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ABSTRACT

The effect of aluminum (Al) on the elasticity of majorite-pyrope garnets was investigated by
means of ultrasonic interferometry measurements on well-fabricated polycrystalline specimens.
Both velocities and elastic moduli increase almost linearly with increasing Al content within
analytical uncertainty. No significant variation of the velocities and elastic moduli is observed
across the tetragonal-to-cubic phase transition at majorite with the pyrope content up to 26 mol%
along the majorite-pyrope system. The elasticity variation of majorite-pyrope garnets is largely
dominated by the Al content, while the phase transition as a result of cation ordering/disordering
of Mg and Si via substitution of Al on octahedral sites cannot significantly affect elastic
properties. Seismic velocity variations of a garnet-bearing mantle transition zone are therefore
dominated by garnet composition (e.g., Al, Fe, Ca, and Na) rather than the tetragonal-to-cubic

phase transition because of cation ordering/disordering.

Keywords: aluminum, garnet, phase transition, velocity, elastic modulus, mantle transition zone
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INTRODUCTION

Garnet, X3Y»Si3012 (where X*" = Mg, Fe, Ca, and Mn in a dodecahedral site; Y*'= Al, Fe,
and Cr in the octahedral site), is one of the most abundant rock-forming minerals in the Earth’s
crust and mantle (e.g., Novak and Gibbs 1971; Ringwood and Major 1971; Anderson and Bass,
1986). With increasing depths from the upper mantle to the mantle transition zone, an aluminum
deficient garnet called majorite forms from the gradual dissolution of clinopyroxenes into the
garnet (Ringwood and Major 1971). Petrological studies have demonstrated that majoritic
garnets represent up to 40% and 60% by volume of pyrolite and mid-ocean ridge basalt (MORB)
compositions in the mantle transition zone, respectively. Mantle garnets are a solid solution with
complex chemical compositions within the Mg-Ca-Fe-Cr-Al-Si-O system (Novak and Gibbs
1971; Ringwood and Major 1971; Irifune and Ringwood, 1987). The majorite (MgSiOs)-pyrope
(Mg3ALSiz012) system is considered the most relevant to the upper mantle and transition zone
(e.g., Irifune and Ringwood, 1987). Accordingly, the physical and chemical properties of

majorite-pyrope garnets are indispensable for constructing the mineralogy of the Earth’s mantle.

An increase of pyrope content to 25 mol% (Mj7sPy2s, Mj: majorite; Py: pyrope) in majorite
leads to a phase transition from a tetragonal (I4i/a) to cubic (Iagd) symmetry along the

majorite-pyrope system, which is caused by the effect of cation disordering of Mg and Si on two
distinct octahedral sites after Al substitution (Heinemann et al., 1997; Liu et al., 2016; Parise et
al., 1996). Because of its potential ferroelastic properties, former studies speculated that the
tetragonal-to-cubic transition in majoritic garnets may explain observed seismic scatterings in
the mantle transition zone (Heinemann et al. 1997). Although the elastic properties of
majorite-pyrope garnets have been widely studied by Brillouin spectroscopy (e.g., Bass and
Kanzaki, 1990; Yeganeh-Haeri et al., 1990; Pacalco and Weidner, 1997; Sinogeikin et al., 1997,
2002a, 2002b; Pamato et al., 2016) and ultrasonic interferometry (Rigden et al., 1994; Liu et al.,
2000; Gwanmesia et al., 2000, 2006, 2009; Zou et al., 2012; Liu et al., 2015; Chantel et al.,
2016), the dependence of their elasticity on chemistry remains controversial. Sinogeikin et al.
(1997) proposed two models to explain the variation of elastic moduli as a function of the

pyrope content in this system: (1) a small linear decrease of Ky (bulk modulus) and G (shear
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modulus) from pyrope to majorite; (2) constant Ks and G from pyrope to Mj70Pyso, followed by
a step-like decrease at MjgPy2 and a gradual increase to majorite, The latter model was
proposed based on earlier results reported by Bass and Kanzaki (1990), Yeganeh-Haeri et al.
(1990), and Pacalo and Weidner (1997). However, these data are relatively scattered due to
different sample qualities and experimental techniques. It thus cannot draw a firm conclusion
about the scattering nature of the compositional dependency of garnet’s elastic moduli.
Furthermore, potential effects of the tetragonal-to-cubic symmetry transformation on garnet’s
elastic moduli also remain unclear. Therefore, it is required to clarify the effect of Al content on

the elasticity of majorite-pyrope garnets.

