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Abstract To investigate the crustal magnetic structure, it is important to assess the susceptibility and
remanence properties of rocks and ores. In this paper, we propose a method to extract the contributions
of induced and remanent magnetization from modeling of magnetic anomalies. We first estimate the
direction of the total magnetization vector by studying the reduced-to-pole anomaly and its correlation with
different magnitude magnetic transforms. Then we invert the magnetic data to obtain the volumetric
distribution of the magnetization intensity. As the third step, based on a priori information about the
Koenigsberger ratio derived from petrophysical measurements, we extract the distributions in the source
volume of the induced and remanent magnetization intensities, based on a generalized relationship
involving the total and remanent magnetizations, and the true susceptibility. In this way, we are able to
produce separate maps of the anomaly fields attributed to the physical magnetic source parameters:
remanent and induced magnetization. After validating the method with synthetic data, we analyze the data
relative to the Mesozoic and Cenozoic igneous rocks in Yeshan region, eastern China. The analysis of the
separated magnetization components reveals that the intrusion of dioritic and basaltic rocks occurred at
different geological periods, and the basaltic rocks were magnetized by a reversed geomagnetic field. The
uncertainty analysis shows that a larger Koenigsberger ratio is beneficial to extract more reliable remanence
and susceptibility information.

1. Introduction

The natural remanent magnetization is an important component of the magnetic properties of rocks and
ores. It contains information about Earth’s magnetic field at the time the rocks and ores were formed or
the time they underwent thermal and metamorphic processes. The remanent magnetization records the
direction of the primary geomagnetic fields at different geologic ages, thereby providing critical evidence
for many geological activities such as plate movement, seafloor spreading, and sedimentary evolution
(e.g., Clark, 2014; Yang & Besse, 2001; Zhu et al., 1998). Hence, remanent magnetization is the fundamental
physical parameter of paleomagnetic studies. However, because of the differences in formation conditions
and subsequent geological events, estimation of the intensity and direction of remanent magnetization
can be very complex.

Collecting oriented samples of rocks or ores and measuring their magnetic properties is the most common
and accurate way to obtain the remanence strength and direction (Clark & Emerson, 1991). However, this
is not possible when the target rocks are seriously weathered or covered by thick sediments. To overcome
the problem of estimating the remanent magnetization and total magnetization of magnetic sources, many
strategies have been proposed (Clark, 2014). For example, borehole measurements provide a way to obtain
the susceptibility and remanence parameters; petrologic and paleomagnetic information can be used to infer
probable remanence directions. However, most of these methods provide only partial information and have
their strengths and weaknesses (Clark, 2014).

The total magnetization is the vectorial sum of the induced and remanent magnetizations. The direction of
total magnetization can be estimated from the magnetic data. For example, Fedi et al. (1994) proposed
the MAX-MIN method to calculate the magnetization direction from the reduced-to-pole (RTP) field
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computed at different directions of the magnetization vectors; Bilim and Ates (2004) estimated the total
magnetization direction by determining the maximum correlation between pseudogravity and gravity
anomalies. Phillips (2005) used Helbig's integrals to estimate the vector components of the magnetic dipole
moment from the first-order moments of the vector magnetic field components. Nicolosi et al. (2006)
computed the magnetization direction of crustal structures using an equivalent source algorithm.
Dannemiller and Li (2006) estimated the total magnetization direction based on the correlation between
the vertical gradient and the total gradient of the RTP field. Gerovska et al. (2009) obtained the magnetization
direction by correlating the RTP field and magnitude transforms of magnetic anomalies. J. Li et al. (2017)
estimated the magnetization direction of magnetic anomalies through correlation of normalized source
strength (NSS) anomalies with the RTP field. Four of these methods will be tested in the current study and
are described in more detail in the following section.

Additionally, inversion of magnetic data in the presence of remanence has been a subject of intense research
in recent years, and many algorithms were implemented to deal with this issue. Some algorithms invert for
amplitude anomalies, which are weakly sensitive to magnetization directions; these include the analytic
signal (Shearer & Li, 2004; Srivastava & Agarwal, 2010), the magnitude magnetic anomaly (Leao-Santos
et al, 2015; Y. Li et al.,, 2012, 2010; S. Li & Li, 2014; S. Liu et al,, 2015), and the NSS (Beiki et al., 2012; Clark,
2012; Guo et al.,, 2014; Pilkington & Beiki, 2013; Zhou et al., 2015).

A different approach is the inversion of magnetic data to directly obtain the magnetization vector
components. Wang et al. (2004) inverted the three components of total magnetization in a Cartesian
framework. Leliévre and Oldenburg (2009) presented an improved method that calculated the three
magnetization components in a spherical framework, which serves more complicated scenarios and has
widespread applicability in magnetic data inversion under the influence of significant remanent
magnetization. Later, Ellis et al. (2012) defined the equations relating the magnetization components to
the magnetic anomalies and then optimized the objective function to obtain the three components of the
magnetization vector. S. Liu et al. (2013) inverted the 2-D magnetization vector distributions based on
borehole magnitude magnetic anomalies. These studies were based on inversion of magnetic anomalies
and focused on determining the geometry and position of the magnetic sources.

However, the methods mentioned above did not provide enough information to separate the remanent
magnetization and true susceptibility from the total magnetization. This can be achieved if we have
information on the Koenigsberger ratio, which describes the relative strength of the remanent and
induced magnetization. Based on the Koenigsberger ratio we may use a generalized relationship between
the total magnetization vector and the apparent susceptibility formulated by Fedi (1989) and further
extract the intensity and direction of the remanence magnetization vector along with the true
susceptibility. In our recent work, the remanence information was separated when we implemented the
inversion of magnetic data with simultaneous significant remanent magnetization and self-demagnetiza-
tion. (S. Liu et al,, 2018).

This information is useful in a number of ways. First, the distribution of susceptibility and remanent
magnetization can help reveal the geometry and depth of the magnetic sources, providing essential
information for mineral resource exploration. Second, the values of the susceptibility and remanence are
related to the magnetic mineral content. For example, pyrrhotite and hematite are associated mainly with
remanence, whereas magnetite can carry remanence and susceptibility equally well. Different types of
magnetization can provide information on the mineralogy. Finally, the extracted remanence direction
provides information on past geological processes.

