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Abstract

Diopside (CaMgSi, Oy), the Ca- and Mg-rich clinopyroxene is an important mineral in the Earth’s upper mantle and subducted
lithospheric plate. Here, we report the results of high-pressure single-crystal X-ray diffraction experiments conducted on
a natural aluminous iron-bearing diopside and a natural, nearly end-member diopside, up to 50 GPa in diamond anvil cell.
Density functional theory calculation results on end-member diopside are also reported. Unit cell parameters a, b, ¢, §, V,
as well as bond lengths of diopside are reported and compared with other clinopyroxenes. Bulk modulus and its pressure
derivative of the two diopside samples are determined using third-order Birch—-Murnaghan equation of state. The density
of the two diopside samples is calculated under cold subducting slab conditions and is compared with the seismic models.
Along the cold slab geotherm, aluminous iron-bearing diopside has higher density than end-member diopside. In the upper
mantle, eclogite with aluminous iron-bearing diopside is denser than eclogite with end-member diopside, and, therefore,
provides larger slab pulling force. At the bottom of the transition zone and the top of the lower mantle, eclogite with alumi-
nous iron-bearing diopside, though higher in density than the end-member diopside, is still less dense than the surrounding
mantle and could contribute to the slab stagnation.
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Introduction

Diopside (CaMgSi,Oy), the Ca- and Mg-rich clinopyroxene
(cpx) is an important mineral in the Earth’s upper mantle. In
the pyrolite and piclogite upper mantle models, clinopyrox-
Department of Geology and Geophysics, University ene consti'tutes about 15% and 35%, respectively, of'the total
of Hawaii at Manoa, Honolulu, HI, USA minerals in the top portion of the upper mantle (Ringwood
) . . L 1975; Frost 2008; Ita and Stixrude 1992; Anderson and Bass
Department of Physics, New Mexico State University, R K
Las Cruces, NM, USA 1984; Bass and Anderson 1984). As depth increases, clino-
pyroxene gradually dissolves into garnet and forms majorite
at the depth of transition zone (Ringwood 1967).
Diopside is also an important mineral in the subduct-
ing slab. Eclogite—a rock formed by high-pressure meta-
morphism of basalt or gabbro at subduction zones—is
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mainly composed of clinopyroxene (60-70 vol%) and gar-
net (20-30 vol%) (Ringwood 1982; Poli 1993), though the
pyroxene is typically enriched in Na and Al, and classified
as omphacite. When temperature is sufficiently high (e.g.,
>1300 K), omphacite slowly dissolves into garnet at depths
greater than 300 km, transforming eclogite into garnetite
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(Ringwood 1982). This transition is highly dependent on
temperature profile of the subducting slab, which varies with
the age of the sea floor. Recent studies show that at tem-
peratures well below the mantle geotherm, pyroxene-garnet
transformation is kinetically inhibited at the conditions of
the subducting slab, so that clinopyroxene may be well pre-
served down to the transition zone, or even the top of the
lower mantle in the subducting slab (Nishi et al. 2008, 2013;
Van Mierlo et al. 2013).

Seismic studies show a large variety of subducting slab
morphologies near the base of the mantle transition zone,
between 400 and 800 km depth. Some subducted slabs
sink into the lower mantle, for example, beneath the Cen-
tral America, while others seem to flatten and stagnate, for
example, beneath the Izu—Bonin region (Fukao et al. 2009;
Fukao and Obayashi 2013). Another notable phenomenon
is that hot (>1200 K) slabs are dominated by absence of
stagnation, while cold (<1200 K) slabs are dominated by
stagnation (King et al. 2015). The preservation of metastable
clinopyroxenes at the transition zone provides a good expla-
nation to the cold stagnant slab phenomenon—cold environ-
ment preserves the metastable phases which are less dense
than the surrounding stable phases, thus providing buoyancy
force to the slab. As a consequence, the metastability and
density of pyroxene below 1200 K play an important role
in slab dynamics (Faccenda and Dal Zilio 2017; Nishi et al.
2011; Van Mierlo et al. 2013).

