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ABSTRACT

Approximately two-thirds of Earth’s outermost shell is composed of oceanic plates that
form at spreading ridges and recycle back to Earth’s interior in subduction zones. A series of
physical and chemical changes occur in the subducting lithospheric slab as the temperature
and pressure increase with depth. In particular, olivine, the most abundant mineral in the
upper mantle, progressively transforms to its high-pressure polymorphs near the mantle tran-
sition zone, which is bounded by the 410 km and 660 km discontinuities. However, whether
olivine still exists in the core of slabs once they penetrate the 660 km discontinuity remains
debated. Based on SKS and SKKS shear-wave differential splitting times, we report new evi-
dence that reveals the presence of metastable olivine in the uppermost lower mantle within
the ancient Farallon plate beneath the eastern United States. We estimate that the low-density
olivine layer in the subducted Farallon slab may compensate the high density of the rest of
the slab associated with the low temperature, leading to neutral buoyancy and preventing
further sinking of the slab into the deeper part of the lower mantle.

INTRODUCTION

Under thermodynamic equilibrium, olivine
transforms to its high-pressure phases, wadsley-
ite at the 410 km seismic discontinuity (d410;
Ringwood, 1975), which is the boundary be-
tween the upper mantle and the mantle transition
zone (MTZ). Phase transition from wadsleyite
to ringwoodite occurs at ~520 km, and from
ringwoodite to bridgmanite and magnesio-
wiistite at the 660 km discontinuity (d660; Ito
and Katsura, 1989), which separates the MTZ
and the lower mantle. Olivine in subducting
oceanic lithosphere (slabs) is also expected to
undergo such phase transitions as it descends
into the MTZ and the lower mantle. Due to the
coolness of descending slabs relative to ambient
mantle, metastable olivine inside the subduct-
ing plate can persist to >410 km deep (lidaka
and Suetsugu, 1992; Kirby et al., 1996; Jiang
et al., 2008). Metastable olivine has lower den-
sity and seismic velocity in comparison to the
high-density phases of the ambient mantle, and
thus its existence in a descending slab can af-
fect the subduction rate and the dipping angle of
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the slab (e.g., lidaka and Suetsugu, 1992; Kirby
etal., 1996; Bina and Kawakatsu, 2010; Agrusta
et al., 2014). However, whether metastable ol-
ivine can persist in the lower mantle is unclear,
mostly due to the expected small thickness of the
metastable olivine layer in the lower mantle as
compared to the resolution of seismic tomogra-
phy images (Jiang et al., 2008; Kaneshima et al.,
2007). In this study, we used results from the
USArray seismic-station network (http://www
.usarray.org/) to detect and characterize lower-
mantle seismic anisotropy based on shear-wave
splitting analysis (Silver and Chan, 1991) and to
demonstrate the existence of metastable olivine
in the uppermost lower mantle beneath the east-
ern United States.

Shear-wave splitting analysis using shear
waves refracted at the core-mantle boundary
(including SKS and SKKS; Fig. 1A) is widely
utilized to detect and characterize anisotropy
related to mantle flow and deformation (Silver
and Chan, 1991; K.H. Liu et al., 2008; Grund
and Ritter, 2019). When an SKS or SKKS wave
travels through an azimuthally anisotropic layer
with a horizontal axis of symmetry, it splits into
two shear waves with orthogonal polarization

orientations and different propagation velocities
(Silver and Chan, 1991). The different velocities
result in a splitting delay time (0f) between the
fast and slow waves, which is closely related to
the thickness of the anisotropic layer and mag-
nitude of seismic anisotropy. The polarization
orientation of the fast shear wave (also referred
to as fast orientation or ) constrains the orienta-
tion of azimuthal anisotropy (Silver and Chan,
1991). While SKS and SKKS phases from the
same earthquake recorded at the same station
have nearly identical raypaths in the upper
500 km of the mantle, their raypaths in the lower
mantle are significantly different (Grund and
Ritter, 2019), with the former having a steeper
angle of incidence (Fig. 1A). Therefore, the dis-
crepancy between SKS and SKKS splitting mea-
surements from the same event-station pair has
been routinely utilized to explore lower-mantle
anisotropy (Long and Lynner, 2015; Deng et al.,
2017; Grund and Ritter, 2019). Such studies,
however, mostly attribute the discrepant SKS-
SKKS measurements to anisotropy in the low-
ermost layer of the lower mantle, while results
from this study suggest that the major source of
the discrepant measurements is located in the
uppermost portion of the lower mantle.

