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S U M M A R Y
The evolution of the Philippine Sea Plate (PSP) since Jurassic is one of the key issues in
the dynamics of lithosphere and mantle. The related studies benefited mostly from seismic
tomography which provides velocity structures in the upper mantle. However, the upper-mantle
structure is not well resolved compared to the continental areas due to the lack of seismic data
in the Philippine Sea. We employ a 3-D gravity inversion constrained by an initial model
based on the S-wave tomography (SL2013sv; Schaeffer & Lebedev 2013) to image the density
structure of the upper mantle of the PSP and adjacent region. The resulting model shows
a three-layer pattern of vertical high-low-high density variation in the upper mantle under
the PSP. The thin high-density layer evidences for strong oceanic lithosphere in the West
Philippine Sea. The relatively low dense mantle located below the PSP possibly originates
from the asthenosphere. The PSP differs from the Pacific and the Indian-Australian plates in
the whole depth range, while its structure is similar to the eastern Eurasian and Sunda plates.
In the depth range, 200–300 km, the relative high-density zone beneath PSP extends to the
Sunda Plate and to the eastern Eurasian Plate. We further estimated the conversion factor of
our density model and the velocity model (SL2013sv; Schaeffer & Lebedev 2013) in order
to locate the changes of compositional effects in the upper mantle. The negative conversion
factor indicates that the compositional changes primarily affect the density anomalies beneath
the PSP. We, therefore, describe the layered density structures as ‘sandwich’ pattern, which is
unique and different from adjacent regions.

Key words: Gravity anomalies and Earth structure; Joint inversion; Dynamics of lithosphere
and mantle.

1 I N T RO D U C T I O N

The Philippine Sea Plate (PSP) is located west of the Pacific Plate
(PP), connecting it to eastern Eurasia. It is surrounded by trenches
and subduction zones (Fig. 1a). The PP subduction beneath the
Eurasian Plate (EP) is one of the most significant factors affect-
ing the present day structure and evolution history of the upper
mantle of the PSP and adjacent region since the Jurassic. Recent
studies presented new features of the subduction along its eastern
and western margins. Zhao et al. (2017) employed seismic tomog-
raphy in combination with the deep large earthquake, Bonin 2015,
to prove that the subducting slab of the PP is teared at ∼28◦N on
the eastern margin of the PSP. The northern segment of the sub-
ducted slab is stagnated in the transition zone, while the southern
one nearly vertically penetrates into the lower mantle. These results
may stimulate reconsidering the origin of earthquakes, volcanoes
and backarc spreading along the Mariana trench. Yu et al. (2017)

estimated uppermost mantle temperatures and thermal thicknesses
of the lithosphere for southeastern Asia by converting a new S-
wave velocity model (Tang & Zheng 2013), whose resolution was
locally improved. The thermal structure implies a uniform high-
temperature layer at the depths 100–180 km under the EP and the
western PSP. This might suggest that the westward penetration of the
PSP slab is insignificant and the subducted slab does not penetrate
westwards into the deep asthenosphere.

Several tomography studies focusing on the crust and the upper
mantle in the study area have been performed in the last decades.
These studies mainly aimed to define morphology, geometry and
physical properties of the subducting PP and adjacent collision
zones (e.g. Miller et al. 2004; Huang & Zhao 2006; Isse et al.
2009; Hall & Spakman 2015; Porritt et al. 2016; Wu et al. 2016;
Zhao et al. 2017). P- and S-wave velocity models demonstrate
extreme heterogeneity of the crust and the upper mantle in the
study region (Shito et al. 2015). From the western to the eastern
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946 Q. Liang et al.