Pyroxenes are also found in various meteorites, includ-
ing ordinary and carbonaceous chondrites, as well as in the
silicate inclusions in iron meteorites (Rubin 1997). Some
studies report the observation of diopside in heavily shocked
chondrites (Rubin 1997; Zhang et al. 2006; Tomioka and
Kimura 2003), which suggests that it can survive to pressure
beyond the established stable region. Therefore, the study
of diopside at high pressure is also important to explain its
behavior in the shock process (Svendsen and Ahrens 1983,
1990; Rigden et al. 1989).

Clinopyroxenes, with a general formula M2M1(Si, Al), O
and a C2/c space group at ambient conditions, have crys-
tal structures consisting of alternating layers of tetrahedral
chains and layers of octahedrally coordinated cations. The
flexibility of the tetrahedra to rotate with respect to one
another allows the structure to accommodate cations with
different ionic radii, leading to a wide range of possible
compositions (Cameron and Papike 1981). In this structure,
M2 is usually occupied by large cations such as Ca**, Na*,
Mn**, Fe*™, Mg**, and Li*, whereas M1 is usually occupied
by smaller cations such as Mn**, Fe**, Mg**, Fe’*, AP,
and Ti**. The subducted oceanic crust is rich in Fe’* and
AP* (Ringwood 1982). The down-going sediments carried
by the crust also contain Fe- and Al-rich pelitic packages
(Plank and Langmuir 1998; Poli and Schmidt 2002). Thus,
it is likely that Fe** and AP* are present in the subducted
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pyroxene. The presence of Fe?* and AP* in pyroxene
structure has been known to affect the density. Hedenber-
gite (CaFeSi,0q), the Ca- and Fe-end-member clinopyrox-
ene, has ~12% higher density than diopside (Zhang et al.
1997), while Ca-Tschermak (CaAl,SiO,), the Ca- and Al-
end-member clinopyroxene, has ~5% lower density than
diopside (Flemming et al. 2015).

Diopside has been the subject of several high-pressure
studies. The equation of state of diopside has been well
determined to ~15 GPa (Zhang et al. 1997; Zhao 1998; Li
and Neuville 2010; Sang and Bass 2014; Thompson and
Downs 2008) by single-crystal or powder X-ray diffraction.
Diopside is thermodynamically stable to ~17 GPa. Above
17 GPa and 1400 °C, diopside decomposes into a mixture of
product phases including Mg-rich (Mg, Ca)SiO5 garnet and
CaSiO5-rich perovskite (Akaogi et al. 2004; Canil 1994).
Below 1400 °C, diopside dissociates to Ca—perovskite, wad-
sleyite, and stishovite (Kim et al. 1994; Oguri et al. 1997).
Above 20 GPa, between 1000 and 1900 °C, diopside is
observed to break down to Mg—perovskite and Ca—perovs-
kite (Irifune et al. 2000; Liu 1979). At ~1300° and 32 GPa, a
metastable cubic CM—perovskite Ca(Mg, Fe, Al)Si, O phase
was observed (Asahara et al. 2005). However, at ambient
temperature, where the diffusion is slow, diopside can be
preserved to pressures well above its thermodynamically
stable region. The structure of diopside was determined up
to ~55 GPa on an end-member and an aluminous Fe-bearing
diopside (Plonka et al. 2012; Hu et al. 2017). Two new high-
pressure phases, one featuring 4- and 6-coordinated Si and
one featuring rare 5- and 6-coordinated Si, were observed
(Plonka et al. 2012; Hu et al. 2017). In this study, we con-
ducted high-pressure single-crystal X-ray diffraction experi-
ments on end-member diopside and aluminous Fe-bearing
diopside. We studied the equation of state of diopside and
also the compositional effects on volume.