We used shear-wave splitting discrepan-
cies between SKS and SKKS phases measured
from the same event-station pair to investigate
the presence of metastable olivine in the up-
permost lower mantle, which allowed us to fur-
ther constrain the physical states of subducted
Farallon lithosphere, slab buoyancy, and slab
stagnation mechanism. Oceanic lithosphere of
the Farallon plate subducted beneath the North
American plate at ~80 mm/yr in a northeast di-
rection from the Late Jurassic, ca. 165 Ma, to the
mid-Cenozoic (L. Liu et al., 2008), ca. 25 Ma.
Previous seismic tomography studies suggest
that the subducted Farallon slab has two main
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segments: a flat-lying stagnant segment mostly
in the uppermost lower mantle beneath the east-
ern United States, and a still-sinking segment
beneath the western United States with a steeper
dipping angle. These two segments may have
separated at 70-50 Ma, and the gap between
them is beneath the central United States (Si-
gloch et al., 2008).

METHODS AND RESULTS

We measured SKS and SKKS splitting pat-
terns from 64 events recorded by 218 seismic
stations that recorded at least one SKS and
SKKS pair, resulting in 304 event-station pairs
in total (Fig. S1 and Tables S1 and S2 in the
Supplemental Material'). Differences between

80'wW 105°W  100W  95'W  90'W  85'W
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the SKS and SKKS splitting parameters from
the same event-station pair are shown in Fig-
ures 1B and 1C, and an example from station
733A can be found in Figure S2. While the fast
orientations of the SKS and SKKS measure-
ments are statistically consistent in the entire
area (61.3° 4= 22.8° for SKS and 61.9° + 23.5°
for SKKS) (Fig. 1C), the splitting time of SKKS
(0.91 4 0.04 s) is dominantly smaller than that
of SKS (1.13 4 0.05 s) for stations located in
a large arc-shaped area (Fig. 1B, the area out-
lined by the dashed black and yellow line). In
contrast, stations located outside this zone have
indistinguishable splitting times.

To minimize the influences on the splitting
times caused by waveform interference from
non-SKS—non-SKKS phases (Lin et al., 2014),

'Supplemental Material. Tables S1 and S2 (the SKS
and SKKS splitting pairs in the anomalous zone of
Figure 1 and the pairs outside the zone) and Figures
S1-S6 (earthquake distribution; examples of discrepant
SKS-SKKS splitting measurements; discrepancy
and number distributions in epicentral distance and
back azimuth; estimation of anisotropy depth; and a
schematic diagram showing the determined anisotropy
depth based on the width of the discrepant region).
Please visit https://doi.org/10.1130/GEOL.S.19400906
to access the supplemental material, and contact
editing @geosociety.org with any questions.

only events with an epicentral distance ranging
from 100° to 130° and a focal depth >20 km
were used (Deng et al., 2017; Grund and Rit-
ter, 2019). As shown in Figure S3, the vast ma-
jority of the discrepant pairs are from events
with an epicentral distance where the SKS or
SKKS phase has an adequate time separation
from the non-SKS—non-SKKS waves. In addi-
tion, we did not observe any sudden increase of
the discrepancy from events with a back azimuth
30° or 45° apart from the fast orientation. The
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Figure 1. lllustration of dis-
crepant SKS-SKKS splitting
measurements. (A) Ray-
paths of SKS and SKKS
phases. The SKS phase
travels through a region
of azimuthal anisotropy in
the lower mantle (green
segment), while the SKKS
phase avoids this region.
CMB—core-mantle bound-
ary. A schematic diagram
of shear-wave splitting is
shown on the right. p—fast
orientation; 8t—splitting
time. (B) Observed differ-
% ences between SKS and
SKKS splitting delay times.
The area outlined by the
dashed black and yellow
line is dominated by positive
30 values of the SKS splitting
time minus that of the SKKS

60

0 phase. Black triangles rep-
resent station locations that

.30 recorded at least one well-
defined SKS and SKKS pair.

The enclosed area in the
inset map shows the study
area within North America.
90 (C) SKS (red) and SKKS
(blue) fast orientations. Ori-
entation of bars represents
the fast orientation, with the
length being proportional to
the magnitude of splitting
time. Background color indi-
cates the circular difference
between the SKS and SKKS
fast orientations.

-60
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observation would be expected if the increase
in differential splitting times were caused by the
interference of multiply reflected P waves (Fig.
S3) (Tesoniero et al., 2020). Indeed, there is no
systematic difference in both the azimuthal and
the epicentral distance distributions between the
non-discrepant and discrepant events (Fig. S4).
Finally, interference by non-SKS—non-SKKS
phases usually leads to SKKS times greater than
SKS times (Lin et al., 2014; Tesoniero et al.,
2020), while the opposite is observed in this
study (Fig. 1). Thus, the observed greater SKS
splitting times in the anomalous zone can hardly
be attributed to interference by non-SKS-non-
SKKS phases.

