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Abstract 

The East China Sea, situated at the intersection of the Eurasian, Philippine Sea, and Pacific plates, is characterized 
by complex geology influenced by tectonic phenomena such as plate movements, volcanism, faults, and uplifts. 
Crustal density structure inversion provides a thorough understanding of the region’s geological history as well 
as Earth’s dynamical evolution, providing critical insights into seismic disaster mitigation, resource exploration, marine 
environmental protection, and maritime safety. The inversion process, on the other hand, presents challenges in data 
quality, quantity, model complexity, uncertainty, and computational resources. With the advancement of next-gen-
eration satellite gravity measurements and developing inversion techniques, the inversion of marine crustal density 
structures promises to be more precise and comprehensive. We explored the density distribution in the East China 
Sea and surrounding areas using an innovative wavenumber domain three-dimensional density imaging method 
along with high-precision global satellite gravity data. By overcoming data quality and computing resource con-
straints, wavenumber domain three-dimensional density imaging has transformed the discipline of marine geo-
physics, successfully delivering accurate density distributions in the study area. We were able to get a more precise 
and comprehensive characterization of the crustal density structure by combining high-precision satellite gravity 
data and cutting-edge imaging methods. Our investigation has unveiled previously unknown details about density 
distribution in the East China Sea and its environs. The East China Sea shelf displays smooth low-density perturbations 
at 18 km depth, whereas the trench–arc–basin region exhibits increasing density perturbations. Notably, the Okinawa 
Trough, which is surrounded by the Tokara Volcanic Ridge and the Ryukyu Trench, displays strong positive anomalies 
with a north–northeastern to northeastern orientation. In contrast, the Ryukyu Ridge and the Philippine Sea Basin 
exhibit smaller negative values and substantial northwestward positive density trends, respectively. These findings 
indicate diverse material distribution, which provides important insights into the area’s geological evolution and tec-
tonic processes. This study adds new insights into density distribution in the East China Sea and adjacent regions, 
offering information on the geological complexity of the region. The research lays the groundwork for future research 
on crustal dynamics and enhances the field of marine geophysics and related disciplines.
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Graphical abstract

Introduction
The East China Sea stretches eastward from the Chi-
nese mainland to Japan’s Kyushu Island and the Ryukyu 
Islands, serving as an important maritime region in 
eastern Asia and providing a significant window into 
the formation and evolution of the West Pacific mar-
ginal sea’s tectonics. This region is located at the 
boundary of the Eurasian, Philippine Sea (PB), and 
Pacific tectonic plates, where the relative movement 
of these plates causes tectonic processes such as crus-
tal collisions, subduction, and compression (Suo et  al. 

2020; Corchete 2022) (Fig.  1a). Consequently, the 
geography of the region is diverse and complicated, 
with numerous islands, sandbanks, seabed ridges, and 
seamounts. The geological structure involves a vari-
ety of geological phenomena, including plate motions, 
volcanic activity, faults, and uplifts, which provides 
geologists and geophysicists with abundant research 
opportunities. Exploration and research of deep struc-
tural characteristics and crustal density distribution in 
this region provide scientific evidence and data support 
for a comprehensive knowledge of geological history 

Fig. 1  Location of the study area and topography in the East China Sea and adjacent regions (Gao et al. 2008a, b; Shang 2014; Yang et al. 2018; 
Minami et al. 2022; Bird 2003). a Location of the study area. b Topographic map from STRM15 (Tozer et al. 2019). The red line is the plate boundary 
line and the purple box the study area. ECS East China Sea, ZFUA Zhejiang-Fujian Uplift Area, ECSSB East China Sea Shelf Basin, DIFB Diaoyu Islands 
Folded Belt, OT Okinawa Trough, RUA​ Ryukyu Uplift Area, PB Philippine Basin, DHF Dongyin-Haijiao Fault, JSF Jiangshao Fault, TVR Tokara Volcanic 
Ridge, RT Ryukyu Trench, GR Gagua Ridge, TW Taiwan
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and geodynamic evolution. It  also serves as a valu-
able resource for seismic disaster prevention, resource 
exploration, marine environmental preservation, and 
maritime security in this region (Wang et al. 2023; Yang 
et al. 2018).

