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Satellite gravity data are widely used in the field of geophysics to study
deep structures at the regional and global scales. These data comprise free-air
gravity anomaly data, which usually need to be corrected to a Bouguer gravity
anomaly for practical application. Bouguer reduction approaches can be divided
into two methods based on the coordinate system: the spherical coordinates
method (SBG) and the Cartesian coordinates method; the latter is further di-
vided into the CEBG and CBG methods, which do and do not include the Earth’s
curvature correction. In this paper, free-air gravity anomaly data from the east-
ern Tibetan Plateau and its adjacent areas were used as the basic data to com-
pare the CBG, CEBG, and SBG Bouguer gravity correction methods. The com-
parison of these three Bouguer gravity correction methods shows that the effect
of the Earth’s curvature on the gravitational effect increases with increasing
elevation in the study area. We want to understand the inversion accuracy for
the data obtained by different Bouguer gravity reduction approaches. The depth
distributions of the Moho were obtained by the interface inversion of the Bou-
guer gravity anomalies obtained by the CBG, CEBG, and SBG, and active seis-
mic profiles were used as references for comparison and evaluation. The results
show that the depths of the Moho obtained by the SBG inversion are more
consistent with the measured seismic profile depths. Therefore, the SBG meth-
od is recommended as the most realistic approach in the process of global or
regional research employing gravity data.

Keywords: Bouguer reduction approach, spherical coordinates, Moho surface,
eastern Tibetan Plateau and its adjacent areas
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1. Introduction

The gravity method is an essential component of geophysical exploration.
Reductions are needed according to the purpose of the research to obtain the
corresponding gravity anomaly before implementing the gravity data. The Bou-
guer gravity anomaly is one of the most widely used gravity anomalies that in-
cludes reductions such as the free-air correction and Bouguer correction from
raw gravity data (Hofmann-Wellenhof and Moritz, 2006). The correction obtained
using the free-air gravity formula proposed by Lambert and Hesiskanen can be
calculated accurately as a free-air gravity anomaly (Lambert, 1930; Hesiskanen
and Moritz, 1967). The Bouguer gravity reduction is divided into three separate
steps: (1) Bouguer plate correction, (2) Earth’s curvature correction, and (3) ter-
rain correction (Bullard, 1936). The study area is approximated as a plane, and
the effect of the Earth’s curvature on the gravity signal is easy to ignore; hence,
the Bouguer gravity anomaly can be calculated quickly in the early stage of ap-
plying the Bouguer gravity reduction. A Bouguer correction approach to calculate
the Bouguer gravity correction within 1.5° (~ 167 km) is widely used to calculate
the Bouguer gravity anomaly based on the terrain in the Cartesian coordinate
system and the Bouguer plate formula (Hayford and Bowie, 1912; Nagy, 1966;
Kane, 1962). The threshold for the horizontal range of the study area is 200 km,
if the horizontal scale is less than 200 km, the effect of the Earth’s curvature on
gravity can be ignored in the calculation of the Bouguer reduction (Li et al., 2011);
vice versa, the influence of the Earth’s curvature on gravity must be considered
if the horizontal extent is greater than 200 km. LaFehr proposed an accurate
expression for the Earth’s curvature correction in 1990 (LaFehr, 1990). Subse-
quently, Whitman (1991) simplified LaFehr’s formula while ensuring accuracy.
Fullea (2008) calculated Bouguer corrections within a range of 167 km while
including the effect of the Earth’s curvature in the Cartesian coordinate system
based on the calculation steps (Bullard, 1936) and formulas (LaFehr, 1990; Nagy,
2000) of the Bouguer gravity correction. In another method used to consider the
Earth’s curvature, the Bouguer gravity correction is approximated, by regarding
the Earth as a sphere and then calculating the Bouguer gravity corrections in
the spherical coordinate system. LaFehr (1990), Mikuska et al. (2006), and Grom-
bein (2013) deduced the analytic expressions of the gravitational field of a tes-
seroid unit cell in the spherical coordinate system and defined the necessary
conditions for the existence of an analytic solution. Wild-Pfeiffer (2008) and Uield
(2016) studied an adaptive calculation method to calculate the gravity effect of
a body in the tesseroid model in the spherical coordinate system. The Bouguer
gravity correction approach requires different calculation steps between the
spherical coordinate system and the Cartesian coordinate system. A combination
of the Bouguer plate correction and the terrain correction is needed to calculate
Bouguer gravity corrections in the spherical coordinate system (An et al., 2010).
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Gravity data can be divided into four categories according to the different
means of obtaining observations: ground surveys, ship surveys, aerial surveys,
and satellite surveys. The first satellite altimeter to observe gravity was launched
in the 1980s (Haxby, 1985). With several phase of development in satellites and
instrumentation technology spanning nearly four decades, the resolution and
accuracy of satellite altimetry/gravity datasets have been significantly improved
following the implementation of a series of professional gravity satellite measur-
ing programmes (including GRACE, GOCE, and CHAMP) and the addition of
repeat mission data (Geosat, ERS-1, Topex/Poseidon, etc.) (Cheney et al., 1987;
Rignot and Van, 1993; Fu et al., 1994; Green et al., 2019). Notwithstanding the
above upgrades, the orbits of satellite platforms are located between 250 and
500 km above the surface, which limits the spatial resolution and accuracy of
the surface and subsurface gravity anomalies measured at such orbital heights
(Green et al., 2019). To obtain gravity data with greater accuracy, satellite and
terrestrial data were integrated based on gravity potential theory. This resulted
in the construction of a series of approximate real gravity field expressions to
satisfy the high precision and resolution requirements in the global gravity field
model (EIGEN-6C4, EGM2008, GOCOO01S, etc.) (Pavlis et al., 2012; Forste et al.,
2014; Pail et al., 2010). Many scholars use gravity data calculated by the global
gravity field model as the basis and combine these data with geological data
while investigating deep underground conditions at the regional and global
scales to provide critical constraints for research on the Earth’s deep structure
and dynamics (Pappa et al., 2019; Rathnayake et al., 2019; Pastorutti and Brait-
enberg, 2019).

