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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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Key Points:

e An improved method uses an equivalent form of upward continuation in the Fourier
domain and does no filter the iteration.

e QGravity inversion combines the actual density variations between layers.

e Moho inversion in the South China Sea fits well with the seismic Data, and our Moho
depths model have the smallest RMS (3.87km).



20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38

39
40
41
42
43
44
45
46
47
48
49

50
51
52
53
54
55
56
57
58
59

60
61
62
63

Earth and Space Science

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.

1 Introduction

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

The Mohorovici¢ discontinuity (Moho) marks the transition from crust to mantle, whose
fluctuation or depth variations are studied almost exclusively through indirect geophysical
methods, including seismology and gravimetry, Moho is closely related to regional tectonics and
oil-bearing structures. As various observation methods have improved, the accuracy of gravity
data has reached a high level, which makes it possible to derive crustal models at both regional
and global scale(Drinkwater et al., 2003; Reigber et al., 2002; Tapley et al., 2004). Earth gravity
field models of high-resolution constructed based on satellite observations, as EGM2008,
GOCOO06s, and Tongji-Grace02s, can provide almost homogeneous data coverage, even in
extremely harsh areas that are inaccessible to humans(Q. Chen et al., 2018; Kvas et al., 2021;
Pavlis et al., 2012).

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

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

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

2 Materials and Methods

2.1 Original Parker-Olendurg method

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

F[Ag]= —ZﬂGpe(_M)i‘nE F[o ()] (1)

!

Where F[ | denotes the Fourier transform operator; Ag is the gravity anomaly, G means
the gravitational constant, p is the density contrast across the interface, i.e. (2= Osin ~Pasore)>

‘l;‘ is the wavenumber, that shows the magnitude of the wavenumber; /4, is the mean depth of

the interface, and h(l’) represents the variation from the mean depth of the interface, the axis

system has Z vertically downward with z,>0.

Oldenburg rearranged the method of Parker (formula (1)), transposed the » =1 term from
the infinite sum, and finally obtained a formula to calculate the depth of the interface in the
frequency domain (Oldenburg, 1974):

) O .
n(r)=-F" %+n_zL—! F[h(r)} )

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

2.2 Improved iteration P-O method with variable density

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

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

p(r)=pe™ 3)
where 0O, is the residual density of the surface geological medium, g is the attenuation

coefficient of density with depth change, # is the depth, thus, so p(r) is the variable density

function. In the frequency domain, the gravity forward algorithm constrained by exponential
variable density models is(ZHANG & MENG, 2013):

n—l1

F[Ag]= —27zGe(‘”°)ik;

n=l

F|p(ron (7| 4)
Taking the gravitational field into example, the nonconvergent term e‘k‘h0 in the Parker-
Oldenburg method (formula (2)) is equivalent to the Fourier transformation factor of downward
continuation, in terms of this aspect, upward continuation of the Fourier transformation is:

F[Ag(x,y,—zo)] = F[Ag(x,y,O)]-e(_zn‘ED %)

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

analogy, Zhang’s exponential variable density model (formula (4)) can be arranged into the same
form as formula (5):

n—1

> H ~\ | (<Fla
F[Ag]=F 4;;(;27 p(A"(7) () (6)

The upward continuation formula (5) and Zhang’s model (formula (6)) is similar. Here, we
improve the inversion of Xiao and Zhang. The derivation process of the improved method is
listed as follows:

<i> The forms of formula (5) and formula (6) are similar, which inspire us to explore the
connection of those formulas. We find that Zhang’s model can be formally reflected as the

upward continuation of gravity anomaly in Xu’s theory, let Ag(x,y,z)=Ag(x,»,0), and
formula (6) is:

- |k .
Ag:—2ﬂ'GZ—lu P’ (7) (7)

— ‘ n—1
n!

