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[1] We investigate by first-principles the influence of iron on the elastic properties of
the O—phase (wadsleyite) and ~+—phase (ringwoodite), polymorphs of olivine, the most
abundant minerals of the upper and lower parts of the transition zone, respectively.

Our study aims to complement experiments to understand details of the 410 km and
520 km discontinuities. The full elastic-tensor Cy;, bulk (K), and shear (G) moduli are
determined under static conditions for f—y—(Mg;_,Fe,),SiO4 with x = 0.125. Wave
propagation anisotropy in single crystals and polarization anisotropy in aggregates with
preferred orientation are investigated and compared with those of iron-free wadsleyite
and ringwoodite for a thorough understanding of the effect of iron. We examine the effect
of iron on velocity contrasts due to phase changes and conclude that iron enhances
AVp and AVy across the « — (3 transition but suppresses them across the 3 — -~y
transition. The latter might contribute to suppress locally the 520 km discontinuity if this
has a significant contribution from the 3 — ~ transition. We show that lateral variation
of iron, Ox, produces lateral velocity heterogeneity ratios similar to those produced by
lateral variations of temperature, 67, both producing ratios comparable to values extracted
from seismic tomography studies. However, in contrast with 67, éx produces negative
values for density to longitudinal and shear wave velocity ratios. This might be considered
the fingerprint of lateral variations of iron concentration. These negative ratios appear
similar to results inferred from geodynamical models compiled by Karato and Karki

(2001) for the upper mantle and transition zone.

Citation: Nufiez-Valdez, M., P. da Silveira, and R. M. Wentzcovitch (2011), Influence of iron on the elastic properties of
wadsleyite and ringwoodite, J. Geophys. Res., 116, B12207, doi:10.1029/2011JB008378.

1. Introduction

[2] Olivine (a—phase) and its high-pressure polymorphs,
wadsleyite (0—phase) and ringwoodite (y—phase), have
chemical composition (Mg, _,Fe,),SiO4 with x = 0.1, and are
the most abundant minerals in the upper mantle [Rinwood,
1975; Putnis, 1992], and transition zone [[rifune and
Ringwood, 1987]. Studies of their crystal chemistry, struc-
ture, and elasticity are important because of the association of
pressure-induced phase transformations from olivine to wad-
sleyite (&« — ) and from wadsleyite to ringwoodite (5 — =)
with the seismic wave velocity discontinuities near 410 and
520 km depth [Revenaugh and Jordan, 1991] in the Earth.

[3] Single-crystal elastic constants of 5— and y—(Mg;_,,
Fe,),Si0, have been measured using Brillouin scattering for
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x = 0 at ambient conditions [Sawamoto et al., 1984; Weidner
et al., 1984] and in the range of 0 to 14 GPa (G—phase) [Zha
et al., 1997]. There are also data for wadsleyite with x = 0.08
at ambient conditions and for ringwoodite with x = 0.09 in
the 0-16 GPa interval [Sinogeikin et al., 1998, 2003].
Ultrasonic interferometry techniques have been employed
to measure sound velocities of polycrystalline aggregates
of wadsleyite with x = 0 up to 12 GPa and x = 0.12 up to
9.6 GPa [Li et al., 1996; Li and Liebermann, 2000]. There
are also ultrasonic measurements of polycrystalline aggre-
gates of ringwoodite with x =0 up to 12 GPa and x = 0.2 up
to 14 GPa [Rigden et al., 1991; Li, 2003; Higo et al., 2006].
However, ultrasonic interferometry results do not help in the
interpretation of seismic anisotropy. On the other hand,
first-principles elasticity is only available for the iron-free
wadsleyite [Kiefer et al., 2001] and ringwoodite [Kiefer
et al., 1997, 1999; Panero, 2008]. To address the 410 and
520 km discontinuities, researchers compare velocities
obtained from theoretical and experimental elastic properties
of these, and often coexisting, phases with changes in
velocities from seismic data. From these comparisons the
olivine content in the mantle can be inferred [Sawamoto et
al., 1984; Zha et al., 1998; Yu and Wentzcovitch, 2006; Li
and Liebermann, 2007; Bass et al., 2008]. However,

1 of 11


http://dx.doi.org/10.1029/2011JB008378

B12207 NUNEZ-VALDEZ ET AL.: ELASTICITY OF (8- AND 4-(MG,_xFEy),SIO, B12207

Table 1. Unit Cell Volumes of Wadsleyite and Ringwoodite at Zero Pressure

B-(Mg1,Fe,),S104 7—-(Mg;_,Fe,)12Si04
Experiment X First Principles X Experiment X First Principles X
535.30(27)* 0 530.80° 0 525.30(21)° 0 517.68° 0
535.8(2)¢ 0 527.4° 0 526.7(3)F 0 497.0¢ 0
539.26(4)" 0 _ 514.0' 0
538.36(19)* 0.08 532.95° 0.125 526.2(4) 0.09 519.94° 0.125
540.38(15) 0.16
539.4(4 0.08

“Hazen et al. [1990].
°This work.

