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Abstract: 13 

Diopside is one of the most important end-members of clinopyroxene, which is an 14 

abundant mineral in upper-mantle petrologic models. The amount of clinopyroxene in 15 

upper-mantle pyrolite can be ~15 vol.% while pyroxenite can contain as high as ~60 16 

vol.% clinopyroxene. Knowing the elastic properties of the upper-mantle diopside at 17 

high pressure-temperature conditions is then essential for constraining the chemical 18 

composition and interpreting seismic observations of region. Here we have measured 19 

the single-crystal elasticity of Fe-enriched diopside (Di80Hd20, Di-diopside, and 20 

Hd-hedenbergite; also called Fe-enriched clinopyroxene) at high-pressure conditions 21 

up to 18.5 GPa by using in situ Brillouin light scattering spectroscopy (BLS) and 22 

synchrotron X-ray diffraction in the diamond anvil cell. Our experimental results were 23 

used in evaluating the effects of pressure and Fe substitution on the full single-crystal 24 

elastic moduli across the Di-Hd solid solution series to better understand the seismic 25 

velocity profiles of the upper mantle. Using the third- or fourth-order Eulerian 26 
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finite-strain equations of state to model the elasticity data, the derived aggregate 27 

adiabatic bulk and shear moduli (KS0, G0) at ambient conditions were 117(2) and 70(1) 28 

GPa, respectively. The first- and second-pressure derivatives of bulk and shear moduli 29 

at 300 K were (∂KS/∂P)T=5.0(2), (∂2KS/∂P2)T=-0.12(4) GPa-1 and (∂G/∂P)T=1.72(9), 30 

(∂2G/∂P2)T=-0.05(2) GPa-1, respectively. A comparison of our results with previous 31 

studies on end-member diopside and hedenbergite in the literatures shows systematic 32 

linear correlations between the Fe composition and single-crystal elastic moduli. An 33 

addition of 20 mol.% Fe in diopside increases KS0 by ~1.7% (~2 GPa) and reduces G0 34 

by ~4.1% (~3 GPa), but has a negligible effect on the pressure derivatives of the bulk 35 

and shear moduli within experimental uncertainties. In addition, our modelling results 36 

show that substitution of 20 mol.% Fe in diopside can reduce VP and VS by ~1.8% and 37 

~3.5%, respectively along both an expected normal mantle geotherm and a 38 

representative cold subducted slab geotherm. Furthermore, our modelling results also 39 

show that the VP and VS profiles of Fe-enriched pyroxenite along the cold subducted 40 

slab geotherm are ~3.2% and ~2.5% lower than AK135 model at 400 km depth, 41 

respectively. Finally, we propose that the presence of Fe-enriched pyroxenite 42 

(including Fe-enriched clinopyroxene, Fe-enriched orthopyroxene, and Fe-enriched 43 

olivine), can be an effective mechanism to cause low-velocity anomalies in the upper 44 

mantle regions atop the 410-km discontinuity at cold subudcted slab conditions. 45 
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INTRODUCTION 55 

Ca-rich clinopyroxene (Cpx) in the Di-Hd solid solution series is one of the most 56 

abundant constituent minerals in the upper mantle, along with olivine, orthopyroxene 57 

(Opx), and pyrope-rich garnet (Fumagalli and Klemme 2015). The volumetric 58 

proportion of Cpx is in the range of ~15-75 vol.% depending on its mineralogical 59 

abundance in different rock types (Duffy and Anderson 1989; Ringwood 1991). For 60 

example, mantle-derived peridotite commonly contain ~15 vol.% Cpx (e.g. Davis et 61 

al. 2009; Takazawa et al. 2000), while mantle-derived pyroxenite xenoliths in alkali 62 

basaltic or kimberlitic lavas contain up to ~60 vol.% Cpx (e.g. Lambart et al. 2013; 63 

Yang et al. 2016). As the most abundant end-member of Cpx in the deep Earth 64 

(Ringwood 1982), previous phase transformation studies have indicated that 65 

monoclinic diopside (CaMgSi2O6) with C2/c space group at ambient conditions was 66 

thermodynamically stable up to ~18 GPa and 1400 K (e.g. Akaogi et al. 2004; Kim et 67 

al. 1994; Oguri et al. 1997). Furthermore, recent studies have also demonstrated that 68 

the dissolution of pyroxenes into majoritic garnet is slow in some subducted slabs 69 

(Nishi et al. 2013; van Mierlo et al. 2013) suggesting the presence of metastable 70 

pyroxene even below 660-km discontinuity (Bina et al. 2001; Fukao and Obayashi 71 

2013; Xu et al. 2017, 2018). Diopside is thus believed to play an important role in our 72 

understanding of the geochemistry, seismic features and geodynamics of the upper 73 

mantle as well as the subducted slabs in the upper mantle region (Irifune et al. 2000; 74 

Putirka et al. 2011). 75 

Seismological studies have identified the seismic anomalies including low-velocity 76 

zones at various depths in the upper mantle regions (e.g. Song et al. 2004; Tauzin et al. 77 

2010; Vinnik and Farra 2007), such as the low-velocity zone (LVZ) atop the 410-km 78 

discontinuity. The LVZ atop the 410-km discontinuity is characterized by a ~1.0-5.0% 79 

VP and ~1.5-6.5% VS reduction with thickness ranging from ~20 km to ~100 km, with 80 

an average of ~60 km (e.g. Li et al. 2014; Tauzin et al. 2010, 2013; Vinnik and Farra, 81 

