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With increasing pressure, olivine transforms to wadsleyite, ringwoodite, and finally dissociates into
bridgmanite and ferropericlase, producing dramatic structure changes along these phase transformations.
Here we investigated the equilibrium isotope fractionation of Mg, Si, and O among these phases using
first-principles calculations. Both Mg and Si have measurable isotope fractionations among these phases,
even at mantle’s pressure-temperature conditions. Wadsleyite and ringwoodite are depleted in heavy

Si but enriched in heavy Mg relative to olivine. Bridgmanite is depleted in heavy Si and Mg among
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all phases. Increasing pressure can slightly reduce the size of Si isotope fractionation but significantly
depress Mg isotope fractionation among these phases. Mg and Si isotope fractionation among Mg;SiO4
polymorphs may provide a promising way to “probe” the depth and temperature of origin of mantle

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Inter-mineral isotope fractionations are important in estimating
temperatures for many geological processes (e.g. Anderson et al.,
1971; Clayton, 1986; Emiliani, 1955; Valley, 2001) and elucidat-
ing the material fluxes and time scales associated with magmatism
and fluid/melt-rock interaction in the crust and mantle (see Valley,
1986; Zheng et al., 2003). Equilibrium isotope fractionation factors
are the bases for the interpretation of isotope fractionation data
from natural systems, and they are essential geochemical parame-
ters in evaluating isotopic equilibrium (e.g. Chakrabarti and Jacob-
sen, 2010b; Feng et al., 2014; Huang et al., 2013; Schauble, 2011;
Teng et al,, 2011; Young et al., 2009).

The equilibrium fractionation of stable isotopes was thought to
be negligible at the mantle’s temperature (T) and pressure (P)
conditions because isotope fractionation is proportional to 1/T2
(Urey, 1947). With the advent of modern analytical techniques
such as multi-collector inductively-coupled plasma mass spectrom-
etry (MC-ICP-MS) (e.g. Albarede and Beard, 2004), inter-mineral
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Mg isotope fractionation has been observed among mafic minerals
even at mantle P-T conditions because of their structural dif-
ferences (Bourdon et al., 2010; Chakrabarti and Jacobsen, 2010a;
Handler et al., 2009; Huang et al., 2009; Li et al., 2011; Liu et al.,
2011; Teng et al., 2007, 2010; Tipper et al., 2008a, 2008b; Wang
et al.,, 2012; Wiechert and Halliday, 2007; Young and Galy, 2004;
Young et al.,, 2002, 2009). Equilibrium isotope fractionation is sen-
sitive to the bond strength with the heavier isotopes preferring
the stronger bond. Phase transformations in the Earth’s deep in-
terior change the bond strengths of many minerals, which may
produce measurable effects on equilibrium isotope fractionations.
These isotope fractionations, if confirmed in natural samples or by
laboratory experiments, will provide a potential way to estimate
the depth of origin of these natural samples.

Olivine is the most abundant mineral in the upper mantle.
With increasing pressure, olivine transforms to wadsleyite, then to
ringwoodite, and finally dissociates into bridgmanite and ferroper-
iclase (Ito and Takahashi, 1989; Katsura and Ito, 1989; Liu, 1976;
Ringwood, 1991). The global seismic discontinuities at ~410 km
and 670 km and local seismic discontinuity at ~520 km have
been ascribed to these transformations. The remarkable changes
on the lattice structure and vibrational properties (see Li et al.,
2007; Wu and Wentzcovitch, 2007; Yu and Wentzcovitch, 2006;
Yu et al., 2008) caused by these transformations may significantly
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impact the equilibrium Mg, Si, and O isotope fractionations among
these phases.

Following the pioneering work by Kieffer (1982), recent studies
have demonstrated that the first-principles calculation based on
density functional theory is a powerful tool for calculating equilib-
rium fractionation factors of stable isotopes (e.g. Blanchard et al.,
2009; Feng et al., 2014; Huang et al., 2013, 2014; Javoy et al., 2012;
Li and Liu, 2011; Li et al., 2009; Meheut et al., 2007, 2009; Rustad
and Dixon, 2009; Rustad and Yin, 2009; Schauble, 2004, 2011). In
this study, we use this approach to investigate the equilibrium
fractionations of MgySiO4 (olivine, its polymorphs, bridgmanite,
and ferropericlase) for Mg, Si, and O isotopes. These fractiona-
tion factors are important in determining whether isotope frac-
tionations in natural samples, such as mantle xenolith and in-
clusions in diamonds, are caused by phase transformations and
hence potentially provide a way to trace the depth of the ori-
gin of these natural samples. This approach is complementary to
other ways of estimating the depth of origin of the xenoliths based
on major element compositions, such as mineral reactions and
geobarometric methods (e.g. Collerson et al.,, 2000; Harte, 2010;
Kaminsky et al., 2001; Keshav and Sen, 2001; Pearson et al., 2014).