‘Weidner et al. [1984].
9Zha et al. [1997].
°Kiefer et al. [2001].
Meng et al. [1994].
EKiefer et al. [1999].
"Hazen et al. [2000].
'Panero [2008].
ISinogeikin et al. [1998].

owing to the lack of data on the elasticity of the iron-bearing
[—y—phases at pressures characteristic of the transition zone
(~13.5-23 GPa), constraints in the amount of olivine rely on
pure Mg end-members [Yu et al., 2008] and/or large
extrapolations from lower pressures.

[4] This study complements and extends investigations of
elasticity of wadsleyite and ringwoodite by addressing the
effect of iron. Previous work on the a—phase (olivine)
[Nuriez Valdez et al., 2010], as well as perovskite and
postperovskite [Kiefer et al., 2002; Hsu et al., 2011;
Caracas and Cohen, 2008], have established the feasibility
of using standard first-principles density functional theory
to predict the elasticity of iron-bearing minerals with non-
metallic ground states. We present here first-principles static
predictions of structure, equation of state, full elastic con-
stant tensor C; of §— and y—(Mg;_,,Fe,),SiO4 for x = 0
and x = 0.125 between 0 and 30 GPa, a range that encom-
passes transition zone pressures. Using these elastic tensors
we calculate acoustic velocities, anisotropy in single crys-
tals, and in fully isotropic and transversely isotropic
aggregates. We also investigate velocity anomalies pro-
duced by structural phase transitions and velocity changes
at constant pressure produced by variations in iron content
(lateral variations).

2. Computational Methods

[5] Our first-principles study makes use of density func-
tional theory (DFT) [Hohenberg and Kohn, 1964; Kohn and
Sham, 1965], as implemented in the quantum-ESPRESSO
code [Giannozzi et al., 2009]. Then two major approxi-
mations are adopted: (1) electrons are treated within the
Local Density Approximation (LDA) for the exchange-
correlation energy functional [Ceperley and Alder, 1980]
and (2) pseudopotentials for Fe, Si, and O were generated by
the Vanderbilt method [Vanderbilt, 1990] and the pseudo-
potential for Mg was generated by the von Barth-Car
method. The valance electronic conﬁ;urations used are
3s3p%3d® 4s5'4p°, 3s?3p', and 2s?2p’ for Fe, Si, and
O, respectively. Core radii for all quantum numbers / are
1.8 a.u. for Fe, 1.6 a.u. for Si, and 1.4 a.u. for O. The
pseudopotential for Mg used five valance electronic con-
figurations, 3s%3p°, 3s'3p', 3s'3p%3 &3, 3s'3p%° and

3s'3d" with decreasing weights 1.5, 0.6, 0.3, 0.3, and 0.2,
respectively. Core radii for all quantum numbers / are 2.5 a.
u. The plane wave kinetic energy cutoff was chosen to be
40 Ry and for the charge density 160 Ry. 2 x 2 x 2 and 4 x
4 x 4 k-point meshes are used for the Brillouin zone sam-
pling of wadsleyite and ringwoodite, respectively. Conver-
gence tests in k-point meshes and energy cutoffs were
performed and our final choices for this paper correspond
to having interatomic forces smaller than 10 * Ry/a.u. and
pressure convergence within 0.5 GPa. In all situations
investigated, 0— and y—phases were insulating.

[6] In order to obtain the ground state atomic configura-
tions in equilibrium, cell shape and internal structural para-
meters were optimized under static conditions (0 K) at eight
arbitrary pressures using a variable-cell-shape molecular
dynamics technique [Wentzcovitch, 1991; Wentzcovitch
et al., 1993]. Throughout the pressure range of 0 to 30 GPa,
the total electronic spin, which was free to vary during cal-
culations, of Fe-bearing wadsleyite and ringwoodite was S =2
and S = 4, namely, the high spin state.