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

n—1

- |k - ol
Ag(x,y,z)(l) —F'F _271.(;2‘_"” p(r)h" (r) -e( ol ) ®
n!

n=l1

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

downward continue the unknown field u ,, a brief description is as follows:
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w, " =y, +s(uB —uB(")) 9)

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

() (n+) (n)

and ¢is a minimum. When |u, —u, '|< €, it can be considered that ¥, ~=u, ", and the

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

means Ag(x,y,z), U, means Ag(x,y,0).
<iv>The difference between the truth value Ag and the iterated value Ag’ 1is used to
correct the inversion, one obtains that

Ag(x,y, z)") = Ag(x,y, )" s (Ag(x, v,0)—Ag(x, y, 0)(")) , and the improved iterative
inversion formula is finally obtained:

- -1 - o ) |
_27ZG§: |k _'ﬂ p(r)h(”“) (;)" = —27[Gi|k;'u p(r)h(”) (;)” +s| g, —F! |:F {—Zﬂ'GiM p(r)h® (;)”:l.e(hnk)]

n=1 n=1 n ' n=1 n '

(10)
similarly, s is the step of iteration (0<s<1),¢ is a minimum. When‘Ag—Ag(")‘<£ , the

inversion meets the criteria for convergence of iteration.
<v>The term on the right-hand can be considered that("+" (;) ~ ™ (;), and the depth of

the Moho is Depth = h, +h(")(77).With the above deductions, the final summarized expression
like that:

— n—1
n+l) (T n) [~ - - k_’ll —-\" _0‘
h( 1)(1’):h( )(I’)+W'S Ag—F ! F —27Z'G;‘T p(l")]’l(l)(l") -e( h‘k‘)

(11)
Combining all the steps presented above, the whole iteration procedure of the improved
algorithm is summarized as a flow chart in Figure 1.
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Figure 1. Flow chart of our improved algorithm.

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

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

‘l;‘ho

factor (¢'"") in the frequency domain, retains the details of the data; moreover, because of the

introduction of variable density contrasts ( p(r) = p,e ™ "), which are obtained from the field, the

inversion results correspond quite well with the topographic observations.

3 Numerical Experiments

To verify the effect of the improved iteration inversion (formula (11)) and original P-O methods
(formula (2)), numerical experiments were performed under the same conditions. We designed a
synthetic underground interface with a mean depth of 27 km and extension of 200 kmx200 km
(Figure 2 a)). We set a simulation experiment range of 200x200 columns and rows, which were
separated by 1km. Two different fluctuations were included in the simulation experiment, and the
observation plane was at z=0. The horizontal center position of the dome was located at (60,
60), with a radius of 30 km and a maximum depth of 8km from the mean interface. The
horizontal center positions of the basin were located at (120, 120), with a radius of 40 km and a
maximum depth is -10km from the mean interface. The density contrast parameter of the
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interface was constant 0.29 g/ cnr’.

200

150

100

50

50 100 150 200

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

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

in Figure 2 a) is shown in Figure 2 f), and brief effect comparisons are listed in Table 1.
Table 1. The comparison of two methods in numerical experiments with constant density

Contrast

Test Groups (g/em? Highest (km) Lowest (km) Criterion Iterations  Time (s) RMS

Simulation 0.29 (60,60,35) (120,120,17) Null Null 0 0



246
247

248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273

Earth and Space Science

Parker-Oldenburg method 0.29 (58,58,34.09) (119,119,18.54) 0.01 9 0.86 0.66
Improved Iteration P-O method 0.29 (59,59,34.51)  (120,120,17.38) 0.01 16 1.53 0.59
045
—-Parker-Oldenburg Method
0.40
-O-Improved Iteration P-O Method

0.35
i 0.30
% 0.25
= 020
2
o 0.15
E
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S 0.10
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0.00 >
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Iterations

Figure 3. Statistics of the correction RMS, including Moho differences in the RMS between
an iteration and the previous one, thus showing the convergence of the algorithms (P-O
method in blue and improved iteration P-O method in red).

To illustrate the effects of the new method presented in Section 2.1, the synthetic interface
of the simulation and input data were same. In addition to the inversion method, the parameters
of the calculation processes were consistent. The two methods can invert remarkably similar
simulation geometries with constant density, and locations of the undulation center calculated by
the improved method are very close to the original P-O method; however, our improved method
calculates more accurate results. Although the iterations and time required for the calculations of
our improved are longer than those of the P-O method, the center locations of bump and basin of
the inversion by our method are more precise and the RMS is smaller. Figure 2 ) shows that the
improved iteration P-O method can easily locate the center of fluctuation and appropriately
calculate the depths. Figure 2 f) shows that the original P-O inversion method can calculate the
approximate fluctuation trend, but because of the filter used in each iteration step, the specific
details (the locations and depths of highlighted positions) are easily ignored and regular errors
are contained in the large range of fluctuation. The iterations are shown in the Figure 3, the two
methods are both convergent, and the RMS of the Moho depth differences decreases as the
number of iteration increases. Moreover, although the original P-O method is faster in terms of
the number of the iterations, the improved P-O method presents smaller differences in RMS.
Combined with the derivation in Section 2.3, the iterative procedure of our improved method is
reasonable and efficient, although it may be more complex.