As the Pacific plate moves in different ways at differ-
ent times and in different regions, the East China Sea 
and its neighboring areas have formed a tectonic pattern 
of east–west zoning and north–south zoning. The east–
west zoning is the basic feature of tectonic movements 
in the sea, from west to east, from old to new, moun-
tain building and basin building movements, all migrat-
ing eastward, with continents continually accreting into 
the ocean. The East China Sea and its neighboring areas 
show the characteristics of "three rises and two basins", 
which are, from west to east: the Zhejiang-Fujian Uplift 
Area (ZFUA), the East China Sea Shelf Basin (ECSSB), 
the Diaoyu Islands Folded-uplift Belt (DIFB), the 
Okinawa Trough Basin (OT) and The Ryukyu Uplift Area 
(RUA) (Fig. 1b). This region has been subjected to several 
tectonic processes, resulting in a complicated geological 
structure. Aside from the development of north–north-
east-oriented faults that divide the region into eastern 
and western belts, the area also exhibits characteristics 
of north–south block motions, which influence sedimen-
tation and hydrocarbon accumulations. The ECSSB is a 
vast underwater basin with a fan-shaped or pan-shaped 
morphology (Zhang et al. 2022; Cheng et al. 2023). It is 
a Cenozoic extensional basin characterized by sag-type 
basins superimposed over graben-type basins, such as 
the western graben, central low uplift, and eastern gra-
ben (Lin et  al. 2005). The region is dominated by many 
fault structures, with each geological unit consisting of 
various depressions or uplifts, all of which contribute to 
the ECSSB’s complex geological morphology (Chen et al. 
2013; Yang et al. 2022; Zhang and Zhang 2015). The DIFB 
is a north–northeast to northeast–northeast-trending 
arc-shaped uplift located between the ECSSB and the OT. 
The OT Basin, located to the east of the DIFB, has a simi-
lar arc-shaped distribution with a north–northeast trend. 
It is a relatively deep submarine basin characterized by 
an east–west orientation and a longer north–south reach 
(Sibuet et al. 2021). The basin floor is relatively flat, with 
several higher seabed ridges and seamounts surrounding 
it (Nishizawa et al. 2019). The joint motion of the Eura-
sian Plate, Philippine Sea Plate, and Pacific Plate influ-
ences the East China Sea region. Various deformation 
motions such as plate subduction and compression occur 
at the intersection of these plates, causing crustal sub-
sidence and compression and changes in the geological 
morphology and structure of the East China Sea region. 
Crustal density, which reflects the composition and tec-
tonic features of the crust, is critical for understanding 

the distribution of crustal structures and further assess-
ing the geotectonic processes in the area.

The density structure of the crust is an important 
characteristic for understanding its interior composi-
tion (Carlson and Raskin 1984). Direct geological drill-
ing methods, however, are difficult and expensive, 
particularly in deep-sea areas. As a result, scientists have 
sought indirect methods to investigate and research the 
structure and properties of marine crusts, such as seis-
mic reflection and refraction, gravity, and magnetic field 
surveys (Bai 2014). Gravity data collecting is the simplest 
and least expensive of these geophysical approaches, 
making it an important strategy for understanding 
marine crustal density structures. Furthermore, as mod-
ern computer and geophysical data processing technol-
ogy has advanced, this approach has gained substantial 
improvements in resolution and accuracy. Gravity meas-
urements are widely utilized in geophysical research to 
indicate the distribution of subsurface densities since the 
strength of the gravity field is directly related to material 
density. Gravitational anomalies induced by all density 
fluctuations within the crust, including those associated 
with the crust–mantle boundary and finer interior struc-
tures, provide precise information about the crust. To 
obtain the density distribution inside the marine crust, 
three-dimensional (3D) density structure inversion based 
on gravity data is used (Fei et al. 2018). Density fluctua-
tions can be determined by examining changes in the 
gravity field induced by the crust, providing insights into 
the internal structure and evolutionary history of marine 
crusts.