Figure 1. (a) Topography of the Philippine Sea and surrounding regions. (b) Residual mantle gravity anomaly (Kaban et al. 2016) after removing the effects of
topography/bathymetry, sediments, crustal density variation and the Moho relief from the free air gravity anomaly (EIGEN-6c4 model, Förste et al. 2014). (c)
Age of the ocean crust (Müller et al. 2008) and principal tectonic boundaries. (d) Slab depth (Hayes et al. 2012). The black solid lines represent global tectonic
plates based on PB2002 (Bird 2003). The red triangles denote Holocene volcanoes from the Global Volcanism Program. Main tectonic units are labelled: Bb,
Bismarck Basin; nBs, North Banda Sea; sBs, South Banda Sea; SCb, Sichuan basin; IBt, Izu-Bonin Trench; Kb, Khorat Basin; Mt, Mariana Trench; NCc,
North China Craton; Sb, Shikoku Basin; STb, Shan-Thai Block; wPb, West Philippine Basin; Rt, Ryukyu Trench; Pt, Philippine Trench.

margins of the PSP, high seismic velocity anomalies reveal the
location of subduction zones (e.g. Huang & Zhao 2006; Zhao et
al. 2017). However, beneath the Ryukyu–Philippine (RP) trench
and the Izu–Bonin–Mariana (IBM) trench system, the evolution
of the subduction zones during the periods of the PSP forming
and moving northwestwards is still under debate (Deschamps &
Lallemand 2002). Due to the lack of seismic data in the Philippine
Sea, the upper-mantle structure is not well resolved compared to
the adjoining continental areas. Therefore, other parameters, such
as density, are required to define composition and thermal structure
of the lithosphere and asthenosphere. The gravity field may provide
higher horizontal resolution of density variation that can help to

identify different compositional domains in the lithosphere (e.g.
Root et al. 2017).

Density of the upper mantle depends on temperature and compo-
sition, but in a different way than seismic velocities. Thus, density
anomalies do not necessarily correlate with velocity variations (e.g.
Anderson & Bass 1984, Kaban et al. 2003). Density variations in the
upper mantle represent one of the main factors controlling crustal
movements and lithosphere dynamics. The pulling force of a dense
subducting slab is widely accepted as one of the major driving forces
in plate tectonics. Niu et al. (2003) suggested that the existence of
a lateral compositional density contrast within the lithosphere may
result in initiation of subduction. On the other hand, high-density
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Upper-mantle structure in the Philippine Sea 947

material in the lower lithosphere due to low temperatures or com-
positional anomalies may lead to detachment of lithosphere blocks
(Kay & Kay 1993; Houseman & Molnar 1997; Wang & Currie
2015).

Triggered by recent satellite missions, in particular GRACE and
GOCE, gravity data have become an important tool for investi-
gating the Earth’s density structure. Approaches based on inte-
gration of gravity and seismic data have been broadly applied to
delineate the upper-mantle density structure (e.g. Brandmayr et
al. 2011; Mooney & Kaban 2010; Kaban et al. 2003, Chaves &
Ussami 2013; Kaban et al. 2014b, 2016). In this study, we at-
tempt to invert mantle gravity anomalies (Fig. 1b) refined from
the effect of the crust and deep mantle (Kaban et al. 2016), using
the 3-D inversion algorithm (Liang et al. 2014) to investigate the
upper-mantle density distribution beneath the Philippine Sea and
surroundings.

2 M E T H O D

2.1 Mantle gravity anomaly

The mantle gravity anomalies (Fig. 1b), which are employed in this
study, have been calculated by Kaban et al. (2016) after removing
the effects of the crust and deep mantle from the initial gravity
field (EIGEN-6c4; Förste et al. 2014). Gravity anomalies induced
by density heterogeneity of the sedimentary layer, crystalline crust
and of the Moho variations have been computed relative to a 1-D
reference model (Table 1; Kaban et al. 2016), which consists of two
crustal layers (0–15 km, 2.7 g cm−3 and 15–40 km, 2.94 g cm−3)
underlain by the upper mantle with the density 3.357 g cm−3 in the
top. Although this is a continental reference model, it is balanced
in an isostatic sense with the oceanic crust–mantle structure, which
corresponds to the 180 Ma old oceanic lithosphere according to
the cooling-plate model (Kaban & Schwintzer 2001). Therefore,
the total gravity effect of all crustal layers down to the Moho will
be the same when employing both reference models (oceanic and
continental). The effects of the crust are calculated using the crustal
model (Stolk et al. 2013), which is based on a compilation of nearly
all seismic determinations of crustal parameters. For estimation of
the deep mantle effects, the tomography model S40RTS (Ritsema et
al. 2011) has been employed in Petrunin et al. (2013) and Kaban et
al. (2014a). These calculations require a whole mantle model, while
the model SL2013sv gives only upper-mantle velocities. However,
the choice of the global model is insignificant since the study area
is relatively small and the global effects represent just linear trends,
which do not affect the solution. After removing these effects from
the observed field, the residual mantle gravity anomalies were cal-
culated (Kaban et al. 2016).

