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ARTICLE INFO ABSTRACT

We develop a novel regional inversion algorithm to determinate the Moho geometry from the gravity-gradient
data. The procedure involves two steps. Firstly, the refined gravity-gradient data, which comprise mainly the
gravitational signal of the Moho geometry, are obtained from applying the gravimetric forward modeling by
using a tesseroid method. Secondly, the refined gravity-gradient data are used to find the Moho depth. The
functional relationship between the (known) refined gravity-gradient data and the (unknown and sought) Moho
depth is defined by means of the (nonlinear) Fredholm integral equation of the first kind, which is further
linearized by means of applying a Taylor series. To stabilize the inverse solution of the system of observation
equations, the Tikhonov regularization is applied. The developed algorithm is tested at the study area of Tibet
characterized by the largest crustal thickness. Results of the gravimetric inversion (for the uniform and variable
Moho density contrast models) have a relatively good agreement with the seismic model (CRUST1.0) at the level
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of expected uncertainties of about 5 km without the presence of a significant systematic bias.

1. Introduction

The Mohorovicié¢ discontinuity (Moho) is the boundary between the
Earth’s crust and mantle. The estimation of the Moho parameters (i.e.,
the Moho depth and density contrast) is commonly obtained from either
the seismic or the gravimetric data. However, the applications of
seismic methods are still limited by the inadequate seismic data
coverage over large parts of the world, including Tibet. Nevertheless,
several seismic studies have been carried out in order to investigate the
crustal structure of Tibetan (and Himalayan) orogenic formation for a
better understanding of the subduction mechanism of the Indian
tectonic plate under the Tibetan block. Among the existing seismic
studies investigating the crustal structure under Tibet and the
Himalaya, studies have been done by Zhao et al. (1993), Stauffer
(1993), Zeng et al. (1994, 2002), Nelson et al. (1996), Bump and
Sheehan (1998), Kind et al. (1996, 2002), Roecker (2001), Zhang et al.
(2011), Gao et al. (2005), Wittlinger et al. (2004), Rai et al. (2006),
Vinnik et al. (2006) and Bagdassarov et al. (2011).

In the absence of seismic data, gravimetric methods are often
applied to determine the global or regional Moho depth. This is possible
especially after launching satellite gravity missions: the Gravity
Recovery and Climate Experiment (GRACE) (Tapley et al., 2004a,
2004b) and the Gravity field and steady-state Ocean Circulation
Explorer (GOCE) (Floberghagen et al., 2011), which mapping the
Earth’s gravity field with an unprecedented resolution and accuracy.

Various gravimetric methods for the Moho recovery have been devel-
oped and applied. Serval contributions could be mentioned by Ye et al.
(2016), Eshagh and Hussain (2016), Sampietro (2016, 2011), Shin et al.
(2015, 2006), Tenzer and Chen (2014), Van der Meijde et al. (2013),
Bagherbandi (2012), Eshagh et al. (2011), Gémez-Ortiz et al. (2011),
Sjoberg and Bagherbandi (2011), Sjoberg (2009), Jin et al. (1994) and
Moritz (1990).

In this study, we present a novel approach for the determination of
the regional Moho geometry from the gravity-gradient data. For this
purpose, the gravity-gradient data were generated from the GOCO05S
(Mayer-Giirr et al., 2015) coefficients and then used to recover the
Moho depth under Tibet with the help of the additional geophysical
data and the spectral filtering technique. The significance of using
gravity-gradient data to investigate the Earth’s crustal structure has
already been discussed by e.g., Eshagh (2014) and Sampietro et al.
(2014). In order to recover the gravitational signal of Moho geometry
from the observed gravity gradients, the stripping corrections are
applied to model and remove the contributions of all known anomalous
mass density structures within the Earth’s crust. Moreover, the mantle
density heterogeneities should be taken into consideration as well. The
resulting refined gravity field quantities, which have a maximum
correlation with the Moho geometry, are theoretically the most
appropriate for a gravimetric Moho recovery (cf. Tenzer et al., 2009,
2012c). Therefore, firstly we applied the gravimetric forward modeling
(using the tesseroid method) to model and remove the contribution of
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the crustal density heterogeneities from the observed gravity-gradient
data. Then we used the spectral filtering technique to remove the long-
wavelength mantle signal (e.g., Bagherbandi and Sjoberg, 2012;
Eckhardt, 1983). The developed methodology is summarized in the
next section.