Gravity data inversion methods typically rely on grav-
ity data collected from marine observations or satellites. 
However, some substantial obstacles remain in the inver-
sion research of marine crustal density structure. First, 
there are limitations in data quality and quantity. Gravity 
data in marine environments are often difficult to obtain 
and may not completely cover the region, which might 
affect inversion results. Data collecting becomes more 
difficult, especially in deep-sea and remote regions. In 
addition, due to the complexity of the marine environ-
ment, gathered data may contain noise and hence require 
sophisticated preprocessing before being appropriate for 
inversion (Johnson et al. 2000; Radhakrishna et al. 2010; 
Chen et  al. 2019). Moreover, the complexity and ambi-
guity of inversion models pose difficulties. Inversions of 
marine crustal density structures often require a large 
number of parameters, making the problem highly com-
plex. Due to the complexity of the crust and the non-
uniqueness of the inversion problem, multiple models can 
describe the same set of data, forcing the development 
of more sophisticated optimization algorithms and con-
straints to reduce model uncertainty. Finally, significant 
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computational resources are necessary. Inversion of 
marine crustal density structure sometimes necessitates 
a substantial amount of computer resources, posing a 
challenge for research teams without robust computing 
capabilities. The computational needs become increas-
ingly substantial when working with a high number of 
model parameters or processing considerable amounts 
of data. Nonetheless, with technological advancements, 
gravity field data obtained from satellites, aircraft, and 
ground sources have become increasingly sophisticated 
and higher in resolution. These high-quality data pro-
vide more accurate inputs for crustal density structure 
inversion (Yu et  al. 2023). In terms of inversion meth-
ods, in addition to traditional gravity inversion methods, 
more research has begun to investigate new inversion 
approaches and utilize multiple geophysical data for joint 
inversion to produce more comprehensive and accurate 
results. Fei et al. (2018) have used gravity inversion com-
bined with seismic results to obtain new information on 
the 3D density structure of the Ross Sea. An adaptive 
weight function of the density inversion method has been 
proposed for density inversion with gravity data (Li et al. 
2022). Equivalent source inversion has been introduced 
into the density inversion to obtain the 3D density struc-
ture of the East China Sea region  consistent with seis-
mic results (Petrishchevsky 2022). These research trends 
demonstrate that in the future, the use of new technol-
ogy and methods will gradually revolutionize the study 
of marine crustal density structure inversion, making it 
more sophisticated, comprehensive, and useful. However, 
for data of large regional scope, these methods exhibit 
the disadvantage of computational redundancy.

Addressing today’s challenges requires multifaceted 
responses. To begin, it is critical to develop a high-pre-
cision global gravity field model. Increasing measure-
ments and updated satellite gravity data contribute to 
constructing high-resolution global gravity field models. 
Satellite gravity data are invaluable, particularly for global 
marine regions. However, because the oceans encom-
pass 70% of the planet, both gravity forward and inverse 
systems require rapid and efficient qualities. In this con-
text, conventional spatial domain inversion approaches 
have obvious limitations. In contrast, the wavenumber 
domain 3D density imaging method converts gravity 
model forward calculations to the wavenumber domain, 
simplifying operations through simple multiplication 
and division and avoiding complex convolution and 
deconvolution calculations typical of spatial domain 
inversion methods (Cui and Guo 2019). This greatly 
increases imaging speed. Furthermore, the wavenumber 
domain approach can better handle high-frequency data, 
improving imaging resolution. It can produce density 
models with high resolution and accuracy using depth 

restrictions and continuous iterations. Therefore, the 
wavenumber domain 3D density imaging method has 
substantial advantages in studying the density structure 
of the marine crust.

Gravity anomalies in the East China Sea
As satellite observation technology continues to advance, 
the availability of high-sensitivity and high-precision sat-
ellite gravity data covering the entire globe has become 
instrumental in the meticulous analysis of Earth’s den-
sity distribution. The utilization of high-precision grav-
ity data, in particular, offers cost-effective advantages for 
scrutinizing the internal structure of the Earth, particu-
larly in oceanic regions (Fei et al. 2018). In this study, we 
collected high-precision topography and gravitational 
anomaly data from the East China Sea region. The topo-
graphic data were sourced from SRTM15 (Shuttle Radar 
Topography Mission), boasting a spatial resolution of 
15" × 15" and an accuracy of approximately 0.5 km (Tozer 
et  al. 2019). This dataset comprised both land eleva-
tion and ocean depth data. The ocean depth data, gen-
erated through a meticulous fusion of more than 33.6 
million ship surveys and satellite altimetry predictions, 
provided a comprehensive representation of the under-
water landscape. Land data, including elevation, were 
extracted from previously published digital elevation 
models. The free-air gravity data employed in our analy-
sis were derived from the high-resolution Earth Gravity 
Anomaly Model WGM2012 with a spatial resolution of 
1’×1’ (Bonvalot et al. 2012). The Bouguer gravity anoma-
lies were from SGG-UGM-2, which was described by 
Liang et al. (2020). The new model was a High-Resolution 
Earth’s Gravity Field Model from GOCE, GRACE, Sat-
ellite Altimetry, and EGM2008, up to degree 2190 and 
order 2159. The recorded gravity statistics effectively 
captured fluctuations in Earth’s density. To ensure accu-
racy, field separation was imperative to extract gravity 
anomalies induced by density variations in the crust. Fur-
thermore, within the research area, additional data from 
CRUST1.0  about sediment layers  (Laske et  al. 2013), 
Moho depth data (He et al. 2019), and low-order gravity 
field data (Fang 2002; Liang et al. 2020) were meticulously 
gathered. These datasets played a crucial role in mitigat-
ing the gravity anomalies produced by crustal density 
heterogeneity. Subsequently, we employed a wavenumber 
domain 3D density imaging approach to invert the crus-
tal density distribution in the region. This methodology 
allowed for a comprehensive understanding of the sub-
surface structures in the East China Sea region.