Based on recent global dynamic models of the mantle (Kaban &
Trubitsyn 2012; Petrunin et al. 2013; Kaban et al. 2014a), the effect
of deep density heterogeneity below 325 km, which is not considered
in this study, has been also removed from the gravity field (Kaban et
al. 2016). The obtained upper-mantle gravity anomalies are shown
in Fig. 1(b). One of the main features of this field is the extended
minima connected to the plate collision zones, such as the IBM
trenches, the RP trenches, the part of the Sunda trench and broad
area of the convergent zone between the PP and the Australian Plate
(AP). Relatively high mantle gravity anomalies appear in the central
part of the PSP, extending to the Celebes and Banda Sea. Relative
gravity maxima also characterize major areas of the PP, the EP and
the AP in the study region.

2.2 Algorithm and parameters of the gravity inversion

The 3-D inversion algorithm of Liang et al. (2014) was used in this
study. This method accounts for sphericity of the Earth, therefore
it is applicable for large regions. 3-D gravity inversions are often
performed in the Cartesian coordinate system while the surface is
approximated as a plane. Since our study area covers 80◦E–175◦E
in longitude and 30◦S–60◦N in latitude directions, the inversion
should be certainly performed for the spherical Earth.

Since the resolution of the gravity anomalies is 1◦ × 1◦, the
density model is also represented on the same 1◦ × 1◦ horizontal
grid with a 50-km step in depth. The thickness of the top tesseroid
layer varies depending on the Moho depth.

For the inversion of the gravity data, constraining information
derived from geological and geophysical data is necessary to re-
strict non-uniqueness and instability of the inversion. We follow
the proposal of Li & Oldenburg (1998) and select a density model,
which is based on seismic tomography (Shaeffer & Lebedev 2013),
as an initial one. The 3-D initial model works as a constraint for the
result of the inversion. Therefore, we define the objective function
� as the following:

� = �d + μ�ρ, (1)

where �d is the data misfit and �ρ denotes the model objective
function, and μ is the balance factor also called as the regularization
parameter that determines the trade-off between the two objective
functions. The objective functions �d and �ρ can be expressed as
a matrix, that is,

�d = ||Kρ − g||2, �ρ = |Wρ(ρ − ρini)||2, (2)

where K is the kernel matrix or the integral operator for converting
density into the gravity field, g is the mantle gravity anomaly; ρ

and ρ ini represent the pending density and initial density vectors,
respectively. Wρ is one of the important parameters in the model ob-
jective function, which is defined as a weighting matrix in spherical
coordinates (Liang et al. 2014).

The method has been tested on numerical models (Figs 2 and 3)
to analyse resolution of the inversion method and the effect of un-
certainties in the initial density structure, which is based on seismic
tomography. These tests demonstrated that the shape of pre-defined
density structures including lateral and vertical variations is repro-
duced in the inversion, although the density anomalies might be
reduced due to damping (Fig. 4). The initial model provides ba-
sic constraints on the vertical structure for the ill-posed gravity
inversion. However, the inversion significantly improves lateral res-
olution as demonstrated in Figs 2 and 4(e) and (f), for example, by
revealing a high-density block of about 5◦ (∼550 km). In contrast,
the unconstrained inversion of the gravity field does not resolve
vertical density structure with the same block smeared to about
1100 km (Figs 4g and h). Furthermore, in the numerical test the
radial resolution is also improved in the final model by revealing
a 100-km thick layer (Figs 4c and d), although the initial model is
vertically uniform and does not include this layer.

