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Abstract

The Moho is the interface between crust and mantle, and accurate location of the Moho is important for both resource

exploration and deep earth condition and structural change investigations. The Parker-Oldenburg (P-O) method, is simple

and efficient and thus has been extensively applied in the frequency domain and for Moho depth inversion. However, Moho

fluctuation simulations using the P-O method are not reliable because of the lack of field geographic data constraints during

the inversion process and excessively smoothing of data details caused by using a filter to correct the source data signals. To

solve those problems, we propose an improved iteration P-O method with variable density, the iterative process is constrained

by geological data in the inversion parameters, and the variable depth of the gravity interface is iterated using an equivalent

form of upward continuation in the Fourier domain, which is more stable and convergent than downward continuation term in

original P-O method. Synthetic experiments indicate that improved method has the better consistency among the simulations

than original method, and our improved method has the smallest RMS of 0.59 km. In a real case, we employed the improved

method to invert the Moho depth of the South China Sea, and the RMS between our Moho model and the seismological data

is the smallest value of 3.87 km. The synthetic experiments and application of the model to the SCS further prove that our

method is practical and efficient.
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• Gravity inversion combines the actual density variations between layers. 16 
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depths model have the smallest RMS (3.87km). 18 
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Abstract 20 

The Moho is the interface between crust and mantle, and accurate location of the Moho is 21 
important for both resource exploration and deep earth condition and structural change 22 
investigations. The Parker-Oldenburg (P-O) method, is simple and efficient and thus has been 23 
extensively applied in the frequency domain and for Moho depth inversion. However, Moho 24 
fluctuation simulations using the P-O method are not reliable because of the lack of field 25 
geographic data constraints during the inversion process and excessively smoothing of data 26 
details caused by using a filter to correct the source data signals. To solve those problems, we 27 
propose an improved iteration P-O method with variable density, the iterative process is 28 
constrained by geological data in the inversion parameters, and the variable depth of the gravity 29 
interface is iterated using an equivalent form of upward continuation in the Fourier domain, 30 
which is more stable and convergent than downward continuation term in original P-O method. 31 
Synthetic experiments indicate that improved method has the better consistency among the 32 
simulations than original method, and our improved method has the smallest RMS of 0.59 km. In 33 
a real case, we employed the improved method to invert the Moho depth of the South China Sea, 34 
and the RMS between our Moho model and the seismological data is the smallest value of 3.87 35 
km. The synthetic experiments and application of the model to the SCS further prove that our 36 
method is practical and efficient. 37 

1 Introduction 38 

The exploration and inversion of the internal structure of the Earth's layers is important for 39 
understanding geological conditions and structural changes. Seismic waves are the most direct 40 
and traditional method for studying the internal structure of the deep earth, and they have been 41 
used for seismic reflection (Agius & Lebedev, 2014; Q. Wang et al., 2016), deep seismic 42 
sounding profiles(Teng et al., 2013; X. Wang et al., 2017)，receiver function analysis, and 43 
seismic tomography(Koulakov et al., 2015; Obrebski et al., 2012). However, conducting seismic 44 
detection is difficult in extreme geographical areas, such as mountains, oceans, and polar 45 
regions. In those dangerous regions where seismic data are sparse or missing, using global 46 
coverage high-resolution satellite gravity data can mitigate these limitations partially(W. Chen & 47 
Tenzer, 2017). Therefore, using high-resolution satellite gravity data to derive subsurface 48 
structure has become a new and practical method for field detection. 49 

The Mohorovičić discontinuity (Moho) marks the transition from crust to mantle, whose 50 
fluctuation or depth variations are studied almost exclusively through indirect geophysical 51 
methods, including seismology and gravimetry, Moho is closely related to regional tectonics and 52 
oil-bearing structures. As various observation methods have improved, the accuracy of gravity 53 
data has reached a high level, which makes it possible to derive crustal models at both regional 54 
and global scale(Drinkwater et al., 2003; Reigber et al., 2002; Tapley et al., 2004). Earth gravity 55 
field models of high-resolution constructed based on satellite observations, as EGM2008, 56 
GOCO06s, and Tongji-Grace02s, can provide almost homogeneous data coverage, even in 57 
extremely harsh areas that are inaccessible to humans(Q. Chen et al., 2018; Kvas et al., 2021; 58 
Pavlis et al., 2012). 59 