2. Methodology

2.1. Estimation of Total Magnetization Direction

Estimating the total magnetization direction is the first step of our method. As described above, there are
many approaches to achieve this. However, the measured magnetic anomaly inevitably contains noise and
these methods are not completely accurate; therefore, the estimated total magnetization direction always
includes errors. In this study, multiple published methods are implemented and tested to increase the
reliability of the estimated total magnetization direction.
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Usually, the study of the RTP field or comparisons of RTP data with other transforms, which are weakly sensi-
tive to the magnetization direction, are used to determine the magnetization direction. The magnitude mag-
netic anomaly (T,) is a magnitude transform with low sensitivity to the magnetization direction and high
centricity to magnetic sources (Gerovska & Arauzo-Bravo, 2006; Stavrev & Gerovska, 2000). In this regard,
Gerovska et al. (2009) proposed the TA-RTP method to estimate the total magnetization direction through
the correlation between the RTP field (7,,) and the magnitude magnetic anomaly

R=R(Ta, Trp), )
where R is the correlation coefficient between T, and T,,; R is the correlation operator given by
Cij
VGG
and C;, G;; and C;; are the covariance and cross-covariance between two variables of index i and j. Therefore,

the optimal values of the inclination (/*) and declination (D¥) of the magnetization are those for which the
correlation coefficients of equation (1) are maximum:

R = (2)

[I*,D*] = argmax R*N*' (1, D), 3)

where N is a positive integer used to enhance the maximum position of the correlation coefficient map.

The magnitude magnetic anomaly in equation (1) is not an ideal quantity to estimate the magnetization
direction, because it still shows a weak sensitivity to the magnetization direction, particularly in the case of
a nearly horizontal magnetization. The NSS (Beiki et al.,, 2012; Clark, 2012; Guo et al., 2014; Pilkington &
Beiki, 2013; Zhou et al.,, 2015) was shown to be a superior transformation, showing less sensitivity to the mag-
netization direction than the magnitude magnetic anomaly or the analytic signal. J. Li et al. (2017) proposed
to estimate the magnetization direction, based on their correlations (the NSS-RTP method), as expressed by

R=R(u,Tup), (4)
where z is the NSS of the magnetic anomaly. Similar to equation (3), the magnetization direction correspond-
ing to the maximum correlation is considered as the appropriate direction.

Instead of directly comparing different transforms with the RTP field, Dannemiller and Li (2006) proposed a
method based on the correlation between the vertical gradient (Tip,) and the total gradient (Tyy) of the
RTP field (the VG-TG method):

R= iR(Trtpb Trtpt)- (5)

A different approach was proposed by Fedi et al. (1994), who suggested estimating the maximum of the lows
of a set of RTP fields computed for different inclinations and declinations of either the total or the induced
magnetization vectors (the MAX-MIN method):

[I,D] = argmax| minTyp(/,D)]. (6)

This method found many applications in real examples of magnetization direction determination (e.g.,
Cordani & Shukowsky, 2009; Mantovani et al., 2016).

2.2. Inversion of Total Magnetization Intensity

We use regular discretization to invert the total magnetization intensity; the subsurface is divided into pris-
matic cells with every cell homogeneously magnetized. The relationship between the measured total field
anomaly and the total magnetization intensity can be expressed as a linear matrix equation:

Gm =d, (7)

where m is the model parameter vector of total magnetization intensity, d is the observed total field anomaly,
and G is the (m x n)-dimensional kernel matrix (m is the number of observed data and n is number of mesh
cells).

LIU ET AL.
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Figure 1. Sketch map of the relationships among total magnetization vector, induced magnetization vector, and remanent
magnetization vector, when Koenigsberger ratio (a) Q < 1 and (b) Q > 1. When Q> 1, a unique remanence direction is
obtained. If Q < 1 and E > 1, there will be two possible directions of remanent magnetization. The blue, green, and red
arrows represent the induced, remanent, and total magnetizations, respectively. The blue circle represents the induced
magnetizations of different directions with the same intensity. Similarly, the green circle represents the remanent mag-
netizations of different directions with the same intensity.

The objective function of regularization inversion for magnetic data is given by Y. Li and Oldenburg (1996,
1998)

¢ = |[Wa(d — Gm)|3 + 4[| Wy (m — meef) |5, ®)
where ¢ is the objective function, 4 is the regularization factor, m, is the reference model, and W, and W,

are the data and model weighting matrices, respectively.

In this study, we wrote the code of preconditioned conjugate gradient algorithm (S. Liu et al., 2013;
Pilkington, 1997) and carried out the inversion of total magnetization intensity.

2.3. Extraction of Remanent Magnetization and True Susceptibility From Total Magnetization Vector

The total magnetization vector is the vector sum of the induced and remanent magnetization
vector (Figure 1):

M =M, + M, = xHo + M,, ©)

where M is the total magnetization vector, M; is the induced magnetization vector, M, is the remanent mag-
netization vector, « is the magnetic susceptibility, and Hy is the geomagnetic field.

For a negligible remanent magnetization, the magnetic anomaly inversion yields the susceptibility distribu-
tion, which is equal to the total magnetization intensity divided by the geomagnetic field intensity. In this
case, the Koenigsberger ratio (Q) (Clark & Emerson, 1991; Hinze et al., 2013)

_ M M|

_ M M (10)
IM;|  |xHo|

Q

is very low. If Q is high, combining equations (9) and (10), the apparent susceptibility (xa) is related to the true
susceptibility (x) by the following relationship, given by Fedi (1989):

xa = (1 +@Q +2Q0) "2, (11)

The apparent susceptibility can be written as the ratio of magnetization intensity to geomagnetic
field intensity:

LIU ET AL.
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M|
g = 12
K IHo| (12)

Here Cis related to the directions of the geomagnetic field and of the remanent magnetization:
C = cosly cosl, cos(Dy — Dy) + sinlg sinly, (13)

and ly, Dy, I, and D, are the inclination and declination of the geomagnetic field (i.e., induced magnetization)
and remanent magnetization, respectively. Equation (11) needs to satisfy

F=Q*+2QC>—1. (14)

Moreover, based on equations (9) and (10), we may obtain a relationship among the directions of total
magnetization, remanent magnetization, and induced magnetization (Clark, 2014; Cordell & Taylor, 1971;
Fedi, 1989):

1 o~ N
- 6{(a+b)t7h] (@1) | -
é[(aib)& @<

where a and b are

h
b= {(H.?)z—woz}”zv (16)

and m, t, and h are the unit vectors of the remanent magnetization, total magnetization, and induced mag-
netization, respectively; 6 is the angle between the total magnetization and the geomagnetic field.
Equations (15) and (16) are required to satisfy

= (Ei)z L Q. (17)

Equation (15) indicates that if Q is known as a priori information, the remanence direction can be determined
from the directions of the total magnetization and induced magnetization (i.e, the geomagnetic
field direction).

Equation (15) also demonstrates that two solutions are possible when Q < 1 and E > 1. As shown in Figure 13,
there are two intersection points between the remanence (green circle) and the total magnetization (red
arrow). The blue circle displays the induced magnetization. If Q < 1 and E < 1, the remanent magnetization
does not have a solution. When Q > 1, the green circle always intersects the red arrow at one point, which
corresponds to the unique solution of the remanence direction (Figure 1b).