Methods

Two samples were used in the experiments: (1) nearly end-
member diopside Ca(Mg, g7Fe 13)(Alj 0151, 99)Og (denoted
as Di_Mggy; below) and (2) aluminous Fe-bearing diopside
(CaygssFeg hosNao.030Mn0.006K0.003) (M8o.752Fe s34l 064 Fg o Tio.on1)
(81} 93641 064) O (denoted as Di_Mg,s below). Di_Mgy; is
the same sample used in Plonka et al. (2012) and Di_Mg-s
the same sample used in Hu et al. (2017), Di_Mgsis a natu-
ral sample from the Harry Hess collection at Princeton Uni-
versity (designated as sample C’ in Subramanian (1962)).
High-pressure experiments were performed at the syn-
chrotron beamline 13ID-D of the Advanced Photon Source
at Argonne National Laboratory. One Di_Mgy; crystal was
loaded into a symmetric piston-cylinder Princeton-type
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diamond anvil cell (DAC) with a total opening of 54°.
Neon pressure medium was loaded using the GSECARS/
COMPRES gas-loading system (Rivers et al. 2008). One
Di_Mgs crystal was loaded in helium pressure medium into
a diamond anvil cell equipped with conical diamond anvils,
featuring 70° total X-ray opening.

Pressure inside the DACs was determined using ruby flu-
orescence (Mao et al. 1986) and neon diffraction (Dewaele
et al. 2008). Diffraction data were collected with a MAR165
Charge Coupled Device (CCD) detector at incident energy
of 37.7 keV, following the same procedure, as described
in Dera et al. (2013a). Diffraction images were processed
using ATREX software package (Dera et al. 2013b), and the
structure refinements were conducted using SHELXL (Shel-
drick 2008). The refinement details of the two phases are
listed in Table S1 and Table S2. VESTA program was used
for calculation of polyhedral geometry parameters (Momma
and Izumi 2011). Single-crystal X-ray diffraction data were
collected at each pressure point. The principal component
analysis was done using the Scikit-learn package (Pedregosa
etal. 2011).

Density functional theory (DFT) calculations were per-
formed using the Vienna Ab-initio Simulation Package
(VASP) (Kresse and Furthmiiller 1996a, b), with the elec-
tronic exchange and correlation described using the local-
density approximations(LDA) (Perdew and Zunger 1981).
The Brillouin zone was sampled on a 2x2x4 Monkhorst-
Pack grid and a plane-wave cutoff energy of 700 eV was
used. The projector augmented wave method (PAW) was
used in describing the interactions between atoms (Blochl
1994; Kresse and Furthmiiller 1996a). The core region cut-
off radii of the PAW potentials for Ca, Mg, Si, and O were
3.0ag, 2.0 ag, 1.6 ag, and 1.52 ag, respectively (1 az = 0.529
10\). These computational settings are similar to the previous
works on pyroxene (Walker et al. 2008; Walker 2012). The
DFT calculations were performed in C2/c space group and
all athermal structural optimizations were performed at con-
stant volume. All crystallographic degrees of freedom con-
sistent with the crystal symmetry were relaxed simultane-
ously until deviatoric stresses were less than 0.05 GPa. The
calculations were performed under static conditions. Zero-
point vibrations and thermal vibrations were not considered.

Results and discussion
Equation of state
The volume changes of different clinopyroxenes with pres-

sure up to 50 GPa are plotted in Fig. 1a and a detailed
comparison with existing data up to 15 GPa is shown in
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Fig.1 a Pressure—volume relationship and the equation of state fit
of different clinopyroxenes up to ~ 50 GPa. b Pressure—volume rela-
tionship and the equation of state fit of different clinopyroxenes up to
15 GPa