2. Methodology
2.1. Gravimetric forward modeling

The computation of the consolidated crust-stripped gravity-gradient
data (i.e., the refined gravity-gradient data) was realized according to
the following scheme

6T;C;: = 5Trr_6Trrr_5Tfr_6Tjrr_5T£r_5T]rJrn’mOdeled’ @

where 6T, denotes the disturbing gravity-gradient, 5T',.6T%.6T¢, and
6Ty, are, respectively, the gravitational gradient contributions gener-
ated by the topography and density contrasts due to the bathymetry,
sediments and anomalous crustal density structure, ST *™°%ld repre-
sents the remaining gravity-gradient contributions attributed mainly to
the crustal density model uncertainties and the gravitational signal of
deep mantle density heterogeneities.

The components of 5T¢,,6T2,6T¢, and 5T¢, were computed from the
CRUST1.0 seismic crustal model (Laske et al., 2013) and the ETOPO1
topographic/bathymetric data (Amante and Eakins, 2009). In this
study, we apply the tesseroid method to compute the aforementioned
gravity-gradient contributions. This method is briefly described below.

The radial gravity-gradient data were calculated using the following
generalized formula (Grombein et al., 2013)

5! ¢o r2
T =Gap [ [T [0 pandragar,
A 2 r

(2)
with the integral kernel given by
3AA, 1
I, A = rar L
D ( E 13)K &)

where G= 6.674 x 10~'"' m® kg~ ! s~ 2 is Newton’s gravitational constant
and Ap = p—p° is the density contrast with respect to the reference
crustal density. The index p = 1,b,s,c defines a particular type of the
gravity-gradient correction (topographic, bathymetric, sediment, and
consolidated crust). We further define the following parameters:

A, = r'cosy—r, (C)]
L=\ + r=2rreosy. ®)
cosy = singsing’ + cosgcosg’cos(1'—1), (6)
k= r'*cos¢. @)

The 3-D position is defined by the radius r, spherical latitude ¢ and
longitude A.

The integral function in Eq. (2) can be solved using the Gauss-
Legendre quadrature rule (Asgharzadeh et al., 2007; Wild-Pfeiffer,
2008). Hence

(/12—/11)(¢2—¢1)(r2—r1)

NON? N
2 > 2 2 WWIW L G,
k=1 j=1 i=1
(8)
where W/, W? and W/ are weighting coefficients, and N",N* and N* are
the numbers of quadrature nodes (i.e., the order of the quadrature), for

the radius, latitude and longitude, respectively. In our numerical study
we used the third order of the quadrature.

ST (rp,A) =

2.2. Moho recovery

The gravitational potential generated by the Moho geometry can be
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defined by

v = ¢ [[ - ©

where R= 6371 x 10° m is the Earth's mean radius, Ap™ is the laterally
varying Moho density contrast, / is the Euclidean spatial distance, y is
the spherical angle, dQ' = cos¢'dp'd)’ is the infinitesimal surface
element and @ is a full spatial angle. The geocentric radius r of the
observation surface point is computed as r = R+ H, where H is the
computational height. The Moho depth D is taken relative to the geoid
surface (approximated by R), and Dy is the mean Moho depth.