A nonlinear inverse problem during the process of Moho depth estimation using gravity 60 
data. To solve this problem, a series of methods has been developed over the years. Bott 61 
proposed a fast iterative algorithm by applying corrections to a starting estimate based on 62 
inversion residuals, and it can bypass the construction and solution of linear systems and only 63 
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involves forward modelling (Bott, 1960). Parker introduced an efficient 2-D and 3-D complexly 64 
layered model that can be directly applied to the evaluation of gravity effects on terrain relief or 65 
sediment layers(Parker, 1973). Oldenburg provided useful iterative procedures by rearranging 66 
Parker’s formula, and this method is conducive to the inversion of either shape of the layer with 67 
known physical properties(Oldenburg, 1974). Sjöberg used the isostasy approach to solve the 68 
Vening Meinesz-Moritz inverse problem(Bagherbandi, 2012; Sjöberg, 2009, 2013). Parker-69 
Oldenburg has become the most popular and reliable method in the field of crust (Moho) 70 
interface inversion by gravity field observations (M. Chen et al., 2018; DU et al., 2022; 71 
Grigoriadis et al., 2016; HE et al., 2019; H. LI et al., 2020).   72 

Many improvements have been made to the original Parker-Oldenburg (P-O) method. 73 
Granser simplified the P-O algorithm by introducing Bott’s iterative procedure to the original 74 
method, which is useful and mathematically less sophisticated (Granser, 1987; Xia & Sprowl, 75 
1995; H. Zeng et al., 1997). Several studies have enhanced the efficiency and effectiveness by 76 
improving the iteration procedures of the P-O method (XIAO et al., 2007; XU, 2006; C. Zhang et 77 
al., 2015). Some studies have focused on the engineering application of the P-O method, which 78 
extended its applicability and practicability (Gómez-Ortiz & Agarwal, 2005; Nagendra et al., 79 
1996; Shin et al., 2006). In addition, the density model used in the P-O method is horizontally 80 
variable but vertically constant because of compositional differences in the crust and mantle, that 81 
lead to variations in the density model in the lateral direction. The P-O method has been 82 
extended by many scientists to several vertically variable density models, such as exponential 83 
(Chappell & Kusznir, 2008; R. Feng et al., 1986; Granser, 1987; ZHANG et al., 2020), parabolic 84 
(Shi et al., 2015; E.-H. ZHANG et al., 2015; ZHANG et al., 2020) , and general polynomial 85 
models (Chai & Jia, 1990; Guspi, 1992). 86 

The application of the fast Fourier transform method (FFT) has accelerated the calculation 87 
process for the P-O iteration. The iteration is also convergent because of the involvement of a 88 
downward continuation operator using a low-pass filter. However, the FFT also reduce the 89 
accuracy of the P-O method substantially because of the inherent defects of FFT(i.e., aliasing, 90 
edge effects, imposed periodicity, and truncation effect) (Zhao et al., 2018). In this study, we 91 
present an improved iterarion P-O method with variable density. First, in the iteration procedures 92 
of our method, we improve the caculation and provide an approach to downward continuation 93 
using upward continuation iteration, and our method can obtain a more accurate and convergent 94 
inversion than those obtained from the general amplification factor suppression technology. 95 
Second, based on the constraints of gravity data and geological information in the survey area, 96 
the inversion with variable density by the improved method corresponds better with real 97 
geological conditions. 98 

2 Materials and Methods 99 

2.1 Original Parker-Olendurg method 100 

Parker derived a fast gravity forward modeling based on FFT (Parker, 1973), which can 101 
calculate the potential anomaly caused by different underground interfaces in the frequency 102 
domain. The Fourier transform of gravity anomaly is caused by an uneven layer; therefore,a 103 
uniform layer can be calculated as follows: 104 
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F F  (1) 105 

Where [ ]F   denotes the Fourier transform operator; gΔ   is the gravity anomaly, G  means 106 

the gravitational constant, ρ  is the density contrast across the interface, i.e. ( below aboveρ ρ ρ= − ), 107 

k


 is the wavenumber, that shows the magnitude of the wavenumber;  0h  is the mean depth of 108 

the interface, and ( )h r


 represents the variation from the mean depth of the interface, the axis 109 

system has z  vertically downward with 0 0z > . 110 

Oldenburg rearranged the method of Parker (formula (1)), transposed the 1n =  term from 111 
the infinite sum, and finally obtained a formula to calculate the depth of the interface in the 112 
frequency domain (Oldenburg, 1974):   113 
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F F  (2) 114 

