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Abstract
Jeffbenite, ideally Mg3Al2Si3O12, has been identified as inclusions in super-deep diamonds originating from depths that 
exceed 300 km. Although Mg-end member jeffbenite has limited stability at upper-mantle conditions, iron-bearing jeffben-
ite may have broader P–T stability that extends to the transition zone or uppermost lower mantle, incorporating significant 
amounts of ferric iron. Using synchrotron-based, single-crystal X-ray diffraction (XRD) and synchrotron Mössbauer spec-
troscopy (SMS) at pressures up to 29 GPa, we report the crystal structure, compressibility, and likely spin transition of iron 
in ferromagnesian jeffbenite (Mg2.32Al0.03Fe2+

1.28Fe3+
1.77Si2.85O12). High-pressure structure refinements reveal that Fe3+ 

substitution for Si in the T2 site, which shares edges with the M2 octahedron, likely stabilizes jeffbenite at high pressure, 
because it increases the cation-to-cation distance between these sites. Although ferromagnesian jeffbenite does not undergo a 
structural phase transition below 30 GPa, SMS hyperfine parameters suggest the onset of an electronic spin transition of iron 
from high-spin (HS) to low-spin (LS) at around 22 GPa, which may increase its stability at high pressures. Pressure–volume 
data were fit to a third order Birch–Murnaghan equation of state, resulting in V0 = 816.54(9), KT0 = 181.54(1.39), and K′

T0
 = 

2.76(14). These equation of state parameters are applicable to evaluating the encapsulation pressures of super-deep diamonds. 
The density and bulk modulus of ferromagnesian jeffbenite are similar to or higher than pyrope–almandine, pyrope–majorite, 
and skiagite–majorite solid solution garnets, further suggesting that jeffbenite may be an important ferric–iron silicate in 
the deeper parts of the mantle transition zone and uppermost lower mantle. However, future studies on the influence of tem-
perature and oxidation state on the stability and equations of state of iron-bearing jeffbennite are still needed to determine 
what role, if any, jeffbenite plays in transition-zone mineralogy.
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Introduction

The tetragonal almandine–pyrope phase (TAPP), recently 
established as the mineral jeffbenite (Nestola et al. 2016), 
was first discovered as an inclusion in a diamond from São 
Luiz, Mato Grosso state, Brazil (Harris et al. 1997). As its 
original moniker suggests, jeffbenite is tetragonal and has a 
chemical formula very close to that of almandine–pyrope; 
however, the structure is more similar to zircon than to gar-
net, with two tetrahedral sites, two octahedral sites and one 
distinct capped tetrahedral site with 8 (2 × 4)-coordinated 
coordination (Fig. 1). A structural formula for jeffbenite can 
be written as (M1)1(M2)2(M3)2(T1)1(T2)2(O1)4(O2)4(O3)4, 
with Mg-dominated M1 and M3 sites, Si-dominated T1 and 
T2 sites, and Al at the M2 sites (Harris et al. 1997; Finger 

Communicated by Dante Canil.

 *	 Fei Wang 
	 feiwang2020@u.northwestern.edu

1	 Department of Earth and Planetary Sciences, Northwestern 
University, Evanston, IL 60208, USA

2	 Department of Earth and Environmental Systems, Sewanee: 
The University of the South, Sewanee, TN 37375, USA

3	 Hawai’i Institute of Geophysics and Planetology, School 
of Ocean and Earth Science and Technology, University 
of Hawai’i at Manoa, Honolulu, HI 96822, USA

4	 Advanced Photon Source, Argonne National Laboratory, 
Argonne, IL 60439, USA

5	 Department of Geological Sciences, University of Colorado, 
Boulder, CO 80309, USA

http://orcid.org/0000-0002-8316-454X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-021-01850-0&domain=pdf


	 Contributions to Mineralogy and Petrology (2021) 176:93

1 3

93  Page 2 of 13

and Conrad 2000; Nestola et al. 2016). After its initial dis-
covery, jeffbenite was found as inclusions in several addi-
tional diamonds from Brazil’s Juina district (Hutchison et al. 
2001; Hayman et al. 2005; Bulanova et al. 2010; Zedgenizov 
et al. 2014, 2020) as well as in a diamond from Kankan 
in Guinea (Brenker et al. 2002). Laboratory synthesis of 
jeffbenite has only been reported twice. Armstrong and 
Walter (2012) synthesized low-iron jeffbenite at pressures 
of 6–10 GPa and temperatures of 1600–2000 K using a 
laser heated diamond anvil cell. More recently, Smyth et al. 
(2021) reported the synthesis of an iron-rich jeffbenite using 
a multi-anvil apparatus at 15 GPa and 1473 K, from which 
the samples in this study derive.

There is considerable debate regarding whether jeffbenite 
inclusions in diamond represent a primary phase from the 
transition zone or uppermost lower mantle, or a retrograde 
phase formed during ascent. The first identified sample of 
jeffbenite was found co-existing with ferropericlase, bridg-
manite, and calcium silicate perovskite, suggesting an origin 
in the lower mantle (Harte and Harris 1994; Harris et al. 
1997). Mössbauer spectra of that first sample indicated that 
jeffbenite contains high amounts of ferric iron, consistent 
with bridgmanite, supporting the hypothesis that it formed 
in the lower mantle (McCammon et al. 1997). Since then, 
jeffbenite has been reported in several different mineral 
assemblages in diamond, mostly composed of phases stable 
near the boundary of the transition zone and lower mantle 
(Hutchison et al. 2001; Hayman et al. 2005; Bulanova et al. 
2010; Zedgenizov et al. 2014, 2020). Based on this evidence, 
Harte (2010) proposed that the close association of jeffbe-
nite with ferropericlase and bridgmanite may indicate that 
jeffbenite replaces majoritic garnet in the bottom part of the 
mantle transition zone or uppermost lower mantle.

