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Seismic anisotropy could provide vital information about the evolution
and internal convection of the deep Earth interior. Although previous

seismological studies have revealed awide distribution of seismic
anisotropy inthe upper portion of the lower mantle beneath many
subduction zones, the existence of anisotropy at these depths away from
subducted slabs remains debated. Here we use P-wave azimuthal anisotropy
tomography toimage the crust and mantle down to 1,600-km depth. We find
prominent anisotropic patternsin the upper portion of the lower mantle
beneath the Philippine Sea Plate. Substantial azimuthal anisotropy with

N-S fast-velocity directions occurs at 700-900-km depths. We interpret
this azimuthal anisotropy as aremnant of the Pacific lower mantle flow

field about 50 million years ago. Two isolated high-velocity anomalies at
700-1,600-km depths may be vestigial pieces of the subducted Izanagi

slab with seismic velocity features suggesting a shift in the Pacific lower
mantle flow field by about 40 million years ago. Our findings provide seismic
evidence for the existence of complex lower mantle flows and deformation
mechanisms away from subduction zones.

As an important layer, the lower mantle may play a critical role in the
evolution and material cycle of the Earthinterior. Therefore, itisimpor-
tantto better understand geodynamics of the lower mantle. It has been
widely accepted that plate subduction and mantle plumes are two main
stylesin the evolution and material cycle of the Earth’s surface and inte-
rior, which have been proven by global seismic tomography'2. In these
processes, the lower mantle is of great importance, which is not only
the eventual destination of subducted slabs but also the birthplace of
mantle plumes’. However, our knowledge on the geodynamical prop-
erty of the lower mantle is still deficient.

As a valuable and useful tool in understanding geodynamics of
the deep Earth processes, seismic anisotropy has been widely used to
characterize deformations of the crustand lithosphere and flows in the

mantle, providing vitalinformation on the evolution and internal con-
vection of the deep Earth interior, particularly in subduction zones*”.
Compared with the crust and upper mantle that are generally consid-
ered to be seismically anisotropic, most parts of the lower mantle are
regardedto be seismically isotropic, although highly anisotropic miner-
als, such as bridgmanite and ferropericlase, are generally considered
to be the majoringredientsin the lower mantle®’. This may depend on
the predominant deformation mechanisms, such as diffusion or super-
plastic creep®’ and/or pure climb creep'®inthe bulk of the lower mantle.

To date, some shear-wave splitting measurements have suggested
the presence of prominent seismic anisotropy in the upper portion
of the lower mantle (UPLM) beneath several subduction zones™ ™. In
addition, awhole-mantle shear-wave anisotropic model suggests awide
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Fig.1| Tectonic settings in and around the PSP and distribution of seismic
stations used in this study. The scale of the bathymetric data** is shown at the
bottom. Seismic stations are shown as triangles. The serrated lines represent
trench axes, which are generally determined based on the maximum water depth.
Thegreen, red and purple triangles denote the land-based stations from the
International Seismological Centre*, ocean bottom seismometers of the Ocean
Hemisphere Project*® and our ocean bottom seismometers deployed in the Yap
area”, respectively. BP, Benham Plateau; )T, Japan Trench; KPR, Kyushu Palau
Ridge; MS, Molucca Sea; PT, Palau Trench; UP, Urdaneta Plateau; YT, Yap Trench.

distribution of seismic anisotropy in the UPLM beneath major subduc-
tion zones'®. Amechanism of dislocation creep deformation caused by
slab subduction is proposed to largely account for the UPLM seismic
anisotropy'”’®. However, these observations mainly focused on the
vicinity of subducted slabs; the existence of seismic anisotropy away
from the subducted slabs in the UPLM s still highly debated.

The Philippine Sea Plate (PSP) surrounded by subduction zones
(Fig. 1) provides a valuable area to study the seismic structure and
geodynamics away from the subducted slabs in the UPLM because of
the extremely high seismicity. Many studies of seismic anisotropy in
and around the PSP have been made’ >, which have provided impor-
tantinformation onthe structure, dynamics and evolution of the PSP.
However, up to now, seismic anisotropy in the UPLM beneath the PSP
has not beenrevealed.