The fluctuation of the different density interfaces underground can be calculated by formula 115 
(2), while in the frequency domain, the exponential amplification factors will also magnify the 116 
errors and even reduce the precision, which will then cause the divergence of the inversion, 117 
especially in high-frequency signals. A series of studies have proposed different solutions to 118 
ensure the convergence of inversions: Oldenburg kept convergence of formula (2) by using low-119 
pass filters (Oldenburg, 1974); Guan calculated the depth of different domains to avoid the 120 
divergence of inversion(Guan, 1991);and Ahmed replaced the Fourier transform with the cosine 121 
transform in the algorithm(Ahmed et al., 1974). Overall, such optimizations of the P-O method 122 
are collectively referred to as classical gravity inversions. However, the above methods may 123 
select the wrong filter, and cause the loss of useful information, which will lead the interface of 124 
the inversion to deviate from the real situation. To solve this problem, we derived an improved 125 
iterative algorithm for the P-O method, which was iterated using an equivalent form of upward 126 
continuation in the Fourier domain. This improved method is more stable and convergent than 127 
the downward continuation term in the original method does not require filters. 128 

2.2 Improved iteration P-O method with variable density 129 

Xu presented a potential field continuation method that based on integral and iterative 130 
calculations(XU, 2006), Xiao proposed the idea that Xu’s method could be used to probe Earth's 131 
interior(XIAO et al., 2007), Zhang completed Xiao’s research and obtained an algorithm that 132 
does not require high-frequency filtering during iteration(C. Zhang et al., 2015). These 133 
improvements to the iteration are based on the original P-O method, and it is assumed that the 134 
original P-O method calculated based on a constant density contrast model, although this 135 
scenario is much more complicated in real cases. Ke proposed a variable density forward 136 
modelling based on the original method, and the results correspond well with the reality in the 137 
Tibetan Plateau(KE et al., 2006). Zhou developed the vector-potential line-integral method, 138 
which varies simply in one direction and complexly in three directions, and it can calculate the 139 
gravity anomaly resulting from a rectangular prism with density contrast(Zhou, 2009). Based on 140 
previous studies, we propose an improved gravity inversion method that combines the 141 
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advantages of the calculation process with the improved iteration and detailed variable density 142 
model. 143 

In order to introduce variable density parameters, the relationship between density and 144 
depth can be fitted by an exponential function: 145 

 0( ) hr e μρ ρ −=  (3) 146 

where 0ρ  is the residual density of the surface geological medium, μ  is the attenuation 147 

coefficient of density with depth change, h  is the depth, thus, so ( )rρ  is the variable density 148 
function. In the frequency domain, the gravity forward algorithm constrained by exponential 149 
variable density models is(ZHANG & MENG, 2013): 150 
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F F  (4) 151 

Taking the gravitational field into example, the nonconvergent term 0k he


 in the Parker-152 
Oldenburg method (formula (2)) is equivalent to the Fourier transformation factor of downward 153 
continuation, in terms of this aspect, upward continuation of the Fourier transformation is: 154 

 ( ) ( ) ( )0

0, , , ,0 z kg x y z g x y e −
Δ − = Δ ⋅      



F F  (5) 155 

In the formula, 0z  is the vertical coordinate after downward continuation and 0 0z > . By 156 

analogy, Zhang’s exponential variable density model (formula (4)) can be arranged into the same 157 
form as formula (5): 158 
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The upward continuation formula (5) and Zhang’s model (formula (6)) is similar. Here, we 160 
improve the inversion of Xiao and Zhang. The derivation process of the improved method is 161 
listed as follows: 162 

<i> The forms of formula (5) and formula (6) are similar, which inspire us to explore the 163 
connection of those formulas. We find that Zhang’s model can be formally reflected as the 164 
upward continuation of gravity anomaly in Xu’s theory, let ( ) ( ), , , ,0g x y z g x yΔ = Δ , and 165 

formula (6) is: 166 
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 (7) 167 

<ii>Combine formula (6) with the upward continuation formula (5) after reforming, then we 168 
can obtain formula (6) as follow: 169 
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F F  (8) 170 

<iii> In Xu’s theory, there is a method for potential field continuation using integral and 171 
iterative calculation. Given two potential surfaces Bu  and Au , the upper known field Bu  can 172 

downward continue the unknown field Au , a brief description is as follows: 173 



Earth and Space Science 

 