Fig. 1b. The volumes of diopside determined in this study
show good agreement with those from literature in the low-
pressure regime (Zhang et al. 1997; Zhao 1998; Thomp-
son and Downs 2008; Li and Neuville 2010; Sang and Bass
2014). The differences between Di_Mg,s, Di_Mgy;, and
DigyEn,, become more pronounced at high pressure, as
shown in Fig. 1a, which is most likely due to the composi-
tional effect. The ambient volumes of end-member diopside
(CaMgSi, Oq), hedenbergite (CaFeSi,O¢) and Ca-Tscher-
mak (CaAlAlSiOg) are 438.82(11), 449.90(7) and 421.86(2)
A3, respectively (Zhang et al. 1997; Flemming et al. 2015).
The volume of diopside is ~ 2.5% smaller than hedenbergite,
and is ~ 4.0% larger than Ca-Tschermak, which indicates
that iron increases the volume, while aluminum decreases
the volume in Ca-rich clinopyroxenes.

The bulk modulus (K;) and its pressure derivative (Ky,")
can be determined from a weighted nonlinear least-squares
fitting of 3rd-order Birch—-Murnaghan equation of state
(BM3) Eq. 1:
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where P is pressure, V and V, represent the volumes at high
and ambient pressure (Hazen and Downs 2000), ﬁ is used
as the weighting factor (o(V) is the uncertainty of volume
from the experiments) and V, is constrained by the ambient
measurement. The unit-cell volume of Di_Mg,, is deter-
mined as 438.75(3) A3 by single-crystal X-ray diffraction.
The bulk modulus and its pressure derivative of Di_Mg,, are
determined as 129(3) GPa and 4.2(3) from BM3 fitting. The
BM3 fitting results of Di_Mgq; yield Ky, = 124(3) GPa and
K7q” = 4.4(3). The BM3 fitting of DFT calculated volumes
on end-member diopside yields K, = 128(4) GPa and K’
= 4.0(2), which shows a comparable bulk modulus with
Di_Mgg,. The discrepancies between experimental and DFT
results are mainly from the neglect of thermal vibrations
(temperature effect) and zero-point vibrations in the calcula-
tions. The bulk modulus and its pressure derivative of
Di_Mg,5 determined from fitting BM3 are 113(1) GPa and
4.46(9), respectively. Based on those results, we conclude
that Fe and Al in diopside structure decrease the bulk
modulus.

Figure S1 shows the F-f; plot of both diopside samples,
depicting a relationship between Eulerian strain f (Eq. 3)
and Birch normalized stress Fj; (Eq. 4):
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Fig.2 Ko and Ky’ ellipses with a confidence level of + 68.3% of
different clinopyroxene compositions

@ Springer

fe=LV/VyP -11)2 3)
and

Fp = P/[3f(1 +2f,)*?] )
In this fitting, ﬁ is used as the weighting factor. The

Ky = 112(1) GPa and K\, = 4.5(1) of Di_Mg;5 obtained
from linear f—F fit are in good agreement with the values
from direct BM3 fitting (K;, = 113(1) GPa and K/, =
4.46(9)). The Ky and K’ of Di_Mgy, from f-F; plot are
determined to be 127(3) GPa and 4.3(3), and also agree well
with the values from BM3 fitting.

The Ky, and K, confidence ellipses of different kinds
of clinopyroxenes (with a confidence level of + 68.3%) are
plotted together with Di_Mg,5 and Di_Mgy, in Fig. 2. The

10 \ O DigoEno,Tribaudino et al., 2000
Hed_Fegs, Hu et al., 2015

O Di_Mgys, This study
O Di_Mggyy, This study

9.5

a (A)

b (A)

c (A)

B()

103

aesin(B) (A)

Pressure(GPa)