[7] Wadsleyite, the G—phase of (Mg, ,,Fe,),SiO,4, crys-
talizes in body centered orthorhombic symmetry corre-
sponding to the space group Imma. Fe and Mg are
distributed among three independent octahedral sites M1,
M2, and M3 (4a, 4e, and 8g, respectively), Si is in the
tetrahedral site T (8 h), and O occupies four positions
Ol1, 02, 03, and O4 (4e, 4e, 8h, and 16j, respectively)
[Horiuchi and Sawamoto, 1981; Hazen et al., 1990]. In
our calculations we use the primitive cell, with Z = 4 units,
i.e., 28 atoms. The iron substitution considered is Fe — M1,
iron in sites M2 or M3 was energetically less favorable
than in M1 being M1 = M3 < M2, this is also consistent
with experimental data [Finger et al., 1993]. Moreover in
the study of olivine [Nusiez Valdez et al., 2010], the two
octahedral sites were tested for iron substitution and the
results indicated a difference between the single-crystal
elastic constants of Fe — M1 and Fe — M2 of less than 4%
in average. Aggregate properties (bulk and shear moduli)
were basically unaffected by the choice of octahedral site
for Fe.

[s] Ringwoodite, the y—phase of (Mg;_,,Fe,),Si0,4, has a
spinel face centered cubic structure (space group Fd3m)
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Figure 1. Static equations of state of wadsleyite and ring-
woodite compared with experimental measurements at room
temperature.

with the Fe and Mg ions occupying octahedral interstitial
sites (16d). Si occupies interstitial tetrahedral sites (8a)
and O (32e) forming isolated SiOy4 tetrahedra [Finger
et al., 1979]. The unit cell has Z = 8 units equivalent to
56 atoms. Calculations of the elasticity of ringwoodite were
performed using this unit cell. To account for x = 0.125,
two Fe atoms, with one iron at the center of the cell, were
placed with a separation that was neither the largest nor the

Table 2. First Principles Elastic Moduli C;; (GPa)
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shortest. The choice of octahedral site and its effects, as
mentioned above, were studied for olivine [Nuriez Valdez
et al., 2010].

[9] To obtain the elastic constants C;; (in Voigt notation
[Wallace, 1972]) at each pressure, the equilibrium structures
were strained, and their internal degrees of freedom re-
relaxed. Using the stress—strain relationship:

(1)

positive and negative strains of 1% magnitude were
applied in order to attain accuracy in the limit of zero
strain. The theoretical handling of Cj; is described by
Nuiiez Valdez et al. [2010] and the general method has been
applied to other solids and minerals for over a decade
[Wentzcovitch et al., 1995; Karki et al., 1997]. All calcu-
lations reported here were obtained using the C; workflow
as implemented in the VLab cyberinfrastructure [da Silveira
et al., 2008].

0jj = Cijki€id,

3. Results

3.1.

[10] Upon substitution of one Mg atom by one Fe (x =
0.125), wadsleyite lattice parameters a and ¢ increase by
~0.46% and ~0.12%, respectively, while b decreases by
~0.1%. These results are in agreement with experimental
data by Finger et al. [1993] and Hazen et al. [2000]. The
increase in volume of wadsleyite at 0 GPa is ~0.4%. In
ringwoodite the volume increases by ~0.45%; thus the
equation of state of the ~—phase is slightly more affected
by iron than that of the S—phase (see Table 1 and Figure 1).
As it is well known, the static LDA method tends to
underestimate the volume. For 5-Mg,SiOy, the predicted
zero-pressure lattice parameters are a = 5.6862 A, b =
11.3902 A, and ¢ = 8.1939 A, which yield a volume smaller
by ~1% with respect to results by Hazen et al. [1990] of
a=5.6810(28) A, b = 11.4406(8) A, and ¢ = 8.2361(7) A.
For v~Mg,Si0,, our predicted volume is ~1.5% with a =
8.0292 A compared to the volume reported by Weidner
et al. [1984], a = 8.0687(7) A, at ambient conditions.

Equation of State

P X Cll C'22 C33 C44 C55 C()() C12 C13 C23
gf(Mgl—x,Fex)ZSi04

0? 0 369.5 366.4 283.3 103.6 115.1 106.7 85.3 100.6 106.5

0° 0 377 375 294 108 117 109 90 102 107

0? 0.125 364.3 358.7 278.5 100.8 103.5 100.0 96.8 110.0 109.5

30° 0 530.8 516.6 440.4 121.3 132.2 147.8 195.2 192.3 2135

30° 0.125 522.4 504.5 4383 114.2 115.7 142.5 212.0 201.6 216.6
’Y_(MglfxaFex)ZSiO4

0? 0 351.0 130.7 119.3

0° 0 361 134 118

0? 0 358.3 133.5 117.9

0? 0.125 345.8 126.9 123.4

30° 0 510.4 148.9 220.4

30° 0.125 506.0 138.9 226.1

“This work at pressures P = 0 and 30 GPa.

