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Abstract: Airborne magnetic and gradient measurements are commonly used geophysical remote
sensing tools to obtain the distribution features of ore mineral bodies. It is known that ore mineral
bodies generally contain remanent magnetization, and magnetization vector inversion (MVI) can
produce the magnetization intensity and direction of the source, which is more suitably used to
interpret measured airborne magnetic and gradient data. To accurately reveal the underground
magnetization vector distribution, we proposed a high-precision method with double constraints
on the data and physical structure, and we used the cross-gradient inversion of airborne magnetic
anomalies and the combination matrix of airborne magnetic and gradient (CMG) data to recover the
physical parameters of the sources with different depths. We used the combination matrix to pro-
duce the different component data constraints and the cross-gradient function to finish the inversion
to provide structural constraints. For anomaly sources at similar depths, joint inversion based on
the cross-gradient of magnetic gradient data and CMG data is more suitably used. The superiority
of the double constraints method is proven by theoretical model tests. We apply the proposed
method to interpret airborne magnetic and gradient data in Shandong Province to detect iron min-
eral resources, and we select the cross-gradient inversion of airborne magnetic anomalies and CMG
data depending on the nonlinear features of the power spectrum. The main ore bodies have a north-
east distribution with a depth range of 1048-1800 m, successfully giving the distribution range of
the high-magnetic bodies; a better mineral potential is in the northern part of the survey area.

Keywords: airborne magnetic and gradient data; high precision; data and structure double con-
straints; magnetization vector

1. Introduction

Airborne magnetic measurement is an effective remote sensing geophysical method to
detect magnetic ore resources. Compared to airborne magnetic data, airborne magnetic gra-
dient data can effectively strengthen shallow sources and have higher horizontal resolution,
while airborne magnetic data can better retain the information of deep sources [1-8]. Thus,
joint exploration of airborne magnetic and magnetic gradient data is often used to obtain
the anomaly characteristics of sources with different depths [9]. Besides, the joint inversion
of different types of airborne magnetic data with other geophysical datasets has been widely
used in quantitative interpretation of airborne magnetic data. More accurate interpretation
results can be obtained by combining geophysical datasets [10-12].

The inversion of magnetic bodies includes the position and physical properties. We
have the calculation methods of the center of field source such as normalized source
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strength (NSS), analytic signal (AS), and local wavenumbers [13-19]. Moreover, many in-
version algorithms based on the Tikhonov regularization have been developed to obtain
physical parameters (susceptibility values and burial depth) of the magnetic bodies [20-
24].

Natural remanent magnetization of rocks is commonly existent; therefore, the mag-
netization vector inversion is more suitable for the inversion of magnetic data influenced
by remanent magnetization, which can obtain the magnetization intensity and direction
of the sources [25-31]. Lelievre and Oldenburg [25] first proposed the MVI method, which
effectively handled inversions with Cartesian and spherical coordinate systems. Liu et al.
[28] accomplished the 2D MVI of well magnetic data and studied the influence of rema-
nence and demagnetization.

MVI requires an accurate initial value of the magnetization direction [32-36]. The
analytic signal and normalized source strength are weakly sensitive to the magnetization
direction, so it is more suitable to estimate the magnetization direction of the field source
by calculating its correlation with the reduction to the pole anomalies at different angles
[37].

Currently, the joint inversion of airborne magnetic and magnetic gradient data
mainly uses the data constraint method, which combines airborne magnetic anomalies
and gradient anomalies into the same data matrix to obtain a more accurate underground
magnetic structure by meeting the fitting accuracy of different component data [9].

The precise magnetization direction of an underground structure is of great im-
portance to interpret magnetic data. In this paper, the MID (magnetization intensity M,
inclination I, declination D) inversion method was adopted [28]. Based on the existing
data constraint method of CMG data, aiming at the distribution characteristics of under-
ground field sources, we propose a high-precision joint inversion method with double
constraints of data and physical structure; CMG data is used to produce the data con-
straint to complete MID inversion; the cross-gradient function provides structural con-
straints to finish the MID inversion. The proposed double constraints inversion method
can better obtain the accurate distribution of the sources. The superiority of the proposed
method is verified by model tests.