Fig.3 Unit cell parameters of clinopyroxenes at high pressure
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K;¢ and K’T0 of Di_Mg,5 and Di_Mgy,; determined from fit-
ting BM3 are similar to the observations in Sang and Bass
(2014); Li and Neuville (2010); Thompson and Downs
(2008) (the Ky and K'T0 from other papers are recalculated
from the reported unit cell volumes), but are different from
the values determined by Zhao (1998) and Zhang et al.
(1997). The discrepancy between the data is probably due
to pressure calibration. Hedenbergite shows larger K, than
diopside (Hu et al. 2015) and aluminous iron-bearing diop-
side has smaller K, than nearly end-member diopside. This
indicates that Fe in diopside structure tends to increase bulk
modulus and Al in diopside structure tends to decreases bulk
modulus. However, the variation with changes in composi-
tion is weak, which is consistent with the observation in
Kandelin and Weidner (1988).

Structure comparison

The unit cell parameters of both diopside samples along with
Hed_Feg; (Hu et al. 2015) at different pressures are shown in
Fig. 3 and are tabulated in Tables 1 and 2. Clinopyroxenes
can be described as layered structures. The Si—O tetrahedral
chains extend along the ¢ direction with M1 and M2 cati-
ons located between the chains. a axis points in the direc-
tion perpendicular to the layers, and therefore, the length

of a-axis is mainly controlled by chemical composition.
Both diopside samples have similar value of a , which is ~
0.8% smaller than hedenbergite, and is caused by the small
cation size of Mg>*, compared to Fe?*. This effect can also
be observed in the average M1-O bond length and M10Og
polyhedral volumes, as shown in Figs. 4a, b. The average
bond length of M1-O in hedenbergite is larger than in diop-
side, and the polyhedral volume of M1Og in hedenbergite
is also larger than in diopside. The b unit cell parameter of
hedenbergite is ~1.1% greater than that of diopside. The unit
cell length along the ¢ direction is controlled by O3—03-03
angle. The O3-03-03 angle is almost the same in diopside
and hedenbergite, in the range of ~165°-156°. The values of
the c lattice parameter of all diopside phases compared here
are about the same. The f angles of diopside decrease sig-
nificantly upon compression at relatively low pressure. The
Mg-rich samples Di_Mgy; and DigyEn,, show a flattening in
S angle at ~30 GPa. The § angle of diopside is ~1.1% higher
than that of hedenbergite. Similar analyses are also found in
the previous literature (Zhang et al. 1997).

Compositional effect on unit cell volume
Density is an important property of minerals, which is respon-

sible for both the positive and negative buoyancy force of the
slab (Hu et al. 2016), and therefore affects the slab dynamics.

Taple 1 Unit cell parameters of Exp. No. Pressure(GPa) a(A) b(A) ¢(A) AC) Volume(A3)
Di_Mgss
PO 0.00001 9.7578(9) 8.9168(9) 5.2584(5) 105.885(9) 440.05(8)
P1 0.7(1) 9.733(1) 8.8930(9)  5.2450(5)  105.809(9)  436.81(8)
P2 2.8(1) 9.676(1) 8.830(1) 521646)  105.52(1) 429.41(9)
P3 12.0(4) 9.500(1) 8.5954(7) 5.1066(4) 104.815(9) 403.13(7)
P4 19.94) 9.394(2) 8.4345(9) 5.0336(5) 104.40(1) 386.32(9)
P5 25.0(4) 9.331(1) 8.3333(9) 4.9960(5) 104.28(1) 376.46(8)
P6 31.7(4) 9.263(1) 8.2008(9) 4.9584(5) 104.14(1) 365.45(8)
P7 37.7(4) 9.238(1) 8.096(1) 4.9242(5) 103.92(1) 357.43(8)
P8 42.7(4) 9.193(2) 8.006(1) 4.9061(7) 103.70(2) 350.8(1)
P9 48.4(4) 9.181(2) 7.897(2) 4.8764(8)  103.48(2) 343.8(1)
Table 2 Unit cell parameters of Exp.No.  Pressure(GPa)  a(A) b(A) c(A) B Volume(A%)
Di_Mgy,
PO 0.00001 9.7403(4) 8.9163(4) 5.2514(2) 105.839(1) 438.75(3)
P1 2.28(3) 9.696(9) 8.882(9) 5.220(2) 105.58(3) 433.0(6)
P2 9.99(2) 9.522(4) 8.685(3) 5.1324(6) 105.03(1) 409.9(2)
P3 15.62(3) 9.463(3) 8.533(3) 5.0846(5) 104.85(1) 396.8(2)
P4 20.5(1) 9.406(6) 8.459(5) 5.050(1) 104.83(2) 388.4(3)
P5 25.2(2) 9.340(6) 8.400(5) 5.019(1) 104.73(2) 380.8(3)
P6 33.1(2) 9.273(6) 8.245(5) 4.9738(9)  104.60(2) 368.0(3)
P7 35.9(2) 9.230(3) 8.205(3) 4.9522(6) 104.45(3) 363.2(2)
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Fig.4 Polyhedral volumes of clinopyroxenes at high pressure