In summary, the process of separating the susceptibility and remanent magnetization contributions from the
inverted magnetic data is based on the following steps.

<Y

) Estimate the direction of total magnetization (equations (1), (4), (5), and (6)).

) Compute the direction of the remanent magnetization (equation (15)).

) Invert the total magnetization intensity for each block (Steps b and ¢ can be interchanged).
)

)

Q n T

Compute the true susceptibility for each block (equations (11) and (12)).

e) Compute the intensity of the remanent magnetization (equation (10)).

3. Synthetic Examples
3.1. Synthetic Model
We analyzed the case of a synthetic magnetic model, namely a homogeneously magnetized prism with its

center located at (xq, Yo, Zo) = (500 m, 500 m, 500 m) and sides of lengths a =100 m, b =200 m, and ¢ =200 m
(Table S1 in the supporting information). Four values were used for the Koenigsberger ratio: Q =0, 0.2, 1, and

LIU ET AL.
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Figure 2. Total field anomalies of the synthetic prism model with different remanent magnetization intensities of
Koenigsberger ratio (a) Q =0, (b) Q= 0.2, (c) Q = 1, and (d) Q = 5. Zero-mean Gaussian noises with standard devia-

tion = 0.5, 0.6, 1, and 3 nT are added to the magnetic data in Figures 2a-2d, respectively. The susceptibility of prism

x =0.0126 Sl and geomagnetic intensity, inclination, and declination are To = 50,000 nT, [ = 45°, and Dg = 0°. The inclination
and declination of remanent magnetization are /, = 60° and D, = 60°.

5. For all four cases, the susceptibility is 0.0126 SI, and the inclination and declination of the remanent
magnetization are both equal to 60°. The geomagnetic field intensity was assumed to be Ty = 50,000 nT
with inclination Iy = 45° (horizontal to downward) and declination Dy = 0° (north). The data grid was
50 x 50 m, with 21 x 21 = 441 observation points. Zero-mean Gaussian noise with standard
deviations = 0.5, 0.6, 1, and 3 nT was added to the magnetic data of the four cases (Q =0, 0.2, 1, and 5),
respectively. The different noise levels for the different test scenarios were chosen to scale the noise to the
overall magnetic anomalies. Thus, we can regard the noisy total field anomalies in Figure 2 as realistic
synthetic data, provided the Koenigsberger ratios (Q = 0, 0.2, 1, and 5) are known as a priori information.
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Figure 3. (a) The estimated total magnetization directions using TA-RTP, NSS-RTP, VG-TG, and MAX-MIN and (b) the
extracted remanent magnetization directions for the synthetic models in Figure 2. When Q = 0.2, two remanence direc-
tions are obtained and they have large differences with the true values. When Q = 1, the inclination and declination of
remanence have errors about 5° and 15°, respectively. When Q = 5, it returns the same inclination as the true values and the
declination yields a solution having an error about 8°.

3.2. Estimating the Directions of the Total Magnetization and of the Remanent Magnetization

In the first step we used the TA-RTP, NSS-RTP, VG-TG, and MAX-MIN methods to estimate the total magneti-
zation direction (Step a). The inclination and declination were increased from 0° to 90° in 1° steps. The contour
maps of the correlation coefficients (N = 10 in equation (3)) and the minimum RTP value clearly show the
maximum points, which correspond to the optimal total magnetization directions (Figure S1).

Table S2 lists all the estimated directions of total magnetization for the four cases using the TA-RTP, NSS-RTP,
VG-TG, and MAX-MIN methods. A comparison of these estimates with the true values indicates that NSS-RTP,
VG-TG, and MAX-MIN returned more stable and accurate total magnetization directions than TA-RTP, with an
average error (i.e., the difference between the derived and true values) of less than 10°. TA-RTP returned accu-
rate declinations, but its inclination errors reach 15-20° (Table S2).

To increase the accuracy and the reliability of the total magnetization direction estimation, we used the aver-
age values of the clustered solutions (within the dashed lines in Figure 3a) as the final total magnetization
direction. In this example, the solutions of the TA-RTP method and MAX-MIN method for the Q = 5 case were
abandoned. Finally, compared with the true values, the averaged total magnetization directions for the four
cases yielded errors less than 8° (Table S2).

Based on the estimated total magnetization directions, the remanent magnetization directions were calcu-
lated by using equation (15) (Step b, Figure 3b and Table S2). When Q = 0.2, two groups of remanence direc-
tions were estimated, but the results are incorrect when compared with the true values. This occurred
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because the computation of the remanent magnetization direction is unstable for low Koenigsberger ratios
(i.e, Q < 1) as described in more detail below. In the case of Q = 1, the solution improved and the final
inclination and declination have errors of about 5° and 15°, respectively (Table S2). When Q = 5, the
inclination estimates are similar to the true values, with a 1° precision, and the declination estimate yielded
an acceptable solution having a small error of about 8° (Table S2).

3.3. Separating Susceptibility and Remanent Magnetization From the Total Magnetization Vector

Y. Li et al. (2010) pointed out that the inversion yields inaccurate results if the error of the given total magne-
tization direction exceeds 15°. If we consider this criterion, we may accept the estimated average directions of
the total magnetization direction in Figure 3a and Table S2. Using these estimates, we developed the code of
the preconditioned conjugate gradient algorithm (S. Liu et al., 2013; Pilkington, 1997) to invert for the total
magnetization intensity (Step ¢) and then compute for each block the true susceptibility (Step d) and the
intensity of the remanent magnetization (Step e). The subsurface was divided into cubic cells with a 25-m side
length; the number of cells was 40 x 40 x 20 = 32,000. Figure 4 shows the results of the inverted total mag-
netization intensity and the extracted susceptibility and remanent magnetization, for different
Koenigsberger ratios. There is no remanence to be recovered when Q = 0.

For the four cases Q =0, 0.2, 1, and 5, the recovered intensity values of the total magnetization, susceptibility,
and remanent magnetization are consistent with the true values (Figure 4 and Table S1). The cross sections of
magnetization intensity distributions show that the shapes and depths of the recovered model are accepta-
ble; however, because the total magnetization direction used in the calculations is only an approximation
with a considerable uncertainty and true error of 8°, the recovered models shows a slightly southerly dip
(Figure 4). In addition, as the susceptibility and remanence have the same sources and the Koenigsberger
ratio of the sources is uniform, the distributions of the total magnetization, remanence, and susceptibility
have a similar pattern, and only differences in their intensities are observed.