Conversely, Finger and Conrad (2000) argued that jeff-
benite is a retrograde phase that forms during the ascent 
of the host diamond based on a three-pronged argument 
that: (1) jeffbenite has a lower density (3.580 g·cm−3) com-
pared to the density of garnets with similar composition 
(3.634 g·cm−3) (Harris et al. 1997), (2) jeffbenite has low 
cation coordination numbers compared with known lower 
mantle minerals, and (3) the T2 tetrahedron and M2 octa-
hedron in jeffbenite are edge-sharing and, therefore, may 
be unstable at high pressure owing to the proximity of Si4+ 
and Mg2+ in those sites. Finger and Conrad (2000) further 
argued that the volume ratio of these two sites, the edge-
sharing T2 site and M2 octahedron, is too small for jeffbe-
nite to be a high-pressure phase. The theory that jeffbenite 
is a retrograde phase was also supported by Brenker et al. 
(2002), who reported jeffbenite intergrown with olivine 
in contact with diopside, which the authors interpreted as 
evidence of jeffbenite formed from the breakdown of ring-
woodite. However, Brenker et al. (2002) also suggested that 
a high Fe3+ content could stabilize the jeffbenite structure 
in the uppermost lower mantle.

Until recently, the only study to examine the stability 
field of jeffbenite concluded that jeffbenite is not stable at 
pressure–temperature (P–T) conditions exceeding 13 GPa 
and 1700 K (Armstrong and Walter, 2012). However, this 
study evaluated Ti-bearing and low-Fe jeffbenite, whereas 
a subsequent study by Anzolini et al. (2016) found that the 
absence of TiO2 can extend the stability field of jeffbenite 
to higher P–T conditions. Nestola et al. (2016) suggested 
that jeffbenite should be classified based on the Ti and Fe 
composition, and that because the stability of jeffbenite is 
compositionally dependent the Fe-end member analogue of 
jeffbenite may be an important constituent in the Earth’s 

Fig. 1   Crystal structure of Fe-rich jeffbenite at 29 GPa projected onto 
the b-axis, drawn using VESTA (Momma and Izumi 2011). Silicate 
tetrahedra are colored blue and labeled T1 and T2. Octahedral sites 

M1, M2, and M3 are occupied by Fe and Mg and colored orange. The 
structure is a tetragonal orthosilicate, more similar to that of zircon 
than garnet due to the body centered symmetry
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interior. The recent synthesis of ferric–iron rich, ferromag-
nesian jeffbenite supports the interpretation that increased 
iron-content increases the P–T stability of jeffbenite (Smyth 
et al. 2021). Based on these results, Fe-rich, low-Ti jeffbe-
nite is potentially stable at the P–T conditions of the lower 
transition zone.

Importantly, evaluating the role of mixed-valence iron 
in extending the thermodynamic stability of jeffbenite has 
not been carried out. The identification of natural Fe-rich 
jeffbenite diamond inclusions (e.g., Bulanova et al. 2010; 
Thomson et al. 2014) within super-deep diamonds that origi-
nate from depths exceeding 300 km highlights the impor-
tance that iron substitution may play a role in extending 
the stability field of jeffbenite in the deep Earth. Based on 
these naturally occurring diamond inclusions, a systematic 
examination of the influence of iron, specifically ferric iron 
substitution, on the structure, stability and elastic properties 
of jeffbenite at the pressures of the deep mantle is needed 
to delimit the stability of jeffbenite in the Earth’s interior.

Here we use synchrotron-based, single-crystal X-ray 
diffraction (XRD) and synchrotron Mössbauer spec-
troscopy (SMS) up to a maximum pressure of 29 GPa 
to investigate the crystal structure, compressibility, 
and magnetic properties of ferromagnesian jeffbenite, 
Mg2.32Al0.03Fe2+

1.28Fe3+
1.77Si2.85O12. Single-crystal struc-

ture refinements provide a detailed picture of how the struc-
ture of Fe-bearing jeffbenite evolves as a function of pres-
sure, providing important constraints on the extent to which 
ferric iron occupancy in the tetrahedral T2 site sharing an 
edge with M2 sites influences the high-pressure stability of 
this phase. In addition, we have determined the equation of 
state of jeffbenite, which is applicable to determining the 
encapsulation pressures of jeffbenite diamond inclusions. 
Time-domain synchrotron Mössbauer spectroscopy (SMS) 
was used to measure the electronic environment of the iron 
atoms as a function of pressure, showing the likely onset of 
a spin-pairing transition of iron, which may further increase 
the stability-depth of jeffbenite in the deep mantle.

Materials and methods

Single crystals of Al-free, ferromagnesian jeffbenite meas-
uring up to 200 µm in largest dimension were synthesized 
from a mixed oxide powders of FeO, Fe2O3, SiO2, MgO and 
Mg(OH)2 in a multi-anvil press at 15 GPa and 1473 K at 
Bayerisches Geoinstitut, University of Bayreuth, Germany 
(Smyth et al. 2021). Although synthesized in a hydrous 
environment, both IR and Raman spectroscopy show that 
the jeffbenite crystals are anhydrous (Smyth et al. 2021). 
Electron microprobe chemical analyses were performed 
using a JEOL 8230 electron microprobe at the University of 
Colorado, resulting in a chemical composition of 34.39 wt% 

SiO2, 0.31 Al2O3, 18.63 wt% MgO, and 44.23 wt% FeO. 
Synchrotron Mössbauer spectroscopy (MS) measurements 
result in a Fe3+/SFe value of 58(1)% and indicate that the 
M2 site is likely dominated by Fe3+, while the Fe2+ cations 
are concentrated in the M1 and M3 sites. Using the value of 
SFe/(SFe + Mg) = 0.57 from the EMPA data and the Fe3+/
SFe = 0.58 from SMS, the formula of this jeffbenite can be 
represented by Mg2.32Al0.03Fe2+

1.28Fe3+
1.77Si2.85O12. A com-

plete characterization of the synthesized material used in this 
study can be found in Smyth et al. (2021).