Modeling of density of minerals with complex compositions
is not trivial. The unit cell volumes of such minerals can be
estimated through thermodynamic mixing (Green et al. 2007).
However, the composition of natural diopside is very compli-
cated and thermodynamic modeling can be challenging and
require a lot of data of end-member or simple-composition
samples, which are hard to obtain. Therefore, in this study,
we used statistical methods instead of physical model to ana-
lyze the compositional effect on density. The details of the
analysis are described in the supplementary materials. In order
to model the relationship between composition and unit cell
volume, data from the RRUFF mineral database are analyzed
together with data obtained in this study, as shown in Table S3.
In this table, columns 2—-16 (15 columns in total) show the
fraction of atoms of different elements in each crystallographic
site multiplied by 100, and the last column shows the unit cell
volume. The columns 2-16 are used as the input (old vectors)
and are decomposed to four new principal vectors using prin-
cipal component analysis (PCA), and then multi-dimensional
linear regression is used to fit the relation between the four new
vectors and the unit cell volume (James et al. 2013).

@ Springer

Principal component analysis is a method allowing to find a
low-dimensional representation of the data that has the maxi-
mum variation, which is equivalent to finding a set of more
combined parameters to which the analyzed function is most
sensitive. Each of the new vectors found by PCA is a linear
combination of the normalized old vectors. The i" vector in
the new space is represented by

Zi = tllxl + t2lX2 +...+1¢ 'Xml,O S i S m2, (5)

myi
where X = {XIT;XZT;...;XmIT} (the superscript 7 means
transpose) is the normalized old vector which has dimen-
sion n X m; (n is the sample size and m, is the dimension of
the old space). 7;; is the element of the transformation matrix
T and m, is the dimension of the new space. Therefore, Eq. 5
can be represented as

Z=X-T. ©6)
The matrix T, which maximizes the variation of the new vec-
tors, can be found via eigen decomposition or singular value
decomposition. The transformation matrix T has dimensions
m; X m,. Here, we picked 38 clinopyroxene samples, as listed
in Table S3. The transformation matrix is listed in the sup-
plementary material (sup_trans_matrix.txt). The four new
principal vectors forming the Z = {Z,";Z,":Z,";Z," } with
dimensions n X m,) are shown in the supplementary materi-
als (sup_Z_vector.txt). New vectors Z;, even though formed
through linear combination of compositional vectors, are
abstract mathematical constructs without a direct chemical
or physical interpretation, because coefficients of T are not
restricted to be positive only. The four new vectors explain
53.73%, 35.90%, 5.49% and 3.40%, respectively, of the total
variance. The total variance represented is 98.52%, which
indicates that the top four vectors are sufficient to represent
majority of the data.