2. Methods
2.1. Previous Inversion Method

The MID inversion of the magnetic field and its gradient combines different data in
a matrix; objective function of the data constraint inversion based on the Tikhonov regu-
larization method can be expressed as:

2

2
GAT GAT GAT AM AT AM

b1 = ||Wy [GATZ GATz AT al | = [AT] +ul(Wiarlf ., 1)
M 1 D AD 2, AD 11,

where ¢, represents the objective function of the CMG data; Gy and G,ﬁ,TZ represent
the kernel matrix of airborne magnetic and gradient data, respectively; GfT and G,A Tz
represent the kernel function matrix of the magnetization inclination correction of air-
borne magnetic and gradient anomaly, respectively; GAT and G, represent the kernel
function matrix of the magnetization declination correction of airborne magnetic and gra-
dient anomaly, respectively; AT and AT, represent airborne magnetic and gradient
data, respectively. u is the regularization coefficient; Wi is the data-weighing matrix [22];
AM, Al and AD are the corrections of magnetization intensity, inclination and declination;
and W is the weighted matrix composed of three diagonal matrices and can be written as:
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where Wum, Wi, and Wb represent weighted coefficients of the magnetization intensity,
inclination, and declination, respectively; E is the unit matrix; lo and Dorepresent initial
model of inclination and declination, respectively; the initial values of Io and Do will be
determined by the correlation coefficients between the analytical signal (AS) of the data
and the anomalies after reducing to the pole at different angles [35], and the equation for
calculating the correlation coefficient is given by:

T (ASK—AS)(V1k=1)
C(ly, Dy) = £ L) 3
(o, Do) Sk(ASk—AS)? (v 1 —v1)? ®)

To improve the efficiency of calculation, P was brought into the solution expression
of Equation (1); P is the preconditioned matrix, and the specific expression is:

zZ2 0 0
P=10 E 0} 4)
0 0 E

where z is the depth of burial and g (§ < 6) is a constant related to the rapid attenuation of
the magnetic anomaly with the distance between the observation points and the field
sources [23,27]; B is generally 3.

We use the anomalies of the synthetic model of two prisms with different depths to
test the MID inversion effect of data constraint. Figure 1a shows the synthetic magnetic
anomaly and its gradient anomaly of two prisms with locations of (550, 1000, and 350) m
and (1450, 1050, and 650) m. The magnetization inclination and declination angles are 45°,
and inclination and declination of the Earth’s magnetic field angles are 50°; and the mag-
netization intensity is 5 A/m. In this paper, the total magnetization direction of the under-
ground field source is calculated.

Figure 1b,c show the estimated magnetization inclination and declination by Equa-
tion (3), and they are 5°-42° and 30°-40°, with averages of 37° and 39°, respectively. The
magnetization inclination values vary more, and the range of magnetization declination
is relatively narrow. These are used as the initial values for MID inversion and the inver-
sion results is converged with RMS errors reaching 0.03 nT and 0.12 nT/m.

Figure 1d shows the results of synthetic magnetic anomaly under natural conditions
by the Tikhonov regularization method. For simplicity, the result of susceptibility is trans-
formed to magnetization intensity; For the inversion results under natural conditions, we
have all done the same transformation. It shows that the range of the geological bodies is
divergent and the response of the shallow source is weak.

Figure le shows the MID inversion results of the synthetic magnetic anomaly. The
blue arrows represent the recovered magnetization direction, and the estimated values of
magnetization inclination and declination are 36.3°-52.4° and 38.6°-41.3°, with averages
of 39.9° and 40.5°, respectively. Compared with the result under natural conditions, the
inversion result of magnetization intensity shows the position of the shallower prism pre-
cisely, while the deep source is not convergent. The inversion result of the range of mag-
netization inclination is more orderly than the initial values, the improvement of magnet-
ization declination is not obvious, and the average of them is closer to the real value com-
pared with the initial values.