 Kiefer et al. [2001].
‘Kiefer et al. [1997].
4Panero [2008].
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Figure 2. Cubic polynomial fits of static elastic constants
of wadsleyite compared to experimental data at 300 K.

Inclusion of vibrational effects in the calculations should
remove this discrepancy [Wentzcovitch et al., 2010].

3.2. Elasticity of Wadsleyite and Ringwoodite

[11] Our predicted elastic constants of G—(Mg;_..Fe,)s.
SiO4 for x = 0 and x = 0.125 are shown in Table 2a and
Figure 2. Available experimental data for x = 0 is quite
scattered [Zha et al., 1997], but they are in general agree-
ment. As in olivine, C;; with 7, j < 3 increase monotonically
and quasi-linearly with pressure, irrespective of iron con-
tent. In DFT-based results as in experiments, the shear
elastic constants exhibit a nonlinear pressure dependence
[Nuriez Valdez et al., 2010; Zha et al., 1997]. The incor-
poration of iron produces a moderate decrease in Ci, Cs»,
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and Cs3 of ~1-3%, with the latter being the least affected.
The decrease is larger in shear Cy, i.e., ~5% for C44 and Ceg,
and ~11% for Css. On the other hand, off-diagonal Cj
increase between 1.4% and 14% with C;, and C,3 showing
the largest and smallest changes, respectively. At ambient
conditions for x = 0.08 [Sinogeikin et al., 1998], the
increase—decrease pattern due to iron is shown experimen-
tally as well, except in C,, and Cy3 for which the effect is
unclear.

[12] The DFT-based C; of ringwoodite can be seen in
Table 2b and Figure 3. Here the off-diagonal elastic con-
stant C, is the only one that shows an increase of ~4%
when x changes from 0 to 0.125. Cy; decreases by ~1.5%
and Cy4 by ~6%. At ambient conditions, experiments do not
offer a clear distinction between x = 0 [Weidner et al., 1984]
and x = 0.09 [Sinogeikin et al., 2003].

[13] Table 3 and Figure 4 and Figure 5 show the pressure
dependence of aggregate properties of wadsleyite and
ringwoodite. Bulk (K) and shear (G) moduli shown in
Figure 4a and Figure 5a are Voigt-Reuss-Hill averages
[Watt, 1979; Watt et al., 1976]. For the [J—phase, by
increasing x from 0 to 0.125, K increases ~1-2% in the 0—
30 GPa pressure range, contrasting with G that decreases
~6%. For the ~—phase, K increases also ~1-2% while G
decreases ~3—-6%. Experimental trends also indicate that
iron-free and iron-bearing (x3 = 0, 0.08, 0.12 and x,, = 0,
0.09) samples yield an almost imperceptible variation in
the bulk modulus, while the shear modulus drops appre-
ciably with iron incorporation [Zha et al., 1997; Sinogeikin
et al., 2003; Li and Liebermann, 2000; Weidner et al., 1984;
Li, 2003].

3.3. Influence of Iron in Sound Velocities and
Anisotropy

[14] Isotropic compressional (Vp), shear (Vs), and bulk
(Va) velocities are given by

K +4G G K
VP = 3 3 VS = ) V‘I) = ) (2)
V' » p p

T
Fe 0% This work

I ZZ Fe 12.5% This work

O O O Fe 0% Weidneret al. 1984

A AA Fe 9% Sinogeikin et al. 2003

5001 =

450

400

Elastic Moduli (GPa)

0 5 10 15 20 25 30
Pressure (GPa)