DISCUSSION

Due to the nearly identical raypaths of the
SKS and SKKS phases in the upper mantle, this
discrepancy of splitting times between the SKS
and SKKS phases from the same event-station
pair in the anomalous zone (Fig. 1B) suggests the
presence of an azimuthally anisotropic region in
the lower mantle. Because the fast orientations
from SKS and SKKS phases are virtually iden-
tical for the vast majority of the event-station
pairs, the difference of the splitting times can be
utilized to quantify the strength of a “residual”
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Figure 2. Spatial distribution of ray-piercing points for discrepant (circles) and non-discrepant (crosses) SKS-SKKS pairs at depths of 2700 km
(A) and 850 km (B). Dashed quadrangle in A represents the region shown in B. Circles and crosses represent the middle of the ray-piercing
points between the SKS and SKKS phases. Background color denotes the P-wave velocity anomaly for the depth layer of 2566—-2890 km (A)
and 800-893 km (B) in the GAP_P4 model (Obayashi et al., 2013). Black and yellow dashed line shown in B stands for the area where the split-
ting time of the SKS phase is dominantly greater than that of the SKKS phase from the same event-station pair. The rose diagram in B exhibits

the fast orientations of the discrepant SKS and SKKS shear-wave splitting measurements, and the arrow denotes the Mesozoic subduction

direction of the Farallon plate from 64 Ma to 74 Ma (Bunge and Grand, 2000).

anisotropic layer. Under the assumption that the
residual anisotropy is caused by a single layer
with 4% anisotropy (Silver and Chan, 1991), the
observed 0.22 £ 0.04 s difference in the split-
ting time corresponds to an anisotropic layer
with a thickness of ~20 =£ 4.5 km. If the anisot-
ropy strength is in the range of 3% to 7% and
the actual value is dependent on temperature,
pressure, and shear strength (Savage, 1999), the
estimated thickness of the layer is in the range
of 32.7 £ 5.9 to 14 + 2.5 km, respectively. In
the following, we use the anisotropy strength of
4% where quantitative discussions of possible
anisotropy formation mechanisms are required.

Arguments Against a D” Origin of the
Observed Differential Anisotropy

Previous seismic anisotropy studies have
demonstrated that except for the D” layer in the
lowermost mantle (Fig. 1A) and areas directly
beneath active subduction systems, the bulk of
the lower mantle is azimuthally isotropic, indi-
cating that the dominant deformation mecha-
nism in the lower mantle is diffusion creep that
cannot produce detectable seismic anisotropy
(Girard et al., 2016). However, the observations
presented in this study cannot be readily attrib-
uted to the D” for the following reasons:

(1) The ray-piercing points of the discrepant
SKS-SKKS measurements are concentrated in a
narrow zone in the uppermost lower mantle and
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are clearly separated from the piercing points of
the non-discrepant measurements (Fig. 2B). In
sharp contrast, the piercing points of these two
types of measurements mingle with each other
in the lowermost mantle (Fig. 2A).

(2) An uppermost lower-mantle origin of the
discrepant splitting times is consistent with the
estimated depth of the residual anisotropy. To
quantify the depth of the residual anisotropy,
we applied an anisotropy depth estimation pro-
cedure based on the spatial coherency of the
splitting measurements (see the Supplemental
Material for details) with candidate depths rang-
ing from 500 to 2800 km. The resulting optimal
depth that maximizes the spatial coherence of
the discrepant &z is 845 £+ 15 km (Fig. S5), sug-
gesting an origin in the uppermost lower mantle
for the observed residual anisotropy.

(3) An uppermost lower-mantle rather than
a D” origin of the observed discrepant splitting
times is consistent with the width of the zone
with discrepant splitting times (see the Supple-
mental Material and Fig. S6 for details).