High-pressure single-crystal X-ray diffraction measure-
ments were carried out using a short-symmetric diamond 
anvil cells (DAC) with 78◦ apertures. To minimize system-
atic errors, P–V and structural data were collected on two 
different samples, each loaded into separate DACs. The first 
sample used 400 µm culet Boehler–Almax diamond anvils 
and the second sample used 300 µm culet Boehler–Almax 
diamond anvils. Sample chambers of 250 µm and 180 µm 
diameter, respectively, were laser ablated into rhenium 
sample gaskets pre-indented to ~ 40 µm thickness. Ferro-
magnesian jeffebenite single crystals were polished on both 
sides to produce samples of near uniform thickness (10 µm). 
These polished grains were loaded into the DACs, alongside 
a ~ 10 µm diameter ruby sphere, which was used as the pres-
sure standard using the quasi-hydrostatic calibration of the 
R1 luminescence line from Jacobsen et al. (2008). Neon was 
loaded as the pressure-transmitting medium (Rivers et al. 
2008).

Ambient pressure and high-pressure single-crystal XRD 
measurements were conducted using the six-circle diffrac-
tometer on the 13-BM-C beamline of the Advanced Photon 
Source (APS), Argonne National Laboratory. The incident 
X-ray beam uses a silicon (311) crystal as a monochromator 
to produce radiation with a wavelength of 0.434 Å and 1 eV 
energy bandwidth, which was focused to a 15 × 15 µm2 spot. 
A Pilatus 1 M (Dectris) detector with a 1 mm thick silicon 
sensor was used to collect the diffraction patterns. The align-
ment of the detector was calibrated using LaB6 (Zhang et al. 
2017). A gas membrane system was used to increase the 
pressure of the samples remotely. Step-scan exposures were 
collected at two different detector positions 20 degrees apart 
in 2θ angle with an exposure time of 1 s/deg at each pres-
sure point. Diffraction intensity data of jeffbenite at ambient 
conditions (1-bar) were collected prior to gas loading, and 
at each subsequent pressure step after gas loading to enable 
a crystal structure refinement at regularly increasing pres-
sure steps.

Diffraction data and unit cell parameters were analyzed 
using the APEX3 software (Bruker). The SHELXL software 
was run on an Olex2 general user interface (Sheldrick, 2008; 
Dolomanov et al. 2009) to refine the crystal structure using 
peak intensities from the APEX3 data analysis. The start-
ing crystal structure model used that of Smyth et al. (2021), 
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setting the T1 site as fully occupied by Si, and the T2 site 
fully occupied by a mixture of Si and Fe, with Si having 
94% site occupancy. The M1, M2, and M3 sites were set as 
fully occupied by a mixture of Mg and Fe, with Mg on 60%, 
36% and 65% of these sites, respectively. Cations occupy-
ing the same site have the same fractional coordinates and 
the same isotropic displacement parameters, but the ratio of 
the elements was allowed to vary when this value was first 
fit to data from our sample at ambient condition. Once the 
1-bar ratios were fit, these values were fixed at their ambi-
ent condition values for subsequent high-pressure structure 
refinements. The Pymatgen Python library (Ong et al. 2013) 
and Uncertainties Python library (Leibigot 2014) were used 
to calculate polyhedral volumes and bond lengths.

For the SMS measurements, high pressures were achieved 
using a short-symmetric DAC fit with 300 µm diamond 
anvils. A 180 µm diameter hole was laser ablated in a rhe-
nium gasket pre-indented to ~ 70 µm thickness to produce 
the sample chamber. A single crystal of jeffbenite meas-
uring ~ 50 µm thick was loaded into the DAC alongside a 
10 µm ruby sphere, which served as the pressure calibrant. 
As with the XRD experiments, neon was loaded as the 
quasi-hydrostatic pressure medium (Rivers et al. 2008).

Time domain synchrotron Mössbauer spectroscopy 
(SMS) was conducted at the beamline 3-ID-B of the APS. 
A combination of a Si (111) double crystal monochroma-
tor and a 4-bounce inline high-resolution monochromator 
was used to reduce the X-ray photon energy bandwidth to 
1 meV at 14.4125 keV, which was then focused into a beam 
15 µm in diameter using a Kirkpatrick–Baez type mirror. 
The APS storage ring was filled with 24 equally spaced 
electron bunches emitting X-ray pulses with time interval 
of 153 ns. The nuclear resonant delayed signal from 57Fe 
isotope was recorded in the 28–128 ns time window after 
each X-ray pulse excitation. SMS data were collected at 8.6, 
12.6, 21.2, and 28.9 GPa. The mean pressure drift during 
each SMS measurement was 0.7 GPa, as determined from 
ruby fluorescence measurement taken before and after each 
spectrum was collected.

Time domain spectra were fit using version 2.2.0 of the 
CONUSS software (Sturhahn 2000) to obtain the hyper-
fine parameters of iron and the ferric-to-ferrous ratio in the 
sample. The starting model used in this study was recently 
published in Smyth et al. (2021). The SMS spectra for our 
ferromagnesian jeffbenite sample at ambient conditions 
could be fit to either a three doublet model with one high 
spin Fe3+ site and two high spin Fe2+ sites or a two doublet 
model with one high spin Fe3+ site and one high spin Fe2+ 
site. At ambient pressure the two doublet model produced a 
statistically better fit, whereas at high pressures (> 1-bar) the 
three doublet model with the additional Fe2+ site produces 
a statistically better fit. In a previous study on the synthesis 
and characterization of this material (Smyth et al., 2021) 

we compared two-doublet and three-doublet models and 
found that the three-doublet model is more consistent with 
the XRD data on site occupancies. In addition, because the 
three-doublet model produces a better fit to the high-pres-
sure spectra, in the current study we used the three-doublet 
model for both 1 bar and high pressure Mössbauer spectra. 
At ambient pressure, SMS spectra were measured using a 
stainless steel external standard. At elevated pressures, how-
ever, the SMS spectra did not utilize an external standard 
because of the small sample size and its low signal relative 
to the standard. Instead, at high pressure the isomer shift is 
given relative to the M3 Fe2+ site, for which the isomer shift 
was fixed to 1.285 mm/s, which is the shift with respect to 
the stainless steel standard at ambient pressure (Smyth et al. 
2021).