2007). However, the potential causes of the LVZ atop the 410-km discontinuity have 82 
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been debated. Some studies suggested partial melting (e.g. Song et al. 2004; Vinnik et 83 

al. 2010) and thermal anomalies (e.g. Morishige et al. 2010; Obayashi et al. 2006), 84 

whereas other investigations concluded that the LVZ might be due to difference in 85 

composition (e.g. Lee 2003; Stixrude and Lithgow-Bertelloni 2005). In this sense, 86 

reliable interpretation of the LVZ atop the 410-km discontinuity also requires detailed 87 

knowledge about the elastic moduli and velocities of expected constituent minerals at 88 

high pressure-temperature (P-T) conditions (Bass et al. 2008; Duffy and Ahrens 1992; 89 

Duffy and Anderson 1989). 90 

Insofar, the static compression and equation of state studies of diopside have been 91 

widely carried out using X-ray diffraction (XRD) technique (e.g. Hu et al. 2017; 92 

Levien and Prewitt 1981; Thompson and Downs 2008; Tribaudino et al. 2000; Zhang 93 

et al. 1997; Zhao et al. 1998). On the other hand, the elastic moduli (adiabatic bulk 94 

and shear moduli) of Mg-end-member diopside (also called Fe-free diopside) were 95 

measured using ultrasonic interferometry (UI) (Liebermann and Mayson 1976) and 96 

impulsive stimulated scattering (Collins and Brown 1998) at ambient conditions, 97 

using BLS method up to 14 GPa (Sang and Bass 2014), and by a combined UI and 98 

XRD methods (Li and Neuville 2010) up to 8 GPa and 1073 K. In addition, 99 

single-crystal elastic moduli of (Fe, Cr)-bearing diopside were also conducted using 100 

resonance ultrasonic spectroscopy (Isaak and Ohno 2003; Isaak et al. 2006) up to 101 

1300 K, whereas the wave velocities and single-crystal elastic moduli of 102 

Fe-end-member hedenbergite were measured by BLS method (Kandelin and Weidner 103 

1988a) at ambient conditions. In general, BLS has been a key technique in both 104 

measuring the acoustic velocities of mantle minerals and deriving the full set of 105 

single-crystal elastic moduli (e.g. Bass and Zhang 2015; Fan et al. 2015; Fan et al. 106 

2019b; Speziale et al. 2014; Yang et al. 2015). BLS technique is also very suitable for 107 

the velocity measurements of low-symmetry minerals because one can prepare 108 

multiple platelets of the crystal and measure their velocities as a function of the 109 

azimuthal angles to derive full set of elastic moduli (Mainprice 2015). That said, it is 110 
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time-consuming and technically challenging to obtain precise single-crystal elastic 111 

moduli of Cpx at high P-T using BLS method, because 13 independent single-crystal 112 

elastic moduli are necessary to characterize completely its elastic properties (Kandelin 113 

and Weidner 1988a, 1988b; Levien et al. 1979; Sang et al. 2011; Hao et al. 2019a, 114 

2019b). So far, the single-crystal elasticity measurements on monoclinic diopside 115 

using BLS have been primarily performed at ambient conditions (e.g. Levien et al. 116 

1979; Sang et al. 2011). Theoretical simulations by Matsui and Busing (1984), 117 

Walker (2012) and Zou et al. (2018) have reported the single-crystal elasticity of 118 

Fe-free diopside at high P/T conditions, but relevant experimental studies of diopside 119 

or diopside-bearing omphacite at high P-T conditions are still limited (Hao et al. 120 

2019b; Sang et al. 2014). Until now, only Sang and Bass (2014) and Hao et al. (2019b) 121 

measured the single-crystal elastic moduli of Fe-free diopside and diopside-bearing 122 

omphacite at high-pressure conditions using BLS method, respectively. 123 

Natural diopside typically contains appreciable amounts of Fe (Azough and Freer, 124 

2000), which forms as an important solid solution diopside-hedenbergite (CaFeSi2O6) 125 

(Di-Hd) join. As an example, Cpx in the upper-mantle peridotite typically contains 126 

~10 mol.% of Fe (e.g. Luth and Canil 1993; Woodland 2009), while Cpx in 127 

pyroxenite even can contains ~25 mol.% Fe (e.g. Borghini et al. 2016; Rogers and 128 

Grütter 2009; Schmädicke et al. 2015). The abundance of Fe in the upper mantle 129 

rock-forming minerals such as olivine, pyroxene, and garnet can significantly 130 

influence their elasticity (e.g. Speziale et al. 2005). Indeed, the Fe effect on the 131 

elasticity of olivine, enstatite, and garnet at high P-T conditions is well-documented 132 

(e.g. Lu et al. 2013; Mao et al. 2015; Zhang and Bass 2016b). However, the influence 133 

of Fe substitution on the elasticity of diopside at high P-T conditions has yet to be 134 

addressed, even though Cpx is an abundant mineral in the upper mantle and knowing 135 

its single-crystal elasticity is crucial to understand the seismic structure and 136 

geodynamic processes of the upper mantle (Forte et al. 2002; Speziale et al. 2014). In 137 

addition, we should also note that the Cpx in the upper-mantle peridotite and 138 
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pyroxenite contain not only Fe, but also some amount of Al (e.g. Ackerman et al. 139 

2012; Borghini et al. 2016; Davis et al. 2009; El Atrassi et al. 2013; Gysi et al. 2011), 140 

which is also known to influence the elastic moduli of pyroxenes (e.g. Hao et al. 141 

2019a; Kandelin and Weidner 1988b; Zhang and Bass 2016b). 142 

In this study, we have measured the acoustic wave velocities (VP and VS) of 143 

single-crystal Di80Hd20 in a diamond anvil cell (DAC) up to ~18.5 GPa at room 144 

temperature by using BLS method coupled with single-crystal XRD, in order to 145 

determine the equation of state and crystallographic orientations of the diopside 146 

crystal platelets at high-pressure conditions and, thus, reliably derive the full set of 147 

single-crystal elastic moduli for Di80Hd20. These results were then used to evaluate the 148 

effects of high-pressure and Fe-Mg substitution on the single-crystal elasticity of 149 