In this study, we investigated the variation of P- and S-wave velocities and elastic moduli
of a series of majorite-pyrope garnets using ultrasonic measurements. All samples were
synthesized under nearly identical pressure and temperature conditions using a Kawai-type
multi-anvil apparatus. Based on our new results, we quantify the effect of Al on the elasticity of
majorite-pyrope garnets and discuss the contribution of garnet composition to the velocity

profile of the mantle transition zone.

EXPERIMENTAL METHODS

Single-phase and well-sintered polycrystalline MjxPyio0x garnets (x mol% majorite and
(100-x) mol% pyrope; x = 100, 90, 80, 74, 59, 20, and 0) were synthesized by hot-pressing glass
starting material at 18 GPa and 2000 K for 2 hours in a Kawai-type multi-anvil apparatus with a
press load of 3000 tons at the Geodynamics Research Center, Ehime University and
Sumitomo-1200 with a press load of 1200 tons at the Bayerisches Geoinstitut, University of
Bayreuth, Germany. A detailed description of the sample synthesis and characterization is
reported in our recent study (Liu et al., 2017), in which the same stock of samples was used.
Recovered samples were transparent or translucent and free of microcracks (Fig.1), showing
equilibrated textures and homogeneous compositions of grains with a size of 1-2 um (see Liu et
al., 2017). We ground one typical cubic (MjsoPys1) and one tetragonal (MjooPyi0) garnet for

characterization by powder X-ray diffraction (XRD) characterization (Fig. 2). The densities
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(Pmsopya1 =3.537 + 0.006g/cm’, pmjooryio= 3.522 + 0.008g/cm’) are practically identical to those
derived previously by Micro XRD (pmsopya1 =3.546 + 0.008g/cm’, pmioopyio = 3.530 + 0.007
g/em® ; Liu et al., 2017). The bulk densities of MjsoPysi and MjoPyio garnets were also
determined by Archimedes’ method with 0.2% uncertainty compared with those obtained from
XRD, suggesting a very low porosity. The densities of garnets were therefore derived from their

unit cell volumes measured using the same instrument in our recent study (Liu et al. 2017).

We measured travel times of P- and S-waves through the garnet specimens under ambient
conditions by the pulse echo overlap method (Li et al., 2002). The ends of each sample were
polished into parallel mirror surfaces using 0.25 um diamond pastes. P- and S-wave acoustic
signals were generated by a 10° Y-cut LiNbOs piezoelectric transducer, which was attached at
one end of a SiO; glass rod by a very trace amount of low-viscosity epoxy bond. The glass rod
was served as a delay line buffer of the signal into the specimen. The other end of sample was
covered by a thin gold foil with a thickness of 2 um to improve the mechanical coupling and
then one teflon disk to protect the sample. As shown in Fig.1, the sample of MjoPy1o garnet was
attached to the other end of the glass buffer rod using a very trace amount of low-viscosity
epoxy bond. The effect of epoxy bond on the travel time can be ignored because of a very trace
amount and easily dispersing under a very low press load. Each sample was measured for two or
three times. Although the travel times of several samples (MjoPyio and MjsoPy20) have some
frequency dependences below 50 MHz for P-wave but become independent with frequencies
above 50 MHz. Most samples (Mjio0, MjsoPya1, Mj74Py26, Mj20Pyso and Pyio0) show not a clear
frequency dependence for the travel time (see Supplemental Fig. S1). This situation may be
related with the quality of attaching LiNbOj; transducers on the surface of the buffer rod due to a
slightly different temperature or press load. In the present study, we collected travel times from
25 to 60 MHz for all the samples. In order to minimize analytical uncertainties, we therefore
derived the travel time of P- and S-wave at the highest resonant frequencies of 60 and 40 MHz,
respectively. Its acoustic signals obtained at 60 MHz (P-wave) are shown at the bottom of
Fig.1. The echo at the interface between the buffer rod and sample (B1) was followed by four