To demonstrate the role of variable density models in the inversion of the underground
interface, we changed the density contrast parameter across the interface in the previous
example. Another simulation changed the density contrast model from a constant model to an
exponential model. Figure 4 a) shows the same parameters of the synthetic underground interface
as before and an underground interface consisting of two opposite bumps. The mean depth of
interface is 27 km, the scope is 200 kmx200 km, and the highest position of the interface is
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(60,60,35), with a width of the bump of 30km. In addition, the lowest position is (120,120,17),

with a width of the depression of 40km. Figure 4 b) shows that the variable density contrast

across the interface is p= 0.564)'02hg/ Cm3, which is an exponential model related to the depth of

the interface. Figure 4 c) shows the gravity anomaly of the interface calculated based on Parker’s

gravity forward modeling with constant-density of 0.3g/ cm’ | which is the average value of the

variable density contrast. Figure 4 d) shows the gravity anomaly of the interface obtained from
the Parker’s gravity forward modeling with variable density, which is based on an improvement
of Parker’s original study(J. FENG et al., 2014; Gao & Sun, 2019; Gomez-Ortiz & Agarwal,
2005). A carefully comparisons between Figure 4 c) and Figure 4 d) shows that the gravity
anomalies calculated by different density contrast models are different, with the results based on
Parker’s gravity forward modeling with variable density usually more consistent with the actual
gravity situation. We choose the results based on variable density model of Figure 4 d) as the
input data of inversions.
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Figure 4. a) Interface geometry. b) Variable density contrast modeling across the interface.
¢) Gravity anomaly calculated by Parker’s method with the constant density. d) Gravity
anomaly calculated by Parker’s method with the variable density. e¢) Inversion calculated
by P-O method with constant density. f) Inversion calculated by P-O method with variable
density. g) Inversion calculated by improved iteration method with constant density. h)
Inversion calculated by improved iteration method with variable density. i) Difference
between Figure 4 a) and Figure 4 e). j) Difference between Figure 4 a) and Figure 4 f). k)
Difference between Figure 4 a) and Figure 4 g). 1) Difference between Figure 4 a) and
Figure 4 h).

Figure 4 e) is the inversion result of the interface calculated by the original P-O method
with the constant density contrast from the gravity anomaly, and the average density contrast is
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0.3g/cm’ . The result is that the minimum value is 15.18 km located at (118, 118), the maximum

value is 39.42 km located at (57, 57). The iterate number of the inversion is 15, the time required
for calculations is 1.78s, and the total RMS is 0.72 km. A comparison between Figure 4 e) and
Figure 4 a) is shown in Figure 4 1). Figure 4 f) shows the geometry of the inversion by the P-O
method with variable density contrast, which is calculated from the Gomez-Ortiz and Agarwal’s
improved code(Gomez-Ortiz & Agarwal, 2005; ZHANG & MENG, 2013) . The exponential

model of variable density contrast is ©=0.5¢""*"g /cn’ . The results show that the highest point
of relief is at (58,58), with a height of 34.03km, and the lowest point of depression is at
(119,119), with a height of 18.32km. The iterate number of the inversion is 18, the time required
for calculations is 1.95s, and the total RMS compared with the simulation is 0.63 km. A
comparison between Figure 4 f) and the Figure 4 a) is shown in Figure 4 j). The comparison
between the above two results reveals that the inversion results of the P-O method using realistic
variable density parameters are better than those using approximate constant density parameters.
This conclusion has been confirmed in the previous studies.