Mg-rich Cpx in the Di-Hd series including the sound velocities, elastic moduli and 150 

velocity anisotropy as well as applied, together with previous studies and 151 

thermoelastic modelling, to decipher the cause for low-velocity anomalies atop the 152 

410-km discontinuity. 153 

EXPERIMENTS 154 

Natural single-crystal diopside from an ultramafic rock located in Jiuzigou area, 155 

Feng County, Shanxi Province, China, was used in this study. Based on electron 156 

microprobe analysis (JEOL Hyperprobe JXA-8500F) using an accelerating voltage of 157 

15 kV and a beam current of 10 nA, the chemical formula of our natural diopside is 158 

Ca0.99Mg0.79Fe0.21Si2.01O6, which can be regarded as Di80Hd20 (Table S1). Analysis of 159 

the synchrotron XRD patterns of the crystals using an incident X-ray of 0.3344 Å at 160 

the GeoSoilEnviroConsortium for the Advanced Radiation Sources (GSECARS) of 161 

the Advanced Photon Source (APS), Argonne National Laboratory (ANL) showed a 162 

monoclinic structure with the lattice parameters a=9.778(3) Å, b=8.945(3) Å, 163 

c=5.258(2) Å, β=105.794(5)°, V=442.52(8) Å3. Based on the results from EMPA and 164 

XRD measurements the density of the sample is 3.345(1) g/cm3 at ambient conditions. 165 
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Monoclinic diopside has 13 independent single-crystal elastic moduli. We thus 166 

selected three pieces of single crystals that possessed nearly orthogonal 167 

crystallographic orientation for the BLS measurements (Fig. 1). As determined by 168 

single-crystal XRD at beamline 13-BMD of GSECARS, the crystallographic planes 169 

of the three pieces are P1 (-0.17, 0.26, 0.94), P2 (0.24, 0.96, -0.18) and P3 (0.92, -0.12, 170 

0.24), which are close to (001), (010) and (100) orientations, respectively (Fig. 1). 171 

These sample pieces were prepared and polished with water as lubricant to platelets of 172 

20-25 μm in thickness using a 3M diamond lapping films of 9 μm, 3 μm, 1 μm, and 173 

0.3 μm successively. The thin polished platelets were then cleaved into several square 174 

pieces of desired size (~70×90 μm) to be loaded into a DAC for high-pressure 175 

measurements. A rhenium gasket was pre-indented to a thickness of 50-60 μm by a 176 

pair of diamond anvils of 500 μm culet size, and a hole of 320 μm in diameter was 177 

subsequently drilled in the pre-indented area and used as the sample chamber. Three 178 

single-crystal platelets were then placed into the sample chamber, together with a few 179 

ruby spheres of approximately 5 um in diameter as the pressure indicator (Mao et al. 180 

1986). Neon gas was then loaded into the sample chamber and used as the pressure 181 

medium using the gas loading system located in the Mineral Physics Laboratory of 182 

the University of Texas at Austin (Fan et al. 2019a; Mao et al. 2015). 183 

High-pressure BLS combined with XRD measurements were also performed at 184 

beamline 13-BMD of APS. An incident X-ray beam of 0.3344 Å wavelength focused 185 

to ~3×7 μm2 area (Sinogeikin et al. 2006) was used to determine the unit-cell volume 186 

of the crystal in the DAC. Pressures were determined from the ruby fluorescence 187 

spectra (Mao et al. 1986), while pressure uncertainties were calculated using multiple 188 

measurements before and after the collection of the BLS spectra for each pressure 189 

point. To ensure the pressure stability of the experiments, we stabilized the sample 190 

chamber at least 30 minutes for each given pressure point, and continuously 191 

monitored the pressure using the ruby fluorescence spectra until the pressure was 192 

sufficiently stable for the BLS experiments. Analysis of the XRD patterns of the 193 
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sample was used to determine the unit cell volumes and thus density of Di80Hd20 at 194 

each pressure before and after the BLS measurements. The Brillouin system was 195 

equipped with a Coherent Verdi V2 solid-state laser with a wavelength of 532 nm, a 196 

Perkin Elmer MP983 photocounting module with a low dark count rate of <2 counts/s 197 

at room temperature (Sinogeikin et al. 2006), and a JRS six-pass Sandercock-type 198 

piezoelectrically scanning tandem Fabry-Pérot interferometer (Sandercock 1982). 199 

BLS spectra were collected in the symmetric forward scattering geometry with an 200 

external scattering angle of 50° (Fan et al. 2019b), which was calibrated using the 201 

elastic moduli of standard silicate glass (Corning 7980), distilled water, and 202 

single-crystal MgO (Ostwald et al. 1977; Sinogeikin and Bass 2000; Zhang et al. 203 

2011). The laser beam focal spot on the sample position was approximately 15 μm in 204 

diameter. The acoustic VP and VS velocities of the sample were derived from the 205 

analysis of the Brillouin frequency shift as follows: 206 

𝑉",$ =
&'∆)*
+ ,-./0

                                                         (1)                                                     207 

where VP,S is the acoustic compressional or shear wave velocity, λ0 is the incident 208 

laser wavelength, ΔvB is the Brillouin frequency shift, and θ is the external scattering 209 

angle. 210 

RESULTS 211 

High-pressure BLS spectra of the single-crystal Di80Hd20 as well as XRD spectra 212 

were collected up to ~18.5 GPa at room temperature (Fig. 1). The measured Brillouin 213 

frequency shifts of the crystal platelets were converted to velocities using equation (1). 214 