2.3 Initial 3-D density model

In this study, the initial density model was derived from the velocity
perturbations of the tomography model SL2013sv (Fig. 5) of Scha-
effer & Lebedev (2013). S-wave velocities were transformed into
temperatures, and then to density perturbations using a mineral-
physics approach as described in Tesauro et al. (2014). The initial
temperatures and densities in this study are the same as in Kaban
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948 Q. Liang et al.

Table 1. 1-D reference density model of the crustal and upper mantle above 300 km.

Depth (km) 0–15 15–40 50 100 150 200 250 300

Density (g cm−3) 2.7 2.94 3.357 3.384 3.419 3.457 3.510 3.560

Figure 2. 3-D perspective views of synthetic model (a and b), initial model (c and d) and final model (e and f). Models are shown in a view from south to north
(a, c and e) and in a view from east to west (b, d and f). The difference between the synthetic model and the initial model is the top-layer setting. The absolute
density values, |ρ|, which are smaller than 0.005 g cm−3, are cut off in all models.

Figure 3. Theoretical gravity anomaly (a) of synthetic model (Figs 2a and b), inverted gravity anomaly (b) of constrained model (Figs 2e and f) and data misfit
(c).

et al. (2016), which were computed globally in the uppermost man-
tle up to a depth of 325 km by using the approach of Stixrude &
Lithgow-Bertelloni (2005); therefore, we refer to the above paper
for a detailed description. The initial density variations at the depths
of 50, 100, 150, 200, 250 and 300 km are shown in Fig. 6.

2.4 Relation between the calculated density variations and
seismic velocities

The conversion factor is a relation between the S-wave velocity
anomalies and computed density variations. It can be used to quan-
tify thermal and compositional effects in the lithosphere (Root et
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Upper-mantle structure in the Philippine Sea 949

Figure 4. Comparisons of synthetic model (a and b), initial model (c and d), inverted model with constrains (e and f) and inverted model without constrains
(g and h) along profiles of 15.5◦ latitude line (a, c, e and g) and 130.5◦ longitude line (b, d, f and h).

al. 2017). The conversion factor is given as follows:

p = (dρ/ρ)/ (dVs/Vs) , (3)

where dρ is the inverted density anomaly in this study, ρ is the
reference density value (Table 1) and the ratio of dVs/Vs is the
S-wave velocity perturbation (Fig. 5) from the global tomography
model SL2013sv (Schaeffer & Lebedev 2013).

The inverted density variations in the upper mantle are affected by
both thermal and compositional anomalies. In contrast, the velocity
anomalies more relate to temperature variations (e.g. Stixrude &
Lithgow-Bertelloni 2005). To quantify these effects, we employ the
density–velocity conversion factor. The positive conversion factor
means the density anomaly is dominated by thermal effects, whereas
the negative one indicates that the density anomaly is likely related
to compositional variations. The calculated 3-D model of the con-
version factor is to be compared with the tectonic fragmentation of
the Philippine Sea and surrounding areas.

3 I N V E R S I O N R E S U LT S

The inverted density model produces gravity anomalies, which are
very close to the mantle field with the misfit ± 2.7 × 10−5 m s−2

(Fig. 7). The major differences between the inverted model and

initial models are due to the variations of the mantle gravity anoma-
lies. For instance, the initial model derived from the tomography
model shows a low density anomaly beneath the Philippine Sea,
while the mantle gravity shows positive anomaly. Therefore, our
method provides a possibility to resolve additional features of the
upper-mantle structure, which are not visible in seismic models
due to a lack of resolution or low sensitivity of the wave speed to
compositional changes. The obtained density variations character-
ize lateral variations of composition and temperature in the upper
mantle. The inverted density model shows distinct differences of
the upper mantle between the PSP and surrounding regions (Fig. 8).
Higher density dominates in the upper mantle under the PSP at a
depth of 50 km (Fig. 8). It is similar to the density distribution
in the neighbouring PP and AP, but differs from those of the EP
and the Sunda Plate (SP) at this depth. The two-layer density struc-
ture in the top of the mantle is typical for the lithosphere of the
Philippine Sea. The low-density zone occupies a large region be-
neath the PSP, the SP, the Yangzte craton area and the southern
Amur Plate at a depth of 100 km (Fig. 8). This low-density zone
thickens eastwards and extends under the PP downwards to a depth
of ∼150 km (Fig. 8, 150 km). In the deeper mantle, the mantle
density under the PSP increases at the depths of 200–300 km and
becomes similar to those at the same depths under the EP includ-
ing the Sunda tectonic area (Fig. 8, 200–300 km). Oppositely, the
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950 Q. Liang et al.