2. Calculation details

The dependence of the vibrational frequencies on isotopic mass
on a particular bond leads to isotope fractionation (Bigeleisen and
Mayer, 1947; Kieffer, 1982; Urey, 1947). The equilibrium isotope
fractionation factor of element X between phases A and B is de-
fined as the ratio of their isotope ratios in these two phases and
given as oa—p = Ba/Bp, Where B is the reduced partition function
ratio. In the harmonic approximation g is:

Q* 3N uf e 3 (1—et)
(V1T , 1
g ( Q ) [ Ui (1—e U) ezl (1)

i

where Q is the vibrational partition function, asterisk refers to the
heavy isotope, u; = hw;/KpT, w; is the vibrational frequency of
mode i, Kg and h are the Boltzmann and Planck constants, re-
spectively, T is the temperature in Kelvin, and N is the number of
atoms in the unit cell.

B is a function of the unit cell volume, pressure and temper-
ature. Equation of state, P(V,T) = —dF(V,T)/dT, is needed to
express B as a function of P and T. Helmholtz free energy F(V, T)
in the quasi-harmonic approximation is given by:

F(V.T)=UV)+)_ w
ai

+ KT :ln(1 - exp[w]) )
) B
qj

where q is the wave vector in the first Brillouin zone, j is the in-
dex of phonon mode with frequency wg;. The first, second, and
third terms in Eq. (2) are the static internal, zero-point, and vibra-
tional energy contributions, respectively. The calculated Helmholtz
free energy versus volume is fitted by the third-order Birch-
Murnaghan finite strain equation of states to obtain the P(V,T).
The quasi-harmonic approximation has been demonstrated to work
well for many minerals (Wentzcovitch et al., 2010; Wu, 2010;
Wu and Wentzcovitch, 2011).

Electric structures and vibrational frequencies of minerals are
calculated using Quantum espresso, a package based on den-
sity functional theory, plane wave, and pseudopotential (Giannozzi
et al, 2009). The calculation details for minerals discussed in
this study are similar to previous studies with the same pseu-
dopotential for Mg, Si, and O (Huang et al., 2013; Karki et al,,

olivine

wadsleyite bridgmanite

Fig. 1. Crystal structure of olivine and its polymorph. Mg, Si and O are shown in
yellow, blue and red, respectively. Si with four nearest neighbor O atoms forms a
tetrahedron and Mg with six nearest neighbor O atoms forms an octrahedron in
forsterite, wadsleyite, and ringwoodite. Si with six nearest neighbor O atoms forms
an octrahedron in bridgmanite. Mg has 8 nearest neighbor O atoms in bridgmanite.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

2000a, 2000b; Li et al., 2007; Wu and Wentzcovitch, 2007; Wu
et al, 2008; Yu and Wentzcovitch, 2006). Local density approx-
imation (LDA) for exchange correlation functional (Perdew and
Zunger, 1981) is adopted in this study because it has been demon-
strated that LDA works well for structures and vibrational prop-
erties of minerals. The plane-wave cutoff energy is 70 Ry. Bril-
louin zone summations over electronic states were performed over
Ny x Ny x N3 k mesh with N; dependence on the materials
(see Table S1). The structures were optimized using variable cell
shape molecular dynamics (Wentzcovitch, 1991). Dynamical ma-
trices were computed on regular ¢ mesh using density-functional
perturbation theory (DFPT) (Baroni et al., 2001) and then inter-
polated in a dense g mesh to obtain the vibrational frequencies
needed (Table S1).