The spectral representation of [~! for the external convergence
domain r > r' reads (e.g., Heiskanen and Moritz, 1967, p. 33, Egs. 1-81)

p=ly (”7) R,

r n=0
where P, is the Legendre polynomial of degree n and the argument
t = cosy.
According to Eq. (9), the gravitational gradient generated by the
Moho geometry reads

. PV (1 Q) o
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From Eq. (10), the second-order radial derivative of /-! in Eq. (11) is
given by

Py
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Inserting Eq. (12) into Eq. (11) it becomes

ST (r,2) = G“// Ap™(Q) / RDU(Q)

(n + D(n + 2) Py(t)

n+3
r2dr’ dSY. 13)
We further define
m c/m
ST (rQ) = Gf/ Apm(Q) K (r1,D) d<Y, s

where the radial integral kernel on the right-hand side of Eq. (14) is
found to be
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The expression in Eq. (14) is a non-linear Fredholm integral equation of
the first kind (e.g., Sjoberg, 2009). Its linearization is done by applying
a Taylor series with respect to the mean Moho depth D,, while
disregarding higher than the first-order terms. Hence

n+3
) ](R_DO);H—S

(15)

0
K (r.t.D) = K (r,t,Dy) + 51( (r,t.D)|p=py (D—Dy). (16)

For D = Dy, we have K (r,t,Dy) = 0. Consequently, we arrive at
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Fig. 1. The topography and bathymetry of the study area.
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Denoting 7 = (R—Dy)/r, then the spectral representation of W(z,7) in Eq.
(18) becomes

W (t,0)= ‘ﬁ > B+ D+ 2) R
n= 0
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Furthermore, the closed-form formula of W(z,7) is found to be (see
Appendix A)
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Finally, we arrive at
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The integral in Eq. (21) can be discretized and solved numerically.
Using the vector-matrix notation, the system of observation equations
for finding the Moho depth corrections dD’ is written as following

Ax=Db + e, (22)

where A denotes the design matrix (obtained by a discretization of the

0.0005 _—D0=37 km _D0:47 km _Do:57 km
' 1 I I I 1 | 1 I |
0.0000 - _p———
| l 1 | 1 | 1 1
1 1 1 1 1 1 1 1 1
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> -0.0015 4 | 1 1 1 | 1 | 1 1
dEJ 1 1 1 1 1 | 1 1
g Rty R
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Fig. 2. The kernel behavior of W (y).
Table 1
Statistics of the gravity-gradient contributions.
Gravity-gradient component Min [E] Max [E] Mean [E] STD [E]
ST, -1.38 -6.75 -1.77 2.23
sTb 0.20 0.71 0.12 0.13
8T, 0.92 0.25 0.05 0.24
TS, —2.54 —-0.24 —-1.36 0.48
Table 2

Statistics of the (step-wise) corrected gravity gradients: the GOCOO05S gravity-gradient
5T,,, the topography-corrected gravity-gradient §7,., the topography and bathymetry-
corrected gravity-gradient §T®, the topography corrected, bathymetry and sediment-
corrected gravity-gradient 67;7%°, and the consolidated crust-stripped gravity-gradient

8TSS.
Gravity-gradient data Min [E] Max [E] Mean [E] STD [E]
6T, —1.47 1.21 —0.03 0.42
ST -6.10 1.00 —-1.80 1.97
STIB -6.15 0.66 -1.93 1.93
5T£BS —6.31 1.32 —1.88 2.04
5TCS -8.76 1.08 —3.24 2.41
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Fig. 3. The step-wise corrected gravity-gradient data: (a) the GOCOO05S gravity-gradient, (b) the topography-corrected gravity-gradient, (c) the topography and bathymetry-corrected
gravity-gradient, (d) the topography, bathymetry and sediment-corrected gravity-gradient, and (e) the consolidated crust-stripped gravity-gradient.
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Fig. 4. Spatial correlation between the gravity-gradient data and the CRUST1.0 Moho
depth.

integral in Eq. (21)), x denotes the vector of the unknown Moho depth
corrections with respect to the mean Moho depth, b is the vector of
observations (computed according to Eq. (1)), and ¢ is the vector of
residuals.

Since the system of observation equations in Eq. (22) is generally ill-
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conditioned, its inverse solution is sensitive to the observation data
noise. To stabilize the solution, we applied the Tikhonov regularization
(Phillips, 1962; Tikhonov, 1963; Tikhonov and Arsenin, 1977) by
minimizing the following weighted combination of the residual norm
and the side constraint

min { |Ax=bl}3 + a?[x[}3}, (23)

where a is the regularization parameter. A good choice of the
regularization parameter should yield a fair balance between the
perturbation error and the regularization error in the regularized
solution. To find the optimal regularization parameter we applied the
Generalized Cross-Validation (GCV) technique.