Satellite gravity data, which belongs to the category of gravity data, are
calculated based on the global gravity field model so a series of corrections are
needed to obtain and apply Bouguer gravity anomalies. According to the above
introduction to the development of the Bouguer reduction method, the reduction
approach can be divided into two categories based on the coordinate system,
namely, the Cartesian coordinate system (comprising two cases, that is, wheth-
er the Earth’s curvature is considered) and the spherical coordinate system. The
Bouguer gravity reduction methods described above are widely used in the cor-
rection of satellite gravity data (Vaish and Pal, 2015; Pal and Majumdar, 2015;
Tamay et al., 2018; Almalki and Mahmud, 2018; Maurya et al., 2017; Mahat-
sente et al., 2018; Peters et al., 2018; Zhu and Li, 2018; Chen et al., 2018; Sobh
et al., 2018; Deng and Shen, 2019; Zhao et al., 2019). Most relevant satellite
gravity data studies select one of these two reduction approaches for practical
applications. However, no comparative analysis of the Bouguer gravity anomaly
data obtained by different Bouguer reduction approaches has been conducted.
Therefore, in this paper, we compare and analyse the difference in Bouguer
gravity anomaly data obtained by correcting satellite gravity data with the dif-
ferent Bouguer gravity reduction approaches described above to reveal which
Bouguer reduction approach is the most suitable for actual situations.
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2. Method and principle

The Bouguer reduction approach can be divided into two categories based
on the coordinate system employed, namely, the Cartesian coordinate system
(comprising two cases, that is, whether the Earth’s curvature is considered) and
the spherical coordinate system. Each of these components will be described in
the following to show how the Bouguer gravity reduction technique works in the
Cartesian and spherical coordinate systems.

2.1. Bouguer gravity reduction approach in the Cartesian coordinate system

The Bouguer gravity reduction in the Cartesian coordinate system is divided
into three separate steps: (1) Bouguer plate correction, (2) Earth’s curvature
correction, (3) terrain correction (Bullard, 1936).

2.1.1. Bouguer plate correction

The area of gravity point P is assumed to be an entirely horizontal plane
(Fig. 1), and between the geoid and the Earth’s surface, the volume density is
constant. Then, the calculation formula of the Bouguer plate is as follows (Hof-
mann-Wellenhof and Moritz, 2006):

Ap =27Gph . (1)

Here, G represents the gravitational constant; p represents the density, and A
represents elevation.

This expression for calculating the influence of gravity on the Bouguer plate
needs to comprehensively consider different conditions in both continental and
oceanic regions. Then, the calculation formula of the influence of gravity in the
Bouguer plate is as follows (Uield et al., 2016):

Agp =-0.0419088-[ p.h, + (g, - ), |- @

Here, Agy indicates the result of the Bouguer plate (unit: mGal); p. and p,, rep-
resent the density of continental and oceanic regions, respectively, (unit: kg/m?);
and A, and A, represent the elevation in continental and oceanic regions, re-
spectively (unit: m).

Ly

P

Figure 1. Bouguer plate.
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2.1.2. Terrain correction

The correction for the difference between the Bouguer plate and the actual
topography of the Earth’s surface is called the terrain correction. In the terrain
correction process, in a region with a mass surplus (A), the gravity direction is
upward, and thus, this residual mass needs to be removed. In a region with a
mass deficiency (B), the gravity direction is downward, and thus, this mass
deficiency needs to be filled (Fig. 2). Therefore, the terrain correction is always
positive (Hoftmann and Moritz, 2006), to balance the calculation efficiency and
accuracy in the terrain correction process. According to the distance from the
gravity measurement point and the gravity measurement point as the centre,
the terrain correction is divided into three concentric square areas; the near
zone (0 ~ 2 km), the medium zone (2 ~ 20 km), and the far zone (20 ~ 167 km)
(Fig. 3). Different regions use different formulas for the calculation.

