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Seismic shear anisotropy in the lowermost mantle most likely results from elastic shear anisotropy
and lattice preferred orientation of its constituent minerals, including perovskite, post-perovskite,
and ferropericlase. Measurements of the elastic shear anisotropy of single-crystal (Mgo 9Feq.1)0
up to 69 gigapascals (GPa) show that it increased considerably across the pressure-induced spin
transition of iron between 40 and 60 GPa. Increasing iron content further enhances the anisotropy.
This leads to at least 50% stronger elastic shear anisotropy of (Mg,Fe)O in the lowermost mantle
compared to MgO, which is typically used in geodynamic modeling. Our results imply that
ferropericlase is the dominant cause of seismic shear anisotropy in the lower mantle.

an assemblage of (Mg,Fe)O ferropericlase

and (Mg,Fe,Al)(Si,Al)O; perovskite [or
post-perovskite (ppv) at the base of the lower
mantle (/, 2)], constitutes more than 50% of
Earth’s volume and plays a pivotal role in the
evolution and present-day dynamics of our planet.
Seismic shear anisotropy is a key feature within
many regions of the lowermost mantle (the D”
layer) (3—8), which likely results from lattice
preferred orientation (LPO) coupled with strong
elastic anisotropy of lower-mantle minerals
(6, 7, 9—11). An understanding of the mineral
properties and their deformation behavior that
lead to seismic anisotropy can elucidate infor-
mation on mantle flow in these regions (5-7). It
has been proposed that ppv (/, 2) may cause
seismic anisotropy in D"; however, ppv is prob-
ably a poor match to the seismic observations
(12, 13). It has been shown that LPO of ferro-
periclase leads to Vsy > Vsy anisotropy (where
Vsu and Vgy are the velocities of the horizontally
and vertically polarized seismic shear waves,
respectively) in horizontal shear (/0); this is
qualitatively consistent with seismic observations
(4, 6, 9), but the contribution of (Mg,Fe)O to
seismic shear anisotropy is uncertain given the
small volume abundance of (Mg,Fe)O in the
lower mantle (~20 vol. %).

The elastic anisotropy of ferropericlase had
been determined at low pressures (/4—16) or for
pure MgO (11, 17, 18). In addition to the effect
of Fe-Mg substitution, the spin-pairing transition
of Fe?" in ferropericlase (19) at pressures of the
lower mantle affects single-crystal elastic con-
stants (20), as well as bulk elastic properties

The lower mantle, which is dominated by
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(21-23). Recently, the single-crystal elastic prop-
erties of (Mg 94Feg o) Were measured to 60 GPa
(20) by impulsive stimulated light scattering. That
study resolved the longitudinal elastic stiffness
constant ¢y, but did not sufficiently constrain ¢y,
and c44 (Where c;; are the elements of the second-
order elastic stiffness tensor) for shear anisotropy
to be distinguished from that of MgO.

To quantify the effect of iron content and
iron spin state on the elastic shear anisotropy of
(Mg,Fe)O, we performed high-pressure Brillouin
scattering measurements on single-crystal
(MgooFe 1)O, which was grown in a multianvil
apparatus at 24 GPa and 1800°C in an Fe foil
capsule (24) to minimize the amount of ferric iron
(25) and associated defects. Brillouin spectrosco-
py was performed to 69 GPa in the diamond-anvil
cell, where different pressure-transmitting media
were used in different experimental runs (table
S1). Information on the high-pressure density of
our sample, which is needed to relate measured

velocities to elastic moduli, was obtained inde-
pendently from x-ray powder diffraction mea-
surements at beamline 15 at Diamond Light
Source, UK (fig. S4).

In our experiments (Fig. 1), the shear wave
propagating in the [001] direction was fastest at
room pressure, but its velocity remained almost
constant with pressure, whereas the velocity of
the shear wave along [011], polarized along
[0-11], strongly increased with pressure. This led
to an inversion of the fastest propagation di-
rection at about 18 GPa. The pressure derivative
of the shear wave velocity along [011] clearly
increased at ~45 GPa, a pressure that corresponds
to the onset of the spin transition in Fe** (22). The
shear wave velocity along [001] was only slightly
affected by the change in electronic configuration
of Fe?* and showed a weak depression.

The Voigt-Reuss-Hill averaged shear velocity
of (MgooFep1)O calculated from the Brillouin
data (Fig. 2) is in agreement with previous studies
on (Mg,Fe)O with a variety of iron contents
(11,14, 17,20, 23) that were conducted using
different techniques. An increase in the mole
fraction of iron causes a decrease in the average
shear velocity (vs). The pressure derivative of the
shear wave velocity (dvy/dP) decreased with in-
creasing pressure up to ~50 GPa, where dv,/dP
steeply increased. This increase can be assigned
to the spin transition of Fe*" in ferropericlase,
but our data do not show a clear depression in
v, associated with the spin transition, as re-
ported in (20). The influence of iron on v be-
comes less pronounced once iron assumes the
low-spin state.