Results

Lattice parameters

Over our experimental pressure range (0–29 GPa), we 
observed no phase transitions or abrupt change in lattice 
parameters. The lattice parameters at each pressure step are 
given in Tables 1S and 2S. Using the unit-cell volumes, our 
data were fit to a third-order Birch–Murnaghan equation of 
state (B–M EOS):

where KT0 is the bulk modulus at ambient pressure, K′

T0
 is 

the first pressure derivative of the bulk modulus at ambient 
pressure, and V0 is the unit-cell volume at ambient pres-
sure. The EOS fit was performed with EOSFit7c using an 
error-weighted least squares fit (Angel et al. 2014; Gonzalez-
Platas et al. 2016).

The resulting EOS parameters, as well as parameters 
resulting from a fit to a second-order B–M EOS, are reported 
in Table 1. The two samples produced the same result within 
mutual uncertainties for the second-order B–M EOS. The 
EOS parameters from a fit to a combined data set from both 
samples are V0 = 816.87(14), KT0 = 171.66(0.85), K′

T0
 = 4 

(fixed) for the second-order B–M EOS and V0 = 816.54(9), 
KT0 = 181.54(1.39), K′

T0
 = 2.76(14) for the third-order B–M 

EOS. The pressure–volume (P–V) data are shown in Fig. 2 
alongside the third-order B–M EOS fit to the combined data 
from both samples. To better visualize the quality of the EOS 
fit, a plot of normalized stress, FE = P∕3fE(1 + 2fE)

(5∕2)
, ver-

sus Eulerian strain, fE = ((V
0
∕V)(2∕3) − 1)∕2, is provided in 

the inset of Fig. 2. As shown in Fig. 2 inset, the negative 
slope of the FE − fE plot illustrates a K′

T0
 value less than 4, 

consistent with our third order B–M EOS parameters. In 
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addition, the reduction of misfit by adding a free parameter 
of K′

T0
 to describe the pressure derivative of the bulk modu-

lus is significant at the 99% confidence level, based on an F 
test. However, because K0 and K0’ are inversely correlated, 
systematic errors in the lattice parameters would affect both 
parameters. 

Axial compression data, which are normalized to the 
ambient pressure data, are plotted in Fig. 3. To determine 
the compressibility of the a- and c-axes in jeffbenite, a 
linearized second-order B–M EOS fit was used, where 
each axial dimension was cubed and treated as volume 
in the Birch–Murnaghan formulation (Angel et al. 2014; 

Gonzalez-Platas et al. 2016). The linear modulus (lin-
ear incompressibility), defined as Ml0 =

(
�l0

)−1 , where 
the reference linear compressibility evaluated at P = 0 
is �

10
= l−1(�l∕�P)P=0, describes how the linear dimen-

sion l changes with pressure. As the two samples pro-
duce the same result within mutual uncertainties, we fit 
the combined data from both samples. The linear moduli 
for the a- and c-axes are 701.3(4.2) and 323.6(3.5) GPa, 
respectively, which correspond to normalized, nondimen-
sional axial compressibility values of 1.423(9) × 10−3 
and 3.13(4) × 10−3. There is considerable anisotropy in 
the axial compressibility, as the ratio between the a- and 
c-axes at ambient pressure is 1:0.45, meaning the c-axis 
is about twice as compressible as the a-axis. The struc-
tural data at high pressure, given below, suggests this is 
due to the large compressibility of the O3–O3 interatomic 

Table 1   Birch—Murnaghan EOS parameters for ferromagnesian jeffbenite fitted using refined lattice parameters from single crystal XRD meas-
urements

ρ0 (g*cm−3) V0 (Å3) K0 (GPa) K
′

T0
Sample Refs

3.871 816.87 (14) 171.67 (85) 4 (fixed) Combined jeffbenite data This study
3.873 816.54 (9) 181.54 (1.4) 2.76 (14)
3.871 816.96 (30) 172.7 (1.8) 4 (fixed) Jeffbenite sample 1 This study
3.874 816.24 (13) 187.92 (1.6) 2.31 (14)
3.872 816.82 (5) 170.67 (41) 4 (fixed) Jeffbenite sample 2 This study
3.782 816.70 (5) 174.8 (1.1) 3.43 (13)
4.325 1528.62 185 (3) 4.2 Almandine (Fe3Al2Si3O12) Zhang et al. (1999)
3.563 1502.9 (3) 171 (2) 4.4 (2) Pyrope (Mg3Al2Si3O12) Zhang et al. (1998)
4.578 1611.8 (3) 157.4 (3.0) 5.7 (1.2) Skiagite (Fe3Fe2Si3O12) Woodland and Ross (1994)
3.525 1513.1 161 4 Majorite (Mg4Si4O12) Yagi et al. (1992)
3.678 1574.14(4) 173 (1) 4 Majoritic garnet Nishihara et al. (2005)

Fig. 2   Pressure–volume data of two Fe-rich jeffbenite samples. Red 
and blue symbols differentiate samples that were loaded into separate 
DACs. Volume data of low-iron jeffbenite from Armstrong and Wal-
ter (2012) are also plotted for comparation. The black solid curve is 
the third-order B—M EOS fit to the combined data set and the grey 
shaded region is the 95% prediction band. The inset shows normal-
ized stress versus Eulerian strain (FE − fE), where the reference vol-
ume (V0) from the third-order B—M EOS was used

Fig. 3   Pressure dependence of normalized unit cell parameters, a/a0, 
c/c0 and V/V0. The black solid curves are the third-order B—M EOS 
fit to the combined data set of sample 1 and sample 2, and the grey 
shaded regions show 95% prediction bands
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distances of the M2 octahedron, which are nearly parallel 
to the c-axis.