3. Result: crystal structure and equilibrium isotope fractionation

The crystal lattice parameters of olivine and its polymorphs
obtained using first-principles calculations are given in Table 1.
The transformation from olivine to wadsleyite and then to ring-
woodite does not change the coordination numbers (CN) of Si
and Mg atoms (Fig. 1). Si and Mg occupy the tetrahedral and
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Table 1
The crystal lattice parameters calculated based on quasi-harmonic approximation
from the volume at 0 GPa and 300 K compared with experimental measurements.

a b c 1%
(A) (A) (A) (A%)
Olivine 4.759 10.200 5.982 290.403 This study
Pnma 4.752 10.192 5.978 289.529 Experiment?
0.2 0.1 0.1 0.3 Error (%)
Wadsleyite 5.7154 11.4591 8.2657 541.35 This study
141 /a 5.6978 11.4620 8.2572 539.26 Experiment”
0.3 —0.02 0.1 0.4 Error (%)
Ringwoodite 8.079 527.4 This study
8.076 526.7 Experiment®
0.04 0.1 Error (%)
Periclase 4.219 75.1 This study
4.212 74.71 Experiment?
0.2 0.5 Error (%)
Bridgmanite 4.7948 4.9458 6.9207 164.1 This study
4.7782 4.9295 6.8984 162.5 Experiment®
0.3 0.3 0.3 1 Error (%)
Data source for experimental work:
2 (Kirfel et al.,, 2005)
b (Hazen et al., 2000)
¢ (Meng et al., 1994)
d (Dewaele et al., 2000)
€ (Mao et al., 1991).
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Fig. 2. The calculated vibrational frequencies are compared to the measured data
(see Table S2 for detail).

octahedral sites, respectively, in all three minerals. In contrast,
Si forms octahedra with six O atoms in bridgmanite. Mg CN in-
creases to 8 in bridgmanite. The first-principles calculations with
the LDA exchange correlation functional predicted well the crys-
tal structures, vibrational frequency, and thermodynamic proper-
ties of olivine and its polymorphs at temperature and pressure
conditions of the Earth’s mantle (Carrier et al, 2007; Karki et
al., 2000a, 2000b; Li et al., 2007; Wu and Wentzcovitch, 2007;
Yu and Wentzcovitch, 2006). For example, the calculated lattice
constants and vibrational frequencies agree well with experimen-
tal data for these minerals (see Tables 1 and S2; Fig. 2). Therefore,
LDA is a good exchange correlation functional for isotope fraction-
ation. This has been demonstrated in studies on Mg isotope frac-
tionation between clinopyroxene and pyrope (Huang et al., 2013;
Li et al,, 2011).

As shown in Fig. 3, the calculated average Mg-O and Si-O
bond lengths in several silicate minerals at ambient P-T condi-
tions agree within +0.5% (on a relative scale) with the precise
XRD measurements. The pressure dependence of the Mg-O and
Si-O bond lengths of olivine is consistent with experimental re-
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Fig. 3. The pressure dependence of the average bond length for (a) Si-O and (b) Mg-
O bond at 300 K. Lines are first-principles calculation results from this study. Ex-
perimental data are from Ross and Hazen (1989) (W), Hazen (1976) (), Hushur
et al. (2009) (), Hazen (1993) (%), Horiuchi and Sawamoto (1981) (@), Hazen et

al. (2000) ().

sults. The changes of the Mg-0 and Si-O bond lengths are in the
opposite directions during transformations from olivine to wads-
leyite, then to ringwoodite. The Mg-O bond length decreases dur-
ing phase transformations in the order of olivine > wadsleyite
> ringwoodite, which is consistent with the volume sequence of
these phases. In contrast, Si-O bond length increases during these
transformations, implying that wadsleyite and ringwoodite have
smaller volumes but longer Si-O bond lengths than olivine un-
der the same pressure. Because of the larger Si and Mg CNs in
bridgmanite, bridgmanite has much longer Mg-0 and Si-O bond
lengths than ringwoodite, even though bridgmanite is denser than
ringwoodite. The average Mg-0 and Si-O bond lengths in bridg-
manite are longer than those in ringwoodite at 0 GPa by about
7% and 8%, respectively. Such relative differences increase further
with increasing pressure. It is expected that these structure trans-
formations have significant effects on the isotope compositions of
Mg and Si of these minerals since they are sensitive to the bond
strength and hence bond length.

