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Depth to magnetic source using the generalized analytic signal

Shu-Kun Hsu*, Dorothée Coppenst, and Chuen-Tien Shyu**

ABSTRACT

The advantage of using analytic signal techniques to
determine magnetic parameters from magnetic anoma-
lies is the independence of magnetization direction. In
addition, using the amplitude ratio method to determine
depths to magnetic sources can avoid tedious operations
with several characteristic points and reduce interfer-
ence effects. A drawback of this method, however, is
the assumption that near-surface structures can be char-
acterized adequately by step models. To improve map-
ping resolution, we have extended the amplitude ratio
method to allow both step-like and dike-like structures.
A criterion is constructed that discriminates between
maxima from dike-like or step-like structures and signifi-
cantly improves near-surface structural mapping. This
avoids a bias in geological interpretation caused by the
original assumption that all structures can be character-
1zed by step models. Synthetic data and real data ac-
quired offshore northern Taiwan demonstrate the effec-
tiveness of this method.

INTRODUCTION

The analytic signal, which is a complex function and makes
use of Hilbert transform properties, has been shown to be
effective in interpreting subsurface magnetic contacts (e.g.,
Nabighian, 1972, 1974). This method does not require knowl-
edge of magnetization directions and thus does not require
reduction-to-the-pole processing. A geologic contact or fault
with significant susceptibility contrast is detected by mapping
the maxima of the simple analytic signal, which is composed
of the two horizontal and one vertical gradients (Nabighian,
1972,1974,1984; Roest et al., 1992). It is typically assumed that
the causative sources are near-vertical, step-like geologic struc-
tures (Nabighian, 1972; Roest et al., 1992; Hsu et al., 1996b), in
which case the maxima are located directly over the edges of
the structures. An interpretation pitfall of using this method is
that two maxima from two nearby parallel edges merge to one

maximum if the half-width between the edges is less than the
depth (Atchuta Rao et al., 1981). Consequently, a dike could be
interpreted as a geologic fault or contact. This problem could
be mitigated somewhat by acquiring the magnetic data close to
or on the ground. However, this is often impractical. An alter-
native and easier way is to increase the resolution by introduc-
ing high-order vertical derivatives (Marson and Klingele, 1993;
Hsu et al., 1996b) or continuing downward the magnetic data.
However, the latter is less stable than the former (Nabighian,
1974). The application of the high-order vertical derivatives
can enhance the resolution and reduce the inherent interfer-
ence effect (Hsu et al., 1996b) if smooth and high-quality data
are used.

The depth to the top surface of a step-like or dike-like struc-
ture can be estimated by using the amplitude—distance rela-
tionship between the center of the characteristic bell-shaped
function (of the simple analytic signal) and a certain horizon-
tal position—for example, where the half-amplitude or the in-
flection point occurs (Nabighian, 1972; MacLeod et al., 1993).
The depth parameter can also be determined by doing a least-
squares fit between the measured analytic signal and its theo-
retical bell-shaped function (Roest et al., 1992). On the other
hand, several methods based on characteristic points have been
developed to estimate the depth and width of an isolated dike-
like structure without interfering anomalies {(e.g., Atchuta Rao
et al., 1981; Murthy, 1985; Sundararajan et al., 1985). However,
in the 3-D case those procedures become complicated because
of varying strikes of the structures and interfering anomalies.

Using the amplitude ratio method to determine the magnetic
parameters of a step-like structure was first introduced by Hsu
et al. (1996b). This approach provides the advantage of using
only the maxima to estimate the magnetic parameters. Using
the peak values of the bell-shaped functions of analytic signals
suffers less interference than using the values of the flanks, and
the processing is significantly simplified. The amplitude ratio
method lends itself more easily to mapping near-surface struc-
tures in addition to interpreting along a profile. In this paper, we
extend the concept introduced by Hsu et al. (1996b) by devel-
oping the amplitude ratio relationship for dike-like structures
and proposing an algorithm recognizing the attributes of the
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analytic signal maxima. Because using a different initial model
would result in different depth estimates (e.g., Debeglia and
Corpel, 1997), this improvement is necessary and important
in two key ways: (1) finding more adequate forms to reflect
the magnetic sources and (2) increasing the accuracy of depth
estimation.