Figure 1f shows the MID inversion result of the synthetic magnetic gradient anomaly,
and the estimation results of magnetization inclination and declination are 37.2°-60.0° and
39.1°-41.3°, with averages of 38.5°and 39.5°, respectively. The horizontal resolution of the
magnetization intensity inversion result has been significantly improved, and the recon-
struction ability of the deep field source is still poor. Moreover, the range of magnetization
inclination is larger than that of the magnetic anomaly, the results of magnetization dec-
lination are close to the results of the magnetic anomaly, and their averages are consistent
with the results of Figure le.

Figure 1g shows the MID inversion result of the CMG data, and the estimation results
of magnetization inclination and declination are 36.3°-55.8° and 39.2°-41.3°, with aver-
ages of 39.5° and 40.0°, respectively. The recovery of the shallow source and the
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convergence of the deep source are better than the MID inversion result of the magnetic
anomaly. The recovery of the deep source amplitude is better than the MID inversion re-
sult of the magnetic gradient anomaly. However, there is still a deviation between the
deep field source and the real value. The magnetization inclination and declination are
similar to the other results.

Compared with the above results, the improvement of vertical resolution by the data
constraint method is limited, and the deviation between the estimated values of the mag-
netization inclination of the airborne magnetic anomaly and the real value is smaller than
that of synthetic magnetic anomaly and its gradient anomaly.
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Figure 1. Models with different depths obtained by MID inversion method. (a) The synthetic mag-
netic field and gradient anomaly, and the true magnetization direction is shown with black arrows;
(b,c) the estimated magnetization inclination and declination by correlation coefficients of the RTP
field for the total field; (d) the results of synthetic magnetic data under natural conditions by
Tikhonov regularization method; (e,f) the results of synthetic magnetic data and its gradient data
by the MID inversion method, with slices corresponding to y = 1000 m, and the recovered magneti-
zation directions shown with blue arrows; (g) the MID inversion results of CMG data, with slices
corresponding to y = 1000 m; (h) the eigenvalue spectra for kernel function matrices of synthetic
magnetic gradient data and the combination data of synthetic magnetic and gradient data; and (i,j)
the results of synthetic magnetic and magnetic gradient data by the structural constraint inversion
method, with slices corresponding to y = 1000 m.

The attenuation curve of the eigenvalue spectra can characterize the ability to recover
the distribution of sources using different types of data and can be expressed as:

G=U3V, )

where U and V represent the left vector matrix and right vector matrix, respectively, and
X represents the singular value matrix of different types of data. The high frequency and
low frequency of the eigenvalue spectra correspond to the deep and shallow parts of the
sources, respectively. The larger the eigenvalue spectra are, the better the recovery ability
of the corresponding data to the sources [38]. Figure 1h shows the eigenvalue spectra of
synthetic magnetic gradient anomaly and CMG anomaly. It can be seen that the combina-
tion of synthetic magnetic and magnetic gradient anomaly data recovers deep sources
better than single data, and it also proves that multitype data combinations can improve
the accuracy of inversion results.

Cross-gradient function rely on gradient-based relationship, it is often used in the
joint inversion [39-43], and the corresponding objective function of the cross-gradient
method can be expressed as:

2

AM AM

¢, = |(WalGET  GAT  GAT1| AT | — [AT]|| +u||W | Al + A1 Peross, (6)
AD ) AD 1,
AM 2 AMY||?

¢3=HWd[GﬁTz G Gyl Al | = AT +u (WALl + Aar,Peross: (V)
AD 2 AD. 2

where ¢, and ¢; are the objective functions of the airborne magnetic anomaly and air-
borne magnetic gradient anomaly, respectively, and A,r is the coefficients of the cross-
gradient terms of magnetic data; Ay, is the coefficients of the cross-gradient terms of air-
borne magnetic gradient data. @,,s; is the cross-gradient function of airborne magnetic
data and gradient data. Figure 1i shows the inversion result of the airborne magnetic
anomaly by the structure constraint method. Figure 1j shows the inversion result of the
airborne magnetic gradient anomaly by the structure constraint method, and the magnet-
ization inclination and declination are 36.3°-49.8° and 39.2°-41.3°, with averages of 42.5°
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and 39.7°, respectively. Compared with the MID inversion results, the structure constraint
method obtains higher vertical resolution, but the horizontal resolution is blurry, and the
response of the deep source is still weak; the range of magnetization inclination is further
reduced and closer to the true value than the above results, and the increase of magneti-
zation declination is similar to the above results.