Anisotropy Associated with the Farallon
Slab in the Uppermost Lower Mantle

The remarkable spatial correspondence be-
tween the area with discrepant splitting times
between the SKS and SKKS phases and the
western edge of a high-velocity zone in the up-
permost lower mantle, which has been widely

regarded as the stagnant Farallon slab in numer-
ous seismic tomography studies (Sigloch et al.,
2008; Obayashi et al., 2013; Lu et al., 2019),
suggests a causative link between the slab and
the discrepant splitting times. A possible expla-
nation for the discrepant splitting times is an
~20-km-thick anisotropic layer in the Farallon
lithosphere (Fig. 3). Along the western edge of
the high-velocity zone, only the SKS but not
the SKKS phase travels through the anisotro-
pic layer, resulting in larger SKS splitting times
(Fig. 3; Fig. S6). In the area to the west of the
high-velocity zone (“the western area”), neither
phase travels through the anisotropic layer, and
to the east of this zone (“the eastern area”), both
phases travel through this layer. This explains
the observation that the SKS and SKKS splitting
times are comparable in both the western and
eastern areas (Fig. 3).

Geodynamic modeling studies (Bunge and
Grand, 2000; L. Liu et al., 2008) indicate that the
dominant direction of Farallon subduction was
northeastward, which is consistent with the fast
orientation of the observed azimuthal anisotropy
(Fig. 2B). Thus, the most likely cause of the
observed northeast-southwest—oriented differ-
ential azimuthal anisotropy is lattice-preferred
orientation (LPO) of minerals or shape-preferred
orientation (SPO) of rocks in or adjacent to the
subducted slab. Bridgmanite and magnesio-
wiistite, the dominant minerals in the ambient
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uppermost lower mantle and the outermost
layer of the slab, cannot lead to splitting of the
subvertically propagating SKS or SKKS waves
(Wookey et al., 2002; Yamazaki and Karato,
2002; Tsujino et al., 2016; Fu et al., 2019). A
metastable ringwoodite layer inside the slab is
largely isotropic (Mainprice, 2015), and LPO
of wadsleyite under horizontal shear would pro-
duce a fast orientation perpendicular, rather than
parallel, to the shear direction (Kawazoe et al.,
2013). Therefore, the LPO of metastable ring-
woodite or wadsleyite under horizontal shear is
inconsistent with the observed measurements.
Similarly, grain-scale and rock-scale layering of
basaltic materials in the MTZ and possibly the
uppermost lower mantle is capable of producing
radial but not azimuthal anisotropy (Faccenda
etal., 2019). These leave us with the most likely
candidate for the observed differential anisot-
ropy, i.e., a layer of metastable olivine in the
coldest core of the slab. It has been suggested
that olivine LPO can develop by mantle flow
parallel to the subduction direction (Yuan and
Beghein, 2013), and thus anisotropy in this layer
may represent the frozen-in anisotropy that was
produced prior to subduction.

GEODYNAMIC IMPLICATIONS AND
CONCLUSIONS

This first evidence of the existence of
a metastable olivine layer in the core of the
subducted Farallon lithosphere in the upper-
most lower mantle implies that the negative
buoyancy associated with the low temperature
(Obayashi et al., 2013; Lu et al., 2019) may be
partially or entirely compensated by the low
density of the metastable olivine layer. Some

previous laboratory and geodynamic model-
ing studies suggest that below a temperature of
1000 K, olivine may remain metastable under
the uppermost lower-mantle pressure (Wang
etal., 1997) and is characterized by lower den-
sity and lower seismic velocities than the rest
of the slab. The scaling factor of P-wave ve-
locity to temperature decreases with increas-
ing depth, to about —0.23% =+ 0.05%/100 K
in the uppermost lower mantle (Cammarano
etal., 2003). Thus, a P-wave velocity anomaly
of +-2% associated with the subducted Farallon
slab (Schmandt and Lin, 2014) would result
in a negative temperature anomaly of 710—
1110 K. Using an ambient uppermost mantle
temperature of ~1900 K (Boehler, 1996), the
temperature at the core of the slab could be
lower than the threshold value of 1000 K re-
quired for the existence of metastable olivine.
Using these and other experimentally deter-
mined physical properties, we conclude that
the magnitude of density deficiency associated
with the metastable olivine layer is approxi-
mately comparable to the density increase for
the rest of the slab due to the cold temperature
(see the Supplemental Material for details),
leading to a neutrally buoyant Farallon slab in
the uppermost lower mantle.
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model illustrating the
transformation of olivine
during subduction and
the cause of the discrep-
ant SKS-SKKS splitting
measurements. At the
western station, neither
the SKS nor SKKS phase
travels through the slab
and thus the splitting
parameters (¢—fast
orientation; &t—split-
ting time) are the same.
For the middle station,
the SKS phase travels
through the slab and
not the SKKS phase,
resulting in greater SKS
splitting time. For the
eastern station, both
SKS and SKKS phases
travel through the slab,

Upper mantle

Lower mantle

leading to identical
SKS and SKKS splitting
parameters.
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