Combining Egs. (22) and (23), the solution for x is obtained from
Xeg = (ATA + o’I)7'ATb, 24)

where x,,, is the regularized solution which generally reduces a
propagation of the noise in input data into the result.

3. Numerical realization and discussion

The numerical procedures described in Section 2 were applied to
recover the Moho depth under Tibet. The results and discussion are
presented next.
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Fig. 5. Spatial correlation between the Moho depth and topography.
3.1. Data acquisition

The regional study area of Tibet is bounded by the parallels of 23.5
and 44.5 arc-deg northern latitudes and the meridians of 64.5 and
114.5 arc-deg eastern longitudes. Fig. 1 shows the topography and
bathymetry of the study area. As for the geographical and tectonic
names under the study area, we refer readers to e.g., Shin et al. (2015).
The topography and bathymetry were generated from the 1 X 1 arc-min
ETOPO1 data (Amante and Eakins, 2009) by applying a spatial
averaging onto 1 X 1 arc-deg grid. The solution of Eq. (24) should be
optimally carried out by using global data coverage. However, in
regional applications, the inversion can be performed using only
regional datasets, under the assumption that the contribution from a
distant zone (i.e., truncation error) is negligible (e.g., Eshagh, 2011;
Bagherbandi and Eshagh, 2012a, 2012b). Based on the kernel behavior
shown in Fig. 2, we can see that the truncation error is reduced
significantly from distant zone beyond 4 arc-deg (e.g., Eshagh, 2014).

The disturbing gravity gradients 6T, were computed from the
GOCOO05S coefficients (Mayer-Gilirr et al., 2015) up to the spherical
harmonic degree of 180. The normal gravity-gradient component was
evaluated according to the GRS80 (Moritz, 2000) parameters. Then we
applied the tesseroid method to calculate the gravity-gradient correc-
tions. The topographic and bathymetric gravity-gradient contributions
were computed from the ETOPO1 data. The average density of upper
continent crust of 2670 kg m™3 (Hinze, 2003) was used as the topo-
graphic density. The same density value was adopted in definition of
the reference crustal density. The bathymetric density contrast was

Journal of Asian Earth Sciences 143 (2017) 315-325

Table 3
Statistics of the CRUST1.0 Moho density contrast.

CRUST1.0 Moho Min [kgm™3] Max Mean STD

density contrast [kg m~3] [kg m~3] [kg m~3]

Upper mantle — 560 780 688 40
reference crust

Upper mantle — 250 600 448 70

lower crust

defined according to the seawater density-depth equation (Tenzer et al.,
2010, 2011, 2012a, 2012d; Gladkikh and Tenzer, 2012). The gravity-
gradient contributions for the sediments and consolidated crust were
computed from the CRUST1.0 data. In order to remove the long-
wavelength gravitational spectrum, the harmonic coefficients up to
degree 17 were subtracted (cf. Bagherbandi and Sjoberg, 2012). All
computations were realized at the GOCE mean satellite elevation of 255
km.

Statistics of the gravity-gradient corrections and the (step-wise)
corrected gravity gradients are summarized in Tables 1 and 2. The
intermediate results (step-wise) of computing the refined gravity
gradients 5T}, (cf. Eq. (1)) are shown in Fig. 3. We further investigated
a spatial correlation between the gravity gradients and the CRUST1.0
Moho depth. As can be seen in Fig. 4, the refined gravity-gradient data
have a maximum (absolute) correlation with the Moho geometry. In
addition, we plotted the spatial correlation between the topographic
heights and the CRUST1.0 Moho depth (see Fig. 5). We could see a clear
spatial correlation between the Moho depth and the topography, which
is a basic principle utilized in the Airy-Heiskanen (e.g. Heiskanen and
Moritz, 1967, p. 135) isostatic model. However, large discrepancies
with respect to a linear trend could not be realistically modeled by
applying this simple isostatic principle.