The gravity anomalies in the East China Sea region 
have distinctive characteristics. The ECSSB’s free-air 
gravity anomaly fluctuates gradually and primarily goes 
northeast (Fig. 2a). The DIFB’s free-air gravity anomaly 
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has a north–eastward trend with increasing anomaly 
gradients. The free-air gravity anomaly changes slowly 
in the southern half of the OT Basin, whereas it fluctu-
ates significantly in the northern part. Gravity anoma-
lies are primarily caused by the evolution of deep 
structures. The amplitudes of the anomalies increase 
progressively from northwest to southeast, indicating 
a slow uplift of the Moho depth. The Bouguer grav-
ity anomaly in the ZFUA of China steadily increases 
from west to east, changing from negative to posi-
tive (Fig.  2b). The negative anomaly trend coincides 
with the coastline, trending northeast, and interacts 
with positive anomalies in the nearby offshore loca-
tions, demonstrating that continental gravity anoma-
lies extend into the sea. The ECSSB Bouguer gravity 
anomaly primarily exhibits a mild northeastward trend 
with positive anomalies. The Bouguer gravity anomaly 
begins to increase in the DIFB area on the eastern side 
of the ECSSB, establishing a north–northeast to north–
east–northeast-trending zone of high anomalies in the 
OT, indicating a somewhat thinner crust in the OT 
compared to the surrounding areas.

Gravity anomalies are comprehensive reflections of 
inhomogeneous subsurface materials (Gao et  al. 2000). 
To extract the gravity anomalies induced by crustal den-
sity fluctuations, sediment layers (Ding 2004; Xu 2020), 
the Moho interface (He et al. 2019), and the Earth’s low-
degree gravity field contributions were eliminated from 
the Bouguer gravity anomalies (Fang 2002; Liang et  al. 
2020).

The difference between the observed Bouguer gravity 
anomaly ( gobs ) and the contributions from sediment lay-
ers ( gSedi ) (Fig. 3a), the Moho interface ( gMoho ) (Fig. 3b), 

and the Earth’s low-degree gravity field ( gGE ) (Fig. 3c) was 
used to determine the residual gravity anomaly ( gresidual):

This process allowed us to acquire gravity anomalies 
caused mostly by crustal density fluctuations. We could 
gain valuable insights into the crustal structure and tec-
tonic aspects of the East China Sea area by analyzing 
these residual gravity anomalies.

The gravity anomalies predominantly caused by crus-
tal density variations in the East China Sea region 
were obtained after the successive elimination process 
(Fig.  3d). Gravity anomalies in the ZFUA are charac-
terized primarily by modest low values. In the central 
section, a prominent northeast-trending anomaly belt 
coincides with the Jiangshao Fault (JSF), indicating crus-
tal thinning and Moho elevation (He et  al. 2019; Shang 
et al. 2017; Zhu et al. 2022).

The gravitational anomalies over the ECSSB are gen-
erally moderate. The high-value gravity anomaly closure 
corresponds to the northeast-trending Dongyin-Haijiao 
Fault (DHF) on the western side of the ECSSB. Grav-
ity anomalies begin to rise on the eastern side of the 
ECSSB, in the DIFB region, forming north–northeast to 
northeast-trending high-value anomaly belt, indicating 
a substantially thinner crust in the OT basin compared 
to the surrounding regions. This is most likely owing to 
the impact of the collision between the Philippine Sea 
Plate and the Pacific Plate, which resulted in the forma-
tion of crustal morphology orientated north–northeast 
to northeast. The bathymetric map (Fig. 1b) depicts rela-
tively flat terrain at the basin’s bottom.