The calculated reduced partition function ratios (Ing) for
olivine and its polymorphs at 0 GPa are shown in Fig. 4 and
Table 2. 26Mg/2*Mg (10%In 8M8) decreases in the order of ring-
woodite > wadsleyite > ferropericlase > olivine > bridgmanite,
while 39Si/28si (10% In 85) decreases in the order of olivine > wad-
sleyite > ringwoodite > bridgmanite. These sequences in 103 Ing
are consistent with the sequences of their bond lengths. O isotope
fractionations are insensitive to phase transformations from olivine
to wadsleyite and then to ringwoodite, because Mg-0 bond lengths
decrease and Si-O bond lengths increase during these phase trans-
formations and, as a consequence, the average X-O bond lengths
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Fig. 4. The temperature dependence of the equilibrium reduced partition function
1031Ing for (a) 39Si/28si, (b) 26Mg/2*Mg, and (c) '80/'60 of olivine and its poly-
morphs at 0 GPa.

(where X stands for Mg and Si) are similar in these three phases.
In addition to bond lengths, the nearest neighbor atoms also af-
fect the isotope fractionations. O isotope fractionation between
ringwoodite and bridgmanite is negligible although both Mg-0O
and Si-O bonds are shorter in ringwoodite than in bridgmanite.
O in ringwoodite connects to one Si and three Mg atoms, while
O in bridgmanite connects to two Si and two Mg atoms. The Si-O
bond is stronger than Mg-O bond in both bridgmanite and ring-
woodite, so that bridgmanite and ringwoodite have similar average
X-0 bond strengths in spite that ringwoodite has a shorter aver-
age X-0 bond than bridgmanite. The inference that Si-O bond is
stronger than Mg-0O bond is also consistent with the observation

Table 2
Calculated reduced partition function 10001n 8 for olivine, wadsleyite, ringwoodite,
bridgmanite, and periclase around 400-3000 K at various pressure.

Pressure a b c
0 GPa Olivine Mg —0.108 2.290 0.0094
Si —0.091 7.484 —0.1424
0 —0.137 8.439 —0.0756
Wadsleyite Mg —0.100 2.615 0.0074
Si —0.099 6.741 —0.1067
0 —0.194 8.386 —0.0754
Ringwoodite Mg —0.093 2.808 0.0049
Si —0.097 6.337 —0.0867
0 —0.187 8.254 —0.0626
Bridgmanite Mg —0.086 2.248 0.0063
Si —0.141 4.542 —0.0214
0 —0.260 8.559 —0.0463
Periclase Mg —0.102 2.526 0.0131
0 —0.331 7.001 0.0201
13.4 GPa Olivine Mg —0.081 3.112 —0.0042
Si —0.053 8.111 —0.1724
0 —0.143 10.043 —0.1404
Wadsleyite Mg —0.084 3.352 —0.0052
Si —0.076 7.454 —0.1393
0 —0.161 9.828 —0.1219
Ringwoodite Mg —0.083 3.508 —0.0073
Si —0.082 7.072 —0.1180
0 —0.167 9.684 —0.1072
Bridgmanite Mg —0.080 2.710 —0.0008
Si —0.121 5.242 —0.0408
0 —0.228 9.882 —0.0854
Periclase Mg —0.092 3.157 0.0030
0 —0.293 8.921 —0.0275
23.8 GPa Olivine Mg —0.071 3.685 —0.0149
Si —0.041 8.522 —0.1933
(o] —0.096 10.898 —0.1797
Wadsleyite Mg —0.077 3.877 —0.0152
Si —0.065 7.949 —0.1632
0 —0.144 10.851 —0.1571
Ringwoodite Mg -0.077 4.015 —0.0172
Si —0.074 7.593 —0.1418
0 —0.154 10.718 —0.1422
Bridgmanite Mg —0.076 3.056 —0.0066
Si —0.109 5.742 —0.0557
0 —0.209 10.841 —0.1155
Periclase Mg —0.087 3.610 —0.0048
0 —0.270 10.288 —0.0654

10001n 8 = a + bx + cx?, where x =10%/T2. T is temperature in Kelvin.

that ferropericlase has the lowest '80/160 (10% In 8°) among these
minerals.

Pressure affects bond strengths and hence Ing (Fig. 5); how-
ever, its effect on Ing varies from element to element. Unlike
Mg and O, pressure has negligible effect on 10°In 5. Pressure
effect on 10%In A0 is smaller than that on 103 IngM8. As shown
in Fig. 6, pressure effect on In M8 varies from phase to phase.