In summary, this method is able to extract the susceptibility and remanence, including its intensity and direc-
tion, based on a priori information for the Koenigsberger ratio. The precision of the estimated remanence and
susceptibility is related to that of the estimated total magnetization direction and to the a priori information
of the Koenigsberger ratio. When Q < 1, the process of extracting the remanence direction is unstable and
two possible solutions can be obtained; a priori geological information can help choose the correct solution.
The computations of the susceptibility and intensity of the remanence show a stable process in this example.
In general, the more accurate the Koenigsberger ratio and total magnetization direction, the higher the relia-
bility of the remanence and susceptibility results.

4. Uncertainty Analysis

4.1. Uncertainty Analysis of the Remanent Magnetization Direction Extraction

The synthetic examples demonstrate that the differences in the remanent magnetization direction between
the estimated and true values increase with decreasing Koenigsberger ratio (Figure 3b and Table S2).
Equation (15) reveals that the error of computing the remanence direction is attributed to the error in the
estimation of the total magnetization direction and in the a priori information of the Koenigsberger ratio.
Based on equation (15), therefore, we can define the partial derivative of m with respect to the two para-

meters. For t, we obtain the sensitivity factor Sg:

(12(20 +b+a’b")  (Q21)

S=2=1" : (18)
ot gazbrad™)  (@<1)

where a and b are the parameters in equation (16). Similarly, the partial derivative of m with respect to Q is given by

—%+% (@>1)
So=—= , (19
Q@<

whose modulus is defined as the sensitivity factor to the Koenigsberger ratio. Therefore,
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Figure 4. Horizontal and vertical cross sections of the inverted total magnetization intensity, remanent magnetization, and susceptibility for the synthetic models in

Figure 2 for (a) Q =0, (b) Q=0.2, (c) Q = 1, and (d) Q = 5. The magnitudes, shapes, and depths of the recovered total magnetization, susceptibility, and remanent
magnetization are consistent with the true models.
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and unstable regions.
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The reliability of the computed remanent magnetization direction can be evaluated by the sensitivity factors
S¢and Sq. If the errors in the total magnetization direction and a priori Koenigsberger ratio are assumed to be

e; and eq, respectively, the propagated errors in the remanent magnetization direction are given by
ent = Sie
{ mt tet , (21)
emq = Sqeq

where e,,,; and e,q are the errors in the estimation of the remanent magnetization direction. Therefore, S; > 1
and Sg > 1 indicate amplified errors.

Figure 5a and 5b shows the sensitivity factors S; and Sqo. As shown in equation (15), there are two possible
directions for the remanent magnetization when Q < 1; correspondingly, the sensitivity analysis for Q < 1
also includes two parts (equation (18) and Figure 5a). Generally, the S; map shows three unstable regions

forQ< 1: (Ef)z + Oz—>1,ﬁ~?—> —1,and E-?—H, in which the errors of total magnetization are enlarged dra-
matically. Here ht = 1 indicates that they are in the same and opposite directions. When Q > 1 then S; < 3,
and the computational process is stable (Figure 5a). For So, when (EE)Z +Q*>1, Sq — + oo, indicating the
unstable regions. In other regions, Sq has small values (Figure 5b).

In the synthetic example, for Q = 0.2, the TA-RTP, NSS-RTP, and MAX-MIN methods do not produce solutions
because their £ values are less than 1. For the VG-TG method, E > 1, but |[S¢| >> 1 and |Sg| >> 1 (Table S3), so
that the extracted remanence direction is unstable and has a large error (Figure 3b and Table S2). When Q=1
and 5, 5; < 4, and Sq < 0.4 (Table S3), the solutions are stable and acceptable.

4.2, Uncertainty Analysis of the Remanent Magnetization Intensity and Susceptibility Extraction

Equation (11) reveals that the errors from the Koenigsberger ratios and remanent magnetization directions
will also affect the final results of the susceptibility and remanent magnetization intensity. Similarly, the fol-
lowing quantities
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Figure 6. Geological map of the Yeshan region. Late Yanshanian intrusive rocks are outcropping in this area.
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describe the stability of computing the susceptibility and remanent magnetization, where 0 < C < 1
(equation (13)).

Equation (22) implies that there is no solution at the range F = Q> + 2QC < — 1, and that computations of the
susceptibility and remanent magnetization will not be stable if F— — 1. As shown in Figures 5c and 5d, the
amplitudes of Kq and K¢ are much larger than 1 in the areas of —1 < C< — 0.8 and 0 < Q < 2, indicating
instability of the computational processes. Conversely, low values of K5 and K¢ indicate good stability for
the computation of the values of the susceptibility and remanence. In the synthetic examples, all the
methods for estimating the total magnetization direction yield small K5 and K, with values always less than
1 (Table S3). Therefore, as concluded from Figure 4, the inversion of the remanent magnetization and the
susceptibility of the synthetic example are stable.

5. Field Example: Extracting Remanent Magnetization and Susceptibility
Information for the Mesozoic and Cenozoic Igneous Rocks of the Yeshan Region
(Eastern China)

5.1. Geological and Geophysical Data Sets

The Yeshan region (118.9°E, 32.5°N) comprises an important polymetallic deposit in Jiangsu province, eastern
China, which is located in the northeastern part of the Yangtze block (Zheng et al., 2013). The exposed
sedimentary rocks in this area are mainly dolomite and limestone of the upper Sinian and lower Cambrian
age. The late Yanshanina intrusive rocks are also widely distributed (Figure 6, Zhang et al., 2016). The
mineralization processes are related to the intrusive rocks of moderate-acidic diorite, granite diorite, and
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Figure 7. Total field anomaly and drill hole positions of the Yeshan region (eastern China). The white curve shows the
boundary of the basalt rocks outcropping in XZ area. Black points show the position of drill holes. LTS = Laitoushan;
DJZ = Dajingzhao; XZ = Xuezhuang. Dash lines show the regions of LTS, DJZ, and XZ.

quartz diorite. However, the three-dimensional geometry and depth features of these igneous rocks are
unknown. More evidence needs to be provided to investigate the patterns and ages of the magmatic
intrusions. Studying the relationship between the magmatic intrusions and mineralization is still a
challenge in this area (Zhang et al., 2016).