The terrain correction values in adjacent areas are obtained by calculating
the gravitational effect of four oblique triangles formed by the calculation points,
and the surrounding four measurement points. The calculation formula is as
follows:

H2
Ag, =Gpg| R- R?+HZ+ﬁ ) (3)
R°+H

Here, Agtl. indicates the resulting of the terrain correction value in an adjacent
area (unit: mGal); G represents the gravitational constant; p represents the
density; R represents the projected distance between two adjacent gravity meas-
urement points; H represents the terrain point elevation; and ¢ represents the
angle between the projection of two nearby terrain points and the calculated
point.

Earth’s surface

___________ - - Bouguer plate

H

geoid

Figure 2. Terrain correction.
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Figure 3. Different computational zones according to the distance between the terrain and calcula-
tion point.

The formula for calculating the gravitational effect of a semi-infinite prism
body at the point P(0,0,2) in the middle zone is as follows (Nagy, 1966, 2000):

—arctan—— b q ,

Ag, =Gpz| p- log +q-log———
J1+p? \l1+q (4)
p=g,q=§,r=\/1+p2+q2.

z

Here, Ag,, indicates the resulting terrain correction value in the middle zone, G
represents the gravitational constant, p represents the density, and x, y represent
the coordinates of the top point of the prism.

The calculation formula for the terrain correction value in the far zone is as
follows (Kane, 1962):

(R2 ~R,JR?+H’* - |R} + H* )

Ag, =2GpA*
K RI+ R}

®)

Here, Agt3 indicates the resulting terrain correction value in the far zone, G
represents the gravitational constant; p represents the density, A represents the
length of the horizontal side of the prism, R; and R, represent the inside and
outside radius, respectively, and H represents elevation.

The terrain correction values calculated for the near (3), middle (4), and far
(5) zones are combined to obtain the terrain correction value for the gravity
measurement point:

Ag,. =Ag, +Ag, +Ag, . (6)
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Here, Ag, indicates the resulting terrain correction value and Agt , Agt , and
Agt represent the resulting terrain correction values in the near, middle, and
far zones, respectively.

2.1.3. Earth’s curvature correction

The Earth’s curvature or degree of curvature earth is usually expressed by
the radius of curvature or by the curvature (that is, the inverse of the radius of
curvature). The Earth’s curvature affects the measurement of elevation, and
therefore, the influence of the Earth’s curvature on gravity should be considered
in addition to the Bouguer plate and terrain correction in high precision Bou-
guer gravity corrections (Whitman, 1991).

The formula for the Earth’s curvature correction is as follows (Swick, 1942;
LaFehr, 1991):

—If h>0, then

BB = —ZHGQh(g—%—nj, ()

—If h<O0, then

- a_n_
BB = -27G(p, - pw>h[2 o n} ®

where a= R, / Ry,n = h/(Ry +h). Here, R, represents the radius of a spherical
Earth (unit: km), R, is the radius to a distant zone (unit: km), G represents the
gravitational constant, p, represents the land area reduction density (unit: kg/
m?), p, represents the water area reduction density (unit: kg/m?), and A repre-
sents the elevation (unit: m).

In summary, the expression for calculating the complete Bouguer gravity
anomaly in the Cartesian coordinate system can be expressed as follows:

Agcp = A8ps + A8y +Ag, +BB. 9)

Here, Ag.p indicates the result of the complete Bouguer gravity anomaly, Agg,
represents the free-air gravity anomaly, Agj represents the result of the Bouguer
plate correction, Ag,. represents the result of the terrain correction, and BB
represents the result of the Earth’s curvature correction.

2.2. Bouguer gravity reduction approach in the spherical coordinate system

Another way to find the Bouguer gravity anomaly is to approximate the
Earth as a sphere, and then calculate the Bouguer gravity anomaly in the spher-
ical coordinate system. A common method for obtaining Bouguer corrections in
a spherical coordinate system is to discretize the Earth into a tesseroid unit
model (Fig. 4) rather than a rectangular prism model (Uield et al., 2016). The
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procedure for calculating the Bouguer correction based on the a tesseroid body
in the spherical coordinate system is different from the procedure of Bullard
(1936) in a flat rectangular coordinate system. The former is directly combined
with the Bouguer plate correction and terrain correction for a calculation without
separation. LaFehr (1990), Mikuska et al. (2006), and Grombein (2013) deduced
analytic expressions of the gravitational field of a tesseroid cell in the spherical
coordinate system and defined the necessary conditions for the existence of an
analytic solution. The method used to numerically integrate of the tesseroid
model usually adopts the Taylor series expansion (Heck and Seitz, 2007; Grom-
bein et al., 2013) or the Gauss-Legendre Quadrature (GLQ) function (Asgharza-
deh et al., 2007). The Taylor series expansion method will reduce the calculation
accuracy at low latitudes, while the GLQ method uses the number of mass points
to control the calculation accuracy, and the larger the number of mass points is,
the higher the accuracy of the GLQ method (Uield et al., 2016). Therefore, this
article uses the GLQ method to calculate the gravity value of in the tesseroid
model.