The elongated ridges of the Tokara Volcanic Ridge 
(TVR) on the eastern side of the OT correspond well 

(1)gresidual = gobs − gSedi − gMoho − gGE.

Fig. 2  Gravity anomalies in the East China Sea and adjacent regions. a Free-air gravity anomalies, from the WGM2012 global gravity model 
(Bonvalot et al. 2012). b Bouguer gravity anomalies, from SGG-UGM-2 (Liang et al. 2020)
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to the gradient band of the crustal gravity anomaly. The 
Ryukyu Trench (RT) region has relatively low gravity 
anomalies, generating a distinct depression between the 
high-value gravity anomalies on both sides, indicating 
crustal thickening. Gravity anomalies in the area around 
Taiwan are typically characterized by low values, in sharp 
contrast to the high-value zone associated with the Phil-
ippine Sea Plate. The presence of a thin oceanic crust 
in this region is reflected by a widespread high gravity 
anomaly on the Philippine Sea Plate.

Wavenumber domain density imaging method 
for inverting crustal density in the East China Sea 
and adjacent regions
The wavenumber domain 3D density imaging method 
is a straightforward approach for calculating subsurface 
density distributions based on gravity anomalies in the 
wavenumber domain (He 2022; He et al. 2024). Previous 

researchers suggested the Cribb imaging approach, which 
utilized the Fourier transform to compute the subsurface 
density distribution by analyzing the vertical derivatives 
of recorded gravity anomalies (Cribb 1976). Kobrunov 
(2015) introduced a density equivalence distribution 
method that converts gravity data into the wavenumber 
domain using a rapid Fourier transform. This approach 
inversed the density distribution based on the gravity 
data spectrum and refined the density equivalency distri-
bution further using functional representation, resulting 
in the quick development of subsurface density distri-
bution and structural models. To optimize this strategy, 
subsequent researchers incorporated previous informa-
tion and used stochastic iteration (Kobrunov and Var-
folomeev 1981; Priezzhev et  al. 2014). By recognizing 
extreme points, the Depth from Extreme Point (DEXP) 
imaging method predicted the depth of anomalous bod-
ies (Fedi 2007), which was a fast and stable approach. 

Fig. 3  Gravity anomalies caused by different factors in the East China Sea and adjacent regions. a caused by sedimentary layers b by Moho c 2-60th 
order gravity field low-degree terms d by crustal density differences. Profiles 1 and 2 were previously studied (Petrishchevsky 2022)
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Building upon prior research, Cui and Guo (2019) added 
a depth ratio component to the wavenumber domain iter-
ative method for rapid potential field imaging employing 
gravity anomalies and their gradients, resulting in high-
resolution and accurate density models. The wavenum-
ber domain density imaging method, which was based on 
high-precision gravity field model data, efficiently tackled 
data quality and computational resource issues in gravity 
inversion for the density structure of the oceanic crust. 
Moreover, because this strategy did not rely on priori 
models, it was especially important for marine locations 
with low prior data support.

Previous research (Priezzhev et al. 2014) has found that 
the density imaging formula in the wavenumber domain 
can be represented as follows:

where F−1 is the Fourier inverse transform, G
(

kx, ky, 0
)

 
represents the spectrum of the gravity anomaly spec-
trum, γ is 6.67 × 10−11 N m2/kg2, which is the gravitation 
constant, kx and ky are the wavenumbers along the x-and 
y-axes, respectively. The constant n (1 < n < 10) represents 
the resolution of the filter, with larger values signifying 
higher resolution. z is the inversion depth, k is the wave-
number, k =

√

kx
2
+ ky

2 , and ρ is the density of the mass 
body at a given point. The wavenumber domain density 
imaging method’s efficacy and resilience have been rigor-
ously tested using forward model inversion and noisy 
data  (He et  al. 2024). A depth weighting function was 
incorporated to improve vertical resolution even further 
(Commer 2011).

where dz is the inversion domain, α is an empirical 
value that determines the weights at the near-surface, 
α = 0.001(Commer 2011), zc1 , zc2 are the depths of the 
top and bottom depths of the model. d1 is the interface 
constraint factor for the upper interface and d2 the inter-
face constraint factor for the lower interface. The itera-
tive inversion equation with depth weighting function is 
shown below:

where ρi+1 is the density distribution  at i + 1 iteration, 
ρi  is the density distribution at i iteration, and �ρi is the 
density correction.