The addition of iron increased the elastic shear
anisotropy of both high-spin (HS) and low-spin
(LS) (Mg,Fe)O with respect to MgO throughout
the pressure regime of the lower mantle (Fig. 3).
The substitution of 10% of the magnesium ions

Fig. 1. Maximum and
minimum shear veloc-
ities in (MggoFeg1)0 as
a function of pressure.
Shear velocities were
measured in the (100)
plane at different angles
(at least seven directions)
at each pressure and
inverted for the two ef-
fective elastic shear con-
stants (c;; — ¢12)/2 and
C44, Which were used to
calculate maximum and
minimum shear velocity.
Uncertainties are based
on the propagation of
the uncertainties in every
measured velocity, tak-
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Fig. 2. Increasing iron 7.5F
content in (Mg,Fe)O ferro-
periclase causes marked dif-
ferences in average shear
velocities. Average velocities
for (Mgo oFeg 1)O obtained in
this study by using Brillouin
spectroscopy are shown as red
circles. Experimental results
for single-crystal MgO (17)
(blue diamonds) and polycrys-
talline MgO (32) (blue inverse
triangles), (Mdo.94F€0.06)0
(14, 20) (green squares), and
(MgojsFeo‘zS)o 23) (yellow
left-pointing triangles), along
with computational data for
MgO (11) (blue triangles), are
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Fig. 3. Shear anisotropy of ' "
(Mg,Fe)O as a function of
pressure. The shear anisot-
ropy is defined as (Vo1 —
Vaor1)/[Wsoon1 + Vsiorn/2].
At pressures corresponding
to those of the lower mantle,
(MgooFeq1)O (red circles) is
elastically more anisotropic
than iron-free MgO (blue
symbols). The dashed arrow
indicates that the pressure
derivative of the anisotropy
of ferropericlase might even
be larger than for MgO; this
would further increase the
anisotropy difference in the
lowermost mantle. Experi-
mental data of MgO (17) -60F,
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tive predicted by a computational study of MgO (11). The only available experimental data on MgO at lower
mantle pressures (18) (dark dotted line) show a different trend above ~20 GPa than other results, possibly
caused by the limited number of measured directions (24). Data for (Mg 94Feo 06O (14, 20) (green squares)

are also plotted for comparison.

Fig. 4. Maximum shear anisotropy of major lower-
mantle phases along a model geotherm. The shear
polarization anisotropy is defined as (Vg max — Vs min)/
[Vsmax + Vsmin)/2], Where vgma, and vy, are
maximum and minimum shear velocity in a given
direction. (A) The maximum single-crystal polariza-
tion anisotropy of the two major components of
Earth’s lower mantle. The shear anisotropy of MgO
(gold) and MgSiO; (blue) were calculated with
available computational data at high pressure and
temperature. The elastic anisotropy of (Mgg gFeg »)0
(red), a model mantle composition, was linearly
scaled from the data of MgO and (MggoFeg1)0,
corrected for temperature (24). The expected
broadening of the spin transition region (dashed
lines) with temperature was estimated from exper-
imental data on (Mgg75Fep25)0 (33). (B) The
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by iron not only caused an increase in anisotropy
at room pressure, but also resulted in a larger
pressure derivative to the anisotropy. A consider-
able increase in elastic shear anisotropy across the
HS-LS transition was observed.

The increase in elastic anisotropy at ambient
pressure cannot be explained by the size of iron
(a transition metal) as in the case of alkaline-earth
oxides (26). It can, instead, be attributed to the
asymmetric electronic density distribution as-
sociated with Fe*" in the HS state (27) that
produces an increase of ¢y, (the constant that
relates axial strain to orthogonal stress). The
effect of pressure is to diminish the anisotropy of
the 3d electron density distribution of F e that,
combined with the negligible pressure depen-
dence of c44 (Fig. 1 and fig. S2), causes a steep
pressure derivative of the elastic anisotropy. With
the onset of the spin transition, the 3d-electron
density distribution of Fe?* changes to a more sym-
metric configuration (25, 27), causing a decrease
in ¢1, and an increase of ¢y; in the LS phase.

The pressure dependence of the elastic anisot-
ropy of LS (Mg oFe 1)O appears to be similar to
that of MgO (/1), but is shifted toward higher
anisotropy (i.e., absolute value of anisotropy). This
probably reflects differences in metal-oxygen
bonding strength and the size difference between
Mg and Fe. The difference between the elastic
anisotropy of MgO and LS (MggoFeq)O is
distinct, indicating that the HS-LS transition leads
to a strong directionally dependent change in the
clastic properties (Fig. 1). Assuming that the pres-
sure dependence of the elastic anisotropy of LS
(MggoFe( 1)O is identical to that of MgO, we
extrapolated our data to the pressure correspond-
ing to that of the core-mantle boundary (Fig. 3).