 ( ) ( ) ( )( )1
B

n n n
A A Bu u s u u+ = + −  (9) 174 

where s is the step of iteration that is related to the number of iterations, and generally 0 1s≤ ≤  ; 175 

and ε is a minimum. When ( )
B

n
Bu u ε− < , it can be considered that ( ) ( )1n n

A Au u+ ≈ , and the 176 

accuracy of iterative inversion is appropriate. In the improved iteration of P-O inversion, Au  177 

means ( , , )g x y zΔ , Bu  means ( , ,0)g x yΔ . 178 

<iv>The difference between the truth value gΔ  and the iterated value ( )ngΔ  is used to 179 
correct the inversion, one obtains that 180 

( ) ( ) ( )( )1( , , ) ( , , ) ( , ,0) ( , ,0)n n ng x y z g x y z s g x y g x y+Δ = Δ + Δ − Δ , and the improved iterative 181 

inversion formula is finally obtained:   182 
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 (10) 184 

similarly, s is the step of iteration ( 0 1s≤ ≤ ), ε is a minimum. When ( )ng g εΔ − Δ < , the 185 

inversion meets the criteria for convergence of iteration. 186 
<v>The term on the right-hand can be considered that ( ) ( ) ( ) ( )1n nh r h r+ ≈

  , and the depth of 187 

the Moho is ( ) ( )0
nDepth h h r= +


.With the above deductions, the final summarized expression 188 

like that: 189 
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 (11) 191 
Combining all the steps presented above, the whole iteration procedure of the improved 192 

algorithm is summarized as a flow chart in Figure 1. 193 



Earth and Space Science 

 

 194 
Figure 1. Flow chart of our improved algorithm. 195 

As shown in Figure 1, the specific use of equations in the improved inversion procedure are 196 
emphasized and processes that need to be executed iteratively are updated. The data source 197 
(listed in the top grey block) in the inversion contains two parts: gravity anomaly data and the 198 
average depth of the Moho surface in the study area. The variable density contrast model (listed 199 
in the left grey block) involved in the inversion includes exponential, parabolic, and general 200 
polynomial models. The red block on the right shows the data update during the iteration of the 201 
algorithm and the completion time of the iteration. The blue blocks in the middle column are the 202 
core of the entire algorithm, illustrating the intermediate calculations of the iteration and the 203 
equations used in the algorithm. In addition, the convergence verification of the upward 204 
continuation in the algorithm has been deduced in previous studies (Luo & Wu, 2016; X. N. 205 
Zeng et al., 2013). 206 

Compared with the original Parker-Oldenburg algorithm(J. FENG et al., 2014; Gao & Sun, 207 
2019; Qin et al., 2021; ZHANG et al., 2020), our method avoids the exponential amplification 208 

factor ( 0k he


) in the frequency domain, retains the details of the data; moreover, because of the 209 
introduction of variable density contrasts ( 0( ) hr e μρ ρ −= ), which are obtained from the field, the 210 

inversion results correspond quite well with the topographic observations. 211 

3 Numerical Experiments 212 

To verify the effect of the improved iteration inversion (formula (11)) and original P-O methods 213 
(formula (2)), numerical experiments were performed under the same conditions. We designed a 214 
synthetic underground interface with a mean depth of 27 km and extension of 200 km×200 km 215 
(Figure 2 a)). We set a simulation experiment range of 200×200 columns and rows, which were 216 
separated by 1km. Two different fluctuations were included in the simulation experiment, and the 217 
observation plane was at 0z = . The horizontal center position of the dome was located at (60, 218 
60), with a radius of 30 km and a maximum depth of 8km from the mean interface. The 219 
horizontal center positions of the basin were located at (120, 120), with a radius of 40 km and a 220 
maximum depth is -10km from the mean interface. The density contrast parameter of the 221 
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interface was constant 30.29 /g cm .  222 

 223 
Figure 2. a) The geometry of synthetic underground interface. b) Gravity anomaly of the 224 
interface by Parker’s forward modeling. c) Inversion calculated by our improved iteration 225 
method with constant density. d) Inversion calculated by the original P-O method. e) 226 
Difference between Figure 2 a) and Figure 2 c). f) Difference between Figure 2 a) and 227 
Figure 2 d). 228 