The inverted subsurface domain is divided into N hori-
zontal levels, each of which is further segmented into 
m × n orthogonal prisms. The following is the iterative 

(2)
ρ
(

x, y, z
)

= F−1
[

1
2πγ

(n+1)n+1

n! znkn+1e−nkzG
(

kx, ky, 0
)

]

,

(3)W (z) =
α+exp

[

d1
dz

(z−zc1)
]

1+exp
[

d1
dz

(z−zc1)
] −

α+exp
[

d2
dz

(z−zc2)
]

1+exp
[

d2
dz

(z−zc2)
] ,

(4)ρi+1 = ρi +W (z)×�ρi,

procedure for each prism within the geological layers. 
This information-independent approach enables direct 
initialization of density values to zero (Fig. 4). For specific 
steps and model validation, please refer to the author’s 
doctoral thesis and the journal paper (He 2022; He et al. 
2024).

Crustal density characteristics in the East China Sea 
and adjacent regions
Based on the crustal gravity anomalies, the wavenumber 
domain 3D density imaging technique was used in this 
study. Given that the maximum depth of the Moho dis-
continuity in this location was inferred to be 33 km (He 
et  al. 2019), the depth for density inversion was set at 
38 km, with 1 km spacing between inversion depths, and 
a total of 50 iterations were performed. Figure 5 depicts 
the results of crustal density perturbations in the East 
China Sea region. The gravity anomaly residuals from 
forward gravity anomaly separation had a standard devi-
ation of 34 mGal.

At a depth of 2 km (Fig. 5a), the inversion results reveal 
that shallow regions have somewhat indistinct density 
variations, mostly centered around zero values, indicating 
effective gravity anomaly separation. Density differences 
are especially pronounced near the eastern edge of Tai-
wan and the RT (Yang et  al. 2008). Density fluctuations 
within the upper crust reveal a modest increase at 6 km 
depth (Fig. 5b) as compared to the 2 km depth slice, with 

Fig. 4  Flowchart of the wavenumber domain 3D density imaging 
method, ρ0 is the initial density, which can be set to 0. A great 
advantage of this method is that it does not depend on a priori 
information. w(z) is the depth constraint factor in formula (3)
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prominent northeast-oriented banding characteristics. 
Notably, the DHF is visible, surrounded by some beaded 
anomaly. The fault is less apparent in the 2  km  depth 
slice, but it becomes more visible in the 6 km depth slice. 
The ECSSB displays overall minor variations with smaller 

anomalies in the northeast-oriented bands. The OT Basin 
exhibits a trend of changing anomalies, with variations 
orientated northeast and north–northeast. A significant 
northeast-oriented positive anomaly belt is detected 
in the RT, whereas a north–south-oriented negative 

Fig. 5  Depth slices of crustal density disturbance distribution in the East China Sea and adjacent regions. a 2 km, b 6 km, c 12 km, d 18 km, e 25 km, 
f 38 km
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anomaly belt develops to the south of the Gagua Ridge 
(GR).

The smaller high-value anomaly closures observe in the 
shallow crustal density perturbations gradually diminish 
at a depth of 12 km (Fig. 5c). The extent of density per-
turbation anomalies increases, and distinct discontinu-
ous anomaly closures are apparent near the JSF and DHF. 
These observations indicate that the development depth 
of these two faults is within the crust. The central part 
of the ECSSB still exhibits relatively moderate density 
perturbations, with low anomaly magnitudes. The DIFB 
exhibits a negative anomaly belt trending north–north-
east to northeast, in contrast to a positive anomaly belt 
trending in the same direction in the OT. The RUA has 
noticeable low negative anomaly features, and the Moho 
interface inversion data show extensive subsidence in 
this area, reaching depths of up to 26 km, indicating sub-
stantial crustal thickness (He et  al. 2019). The positive 
anomaly belt of density perturbations in the RT is more 
pronounced, largely coinciding with the trench. The 
Moho interface rapidly ascends in this region, reaching a 
height of 9 km below the PB. Within the arc basin crust, 
there are significant density perturbation anomalies. The 
trench and the PB exhibit high-density perturbations, 
indicating the higher positive and negative density per-
turbations induced by mass compensation discrepancies 
beneath the high-density and low-density zones beneath 
the RUA.