Figure 5. S-wave velocity perturbations of the tomography model SL2013sv of Schaeffer & Lebedev (2013) at the depths 50, 100, 150, 200, 250 and 300 km.
Green triangles show volcanoes as in Fig. 1(a).

low-density anomaly chiefly occupies this depth range in the PP
and the AP. The thick low-density layer appears beneath the litho-
sphere in the study region, which may be explained by differences in
composition and temperature relative to the overlying high-density
layers (Fig. 10). The inverted density structure evidences that the
relatively less dense and likely hotter material is located below the
lithosphere in the collision zones dividing the lithospheric plates

(PSP, SP, EP, PP and AP). It should be noted that these density
anomalies are estimated relative to the above-mentioned 1-D model
(Table 1), which implies increase of density with depth. There-
fore, a low-density anomaly at some depth does not necessarily
indicate the inverse density–depth gradient; the absolute density
may still increase with depth depending on the amplitude of the
anomaly.
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Upper-mantle structure in the Philippine Sea 951

Figure 6. The initial density model at the depths 50, 100, 150, 200, 250 and 300 km. Black lines represent plate boundaries. Green triangles show volcanoes
as in Fig. 1(a).

4 D I S C U S S I O N

4.1 The Philippine Sea Plate

As visible in vertical slices in the inverted density model (Fig. 9),
the density structure of the upper mantle in the Philippine Sea is
characterized by a three-layer pattern, which is significantly dif-
ferent from the westward PP and the eastward EP (Fig. 9b). The
high-density layer in the upper mantle can be found beneath the

Philippine Sea at a depth of ∼75 km, which overlays the anomalous
low-density zone. This feature is responsible for the positive man-
tle gravity anomaly in the Philippine Sea (Fig. 1b). The boundary
between them agrees well with the lithospheric bottom defined by
the Litho1.0 model (Pasyanos et al. 2014) in the PSP region. The
relatively thick low-density layer extends to a depth of about 175 km
(Fig. 9c). Thickness of the top high-density layer is different in the
western and eastern parts of the PSP. The thicker part located in

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/219/2/945/5541063 by G

eoforschungszentrum
 Potsdam

 user on 06 Septem
ber 2019



952 Q. Liang et al.

Figure 7. Predicted mantle gravity anomaly (a) and the data misfit (b).

the west Philippine Sea implies that the oceanic lithosphere of the
west Philippine Basin is older and denser, and became mature after
the seafloor spreading ended 30–33 Ma (Deschamps & Lallemand
2002). In contrast, in the east Philippine Sea the younger oceanic
lithosphere beneath the Parece Vela/Shikoku Basin is characterized
by a rather thin high-density layer. It is consistent with a continua-
tion of seafloor spreading after 30 Ma (Mrozowski & Hayes 1979).

Under the east PSP, anomalously high density at the bottom of the
inverted model may relate to the stagnated slab of the PP beneath
the Izu–Bonin trench and Shikoku Basin (Figs 9c and d). However,
there is no evidence for a stagnated slab in the deep zone under the
Mariana trench and Parece Vela Basin (Figs 9a and b). Zhao et al
(2017) suggested that the partially subducted PP is teared eastwards
from the northern IBM trench chain. Other studies proposed a sim-
ilar interpretation (e.g. Miller et al. 2004; Ye et al. 2016). This zone
is considered as a steep-angle subduction, and a corresponding part
of the subducted slab might be broken. In this case, the gap behind
the detached part of the lithospheric slab should represent a wide
channel filled with upwelling magma from decompression melting
in the asthenosphere. Upwelling mantle can heat and melt the lower
lithosphere material, which replaces the cold lithosphere of the
PSP.