Mg Mg
In B vine has a stronger pressure dependence than In 'Bwadsleyite and
Mg

Mg
In ﬂrmgwoodite but weaker than In ,Bbridgmamte. Pressure even changes
the sequences of Ing. In ﬂMg

. . Mg
ferroperidase is higher than lnﬂolivine at
0 GPa but lower than In g

(])\/[n%me at 24 GPa. Similar pressure effect
has been reported by Polyakov (2009) in Fe isotope fractionation
between ferropericlase/bridgmanite and metallic Fe, which is neg-
ative at 0 GPa but positive at core-mantle boundary. The signifi-
cant pressure effect on Mg fractionation has also been discussed
in other minerals (Huang et al,, 2013). These results suggest that
pressure is an important factor in determining the equilibrium iso-
tope fractionation for the minerals at the Earth’s deep interior, and
Mg fractionation between minerals obtained at low pressure may
not be applicable to high pressure.

The calculated In 8 of olivine’s polymorphs along the geotherm
(Boehler, 2000) are listed in Tables 3-5, and the differences in
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Fig. 5. The equilibrium reduced partition function 103Ing for (a) 39Si/28si,
(b) 26Mg/?*Mg, and (c) '80/'60 of olivine at various pressures.

10%In 8 at phase boundary along the geotherm are shown in Fig. 7.
Mg, Si, and O exhibit different isotope fractionation patterns during
the phase transformations. Compared to olivine, wadsleyite and
ringwoodite are depleted in 3°Si but enriched in 26Mg. Among
all phases, bridgmanite shows the largest depletion in both 30Si
and 26Mg. Each phase transformation causes measurable isotope
fractionations for both Mg and Si isotopes. Si isotope fraction-
ations are larger than Mg isotope fractionations. The significant
Si isotope fractionation between bridgmanite and olivine’s poly-
morphs suggests that the Si isotopic fractionation factor between
silicate and metal, A3%Sigjjicate-metal, May decrease with increasing
pressure (Georg et al, 2007; Huang et al., 2014). Consequently,
A39Sigilicate—metal Obtained from experiments or theoretical calcu-
lation at low pressures may not be applicable to Si isotope fraction
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Fig. 6. Temperature dependence of 10%Ings — 10°Ingg for (a) 39Si/28si,
(b) 26Mg/?*Mg, and (c) '80/'60 between different minerals (A) and olivine (B)
at various pressures.

during core formation, which may occur at 25-30 GPa (e.g. Li and
Agee, 1996; Righter et al., 1997).

4. Implications

Our calculations suggest that the bridgmanite-dominated lower
mantle would be slightly enriched in lighter Si and Mg iso-
topes compared to the olivine-dominated upper mantle during
magma ocean cooling process where the upper and lower man-
tle formed from crystallization of a hot magma ocean (Agee, 1993;
Andrault et al., 2011; Rustad and Yin, 2009; Walter et al., 2004).
Using the Si CN data of melt from first-principles calculations
(Stixrude and Karki, 2005), which show that the average Si CN
of melt increases linearly with pressure, and assuming negligible
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Table 3
Calculated reduced partition function 10001Ing of 39Si/?8Si for olivine (Ol), wad-
sleyite (Wad), ringwoodite (Rin), and bridgmanite (Pv) along geotherm (Boehler,
2000).

Table 5

Calculated reduced partition function 10001In8 of 80/'60 for o olivine (Ol), wads-
leyite (Wad), ringwoodite (Rin), bridgmanite (Pv) and periclase (Pe) along geotherm
(Boehler, 2000).