Azimuthal anisotropy in the UPLM beneath the PSP

Inthis work, we conducted P-wave azimuthal anisotropy tomography
toimage the detailed three-dimensional (3-D) anisotropic structure of
the crust and mantle down to 1,600-km depth beneath the PSP. Our

tomographic images at different depths exhibit complex azimuthal
anisotropy patterns (Fig. 2a-f and Supplementary Fig. 1), which are
generally consistent with the previous results' . The most prominent
feature of our azimuthal anisotropy tomography is N-S fast-velocity
directions (FVDs) at depths of 700-900 km beneath the middle PSP,
which are bounded by NW-SE FVDs to the northeast beneath the north-
ern PSP (Fig.2a-c). The NW-SE FVDs beneath the northern PSP extend
from300-t01,600-km depths (Fig.2a-fand Supplementary Fig.1le-h),
suggesting that the upper and lower mantle flow fields beneath the
Pacific Plate are moving northwestward simultaneously. The differ-
ent FVD features in the UPLM beneath the middle PSP and the Pacific
Plate indicate that the present mantle flow patterns beneath the two
platesare distinct.

Remnant of the Pacific lower mantle flow field 50
millionyears ago

The prominent N-S FVDs at 700-900-km depths beneath the middle
PSP (Fig.2a-c) seemto be less affected by the slab subduction because
they occur generally away from the present subduction zones. In addi-
tion, previous seismic anisotropy studies revealed that the UPLM is
generally characterized by trench-parallel FVDs" ', which are possibly
caused by interactions between the subducted slab and the lower man-
tleinducing high differential stresses and dislocation creep’®. Similarly,
surface-wave anisotropic tomography revealed prominent anisotro-
piesinthe UPLM away from subduction zones beneath central Asia®.
But they were still suggested to be connected with subducted slabs,
because they arelocated inalarge high-velocity (high-V) anomaly and
may reflect stronginteractions between the subducted Tethys, Izanagi
and Pacific plates®. Different from central Asia, no high-V anomaly
appears in the area where the prominent N-S FVDs are revealed by
our azimuthal anisotropy tomography (Fig. 2a-c). Hence, we infer that
these N-SFVDs are independent of the slab subduction.

Another proposed cause of the UPLM anisotropy is lateral lower
mantle flow associated with amantle plume'. Arecent study of P-wave
azimuthal anisotropy tomography has revealed similar N-SFVDsina
large-scale low-velocity (low-V) anomaly at depths 0f1,300-1,600 km
beneath Borneo, Southeast Asia”’, which are approximately parallel to
the subduction direction and possibly reflect lateral movement of a
mantle plume beneath the Java subduction zone?. This tomography
also shows large high-V anomalies above the N-S FVDs, which reflect
subducted slabs. This result may further indicate that the rising of
the mantle plume beneath the Java subduction zone is impeded by
the subducted slabs and results in the lateral mantle flow and the N-S
FVDs. However, our tomography does not disclose a prominent low-V
anomaly at 700-1,600-km depths beneath the PSP (Fig.2a-fand Sup-
plementaryFig.3).Ifthe N-SFVDsin our tomography were generated
by lateral movement of a low-V anomaly, the lower mantle material
would rise through the mantle transition zone and arrive at the PSP
seafloor, simply because there is no subducted slab indicated by a
high-V anomaly in the mantle transition zone beneath the southern
PSP (Supplementary Figs.1g,hand 2g,h). Thus, if alow-V mantle plume
exists in the UPLM there, its rising would not be blocked. Neverthe-
less, geochemical studies have shown that basalts related to a mantle
plume exist only in the Benham and Urdaneta plateaus®*° between
35 and 40 million years ago (Ma), suggesting that the mantle plume
may have been inactive since then. Therefore, we deem that possible
lateral flow of the lower mantle material may have contributed little to
our observed N-S FVDs.