3.2. Choice of the Moho density contrast

The choice of the variable Moho density contrast is essential for a
global gravimetric Moho recovery (cf. Tenzer et al., 2015b). In regional
studies, the choice of the uniform Moho density contrast might be
sufficient, especially when the expected uncertainties of the Moho
density contrast are at the same level or even larger than values of the
estimated Moho density contrast.

Various values of the Moho density contrast were reported in the
existing studies. For instance, Tenzer et al. (2015a) estimated that the
global average value of the Moho density contrast equals to 445 kg m ™2
based on the analysis of CRUST1.0 data. Sjoberg and Bagherbandi
(2011) reported the value of 448 kg m ™3, which closely agrees with the
value estimated by Tenzer et al. (2015a), but differs about 7% from

40" Ld
35"
30
25°

500 550 600

Fig. 6. Moho density contrast with respect to the reference crustal density of 2670 kg m™".

95° 100° 105" 110°
l [ (<om-)
650 700 750 800

3
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Fig. 7. CRUST1.0 Moho density contrast.

Table 4

Statistics of the Moho solutions: Dcgysri.o — the CRUST1.0 seismic model, Dypiform — the
gravimetric Moho model (for the uniform Moho density contrast), Dyyu-2670 — the
gravimetric Moho model (for the variable Moho density contrast with respect to the
reference crustal density), and Dy,—; — the gravimetric Moho model (for the CRUST1.0
Moho density contrast).

Moho depth Min [km] Max [km] Mean [km] STD [km]
DcrusT1.0 30.0 74.8 47.2 9.2
Duniform 29.3 71.7 46.5 9.2
Dum—2670 29.0 70.5 48.2 7.8
Dum—1c 25.9 74.2 48.4 8.5

both the value of 485 kg m ™2 estimated from the analysis of CRUST2.0
data by Tenzer et al. (2012b) and the value of 480 kg m~3 reported in
PREM (cf. Dziewonski and Anderson, 1981). Sjoberg and Bagherbandi
(2011) also provided the average Moho density contrast of
678 = 78kgm™> for the continental crust with maxima of
998 kg m ~® under Tibet. Burov et al. (1990) adopted the Moho density
contrast of 600 kg m ™3 under Tian Shan. Eshagh et al. (2016) estimated
that the Moho density contrast value in central Eurasia is typically
larger than 450kgm 3. In this study, we applied the estimation
principle proposed by Tenzer et al. (2015a). According to our result,
the average value of the Moho density contrast at the study area equals
to 602 kg m 3.

We further used the CRUST1.0 upper mantle data to define the
variable Moho density contrast (with respect to the reference crustal
density of 2670kgm™3). The result is shown in Fig. 6, with the

statistical summary given in Table 3. The Moho density contrast varies
from 560kgm ™3 to 780 kgm 3. We note that the mean value of
688 kg m ™2 (cf. Table 3) differs from our estimate value of 602 kg m~ 3.
The variable Moho density contrast with respect to the reference crustal
density obviously does not correspond to the real density contrast at the
Moho interface. To illustrate the variable Moho density contrast, we
used the CRUST1.0 lower crust and upper mantle density data (see
Fig. 7). In this case, the Moho density contrast varies from 250 kg m~>

to 600 kg m ™~ 3, with a mean value of 448 kg m ™2,

3.3. Moho results and discussion

The refined gravity-gradient data were used to determine the Moho
depth at the study area of Tibet. We determined the Moho depth for the
uniform and variable Moho density contrast models. Prior to solving the
gravimetric Moho inversion, the mean Moho depth was chosen so that
it closely represented the Moho geometry of a particular study area. For
this purpose, we used the CRUST1.0 mean Moho depth value of 47.2
km (cf. Table 4). The results of gravimetric Moho inversion for the
uniform and variable Moho density contrast, including the CRUST1.0
Moho density contrast, are presented in Figs. 8-10, with the statistical
summary given in Table 4. As can be seen in Fig. 8, the maximum Moho
depth under Tibet reaches to 70 km. The Moho under the Tarim basin is
typically about 50 km, while deepens to about 55-65 km under the
Qaidam basin. The Moho depth under the Sichuan basin gradually
decreases to about 45 km, and reaches the regional minimal of about 35
km in the southeast China.