P T 0l Wad Rin Pv P T 0l Wad Rin Pv Pe
(GPa) (K) (GPa) (K)
1.70 1388 3.80 3.42 3.21 2.25 1.70 1388 4.30 4.22 4.16 4.24 3.40
1.98 1424 3.62 3.25 3.05 2.13 1.98 1424 4.09 4.01 3.95 4.02 3.23
2.25 1455 3.47 3.12 2.93 2.05 2.25 1455 3.93 3.86 3.80 3.86 3.11
2.58 1482 3.35 3.01 2.83 1.98 2.58 1482 3.80 3.73 3.67 3.73 3.00
3.22 1510 3.25 2.91 2.74 1.92 3.22 1510 3.69 3.62 3.56 3.61 2.93
4.42 1539 3.15 2.83 2.66 1.87 4.42 1539 3.61 3.53 3.48 3.52 2.88
5.74 1566 3.07 2.76 2.60 1.83 5.74 1566 3.55 3.47 3.41 3.45 2.85
7.57 1613 2.93 2.64 2.49 1.76 7.57 1613 3.42 3.34 3.28 3.31 2.78
8.60 1632 2.88 2.60 2.45 1.73 8.60 1632 3.38 3.30 3.24 3.27 2.76
9.51 1651 2.83 2.56 2.41 1.71 9.51 1651 3.35 3.26 3.21 3.22 2.75
10.49 1670 2.78 2.52 2.37 1.69 10.49 1670 3.31 3.22 3.17 3.18 2.72
11.59 1693 2.72 2.47 2.33 1.66 11.59 1693 3.26 3.17 3.12 3.13 2.70
12.35 1707 2.69 2.44 2.31 1.65 12.35 1707 3.24 3.15 3.09 3.10 2.69
13.42 1730 2.64 2.40 2.26 1.62 13.42 1730 3.19 3.10 3.05 3.05 2.66
14.79 1756 2.58 2.35 2.22 1.59 14.79 1756 3.14 3.05 3.00 3.00 2.64
15.77 1777 2.53 2.31 2.18 1.57 15.77 1777 3.10 3.01 2.96 2.95 2.61
16.80 1800 2.48 2.26 2.14 1.54 16.80 1800 3.05 2.96 2.91 2.91 2.59
17.60 1814 2.45 2.24 2.12 1.53 17.60 1814 3.03 2.94 2.89 2.88 2.58
18.50 1830 2.42 2.21 2.10 1.52 18.50 1830 3.00 2.92 2.87 2.86 2.57
19.66 1853 2.37 2.17 2.06 1.49 19.66 1853 2.95 2.87 2.83 2.81 2.54
20.86 1869 2.35 2.15 2.04 1.48 20.86 1869 2.93 2.86 2.81 2.79 2.54
22.04 1881 2.33 2.14 2.03 1.48 22.04 1881 2.93 2.85 2.81 2.79 2.55
23.25 1891 2.32 2.14 2.03 1.48 23.25 1891 2.92 2.86 2.81 2.79 2.57
24.00 1900 2.31 2.13 2.02 1.48 24.00 1900 291 2.85 2.80 2.78 2.57
24.50 1904 2.30 2.12 2.02 1.48 24.50 1904 291 2.85 2.81 2.78 2.58
0.0 0.2 0.4 0.6 0.8 1.0
Table 4 0 1 1 0
Calculated reduced partition function 10001n 8 of 26Mg/24Mg for olivine (Ol), wads-
leyite (Wad), ringwoodite (Rin), bridgmanite (Pv), and periclase (Pe) along geotherm Olivine
(Boehler, 2000). 5
P T ol Wad Rin Pv Pe 200
(GPa) (K) 0
1.70 1388 1.13 1.30 1.40 1.10 1.24 g
1.98 1424 1.08 1.24 1.33 1.05 1.18 = 400 15 O
2.25 1455 1.04 1.19 1.28 1.01 1.14 € ~
2.58 1482 1.01 1.15 124 0.97 1.10 = &
3.22 1510 0.99 1.12 1.21 0.94 1.07 = 0.05 .012 _go5 20 3
4.42 1539 0.98 1.11 1.19 0.92 1.05 2 400 - Ringwoodite : @
5.74 1566 0.98 1.10 1.17 0.91 1.04 o) et
7.57 1613 0.97 1.07 1.14 0.88 1.01 r25 0
8.60 1632 0.97 1.06 1.13 0.87 1.00
9.51 1651 0.97 1.06 1.12 0.86 0.99 800 - L 30
10.49 1670 0.96 1.05 1.11 0.85 0.98
11.59 1693 0.96 1.04 1.10 0.84 0.97
12.35 1707 0.96 1.04 1.09 0.83 0.97 ~ 35
13.42 1730 0.95 1.03 1.08 0.82 0.96 1000 -
14.79 1756 0.95 1.02 1.07 0.81 0.95
15.77 1777 0.94 1.01 1.06 0.80 0.94 %0 9:2 04 g6 08 =0
16.80 1800 0.94 1.00 1.05 0.79 0.93 Volume fraction
17.60 1814 0.94 1.00 1.04 0.78 0.92
18.50 1830 0.94 0.99 1.04 0.78 0.92 Fig. 7. The difference in 10%InA caused by phase transformation of Mg,SiO4. The
19.66 1853 0.93 0.98 1.03 0.77 0.91 value of 10°InBg — 10°In B, between low-pressure phase A and high-pressure
20.86 1869 0.93 0.98 102 0.77 0.90 phase B at phase boundary are listed in B phase. Red number is for 39Si/28Si, blue
22.04 1881 0.94 0.99 1.03 0.77 0.91 number is for 26Mg/?*Mg, and wine number is for '#0/'60. Figure is modified from
23.25 1891 0.95 0.99 1.03 0.77 0.91 Frost (2008). (For interpretation of the references to color in this figure legend, the
24.00 1900 0.95 1.00 1.03 0.77 0.91 reader is referred to the web version of this article.)
24.50 1904 0.95 1.00 1.04 0.77 0.91