The ground total field magnetic anomalies show three main anomalous areas: Laitoushan (LTS), Dajingzhao
(DJZ), and Xuezhuang (XZ, Figure 7). The anomaly at LTS is positive, with an amplitude of 300 nT, while DJZ
shows a dipole character with the highest amplitude reaching 600 nT. The most eastern anomaly (XZ) shows
a reverse dipole signature whose amplitude varies from —2,100 to 1,200 nT. Several boreholes, mostly less
than 100-m deep, were drilled in the area to prospect shallow ore bodies, mostly at depths of less than
100 m (Figure 7). The deepest borehole DH4 (526-m deep) is located in the LTS and crosses the quartz-diorite,
monzonite-diorite, dioritic porphyrite, and syenite rocks. DH3 is located in DJZ, and the core was mainly
diorite, dioritic porphyrite, and (biotite) monzonite. Other boreholes in XZ were drilled through thick basalts.
Drilled core has revealed the rock types, and a large number of magnetic properties are measured (Table S4).
In particular, the Koenigsberger ratios were determined, including those of basalt (~5.7) and dioritic
porphyrite (~4.3). Alterated syenite, granodiorite, and monzonite have Koenigsberger ratios in the range of
0.5-1.2. Unfortunately, there are no oriented samples from these areas and the direction of the respective
remanent magnetization is still unknown. In the Yeshan region, the geomagnetic field intensity is
To = 49,997 nT, with inclination I = 49.1° and declination Dy = —5.6°.

5.2. Results of the Remanence and Susceptibility Extraction

The patterns of the LTS, DJZ, and XZ anomalies indicate that the total magnetization directions of each
anomaly are different. Therefore, we first use the TA-RTP, NSS-RTP, VG-TG, and MAX-MIN methods to estimate
their directions. The inclinations range from —90° to 90° in 1° intervals, and the declinations range from —180°
to 180° in 1° intervals. The correlation maxima (equation (3), N = 5) and the RTP minima correspond to the
optimal directions of total magnetization (Figure S2). The MAX-MIN method did not clearly locate the maxima
in LTS and DJZ because of high noise levels in the observed magnetic data. The MAX-MIN result of the XZ
anomaly and the TA-RTP result of the DJZ anomaly deviate significantly from the other clustered direction;
therefore, these two results were also not used to estimate the remanent magnetization direction.

The uncertainty of the estimated total magnetization direction is usually determined from the contour map
of the correlation coefficient by defining an area with, for example, 90% of the maximum correlation
coefficient. However, this is not a convenient way when using four different methods; moreover, being
different from the other methods, MAX-MIN is not based on the correlation coefficient to estimate the total
magnetization direction. Therefore, in this study we determined the final total magnetization direction and
its uncertainty by analyzing the clustering characteristics of the solutions from the different methods. From
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the remaining solutions (three for LTS, three for DJZ, and two for XZ), we considered the average final
direction for each area. Their standard deviations describe the uncertainty ranges of the estimated
magnetization directions. The estimated inclination and declination of the total magnetization in the three
regions are (1) LTS: | = 42.7 + 81°% D =73 + 7.0°% (2) DJZ: | = 32 £ 57% D = —34.5 + 9.2° and (3) XZ:
I = —53.7 £ 2.1% D = —144.7 £ 8.0° (Figure 8a and Table S5). The evaluated scatter for all three domains
was <10° which is less than the 15° error threshold given by Y. Li et al. (2010).

The error of remanence direction extraction is determined by the uncertainties in total magnetization
direction estimation and in Koenigsberger ratio measurement. The total uncertainty is equal to the sum of
the uncertainties from the total magnetization direction and the Koenigsberger ratio because the two effects
can be regarded as approximately independent. In this study, therefore, we evaluated these two factors
separately to better understand the reliability of the results.

Based on the estimated total magnetization direction and its uncertainty (Figure 8a), the directions of the
remanent magnetization were finally determined as (1) LTS: Ir = —3.1 + 31.6°, Dr = —122 + 27.3%
Ir = —409 + 33° Dr = —163 + 2.9°% (2) DJZ: Ir = 106 = 20.2°, Dr = —53.3 + 32.6% and (3) XZ:
Ir = =540 £ 1.5°, Dr = —152 + 5.6° (Figure 8b and Table S5). For the LTS anomaly, because the
Koenigsberger ratio is less than 1, two different directions were obtained. The remanent magnetization in
the DJZ area points north-west. The direction of the remanent magnetization in the XZ area is south-west
and upward oriented, which is reversed with respect to the current geomagnetic field. Additionally, the
remanence direction in XZ has high reliability with an uncertainty of <5.6°. However, in DJZ and one of
the solutions of LTS, the uncertainties reached 20-30° because of the large uncertainty in the total
magnetization direction estimation. The small Koenigsberger ratio further amplifies the errors (Figure 8b).

In LTS, the average Koenigsberger ratios for alterated diorite, alterated syenite, granodiorite, and monzonite
varied from 0.5 to 1.2 (Table S4). Alterated syenite and granodiorite, the main rocks of the DJZ area, have
average Koenigsberger ratios of 0.6 and 1.2, respectively. Measurement of the physical properties of more
than 100 basalt samples revealed that the basalt has strong remanence with a 5.7 average Koenigsberger
ratio. To sum up and to simplify, we chose their average values as the final Koenigsberger ratios with an
uncertainty of £20%. Thus, the Koenigsberger ratios of the LTS, DJZ, and XZ anomalies were set as
Q=08+0.16,Q =1.0 £ 0.2, and Q = 5.7 + 1.14, respectively (Figure 9a). In XZ, the +20% uncertainty of
Koenigsberger ratio has a weak influence (< 2%) on the remanence results, while in LTS and DJZ the
+20% error in the Koenigsberger ratio will produce errors of 5-15% in the remanence direction
(Figure 9b). In addition, it is noticeable that the uncertainty areas of the LTS and DJZ are comprised two parts
because there are possible remanence directions when Q < 1 (see equation (18)).
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influences (<2%) on the remanence results. In LTS and DJZ, £20% of Koenigsberger ratio errors produce 5-15% errors for
remanence directions. LTS = Laitoushan; DJZ = Dajingzhao; XZ = Xuezhuang.

Once the directions of total magnetization and remanent magnetization are estimated, we can recover the
three-dimensional distributions of the total magnetization, remanent magnetization, and susceptibility.
The whole area is divided into three sections (LTS, DJZ, and XZ; Figure 7); each one is the same area as used
for determining the total magnetization direction. The subsurface is divided into 794,880 (184 x 108 x 40)
cubes with 25-m side length. A constraint of positive magnetization intensity and susceptibility is considered
in the inversion processes. Figure 10a shows the isosurface plot of the recovered total magnetization inten-
sity distributions, which is greater than 1.5 A/m for LTS and DJZ, and greater than 4 A/m for XZ. Figure 10b
shows the separated remanent magnetization isosurface plot; the intensity is greater than 1.2 A/m for LTS
and DJZ and greater than 5 A/m for XZ. Figure 10c presents the isosurface plot of the susceptibility, which
is greater than 0.03 Sl in all three areas.