Some geodynamic simulations suggested that complete sub-
duction and detachment of the Izanagi Plate induced an important
transformation of the lower mantle flow beneath the Pacific Plate,
from slow southward motion at 60 Ma to fast northward motion at
50 Ma, and further to be northwestward at 40 Ma®'. The NW-SE FVDs
at300-1,600-km depths beneath the northern PSP (Fig. 2 and Supple-
mentary Fig.1le-h) and the N-S FVDs at 700-900-km depths beneath
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Fig.2|Map views and vertical cross sections of P-wave azimuthal anisotropic
velocity tomography. a-h, Map views (a-f) and vertical cross sections (g,h) of
P-wave azimuthal anisotropic velocity tomography. The layer depth is shown

at the upper left corner of each map. Locations of the vertical cross sections
areshowninf. The orientation and length of the black bars represent the
fast-velocity direction and amplitude of azimuthal anisotropy, respectively,
whose amplitude scale is shown at the bottom. Note thatin g and h, the vertical

bars denote N-S fast-velocity directions, whereas the horizontal bars denote
E-W fast-velocity directions. White dots and red triangles in g and h show local
seismicity and active volcanoes, respectively, within a30-km width of each
profile. Vp, P-wave velocity. Hl and H2 denote two high-V anomalies inferred to be
the remnants of the subducted Izanagi slab. Other symbols are the same as those
inFig. 1.

the middle PSP revealed by our anisotropy tomography are highly
consistent with the northwestward and northward movements of the
lower mantle flow beneath the Pacific Plate at 40 and 50 Ma, respec-
tively, as suggested by those geodynamic simulations. Therefore, we
infer that the NW-SEFVDs at 300-1,600-km depths may further reflect
the stable northwestward movement of the upper and lower mantle
flow fields beneath the Pacific Plate since about 40 Ma, and the N-S
FVD at 700-900-km depths beneath the middle PSP is an indicator
of the remnant Pacific lower mantle flow field at about 50 Ma (Fig. 3).

Seismological studies detected seismic scatterers at
1,000-1,800-km depths under east of the Izu-Bonin-Mariana Trench

(Supplementary Fig. 3d-f), which are suggested to be an ancient sub-
ducted oceanicslaband not related with the contemporary subducting
Pacific slab along the Izu-Bonin-Mariana Trench***, They may be car-
ried northward 500-1,000 km from the present Mariana Trench due
tooblique subduction®. These seismic scatterers are in good accord-
ance with one high-V anomaly at1,100-1,600-km depths beneath the
southern Izu-Bonin Trench revealed by our isotropic tomography
(H1in Supplementary Fig. 3d-f), which also shows that H1 is discon-
nected with the subducting Pacific slab along the Izu-Bonin-Mari-
ana Trench (Supplementary Fig. 4). Hence, H1 probably reflects the
ancient subducted oceanic slab. Similar features were also observed
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Fig. 3| A schematic diagram showing remnants of the early Cenozoic Pacific lower mantle flow beneath the Philippine Sea Plate. The white bars and grey dashed
lines denote remnants of the Pacific lower mantle flow field at about 50 Ma and 40 Ma, respectively.

at 930-1,120 km depths beneath Northeast China and the adjacent
Japan Sea, which are suggested to be a piece of remnant of the sub-
ducted Izanagi slab before the present subducting Pacific slab along
the Izu-Bonin-Mariana Trench®. Consequently, we suggest that Hlis
another piece of remnant of the subducted Izanagi slab, whose time
to sink down to ~1,000-km depth was estimated to be 45-60 million
years®. This timescale coincides well with some plate reconstruction
results based on tomographic results along the Mariana Trench®. They
suggest that the Mariana Trench has been atits presentlocation (with
+200-km uncertainties) since the subduction initiation of the Pacific
Plate beneath the PSP in the early Cenozoic, because tomographic
results show that the subducted Pacific slab along the Mariana Trench
has a length of over 1,000 km*. This argument is supported by the
location of H1 and its separation from the subducting Pacific slab
along the Izu-Bonin-Mariana Trench, considering that H1 may have
moved northwards for a distance of 500-1,000 km**. Hence, we infer
that the Pacific Plate has been continuously subducting along the
Mariana Trench since the early Cenozoic. When the subducted Pacific
slab from the Mariana Trench reached the UPLM, the lower mantle
flow field at 700-900-km depths beneath the PSP would be separated
from and not influenced by that beneath the Pacific Plate, leading to
the maintenance of the remnant of the Pacific lower mantle flow from
about 50 Mato the present.