successive echoes from the other end of the garnet sample (P1, P2, P3, and P4 for
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P-waves). The two-ways travel times of acoustic waves were obtained by measuring the time
delay between echoes (B1) and (P1), while the sample length was measured using a micrometer

with a resolution of 0.001 mm before the ultrasonic measurements.
RESULTS and DISCUSSION
Phase transition and density

XRD patterns of one typical cubic (MjsoPys1) and one tetragonal (MjoPyi0) garnet,
respectively, obtained under ambient conditions verify that each sample consists of a single

garnet phase (Fig.2). XRD reflections of the MjsoPy4; garnet can be assigned to a cubic structure

(Ta3d), while those of MjooPy1o correspond to a tetragonal structure (I41/a). The main diffraction

pattern differences between these two structures are the appearance of new peaks (e.g., (222)
and (0kl) where k, 1 = 2n) and the splitting of cubic diffraction peaks (e.g., (h00) and (hhl)) for
tetragonal garnets. In general, most diffraction peaks of the tetragonal garnet are heavily
overlapping doublets, triplets, or combinations compared with those of cubic garnet. More
detailed differences between these two garnet structures are described in previous studies
(Parise et al., 1996; Heinemann et al., 1997; Liu et al., 2017), which showed that the phase
transition from tetragonal to cubic occurs in majoritic garnets with the pyrope content smaller
than 26 mol% because of the increasing degree of Mg and Si ordering on the octahedral sites
with decreasing Al content. Although the structure distortion of Al-depleted tetragonal majoritic
garnets is related to the degree of the order/disorder of Mg and Si on octahedral sites due to the
substitution of different size cations (Mg = 0.72 A, Si = 0. 40 A, and Al = 0.535 A, Shannon,

1976) (Fig. 3), the incorporation of Al tends to stabilize the cubic structure.

Fig. 3 shows the density of majorite-pyrope garnets obtained in this study as a function of
the pyrope content alongside previously reported data (Bass and Kanzaki, 1990; Parise et al.,
1996; Heinemann et al., 1997; Sinogeikin et al., 1997; Liu et al., 2000; Gwanmesia et al., 2000,
2006, 2009; Pamato et al., 2016). Our results are in agreement with most previous studies within
the mutual analytical uncertainty and show a linear dependence of density on the pyrope content.

Data reported by Sinogeikin et al. (1997) are significantly higher than our and other earlier
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studies, which may be related to different synthesis conditions and measurement methods
between the former and latter studies. Nevertheless, a linear function was used to fit the present
data, yielding the following equation (the detailed fitting can be found in Supplemental Figure

S2):
p =3.524(3) + 454 (61)-107™* - Xp, (1)

where X,y is the pyrope content in mole percent (mol%) and the numbers in parentheses
represent the standard deviation of the last digit. This linear composition dependence of density
can be explained by an increase of cation radius from 0.535 A of Al to 0.56 A of (Mg+Si)/2 on
octahedral sites of the garnet structure (Shannon, 1976). In contrast, the phase transition from a
tetragonal to cubic symmetry does not significantly affect the density variation because the
cubic end-member pyrope is only 1 % less dense than that of the tetragonal end-member

majorite (Parise et al., 1996; Heinemann et al., 1997; Liu et al., 2015, 2017).
Elasticity