Figure 2 b) shows the theoretical gravity anomaly induced by the Parker's forward modeling 229 
(formula (1)), which represents the input data of two inversion methods. Figure 2 d) shows the 230 
interface inverted by the improved iteration inversion from the input data, the gravity anomaly 231 
calculated from the formula (1). The average depth of inversion is 27km, the highest point is at 232 
(59,59) with a height of 34.51km, and the lowest point of depression is at (120,120) with a height 233 
of 17.38km. The iterate number of caculation is 16, the time required for calculation is 1.53s 234 
(containing the forward calculation time), and the total RMS (root mean square) compared with 235 
the simulation is 0.59km. A comparison between the results (Figure 2 c)) and the simulation 236 
(Figure 2 a)) is shown in Figure 2 e). Figure 2 d) shows the interface inverted from the gravity 237 
anomaly by the P-O method, and the parameters of low-pass filters (WH and SH) are chosen by 238 
multiple spectrum analysis so that we can get the optimal outcome of P-O method. The average 239 
depth of the inversion is 27.18km, the highest point of the relief is at (58,58), with a height of 240 
34.09km, and the lowest point of the depression is at (119,119) with a height of 18.54km. The 241 
iterate number of caculation is 9, the consuming time of calculations is 0.86 s ,and the total RMS 242 
is 0.66 km compared with the simulation. A comparison between Figure 2 d) and the simulation 243 
in Figure 2 a) is shown in Figure 2 f), and brief effect comparisons are listed in Table 1. 244 

Table 1. The comparison of two methods in numerical experiments with constant density 245 

Test Groups Contrast 
(g/cm3) Highest (km) Lowest (km) Criterion Iterations Time (s) RMS 

Simulation 0.29 (60,60,35) (120,120,17) Null Null 0 0 
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(60,60,35), with a width of the bump of 30km. In addition, the lowest position is (120,120,17), 274 
with a width of the depression of 40km. Figure 4 b) shows that the variable density contrast 275 

across the interface is 30.020.5 /hg me cρ −= , which is an exponential model related to the depth of 276 
the interface. Figure 4 c) shows the gravity anomaly of the interface calculated based on Parker’s 277 

gravity forward modeling with constant-density of 30.3 /g cm , which is the average value of the 278 
variable density contrast. Figure 4 d) shows the gravity anomaly of the interface obtained from 279 
the Parker’s gravity forward modeling with variable density, which is based on an improvement 280 
of Parker’s original study(J. FENG et al., 2014; Gao & Sun, 2019; Gómez-Ortiz & Agarwal, 281 
2005). A carefully comparisons between Figure 4 c) and Figure 4 d) shows that the gravity 282 
anomalies calculated by different density contrast models are different, with the results based on 283 
Parker’s gravity forward modeling with variable density usually more consistent with the actual 284 
gravity situation. We choose the results based on variable density model of Figure 4 d) as the 285 
input data of inversions.  286 

 287 
Figure 4. a) Interface geometry. b) Variable density contrast modeling across the interface. 288 
c) Gravity anomaly calculated by Parker’s method with the constant density. d) Gravity 289 
anomaly calculated by Parker’s method with the variable density. e) Inversion calculated 290 
by P-O method with constant density. f) Inversion calculated by P-O method with variable 291 
density. g) Inversion calculated by improved iteration method with constant density. h) 292 
Inversion calculated by improved iteration method with variable density. i) Difference 293 
between Figure 4 a) and Figure 4 e). j) Difference between Figure 4 a) and Figure 4 f). k) 294 
Difference between Figure 4 a) and Figure 4 g). l) Difference between Figure 4 a) and 295 
Figure 4 h). 296 

Figure 4 e) is the inversion result of the interface calculated by the original P-O method 297 
with the constant density contrast from the gravity anomaly, and the average density contrast is 298 
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method with constant density in blue, P-O method with variable density in green, improved 328 
iteration P-O method with variable density in yellow, and improved iteration P-O method 329 
in red). 330 

The iterations of the four methods are shown in Figure 5, where the speed of iterative 331 
convergence increases significantly with the addition of the variable density model; however, the 332 
number of iterations required for convergence is also larger. The statistics in Figure 5 show that 333 
the four methods are both stable and convergent, which is consistent with the results of previous 334 
simulations. Based on an analysis of the simulation experiments, we found that the RMS of the 335 
improved iteration P-O method with variable density contrast is the smallest, which means that 336 
among the four methods, the inversion by our improved method is more precise and accurate 337 
both in the degree and trend of inversion. However, the parameters in the iterative P-O method 338 
with variable density are more complex, resulting in an increase in the number of iterations and 339 
calculation time in our improved method. In addition, we find that the iterative P-O method with 340 
variable density has some edge effects, and the application of this method in the field requires 341 
expansion of the experimental area. Comparisons between the four methods are listed in Table 2. 342 