ZA

a tesseroid

Figure 4. View of a tesseroid. Point P represents the computation point in the local coordinate sy-
stem; the point @ represents the integration point in the geocentric coordinate system; r,¢, 4 are the
radius, latitude, and longitude, respectively, and 1 represents the distance between P and Q.

The gravity field formula of the tesseroid model is shown as follows (Grom-
bein et al., 2013):
Ag oty A
g, (r9.2) = Gpj f f ~< Kdr'dg'd). (10)
My !
Here, a,f € {x, y,z} ; p represents the density; G represents the gravita-tional
constant; J, 5 represents Kronecker’s delta (if & = §, then 6, s =1;if o # [,
then 6, 4 =0); and
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A, = r'(cos¢sin¢’ —sing'cos¢'cos (ﬂ.’ - /1))
A, = r’cos¢'sin(ﬂ.’ - ﬁ)
A, =r'cosy —-r

Kk =r"%cosg’

l= \/r’2 +7r?2 - 2r'rcosg
cosy = singsing’ — cos¢'cos¢'cos (ﬂ.’ - /1) .
The tesseroid model performs the numerical integration using the GLQ func-

tion for 3D volume integrals; the equation is (Asgharzadeh et al., 2007).
N N’ N*

A<‘gimpact = IJ.IQf(V’,ﬂ’,¢’)dQ = Azzkzlwfirwlfwkﬂf(n’ﬁj’¢k)’ (11)
i=1 j=1k=1
A= (= 4)(2 - o)( _’"1),
8

where W/, Wj(p, and Wk’1 represent the weight coefficients, and N”, N?, and
N* represent the integral node data.

The tesseroid model is applied to the free-air anomaly to obtain the Bouguer
anomaly using the following equation:

AgB = AgFA - Agimpact . (12)

Here, Agp indicates the result of the Bouguer gravity anomaly, Ag,, repre-
sents the free-air gravity anomaly, and Ag,,, ., represents the resulting gravity
value.

3. Study area and datasets

The eastern Tibetan Plateau and its adjacent areas (between the latitudes
18° N and 44° N and between the longitudes 88° E and 114° E) are located in
southwestern China. This area has long been affected by the collision between
the Indian plate and the Eurasian plate, causing strong tectonic deformation (Xu
et al., 2018). The northeastern part of the study area is mainly composed of the
Ordos Plain, Alashan Desert, and Northeast Asia plate; the northwestern is the
Tibetan Plateau, Tarim Basin, and Junggar Basin; the central part consists of
the Songpan-Ganzi terrane, Chuandian Plateau, Sichuan Basin, Qaidam Basin,
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Figure 5. Map of the eastern Tibetan Plateau and its adjacent areas with major tectonic features;
the red solid rectangule shows the location of the study area.

Qinling-Dabie orogen, and Qilian orogenic belt; the southwestern and southeast-
ern areas are the Indian Plate and Yangtze craton, respectively (Fig. 5) (Xu et
al., 2013). The study area includes a variety of landforms such as plateaus, ba-
sins, deserts, and plains, with significant topographical differences and a wide
range of research areas. Hence, this region is an ideal area to study the differ-
ences between different Bouguer reduction methods. Therefore, this article uses
the eastern Tibetan Plateau and its adjacent areas as the research area.

The satellite gravity data we used in this study are from the EIGEN-6C4
global gravitational model (Forste et al., 2014), and the ETOPO1 topography,
ocean bathymetry, and glacial bedrock relief datasets (Amante and Eakins, 2009)
are employed as topographic data.

The EIGEN-6C4 (EIGEN: European Improved Gravity model of the Earth
by New techniques) gravity model is used to establish raw gravity value maps
for the study area. The gravity data from the EIGEN-6C4 gravity model are
reconstructed of from the Earth Gravity Model 2008 (EGM 2008) and are com-
bined with data from the Laser GEO-dynamic Satellite (LAGEOS), Gravity Re-
covery and Climate Experiment (GRACE) mission and Gravity Field and steady-
state Ocean Circulation Explorer Gravity (GOCE) satellite, which have been
further augmented with the Danmarks Tekniske Universitet 10 ground data
and have a spherical harmonics degree of 2,190. The spatial resolution of the
EIGEN-6C4 model is ~9 km. The EIGEN-6C4 data are downloaded from the
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Figure 6. Map and histograms of the base data for the eastern Tibetan Plateau and adjacent areas.
Left: free-air gravity anomaly data from the EIGEN-6C4 dataset (a); Right: topographic data from
the ETOPO1 dataset (b).