Remnant of the Pacific lower mantle flow field at
about40 Ma

Besides H1 (Fig. 2a-g), another isolated high-V anomaly (H2 in
Fig.2c-f,h)isalso characterized by similar NW-SEFVDs. Thelocations
of Hland H2 are generally consistent with that of the spreading centre
betweenthe Izanagiand Pacific plates when this spreading centre was

about to subduct beneath the Eurasian Plate”. Thus, we infer that H2
isanother remnant of the subducted Izanagi slab.

The NW-SE FVDs in H1 (Fig. 2) may reflect the stable northwest-
ward movement of the lower mantle flow field beneath the Pacific Plate
since -40 Mabecause the NW-SE FVDs in Hl are consistent with those
in the upper mantle and the mantle transition zone (Supplementary
Fig.1e-h). However, the NW-SE FVDs in H2 are greatly different from
those in the surrounding lower mantle at the same depths and those
at the same location in the upper mantle and the mantle transition
zone (Fig. 2c-f and Supplementary Fig. 1), which may indicate that
the anisotropy in H2 is not influenced by the present lower mantle
flow. Considering that HLand H2 are not connected, and both of them
are remnants of the subducted Izanagi slab with similar anisotropic
features, we infer that H2 possibly preserves the remnant of the Pacific
lower mantle flow field at about 40 Ma (Fig. 3). This may be ascribed to
the amorphous mantle flow field around H2 as shown by the slightly
disordered FVDs around H2at 900-1,600-km depths (Fig. 2c-f).Hence,
H2 may not have experienced phase transition associated with mantle
convection but preserve its fossil frozen-in anisotropy.

The above process is analogous to the preservation of primitive
mantle materials in the lower mantle. Recent geodynamic models
suggest that intrinsically stable and strong bridgmanite-enriched
ancient mantle structures (BEAMSs) exist in the lower mantle, which
could sustainthelateral heterogeneity of the lower mantle for billions
of yearsand are less affected by subducting slabs and mantle plumes’.
The existence of the primitive mantle materials is also suggested by
mineral physics and geochemical studies® *. Recent studies have sug-
gested that these BEAMSs may have a high viscosity contrast of ~10-50
times in the deep mantle reservoir with a small scale*” and a grain size
less than several hundred micrometres* to retain their primordial
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signature. The small-scale trait of these BEAMSs may allow them to be
carried by mantle flow and move to the surface or other places in the
Earth*’. Although the primitive mantle materials in the lower mantle
arenotrevealed by thisstudy, our anisotropic tomography shows that
the former lower mantle flow field can be maintained for dozens of
millions years, suggesting that the preservation of primitive mantle
materialsin the lower mantle for several billion years is quite possible.

Our anisotropic tomography suggests that seismic anisotropy in
the lower mantle may be much more prevalent than previously thought,
notonly in the vicinity of the subducting slabs but also away from the
slabs. The clear UPLM anisotropy we observed further suggests that
dislocation creep may play a more important role in the deep Earth
interior than commonly believed. These observations also provide
important and independent seismic evidence for the existence of past
deformations within the lower mantle, which may stimulate future
geodynamicalmodelling to better understand the deformation mecha-
nisms, rheology and thermodynamic and thermoelastic properties of
mineralsinthe deep mantle.
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Methods

Data

The P-wave arrival-time data utilized in this study are comprised of
three parts. The first part includes P-wave arrival-time data of local,
regional and teleseismic events recorded at land-based stations (green
trianglesin Fig.1) collected from the International Seismological Cen-
tre (ISC)-EHB database (http://www.isc.ac.uk/isc-ehb/search/arrivals/)
from 1964 to 2019, in which all the events are well relocated using the
EHB algorithm*. The second part consists of P-wave arrival-time data
oflocalandregional earthquakes recorded at ocean bottom seismom-
eters deployed by the Ocean Hemisphere Project*® (red triangles in
Fig.1; http://ohpdmc.eri.u-tokyo.ac.jp/). Thethird partincludes P-wave
arrival-time data of local and regional earthquakes recorded at ocean
bottomseismometersin the Yap subductionzone (purple trianglesin
Fig.1), which were deployed and retrieved by the Institute of Oceanol-
ogy, Chinese Academy of Sciences, using the research Vessel KEXUE.
The P-wave arrival times of local and regional events recorded at the
oceanbottom seismometers are manually picked based on theoretical
arrival times computed for the IASP91 Earth model*® and merged with
the ISC-EHB data.