Most of the BLS spectra showed strong VP and two polarized VS peaks with high 215 

signal-to-noise ratios except for some crystallographic directions where the VP or VS 216 

peaks were weakly observable due to the intrinsic anisotropy of the elasto-optic 217 

coupling in monoclinic diopside (Nelson et al. 1972). Brillouin signals of the neon 218 

pressure medium were also observed at pressures below ~8 GPa, but they were too 219 

weak to be seen in the BLS spectra when the pressure was above 8 GPa. For each 220 
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platelet at each given pressure, BLS spectra were collected in 19 different 221 

crystallographic directions from 0 to 180° of the azimuthal angle at an interval of 10° 222 

(Fig. 2). The measured VP and VS vary significantly as a function of the azimuthal 223 

angle, indicating strong elastic anisotropy of our sample at high pressures. 224 

Furthermore, both VP and VS of Di80Hd20 increase with increasing pressure. 225 

Single-crystal elastic moduli of Di80Hd20 at each given pressure (Tables S2 and S3) 226 

were evaluated by the best-fit to the measured acoustic velocities at various 227 

crystallographic directions along the planes using the Christoffel’s equation (Every 228 

1980): 229 

1𝐶3456𝑛4𝑛6 − 𝜌𝑉",$+𝛿351 = 0                                            (2)                                                     230 

where 𝑛4  and 𝑛6  are the direction cosines of the phonon wave vector, ρ is the 231 

density at each pressure, δik is the Kronecker delta function, Cijkl is the elastic stiffness 232 

tensor in full suffix notation. However, in the following we will use the Voigt 233 

notation, Cij, in which i represents the stress component and j is for the strain 234 

component. The detailed relationship between tensor and contracted quantities in 235 

Voigt notation is given elsewhere (Duffy 2018; Nye 1985). The calculated acoustic 236 

velocities from the best-fit elastic model are in excellent agreement with the 237 

experimental velocities at high pressures (Fig. 2). The root-mean-square deviation 238 

(RMS) for the fitting is about 35-50 m/s, which is <1% of the measured velocities. 239 

Nine of the 13 independent single-crystal elastic moduli (longitudinal (C11, C22, C33), 240 

shear (C44, C55, C66), and off-diagonal (C12, C13, C23)) of Di80Hd20 increase smoothly 241 

with increasing pressure, while the other off-diagonal elastic moduli (C15, C25, C35, 242 

and C46) decrease almost linearly with increasing pressure (Fig. 3 and Table S3). 243 

Furthermore, the three off-diagonal elastic moduli (C15, C25, and C46) are much 244 

smaller than the rest of the off-diagonal moduli, especially at high pressures. The 245 

best-fit values of C25 and C46 are even slightly negative at high pressures, this 246 

phenomenon is similar to previous study of Di100 (Sang and Bass 2014). 247 
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Using the derived single-crystal elastic moduli of Di80Hd20, the adiabatic bulk and 248 

shear moduli at ambient conditions and high pressures were calculated according to 249 

the Voigt-Reuss-Hill averages (Fig. 4a and Tables S2-S3) (Hill 1952). The derived 250 

adiabatic bulk (KS0) and shear moduli (G0) of Di80Hd20 at ambient conditions are 251 

117(2) and 70(1) GPa, respectively. Compared with the results of Di100 (Sang et al. 252 

2011) at ambient conditions, the substitution of 20 mol.% Fe in diopside increases KS0 253 

by ~1.7% (~2 GPa) but reduces G0 by ~4.1% (~3 GPa). In addition, the KS of 254 

Di80Hd20 is indistinguishable from that of Di100 at high pressure, but its G is lower 255 

than that of Di100 by ~4 GPa (Fig. 4a). The pressure derivatives of the elastic moduli 256 

at 300 K (Table S4 and Table 1) were obtained by fitting the moduli at high pressure 257 

using the third- or fourth-order Eulerian strain equation (Birch 1978). The first- and 258 

second-pressure derivatives of KS and G were derived to be (∂KS/∂P)T=5.0(2), 259 

(∂2KS/∂P2)T=-0.12(4) (GPa-1), and (∂G/∂P)T=1.72(9), (∂2G/∂P2)T=-0.05(2) (GPa-1), 260 

respectively. 261 

The aggregate compressional (VP) and shear (VS) wave velocities of Di80Hd20 were 262 

calculated using the equations: 263 

𝑉" = <=>?
@A
B

C
  (3) 264 

𝑉$ = DE
C
 (4) 265 

The aggregate velocities of Di80Hd20 at ambient conditions are VP=7.92(1) km/s and 266 

VS=4.57(1) km/s, which are ~1.7% and ~3.2% lower than that of Di100, respectively 267 

(Table S2). However, both VP and VS of Di80Hd20 at high pressures are lower than 268 

those of Di100 by ~0.18 km/s in the entire pressure range (Fig. 4b). 269 

DISCUSSION 270 

Fe effects on the single-crystal elasticity of diopside 271 

Combining BLS and single-crystal XRD measurements, we have determined the 272 

single-crystal elasticity of Di80Hd20 at ambient and high-pressure conditions (Figs. 3-4 273 



FAN ET AL., SINGLE-CRYSTAL ELASTICITY OF FE-ENRICHED DIOPSIDE 

and Tables S2-S3). Table S2 and Figure 5 compare single-crystal elastic moduli 274 

results at ambient conditions obtained in the present study for Di80Hd20 and previous 275 

studies for end-member diopside and hedenbergite using BLS method (Kandelin and 276 

Weidner 1988a; Levien et al. 1979; Sang et al. 2011) (Fig. 5). 277 

The single-crystal elastic moduli of nearly end-member diopside at ambient 278 

condition have been measured by Levien et al. (1979) and Sang et al. (2011) using 279 

BLS method. Although these two studies have almost identical experimental sample 280 

compositions (Di98Hd1Jd1 vs Di97Hd2Jd1) and most of Cijs and KS between these two 281 

studies agree well with each other within uncertainties, other moduli (C22, C66, C13, 282 