At the Ryukyu trench, the northward subduction of the PSP has
been defined by many tomography studies (e.g. Huang & Zhao 2006;
Isse et al. 2009; Li & Van der Hilst 2010; Wei et al. 2015); however,
such a subduction zone is not clearly visible in the inverted density
model (Figs 9a and e). The reason could be insufficient resolution
of the tomography model, although we observed a negative gravity
anomaly located in the west of the Ryukyu trench (see in Fig. 1b).
On the western margins of the PSP, there are some indications of
subduction of the PSP under the Philippine Mobile Belt (Galgana
et al. 2007) at the Philippine and East Luzon trenches (Figs 9c and
d).

The thick low-density zone in the PSP is likely related to the
sea-floor spreading in the Philippine Sea during last 50 Ma. In this
case, the accumulated low-dense material beneath this structure is

a result of the asthenosphere upwelling through the channel caused
by the delaminated slab.

4.2 Adjacent plates

The density structure of the western PP is significantly differs from
the PSP (Figs 9a–c). The ∼100-km-thick high-density layer lies on
the thick and relatively low-dense asthenosphere which is typical
for the old oceanic lithosphere. This density structure is in agree-
ment with previous seismic tomography results. Between 100 and
150 km depth (Fig. 8), the low-density anomaly distributes through
the region under the PSP and eastern EP. This might indicate that
the underlying low-density zone extends across the Ryukyu trench
(Fig. 8, at depths of 100 and 150 km), although the Ryukyu trench
is considered as the margin for both plates.

The SP is located southwest of the PSP. It was traditionally con-
sidered as a part of the EP but it is possibly separated from the EP
and PSP since the Tertiary according to recent investigations (Bird
2003). Unlike the PSP, the SP has an upper-mantle density structure
characterized by a two-layer pattern, in which a thick low-density
layer overlies a high-density zone (Fig. 9c). However, the obtained
density structure of the subcrustal layer may be biased by uncer-
tainties of the crustal model used for computation of the residual
gravity anomalies. The high-density zone is connected to the PSP
and EP at the depths 150–200 km, as well as with the subducted
slabs of the Australian and Indian plates.

The AP is not connected directly to the PSP. However, the north-
ward subduction zone of the plate may affect the density variation
of the lithosphere and asthenosphere beneath the PSP. The inverted
density model outlines shapes of the subduction zones along the
Sunda-Java trench (Figs 9d and e). A large high-density block in the
Banda Sea area is clearly observed at a depth of 100 km (Fig. 8).
This block might be a remnant of the subducted slab from the Aus-
tralia Plate. It is connected to the asthenosphere of the southern PSP
below 200 km.
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Upper-mantle structure in the Philippine Sea 953

Figure 8. Inverted density variations at the depths 50, 100, 150, 200, 250 and 300 km. Black lines represent plate boundaries. Green triangles show locations
of volcanoes. Five profiles (AA′, BB′, CC′, DD′ and EE′) at the 300 km plot show locations of vertical cross-sections in Fig. 9. The black dots represent the
relative distance of each profile in Fig. 9.

For a broader region, a layer of low-density anomalies along
100 km depth (Fig. 8) beneath the SP, Amur Plate and PP is related
to the low-velocity perturbations (Supporting Information Fig. S1),
indicating that the thermal effect is the primary domination in den-
sity variations. The high-density materials dominate in a large area
including the PSP, eastern EP, Amur and Sunda plates below the
200 km depth (Fig. 8). The similarity in the density structure likely
suggests some relevance in their tectonic evolution.

4.3 Density–velocity conversion factor and its relation to
tectonics

In order to investigate different factors affecting the density structure
and their relation to tectonics, we estimated the density–velocity
conversion factor for the study area (Fig. 10). The pronounced
negative conversion factor appears in the PSP region the depths
50 km and below 200 km, indicating that the density anomalies
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954 Q. Liang et al.