Then we carefully sifted the data of local and regional events
according to the following criteria: (1) each earthquake was recorded
at more than four stations in the study region; (2) the arrivals with
epicentral distance >200 km are used in the inversion, because we
mainly focus onlarge-scale velocity structures of the mantle and (3) the
absolute value of raw travel-time residuals is smaller than 2.5 s. Finally,
our dataset contains 1,005,690 P-wave arrival times of 50,345 local and
regional eventsrecordedat1,235 stations, including 1,635 arrivals at 56
ocean bottom seismometers (Supplementary Fig. 7a).

For the teleseismic events, the selection criteria are as follows:
(1) each event was recorded at more than five seismic stations in the
study region; (2) the absolute value of each travel-time residual is
smaller than 3.0 s; (3) the epicentral distance between a teleseismic
eventand astationisinarange of 30-100°. As aresult, 294,213 P-wave
arrivals of 20,607 teleseismic events are selected to use in this study
(Supplementary Fig. 7b).

Azimuthal anisotropic and isotropic tomographicinversions

To determine the 3-D azimuthal anisotropy and isotropic P-wave veloc-
ity (Vp) models beneath the PSP, we use the azimuthal anisotropic and
isotropic tomographic methods**°. In the anisotropic tomographic
method, weak azimuthal anisotropy with a horizontal axis of hexago-
nal symmetry is assumed. Thus, P-wave slowness (thatis,1Vp™) inan
arbitrary propagation direction can be approximately expressed as:

S(@) = So(1+Acos(2%) + Bsin(2g)) 1)

where Sis the total slowness, S, is isotropic slowness, A and B are two
azimuthal anisotropy parameters, and @ is ray path azimuth. The
fast-velocity direction (FVD) ¢ and the azimuthal anisotropy amplitude
acanbe expressed as follows:

us
-,A>0
SJtan(2)+1 2
0, A<O0,
P= "
- A=0, B> 0, )
I A=0, B<O,
4
_ NaxB
T 1-(A2+B2)’

For the isotropic tomography, 3-D grid nodes are arranged in
the study volume with a lateral grid interval of 1.0°, whereas for the
anisotropic tomography, 3-D grid nodes are set with a lateral grid
interval of 2.0°, because compared toisotropic Vp tomography, abetter

coverage of rays in azimuth and incident angle is required to obtain
robust Vp anisotropic tomography. In the vertical direction, the grid
nodes are set at depths of 20; 50;100; 200; 300; 400; 500; 600; 700;
800;900;1,100;1,300 and 1,600 km. We adopt an updated Vp model
asthe one-dimensional (1-D) initial model, whichisintegrated from the
CRUST1.0 model*, the WPSPO1P model*>and the IASP91 Earth model*®,
similar to our previous studies®*°. The1-D initial Vp modelincludes four
velocity discontinuities, that is, the Conrad, Moho, 410 and 660 km
discontinuities. Using thisinitial 1-D Vp model, we relocate all the local
andregional earthquakes. Then we conduct the azimuthal anisotropy
and isotropic tomographic inversions using the Least Squares with
QR factorization (LSQR) algorithm® with damping and smoothing
regularizations. Considering the trade-off between the root mean
square (RMS) travel-time residual and the norm of a 3-D Vp model, the
optimal damping and smoothing parameters are found to be 500.0
and 20,000.0, respectively (Supplementary Fig. 8), after conducting
many tomographicinversions with different values of the damping and
smoothing parameters. After theisotropic and anisotropicinversions
(Supplementary Fig. 9), the RMS travel-time residual is reduced from
1.305 s for the initial 1-D Vp model to 1.075 s for the 3-D isotropic Vp
model and further reduced to 1.034 s for the 3-D Vp azimuthal aniso-
tropic model. The RMS residual reductions are found to be statistically
significant after performing the F-test'>**,