A linear regression is performed between the four princi-
pal components Z,, Z,, Z;, Z, and the volume V, using Eq. 7:

V=a,-Zi+tay-Zhtas-Zy+a,-Z,+f @)
The fitted coefficients are a; = —10.46, a, = 10.60,
a; = —3.96, ay, = —2.45 and f = 440.95. The mean square
error of the fitting is 2.39 AS and the maximum mismatch
between the predicted and the actual value is 1.62%. Fig-
ure 5 shows the linear regression results between the four
new vectors and the unit cell volume along with the fitting
residual. Good agreement is achieved between the fitting
results and the actual values.

Elements in the transform matrix T show the projection
of the normalized vector in the old space (X;) on the vector
in the new space (Z;). By analyzing T, we can have a bet-
ter idea of the meaning of the principal components. The
first interesting observation regarding T is that the last two
rows (the 14th and the 15th rows) always have opposite
values. The value in the 14th row is the projection of Si (in
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Fig.5 Relationship between
unit cell volumes and the four
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T site) to the new space and the value in the 15th row is the
projection of Al (in T site) to the new space. Si (in T site)
and Al (in T site) add up to a constant value and there-
fore have strong negative correlation. PCA correctly rec-
ognized the negative correlation between the two vectors
and opposite numbers on the 14th and the 15th rows can
maximize the variance. Therefore, the variance contribu-
tion of Si (in T site) and A/ (in T site) can be combined and
analyzed together. The elements in matrix T range from
107" to 10~#. Therefore, the most important components in
the old vectors are those with coefficients T}; in the order
of 10~L. The first new vector, Z,, is the most important
principal component which explains 53.73% of the total
variance. Among the coefficients T;; (1<=i <=15), T, ; and
Ts, are in the order of 10~! and have a positive sign. This
means that contribution of the new vector Z, increases
as APt (in M1 site) and Al (in T site) increase. Figure 5a
shows the trend between Z; and volume, there are roughly
two branches, the branch, where volume decreases as Z;
component increases, is mainly caused by the increase in
AP* in M1 site and Al in T site. Ty ;, which is the projec-
tion of normalized Mg2+ concentration in M1 site on Z;,

is the element in 7}, which has the largest negative value.
Therefore, the Z; component decreases as Mg2Jr in M1
site increases. The other branch in Fig. 5a shows nega-
tive correlation between volume and the concentration of
Mg** in M1 site. Among the coefficients T, (1<= i <=
15), T; », which is the projection of Fe?* in M1 site on Z,,
has the largest positive value. In Fig. 5b, unit cell volume
and the Z, component are in general positively correlated.
Therefore, unit cell volume and Fe?* in M1 site have posi-
tive correlation.

Implications for the subducting slab

Diopside is the Mg-end member of omphacite—an important
clinopyroxene in eclogite. It provides the pulling force for the
subduction and is therefore relevant for the slab dynamics stud-
ies. The difference in chemistry of eclogitic diopside in various
subduction zones has not been studied systematically, there-
fore, it is difficult to assess whether Fe-content differences in
diopside from cold, and hot subducted slabs are the controlling
factor of the slab pull, or a consequences of the different P-T-
time paths of diopside residence in the slab. The densities of
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Fig.6 Density of different mineral assemblages in the cold subduct-
ing slab

different diopside and pyrope samples (Hu et al. 2016) along
the cold basalt geotherm (Ganguly et al. 2009) are shown in
Fig. 6. The mineral assemblages with different diopside and
pyrope proportions along with two seismic density profiles are
also shown in Fig. 6. Along the cold basalt geotherm, at the
base of the upper mantle, Di_Mg,5 and pyrope are ~3.5% and
~6.9% denser than Di_Mgy;. A mineral assemblage of 30%
Di_Mg,s+ 70% pyrope is ~2.4% denser than a mineral assem-
blage of 30% Di_Mgy; + 70% pyrope and is ~4.2% denser than
the density profile determined from seismic model AK135-f
and PREM. A mineral assemblage of 50% Di_Mg,s + 50%
pyrope is ~1.7% denser than a mineral assemblage of 50%
Di_Mgy; + 50% pyrope and is ~4.9% denser than AK135-f
and PREM model. Therefore, the cold basalt provides a pull-
ing force to the slab in the upper mantle. Di_Mg-s, which has
more Fe and Al, provides ~2% more pulling force than the
end-member diopside. Therefore, with more Fe’* and AP+,
the slab tends to have more pulling force.