THEORETICAL FORMULATION

For a magnetic anomaly G, the generalized (simple and en-
hanced) analytic signal (for integer n >0) is defined in Hsu
et al. (1996b) as

a a a
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(x.y)=7-( )x+3y( )y +ig (VG (1)
where V" = 98" /37" and V° = 1. Its amplitude is defined as
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Step model with infinite thickness

For a 2-D step-like structure with the variables shown in
Figure 1a, the magnetic anomaly G can be written in the form
(Nabighian, 1972)

G(x)=a [(91 —6)cos @ + sin ® £n r—l], (3)
r2

where « =2kFesing; c =1 — cos?i sin® A for total-field mag-
netic anomaly; ® =27 —6 —90° for total-field magnetic ano-
maly; k is the susceptibility contrast, F is the earth’s mag-
netic field; ¢ is the inclination of the earth’s magnetic field;
A is the angle between magnetic north and the positive x axis;
and tan / = tani/cos A.

If we let thickness 7 in Figure 1a approach infinity, the ampli-
tude of generalized analytic signal [equation (2)] for a step-like
structure in the 3-D case is (Hsu et al., 1996b)

n!la|

where £ is the horizontal projection of x onto the direction
perpendicular to the strike of the step model (Figure 1b), i.e.,
h = x cos ¥, where W is the angle between the x axis and the
direction perpendicular to the strike of the step model. In the
2-Dcase, equation (4) becomes |A, (x)| = n! |a|//(d? + x?)+L.
Because we are interested only in using the maxima to esti-
mate the magnetic parameters, we hereafter will express the
theoretical values at the center of each maximum (i.e., x =0).
To restrain high-frequency noise amplication, we will use only
the order n = 0, 1, 2. Hence, the maximum of the bell-shaped
function [equation (4)] is located directly over the edge of the
step-like structure and corresponds to

|A,,(x,y)| = (4)

n!|a|

|4,(0) = prog %)

From equation (5) and for the order n = 0, 1, 2, the depth d
can be estimated in three ways:

1
d=— (6)
2
or
201
d= P ®)
where
A1(0) ’Az(o)
= d = .
° ‘Ao(o) S PR ()

Estimation of depth from equations (6), (7), or (8) is valid
only when the bottom surface of the step model is at infinity.
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FIG. 1. (a) Cross-sectional view of a step model. (b) Plane view
of the step model whose strike is along the y’-direction, but the
survey is supposed to be conducted along the x-direction.
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Obviously, this assumption is not realistic and some error in
depth estimation will result. The error generally decreases as
the thickness ¢ increases; higher order analytic signal ratios
are generally less sensitive to finite thickness (Figure 2). From
our experience, it is appropriate to adopt the average depth
estimated from equations (7) and (8), accounting for error from
numerical approximation.

Vertical step model with finite thickness

If the above step model has a finite thickness ¢ and its dipping
angle is vertical (i.e., # =90°), then its maximum amplitude
remains centered over the edge and is given by the difference
between a shallow infinite step with depth d and a deep infinite
step with depth ¢ (Figure 1a). Hence,

1A44(0) =n!(d”1+1 - Z,%)m:. )

The unknown parameters d and ¢ could be solved by using
equation (9) for the order n = 0, 1, 2; hence,

€1 —+/2¢2 -—3c%

d= 10
26‘% - (10)
and
d
{= , 11
cd—1 (1)
where
A1(0) A2(0)
“ ’AO(O) S VW)