website populating the “International Center for Global Earth Models” data
(Barthelmes and Kohler, 2016; Drewes et al., 2016) and have already been wide-
ly used for subsurface structural research at the regional and global scales (Rani
et al., 2019; Rathnayake et al., 2019, Rathnayake and Tenzer, 2019; Emishaw
and Abdelsalam, 2019). The free-air gravity anomaly data employed as the basic
data for this study have a resolution of 0.05° X 0.05° and are obtained from the
ICGEM official website (http://icgem.gfz-potsdam.de/home). The free-air gravity
anomalies along the eastern margin of the Tibetan Plateau and its adjacent
areas range from — 300 to 300 mGal and from —100 to 100 mGal in most of the
other areas. The low-value free-air gravity anomalies roughly correspond to ba-
sin (such as the Sichuan Basin and Qaidam Basin), while the high-value areas
roughly correspond to the boundaries between the plateau and other landforms
(Fig. 6a).

The ETOPO1 (Earth Topography One Arc-Minute Global Relief Model) da-
tasets comprises the combination of shoreline, bathymetric, topographic,
integrated bathymetric-topographic, and bedrock digital data sets. ETOPO1 data
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are used as the terrain data for the study area. ETOPO1 data are reconstruct by
data from the National Geophysical Data Center (NGDC) combined with data
from United States government agencies, international agencies, and academic
institutions. ETOPO1 provides topographic and bathymetric coverage between
—90° and +90° latitude and between —180° and +180° longitude, and the data are
downloaded from the website populating the “National Oceanic and Atmospher-
ic Administration” database (https://data.nodc.noaa.gov/) (Amante and Eakins,
2009). The topographic data for the eastern Tibetan Plateau and its adjacent
areas are derived from the ETOPO1 dataset (Fig. 6b), and the resolution is
consistent with the resolution of the free-air gravity anomaly data, that is,
0.05° x 0.05°. The elevation data for the study area vary between approximately
-3,500 and 6,500 m, and the elevation of most areas is concentrated in the range
of 0~5,000 m.

4. Differences in the Bouguer reduction approaches

In this paper, the eastern Tibetan Plateau and its adjacent areas are se-
lected as the study area, and the different Bouguer reduction approaches in the
Cartesian coordinate system and spherical coordinate system mentioned above
are compared and studied. These comparative analyses are divided mainly into
the following three categories. First, the influence of the Earth’s curvature on
the Bouguer correction is studied by comparing the results of two cases in the
Cartesian coordinate system together with the Earth’s curvature. Second, the
effects of different reduction methods on the Bouguer correction are studied by
comparing the results of the Bouguer correction methods in the spherical coor-
dinate system with those in the Cartesian coordinate system that includes the
Earth’s curvature correction. Finally, the correction results of different Bouguer
reduction methods are inverted by the same method; then, the inverted depths
of the Moho obtained by different Bouguer correction methods are evaluated with
reference to the results of active seismic methods. The comparisons of the differ-
ent Bouguer correction methods are described below.

4.1. Influence of the Earth’s curvature in the Cartesian coordinate system

The free-air gravity anomalies in the eastern Tibetan Plateau and its adja-
cent areas (Fig. 6a) were corrected based on the different Bouguer correction
methods in the Cartesian coordinate system. The difference between the Bou-
guer correction methods in the Cartesian coordinate system is only whether the
Earth’s curvature correction is considered. Therefore, the Bouguer correction
method that considers the Earth’s curvature correction in the Cartesian coordi-
nate system is referred to as CEBG, while the method that does not consider the
Earth’s curvature correction is referred to as CBG. During the calibration pro-
cess, the calibration parameters are set as follows: the calibration range is
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Figure 7. Map and histograms of the eastern Tibetan Plateau and adjacent areas of the Bouguer
gravity anomaly. Left: CBG method (a); Right: CEBG method (b).

167 km, and the densities of the continent and ocean are 2,670 kg/m® and
1,000 kg/m?, respectively.

The two Bouguer correction methods (CBG and CEBG) are used to obtained
the Bouguer gravity anomalies in the study area, and the Bouguer gravity anom-
alies of both vary between — 650 and 150 mGal (Fig. 7). The same colour bar was
used to graphically display the resulting Bouguer gravity anomalies. The maps
show consistent distribution data, and the overall trend is that negative anoma-
lies are in the continental area, while positive anomalies are in the ocean.