Structure refinements

The jeffbenite structure contains two distinct octahedral 
sites (M2 and M3) and one 8 (2 × 4)-coordinated capped 
tetrahedral site (M1) occupied by Fe3+, Fe2+ or Mg2+, two 
distinct Si4+ tetrahedral sites (T1 and T2) and three oxy-
gen positions (Fig. 1). From the previous characterization 
(Smyth et al. 2021), it is likely that M1 and M3 contain 
most of the Fe2+, while M2 contains Fe3+. We also note 
significant substitution for Si by Fe3+ in T2 (Smyth et al. 
2021). The edge sharing of the divalent octahedra leaves 
little room for cation–oxygen–cation angles to bend, moti-
vating analysis of the jeffbenite structure in terms of the 
component cation–oxygen polyhedra. Of the three M sites, 
Smyth et al. (2021) pointed out that the M1 cation is analo-
gous to the Zr position in zircon but with reduced symmetry. 
As such, there are four additional oxygen atoms located near 
to the M1 site with bond lengths of 2.139(6) Å at ambient 
pressure, and four oxygen atoms with longer bond lengths 
of 2.570(7) Å. Both of these M1–O bonds have a similar 
compressibility: the four longer M1–O2 bonds have a com-
pressibility of 0.00184(10) GPa−1, while the four shorter 

M1–O1 bonds have a compressibility of 0.00159(8) GPa−1. 
The corresponding bulk modulus for the M1 polyhedron is 
155.6(8.7) GPa. M1–O distance and M1 polyhedron volume 
versus pressure are shown in Fig. 4A and Fig. 1S. Within the 
M3 octahedral site, the M3–O2 bonds have a compressibil-
ity of 0.00214(10) GPa−1 compared to 0.00193(10) GPa−1 
and 0.00199(12) GPa−1 for the M3–O1 and M3–O3 bonds, 
respectively. The corresponding M3 polyhedron’s bulk mod-
ulus is 122.8(4.3) GPa, as shown in Fig. 4D and Fig. 1S.

The M2 polyhedron is the least compressible of the three 
M sites, with a bulk modulus of 183.3(7.4) GPa. The longest 
M2–O1 bonds and the second longest M2–O2 bonds have 
similar linear compressibilities of 0.00155(8) GPa−1 and 
0.00189(10) GPa−1, respectively, but the shortest M2–O3 
bonds do not exhibit linear compressibility. Rather, the 
length of the M2–O3 bonds are relatively stable at ~ 1.94 Å 
until 6 GPa, at which point they decrease to ~ 1.90 Å from 
6 to12 GPa, and then again remained unchanged up to 29 
GPa (Fig. 4B). This anomalous behavior might be linked to 
the decrease of the O3–M2–O3 angle with pressure. This 
angle at ambient pressure is 102° but by 29 GPa this angle is 
decreased to 92°. As a result, the O3–O3 distance decreases 
quite dramatically with pressure. In fact, the compressibility 
of the O3–O3 distance, which is nearly parallel to the c-axis, 
is slightly larger than that of the c-axis. In addition, due to 

Fig. 4   Pressure dependence of polyhedral bond lengths in Fe-bearing 
jeffbenite, including (A) M1 capped tetrahedral site (M1O8), (B) M2 
octahedral site (M2O6), (C) T2 tetrahedral site (T2O4), and (D) M3 
octahedral site (M3O6). Red (sample 1) and blue (sample 2) colors 

distinguish the replicate samples of this study. The black solid curves 
show second-order B—M EOS fits to the combined data set and the 
grey shaded regions show the 95% prediction band
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the decrease of the O3–M2–O3 angle, the bond angle vari-
ance of the M2 octahedron decreases.

Both T1 and T2 tetrahedra exhibit similar compressibili-
ties, with bulk moduli of 200(50) and 237(30) GPa for T1 
and T2, respectively. However, at high pressure, the behavior 
of these tetrahedra differs. T2 shares an edge with the M2 
octahedron and, therefore, does not have three-dimensional 
linkage, and the T2–O1 and T2–O2 bonds have compress-
ibilities of 0.00058(12) GPa−1 and 0.00094(12) GPa−1, 
respectively (Fig. 4C). The T1 tetrahedron has only one 
type of T1–O bond, with a compressibility of 0.00102(14) 
GPa−1. The T1 tetrahedron does not share an edge or face 
with any other polyhedron but is connected to the M2 and 
M3 octahedra by a shared corner. At elevated pressure, both 
the M2–O3–T1 and M3–O3–T1 angles change by about 5 
degrees (Fig. 5). Since the M2 and M3 octahedra are con-
nected by a shared O2–O3 edge, these two angle changes 
are likely correlated.

Mössbauer spectroscopy

Synchrotron Mössbauer spectroscopy (SMS) measurements 
were made at ambient temperature and pressures of 1 bar, 
8.6 GPa, 12.6 GPa, 21.2 GPa, and 28.9 GPa. The measured 
time domain spectra and calculated energy domain spectra 
of the best-fit hyperfine models from these experiments are 
shown in Fig. 6. Best-fit hyperfine parameters (quadruple 
splitting and isomer shifts) are provided in Table 2 and plot-
ted in Fig. 7. The isomer shifts reported in Table 2 are rela-
tive values obtained with the M3 isomer shift fixed at the 
1-bar value of 1.285 mm/s. Since the relative isomer shift 
of the two other sites (M1 and M2) were fit with respect 

to the M3 site, these should not be interpreted as absolute 
isomer shifts.

The ambient pressure SMS data show that 58(1)% of 
the total atomic percent iron is Fe3+ with an isomer shift of 
0.578(3) mm/s and quadrupole splitting of 0.581(2) mm/s 
(Smyth et al. 2021). Each of the two Fe2+ sites have a simi-
lar proportion, and their isomer shifts are 1.285 mm/s and 
1.11(1) mm/s and the quadrupole splitting are 1.751(6) mm/s 
and 2.632(9) mm/s, respectively. With increased pressure, 
the SMS spectra changed but by very little up to 22 GPa, 
with only the quadrupole splitting of the M2 site decreas-
ing slightly with pressure. However, at the highest pressure 
evaluated (28.9 GPa), the spectra changed significantly, with 
the emergence of a new feature near 80 ns. A four doublet 
model was evaluated as a potential model for the 28.9 GPa 
spectra, but the three doublet model used at intermediate 
pressure provided a higher quality fit to the data. The 28.9 
GPa SMS data reveal a significant increase in the isomer 
shifts of the M1 and M2 sites with respect to the M3 site.