2.2. Double Constraints Inversion Method of Data and Structure

To improve the recovery effect for deep sources, we propose a joint inversion method
with double constraints of data and structure, which uses the cross gradient of CMG data
and airborne magnetic data to complete the MID inversion; anomalies caused by the
sources with different depths; the objective function can be expressed as:

GAT GiT
¢y = G]e[Tz GI\L;TZ
¢s = [va‘zT GIAT

2

GAT [AM] AT AM]
GAZ‘TZ] ar| = {ur || +wlfw ]| ar
M 1{aD] =, AD |
[AM] 2 AM
GEATY| A1 | = [AT]|| +u||W | a1
[ 4D ] 5 AD

2

8)

+ ATTZ d)crossTTzr
2

)

+ AAT(DcrossTTz/
2

where ¢, represents the objective function of the CMG data with the constraint of air-
borne magnetic data; ¢s represents the objective function of the airborne magnetic data
with the constraint of CMG data; and ®.oss7r, 15 the cross-gradient function of airborne
magnetic data and CMG data. We obtain the final results with Equation (8) to distinguish
geological bodies of different depths; this method can effectively realize the joint inversion
of double constraints of data and structure; the specific calculation process shows in Fig-

ure 2.
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Figure 2. Data and structure double constraints inversion graph. (Published method in red box,

proposed methods in black box).

Since the inversion result of airborne magnetic gradient data has higher horizontal
resolution, for sources with similar depths, we use the cross-gradient constraint of



Remote Sens. 2022, 14, 2508

7 of 18

4)6:‘

¢, =

airborne magnetic gradient data and the CMG data to obtain the distribution of the
sources. The objective function can be expressed as:

- 2 A2
GAT GAT AT AM AT AM ’
Wd [GATZ GATZ GATZ AI - AT ] + ,U. W AI + ATTZ(D crossTTys (10)
M M m 1{aD] 2, LAD 1l
[AM) z [AM1|?
Wd [GAA,‘,TZ GIATZ GS‘TZ] AI - [ATZ] + u w AI + AATzq),crossTTZ (11)
LAD | 2 LAD 111,

where ¢4 represents the objective function of the CMG data with the airborne magnetic
gradient data constraint and ¢, represents the objective function of the airborne mag-
netic gradient data with the constraint of CMG data. @';.,ssrr, is the cross-gradient
function of airborne magnetic data and CMG data. The final inversion results obtained by
Equation (10) can precisely recover the distribution of geological bodies with similar
depths, proving that our method has applicability.

3. Theoretical Model Tests

We perform experiments on joint inversion with double constraints of data and struc-
ture. Figure 3a shows the CMG data result by the double constraints inversion method of
magnetic gradient anomaly and CMG data, and the magnetization inclination and decli-
nation are 36.3°-49.8° and 39.2°-41.3°, with averages of 42.5° and 39.7°, respectively. Fig-
ure 3b shows the corresponding 3D magnetization vector view with a cutoff display value
of 0.471 A/m. Comparing the results of the structure constraint method and data con-
straint method, the horizontal resolution and convergence of the result in Figure 3a are
significantly improved. However, the result still deviates from the deep source, and the
results of the magnetization direction are consistent with the results of the structure con-
straint method. Figure 3c shows the CMG data result by the double constraints inversion
method of magnetic anomaly and CMG data, and the magnetization inclination and dec-
lination are 36.3°-49.8° and 39.2°-41.3°, with averages of 42.5° and 39.7°, respectively. Fig-
ure 3d shows the corresponding 3D magnetization vector view with a cutoff value of 0.471
A/m. Compared with the above results, the magnetization intensity in Figure 3c can accu-
rately recover the distribution of sources, and it can also be seen that the double constraint
result of the magnetization direction is the same as the results of the structural constraint.
Thus, magnetization direction is not the key research goal, and the following is mainly
aimed at improving resolution.