Figure 4 g) shows the inversion result of the interface calculated by the improved iteration
inversion with constant density. To facilitate comparisons with previous experiment, there is no
filter in iteration process of the improved method, while the average density contrast is held

constant at 0.3g/ cnt’ . The result is that the highest point of relief is at (57,57), with a height of

33.06km, and the lowest point of depression is at (121,121), with a height of 18.10km. The
iterate number of the inversion is 20, the time required for calculations is 1.91s, and the total
RMS compared with the simulation is 0.61 km. A comparison between Figure 4 g) and Figure 4
a) is shown in Figure 4 k). Figure 4 h) is the inversion result calculated by the improved method
with variable density contrast. The result is that the highest point of relief is at (59,59), with a
height of 34.54km, and the lowest point of depression is at (120,120), with a height of 17.50km.
The iterate number is 24, the time required for calculations is 2.21s, and the total RMS is 0.59
km. Figure 4 1) shows the Moho difference between Figure 4 a) and Figure 4 h).

090 ,
0.80

A —o=Parker-Oldenburg method with constant density
—0—Parker-Oldenburg method with variable density
0.70 A-Improved Iteration P-O method with variable density

—

‘é 0.60 —o—Improved Iteration P-O method with constant density

@ 0.50
0.40
0.30
0.20
0.10
0.00

Correction RM

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Iterations

Figure 5. Statistics of the correction RMS, including Moho differences in the RMS between
an iteration and the previous one, thus showing the convergence of the algorithms (P-O
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method with constant density in blue, P-O method with variable density in green, improved
iteration P-O method with variable density in yellow, and improved iteration P-O method
in red).

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

Table 2. The comparison between four methods in numerical experiments

Test Groups C(;)/r;trrralgs)t Highest (km) Lowest (km) Criterion Iterations  Time (s) RMS
Simulation p=05e""" (60,60,35) (120,120,17) Null Null 0 0
r’;ﬁ%‘ﬁ‘iﬁzt’;{fﬁ 0.30 (57,57,39.42) (118,118,15.18)  0.01 15 1.78 0.72
Kﬁﬁﬁ?ﬁﬁg p=0.5¢""" (58,5834.03) (119,119,1832) 0.0l 18 1.95 0.63
lmggtzi)‘;l(tce;itsi:’;g‘o 0.30 (57,57,33.06) (121,121,18.10)  0.01 20 1.91 0.61
Improved lteration P-O ) 5,000 (59 593454) (120,120,17.50)  0.01 2 221 0.59

method (variable)

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

4 Geophysical Example

The South China Sea (SCS) located at the intersection of the Eurasian, Philippine, and Indo-
Australian Plates, which is the one of the marginal basins in the western Pacific Ocean. The
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formation and development of the SCS were influenced by the actions of the Tethys and Pacific
tectonic domains(Hall, 2002; Taylor & Hayes, 1983). In the Cenozoic, the SCS experienced
complex evolutionary stages, including continental margin stretching, submarine expansion, and
subduction collision, and recorded the formation and evolution of the entire marginal sea. Figure
6 shows the Geological map and Moho depth seismic stations in the SCS, the small geometries
(e.g., triangles, diamonds, circles, pentagons, and squares) in Figure 6 show the positions of the
major seismic stations of the SCS.

Philippine Sea [l 3!

b
5° \g\’%
%,
)
(Z
®

Kalimantan

-4

100° 105° 110° 115° 120° 125° 130°
Figure 6. Geological map and Moho depth seismic stations in the SCS. Colored triangles
with a black edge are seismic stations, which represent the traditional method of detecting
the depth of Moho in the SCS. Diamonds with a magenta edge represent OBS2001 (the
code name of ocean bottom seismograph profiles), circles with a blue edge are OBS2006-1,
pentagons with a green edge are OBS2006-2, squares with a purple edge are OBS2009-1.

4.1 The data reduction

We applied our improved method to a real case of the Moho inversion of the SCS, where the
research area ranges from 105°E to 122°E, and from 0°N to 26°N (separated by 5' grids). To
avoid the edge effects of the method, we chose a wider range (from 100°to 130°E and from -2°to
28°N).
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Among potential field methods, the target anomalous density distribution must be isolated
before modeling and inversion. In our Geophysical Example, we should reduce all gravity effects
caused by non-Moho sources signals from the original gravity observations, like topography,
sediments, mantle, etc, so that the input data of the inversion as accurate as possible. There is a
common method of data reduction is called gravity stripping: these gravitational effects caused
by other signals could be removed by accurate forward modeling of known geological models
before inversion(J. Li et al., 2022). The entire gravity stripping process is shown in Figure 7.