Discussion

Until now, the only estimate of the bulk modulus of jeffbe-
nite was made by Nestola et al. (2016), who used two data 
points from the diffraction data of Armstrong and Walter 
(2012) and the relationship of KT0 = ∆P/ (∆V/V0), result-
ing in a value of 218 GPa. This bulk modulus is unex-
pectedly high, being about 46 GPa (or 27%) higher than 
the value we obtained for Fe-bearing jeffbenite. Although 
one might expect there to be some compositional depend-
ence with the addition of iron, the large difference between 

Fig. 5   Pressure dependence of 
the T1—O3 bond and the angle 
between M2(3)–O3–T1 in Fe-
rich jeffbenite. Red (sample 1) 
and blue (sample 2) colors dis-
tinguish the replicate samples of 
this study. The black solid curve 
is the second-order B—M EOS 
fit to the combined data set and 
the grey shaded region shows 
the 95% prediction band
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the previous estimate and our determination of the bulk 
modulus is more likely due to the fact that Nestola et al. 
(2016) used only two data points and a linear fit over the 
pressure range of 0–9.6 GPa, skewing the bulk modulus 
to higher values than would be obtained using data over 
an expanded pressure range or with high-density data at 
lower pressures. Nevertheless, considering jeffbenite is 
a Mg–Fe solid solution, it is important for future work 
to evaluate the EOS of Mg–jeffbenite using high-density 

pressure–volume data as we have done for ferromagnesian 
jeffbenite.

A summary of compressibility data for jeffbenite com-
pared with garnets is given in Table 1. The bulk modulus 
of jeffbenite (Fe2+,Mg)2(Fe3+,Mg)3Si3O12 in this study of 
182(2) GPa is higher than that of pyrope with KT0 = 171(2) 
GPa (Zhang et al. 1999) and comparable to almandine with 
KT0 = 185(3) GPa (Zhang et al. 1999). The pressure deriva-
tive obtained by Zhang et al. (1999) for pyrope–almandine 

Fig. 6   SMS time domain spectra (left panel) and simulated energy 
spectra (right panel) of Fe-bearing jeffbenite at ambient pressure and 
high pressure. The ambient pressure spectra are from our previous 

study (Smyth et al. 2021). The shaded blue and red peaks are the four 
Fe2+ peaks and the shaded green peaks are the two Fe3+ peaks

Table 2   Best-fit hyperfine parameters of the SMS spectra. The isomer shift of the M3 site was fixed at 1.285 mm/s and the weight of the M3 
sub-lattice was fixed at 0.1

Pressure Effective thick-
ness

M3 M2 M1

Quadrupole 
splitting

Weight of 
the sub-
lattice

Isomer shift Quadrupole 
splitting

Weight of sub-
lattice

Isomer shift Quadrupole 
splitting

1 bar 17.8 (3) 1.751 (6) 0.22 (2) 0.47 (1) 0.560 (7) 0.077 (7) 1.11 (1) 2.632 (9)
8.6 GPa 43 (2) 1.75 (1) 0.37 (5) 0.39 (4) 0.48 (2) 0.09 (1) 1.04(4) 2.69 (2)
12.6 GPa 47 (2) 1.728 (8) 0.32 (5) 0.47 (4) 0.45 (2) 0.073 (7) 1.12 (2) 2.68 (3)
21.2 GPa 62.4 (4) 1.80 (2) 0.48 (6) 0.42 (1) 0.378 (8) 0.12 (1) 1.10 (1) 2.67 (1)
28.9 GPa 15.6 (3) 1.70 (2) 0.32 (4)  – 0.27 (1) 0.483 (5) 0.19 (3) 0.077 (5) 0.92 (2)
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garnets, however, is K′T0 = 4.0–4.2, so a more direct com-
parison is our value of KT0 = 172(1) GPa with K′

T0
 fixed at 4, 

which is about the same as pyrope and about 7% lower than 
almandine. Our value for the bulk modulus of jeffbenite using 
the second-order B–M EOS fit ( K′

T0
 = 4) of 172(1) GPa is 

also the same as majoritic garnet with mid-ocean ridge basalt 
(MORB) composition, with KT0 = 173(1) and K′

T0
 = 4 (Nishi-

hara et al. 2005), however, if we compare using our third-
order B–M EOS fit with KT0 = 182(1), our jeffbenite is about 
5% less compressible than MORB-composition majorite. 
The compressibility of skiagite (Fe3Fe2Si3O12) and majorite 
(Mg4Si4O12) solid solution was studied by Ismailova et al. 
(2017) and for skiagite components ranging from 24 to 76%, 
the bulk moduli range from 157 to 172 GPa (Ismailova et al. 
2017), which suggests that jeffbenite is less compressible 

than iron-rich majoritic garnet. The high bulk modulus of 
jeffbenite relative to majoritic garnet further suggests that 
it may well be a stable phase in the lower transition zone 
and uppermost lower mantle. Our value of K′

T0
 = 2.76(14) 

for jeffbenite is considerably lower than has been fit in EOS 
data for most garnets (Table 1). The relatively high bulk 
modulus and lower (best fit) pressure derivative determined 
in this study for Fe-bearing jeffbenite indicates that it can be 
a favorable phase in this compositional space at the pressures 
of the mantle transition zone and uppermost lower mantle.

Lower mantle minerals typically have higher densities 
than crustal and upper mantle minerals and have structures 
containing sites with large coordination numbers (Irifune 
and Tsuchiya, 2007). Ferromagnesian jeffbenite in this 
study has a calculated density of 3.87 g·cm−3 at ambient 
conditions, and is comparable to garnets with similar com-
positions (Table 1). Because the bulk modulus is the same 
as or higher than comparable garnets (Table 1) and has a 
best-fit lower pressure derivative, it is likely that the den-
sity of jeffbenite will remain comparable or become higher 
than pyrope–almandine or majoritic garnets at deep mantle 
conditions. Previous work by Harte (2010) indicated that 
jeffbenite may replace majoritic garnet in the lower mantle 
transition zone or upper lower mantle. Smyth et al. (2021) 
further showed that ferromagnesian jeffbenite may be a sta-
ble phase in the mantle transition zone, where it may replace 
garnet in the transition zone if the transition zone is rich in 
aluminum and/or ferric iron.