Figure 11 illustrates the cross sections of the reconstructed total magnetization intensity, remanent
magnetization, and susceptibility across boreholes DH4, DH3 and DH0901, DH0902, and DH0903. The
magnetic sources for the three regions are different. The LTS anomaly is caused by variations of diorites;
the DJZ source is composed of diorite, diorite-porphyrite, and monzonite, and the reversed magnetic
anomaly observed in XZ is attributed to basalt rocks. The inversion results show that all the intrusions extend
to several hundred meters depth and that the LTS rocks dip north, while the DJZ rocks tend to dip south. The
basalt rocks in XZ are vertically intruded.

After separating the different components of magnetization, the corresponding magnetic anomalies can be
calculated. Figures 12a-12c shows the observed and modeled anomalies of the total magnetization inversion
and the difference between them, respectively. A deviation between the two data sets is notable in XZ, where
a background anomaly of about 200 nT appears. The induced magnetic anomalies vary from —250 to 450 nT
with fairly the same amplitudes in XZ, LTS, and DJZ (Figure 12d), while the magnetic anomaly due to only the
remanent magnetization component is more intense at XZ than at LTS and DJZ (Figure 12e). The total field
anomaly responses attributed to the induced and remanent magnetizations are quite different.

5.3. Discussion

According to the above data processing and inversion, we obtained the distributions of the total
magnetization intensity, remanent magnetization, and susceptibility, as well as the corresponding
magnetization directions and magnetic anomalies of the LTS, DJZ, and XZ areas. This information helps to
determine the geometries and positions of these intrusion rocks and provides evidence for the geological
interpretation of these igneous rocks.

In LTS, DJZ, and XZ areas, the mineral types and compositions of each rock are nearly the same (Y. Li et al.,
2016). Thus, the Koenigsberger ratio for each rock was given by a constant value. This assumption and
simplicity led to the phenomenon that the distributions of total magnetization intensity, remanent
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Figure 10. Isosurface plots of the inverted (a) total magnetization intensity (> 1.5 A/m at LTS and DJZ; > 4 A/m at X2), (b)
remanent magnetization (> 1.2 A/m at LTS and DJZ; > 5 A/m at XZ), and (c) susceptibility (> 0.03 Sl at LTS, DJZ, and XZ) in
the Yeshan region (eastern China). XZ rocks show higher total magnetization and remanent magnetization than those of

LTS and DJZ. All three areas have the similar susceptibility magnitude. LTS = Laitoushan; DJZ = Dajingzhao;
XZ = Xuezhuang.
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Figure 11. Drill holes and reconstructed magnetic sources from the inverted total magnetization intensity (top row), remanent magnetization (middle row), and sus-
ceptibility (bottom row) of the LTS (left column), DJZ (middle column), and XZ (right column) areas at Yeshan region (eastern China). The white curves display the
approximate boundaries of the magnetic sources based on the inverted magnetization and susceptibility distributions. The inversion results show that the LTS rocks
dip north, while DJZ rocks tend to dip south. The basalt rocks in XZ are vertically intruded. LTS = Laitoushan; DJZ = Dajingzhao; XZ = Xuezhuang.

magnetization, and susceptibility for each rock showed a similar shape both in the isosurface and
cross-section plots (Figures 10 and 11), because their ratios also maintain constant. For the complex cases
that have spatially varying Koenigsberger ratios, we can obtain the different distributions of total
magnetization intensity, remanent magnetization, and susceptibility.

The extracted remanent magnetization and susceptibility in Figures 10 and 11 indicate that the LTS, DJZ, and
XZ rocks have the same susceptibility but different remanent magnetization intensities. XZ rock shows 4-5
times higher remanent magnetization than LTS and DJZ rocks. Generally, the remanent magnetization of a
rock depends on its material constituents, geological origin, and historical geomagnetic field (Clark, 1997;
Q. Liu, 2011). The petrology and geochemistry data from Y. Li et al. (2016) revealed that the Cenozoic basalts
in Yeshan region are rich in iron-titanium oxides (TiO,: 2-3 wt %, Fe,Os1: 11-13 wt %) and are
cryptocrystalline or microcrystalline texture, which may be the reason that XZ basalt rocks show strong
remanent magnetization.

In the LTS area, the estimated inclination and declination of the total magnetization contain a 7-8° error using
various methods. Since the Koenigsberger ratio is less than 1 (i.e., Q < 1), two possible directions of remanent
magnetization are computed. One is horizontal, and the other is reversed with respect to the current
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Figure 12. (a) Observed total field anomaly, (b) modeled total field anomaly, and (c) misfit (i.e., observed-modeled) for the total magnetization intensity inversion; the
separated total field anomalies caused by (d) induced magnetization only and (e) remanent magnetization only. LTS = Laitoushan; DJZ = Dajingzhao;

XZ = Xuezhuang.

geomagnetic field. These two solutions have different sensitivities (S; and Sg) to the total magnetization
directions; hence, they do not have the same level of error. However, the latter solution will lead to high
values of Kq (= 3.7849) and K¢ (= —19.9485), meaning that the computations of remanent magnetization
intensity and susceptibility are unstable. For example, if we use this remanent magnetization direction to
calculate the remanent magnetization, the intensity will reach 3 A/m, which disagrees with the physical
property measurements (Table S4). Therefore, we chose the former solution as the final directions of total
and remanent magnetization in the LTS area. For the DJZ and XZ anomalies, Q > 1 so that a unique
remanent magnetization direction was calculated. Table S5 shows the computed directions of the total
magnetization and remanent magnetization, and the sensitivity parameters. Overall, the XZ anomaly
yielded the most accurate results because this area has the highest Koenigsberger ratio (Q = 5.7). For LTS
and DJZ Qis close to 1, which leads to a large uncertainty in the estimate of the total magnetization direction.

Based on the information obtained of the remanent magnetization directions, the virtual geomagnetic poles
(VGP) of the LTS, DJZ, and XZ areas can be calculated (Table S6 and Figure 13). The latitude and longitude of
the VGP positions are LTS, A, = 27.3°, ¢, = 226.7° and DJZ, 1, = 33.2°, ¢, = 371.4°. The petrologic information
reveals that the diorite and granodiorite rocks in LTS and DJZ were formed during the late Yanshanian period
of the Mesozoic (116 Ma, normal geomagnetic polarity) (Y. Li et al.,, 2016). From the late Yanshanian period,
the Yangtze block and the VGP are basically located at stable position and has small motions and rotations,
with movement basically less than 10° (Wu et al., 1998; Zhu et al., 1998). The plate motion and geomagnetic
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Figure 13. Comparison of (a) remanent magnetization directions and (b) virtual geomagnetic poles (VGP) for the basalt
rocks of the XZ area, as estimated in this study and by previous work. XZ = Xuezhuang.

pole movement have a limited influence on the direction of remanent magnetization. So the computed VGP
positions have large differences with real VGP position of Mesozoic, which is not attributed to the geologic
events and plate motion.