At a depth of 18 km (Fig. 5d), density perturbations in 
the ECSSB demonstrate a smooth and expanded range 
of low-negative values, whereas density perturbations 

in the trench–arc basin region show an increasing dis-
parity. The TVR and the RT form a north–northeast to 
northeast-trending positive anomaly band in the OT 
region. In the RUA, density perturbations correspond 
to a low-negative value area, whereas in the PB, density 
perturbations indicate a northwesterly-trending positive 
high-value anomaly. These observations indicate an une-
ven distribution of resources in this region (Dai 2004). 
The Moho discontinuity, which ranges from 26 to 28 km 
in the ECSSB, is raised to its shallowest position in the 
OT at 21 km, while the Moho in the RUA subsides again, 
reaching its lowest depth at 26.4 km (He et al. 2019). The 
density perturbations inside the crust move from a low-
negative value mild zone to high-positive value anomaly 
bands, illustrating the transition of crustal characteris-
tics in this location from continental to transitional. The 
PB’s Moho is significantly elevated and denser than the 
trench–arc basin region, displaying typical oceanic crust 
features with high-density mantle compensating material 
beneath.

At a depth of 25 km (Fig. 5e), the density perturbations 
in the ZFUA and the ECSSB indicate negligible variations 
in the Moho discontinuity, indicating limited alterations 
in this region. Density perturbations remain visible in 
the trench–arc basin area, with the OT Basin exhibiting 
distinct north–northeast to northeast-trending positive 
high-value anomaly bands. The TVR and the RT flanking 
the RUA are nicely aligned with the nearby high-density 
perturbation gradient band.

At a depth of 38 km (Fig. 5f ), west of the RT, the density 
perturbation pattern is generally consistent with mostly 

Fig. 6  3D map of crustal density distribution in the East China Sea and adjacent regions. a Negative density,σ < − 0.1 g/cm3 . b Positive density, 
σ > 0.6 g/cm3
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low negative values, whereas the Philippine Sea Plate pre-
sents a variety of positive high values. This discrepancy 
reflects the differing nature of the plate on both sides 
of the RT, implying heterogeneous upper mantle mate-
rial distribution in the East China Sea arc basin, which 
is likely due to the joint effect of the Philippine Sea Plate 
and the Eurasian Plate. In the subduction zone, the distri-
bution of oceanic and continental crusts may be mixed, 
resulting in complex contact connections at various 
depths.

The 3D display of crustal density distribution in the 
East China Sea region depicts the negative and low-
density perturbations in the ECSSB and the RUA more 

intuitively (Fig.  6a). These perturbations are most likely 
caused by the predominance of sedimentary and volcanic 
rocks in the ECSSB’s crust. Furthermore, tectonic activi-
ties such as fault zones and mantle upwelling may have 
an impact on the region, contributing to the reduction in 
crustal density. The crust west of the DHF displays pre-
dominantly negative low-density anomalies. The OT and 
the PB, in contrast, are characterized by positive high-
density perturbations with density anomaly bands that 
closely mimic the TVR (Fig. 6b).

In this study, we extracted two profiles (Profiles 1 
and 2 in Fig.  3) from the 3D density structure gener-
ated using gravity inversion. Both profiles traversed the 

Fig. 7  The density of Profiles 1 and 2 in Fig. 3, a the profiles were extracted from the result of this work. b, c Density contrast isolines, × 10–2 kg/m3, 
they were revised from previously studied (Petrishchevsky 2022)



Page 11 of 13He et al. Earth, Planets and Space           (2024) 76:16 	

ECSSB (Fig. 7). Profile 1 was oriented east–west, begin-
ning at the ZFUA, and continuing through the ECSSB, 
DIFB, and OT. Profile 2, on the other hand, was oriented 
northeastward, beginning from the southwest side of 
TW and stretching across TW, crossing the ECSSB, and 
continuing into the DIFB and OT. The two density pro-
files extracted in this study provide a more detailed rep-
resentation of density fluctuations along the surveyed 
transects. Profile 1 shows a rather progressive shallow 
disturbance eastward of the ZFUA. However, there is a 
notable growing tendency in density perturbations in 
the direction of the ECSSB, peaking near the position 
of the DHF. The density perturbations tend to stabilize 
on the eastern side of the fault, correlating with previ-
ous research findings (Fig.  7b). This observation indi-
cates a transition from continental crust to transitional 
crust on both sides of the DHF. Moreover, there is a 
significant increase in density perturbations below the 
depth of 20  km from the east to the OT. This observa-
tion implies the occurrence of mantle upwelling in the 
region, resulting in a density increase, which is consist-
ent with previous studies. Profile 2 shows only minor 
density disturbances beneath Taiwan Island, indicating 
relative crustal stability in this region. The Moho surface 
inversion data indicate that the Moho depth beneath Tai-
wan is deeper than 30 km, which is typical of continental 
crust. Moving northeastward, the density perturbation 
diminishes first, then increases, with the boundary of this 
change closely aligned with the RT and TVR positions. 
This suggests that the region has seen significant crustal 
deformation as a result of the collision of the Indian and 
Eurasian plates, resulting in complicated fluctuations in 
crustal density disturbances. The fluctuations in density 
detected in the OT are consistent with earlier research, 
with all values falling within the low-density zone, indi-
cating typical oceanic crustal characteristics (Petrish-
chevsky 2022).