Meaningful solutions of equation (10), i.e., d >0, require that
2¢; — 3¢} > 0. In other words, the maxima are not because
of a near-vertical step-like structure when 2¢, — 3¢? <0. Es-
timating depths d of an isolated near-vertical, step-like struc-
ture from equation (10) is more accurate than depths estimated
from equations (6), (7), or (8). However, estimation from equa-
tion (10) becomes less accurate when interference from an ad-
jacent edge increases. The estimation of depth ¢ is not very sta-
ble because of the inherent problem of S/N ratio. High-order
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FIG. 2. Plot of the ratio of thickness ¢ to depth d below the
observation level versus estimation error of depth d existing
in a vertical step model. The depths are calculated from equa-
tions (6), (7), and (8), respectively. The error of estimation
generally decreases as the thickness ¢ increases.

derivatives amplify noise. This is why we only use the general-
ized analytic signal of the order n = 0, 1, 2, which provides the
minimum requirements to solve the three parameters in equa-
tion (9). Otherwise, more simultaneous equations, comprised
of different orders, could be used to estimate more magnetic
parameters in equation (3).

Dike model

A dike model is frequently used in magnetic interpretation.
Because the potential field data represent the superposition of
effects from different causative sources, a dike model can be re-
garded as the difference between two parallel step models with
a fixed horizontal offset. With the variables shown in Figure 3,
the amplitude of the simple analytic signal (i.e., n = 0) caused
by a dike with its strike perpendicular to the x-direction is
2wl TS
[@% + (x — w)][d* + (x + w)?]

To find the maximum amplitude of equation (12), we solve
for x when 3| Ao(x)]/8x = 0. Thus,

x=0

[Ao(x)] =

ifw=<d (13)
or

x=+Vuw?-d?

Equations (13) and (14) show that a dike model with a half-
width w has a resolution limit of d in the case of the simple
analytic signal. For d > w, the |Ag(x)| curve corresponds to a
bell-shaped function with one maximum. For d < w, the | Ag(x)|
curve has two maxima located equal distances on either side
of the origin. The distance (or mislocation) for each maximum
from the adjacent edge of the dike is |w — vw? — d?| (see also
Atchuta Rao et al., 1981). The amplitude of the first-order en-
hanced analytic signal (i.e.,.n = 1) is

dw/(x% +d?)|a|

ifw>d. (14)
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FIG.3. Cross-sectional view of a dike model. A dike is regarded
as thin dike when the maxima used for determining the mag-
netic parameters are all centered over the dike. A limiting case
is geologic contact (w — 0o); each edge of the dike corresponds
to a step model.
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The maximum amplitudes occur at

x=0 ifw<y2V3-3d(x0684) (16)

i\/(w2 —3d?) + 2wvw? + 342
X =
3

or

if w>v2v/3-3d. (17)

Equations (12) through (17) show that the analytic signal
amplitudes are symmetric about the center of a dike and are in-
dependent of the dipping angle 6. The first-order enhanced an-
alytic signal resolves into two peaks when w > 0.68d, whereas
the simple analytic signal resolves into two peaks when w > d.
Hence, the resolvable width of a dike and the mislocation from
each edge of the dike are considerably reduced when a higher
order of the analytic signal is used. When half-width w ap-
proaches infinity, the mislocation approaches zero. For conve-
nience, we define a dike-like structure as a thin dike when only
one maximum is centered over the dike for each order of an-
alytic signal used to determine the parameters. The analytic
signal amplitudes for n = 0, 1, 2 at the center of a dike are

2w]|a|
|Ao(0)| = P (18)
_ 4wd ||
and
A(0)] = lM (20)
| 2( )l_ (d2+w2)3

The depth d and half-width w of a dike model can therefore be
estimated from

C1
= — 21
d 20%—02 @1
and
w= E —d?, (22)
C1
where
A1(0) Az(0)
= d = .
“ ‘Aow) R VP 1)

Equation (22) shows that if w <0, the peak is not centered
over a dike-like structure. In this case, a step model should
be used for estimating depth d associated with the peak. As
for the estimation of the dipping angle 6 for a dike-like or
step-like structure, apparently it cannot be obtained by ana-
lyzing the amplitudes of analytic signal. A phase term should
be involved, i.e., the relationship between the horizontal and
vertical derivatives should be used (e.g., Atchuta Rao et al,,
1981; Thurston and Smith, 1997).