Figure 3. Cubic polynomial fits of static elastic constants
of ringwoodite compared to experimental data at 300 K.
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Table 3. Aggregate Properties Calculated at Zero Pressure of Olivine, Wadsleyite, and Ringwoodite

a—(Mg;_,,Fe,),Si0,4

B-(Mg;_,Fe,),SiOy4 -(Mg;_,Fe,),Si0y4

Phase Fe % 0 12.5 0 12.5 0 12.5
Ko (GPa) 136.8 139.0 177.6 180.4 196.5 197.1
Gy (GPa) 833 79.4 112.9 106.0 124.7 120.5
Vo (km/s) 8.7 8.4 9.6 9.4 10.0 9.7
Vo (knvs) 5.0 48 57 54 5.9 5.6

where p is the density. They are shown in Figure 4b and
Figure 5b and 0 GPa values are reported in Table 3. As
expected, velocities of Fe-bearing phases are smaller than
those of Fe-free phases due to the increase in density.
Theoretical results are in excellent agreement with data
obtained from Brillouin scattering and ultrasonic techniques
[Zha et al., 1997; Li and Liebermann, 2000; Sinogeikin
et al., 2003; Weidner et al., 1984; Li, 2003; Higo et al.,
2006]. In the range of zero to 30 GPa, iron incorporation
(x = 0.125) in wadsleyite decreases Vp, Vs, and Vg by ~2%,
~5%, ~0.5%, respectively. For ringwoodite the decrease in
Vp is ~3%, in Vg is ~5%, and in Vg is ~1.5%.

[15] In interpreting seismic anisotropy in the transition
zone, it is important to understand elastic anisotropy in
wadsleyite and ringwoodite, its major constituents. We
solve the Christoffel equation [Landau and Lifshitz, 1970]
for acoustic velocities in single crystal:

det|Cijkm,-nz — pvzéik‘ = 07 (3)

O O Fe 0% Zha et al. 1997
Fe 0% This work A A Fe 0% Li et al. 1996
= = = Fe125% Thiswork  (){) Fe 8% Sinogeikin et al. 1998
oo Fe 12% Li et al. 2000

Elastic Moduli (GPa) <

O
=

Velocity (km/s)

0 5 10 15 20 25 30
Pressure (GPa)

Figure 4. Pressure dependence of aggregate properties.
(a) Voigt-Reuss-Hill average of bulk and shear moduli
and (b) isotropic sound velocities of f—(Mg;_,Fe,),Si04
compared to experimental results.

where v is elastic wave velocity, n is propagation direction,
0;; is Kronecker delta, and p is density. For a given n, there
are three solutions, i.e., one P wave and two S waves
(ST and S2). The directional dependence of wadsleyite and
ringwoodite P waves and S waves velocities for 0 < x <
0.125 is shown in Figure 6 and Figure 7. For iron-free and
iron-bearing (G—phase, P wave velocities are qualitatively
similar between 0 and 30 GPa, and they are extremal along
[100] (fastest) and [001] (slowest) directions. Regarding S
wave velocities, for S1 the minimum direction of propaga-
tion along [010] at 0 GPa changes to the [001] direction at
30 GPa. S2 velocities are alike between 0 and 30 GPa. For
the y—phase, the extremal P wave velocities occur along the
[111] (fastest) and [100] (slowest) directions. At 30 GPa and
x = 0.125, the slowest and fastest propagation directions
are interchanged. Similarly, the iron-bearing S2 wave at
30 GPa interchanges the slowest for the fastest direction of

. 0 O Fe 0% Li 2003
=——Fe 0% Thiswork x Fe 0% Weéidner et al.1984
= Z ZFe 12.5% This work éA Fe 9% Sinogeikin et al. 2003

o0 Fg ga/g/‘!-ligo etal. 2006

Elastic Moduli (GPa) £

(=
-
-
N

ey

Velocity (km/s)

25 30

0 5

10 15 20
Pressure (GPa)

Figure 5. Pressure dependence of aggregate properties.
(a) Voigt-Reuss-Hill average of bulk and shear moduli
and (b) isotropic sound velocities of v—(Mg;_,,Fe,),Si04
compared to experimental results.

Sof 11



B12207

P-waves Velocity (kn/s) &

—— Fe 0%
=:=: Fe12%

6.4
6.2

6,
5.8
5.6
54 /

S-waves Velocity (km/s) &

5.2
[100]

[010] [001]
Propagation Direction

[100]

Figure 6. Variation of (a) compressional and (b) shear
wave velocities of g—(Mg;_,,Fe,),Si0,4 with propagation
direction at 0 and 30 GPa.

propagation compared to the iron-free S2 wave. S1 waves

propagation does not change qualitatively by varying x.
[16] Single crystal azimuthal anisotropy for compressional

and shear waves (4p and A, respectively), and polarization

a)11.=

P =30 GPa

m/s)

—— Fe 0%

108 - - Fe12%

10.0

9.5}

P-wave Velocity (k

X=X

6.1
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5.7 ,,,i:_:, ............. '_\< ________
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Figure 7. Pressure variation of (a) compressional and
(b) shear wave velocities of v—(Mg;_,,Fe,),Si0, with prop-
agation direction at 0 and 30 GPa.
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Figure 8. Pressure variation of (a) azimuthal and (b) polar-
ization anisotropy in S—(Mg;_,,Fe,),SiOy.