C15, and G) show a large difference (~ 6-12 GPa). The exact reasons for these 283 

discrepancies are unknown (Sang et al. 2011). However, considering the 284 

improvements of BLS technique in the recent decades that has now higher 285 

signal-to-noise ratio and count rate (Bass and Zhang 2015; Li et al. 2019; Speziale et 286 

al. 2014; Wei et al. 2019), we chose the single-crystal elastic moduli data of Sang et al. 287 

(2011) for our comparison. On the other hand, there is just one set of single-crystal 288 

elastic moduli data available for end-member hedenbergite (Kandelin and Weidner 289 

1988a). 290 

Single-crystal elastic moduli (Cijs) 291 

As shown in Figure 5, comparison between our results of Di80Hd20 and previous 292 

results on diopside and hedenbergite end-members (Sang et al. 2011; Kandelin and 293 

Weidner 1988a) suggests a nearly linear trend between the single-crystal elastic 294 

moduli (Cijs) and composition. Most of the independent single-crystal elastic moduli 295 

(C11, C22, C44, C55, C66, C12, C35, and C46) decrease smoothly with increasing 296 

hedenbergite content in the Di-Hd join, while other moduli (C33, C13, C23, C15, and 297 

C25) increase linearly with increasing hedenbergite content (Fig. 5). This is consistent 298 

with a previous work on the diopside-jadeite join, which also shows systematic 299 

correlations between the composition and most of Cij values (Hao et al. 2019a; Sang 300 

et al. 2011). 301 
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Aggregate elastic moduli and velocities (KS, G, VP, and VS) 302 

The aggregate elastic moduli (KS and G) and velocities (VP and VS) of the Di-Hd 303 

join at ambient conditions also show that the substitution of hedenbergite in Di-Hd 304 

join has a linear effect on KS, G, VP, and VS. Within experimental uncertainties, KS 305 

linearly increases with Hd content, while G, VP, and VS decrease linearly with 306 

increasing Hd content (Fig. 6): 307 

KS= 114.5(6)+6.1(1.1)XHd                                              (7) 308 

G= 72.4(2)-10.7(5)XHd                                                (8) 309 

VP= 8.04(1)-0.59(2)XHd                                                (9) 310 

VS= 4.71(1)-0.60(2)XHd                                               (10) 311 

where XHd=MHd/(MDi+MHd), XHd is the mole fraction, and MDi and MHd are the molar 312 

content of diopside and hedenbergite along the Di-Hd join. 313 

The pressure derivatives of elastic moduli (Cijs, KS, and G) 314 

For a more thorough comparison with our results, we refitted the pressure 315 

derivatives of elastic moduli (Cijs, KS, and G) for Di100 by the third- or fourth-order 316 

Eulerian strain equation using the BLS data from Sang and Bass (2014) (Table S4 and 317 

Table 1). Comparative analysis of the results for Di100 (Sang and Bass, 2014) and 318 

Di80Hd20 (Table S4) shows that addition of Fe does not produce a visible effect on 319 

most of the pressure derivatives of Cijs of diopside, although increasing the Fe content 320 

in diopside appears to have a weak negative effect on the pressure derivatives of C66, 321 

C15, and C46. We have also compared the pressure derivatives of KS and G for 322 

Di80Hd20 to the literature results (Table 1). The derived pressure derivatives of KS and 323 

G for Di80Hd20 in this study are indistinguishable from the values of Di100 in previous 324 

BLS studies within experimental uncertainties (Sang and Bass, 2014). Additionally, 325 

the pressure derivatives of KS and G in this study are also in good agreement with 326 

most of the values from previous UI and theoretical studies within uncertainties 327 
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(Table 1), except a distinct larger pressure derivative of KS (6.2) and smaller pressure 328 

derivative of G (1.2) reported by theoretical studies (Matsui and Busing, 1984; 329 

Walker, 2012). Finally, all of the aforementioned comparisons seem to support the 330 

conclusion that the Fe content has a nearly linear effect on the elastic moduli (Cijs, KS, 331 

and G) but has a negligible effect on their pressure derivatives. Nevertheless, further 332 

evaluation of the relationship between the elastic moduli and Fe content at 333 

high-pressure conditions in the Di-Hd join will still require additional experimental 334 

data in the future, such as the single-crystal elasticity of hedenbergite at high 335 

pressures. 336 

Fe effects on the velocity anisotropy of diopside 337 

The velocity anisotropy together with the LPOs (lattice preferred orientations) of 338 

minerals are the key geophysical parameters for interpreting the observed seismic 339 

anisotropy within the upper mantle (e.g. Mainprice 2015; Wen et al. 2018). To 340 

understand the pressure effect on the velocity anisotropy of Di80Hd20, the VP and VS 341 

velocities at different propagation directions and anisotropy distributions were 342 

calculated using our derived Cijs and density at each given pressure point (Mainprice 343 

1990; Mainprice et al. 2000). The percentage anisotropy for VP (AVP) is defined here 344 

as: 345 

AVP = (VP,max-VP,min) /(VP,max+VP,min) × 200 %                              (5) 346 

where VP,max and VP,min represent the maximum and minimum VP velocities, 347 

respectively. The polarization anisotropy factor of VS (AVS), also called the shear 348 

wave-splitting factor, is the anisotropy percentage of the two VS in a given direction. 349 

It is defined as: 350 

AVS = (VS1-VS2) /(VS1+VS2) × 200 %                                      (6) 351 

where VS1 and VS2 are the two orthogonally polarized shear wave velocities in the 352 

given propagation direction.  353 
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The contoured upper hemisphere stereograms of VP and AVS for Di80Hd20 at two 354 

representative pressure conditions shown in Figure 7 indicate that Di80Hd20 has high 355 

acoustic velocity anisotropy at ambient conditions, with the AVP of 25.90% and AVS 356 

of 21.22%. Compared to Di100 (Sang et al. 2011; Sang and Bass 2014), the addition of 357 