 343 
Table 2. The comparison between four methods in numerical experiments  344 

Test Groups Contrast 
(g/cm3) Highest (km) Lowest (km) Criterion Iterations Time (s) RMS 

Simulation 0.020.5 heρ −=  (60,60,35) (120,120,17) Null Null 0 0 

Parker-Oldenburg 
method (constant) 0.30 (57,57,39.42) (118,118,15.18) 0.01 15 1.78 0.72 

Parker-Oldenburg 
method (variable) 

0.020.5 heρ −=  (58,58,34.03) (119,119,18.32) 0.01 18 1.95 0.63 

Improved Iteration P-O 
method (constant) 0.30 (57,57,33.06) (121,121,18.10) 0.01 20 1.91 0.61 

Improved Iteration P-O  
method (variable) 

0.020.5 heρ −=  (59,59,34.54) (120,120,17.50) 0.01 24 2.21 0.59 

To investigate the improvements of the improved method, we designed four simulations with 345 
different conditions and verified the beneficial effects of the variable density contrast parameters 346 
on accurate inversion. In the P-O inversion method, in order to make sure the cacultation was 347 
convergent, the low-pass filter used in each iteration step, whose cutoff frequency should be 348 
chosen carefully and tested. However, in the original P-O method, the inverted topography will 349 
not agree with the original observations as the application of this arbitrary low-pass 350 
filter(Oldenburg, 1974), while, a filter was not applied during the improved iteration inversion. 351 
Compared with the synthetic model, the improved inversion method can reverse a more 352 
reasonable result and locate a precise value in the point of dramatic change, like minimum or 353 
maximum. In the simulation of constant density contrast, the maximum depth optimized by 354 
56.1%, and the minimum depth improves 39.6%, in the simulation of variable density contrast, 355 
the maximum depth optimized by 49.6%, and the minimum depth improves 62.1%. Although the 356 
iteration in the improved inversion method are more complex than original P-O method, the 357 
RMS of our improved inversion method is the smallest, the RMS of whole interface reduced 358 
from 0.72 to 0.59. The above results indicate that the improved iteration P-O method with 359 
variable density is acceptable and that the inversion is efficient and accurate. 360 

4 Geophysical Example 361 

The South China Sea (SCS) located at the intersection of the Eurasian, Philippine, and Indo-362 
Australian Plates, which is the one of the marginal basins in the western Pacific Ocean. The 363 
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Among potential field methods, the target anomalous density distribution must be isolated 382 
before modeling and inversion. In our Geophysical Example, we should reduce all gravity effects 383 
caused by non-Moho sources signals from the original gravity observations, like topography, 384 
sediments, mantle, etc, so that the input data of the inversion as accurate as possible. There is a   385 
common method of data reduction is called gravity stripping: these gravitational effects caused 386 
by other signals could be removed by accurate forward modeling of known geological models 387 
before inversion(J. Li et al., 2022). The entire gravity stripping process is shown in Figure 7. 388 

 389 
Figure 7. The flow chart of gravity stripping. 390 

The free-air gravity anomaly of the SCS in this study was downloaded from the 391 
International Centre for Global Earth Models (ICGEM, http://icgem.gfz-potsdam.de/). We chose 392 
the latest and highest-resolution Earth’s gravity field model, namely, SGG-UGM-2, from the 393 
ICGEM. The SGG-UGM-2 model was developed by satellite gravimetry, satellite altimetry, and 394 
Earth Gravitational Model 2008 (EGM2008)-derived gravity data(Liang et al., 2020), as 395 
illustrated in Figure 8 a). 396 
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 451 
Figure 10 Composite image of the Moho inversion in the South China Sea. 452 

Using the variable density contrast model, the mean depth of Moho, and gravity anomaly 453 
caused by Moho (Figure 8 d)), the SCS Moho depth model could be calculated precisely by our 454 
improve iteration P-O method with variable density(Figure 10). Figure 10 is a composite image 455 
of the Moho depths model in the SCS, which includes three layers. The lower layer is the 456 
topographic map of the SCS, as shown in the simplified version of Figure 6, where the colored 457 
dots in the lower image indicate the seismic stations in the SCS, and the depths of the Moho 458 
surface from the seismic data in the SCS are shown by the color of those dots. The middle layer 459 
is a three-dimensional image of our Moho depths model in the SCS, and the green dashed line 460 
frames the effective scope of the model, which ranges from 105ºE to 122ºE, and 0ºN to 26ºN and 461 
has a resolution of 5'. The upper layer is the Moho depth contour map at intervals of 4 km.  462 