To further determine whether the influence of the Earth’s curvature correc-
tion on the Bouguer gravity anomaly is taken into account in the Cartesian co-
ordinate system, the Bouguer gravity anomalies obtained by CBG and CEBG
methods were collected to obtain the residuals (Fig. 8a), and the residuals were
processed as absolute values (Fig. 8b). The overall distribution of the difference
between the Bouguer gravity anomalies obtained by the CBG and CEBG meth-
ods is shown in Figure 8a, and the difference in the anomalies varies between
approximately 15 mGal and — 20 mGal. According to the data histogram in Fig.
8a, the numerical difference in most areas of the study region is mainly concen-
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Figure 8. Differences between CBG and CEBG methods. Left: CEBG minus CBG (a); Right: absolute
CEBG minus CBG (b).

trated between — 5 mGal and 5 mGal. The absolute residual values of the Bou-
guer gravity anomaly were extracted from the CBG and CEBG methods, and
pink and red points were used to represent anomalies of 3 ~4 mGal and above
4 mGal, respectively, and then marked on the topographic map (Fig. 8b). The
pink and red points are mainly distributed in the boundary areas between the
Tibetan Plateau and the surrounding basins, as well as the boundary areas be-
tween the continent and the ocean. Based on Figs. 7 and 8, in the study range of
26°%x26°, the influence of the Earth’s curvature on the gravitational effect is
distributed across the whole region, and the influence is particularly severe in
the regions with significant terrain.

4.2. Comparison between the Bouguer correction methods in the Cartesian
coordinate system and spherical coordinate system

The Bouguer gravity reduction methods of in the Cartesian coordinate sys-
tem mentioned above are all based on the reduction of the Cartesian coordinate
system. The Bouguer reduction methods in the Cartesian coordinate system with
the Earth’s curvature correction simply convert the Bouguer plate correction to
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the Bouguer correction with curvature, but the effect of the Earth’s curvature is
not considered in the terrain correction. The degrees of curvature of different
areas of on the Earth’s surface is differ. Therefore, it is most realistic to take the
exact shape of the Earth (ellipsoid) as the reference coordinate system for the
correction. However, the calculation of the gravitational effect in the ellipsoidal
coordinate system is complicated, and the number of calculations is enormous.
Therefore, the Earth is usually approximated as a sphere, and the gravitational
effect is calculated in the spherical coordinate system. The Bouguer gravity cor-
rection method for free-air gravity anomalies in spherical coordinates has been
described in the principles section above; this method is referred to as SBG in
this paper. During the correction process, the free-air gravity anomaly data, ter-
rain data, and correction parameters used are consistent with the parameters
employed for the Bouguer gravity reduction method considering the Earth’s
curvature in the Cartesian coordinate system, which facilitates a comparison
between the CEBG and SBG methods.

Figures 9 (a) and (b) show the Bouguer gravity anomalies obtained by the
CEBG and SBG correction methods, respectively, on the eastern Tibetan Plateau
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Figure 9. Map and histograms of the Bouguer gravity anomaly in the eastern Tibetan Plateau and
adjacent areas. Left: CEBG method (a); Right: SBG method (b).
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and its adjacent areas. The values obtained by the above methods mainly vary
between —600 and 150 mGal. The Bouguer gravity anomalies obtained by the
CEBG and SBG methods were plotted with the same colour scale. The results
indicate that the overall distributions of positive and negative Bouguer gravity
anomalies are consistent, but the detailed distribution trends and data are quite
different in areas. We further analysed the differences between the CEBG and
SBG methods by taking the residual and the absolute value of the residual.

Figures 10 (a) and (b) show the distributions of the differences between the
Bouguer gravity anomalies obtained by the different Bouguer gravity reduction
methods (CEBG and SBG, respectively), as well as the absolute value of the dif-
ferences. As shown in Figure 10a, the difference between the CEBG and SBG
values mainly varies between —60 and 20 mGal, and the Bouguer gravity anom-
aly difference shows a gradually increasing trend from the southeast to the
northwest of the study area. The absolute value of the difference between the
CEBG and SBG methods mainly varies between 0 and 40 mGal (Fig. 10b). By
superposing the absolute value of the difference between the CEBG and SBG
methods, different colour points represent different levels of the absolute value
of the difference; the result is projected onto the topographic map of the study
area. The absolute value of the difference can be divided into four levels accord-
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ing to the terrain variation within the study area. First, where the elevation is
less than 1000 m, the absolute value of the difference is between 0 and 20 mGal.
Second, where the elevation is between 1,000 m and 2,000 m, the absolute value
of the difference varies between 20 and 30 mGal. Third, where the elevation is
between 3,000 m and 5,000 m, the absolute value of the difference is between 30
and 40 mGal. Fourth, where the elevation is more than 5,000 m, the absolute
value of the difference varies between 40 and 60 mGal. Combined with Figs. 9
and 10, it can be seen that the greater the elevation is, the greater the difference
between the CEBG and SBG values.