Fig. 4a shows the acoustic compressional wave (V») and shear wave (Vs) velocities of the
garnets under ambient conditions measured by Brillouin scattering and ultrasonic interferometry
measurements in the present and previous studies. We found that both Vpand Vs have a linear
dependence on the pyrope content in the present study, which is generally consistent with earlier
studies except for the values of majorite and Mjs3Pys; obtained by Pacalo and Weidner (1997)
and Yeganeh-Haeri et al. (1990), respectively, using Brillouin spectroscopy. These velocities are
obviously faster than values obtained in the present study for the garnet with the same
composition. This difference may be caused by the different measurement methods and
sintering quality of the samples. For example, the grain size of sintering samples in
Yeganeh-Haeri et al. (1990) was around 8 um, which is significantly higher than that in our
study (3 um). Smaller-grained samples have a better sintering quality, which reduces wave
dispersive effects. Thus, the same elastic wave measurement technique on the high-quality
sintering specimens is critical for constraining the compositional dependence of elasticity due to

substantially reduced analytical uncertainties.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-6771

Adiabatic bulk (Ks) and shear (G) moduli (Table 1) were derived from the experimental

densities and acoustic P- and S-wave velocities using the following equations:

Ks=p- (V7 — 4V213) @)

G=pVs €)

Fig. 4b shows K5 and G values obtained here compared with previous studies. Our results show
a monotonic increase of Ks and G with increasing pyrope content from the majorite to pyrope.
This result agrees well with a linear compositional dependence model (Bass and Kanzaki, 1990;
Gwanmesia et al., 2000) rather than the model that proposed a sudden jump of Ks and G at
Mj70Py30-MjsoPy2o related to the tetragonal-to-cubic phase transition (Sinogeikin et al., 1997).
Different synthesis conditions, quench histories, and analytical uncertainties in previous studies
have hindered a proper description of the dependency of the elastic moduli on the composition
of garnet. The quality of synthetic garnets can also greatly affect the velocity measurements at
ambient conditions because micro-pores or -cracks in a poorly sintering sample can result in
elastic wave dispersion (Gwanmesia et al. 2000). Differences in synthesis conditions and
analytical techniques therefore lead to a scattering of data from previous elasticity studies. In the
present study, we synthesized high-quality majorite-pyrope garnets under nearly identical
pressure and temperature conditions. Weighted least-squares fits of our data result in the
following relationships for elastic moduli as a function of the pyrope content (the fitting can be

found in Supplemental Figure S2):

Ks=157.8 (6) + 0.13 (1) -Xpy 4)

G =82(1)+0.10 (2) “Xpy (5)

The value of the slope (S) of Ks in the present study is relatively lower and higher, respectively,
than that obtained by Bass and Kanzaki (1990) (Sks= 0.22) and Gwanmesia et al. (2000) (Sks=
0.085), while that of G is slightly higher than that obtained in latter two studies (Bass and
Kanzaki, 1990: S¢=0.06; Gwanmesia et al. 2000: S¢=0.038). These differences can be explained

by the fact that only two samples were measured in the latter two studies compared with a series
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of samples in the present study.

Our results clearly show that the tetragonal-to-cubic phase transition does not affect garnet
density nor velocity in the majorite-pyrope system and thereby cannot result in large differences
in elastic moduli when the phase transition occurs. This result is consistent with the
first-principles simulations by Li et al (2007), who proposed that cation-ordering has a smaller
effect than compositional changes (i.e., the Al incorporation) because volume and bulk modulus
are independent of the degree of cation ordering/disordering. Model (2) of Sinogeikin et al.
(1997) was derived from the measurements of only three garnets, whereas here we
systematically investigated a series of majorite-pyrope garnets and therefore can precisely
constrain on the effect of cation substitution on elastic modulus. Based on our new experimental
results, we reconcile the discrepancies in previously reported results and propose that Al plays a

dominant role in the variation of garnet elasticity in the majorite-pyrope system.