To evaluate the impact of our results on mod-
eling of the elastic anisotropy of the lower mantle,
we calculated the resulting maximum elastic
shear anisotropy for a simplified model lower-
mantle assemblage of ~80 vol. % MgSiOz and
~20 vol. % (Mgo gFeo»)O (24). Our results show
that the elastic shear anisotropy of (Mg,Fe)O
strongly depends on the iron content and that ~20
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anisotropies of the single phases were weighted by their volume abundance in the lower mantle (24), where the shaded areas illustrate the maximum possible
contributions of perovskite (blue) and ferropericlase (red), a situation in which all the crystals of the same mineral phase have the same orientation.
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vol. % of (Mg gFey2)O contribute about equally
to the overall possible seismic shear anisotropy as
~80 vol. % MgSiO; (Fig. 4). Because (Mg,Fe)O
is a much weaker phase (28), it will accommodate
most of the strain (29); it should, therefore, de-
velop a much stronger texture than (Mg,Fe)SiO;
(13). Thus, it is likely that LPO of (Mg,Fe)O
dominates seismic anisotropy in the lower mantle.
Strong partitioning of iron into ferropericlase,
suggested by experiments (/9, 30), may favor
even stronger anisotropy from (Mg,Fe)O. How-
ever, consensus on the partitioning behavior of
iron under lower-mantle conditions has not been
reached (30, 31).

If LPO of ferropericlase dominates lower-
mantle anisotropy, seismic anisotropy could also
be present above the D" discontinuity in regions
where deformation is dominated by dislocation
creep at very high strain levels (6, 9). The rapid
spreading of seismic receivers around the world
will allow us to better quantify the depth dis-
tribution of anisotropy in the lower mantle.
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A Great Earthquake Rupture
Across a Rapidly Evolving
Three-Plate Boundary

Kevin P. Furlong,™ Thorne Lay,? Charles J. Ammon*

On 1 April 2007 a great, tsunamigenic earthquake (moment magnitude 8.1) ruptured the Solomon
Islands subduction zone at the triple junction where the Australia and Solomon Sea—Woodlark
Basin plates simultaneously underthrust the Pacific plate with different slip directions. The
associated abrupt change in slip direction during the great earthquake drove convergent anelastic
deformation of the upper Pacific plate, which generated localized uplift in the forearc above

the subducting Simbo fault, potentially amplifying local tsunami amplitude. Elastic deformation
during the seismic cycle appears to be primarily accommodated by the overriding Pacific
forearc. This earthquake demonstrates the seismogenic potential of extremely young subducting
oceanic lithosphere, the ability of ruptures to traverse substantial geologic boundaries, and

the consequences of complex coseismic slip for uplift and tsunamigenesis.

reat earthquakes typically involve sud-
den sliding between two tectonic plates,
and the largest events are located in
subduction zones where an oceanic plate thrusts
into the mantle below an overriding plate. In a
few locations, a boundary between two oceanic
plates impinges on a subduction zone, causing
both plates to descend beneath the overriding
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plate, but at different rates and directions. This is
the situation that led to the great moment mag-
nitude M,, 8.1 Solomon Islands earthquake of
1 April 2007 [8.47°S, 157.04°E, 20:39:58.7 UTC
(7)), which ruptured the megathrust between
the overriding Pacific plate (PaP) and the in-
dependently subducting Australia (AuP) and
Solomon Sea—Woodlark Basin (SWP) plates
(Fig. 1). The inferred rupture area along the
San Cristobal and New Britain trenches, as
indicated by aftershocks (7), patterns of uplift/
subsidence (2—4), and preliminary rupture anal-
ysis (3, 6), straddles the down-dip extension
of the Simbo transform fault that separates the

SWP from the AuP; thus, the earthquake rup-
tured across the SWP-AuP plate boundary. The
rupture generated a large local tsunami, and
about 50 lives were lost and more than 9000
people displaced.

Before the 2007 event, this triple junction
region, where the three plates meet, had low
seismic activity and no record of large interplate
events (7); thus, pre-event seismicity, or other
available geologic and tectonic data, provided
limited constraint on the subduction zone geom-
etry. The region above the down-dip extension
of the Simbo Fault is a localized region of rapid
Holocene uplift (8). The age of lithosphere cur-
rently subducting along the trench varies from
~0.5 to 3.5 million years old, and it has been
speculated that such young, hot lithosphere will
not produce large earthquakes. Here we describe
the 2007 earthquake rupture to address how,
before the earthquake, strain was distributed be-
tween the subducting and overriding plates.

Before ~ 0.5 million years ago (Ma), the eastern-
most segment of the Woodlark Basin spreading
ridge was subducting beneath the western margin of
the Solomon Islands (Fig. 1), and the ridge-
trench triple junction migrated northwesterly at
~110 to 120 mm/year. The differences in plate
subduction rates and directions produced a slab
window, which today lies beneath the southern
New Georgia Islands. The SWP subducts at
135 mm/year (N45°E), whereas the AuP sub-
ducts at 97 mm/year (N70°E) (8, 9). The near-total
cessation of spreading on the most trenchward
section of the Woodlark Basin ridge at ~0.5 Ma
(8, 9) and the formation of the right-lateral
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