The results of [AT;AT.] by the double 3D magnetization vector view of [AT;AT.] by the

constraint method of AT and [AT;AT.] double constraint method of AT, and [AT;AT.]
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The results of [AT;AT.] by the double 3D magnetization vector view of [AT;AT_] by the
constraint method of AT and [AT;AT.] double constraint method of A7 and [AT;AT]
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z(m)
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Y, [
3 015 100g]
i ) q;
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x(m) x (m)

(c) (d)

Figure 3. Models with different depths obtained by the double constraints inversion method of
CMG data and different component airborne magnetic data. (a,b) The results of CMG data with
Equation (10) and the corresponding 3D magnetization vector view with a cutoff value of 0.471 A/m,
with slices corresponding to y = 1000 m; and (c,d) the results of CMG data with Equation (8) and the
corresponding 3D magnetization vector view with a cutoff value of 0.471 A/m, with slices corre-
sponding to y = 1000 m.

In practice, the aeromagnetic survey interference is approximately 3~5 nT. To verify
the anti-noisy nature of the method in this paper, Gaussian noise with a mean of 4 nT is
added to the anomalies in Figure 1a. Figure 4a shows the noise-corrupted airborne mag-
netic anomaly and its gradient anomaly. Gaussian noise obviously affects the shape of
airborne magnetic gradient data. Figure 4b shows the MID inversion result by the data
constraint method. The inversion result of magnetization intensity shows that the data
constraint inversion method has good anti-noisy properties, but the horizontal resolution
is low. Figure 4c shows the CMG data result by the double constraint inversion of the
airborne magnetic anomaly and CMG data. Figure 4d shows the corresponding 3D mag-
netization vector view of CMG data with a cutoff display value of 0.471 A/m. Comparing
the results in Figure 4b, the magnetization intensity results have higher anti-noise and
resolution. This proves that our method can still reconstruct the position and depth of the
sources.

The results by the data constraint method
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The results of [AT;AT.] by the double 3D magnetization vector view of [AT;AT.] by the
constraint method of AT and [AT;AT ] double constraint method of AT and [AT;AT ]
M (A/m)
0.6 .
0.45 !
~ 500
g
0.3 <
0.15 100(0)
008
' 0 /m
0 500 1000 1500 2000 4 ¢ 0 500 1000 1500 2000
(c) (d)

Figure 4. Models with Gaussian noise obtained by the data constraint and double constraints inver-
sion method of CMG data and airborne magnetic data. (a) Airborne magnetic and gradient anomaly;
(b) the results of CMG data by the data constraint inversion method, with slices corresponding to y
= 1000 m; and (c,d) the results of CMG data with Equation (8) by the double constraints inversion
method and corresponding 3D magnetization vector view with a cutoff value 0.471 A/m, with slices
corresponding to y = 1000 m.

We set sources with similar depths to test the application of the inversion method
with double constraints of data and structure. Figure 5a shows the airborne magnetic field
and its gradient anomaly of two prisms with locations of (750, 1000, and 350) m and (1450,
1000, and 350) m. The magnetization inclination and declination angles are 45°, and incli-
nation and declination of the Earth’s magnetic field angles are 50°; and the magnetization
intensity is 5 A/m. The correlation coefficient method of Equation (3) is used to calculate
the initial values of magnetization inclination and declination of the sources, which are
5°-42° and 30°-40°, with averages of 36° and 39°, respectively.

To synthetic model with similar depth, Figure 5b shows the result under natural con-
ditions by the Tikhonov regularization method; it shows that the shape of geological bod-
ies distort without regard to remanent magnetization. Figure 5c shows the MID inversion
result by the data constraint method; compared with the result of Figure 5b, the boundary
of the result is fuzzy, and the resolution of the data constraint is weak. Figure 5d shows
the CMG data result by the double constraints inversion method of magnetic anomaly
and CMG data. Figure 5e shows the corresponding 3D magnetization vector view with a
cutoff value of 0.60 A/m. Comparing the result in Figure 5c, the vertical resolution is sig-
nificantly improved, whereas a difference is seen in magnetization intensity amplitude
between the inversion result and setting value. Figure 5f shows the CMG data result by
the double constraints inversion method of the airborne magnetic gradient anomaly and
CMG data. Figure 5g shows the corresponding 3D magnetization vector view with a cut-
off value of 0.60 A/m. By comparing with the result in Figure 5d, the inversion of magnet-
ization intensity in Figure 5f is consistent with the underground distribution, and it has a
higher resolution. Thus, we have proved that the double constraints inversion method of
airborne magnetic gradient anomalies and CMG data is more suitable for sources with
similar depths.
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z(m)