20 mol.% Fe reduces the AVP and AVS by ~2.6 % and ~7.2 %, respectively at ambient 358 

conditions (Fig. 8). At elevated high-pressure conditions, these anisotropy factors 359 

notably decrease with increasing pressure. The AVP and AVS still have small-moderate 360 

but well resolvable values even at the maximum experimental pressure conditions 361 

(Figs. 7 and 8). For Di80Hd20, the AVP is 14.10% and the AVS is 15.74% at 18.5 GPa 362 

(Fig. 7). In addition, Di80Hd20 has a roughly similar AVP to that of Di100 but a 363 

considerably lower AVS than that of Di100 at high pressures (Fig. 8). 364 

Fe effects on the sound velocities of diopside in the upper mantle 365 

To better understand the influence of Fe on the acoustic velocity behavior of 366 

diopside, we have used our high-pressure elasticity results to model the velocity 367 

profiles of Di80Hd20 along an expected geotherm for normal mantle (Katsura et al. 368 

2010) and a representative geotherm for cold subducted slab (Eberle et al. 2002) (Fig. 369 

9). Although we did not measure the elastic moduli of Di80Hd20 at high temperatures 370 

in this study, Isaak et al. (2006) evaluated the effect of temperature on the elastic 371 

moduli of (Fe, Cr)-bearing diopside (Di93Hd3Ur2X2, where Ur is the molar fraction of 372 

ureyite (chrome-diopside) and X represent all of the other minor components). The 373 

measured temperature derivatives of the aggregate elastic moduli by Isaak et al. (2006) 374 

are indistinguishable with those values of Li and Neuville (2010) for Fe-free diopside 375 

within reciprocal uncertainties (Table 1). Assuming that the compositional (such as Fe) 376 

effect on the temperature derivatives of elastic moduli is negligible, we thus used the 377 

results of Isaak et al. (2006) to evaluate the temperature effect on the velocities of 378 

Di80Hd20 at upper mantle P-T conditions, and the thermoelastic parameters of upper 379 

mantle minerals utilized in our modeling are given in Table S5. In our modeling, we 380 

have neglected the coupling effect of high pressure and high temperature on KS and 381 
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G. KS and G under ambient pressure and high temperature are then derived using their 382 

temperature derivatives. We then used the fourth-order Birch-Murnaghan Equation of 383 

State (EoS) (Birch 1978) to calculate the finite strain at given pressure and 384 

corresponding high temperature. The fourth-order Eulerian finite-strain equations 385 

(Birch 1978) are then used to derive the corresponding KS and G for each mineral. 386 

After calculating the aggregate KS and G using the Voigt-Ruess-Hill averages (Hill 387 

1952), we can then calculate the VP and VS at high pressure and temperature. 388 

Our modeling was limited to the upper-mantle region ranging from 200 km to 400 389 

km depth because of the much more complex mineralogical, geochemical, and 390 

seismic heterogeneities above 200 km depth (Jordan 1975; Grand and Helmberger, 391 

1984). The modeled velocity profiles show that the substitution of Fe in diopside can 392 

significantly decrease the VP and VS at upper mantle conditions (Fig. 9). Compared to 393 

Di100, the VP and VS of Di80Hd20 are reduced by ~1.8% and ~3.5%, respectively along 394 

both the expected normal mantle geotherm and the representative cold subducted slab 395 

geotherm. Furthermore, the VP and VS profiles of Di80Hd20 are also ~3.3-5.7% and 396 

~3.1-6.6% lower than the velocity profiles of AK135 model, respectively at 400 km 397 

depth (Fig. 9). 398 

IMPLICATION 399 

Since the first observation of the LVZ atop the 410-km discontinuity in 1990s 400 

(Revenaugh and Sipkin 1994), this seismic structure has been observed in both global 401 

and regional studies including subduction zones and continental cratons (e.g. 402 

Schaeffer and Bostock 2010; Tauzin et al. 2010; Vinnik and Farra 2007; Wang et al. 403 

2018). Most of the observed LVZs are interpreted to be of the compositional origin 404 

(e.g. Speziale et al. 2005; Tauzin et al. 2017). As an abundant upper mantle mineral, 405 

the presence and abundance pyroxene (Cpx and Opx) in the upper mantle may be 406 

responsible for the LVZ atop the 410-km discontinuity because the relative 407 

proportions of constituent minerals change significantly over the relevant upper 408 

mantle depths (e.g. McDonough and Rudnick 1998). 409 
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Previous studies have suggested that Opx and Cpx would become unstable at ~300 410 

km to transition zone depth under normal mantle geotherm conditions, because they 411 

are dissolved into garnet (Frost 2008; Ringwood 1982). However, pyroxenes could 412 

survive at greater depths in the cold subducted slabs because the pyroxene-garnet 413 

transition could be inhibited at relatively low subducted slab temperatures (Bina 2013; 414 

Lazarz et al. 2019; Nishi et al. 2013; van Mierlo et al. 2013; Xu et al. 2019). Although 415 

the abundance of Cpx and Opx are around 15 vol.% and 10 vol.%, respectively, in the 416 

pyrolite model mantle composition (Ringwood 1991), there is also evidence for local 417 

enrichments of pyroxene in the upper mantle, such as mantle-derived pyroxenite 418 

xenoliths (e.g. Lambart et al. 2013; Yang et al. 2016). Furthermore, a recent study has 419 

shown that most of pyroxenes in the cold subducted slab geotherm would promote 420 

slab stagnation atop 410 km depth if they are metastably preserved in significant 421 

quantities (e.g. Xu et al. 2017). Thus, pyroxenite (including Fe-enriched pyroxenite) 422 

could exist atop 410 km depth at the cold subducted slab conditions. 423 

To evaluate the potential influence of pyroxene (Cpx and Opx) on the seismic 424 

feature of LVZ atop the 410-km discontinuity, we have calculated the velocity 425 

profiles (VP and VS) of pyroxenite at upper mantle 300-400 km depth range along a 426 

cold subudcted slab geotherm. According to the mineral compositions of 427 

representative pyroxenites in the upper mantle (e.g. Ackerman et al. 2012; Aulbach 428 

and Jacob 2016; Borghini et al. 2016; Dantas et al. 2007; Gysi et al. 2011; Henry et al. 429 

