QSlatt contribution 
to the total QS as a function of pressure. Representative error bars are 
shown as ±1σ at the bottom right corner (a) for the QS(0 K) and QSlatt 
contributions, and at the bottom right corner (b) for the ratio of the QSlatt 
contribution to the total QS.

Figure 6. Energy separation (∆) of the two lowest energy levels 
of Fe-bearing pyrope [(Mg0.8Fe0.2)3Al2Si3O12] at high pressures. (a) 
Derived ∆ of Fe2+ in the dodecahedral site; (b) variation of the energy 
separation in percentage with respect to the value at ambient pressure 
(∆0). Representative error bars are shown as ±1σ at the top right corner 
of the figure. Detailed crystal-field splitting diagram and energy of the 
Fe2+-bearing pyrope are shown in Figure 1.
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