IMPLICATIONS

Our study shows a quasi-monotonic increase of velocity and elastic modulus as a function
of the pyrope content along the majorite-pyrope system. The tetragonal-to-cubic phase transition
because of cation ordering/disordering cannot significantly affect the variation of sound velocity
and elastic modulus, suggesting that Al component plays a more dominant role. Accordingly,
seismic velocity modelling of a garnet-bearing mantle needs only to address garnet composition
(e.g., Al, Ca, and Fe) rather than the tetragonal-to-cubic phase transition. As shown in Fig.5a,
both bulk and shear moduli of majorite-pyrope garnets are comparable to those of
majorite-almandine (Fe;Al>Si3012) garnets (Wang and Ji, 2001; Arimoto et al., 2015). The bulk
moduli of grossular (CazAl>Si3012) garnet (171 GPa) obtained by Kono et al. (2010) and
Gwanmesia et al. (2014) fall within the range of those of majorite-pyrope garnets (158-170 GPa)
in our study, in contrast, their shear moduli (108 GPa) are significantly higher than those in the
present study (80-90 GPa). Ca incorporation can therefore considerably increase the shear

elasticity of mantle garnets. This fact is compatible with the relatively high shear modulus of
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pyrolitic majorite (95 GPa, Irifune et al., 2008) and Mid-Ocean Ridge Basalt (MORB) majorite
(101 GPa, Kono et al., 2007) compared with that of majorite-pyrope garnets (82-90 GPa)

because these garnets contain 3-9 wt.% CaO above ~560 km depths.

Fig.5b shows Vp and Vs of majorite-pyrope garnets (ambient conditions, this study),
pyrope (Gwanmeia et al., 2006; Zou et al., 2012; Chantel et al., 2016), MjsoPy20 (Liu et al.,
2015), majorite (Zhou et al., 2014), grossular (Kono et al., 2010, Gwanmeia et al., 2014),
almandine (Arimoto et al., 2015), and pyrolitic majorite (Irifune et al., 2008) at high pressures.
Although the almandine shows slightly higher elastic modulus than that of majorite-pyrope
garnets, its corresponding Vp and Vs are generally lower by 4-8% compared to those of
majorite-pyrope garnets due to its higher density (4.32 g/cm®) than the latter garnets (Fig.5b),
suggesting incorporation of Fe*" would decrease velocities. In contrast, V» and Vs of grossular
reported by Kono et al. (2010) are substantially higher than those of the majorite-pyrope garnets
(Zou et al., 2012; Gwanmeia et al., 2006, Liu et al., 2015, Zhou et al., 2014, Chantel et al., 2016)
by 2-6% and 6-8 %, respectively. However, both Vp and Vs of pyrolitic majorite (Irifune et al.,
2008) are within those of majorite and pyrope garnets at high pressures, suggesting that
chemical variations of majorite garnets within the pyrolite-MORB joint compositions are not

sufficient to explain the high seismic velocities at the bottom of the mantle transition zone.

Irifune et al. (2008) have indeed demonstrated that shear wave velocities of pyrolitic
majorite are significantly lower than seismic reference models (Dziewonski and Anderson, 1981)
at the base of the mantle transition zone. As a result, it is difficult to reconcile the observed
seismic velocities with those of the pyrolite model at average mantle temperatures (Irifune et al.,
2008; Pamato et al., 2016), despite the high velocities of the dominant mineral ringwoodite
(Higo et al., 2008) and the formation of ~7-10 vol.% CaSiOs perovskite at depths below 560 km
(Gréaux et al., 2019). One possible explanation for this velocity anomaly is that the composition
of the lower mantle transition region may be different with the upper and middle regions.
Recent studies suggested the basaltic component of the subducted slab is likely to descend into
the lower mantle (Kono et al., 2012; Gréaux et al., 2019) while the remaining ultramafic

component (harzburgite) would lie down at the bottom of the mantle transition zone. Such
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mechanical mixture of pyrolite and harzburgite components may explain velocities at these
depths because the ultramafic component would contain much less garnet than the pyrolite
mantle. Nevertheless, the variation of garnet composition could be an alternative for
understanding the multiple seismic scattering in this region (Deuss et al., 2006; Jenkins et al.,
2016). The garnet in the harzburgite layer is more majoritic (i.e., garnet composition is rich in
Mg and Si and less in Al) than the ambient mantle, which could promote locally low velocity
anomalies at the depths of the high velocity region (~520-660 km depths). Therefore, further
study on the effect of other major cations such as Ca and Na impurities on the elasticity of