2017; Kopylova et al. 1999; Lambart et al. 2013; Tilhac et al. 2017; Varas-Reus et al. 430 

2018; Yang et al. 2016; Zhang et al. 2016), the pyroxenite model in our modelling 431 

contains ~60 vol.% Cpx, ~30 vol.% Opx and ~10 vol.% olivine. 432 

Previous studies have proposed that pyroxenite could have a relatively low XMg 433 

value between 0.75 and 0.85, with an average value of 0.8 (e.g. Borghini et al. 2016; 434 

Müller et al. 2013; Rogers and Grütter 2009; Tecchiato et al. 2018). Taking the effect 435 

of Fe content into account, we also assumed that XMg=0.8 for olivine, XMg=0.8 for 436 

Opx and XMg=0.8 for Cpx in our pyroxenite velocity modeling. The elasticity of 437 
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Fe-enriched olivine (~20 mol.% Fe) and Fe-enriched Opx (~20 mol.% Fe) were 438 

calculated using the linear relationship between Fe content and elasticity of olivine 439 

and Opx (Jackson et al. 2003, 2007; Mao et al. 2015; Wang et al. 2019; Webb and 440 

Jackson 1993; Zha et al. 1996; Zhang and Bass, 2016a, 2016b). In addition, Cpx in 441 

upper-mantle pyroxenite also contains approximately 5 mol.% Al (e.g. Ackerman et 442 

al. 2012; Davis et al. 2009; El Atrassi et al. 2013; Gysi et al. 2011), which is 443 

considered in our velocity modeling. The modeled velocity profiles of Fe-enriched 444 

pyroxenite are also compared with the AK135 seismic model (Kennett et al. 1995) 445 

(Fig. 10). Our results show that the VP and VS profiles of pyroxenite are ~3.2% and 446 

~2.5% lower than AK135 model at 400 km depth, respectively (Fig. 10). These 447 

corresponding VP and VS reductions of Fe-enriched pyroxenite are consistent with the 448 

seismic observations of LVZ atop the 410-km discontinuity (e.g. Li et al. 2014; Song 449 

et al. 2004; Tauzin et al. 2010; Vinnik et al. 2010) (Fig. 11). 450 

Additionally, previous studies also indicated that Fe-bearing pyroxenes containing 451 

resolvable amounts of H2O can display enhanced electrical conductivity and 452 

contribute significantly to the bulk electrical conductivity of upper mantle in 453 

electromagnetic observations (e.g. Wang et al. 1999; Yang et al. 2011; Yang and 454 

McCammon 2012; Zhao and Yoshino 2016). That is, the observed high conductivity 455 

anomalies in some regions of the upper mantle can be explained by the presence of 456 

small amounts of hydrated pyroxene without invoking the presence of partial melt at 457 

these depths (e.g. Wang et al. 2008; Yang and McCammon 2012). Accordingly, it is 458 

conceivable that the presence of pyroxenite with enhanced Fe content and perhaps 459 

with a small amount of water may be the cause of low-velocity anomalies in the cold 460 

subducted slabs atop the 410-km discontinuity. We should emphasize that the 461 

aforementioned scenario is only applicable to the cold subducted slabs where the 462 

metastable pyroxene (Cpx and Opx) can be preserved even below 660-km 463 

discontinuity. On the contrary, due to the instability of pyroxene, other causes such as 464 

the existence of partial melting (Song et al. 2004; Vinnik et al. 2010) or thermal 465 
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anomalies (Morishige et al. 2010; Obayashi et al. 2016), may play a more dominant 466 

role for the low-velocity anomalies atop the 410-km discontinuity in the normal upper 467 

mantle regions. 468 
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Figure Captions 842 

Figure 1. Representative Brillouin spectra of single-crystal Di80Hd20 at 12.70 GPa. 843 

Open circles: experimental data; solid lines: fitted VP and VS peaks, respectively. The 844 

inset is a representative photo of the three crystal platelets in the sample chamber at 845 

12.70 GPa and 300 K. (Color online) 846 

 847 

Figure 2. VP and VS velocities of single-crystal Di80Hd20 as a function of the 848 

azimuthal angle measured from the three crystal planes at 12.70 GPa and 300 K. Open 849 

circles: experimental data; solid lines: fitting results. (Color online) 850 

 851 

Figure 3. Single-crystal elastic moduli (Cijs) of Di80Hd20 as a function of pressure. 852 

Black solid symbols represent our experimental data; open red symbols are the 853 

experimental data for Di100 from Sang and Bass (2014). Solid lines are the fitted 854 

results using the third- or fourth-order Eulerian finite-strain equation. (Color online) 855 

 856 

Figure 4. Aggregate elastic moduli (KS and G) and velocities (VP and VS) of Di80Hd20 857 

as a function of pressure. Black solid symbols represent our experimental data; open 858 

red symbols are the experimental data for Di100 from Sang and Bass (2014). Solid 859 

lines are the fitted results using the fourth-order Eulerian finite-strain equation. (Color 860 

online) 861 

 862 

Figure 5. The variation of single-crystal elastic moduli (Cijs) with Hd content in the 863 

diopside-hedenbergite system at ambient conditions. Solid symbols are derived from 864 

experimental Brillouin results for Di100 (Sang et al., 2011), Di98Hd2 (Sang et al., 865 