Figure 9. Vertical profiles of the inverted density structure along five lines, (a) AA′, (b) BB′, (c) CC′, (d) DD′ and (e) EE′, shown in Fig. 6. Horizontal distance
is a great circle distance in degrees with the centre point located at the cross-section. The black dots represent the locations and the distance of each profile in
Fig. 8 (300 km). The lithosphere–asthenosphere boundary (LAB) from the LITHO1.0 model (Pasyanos et al. 2014) is delineated by grey dashed lines in the
profiles. The main tectonic plates are labelled as: AP, Australian Plate; AmP, Amur Plate; EP, Eurasian Plate; PP, Pacific Plate; PSP, Philippine Sea Plate; SP,
Sunda Plate. The black lines show the parts of the profiles crossing PSP.

in the uppermost and lower layers in the upper mantle are likely
dominated by compositional effects. Other areas with the negative
factor are located along the subduction zones at the plate margins,
such as the Japan, Philippine and Sunda-Java trenches. Furthermore,
these features deeper extend along with the subducting slabs.

The lateral and radial variations of the conversion factor indicate
that the upper-mantle structure beneath the PSP is different from
the adjacent regions. The depth changes of the conversion factor
(negative values at 200–300 km, Fig. 10) might be related to the
compositional anomaly associated with the dense mantle materials
beneath the PSP. This anomalous and likely compositional effect
is also found in the South China Sea area. These structures are
very different compared to the continental lithosphere of EP and
the oceanic lithosphere of PP.

5 C O N C LU S I O N S

We present a 3-D model of the upper-mantle density structure de-
rived from a constrained inversion of the mantle gravity anomaly

in spherical coordinates. The obtained results demonstrate princi-
pal features of the tectonic evolution of the PSP and the adjacent
region. Resolution of the density model was improved in the inver-
sion compared to the initial model based on seismic tomography
in the Philippine Sea. We found that the high-density lithosphere is
located in the oldest region of the west Philippine Sea. In contrast,
the eastern part of PSP is characterized by the low-density anomaly
associating with the young lithosphere. These features were not
presented in the tomography model.

The uppermost mantle beneath the west Philippine Sea represents
the thin, dense and cold lithosphere, which corresponds to the oldest
part of the PSP. A thick, soft and relatively low-dense layer is found
underneath the thin lithosphere. This layer is referred to the astheno-
sphere, which extends to the west and to the north and is consistent
with the Sunda and south Amur plates at a depth of 100 km. A tran-
sition zone from negative to positive density anomalies was found at
a depth of 150 km underlying the PSP and the SP. The subducted PP
and Indian-Australia Plate may play an important role in the density
transition due to the interaction with the asthenosphere. The inverted
density model also shows the deeper high-density zone at the depths
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Figure 10. The lateral distribution of the conversion factor between the S-wave velocity perturbations (SL2013sv) and our final density anomalies at the depths
50–300 km. The grey regions show locations with the conversion factor exceeding ±0.5.

200–300 km under the Philippine Sea, which extends into the SP,
the EP and the Amur Plate. This demonstrates a notable similarity
in their density structure. We further located compositional changes
affecting the density model by estimating the density–velocity con-
version factor. We describe the layered structure in the PSP as a
‘sandwich’ pattern, which is unique and differs from the uppermost
mantle structure of the adjacent region.
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Figure S1. Comparisons of the final density anomaly and S-wave
velocity disturbances (Schaefer & Lebedev 2013) at different depths
of 50, 100, 150, 200, 250 and 300 km in the Philippine Sea and
adjacent region.

Figure S2. Corrections to the initial density model obtained in
the inversion for the PSP and adjacent regions. The corrections
represent a difference between the inverted model (final) and the
initial model.
Figure S3. Absolute densities (in unit of g cm−3) at different depths
of 50, 100, 150, 200, 250 and 300 km in the Philippine Sea and
adjacent region. The density values are calculated from the final
density model and the 1-D reference model (see in Table 1).
Figure S4. L-curves of gravity inversions for the synthetic model
(see in Fig. 2) without constraint (a) and with constraint (b). The
dots and the numbers represent different regularization parameters
and its values, respectively.
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