Figure 10 shows that the SCS Moho depth model exhibits distinct zoning, and consists of 463 
divisions of the three crustal types. The model showed that the Moho depths were approximately 464 
7-14 km in the sea basin area (e.g., South China Sea, Sulu Sea, Suvillah Sea, and Philippine Sea), 465 
and the Moho surface depths in continental crust area are more than 25 km (e.g., the South China 466 
Block, Indo-China Block, northwestern continental shelves, and Luzon Island). The Ocean-land 467 
transitional crust occurs between the continental crust and oceanic crusts, the depth of the Moho 468 
in the SCS is about 14-25 km, and the Moho model of the SCS has an obvious regional 469 
characteristic. Large undulations occur in the area of continental-oceanic transitional crusts, 470 
which reflects the uplift of the Moho and the upwelling of the upper mantle in the lower part of 471 
the sea basin. This upwelling provided heat source for the YingGehai Basin, ZengMu Basin, and 472 
other oil and gas resource-producing areas in the continental-oceanic transitional areas.  473 

To better understand the Moho depth model of our improved method, we examined the 474 
differences between our results and previous modeling results, as shown in Figure 11 and Table 475 
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3. To focus on the features of Moho depths in the ocean parts of the SCS, the land areas of all the 476 
Moho depths models are shown in Figure 11. Figure 11 a) shows our Moho depth model, which 477 
is inverted by the improved iteration P-O method with variable density, and it is consistent with 478 
the upper image of Figure 10. We will not repeat the characteristics of our Moho depth model 479 
here.  480 

 481 
Figure 11. a) The Moho depth model calculated by improved iteration Parker-Oldenburg 482 
method with variable density (the circles mean the seismological data in the SCS). b) The 483 
CRUST1.0. c) The Moho depth model calculated by global P-O method, which is defined 484 
under a spherical coordinate system. d) The Moho depth model by original P-O method 485 
with variable Moho density contrast. 486 

Figure 11 b) shows the depth of the Moho from CRUST1.0 in the SCS(Laske et al., 2013). 487 
CRUST1.0 is an updated global model of Earth’s crustal structure based on a new database of 488 
crustal thickness data from active source seismic studies as well as from receiver function 489 
studies, which is defined on a 1-degree grid. Figure 11 b) and Figure 11 a) show that the Moho 490 
depths obtained from CRUST1.0 are deeper than that of our depth model for the thinning 491 
continental crust but shallower than that of our model in the sea basin area. In areas with thick 492 
sediment layers, such as the Yinggehai Basin, Pear River Mouth Basin, and Nanwei Basin, clear 493 
differences are observed between the Moho depths from the CRUST1.0 model and our improved 494 
model. Previous studies have shown that there are some differences between the Airy and 495 
gravimetric Moho models, which can not be overlooked and these differences are associated with 496 
unconsidered sediment loads and various isostatic assumptions(Eshagh, 2020). 497 

Figure 11 c) shows the Moho inversion of the SCS based on the global P-O method, which is 498 
defined under a spherical coordinate system (Chen’s global Moho model for short)(W. Chen & 499 
Tenzer, 2020). A large-scale region of Chen’s global Moho model confirms that the results of 500 
gravimetric forward modelling and inversion will be improved after a global integration and by 501 
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considering Earth’s sphericity. Figure 11 c) and Figure 11 a) show that Chen’s global Moho 502 
model is closely associated with our Moho depth model in terms of the general distributions of 503 
the SCS, although Chen’s global Moho model generates deeper Moho depths in the oceanic 504 
crusts compared with our Moho model. 505 

Figure 11 d) shows the Moho depths derived by an iterative inversion in 他 the spatial 506 
domain (Zhang’s Moho model for short)(ZHANG et al., 2020), which is constrained by the 507 
requirement of known depth information. Zhang’s Moho model introduces a horizontal density 508 
partition and reduces the systematic error by evaluating the accuracy of the constraint. Figure 11 509 
a), Figure 11 b) and Figure 11 c) show that the depths of Zhang’s Moho model are greater than 510 
that of the other models and the undulations of the Moho depth are smooth, which may be related 511 
to the difference between the inversion method of the spatial and frequency domain. 512 