isotope fractionation between melt and minerals with the same
CN, we estimated Si isotope fractionation between the lower and
upper mantle, A3%Siypper mantle-lower mantle, t0 be 0.08% to 0.12%o
(Huang et al., 2014) using mass balance. This fractionation value
reflects the upper and lower mantle difference just after the so-
lidification of the magma ocean. This upper and lower mantle
Si isotopic difference may still preserve if the primordial lower
mantle can be partially preserved or isolated from mantle convec-
tion since its formation. As an extreme scenario, if the primordial

lower mantle is completely isolated from the upper mantle, then
A305iupper mantle-bulk silicate earth = 0.08%o, and using the present
upper mantle §3°Si as the bulk silicate earth value would overes-
timate the Si content in the core by a few weight percent. Specif-
ically, the measured §39Si difference between the Earth’s upper
mantle and the chondritic reservoir ranges from 0.2%c (Georg et
al., 2007) to 0.035%c (Chakrabarti and Jacobsen, 2010b). Together
with a possible 0.08%, difference between the upper mantle and
the bulk silicate Earth inferred from our first-principles calculation,
Huang et al. (2014) estimated the Si content in the core at 7.3 wt%
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(A305iupper mantlechondritic reservoir = 0.2%0, Georg et al., 2007) to
essentially negligible (A3051upper mantle—chondritic reservoir = 0.035%o,
Chakrabarti and Jacobsen, 2010b).

Equilibrium inter-mineral isotope fractionations have been
found in many mantle xenoliths for many elements such as Li,
0O, Si, Mg, Ca, and Fe (e.g. Chakrabarti and Jacobsen, 2010a;
Feng et al, 2014; Georg et al, 2007; Halama et al, 2009;
Handler et al., 2009; Huang et al, 2010; Huang et al, 2011;
Liu et al,, 2011; Savage et al., 2011; Valley et al., 1998; Wiechert
and Halliday, 2007; Xiao et al., 2013; Young and Galy, 2004; Young
et al., 2002, 2009). Mg isotope fractionation data have been used
to constrain the equilibrium temperature of xenoliths based on
spinel-olivine pair (Young et al., 2009) and clinopyroxene-garnet
pair (Huang et al,, 2013). It is also inferred that sizable equilib-
rium isotope fractionation may also occur even at P-T conditions
of the lower mantle (Polyakov, 2009). For example, the equilibrium
Fe isotope fractionation during the segregation of Earth’s core can
explain the enrichment of heavy Fe isotopes in the silicate por-
tions of the Earth and Moon relative to Mars and Vesta (Polyakov,
2009). The significant Si isotope fractionation between bridgman-
ite and olivine’s polymorphs suggests that the lower mantle may
have lower §3Si than the upper mantle in the early Earth (Huang
et al., 2014) as discussed above. Even though the primordial Si iso-
tope heterogeneity between the upper and lower mantle may be
destroyed by mantle convection through Earth’s history, the inter-
mineral isotope fractionation may be preserved due to very slow
diffusion in the solid state. Therefore, the olivine in xenoliths that
originated from the mantle transition zone or lower mantle may
have the isotope compositions expected of olivine’s polymorphs
or bridgmanite and ferropericlase. Because of this preservation,
we suggest that the xenoliths that originated from upper mantle,
those from the transition zone, and those from the lower mantle,
all may exhibit different Mg and Si equilibrium inter-mineral iso-
tope fractionations. Compared to the xenoliths originating from the
upper mantle with equilibrated Mg and Si isotope ratios between
olivine and co-existing minerals, the xenoliths that originated from
the transition zone or lower mantle may show a seemingly “dis-
equilibrium” Mg and Si isotope fractionation between olivine and
co-existing minerals. Specifically, in contrast to the normal olivine,
olivine in xenoliths originated from the transition zone will be
enriched in 26Mg but depleted in 3°Si, while olivine in xenoliths
originated from the lower mantle will be depleted in both 3°Si and
26Mg. These isotopic patterns are useful in distinguishing the phase
transitions from other factors, which can lead to disequilibrium Mg
and Si isotope fractionation between olivine and co-existing min-
erals.