Despite overall similarities between these three gravimetric Moho

30 35 40 45 50

] (km]

55

Fig. 8. Moho depth solution D, (for the uniform Moho density contrast).
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95° 110°
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55 60 65

Fig. 10. Moho depth solution D,,—;. (for the CRUST1.0 Moho density contrast).

110°

] tkm]
75

Fig. 11. CRUST1.0 Moho model Dcrysri.o-

depth solutions, some localized differences attributed to the Moho
density contrast variations are seen in the central Tibet, Qaidam basin
and the western part of Sichuan basin.

The gravimetric Moho solutions (Figs. 8-10) were compared with
the CRUST1.0 Moho model (Fig. 11). The Moho depth differences are
shown in Fig. 12, with the statistical summary given in Table 5.
Surprisingly, the best RMS fit with CRUST1.0 (4.9 km) is attained
when using the uniform Moho density contrast. We explain this by a
low accuracy of the CRUST1.0 lower crust and upper mantle data in this
part of the world, which is also confirmed by the fact that the average

value of the CRUST1.0 Moho density contrast of 688kgm™3 (cf.

Table 3) differs significantly from our estimated value of 602 kg m >,

4. Conclusions

We developed a novel algorithm for a regional Moho recovery in
spatial domain from the gravity-gradient data and applied it for Tibet.
This algorithm facilitates the gravimetric forward modeling based on
using the tesseroid method to model the gravitational contributions of
crustal density heterogeneities. Moreover, the spectral filtering techni-
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[km]

Fig. 12. Moho depth differences: (a) Dcrusri.o = Duniform» (b) Dcrusti.o — Dum—2670, and (€) Dcrusti.o = Dum—ic-
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Table 5
Statistics of the Moho depth differences.

Moho depth difference Min [km] Max [km] Mean [km] RMS [km]
Dcrusti.o = Duniform —14.7 17.3 0.7 4.9
Dcrust1i.o — Dum2670 -16.7 15.4 -1.0 5.7
Dcrustio — Dum—1ic -21.1 15.2 -1.2 5.4

que is applied to remove the long-wavelength signature of the mantle
density heterogeneities. The regional gravimetric Moho inversion was
carried out by solving the system of observation equations, which was
obtained based on the linearization and further discretization of the
(nonlinear) Fredholm integral equation of the first kind. A selection of
the data-area extension was done empirically by checking a spatial
behavior of the integral kernel, which functionally related the Moho
depth with the gravity-gradient data. In our case, the data-area

Appendix A. Closed-form formula of the integral kernel W (z,7)

In view of Eq. (10) we thus obtain the following identity

i R = —a =L
V1 + 7220 Q

Journal of Asian Earth Sciences 143 (2017) 315-325

extension of 4 arc-deg sufficiently reduces the truncation errors due
to disregarding the distant-zone contribution. To stabilize the inversion,
we applied the Tikhonov regularization with the GCV technique to find
the optimal regularization parameter. The comparison between our
gravimetric solutions and the seismic CRUST1.0 Moho model revealed
the possibly large uncertainties of the CRUST1.0 lower crust and upper
mantle data.
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(A1)

The first- and second-order derivatives of Eq. (A.1) with respect to 7 are found to be

00

>

n=0

e B (0=~ (1 4 122012 (20-21)

= —(e=0)(1 + 12=2u1)>
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We further separate the left-hand side of Eq. (A.3) into two parts, hence
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With simple mathematical work, Eq. (A.4) becomes
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Inserting Eq. (A.2) into Eq. (A.5), we obtain
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According to Egs.(A.1), (A.2) and (A.6), we get the following identities:
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(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

(A7)

(A.8)

(A.9)

Substituting Eqgs. (A.7)—(A.9) into Eq. (19), then the resulting closed-form formula of the integral kernel W (z,7) is found to be
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