majoritic garnets may provide more insights to clarify these issues.
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Figure 1. Schematic diagram for ultrasonic interferometric measurements on one MjsoPy10 garnet
and the waveform data for P- wave for 60 MHz at ambient condition. B1 wave represents the wave
echo from the interface of buffer rod, while P1-4 waves represent the echo trains from the interface

of bottom sample.
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Figure 2. Representative XRD profiles of one tetragonal (MjsoPy10, top) and one cubic (MjsePya1, bottom)
garnet. Crosses represent the experimental data and red solid lines represent the fitting results using
LeBail methods (Le Bail et al. 1988) with the multi-phase profile-fitting technique implemented in the
EXPGUI/GSAS software package (Larson and Von Dreele 2000). The difference between calculated and
observed intensities is shown below the diffraction pattern. blue and purple lines represent the (hkl)
reflections of the tetragonal MgSiOs majorite (Angel et al., 1989) and cubic pyrope (Hazen and Finger,

1978), respectively.
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Figure 3. Crystallographic structure of one cubic and one tetragonal garnet (yellow, blue, green, and red
circles present Mg, Si, Al, and O atoms) and density of majorite-pyrope garnets in the present and
previous studies. The blue shadow region represents the compositions where the tetragonal (Tetra)

structure is stable while the grey shadow region represents the compositions for the cubic (Cub) garnets.
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Figure 4. (a) Elastic velocities for compression (Vp) and shear (¥s) wave and (b) bulk (Ks) and shear (G)
moduli as a function of the pyrope content along the majorite-pyrope system at ambient conditions.
Blue-shadow regions represent the tetragonal garnets, while grey-shadow regions represent the cubic
garnets. Blue solid lines are the linear fitting of the present data, while red dashed lines are the results

suggested by Sinogeikin et al. (1997).
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Figure 5. (a) Bulk (Ks) and shear (G) modulus of majorite-pyrope garnets in the present study together
with almandine (Wang and Ji, 2000; Arimoto et al., 2015) and grossular (Kono et al., 2010; Gwanmesia et
al., 2014) in previous studies at ambient conditions. (b) Sound velocity of Vr and Vs of majorite-pyrope
garnets (ambient conditions, this study), pyrope (Gwanmeia et al., 2006; Zou et al., 2012; Chantel et al.,
2016), MjsoPy20 (Liu et al., 2015), majorite (Zhou et al., 2014), grossular (Kono et al., 2010, Gwanmeia et
al., 2014), almandine (Arimoto et al., 2015), and pyrolitic majorite (Irifune et al., 2008) at pressures up to
mantle transition zone conditions (MTZ, sparse grey shadow). Solid lines are the linear fitting of the

current reported data in previous studies. Shadows are the uncertainties of elastic moduli and velocities.
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425 Table 1. Density, velocity, and elastic modulus of majorite-pyrope garnets.

Comp. p (g/em) Ve(km/s) Vs (ms)  Ks(GPa) G (GPa)
Pyrope 3.562 (7) 9.09(12)  5.10(4) 170 (3) 93 (1)
Mij20Pyso 3.567 (8) 8.98 (8) 499 (3) 169 (2) 88 (1)
MjssPyar 3.546 (8) 8.89(12)  4.96(3) 164 (3) 87 (1)
Mj7Pys 3.535(7) 8.76 (10)  4.87(4) 161 (2) 83 (1)
MijsoPy1o 3.530 (7) 8.73(10)  4.86(3) 158 (2) 83 (1)
Majorite 3.518 (6) 8.74(10)  4.86(3) 158 (2) 83 (1)

426 Notes: Density is derived from our recent study (Liu et al., 2017) .

427 The number in parentheses represents standard deviations for the last digit(s).
428 Velocity calculation and error analysis can be found in Supplemental Table S1 and text.
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