Isotopic diffusion during exhumation and transport to the sur-
face will change the original isotope distribution. Scale of isotope
redistribution can be estimated by the diffusion formula, x* = Dt,
where x is the length scale of diffusion and D is the diffusion co-
efficient. The estimated time t for diffusion across a 1 mm length
scale is at the order of 0.15 Ma, using the Mg and Si diffusion
coefficient D ~ 2 x 10719 of MgSiO3 at 25 GPa and 1870 K (Xu
et al., 2011). Estimates for the rates of upwelling convective flow
and plume flow within the asthenosphere vary from 1 to 100 cm
per year (Maclennan et al., 2001) to ~1300 cm per year (Harte
and Cayzer, 2007). With an upwelling rate of 100 cm per year,
diffusion only modifies the isotope composition of the outermost
several mm of the xenolith minerals that were transported to the
surface from the transition zone or lower mantle. The interior of
the mantle mineral may still keep its original isotopic characteris-
tics at the transition zone or lower mantle. Therefore it is possible
that a xenolith that came from the transition zone or lower mantle
may still exhibit heterogeneity in Mg, Si, and O isotope reflective
of its origin.

Some xenoliths from the island of Malaita in the southwestern
Pacific Ocean may come from the mantle transition zone (Collerson
et al., 2000) based on their majoritic garnet compositions. One
eclogitic xenolith from Oahu, Hawaii has also been suggested as
having an origin in the deep upper mantle or the transition zone
based on its majoritic garnet composition by Keshav and Sen
(2001). If these scenarios are accurate, olivine in these xenoliths
may show indicative Mg and Si isotope disequilibrium correlative
to our predictions. Studies of inclusions in natural diamonds have
indicated that kimberlite eruption can bring diamonds formed in
the transition zone or the lower mantle to surface (e.g. Harte,
2010; Kaminsky et al., 2001; Pearson et al., 2014). Some xenoliths
and xenocrysts, which erupt together with these diamonds, may
also come from the transition zone or lower mantle and hence
are also ideal targets to find unusual Mg and Si isotope signatures
from the mantle transition zone and lower mantle. If these Mg
and Si isotope disequilibrium feature do occur in natural samples,
they likely provide additional clues about the original depth of the
natural samples and geodynamic process and constraints to tem-
perature in the transition zone or lower mantle.

5. Conclusion

The expected effects of the phase transformations of olivine un-
der pressure on Mg, Si, O isotope fractionations among olivine and
its high-pressure polymorphs have been investigated using first-
principles calculations. Phase transformations from olivine to wad-
sleyite, and further to ringwoodite do not change the coordinate
number of Mg and Si, yet these phase transformations have mea-
surable and different effects on Mg and Si isotope fractionation.
The calculated reduced partition function ratio In 8 for 2Mg/**Mg
decreases in the order of ringwoodite > wadsleyite > olivine,
while Ing for 30Si/28Si are in the order of olivine > wadsleyite >
ringwoodite. This is because during these phase transformations,
Mg-0O bond length decreases while Si-O bond length increases.
Bridgmanite and ferropericlase, which are formed from the disso-
ciation of ringwoodite, have larger Mg and Si coordinate numbers
than ringwoodite. Therefore In 8 of bridgmanite are significantly
smaller than those of ringwoodite for both Si and Mg isotopes. The
significant Mg, Si isotope fractionations expected among olivine
and its high-pressure polymorphs may provide a way to trace the
depth and temperature of origin of xenolith.
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