2011), Di80Hd20 (This study) and Hd100 (Kandelin and Weidner, 1988a). Solid lines 866 

are linear fits to the Brillouin experimental data. (Color online) 867 

 868 
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Figure 6. The aggregate elastic moduli and velocities of Di-Hd as a function of the 869 

Hd content at ambient conditions. Solid symbols are derived from experimental 870 

Brillouin results for Di100 (Sang et al., 2011), Di98Hd2 (Sang et al., 2011), Di80Hd20 871 

(This study) and Hd100 (Kandelin and Weidner, 1988a). Solid lines are linear fits to 872 

the Brillouin experimental data. (Color online) 873 

 874 

Figure 7. Upper hemisphere pole figures of VP and VS splitting anisotropy of 875 

single-crystal Di80Hd20 at ambient conditions and 18.5 GPa. Calculations were 876 

performed using the petrophysical software UnicefCareware of Mainprice (1990) with 877 

the derived single-crystal elastic moduli and density from this study. (Color online) 878 

 879 

Figure 8. Variation of VP anisotropy and VS splitting anisotropy factors (AVP and AVS) 880 

for single-crystal Di80Hd20 at high pressures. Black solid symbols represent our 881 

experimental data; open red symbols are the experimental data for Di100 from Sang 882 

and Bass (2014). (Color online) 883 

 884 

Figure 9. Modeled VP and VS of Fe-enriched Cpx, Fe-free Cpx in the upper mantle 885 

along the expected normal mantle geotherm (a) (Katsura et al., 2010) and the 886 

representative subducted-slab geotherm (b) (Eberle et al., 2002). Red lines: Di80Hd20 887 

(The parameters used to model VP and VS are from Finger and Ohashi 1976; Isaak et 888 

al. 2006; Hao et al. 2019a; This study); blue lines: Di100 (The parameters used to 889 

model VP and VS are from Finger and Ohashi 1976; Li and Neuville, 2010; Sang and 890 

Bass, 2014); dashed lines: AK135 (Kennett et al., 1995). Error bars represent the 891 

propagated uncertainties (±1σ). (Color online) 892 

 893 

Figure 10. Modeled VP and VS of Fe-enriched pyroxenite model in the mid 894 

upper-mantle 300-400 km depth range along the representative subducted-slab 895 

geotherm (b) (Eberle et al., 2002). Red lines: Fe-enriched Pyroxenite, and dashed 896 
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lines: AK135 (Kennett et al., 1995). Error bars represent the propagated uncertainties 897 

(±1σ). (Color online) 898 

899 

Figure 11. Velocity difference (VP (a) and VS (b)) between petrological model with 900 

Fe-enriched pyroxenite along the cold subducted slab geotherm and AK135 at upper 901 

mantle 350-400 km range. The light blue region indicates the range of seismic 902 

velocity anomalies observed in the LVZ atop the MTZ at depths of 350-400 km. Red 903 

lines: velocity difference between Fe-enriched pyroxenite and AK135. (Color online) 904 



Table 1 Bulk and shear moduli and their pressure and temperature derivatives of diopside at ambient conditions 

References Composition Methods a KS0

(GPa) 

G0 

(GPa) 

(∂KS/∂P)T (∂2KS/∂P2)T

(GPa-1) 

(∂G/∂P)T (∂2G/∂P2)T

(GPa-1) 

(∂KS/∂T)P

(GPa/K) 

(∂2KS/∂T2)P

(10-6GPa/K2) 

(∂G/∂T)P

(GPa/K) 

(∂2G/∂T2)P

(10-6GPa/K2) 

This study Di80Hd20 BLS 116.6(8) 69.8(7) 5.0(2) -0.12(4) 1.72(9) -0.05(2) —b —b —b —b 

Sang et al. (2011) Di100 BLS 114.6(7) 72.7(4) —b —b —b —b —b —b —b —b 

Sang et al. (2011) Di97Hd2Jd1 BLS 113.7(8) 72.2(5) —b —b —b —b —b —b —b —b 

Sang and Bass (2014) Di100 BLS 114.6(7) 72.7(4) 5.4(4)d -0.2(1)d 1.9(2)d -0.07(4)d —b —b —b —b 

Levien et al. (1979) Di98Hd1Jd1 BLS 113 c 67 c —b —b —b —b —b —b —b —b 

Kandelin and Weidner (1988) Hd100 BLS 120.4 c 61.8 c —b —b —b —b —b —b —b —b 

Li and Neuville (2010) Di100 UI 116.4(7) 73.0(4) 4.9(1) —b 1.6(1) —b -0.012(1) —b -0.011(1) —b 

Liebermann and Mayson (1976) Di100 UI 113 c 75 c —b —b —b —b —b —b —b —b 

Isaak et al. (2003) Di93Hd3Ur2X2 RUS 116.5(9) 72.8(4) —b —b —b —b —b —b —b —b 

Isaak et al. (2006) Di93Hd3Ur2X2 RUS —b —b —b —b —b —b -0.0123 c —b -0.00998 c —b 

Walker (2012) Di100 DFT 122.6(6) 74.6(4) 4.7 c —b 1.2 c —b —b —b —b —b 

Matsui and Busing (1984) Di100 CPP 105 c —b 6.2 —b —b —b —b —b —b —b 

Zou et al. (2018) Di100 DFT 117.5 c 71.8 c 5.0 c -0.026 c 1.56 c -0.0302 c -0.0150 c -1.66 c -0.00871 c -1.94 c

Di: Diopside; Hd: Hedenbergite; Jd: Jadeite; Ur: Ureyite; X: unknown
a)

BLS: Brillouin Light Scattering; UI: Ultrasonic Interferometry; RUS: Resonant Ultrasound Spectroscopy; DFT: Density Functional Theory; CPP: classical pair

potentials; 
b)

The values are not available in the text.
c)

The uncertainties are not available in the text.
d)

Refitting by the fourth-order Eulerian finite-strain equation.
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