Conversely, the jeffbenite structure differs significantly 
from the garnet structure (Smyth et al. 2021) and as shown 
by this study, the high-pressure structural evolution of fer-
romagnesian jeffbenite is also distinct. In garnets, early work 
(e.g., Hazen et al. 1994) suggested that structural evolution 
at high pressure is dominated by the octahedral and tetra-
hedral framework. More recent work by Zhang et al. (1998) 
on the other hand, found that the structural adaptation of 
garnets to high pressure is dominated by kinking of the 
Si–O–M angle. However, these two mechanisms (polyhe-
dral framework vs. kinking bond angle) may be correlated, 
as Zhang et al. (1998) used a linear relationship between 
normalized Si–O–Al kinking angle and normalized dis-
tortion parameters of MgO8 and AlO6 polyhedra to argue 
that kinking is the dominant factor in structural change. In 
jeffbenite, we find that although there was a change with 
pressure in the Si–O–M2(M3) kinking angle, there is no 
corresponding large change in the distortion parameters 
of the M3 octahedron. If kinking is the dominant mecha-
nism for structural adaptation to high pressure in jeffbenite, 
it is unlikely that only the bond angle of the M2 octahe-
dron changed, while the M3 octahedron distortion indices 
remained almost unchanged. Therefore, we argue that in 
jeffbenite Si–O–M2(M3) kinking is not the dominating fac-
tor in determining structural adaptation to high pressure, 

Fig. 7   Fitted SMS hyperfine parameters (isomer shift and quadrupole 
splitting) and weight fraction of the iron sites of jeffbenite as a func-
tion of pressure
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but rather that the angle change is itself due to the unequal 
compressibility of the three M polyhedra.

In our evaluation of the evolution of the structure of Al-
free ferromagnesian jeffbenite at high pressure, we note that 
the “capped tetrahedra site” (M1), two octahedral sites (M2 
and M3), and two tetrahedra T sites comprise, respectively, 
10.44%, 10.55%, 9.95%, 1.08% and 2.19% of the unit cell 
volume at ambient pressure. The bulk modulus of jeffbenite 
can be calculated using the bulk moduli of the constituent 
polyhedra weighted by their volume fraction producing a 
Voigt average of 171 GPa. In addition, the Reuss average 
was calculated as 168 GPa (Watt et al. 1976 and references 
therein). These Voigt and Reuss averages are very similar to 
the bulk modulus value obtained by fitting our V–P data to a 
second-order B–M EOS (172 GPa). It is not usually possible 
to simply correlate the macroscopic bulk moduli with the 
bulk moduli of the constituent polyhedral in the unit cell, 
as polyhedral linkages and the compression of non-polyhe-
dral volume can contribute significantly to the bulk moduli 
(Hazen and Finger, 1979). In our study, the fact that the B–M 
EOS bulk modulus is nearly identical to the bulk modulus 
determined using the moduli of the constituent polyhedra 
indicates that the compression of jeffbenite is mainly accom-
modated by polyhedral compression. In jeffbenite, the M1 
capped tetrahedron and the M2 and M3 octahedra are the 
most compressible units and, therefore, accommodate most 
of the compression of the unit cell at elevated pressures.

The individual octahedral bonds are unlikely to contribute 
significantly to the anisotropic compression of jeffbenite. 
All the M–O bonds, except M2–O3 and M2–O1, exhibit 
similar compressibilities, and since both the M2–O3 and 
M2–O1 bonds are almost parallel to the diagonal between 
the a- and c-axes, it is also unlikely that they contribute to 
the anisotropic compression of jeffbenite. That the O3–O3 
distances have almost the same compressibility as the c-axis, 
and that this distance is almost parallel to the c-axis, suggest 
that the M2 octahedral compressibility, especially the large 
compressibility of the O3–O3 distances of the M2 octahe-
dron, might be the main contribution to the anisotropic com-
pression of jeffbenite.

Finger and Conrad (2000) argued that the volume ratio of 
the edge-sharing M2 site and T2 site is too small for jeffben-
ite to be a stable high-pressure phase. This early study evalu-
ated the first jeffbenite sample found, which had an average 
M2/T2 bond length ratio of 1.17—significantly smaller than 
the 1.225–1.235 ratio now considered typical. It is possible 
that the small volume ratio of Finger and Conrad (2000) is 
due to M2 occupancy by Al and Cr. The M2/T2 ratio of our 
sample is 1.227, which is a reasonable ratio for a high-pres-
sure phase. In our ferromagnesian sample, there are Fe3+ cat-
ions at the T2 sites, which may help to explain why our ratio 
is higher than that reported by Finger and Conrad (2000) and 
also explains how iron, especially Fe3+, stabilizes jeffbenite 

at high pressure. The T2–M2 (cation-to-cation) distance in 
our sample is 2.775 Å, which is significantly larger than 
the T2–M2 distance (2.6747 Å) in the sample reported by 
Finger and Conrad (2000). Even at pressure higher than 20 
GPa, the T2–M2 distance in our sample is still longer than 
that of aluminum-bearing Mg–jeffbenite from Finger and 
Conrad (2000) at ambient pressure (Fig. 8). Therefore, the 
incorporation of Fe3+ likely controls the expanded pressure-
stability of ferromagnesian jeffbenite over Mg–jeffbenite.