The diorite and syenite in LTS and DJZ are alterated because they have undergone some metamorphism
including the intrusion of basalt rocks of the XZ area. This metamorphism may have caused the change of
remanent magnetization direction, so that the computed VGP positions may be different from the real
VGP position in the Mesozoic (Wu et al,, 1998; Zhu et al.,, 1998). However, because the metamorphism
processes are complex and multistage, it is still difficult to analyze the specific metamorphic processes that
alter their directions. For the XZ basalt rocks, the VGP (reversed polarity) is located at A, = 66.8°, g, = 198.4°.
The intrusion of the basalt rocks in the XZ area occurred during a geomagnetic reversal, that is, the Pliocene
and Miocene of late Tertiary (2.48-23.3 Ma) (Y. Li et al., 2016).

Cenozoic basalt is widely distributed throughout the XZ area and other regions of eastern China. Several
authors implemented a paleomagnetism study based on the collected samples of these Cenozoic basalts
(Cheng et al.,, 1991; C. Liu et al., 1976; Shao et al., 1989). Figure 13 and Table S6 compare the direction of
remanent magnetization and VGP results of other authors with the ones of this study. Our results are in good
agreement with the paleomagnetic findings in the Fangshan area by C. Liu et al. (1976) and Cheng et al.
(1991). The geomagnetic polarity of the XZ basalt is reversed, while the other nearby basalts were formed
at a normal geomagnetic polarity age, such as in the Lingyansan (C. Liu et al., 1976) and Pingshan (Cheng
etal, 1991) areas.

6. Conclusions

We first estimated the direction of the total magnetization by combining a number of existing methods (the
MAX-MIN method and correlation methods between the RTP fields and magnitude magnetic transforms that
are less sensitive to magnetization direction). Then the total magnetization intensity was inverted, and finally,
the spatial distributions of the total magnetization vector were obtained. We used the generalized
relationships among the total magnetization, induced magnetization, and remanent magnetization and
the a priori information of the Koenigsberger ratio. On this basis, we extracted the intensity and direction
of the total and remanent magnetization and the susceptibility and evaluated the related magnetic anomaly
responses. However, as Q is assumed constant in each lithology, the same distributions of total magnetization
intensity, remanence intensity, and susceptibility for this lithology are obtained. In reality, complex cases of
spatially varying Q exist; therefore, we would like to continue this work in the future to expand the
applicability of this methodology.

The computational processes involved in estimating the direction and intensity of magnetic remanence and
the susceptibility are not entirely stable. Generally, the best results are obtained with large Koenigsberger
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ratios (Q > 1). When Q < 1, the computed errors may be amplified, leading to unstable remanence direction
and intensity estimations. The level of instability depends on the physical relationships between the
remanence, induced, and total magnetizations. The sensitivity parameters S, Sq, Ko, and Kc are used to assess
the stability of the results. In general, larger Koenigsberger ratios are beneficial to extract more reliable
remanence and susceptibility information.

The extraction of the remanent and induced magnetization and the computation of their specifically related
magnetic field components may provide critical information for the interpretation of the magnetic sources’
shapes and depth, as well as of the geological history. In the field examples of Yeshan region (eastern China),
the remanent magnetization information was extracted, showing that the diorite and granite-diorite rocks in
LTS and DJZ and the basalt rocks of the XZ area formed at different geologic periods and were subsequently
reversely magnetized. The geological interpretation and the position and geometry of these intrusive rocks
were verified by petrological, paleomagnetic, and borehole information. We note that the results from the TS
and DJZ regions contain high uncertainties; therefore, the final subsurface model derived for these two
regions should be viewed with caution. However, the method shows very stable and reliable results in the
XZ region.
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Section 2. Tables

Table S1 Geometric and magnetic parameters of synthetic cuboid model with different
Koenigsberger ratios when Q =0, 0.2, 1 and 5.

Xo (M) 500
Yo (M) 500
Zo (M) 200
a(m) 100
b (m) 200
c(m) 200
To (NT) 50000
Geomagnetic field lo (deg) 45
Do (deg) 0
Koenigsberger ratio Q 0 0.2 1 5
Susceptibility (SI) 0.0126 0.0126 0.0126 0.0126
M; (A/m) 0.5 0.5 0.5 0.5
Induced magnetization li (deg) 45 45 45 45
D; (deg) 0 0 0 0
M, (A/m) 0 0.1 0.5 2.5
Remanent magnetization | I, (deg) — 60 60 60
D; (deg) — 60 60 60
M (A/m) 0.5 0.58 0.95 2.91
Total magnetization I (deg) 45 49.12 56.27 59.91
D (deg) 0 6.53 24.34 47.89




Table S2 Computed total magnetization direction and remanent magnetization direction of the
synthetic cuboid model when Q =0, 0.2, 1 and 5.

Koenigsberger ratio Q 0 0.2 1 5
True total magnetization | (deg) 45 49.12 56.27 59.91
D (deg) 0 6.53 24.34 47.89
True remanent magnetization I; (deg) — 60 60 60
D, (deg) — 60 60 60
TA-RTP total | (deg) 64 68 72 74
magnetization | D (deg) 0 7 29 49
remanent I; (deg) — — 69.32 75.55
magnetization | D, (deg) — — 132.87 74.33
NSS-RTP total | (deg) 52 58 65 62
magnetization | D (deg) 0 10 28 53
remanent I, (deg) — — 68.87 61.80
magnetization | D, (deg) — — 95.08 66.83
VG-TG total | (deg) 50 53 59 58
magnetization | D (deg) 0 12 30 58
remanent I; (deg) — 34.97 (10.96) 60.76 56.70
magnetization | D, (deg) — 128.22 (143.51) | 76.38 70.61
MAX-MIN total | (deg) 48 59 57 65
magnetization | D (deg) 3 8 23 39
remanent I; (deg) — — 61.91 66.75
magnetization | D, (deg) — — 58.93 52.03
Averaged total | (deg) 50 53 60.33 60
(Final) magnetization | D (deg) 1 12 27 55.5
remanent I, (deg) — 34.97 (10.96) 64.49 59.25
magnetization | D, (deg) — 128.22 (143.51) | 75.20 68.67




Table S3 Sensitivity parameters for the synthetic example when Q = 0.2, 1 and 5.