Free-air gravity anomaly
I

Compggit&%%uguer }-7/ Topography/bathymetric data

ﬁ!ougu er gravity anoma/

I

Low pass filtering & . )
regularization filtering /The density of sediment

: I
Eliminate the gravity i i
Gravity forward modeling
anomat_y FIEET L] with variable density
sedimentary

1 i

/Gravrty ESOI'\T;:E causet/ The depth of sediment

I
Improved Parker-Oldenburg
iterative inversion with
variable density

I
( The depth of Moho >

Figure 7. The flow chart of gravity stripping.

The free-air gravity anomaly of the SCS in this study was downloaded from the
International Centre for Global Earth Models (ICGEM, http://icgem.gfz-potsdam.de/). We chose
the latest and highest-resolution Earth’s gravity field model, namely, SGG-UGM-2, from the
ICGEM. The SGG-UGM-2 model was developed by satellite gravimetry, satellite altimetry, and
Earth Gravitational Model 2008 (EGM2008)-derived gravity data(Liang et al., 2020), as
illustrated in Figure 8 a).
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Figure 8. a) Free-air gravity anomaly of the SCS. b) Bouguer gravity anomaly of the SCS.
¢) Corrected gravity anomaly of the SCS, which eliminate the effect of mantle and deep
Earth inhomogeneities from Bouguer gravity anomaly. d) Gravity anomaly caused by the
Moho alone.

SGG-UGM-2 ensured the validity of our original gravity data in our case region of the SCS,
as SGG-UGM-2 had the new marine gravity anomalies and the contribution of the new GRACE
normal equation. First, the gravity anomaly reduced the gravity effects of topography (Rexer et
al., 2016), and the bouguer correction of SGG-UGM-2 from free-air anomaly to Bouguer gravity
anomaly was conducted on a global scale. This correction is better than the small regional
bouguer correction that was previously applied. Global topographic data were downloaded from
NOAA(National Oceanic and Atmospheric Administration,
https://www.ngdc.noaa.gov/mgg/global/global.html) and SIO (Scripps Institution of
Oceanography, http://topex.ucsd.edu/.). The Bouguer gravity anomaly is shown in Figures 8 b).
Second, the Bouguer gravity anomaly eliminated the effect of mantle and deep Earth
inhomogeneities, which were stripped from degree 1 to 17 spherical harmonics (Bagherbandi &
Sjoberg, 2012; Jiménez-Munt et al., 2008; Kumar et al., 2013), as shown in Figure 8 ¢).

Finally, the gravitational attraction of these huge marine sediments cannot be ignored, we
should eliminate the gravity anomaly caused by sedimentation, which can be calculated using
tesseroids(Lin et al., 2020). We obtained the data of sediment thickness from the NOAA
(https://www.ngdc.noaa.gov/mgg/sedthick/index.html). The sediment depth-density function of
the SCS can be fitted using seismic and borehole sample data(M. Chen et al., 2018). The
function is expressed as follows:

p. =0 p,+(1-0e™) p,, (12)
where p, presents the density differences of sediment layers, Z is the thickness of sediment
layers, ¢ is the conversion parameters, 0, means the density of seawater, and p , means the
density of filled granules. ¢,,p ,c can be calculated by the wave velocity-density conversion

equation based on the P-wave velocity of the seabed seismograph sounding profile. Thus, the
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Bouguer gravity anomaly after removing the gravity effects of sediments, the mantle and deep
Earth inhomogeneities is called gravity anomaly caused by Moho (Figure 8 d)), which is
associated only with Moho relief and we can use it in the Moho inversion.

4.2 Results and Discussions

We derived the formulas for the improved iterative inversion with variable density, and
demonstrated the efficacy of our method though a series of simulations in the above section.
Here, we apply our improved method to a real case of a Moho inversion of the SCS, where the
area range of research has been mentioned in Section 4.1.

After gravity stripping, the gravity anomaly caused by the Moho is shown in Figure 8 d),
and the mean Moho depth (z, =24.63 km ) is estimated from seismic Moho depth control points

(colored geometries in Figure 6)(Hung et al., 2021; Wei et al., 2020), which can also be applied
as a reference for comparison between the Moho models and seismic measurements obtained
from previous geological studies of the SCS.