Table 3 shows the statistics on the comparisons between these Moho depths models and 513 
seismological data. The Moho differences between our Moho model and seismological data 514 
range from -5.53 km to 8.40 km, and the RMS of the difference is 3.87 km, which is the smallest 515 
among the investigated models. The comparison of Figure 11 and Table 3 show that our Moho 516 
depth model calculated using the improved iteration P-O method with variable density presents 517 
the most accurate result. 518 

Table 3 Comparison of different Moho models at the positions of seismic stations in the SCS. 519 

Name Max 
(km) Min (km) Mean 

(km) 
RMS 
(km) Reference 

CRUST1.0 Moho depth 
model 11.55 -8.90 0.41 4.92 (Laske et al., 

2013) 

Global P-O method defined 
for a spherical coordinate 
system 

7.17 -8.22 -1.10 13.75 (W. Chen & 
Tenzer, 2020) 

Improved iteration P-O 
method with variable Moho 
density contrast 

8.40 -5.53 0.19 3.87 The paper 

Iterative inversion in spatial 
domain under the constraint 
of known depth information. 

11.63 -3.09 2.50 24.12 (ZHANG et al., 
2020) 

 520 

5 Conclusions 521 

In study, we deduced the original Parker-Oldenburg method, which is a widely used interface 522 
inversion method in the frequency domain. Based on the Xu’s theory, we proposed an improved 523 
iteration P-O method with variable density. The effectiveness of our improved method was 524 
validated using both synthetic experiments and the geophysical examples. 525 

In the synthetic experiments, we designed a numerical experiment to analyze the effect of 526 
our improved iterative algorithm. The results show that our improved method can easily locate 527 
the center of fluctuation and reasonably calculate the depths of the interface, the RMS of our 528 
method is smaller than that of the original P-O method. Furthermore, we designed another 529 
simulation to demonstrate the role of variable density models in the inversion of the underground 530 
interface and compared our improved method with the original P-O method based on the variable 531 
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density model. The results show that the RMS of our improved method with variable density is 532 
the smallest; however, the calculation process is complex because of the parameters of the 533 
variable density are inconsistent. 534 

In the real case, we adapted our improved inversion method to calculate the Moho depths of 535 
the SCS. The gravity anomaly caused by the Moho was derived from the global gravity field 536 
model SGG-UGM-2. During gravity stripping, the lower degree/order term of global gravity 537 
field model is subtracted to eliminate the effect of mantle and deep-earth inhomogeneities. The 538 
free-air gravity anomaly of SGG-UGM-2 reduced the gravity effects of topography and 539 
sediment. The mean Moho depth of the SCS (24.63km) was averaged from the depths of all the 540 
seismic Moho depth stations. Based on the empirical formula for the wave velocity-density 541 
conversion, we obtained a variable density contrast model with an attenuation coefficient of 542 
0.002. The Moho depth model inverted by our improved method shows that the Moho depths of 543 
the SCS have an obvious regional characteristic, the depths in the sea basin area are 544 
approximately 7-14 km, and the Moho surface depths in the continental crust area are more than 545 
25 km. Ocean-land transitional crust occurs between the continental and oceanic crusts, and the 546 
depths of the Moho surface in this area are approximately 14-25 km. 547 

Last, we examine the differences between our Moho model and previous models and 548 
compare the effects of the Moho depth models to real ocean bottom seismograph profiles in the 549 
SCS. The RMS of the difference between our Moho model and the seismological data is the 550 
smallest of 3.87km, and our Moho model also shows accurate Moho depths at the checkpoints, 551 
which means that our improved method is efficient and practical. The results of the synthetic 552 
experiments and the geophysical examples are as follows: 553 
1. The improved Parker-Oldenburg method used an upward continuation form in the Fourier 554 

domain in the iteration processing, and finally the algorithm can obtain convergent inversion 555 
results. 556 

2. Filters or any regularization factors are not included in the iteration processing of our 557 
improved method, which results in fewer empirical parameters in the calculation and more 558 
detailed information. 559 

3. Owing to the constraints of gravity data and geological information, the results of our 560 
improved method with variable density correspond well with reality. 561 
This study provides an improved method of inverting Moho depths from gravity anomalies, 562 

although improvements remain to made in the future. The mean depth of the interface can be 563 
estimated from scientific methods instead of actual data, and if the variable Moho density model 564 
can be obtained accurately from the geological approach, then we believe that the more exciting 565 
results can be achieved. 566 
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