anisotropy, A%, for shear waves (Figure 8 and Figure 9a),
are quantified as

Ap = <‘}Pma"T_PVPm“‘) x 100, (4)

AS _ (VSmaxV_'SVSmin) x 1007 (5)

o Vs, = vs,|

where Vp and Vs are aggregate velocities, and vg, and vg, are
the two shear waves in the [ijk] direction. For cubic crystals,
like ringwoodite, an anisotropic factor 4, involving its three
elastic constants, is defined as

2C4 + C2
A= (et
( Ci

1) % 100. (7)

An elastically isotropic material has 4 = 0.

[17] Figure 8a shows that Ap for wadsleyite depends more
strongly on pressure than Ag irrespective of x. Ap and Ag
decrease with increasing x, but Ag is more sensitive. At
pressures relevant to the transition zone, polarization
anisotropy, Figure 8b, along [100] and [010] directions
increases with iron content. In contrast, polarization
anisotropy decreases in the [001] direction.

[18] Figure 9a shows Ap and Ag for ringwoodite. At
~27 GPa the iron-bearing phase becomes elastically isotro-
pic, while the iron-free phase does not display such behavior.
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Figure 9. Pressure dependence of wave velocity anisotropy
of -(Mg;_.Fe,),Si0, for (a) P waves and S waves (b) for a
transversely isotropic aggregate.

[19] It is also important for seismology to study the
anisotropy of transversely isotropic aggregates, which are
characterized by five independent elastic moduli. For an
aggregate with vertical symmetry axis in the [001] direction,
these five parameters can be expressed in terms of single-
crystal elastic constants as follows:

3 1 1
A=> ~Cip 4=
8(C11 +C22)+4C12+2C667 (8a)
C =G, (8b)
1
F—E(C13+C23)» (8¢c)
N=ten+em)—ten+ie (8d)
=gCn 2) = 7Ci2 +5Ces;
1
L= 5 (C44 + C55). (86)

For symmetry axes along [100] and [010] directions, cyclic
permutations of Cartesian indices can be used. Transverse
anisotropies for longitudinal and shear waves are defined as

AT = (V””Vﬂ) x 100 and
P
S )
AL = (u) x 100,
Vs
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respectively, where velocities are expressed in terms of
parameters given in equation (8):

A
Vpy = \/;7 P—waves propagating horizontally, (10a)

C
vpy = \/;, P—waves propagating vertically, (10b)

N
VsH = )
p

S—waves polarized horizontally, (10c)

L
vsy = \/;, S—waves polarized vertically. (10d)

[20] Figure 10 shows transverse anisotropies for aggre-
gates of wadsleyite with a, b, and ¢ directions as axes of
transverse isotropy. As a function of pressure and regardless
of iron content, 45 slowly decreases in magnitude when
the main crystallographic directions are vertically oriented.
P waves always propagate faster when traveling parallel
to [100] and [010] axes vertically oriented; thus anisotropy
between 0 and 30 GPa is always negative. On the other
hand, they travel more slowly along [001] when this is the
vertical direction. Meanwhile, the transverse anisotropy of
shear waves increases (decreases) in magnitude as pressure
increases for a and ¢ (b) preferred orientation axes. The

a)

|

P-Transversal Anisotropy %

b)

S-Transversal Anisotropy %

0 5 10 15 20 25 30
Pressure (GPa)

Figure 10. Pressure dependence of wave velocity anisotropy
for a transversely isotropic aggregate of 5—(Mgi_,,Fe,)»Si04
for (a) P waves and (b) S waves with a, b, and c crystallo-
graphic axes aligned in the vertical direction.
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Figure 11. Comparison of aggregate properties of

a—FB—y(Mgi_,,Fe,)>S104. (a) Bulk and shear moduli and
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incorporation of iron increases A5 in the ¢ direction and
decreases it in the a and b.

[21] In ringwoodite, cylindrical geometry yields trans-
verse anisotropy of shear waves increasing as a function of
pressure and iron content. Increasing x from 0 to 0.125, A%
increases between 50% and 70%. In contrast, Ah is ~0%
irrespective of iron (Figure 9b).