With our improved method, the parameter of density contrast in the reality is variable, that
cannot be ignored. Owing to the lack of accurate density information, we must choose a safer
and more widely recognized indicator to estimate the lateral variation in the SCS Moho density
contrast. With contemporaneous stratigraphic densities varying considerably from region to
region, obvious lateral density zoning features occur in the SCS(J. Chen et al., 2012).As shown
in the Figure 6, the study area can be roughly divided into three crustal types crusts according to
the submarine topography in geology: oceanic crusts, continental-oceanic transitional crusts, and
thinning continental crusts. Based on the seismic profile data and Bouguer gravity anomaly data
in the SCS, the densities of the sediment layer, basement layer, and upper crust can be estimated
by using the empirical formula for wave velocity-density conversion. Finally, we obtained a

0.335

- 0.300

i

100° 105° 110° 115° 120° 125° 130°

= 0.260

Figure 9. Variable density contrast model in the SCS.
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Figure 10 Composite image of the Moho inversion in the South China Sea.

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

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

To better understand the Moho depth model of our improved method, we examined the
differences between our results and previous modeling results, as shown in Figure 11 and Table
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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
Moho depths models are shown in Figure 11. Figure 11 a) shows our Moho depth model, which
is inverted by the improved iteration P-O method with variable density, and it is consistent with
the upper image of Figure 10. We will not repeat the characteristics of our Moho depth model
here.

NaN [ @S . D km NaN [ S . D km
0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32 36 40

NaN [ @S T D km NaN [ 4SS T D km

0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32 36 40

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

Figure 11 b) shows the depth of the Moho from CRUST1.0 in the SCS(Laske et al., 2013).
CRUST1.0 is an updated global model of Earth’s crustal structure based on a new database of
crustal thickness data from active source seismic studies as well as from receiver function
studies, which is defined on a 1-degree grid. Figure 11 b) and Figure 11 a) show that the Moho
depths obtained from CRUSTI1.0 are deeper than that of our depth model for the thinning
continental crust but shallower than that of our model in the sea basin area. In areas with thick
sediment layers, such as the Yinggehai Basin, Pear River Mouth Basin, and Nanwei Basin, clear
differences are observed between the Moho depths from the CRUST1.0 model and our improved
model. Previous studies have shown that there are some differences between the Airy and
gravimetric Moho models, which can not be overlooked and these differences are associated with
unconsidered sediment loads and various isostatic assumptions(Eshagh, 2020).

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

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

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

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

Max . Mean RMS
Name Min (km Reference
(km) K G )
CRUST1.0 Moho depth (Laske et al.,
model 11.55 -8.90 0.41 4.92 2013)
Global P-O method defined
for a spherical coordinate 7.17 -8.22 -1.10 13.75 (W. Chen &
Tenzer, 2020)
system
Improved iteration P-O
method with variable Moho 8.40 -5.53 0.19 3.87 The paper

density contrast

Iterative inversion in spatial

domain under the constraint 11.63 -3.09 2.50 24.12
of known depth information.

(ZHANG et al.,
2020)

5 Conclusions

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

In the synthetic experiments, we designed a numerical experiment to analyze the effect of
our improved iterative algorithm. The results show that our improved method can easily locate
the center of fluctuation and reasonably calculate the depths of the interface, the RMS of our
method is smaller than that of the original P-O method. Furthermore, we designed another
simulation to demonstrate the role of variable density models in the inversion of the underground
interface and compared our improved method with the original P-O method based on the variable
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density model. The results show that the RMS of our improved method with variable density is

the smallest; however, the calculation process is complex because of the parameters of the

variable density are inconsistent.

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

Last, we examine the differences between our Moho model and previous models and
compare the effects of the Moho depth models to real ocean bottom seismograph profiles in the
SCS. The RMS of the difference between our Moho model and the seismological data is the
smallest of 3.87km, and our Moho model also shows accurate Moho depths at the checkpoints,
which means that our improved method is efficient and practical. The results of the synthetic
experiments and the geophysical examples are as follows:

1. The improved Parker-Oldenburg method used an upward continuation form in the Fourier
domain in the iteration processing, and finally the algorithm can obtain convergent inversion
results.

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

3. Owing to the constraints of gravity data and geological information, the results of our
improved method with variable density correspond well with reality.

This study provides an improved method of inverting Moho depths from gravity anomalies,
although improvements remain to made in the future. The mean depth of the interface can be
estimated from scientific methods instead of actual data, and if the variable Moho density model
can be obtained accurately from the geological approach, then we believe that the more exciting
results can be achieved.
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