Koenigsberger ratio Q 0.2 1 5
TA-RTP a 0.9185 0.8636 0.8076
E 0.8837 1.7458 25.6522
St — 3.4544 1.3423
So — 0.5838 0.0238
C — 0.4917 0.7324
F — 1.9833 32.3240
Ko — -0.2895 -0.0298
Kc — -0.1941 -0.0260
NSS-RTP a 0.9687 0.9047 0.8241
E 0.9783 1.8185 25.6792
St — 3.6189 1.3506
So — 0.4709 0.0228
C — 0.6370 0.7546
F — 2.2740 32.5465
Ko — -0.2763 -0.0296
Kc — -0.1688 -0.0257
VG-TG a 0.9810 0.9215 0.7982
E 1.0023 1.8492 25.6372
St 110.3793 (-90.7599) 3.6860 1.3377
So 20.2438 0.4215 0.0243
C 0.0468 (-0.4237) 0.6983 0.7199
F 0.0587 (0.2754) 2.3967 32.1989
Ko -0.2265 (-0.2462) -0.2713 -0.0299
Kc -0.1836 (-0.1295) -0.1597 -0.0261
MAX-MIN a 0.9668 0.9475 0.8731
E 0.9746 1.8978 25.7623
St — 3.7901 1.3751
So — 0.3374 0.0196
C — 0.7956 0.8214
F — 2.5913 33.2142
Ko — -0.2638 -0.0291
Kc — -0.1469 -0.0250




Table S4 Magnetic property measurements for rock and ore samples of the Yeshan region (eastern China). Ns = number of samples.

x (SI) M, (A/m) M; (A/m) Q Occurred area
Rocks and ores Ns

Range Mean Range Mean Range Mean
Magnetite 9 0.33-2.38 1.17 3.7-29.6 14.6 13-94.5 46.6
Mineralized skarn 8 0.022-0.1 0.055 0.41-2.45 1.2 0.85-3.85 2.23
Mineralized gabbro 63 0.019-0.11 0.037 0.1-4.29 1.17 0.73-4.5 1.46
Mineralized marble 7 0.14-0.62 0.27 0.94-8.75 2.19 5.4-24 10.7
Alterated diorite 123 0-0.032 0.007 0-2.14 0.14 0-1.25 0.28 0.5 LTS
Alterated syenite 55 0-0.018 0.0078 0-0.64 0.18 0-0.71 0.31 0.6 LTS
Granodiorite 12 0.0063-0.039 0.011 0.01-0.73 0.27 0.25-1.53 0.45 0.6 LTS, DJZ
Monzonite 18 0.001-0.016 0.0044 0.05-0.48 0.2 0.04-0.6 0.17 1.2 LTS, DJZ
Dioritic porphyrite 14 0-0.034 0.0082 0-7.22 1.39 0-1.35 0.32 4.3 DJz
Basalt 117 0-1.032 0.029 0-232 6.67 0-41.05 1.18 5.7 XZ
Trachy basalt breccia lava 16 0.041-0.099 0.072 0.12-11.86 | 1.57 1.61-3.9 2.7
Trachy basalt breccia 64 0-0.09 0.018 0-10.4 0.46 0-3.6 0.69
Trachy basalt 75 0.029-0.091 0.048 0-7.6 0.76 1.1-3.6 1.9
Alterated trachy basalt 67 0.048-0.12 0.068 0-5.34 0.74 1.9-4.7 2.7
Andesite 54 0-0.24 0.028 0-32.77 1.85 0-9.6 1.1
Mica gabbro 8 0.0041-0.023 0.01 0.17-2.71 0.47 0.16-0.9 0.4
Diabase 8 0.003-0.013 0.0054 0.43-1.2 0.78 0.12-0.53 0.21
Biotite pyroxene diorite 192 0.0057-0.1 0.031 0.45 — — —
Quartzite 14 0 0 0 0 0 0
Limestone and dolomite 69 0 0 0




Table S5 Computed total magnetization direction and remanent magnetization direction of the
LTS, DJZ and XZ areas at Yeshan region (eastern China). LTS = Laitoushan; DJZ = Dajingzhao;

XZ = Xuezhuang.

Area LTS DJz XZ
Koenigsberger ratio Q 0.8 1.0 5.7
Total magnetization of | (deg) 44 60 -52
TA-RTP D (deg) | -73 -43 -137
Total magnetization of I (deg) 50 36 -56
NSS-RTP D (deg) | -80 -28 -144
Total magnetization of I (deg) 34 28 -53
VG-TG D (deg) | -66 -41 -153
Total magnetization of | (deg) — — -37
MAX-MIN D (deg) |— — -129
Final | (deg) | 42.748.1 3245.7 53.742.1
total magnetization D (deg) | -73%7.0 -34.549.2 -144.748.0
Final I, (deg) | -3.0#431.6 (-40.943.3) | 10.6420.2 -54.041.5
remanent magnetization | D, (deg) | -122.2427.3 (-163.0%2.9) | -53.3432.6 -152.045.6
Sensitivity a 0.6975 0.8866 -0.9320
parameters E 1.1265 1.7861 33.3587
St 3.8981 (-0.4106) 3.5466 0.6977
So 2.5183 (-0.9518) 0.5216 0.0112
C -0.3323 (-0.9518) 0.5722 -0.9320
F 0.1083  (-0.8828) 2.1443 21.8647
Ko -0.4008 (3.7846) -0.2820 -0.0436
Kc -0.6857 (-19.9485) -0.1794 -0.0521
VGP dp(N) | 27.3 (72.0) 33.2 66.8
0o (E) |226.7  (238.6) 3714 198.4




Table S6 Comparisons of remanent magnetization directions and VGP between this study and
previous work for basalt rocks at XZ area. XZ = Xuezhuang , XPS = Xiaopanshan; LYS =
Lingyanshan; FS = Fangshan; PS = Pingshan; R = Reversed geomagnetic polarity; N = Normal
geomagnetic polarity; Ns = Number of samples; 4,, ¢, = the latitude and longitude of the VGP.

Authors Sampling place | Ns | I, (deg) | D, (deg) | 4, (N) | ¢, (E) | Polarity
This study Xz — | -54.0 -152.0 66.8 198.4 R
Shaoetal. (1989) | XPS 41 | -43.0 -179.6 82.5 296.0 R
Liu et al. (1976) LYS 5 42.2 354.7 80.6 330.0 N

FS 13 | -54.15 -164.5 76.8 182.4 R
Cheng etal. (1991) | FS 12 | -555 158.4 718 14.8 R

PS 10 | 429 18.6 72.1 227.9 N




Section 3. Data (Files uploaded separately)

Date Set S1: jgrb53105-sup-0002-2017JB015364_ds01.grd,
Figure 2a (synthetic example)
Date Set S2: jgrb53105-sup-0002-2017JB015364_ds02.grd,
Figure 2b (synthetic example)
Date Set S3: jgrb53105-sup-0002-2017JB015364_ds03.grd,
Figure 2c (synthetic example)
Date Set S4: jgrb53105-sup-0002-2017JB015364_ds04.grd,
Figure 2d (synthetic example)
Date Set S5: jgrb53105-sup-0002-2017JB015364_ds05.grd,

Figure 7 (field example)

*.grd file format: GRD Surfer 6 text Grid.
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