4. Geophysical Implications

[22] Upper mantle and transition zone discontinuities
near 410 km and 520 km depth have been attributed to the
« — [ and in part to 3 — -y phase changes. While the first
is relatively sharp (~5 km wide) [Agee, 1998], the second
has puzzled scientists for several reasons. For example,
results from impedance studies [Lawrence and Shearer,
2006] suggest that the 520 km discontinuity must have in
addition to the § — +y transition other significant sources
like phase transitions in the pyroxene/garnet/Ca-perovskite
system. Also, in the last decade there have been results
indicating its geographically dependent splitting into two
discontinuities: one at 500 km (possibly due to the § —
transition) and another at 560 km (due to the Ca-perovskite
exsolution from garnet perhaps) [Saikia et al., 2008; Deuss
and Woodhouse, 2001].

[23] On the other hand, the strong dependence of elastic
moduli on iron content in minerals is well known, particu-
larly in (Mg;_,,Fe,),SiO4. One could say that the elastic
constants of olivine with variable iron content has been well
characterized, experimentally and theoretically, at relevant
pressures. This is not the case of wadsleyite and ringwoodite
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for which experiments barely reach transition zone con-
ditions, making very difficult to establish definitive con-
clusions on the dependence of discontinuities caused by
[ — ~y transitions on pressure, chemical composition, and
temperature and its relationship with the 520 km disconti-
nuity. This is the first study targeting pressure and chemical
composition for S— and y—phases at pressures of interest
to the 520 km discontinuity, a step further toward the
understanding of the effects of iron in the transition zone.
In Figure 11 we summarize our first-principles results of
aggregates of olivine, wadsleyite, and ringwoodite for the
Mg end-members and for 12.5% of iron content as a
function of pressure. In the following paragraphs we analyze
changes in K, G, Vp, and Vg across these transformations as:

AM = M % 100
(Mex+Myc) ’
2

(11)

where M is a material’s property in phases y and &.

4.1. Results Related to 410 km and 520 km
Discontinuities

[24] We examine elastic moduli and velocity contrasts for
the @« — [ transition between 10 to 15 GPa and for  —
between 15 and 25 GPa (Table 4). These pressure ranges
encompass the 410 km discontinuity at ~13.5 GPa and the
controversial 520 km discontinuity at ~18 GPa. Our pre-
dictions suggest that across the & — (3 transformation: AK
is quite independent of iron content while AG is suppressed
by the presence of iron. Regarding velocity contrasts, iron
rises AVp, AV, and AV in the interval 1015 GPa. On the
other hand, across the § — -~y transition: AK is also almost
independent of iron content, while AG is enhanced and
AVp, AV, and AVg decrease with iron content between 15
and 25 GPa. Similar velocity contrasts were found by Zha
et al. [1998] for the Mg—a — (3 transition (~13.5 GPa) at
ambient temperature. The effect of iron on AVp and AV
reported by Sinogeikin et al. [1998, 2003] is corroborated
by our calculations only for the @ — 3 transformation but
not for the 3 — ~, for which we found opposite trends, that
is, iron suppresses the contrasts. Other predictions indicate
that temperature increases contrasts in bulk modulus and
bulk velocity across the iron-free & — ( transition but has
little effect across the the iron-free 3 — -y transition [Yu
et al., 2008]. Temperature effects in the presence of iron
are beyond the scope of this paper and will be the subject of

Table 4. Theoretical Contrasts Across « — (3 and 3 — ~ Transitions

Transition

a—f B—=n

Pressure range 10-15 GPa 15-25 GPa
Fe % 0 12.5 0 12.5
AK* % 20.4-18.6 20.1-18.3 7.3-6.5 7.4-6.5
AK® % ~22 - ~72 -
AG* % 27.6-27.1 26.1-25.7 7.8-6.8 8.7-7.6
AVP" % 9.0-8.5 10.0-9.5 2.8-2.5 1.7-1.3
AV % ~11.1 ~11.8 29-25 2.1-1.6
AVs* % 7.4-6.7 8.75-8.1 2724 1.4-1.1
AVe® % ~7.6 - ~2.7 -

*This work.

°Yu et al. [2008] with o« — 3 at ~1500 K and 3 — ~ at ~1700 K.
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Figure 12. Heterogeneity ratios of a—3—y(Mg;_,,Fe,),Si0O4
caused by variation in iron concentration.

future work with the hope of clarifying the apparently
contradictory results in the § — ~y transformation.