Between 22 and 29 GPa, we observe changes in the 
hyperfine parameters that indicate that one of the high spin 
Fe2+ sites changes into an Fe3+-like site. Although we do 
not observe a discontinuous reduction in the unit-cell vol-
ume or lattice parameters over this pressure range, there is 
a concurrent reduction in the M1 volume. The changes in 
hyperfine parameters and M1 volume suggest that high-spin 
(HS) ferrous iron undergoes a spin transition an intermedi-
ate or low-spin (LS) state. Although 22–29 GPa would be 
a relatively low pressure for the onset of a spin transition 
compared to (Mg,Fe)O, recent studies report that a HS to 
mixed (HS + LS) or intermediate spin transition state of 
Fe2+in bridgmanite initiates at or below 30 GPa (McCam-
mon et al. 2008; Mao et al. 2015). A pressure range of ~ 30 
GPa for the onset of HS to HS + LS states is also compa-
rable to the transition pressure in Fe3+-bearing δ-(Al,Fe)
OOH (30 GPa) (e.g., Hsieh et al. 2020), γ-FeOOH (35 GPa) 
(Reagan et al. 2016), and ferric iron in the NAL phase (30 
GPa) (Wu et al. 2016). Future X-ray emission spectroscopy 
experiments should explore the high-pressure spin states of 
mixed-valence iron in ferromagnesian jeffbenite further. We 

Fig. 8   T2—M2 cation—cation distances versus pressure for ferro-
magnesian jeffbenite, wherein both Si and Fe3+ occupy T2. The black 
dashed line shows the T2—M2 distance of an aluminum-bearing 
Mg—jeffbenite from Finger and Conrad (2000) at ambient pressure 
(2.6747A), where both Si and Al occupy T2. The inset shows the 
local structure of the edge-sharing M2 octahedral site and T2 tetrahe-
dral site. Occupancy of T2 with Fe3+ increases T2—M2, stabilizing 
the structure to higher pressures
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should note that the isomer shift of -0.27 mm/sec for M2 site 
is given relative to the ambient pressure isomer shift value 
of the M3 site, so it is not an absolute value, but it is a value 
pegged to the M3 site.

Knowledge of the pressure–temperature stability of jeff-
benite relative to garnet and majoritic garnet requires further 
study to ascertain its importance in the Earth’s mantle. The 
somewhat common occurrence of jeffbenite as inclusions in 
diamonds (Nestola et al. 2016; Harris et al. 1997; Brenker 
et al. 2002; Hutchison et al. 2001; Kaminsky, 2012; Hayman 
et al. 2005; Bulanova et al. 2010; Zedgenizov et al. 2014, 
2015, 2020) has led to competing theories with synthesis 
experiments that indicate jeffbenite may be part of the sta-
ble phase assemblage (Hutchison et al. 2001; Hayman et al. 
2005; Bulanova et al. 2010; Zedgenizov et al. 2014, 2020). 
Although in-situ volume data on jeffbenite still included in 
diamond have not been reported, using the equation of state 
data determined in this paper, it may be possible to estimate 
entrapment pressures using the elastic geobarometry approach 
(Angel et al. 2017), which has been applied to other diamond 
inclusions, such as ferropericlase (Anzolini et al. 2019), 
magnesiochromite (Nestola et al. 2019) and olivine (Nestola 
et al. 2011). Ideally, the effects of iron substitution for Mg 
and temperature should be explored in the future to improve 
geobarometry using jeffbenite inclusions in diamond.

Although this compression study was performed at room 
temperature, some preliminary statements about how tem-
perature affects the stability of jeffbenite can be made from 
previous observations. First, since the sample was synthe-
sized at 15 GPa and 1473 K and it coexisted with primitive 
clinopyroxene, it is likely that there is a true stability field for 
iron-rich jeffbenite near 450 km depth under oxidizing and 
iron rich conditions for certain bulk compositions (Smyth 
et al. 2021). Second, since iron-rich jeffbenite has been iden-
tified as a diamond inclusion within a diamond that likely 
originated from the boundary between the mantle transition 
zone and lower mantle (Bulanova et al. 2010), the stability 
field for iron-rich jeffbenite may extend to even lower than 
450 km depth. In the future, a semi-empirical thermody-
namic phase equilibria calculation could be used to evaluate 
the stability of iron-bearing jeffbenite once a more complete 
set of thermodynamic parameters becomes available. In this 
work, we contribute the 300 K reference equation of state, 
but future work at high-temperature remains necessary to 
calculate phase equilibria.

Conclusions

The high-pressure crystal structure, magnetic structure, and 
equation of state of Al-free ferromagnesian jeffbenite was 
determined by synchrotron-based, single-crystal XRD and 
SMS at pressures up to 29 GPa. No phase changes or abrupt 

changes in lattice parameters were observed in this pressure 
interval. Based on a rigorous analysis of the structural adap-
tation of ferromagnesian jeffbenite to elevated pressures, 
our study supports the finding that iron-substitution stabi-
lizes jeffbenite at high pressure by reducing the cation–cat-
ion repulsion between the shared-edge sites of T2 and M2. 
At 29 GPa, the T2–M2 cation distance in ferromagnesian 
jeffbenite is still longer than it is in Mg–jeffbenite at room 
pressure. The increase of the M2/T2 ratio in ferromagnesian 
jeffbenite refutes concerns that this phase is unstable at the 
pressures of the lower transition zone and uppermost lower 
mantle. Based on our high-pressure findings, coupled with 
the increased thermodynamic stability due to increased Fe-
content described by Smyth et al. (2021), and the observa-
tion of natural Fe-rich jeffbenite diamond inclusions (e.g., 
Bulanova et al. 2010; Thomson et al. 2014), we argue that 
Fe-rich jeffbenite diamond inclusions were formed as a pri-
mary phase in the transition zone or uppermost lower mantle.

In our study, refined lattice parameters of ferromag-
nesian jeffbenite were used to obtain equation of state 
parameters for second- and third-order Birch–Murnaghan 
equations of state. The density and compressibility of fer-
romagnesian jeffbenite from this study are similar to the 
physical and chemical properties of pyrope–almandine 
solid solution garnets and larger than that of Fe-rich major-
itic garnet. The change in hyperfine parameters between 
22 and 29 GPa for the ferromagnesian jeffbenite indicates 
the initiation of a HS to intermediate or LS configuration.
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