At the base of the mantle transition zone, the diopside
and pyrope mixtures are less dense than the density pro-
file determined from seismology. The mineral assemblage
of 30% Di_Mg,s + 70% pyrope is 2.6% denser than the
mineral assemblage with 30% Di_Mgy; + 70% pyrope.
This assemblage is 3.35% lighter than the seismic models.
The mineral assemblage of 50% Di_Mg;s + 50% pyrope
is 1.9% denser than the mineral assemblage with 50%
Di_Mgy; + 50% pyrope. This assemblage is 3.0% lighter
than the seismic models. At the top of the lower mantle,
the 30% Di_Mg,s + 70% pyrope assemblage and the 50%
Di_Mg,s + 50% pyrope assemblage are 10.5% and 10.3%
lighter than the seismic models. Therefore, even with
Di_Mg-s, which has more Fe and Al, the cold basalt is less
dense than the surrounding mantle transition zone materials.
This mineral assemblage still provides a buoyancy force to
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the slab, and could contribute to the slab stagnation observed
at the bottom of the transition zone or the top of the lower
mantle.

Conclusions

Diopside (CaMgSi, Og) is an important mineral in the subu-
ducted lithospheric plate. It is believed to dissolve into gar-
net at high-pressure and high-temperature conditions equiva-
lent to the Earth’s upper mantle. However, recent studies
show that this reaction is kinetically inhibited at the condi-
tions of cold subducting slab, and therefore clinopyroxene
can be preserved down to the transition zone or even the top
of the lower mantle (Faccenda and Dal Zilio 2017; Nishi
et al. 2011; Van Mierlo et al. 2013). We reported the results
of high-pressure single-crystal X-ray diffraction experiments
conducted on aluminous iron-bearing diopside and a nearly
end-member diopside up to 50 GPa in diamond anvil cell.
The density functional theory calculations of end-member
diopside are also reported. The bulk modulus and its pres-
sure derivative are determined to be 123(3) GPa and 4.5(3)
for the nearly end-member diopside and 113(1) GPa and
4.46(9) for the aluminous iron-bearing diopside. These
results are compared with hedenbergite (CaFeSi,O¢) and
Ca—Tschermak (CaAlAlSiOg), and indicate that Fe in clino-
pyroxene structure increases bulk modulus and Al decreases
bulk modulus. The structure of diopside is compared with
hedenbergite and DigyEn,,. Diopside has shorter a axis than
hedenbergite and this is caused by the smaller cation size of
Mg*, compared to Fe’*. The f angle of Mg-rich clinopy-
roxene such as diopside and DigyEn,, show a flattening at
~30 GPa. The effect of Fe’* and AP in the unit cell vol-
ume of Mg-, Fe- and Al-rich clinopyroxenes are analyzed
using principal component analysis. Positive correlation
is observed between Al and unit cell volume and negative
correlation is shown between Fe and unit cell volume. The
densities of the two diopside samples are modeled along the
cold subducting slab geotherm (Ganguly et al. 2009) and are
compared with the seismic models. Aluminous iron-bearing
diopside shows higher density than the end-member diop-
side. Therefore, in the upper mantle, aluminous iron-bearing
diopside provides stronger pulling force to the subducted
slab. At the bottom of the transition zone and top of the
lower mantle, eclogite with aluminous iron-bearing diop-
side has higher density than that with end-member diopside.
However, it is still less dense than the surrounding mantle
and therefore could contribute to the buoyancy force, which
explains the slab stagnation phenomena observed at that
depth.
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