4.3. Comparison of the interface inversion results with the different Bouguer
reduction methods

Satellite gravity data are characterized by high coverage, high precision, and
high spatial resolution and are widely used to study the spatial distribution of
deep subsurface geological bodies and interfaces. The Moho is the interface be-
tween the lower crust and the upper mantle and represents a dynamic interface
of material exchange and energy exchange between the crust and mantle. The
Studying the fluctuation of the Moho is of valuable significance to understanding
the formation and evolution of the crust and mantle and the dynamics of the
deep Earth (Teng, 2006).

Data from the basis of geophysical forward inversion and interpretation. The
results obtained by inversion with different data but the same method may be
quite different from the final interpretation results. As mentioned above, the
Bouguer gravity anomalies derived from satellite gravity data based on the CBG,
CEBG, and SBG correction methods are quite different from each other. Through
an interface inversion of the Bouguer gravity anomalies obtained by these three
different Bouguer gravity correction methods, we analysed the differences in
Moho depths results obtained by the inversion of different Bouguer gravity anom-
aly data and discussed the selection of correction methods for satellite gravity
data on this basis.

For the interface inversion method, we adopted the Parker-Oldenburg inter-
face inversion method to invert the Bouguer gravity anomaly data obtained by
the three different Bouguer correction methods (Parker, 1973; Oldenburg, 1974).
The inversion parameters are set as follows: the reference depth is 31 km, the
density difference is 400 kg/m?, and the iteration accuracy is 0.001 km. In the
inversion process, if the error between the two iterations meets the accuracy,
then the inversion stops, and the resulting data are output.

Figure 11 shows the depth distribution of the Moho in the study area ob-
tained by the Bouguer gravity data inversion with the CBG (a), CEBG (b), and
SBG (c¢) methods. The crustal thickness or Moho depth obtained by the three
groups varies from 20 to 70 km, and the overall trends of the three groups are
consistent. However, the local shape and depth of the Moho are quite different
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Figure 11. Moho depth map and histograms of the (@) CBG data, (b) CEBG data, (c) SBG data (blue
line represent of real active seismic profiles).

among the three, especially between the SBG method and the other two Bouguer
correction methods. To further analyse the differences in the Moho depth ob-
tained from the three Bouguer gravity anomaly correction methods, the varia-
tions in the Moho depths obtained by the three different methods were obtained.
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Table 1. Statistics of the differences between the Bouguer anomalies computed with CBG, CEBG, and
SBG and their comparison. Unit: [km]

Differences Max Min Mean Median Standard deviation
CEBG - CBG 1.1506 —0.5299 0.04537 0.0409 0.1204
SBG — CBG 3.4934 —0.6316 1.3193 1.2331 0.7501
SBG — CEBG 3.4878 —0.6766 1.2734 1.1687 0.7832

Figure 12 and Tab. 1 show the result of the depth difference analysis of the Moho
obtained by the CBG, CEBG, and SBG methods. The differences among the SBG,
CBG, and CEBG methods are —0.6 ~ 3.5 km.

Line AA' Moho

-30
=+ === Seismic Result
Tesseroid Result
e i e
o -40 — — — FA2Boug Result
iE — = Geosoft Result
B
2 .50
R e (e
-60
0 200 400 600
km
Line BB' Moho
-30
=+ e Seismic Result
Tesseroid Result Pp—
SO gy = 2
g4 === FA2Boug Result
i === Geosoft Result
g
a -50
-60
0 100 200 300 400 500
km
Line CC' Moho
B o, ¥ Seismic Result — — — FA2Boug Result
Tesseroid Result ya— —— Geosoft Result
g ———
=
£y
v
o =50

-60
0 200 400 600 800

km
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To visually compare the results of the three different Bouguer correction
methods regarding the inverted Moho, we collected the Moho depth results of
from three active seismic profiles (Jia et al., 2014; Xu et al., 2015; Wang et al.,
2015). Based on the Moho depth divided by the active seismic profile, the Moho
surfaces obtained by the inversion of the Bouguer gravity anomaly data with the
three different Bouguer correction methods were evaluated. The Moho surfaces
obtained by the three different Bouguer correction methods were extracted and
compared with the Moho profiles at the same location as the active seismic profiles
(Fig. 13). Comparative analyses show that the results of the three Moho profiles
with different Bouguer correction methods are consistent with the results of the
active seismic profiles. Moreover, the profile depth changes obtained by the CBG
and CEBG methods are almost identical, while the Moho depths from the SBG
method are 2~ 3 km deeper than those from the CBG and CEBG methods. This
is consistent with the Bouguer gravity anomaly comparison among the CBG,
CEBG, and SBG methods, and the overall trends of the three are consistent (Figs.
7 and 9). That is, the distributions of Bouguer gravity anomalies obtained by the
CBG and CEBG methods are roughly the same, with only minor differences in
the outliers. However, the differences between the in Bouguer gravity anomalies
from the SBG and CEBG methods are significant in terms of both the anomaly
distribution and the outliers. The Moho surface depths of the three different
Bouguer correction methods and the Moho surface depths from the active seismic
profiles were analysed comprehensively. The comparison indicates that the Moho
depths obtained by the SBG method are closer to the active seismic profile results
than those obtained by the other two Bouguer correction methods.