Further analysis is conducted to uncover the deep 
structural evolution in this area based on the crustal 
density distribution in the East China Sea region, in con-
junction with the Moho interface inversion results and 
geological data. The East China Sea region represents 
a complex plate boundary with subduction processes 
involving the Eurasian Continental Plate, the Philippine 
Sea Plate, and the Pacific Plate, resulting in structural 
consequences such as crustal collision, subduction, and 
compression (Corchete 2022; Liu et al. 2022). The Pacific 
Plate and the Philippine Sea Plate subduct northwest-
ward relative to the Eurasian Continental Plate in the 
East China Sea region. When these large oceanic plates 
converge with the Eurasian Continental Plate, consider-
able subduction occurs along the plate boundaries. In the 
subduction zone, the mixing distribution of oceanic and 

continental crusts produces intricate patterns of mantle 
material. Subduction generates crustal subsidence and 
compression, which results in morphological and tec-
tonic changes in the East China Sea region, such as uplift, 
subsidence, horizontal compression, and extension. From 
the ZFUA continental crust to the ECSSB, through the 
OT and the RUA transition zones with oceanic crust, and 
eventually to the PB with oceanic crust. The tectonics 
of the East China Sea trench–arc–basin system are the 
result of the interaction between continental and oceanic 
plates via subduction and are intimately tied to crustal 
uplift and subsidence. Other structures in the region, 
such as the RT and the GR, are associated with crustal 
extension. In addition, plate subduction may cause man-
tle magma upwelling and volcanic eruptions, contribut-
ing to the East China Sea region’s active volcanic activity.

Conclusion
This study delved into the crustal density structure of 
the East China Sea and surrounding regions, inverting 
the crustal density distribution using the wavenumber 
domain 3D density imaging method with high-precision 
global satellite gravity data. We have gotten a better 
understanding of the geological history and geodynamic 
development of this region by investigating crustal 
density structure. This provided essential references 
for earthquake disaster prevention, resource explora-
tion, marine environmental preservation, and maritime 
security.

However, several challenges were encountered during 
the process of marine crustal density structure inversion 
including constraints in data quality and quantity, com-
plexity and uncertainties in inversion models, and the 
need for significant computer resources. In the future, 
with the development of next-generation satellite gravity 
measurement missions and developments in wavenum-
ber domain inversion techniques, we should expect to 
obtain higher precision and more extensive marine crus-
tal density structure inversion results.

The wavenumber domain 3D density imaging method 
revealed substantial advantages in this study, overcoming 
limitations in data quality and computational resources, 
while also presenting a novel research tool for the inves-
tigation of marine crustal density structure. The crustal 
density distribution results showed density fluctuations 
and anomaly distributions at different depths, reveal-
ing the East China Sea region’s complex and diversified 
geological processes and crustal changes. Particularly, 
the negative and low-density perturbations observed in 
regions such as the ECSSB and the RUA may be attrib-
uted to the ECSSB’s predominant presence of sedimen-
tary and volcanic rocks. In addition, tectonic activities 
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such as fault zones and mantle upwelling may further 
contribute to the region’s crustal density decline.

In conclusion, our study has provided scientific evi-
dence and data support for a deeper understanding of 
the geological and geodynamic processes in the East 
China Sea and adjacent regions through the inversion 
of crustal density structure. Future research should con-
tinue to refine inversion methods, enhance data quality 
control, and incorporate additional geological informa-
tion to obtain more accurate and comprehensive marine 
crustal density structure information. This will facilitate 
further exploration of the crustal evolution processes 
and mechanisms in the East China Sea and surrounding 
areas, offering more trustworthy foundations for scien-
tific research and applications in related disciplines.
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