4.2. Lateral Heterogeneity

[25] Lateral variations of velocity can originate from
lateral variations of temperature, chemistry, or mineralogy.
We quantify several heterogeneity ratios caused by lateral
changes in iron content:

6InVy
SInvp’

 SlnVy
¢S = S vy’

6lnp

p/P.S — m (12)

Rs/p =

In calculating these heterogeneity ratios, given the fact that
we only have results for x = 0 and x = 0.125, we assume that
velocities change linearly with x. This is a reasonable
approximation due to the relatively small iron concentration.
For large x this cannot be assumed. In Figure 12 one can see
that for wadsleyite and ringwoodite Rgp varies between
1.3 and 2.3, while Rg/s varies between 0.05 and 0.6. These
values are, within uncertainties, similar to results from
tomographic studies compiled by Karato and Karki [2001].
Rgp is also comparable with that produced by lateral var-
iations in temperature including the influence of phase
transformations [Stixrude and Lithgow-Bertelloni, 2007].
On the other hand, R,» and R,s are negative for the three
phases, in the range from —1.1 to —1.8 and from —0.5 to
—1.3, respectively. Therefore R,s, R,p < 0 are good
“fingerprints” of lateral variations of iron content. R, in
contrast, is positive in the presence of lateral phase and/or
temperature changes [Stixrude and Lithgow-Bertelloni,
2007; Wentzcovitch et al., 2006]. Negative values for the
upper mantle and transition zone summarized by Karato
and Karki [2001] and suggested in the lower mantle by
Ishii and Tromp [2001] could have contributions from lat-
eral variations in iron (this was also noted by Li [2009]).

5. Conclusions

[26] We have used standard first-principles techniques to
address the effect of iron on the elastic properties of wad-
sleyite and ringwoodite, 5— and y—(Mg;_,,Fe,),Si0,, the
high-pressure polymorphs of olivine. In the pressure regime
considered, 0-30 GPa, we found that static C; of -
Mg,SiO, agree better with available experimental data than
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5-Mg,Si0,4 [Weidner et al., 1984; Zha et al., 1997;
Sinogeikin et al., 1998, 2003]. In wadsleyite Cj; with i =
j > 3 are the most affected by iron, while in ringwoodite
Cy4 is the most affected. We also found that the bulk
modulus of both phases increases slightly upon iron substi-
tution, and the shear modulus decreases, the latter being more
significantly affected. These findings are consistent with
trends suggested by experiments [Li and Liebermann, 2000;
Sinogeikin et al., 1998, 2003; Higo et al., 2006]. We inves-
tigated in detail the elastic wave velocity anisotropy for single
crystal and transversely isotropic aggregates of wadsleyite
and ringwoodite. Here §— and 7—(Mg;_,,Fe,),SiO,4 phases
exhibit stronger azimuthal anisotropy for S waves than for P
waves with iron decreasing both but affecting more S waves.
Polarization anisotropy for the S—phase in [100] and [001]
directions and transversal anisotropy of S waves are also
significantly affected by iron. For the y—phase, S-transversal
anisotropy is quite large, increasing even more upon iron
incorporation, while P-transversal anisotropy is almost null.
These results might help in interpreting seismic anisotropies
in the upper mantle—transition zone, for which some studies
have found anisotropies of less than 4% [Montagner and
Kennett, 1996; Fischer and Wiens, 1996]. Calculated
velocities of Fe-bearing isotropic aggregates of wadsleyite
and ringwoodite were found to be in excellent agreement
with available data (<~14 GPa) from Brillouin and ultrasonic
techniques [Sinogeikin et al., 1998; Li and Liebermann,
2000; Sinogeikin et al., 2003; Higo et al., 2006]. Our static
results indicate that iron enhances AVp and AVy across the
« — (3 transition, but suppresses them across the 3 — ~y
transition (Table 4). These findings are partially consistent
with velocity contrasts obtained from ambient conditions
measurements [Sinogeikin et al., 1998, 2003]. Regarding
heterogeneity ratios, we have presented a clear signature
of lateral variation of iron content: R s, R,;p < 0. Overall, the
importance of this work is to help clarify the effect of iron
on the elasticity of a——y—phases of the upper mantle and
transition zone. Though our study is limited to static calcu-
lations, it seems that temperature will change the magnitude
of elastic properties but not the general trends found here.
Water must also play an important role in the properties of the
transition zone minerals. Despite the progress made, further
high-temperature studies, including water in addition to iron,
are needed to improve interpretation of seismic observation
of the upper mantle-transition zone.

[27] Acknowledgments. Research supported by the NSF/EAR-
1019853, and EAR-0810272. Computations were performed at the Minnesota
Supercomputing Institute and the Laboratory for Computational Science
and Engineering.
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