5. Conclusions

We took the eastern Tibetan Plateau and its adjacent areas (26°%26°) as the
study area and conducted a comparative study on Bouguer gravity anomaly data
obtained by the CBG, CEBG, and SBG correction methods. With increasing
elevation, the calibrated gravitational effect affected by the curvature of the
Earth will be grow. This indicates that the influence of the Earth’s curvature on
the gravitational effect cannot be ignored in the case of large terrain differences
in the study range of 26°X26°.

Geophysical data form the prerequisite and necessary condition basis geo-
physical methods to carry out geological interpretation. In this paper, Moho
depth maps were constructed with three different Bouguer correction methods
and then compared and analysed against the Moho depths from active seismic
profiles as a reference. The comparison shows that the transverse distribution
trends of the Moho from the three different methods are consistent with those
from the active seismic profiles, but there are some differences in the longitudi-
nal distribution of the depth; the depth difference between the SBG method and
the other two methods is 2~ 3 km. A comprehensive comparison was performed
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between the Moho depth from the three active seismic profiles and the Moho
depths from the three Bouguer correction methods, indicating that the Moho
depths obtained based on the Bouguer gravity anomaly data with the SBG meth-
od are closer to the measured results along the active seismic profiles.

Gravity data have the characteristics of a high horizontal resolution and low
vertical resolution, and the depth of the Moho is one of the important outputs of
longitudinal research employing gravity data. The lateral variations in the Moho
depth obtained based on different Bouguer correction methods can reach up to
3 km. In applications to other extensive studies, such as the delineation of faults
and identification of boundaries, this difference will be more noticeable when the
Bouguer gravity anomalies obtained by different Bouguer correction methods
are studied. The Moho depths from the SBG method are closer to the seismic
profile results than the depths from the other two methods. Therefore, it is rec-
ommended that the SBG Bouguer correction method be adopted for global or
regional gravity research, as it will produce results closer to the real situation.
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SAZETAK

Usporedba razlic¢itih pristupa Bouguer-ove redukcije
na temelju satelitskih gravimetrijskih podataka: primjer
s Isto¢no-tibetanske visoravni i susjednih podrucja

Fan Luo, Jiayong Yan, Kun Zhang, Chong Zhang, Guangming Fu i Xin Tao

Gravimetrijski satelitski podaci u Sirokoj su primjeni u geofizici u prouc¢avanju dubokih
struktura na regionalnoj i globalnoj razini. Ti podaci ukljucuju i gravitacijske anomalije
slobodnog zraka, koje obi¢no treba korigirati na Bouguer-ovu gravitacijsku anomaliju,
radi prakticne primjene. Metode Bouguer-ove redukcije mogu se podijeliti u dvije skupine
ovisno o primijenjenom koordinatnom sustavu: 1. metoda sfernih koordinata (SBG) 1
2. metoda kartezijevih koordinata; potonja se dalje dijeli na metode CEBG 1 CBG, koje
ukljucuju, odnosno ne ukljucuju korekciju zbog zakrivljenosti Zemlje. U ovom su radu
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podaci o gravitacijskim anomalijama slobodnog zraka s Isto¢no-tibetanske visoravni 1
susjednih podrucja koristeni kao ulazni podaci za usporedbu triju metoda Bouguer-ove
korekcije gravitacije: CBG, CEBG i SBG. Usporedba ove tri Bouguer-ove metode za gravi-
tacijsku korekciju pokazala je da u istrazivanom podrucju u¢inak zakrivljenosti Zemlje
na gravitaciju raste s poveéanjem nadmorske visine. Cilj je bio shvatiti tocnost inverzije
za podatke dobivene razli¢itim pristupima Bouguer-ovim anomalijama gravitacije. Ra-
spodjele dubine Mohorovic¢i¢evog diskontinuiteta dobiveni su inverzijom Bouguer-ovih
gravitacijskih anomalija dobivenih primjenom CBG, CEBG i SBG metoda, a aktivni
seizmicki profili koristeni su kao reference za usporedbu i ocjenu. Rezultati pokazuju da
se dubine Mohorovici¢evog diskontinuiteta dobivene SBG inverzijom bolje podudaraju s
izmjerenim dubinama na seizmickom profilu. Stoga se SBG metoda preporucuje kao
najrealisti¢niji pristup u postupku globalnih ili regionalnih istrazivanja koja koriste
gravimetrijske podatke.

Kljucne rijeci: pristup Bouguer-ove redukcije, sferne koordinate, Mohorovici¢ev diskon-
tinuitet, Istono-tibetanska visoravan i susjedna podrucja
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