Resolution analysis

To evaluate the resolution and robustness of the main features of our
azimuthal anisotropy tomographic model and the trade-off between
the isotropic Vp and azimuthal anisotropy, we performed a number
of chequerboard resolution tests (CRTs) and restoring resolution
tests (RRTs). In the CRTs, three kinds of input models with different
values of the isotropic Vp and azimuthal anisotropy parameters are
constructed. Inthefirst to thirdinput models, the isotropic Vp pertur-
bations are assigned tobe 2%, 0% and +2%, whereas perturbations of
the anisotropic parameters (A and B) are +2%, +2% and 0%, respectively.
According to equation (2), the input FVDs at two neighbouring grid
nodes are normal to each other with an amplitude of 2%. In the RRTs,
four input models with different azimuthal anisotropy parameters
are constructed: (1) N-S FVDs with an amplitude of 2% beneath the
middle PSPatdepths of 700-900 km; (2) E-W FVDs with anamplitude
of 2% beneath the middle PSP at depths of 700-900 km; (3) NW-SE
FVDs with anamplitude of 2% beneath the northeastern PSP at depths
of 300-1,600 km and (4) NW-SE FVDs with an amplitude of 2% in
the anomaly H2 at depths of 900-1,600 km. Then theoretical travel
times are calculated for each input model, and the same ray paths
asin the observed dataset are used. To simulate picking errors of
the arrival-time data, we add Gaussian noise (-0.25 to +0.25 s) with
astandard deviation of 0.1s to the synthetic travel times, which are
then inverted to obtain an output model. Comparing the input and
output models, we can judge whether the input model can be well
recovered or not.

Supplementary Figs. 10-25 show the obtained CRT and RRT
results. The CRT results (Supplementary Figs.10-13) indicate that the
resolutionis generally good beneath most of the study region, except
for the central and marginal areas at depths of 20-300 km, where the
seismic rays do not crisscross very well (Supplementary Fig. 26). The
tomographicresults, especially the azimuthal anisotropic images, have
aspatial resolution of 2.0° at depths 0of 20-800 km and 4.0° at depths of
900-1,600 km (Supplementary Figs.10-13). Supplementary Figs.14-21
showthe CRT results for assessing the trade-off between the isotropic
Vp and azimuthal anisotropy, which indicate that the trade-off does
existbutitmainly occursinthe marginal areas where the resolutionis
low duetotheimperfect ray coverage. Asawhole, the trade-offbetween
theisotropic Vp and azimuthal anisotropy isinsignificant, and our azi-
muthal anisotropy tomography is reliable. Four RRTs are performed to
further evaluate the robustness of the main features of our isotropic Vp
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and azimuthal anisotropy tomographic results, such as the N-SFVDs
at depths of 700-900 km beneath the middle PSP (Supplementary
Figs.22-23),the NW-SE FVDs beneath the northeastern PSP at depths
0f300-1,600 km (Supplementary Fig. 24) and the NW-SE FVDs in H2
beneath the middle PSP at depths of 900-1,600 km (Supplementary
Fig.25). These RRT results indicate that all the input isotropic Vp and
azimuthal anisotropy patterns, including the amplitude and FVDs, can
begenerally well recovered. Although slight smearing occursin some
areas, it does not affect the main features of our tomography.

We further performed three more RRTs to investigate the effect of
Vpradial anisotropy onthe N-SFVDs at 700-900-km depths beneath
the middle PSP. Inthese tests, the input models contain negative radial
anisotropy (that is, vertical Vp > horizontal Vp) with an amplitude of
1% at 700-900-km and 20-600-km depths at 9-25° N latitudes and
20-1,100-km depths at 9-35° N, respectively. Then we conducted
azimuthal anisotropic inversions. The test results (Supplementary
Figs. 27-29) show that although some artifacts of isotropic Vp and
azimuthal anisotropy show up at some depths, they are quite differ-
ent fromour results of isotropic Vp and azimuthal anisotropy. Hence,
the N-SFVDs at 700-900-km depths beneath the middle PSP are not
caused by radial anisotropy.

Data availability

The P-wave arrival-time data used in this study are available at http://
www.isc.ac.uk/isc-ehb/search/arrivals/, https://doi.org/10.12157/
I0CAS.20211110.002, http://ohpdmc.eri.u-tokyo.ac.jp and https://
doi.org/10.12157/10CAS.20230828.001. The 3-D velocity model can
berequested from the corresponding authors.

Code availability

The free software GMT (https://www.generic-mapping-tools.org/) was
used in this study. The analysis codes and related scripts for generat-
ing figures used in the main text and Supplementary Information are
available from the corresponding authors upon reasonable request.
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