The results of [AT;AT.] by the double 3D magnetization vector view of [AT;AT_] by the
constraint method of A7.and [AT;AT.] double constraint method of AT, and [AT;AT ]
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Figure 5. Models with similar depths obtained by the data constraint and double constraints inver-
sion method of CMG data and different components airborne magnetic data. (a) Airborne magnetic
and gradient anomaly; (b) the result of airborne magnetic anomaly under natural conditions; (c) the
results of CMG data by the data constraint inversion method, with slices corresponding to y = 1000
m; (d,e) the results of CMG data with Equation (8) by the double constraints inversion method and
corresponding 3D magnetization vector view with a cutoff value 0.471 A/m, with slices correspond-
ing to y = 1000 m; and (f,g) the results of CMG data with Equation (10) by the double constraints
inversion method and the corresponding 3D magnetization vector view with a cutoff value of 0.471
A/m, with slices corresponding to y = 1000 m.

We verified the applicability of our method when the direction of the sources differs
greatly. We set the magnetization direction of the shallow source as (I, D1) = (45°, 45°) and
the magnetization direction of the deep source as (I2, D2) = (60°, 45°) in Figure la. The
correlation coefficient method of Formula 3 was used to calculate the initial values of mag-
netization inclination and declination of the sources, which were 10°-48° and 30°-40°,
with averages of 50° and 39°, respectively. The existence of remanent magnetization com-
plicates the inversion problem. Figure 6b shows the inversion result by the data constraint
method without regard to remanent magnetization. The inversion result shows that the
shape of the sources is significantly affected by the remanent magnetization. Therefore, it
is unreasonable to calculate the magnetization under natural conditions when airborne
magnetic data is affected by remanent magnetization. Figure 6¢c shows the CMG data re-
sult by the double constraints inversion method with Equation (8). Figure 6d shows the
corresponding 3D magnetization vector view with a cutoff display value of 0.471 A/m.
Compared with the result in Figure 6b, the double constraints inversion method can better
reconstruct the physical parameters, which include the magnetization intensity and direc-
tion of the sources, in higher resolution. The magnetization inclination and declination are
48.2°-62.8° and 39.2°-42.5°, respectively, with averages of 50.5° and 39.7°, respectively,
and they are similar to the real values. Thus, we have proved that our method is still suit-
able for sources with different magnetization directions.
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Figure 6. Models with different magnetization directions obtained by the data constraint and double
constraints inversion method of CMG data and airborne magnetic data. (a) Airborne magnetic and
its gradient anomaly; (b) the results of CMG data by the data constraint inversion method, with
slices corresponding to y = 1000 m; and (c,d) the results of CMG data with Equation (8) by the double
constraints inversion method and corresponding 3D magnetization vector view with a cutoff value
0.471 A/m, with slices corresponding to y = 1000 m.

4. Field Data Application

The average thickness of the Cenozoic in an area of Shandong Province is more than
800 m. Figure 7 shows the geological conditions. The strikes of the fault are widely dis-
tributed, including NE and SN. There are granite and ferromagnetic ore bodies; the ferro-
magnetic ore bodies all occur in the contact zones between the Late Yanshan intermediate
complex and the Ordovician Majiagou carbonate rock [44].
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Figure 7. Geological map of the research area.

To obtain the distribution characteristics of iron ore bodies, we carried out a 1: air-
borne magnetic survey in the area, and the vertical gradient data were obtained by the
difference of the magnetic data at two different heights by conducting repeated flights.
Flight line direction is nearly NS and tie line direction is SN. Figure 8a,b are airborne mag-
netic and gradient anomalies, respectively. There are three main high-value regions in
Figure 8a and five high-value regions in Figure 8b, and there is a good correspondence
between the high values of anomalies and the high-magnetic bodies; the fault (F1) causes
dislocation of high-magnetic bodies II and IIl. A magnetic gradient anomaly can obtain
more details of underground geological structures and be more sensitive to the shallower
geological structures [5]. Compared with Figure 8a, Figure 8b shows a more obvious
boundary of high magnetic bodies IV and V, with higher resolution. Meanwhile, spectral
analysis of airborne magnetic anomaly is conducted to analyze the underground structure
in the research area, as shown in Figure 9. The relationship between power spectrum and
buried depth of the geological bodies is non-linear; according to the power spectrum
curve [45], we infer that high-magnetic bodies IV and V are obvious and are shallower
compared with high-magnetic bodies L, 1I, and III. Thus, we use cross gradient inversion
of the magnetic data and CMG data to obtain the distribution of high-magnetic bodies.
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Figure 9. power spectrum of airborne magnetic anomaly.

Figure 10a shows airborne magnetic and magnetic gradient data and the location of
the borehole. The correlation coefficient method of Equation (3) is used to calculate the
initial values of magnetization inclination and declination of the sources, and they are 40°—
50° and —1.6°-2.5°, respectively. Slices of the double constraints inversion results of air-
borne magnetic data and CMG data are shown in Figure 10b. The results indicate that
there are three major high-magnetic bodies (I, II, and III), and the top depth of high-mag-
netic bodies I and 1I is approximately 1100 m, with a thickness of approximately 400 m;
high-magnetic body IIl is bigger than the other high-magnetic bodies, with a top depth of
1200 m and a thickness of approximately 600 m. The size of some magnetic bodies is small,
with magnetic bodies IV and V having depth ranges of 1048-1108 m and 1048-1260 m,
respectively. Figure 10c is a borehole laid in the magnetic bodies (I and III) during explo-
ration, with coordinates of (28,000 mm, 10,000 m). A high-magnetic skarn is found at 1157
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m depth, where the magnetization intensity is up to 35.1 A/m; a high-magnetic skarn is
covered on monzonitic granite and diorite [46], which verifies the correctness of the in-
version results. Figure 10d is a three-dimensional result of the magnetization intensity
larger than 12.8 A/m and corresponds to the distribution of the horizontal range, accord-
ing to the position of the highly magnetic body in the borehole. Moreover, it is shown that
the north and south of high-magnetic body III have obviously different magnetization
directions. We speculate that it formed because of the subduction of the Pacific plate to
the Eurasian plate, and it can be seen that the method in this paper obtains the specific
distribution of high-magnetic bodies (I, I, and III) as a favorable target for subsequent
exploration.
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Figure 10. The results of magnetic data and CMG data by the double constraint method in the sur-
vey area. (a) The locations of the boreholes, airborne magnetic anomaly and gradient anomaly; (b)
slices of the double constraints inversion results of airborne magnetic data and CMG data; (c) mag-
netization intensity of rock exposed by borehole; and (d) the range of high-magnetic bodies inferred,
and the 3D magnetization vector view and magnetization intensity larger than 12.8 A/m.

5. Discussion and Conclusions

We proposed a data and structure double constraints method of airborne magnetic
and magnetic gradient data; different types of magnetic data are used as data constraints
and cross-gradient functions are used as structural constraints. This can effectively im-
prove the accuracy of magnetic and gradient joint inversion.

The model tests show that the proposed method is more effective in reconstructing
the physical parameters (depth, size, and magnetization direction) of the synthetic field
source. Compared with MID inversion, the proposed method improves the magnetization
intensity by 0.2 nT, and the obtained magnetization inclination is about 2.5 degrees higher
than the MID inversion method; it is confirmed that the data and structure double con-
straints inversion method of airborne magnetic data and CMG data is more suitable for
sources with different depths, and the data and structure double constraints method of
airborne magnetic gradient data and CMG data is suitable for models with similar depths.

In view of the distribution of high-magnetic bodies in Shandong Province, we carry
out joint inversion of the magnetic data and magnetic gradient data and obtain the mag-
netization intensity and direction of high-magnetic bodies, which points out the direction
for subsequent exploration. Finally, the causes of obviously different magnetization direc-
tions of high-magnetic bodies in this area are analyzed, which provides important basic
data for the study of regional mineral genesis.
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