SYNTHETIC EXAMPLES

To compute the amplitudes of the generalized analytic sig-
nal from potential field anomalies, a numerical approximation

can be used (e.g., Hsu et al., 1996b). For an isolated magnetic
source, the earlier formulations for determining the parame-
ters of step or dike models are completely valid. But interfer-
ence of anomalies is inevitable in real data. We demonstrate
in the following sections how interference influences the de-
termination of magnetic parameters when the proposed am-
plitude ratio method is applied. Although parameter « can be
estimated using the amplitude relationship, there is no infor-
mation about its mathematical sign, and it consists of several
variables that cannot be separated easily. For example, if a step
model is rotated clockwise about its corner or is comprised of
two different sources (Figure 4), the peak of the analytic signal
is always directly above the corner but the value of parameter o
changes from one case to the other. This is because the models
in Figures 4b and 4c can be considered to be the superposition
of two or several step models that have the same comer. The

(o) observation level

b)

o observation level

(o) observation level

FIG. 4. Schematic examples showing a constant depth but vari-
able ambient parameter «. (a) A typical step model. (b) A step
model rotated clockwise. (¢) A rotated step model comprised
of two different sources.
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maxima of Ag, Ay, and A; usually are not at the same locations;
however, the discrepancy in depth estimation is limited if we
use the amplitudes of Ay and A; at the locations defined by
the maxima of A, (Hsu et al., 1996b). The estimation is more
accurate if the magnetization contrast for the structure is larger.
However, we must pay attention to the high-frequency error.
If necessary, a high-cut filter should be used before applying
the proposed method, which could result in overdetermining
somewhat the depth of magnetic boundaries.

Interference effect for step and thin-dike models

To demonstrate the interference effect, we first estimate the
magnetic parameters for vertical step and thin-dike models
separated by distance £ (Figure 5). For a grid spacing of 0.2 km,
the amplitudes of analytic signals for the ordern = 0, 1,2 are
shown in the upper part of Figure 5. Now we vary the distance ¢
and estimate the magnetic parameters from amplitudes Ay, A,
and A,. As expected, the results are better when the interfer-
ence effect is decreased (i.e., the distance ¢ increases; Figure 6).
In general, the parameter determination of a dike-like struc-
ture is more sensitive to interference than a step-like structure.

Dike models with varying width

We now consider dike models with widths varying from 1 to
7 km (Figure 7). The depth to the top surface of each dike is

2 km, while the bottom surfaces are at infinity. The distance
between dikes is 20 km, which means interference between
dikes is not important. The analytic signals for the order n =
0, 1, 2, calculated with a grid spacing of 0.2 km, are shown in the
upper part of Figure 7. When width 2w is <2 km, the amplitudes
present only one peak over the center of the dike. When the
width of the dike increases, two peaks corresponding to two
edges of each dike appear. The analytic signal of higher order
better resolves two maxima. The edge of a rather wide dike
model can be regarded as the edge of a step model with infinite
bottom. The question is how we can attribute an analytic signal
maximum to a dike or to a step model, especially when a dike is
not very narrow nor very wide (e.g.,2w = 3km or 2w = 4 km).
In this case, the attribution of a maximum becomes ambiguous
in the sense that two peaks appear in the higher order analytic
signal (e.g., n =2) but only one peak appears in the lower order
(e.g., n =0) because of different resolutions (Figure 7).

An appropriate algorithm

Being interested only in using the maxima to estimate the
parameters of magnetic sources, we must first attribute a
maximum to either a thin-dike structure or a step-like structure
(Figure 8). We assume the locations determined by the maxima
of A, to be the magnetic boundaries. The amplitudes of A; and
Ay at the locations defined by A, are subsequently adopted to
estimate the depth. If the location of a peak corresponds to
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FIG. 5. Example showing the interference between a step and a thin-dike model. The depth to the top surface of each model is
2 km, while the bottom is at infinity. The inclination, declination, and intensity of magnetization for each model are —5°, 30°, and
200 nT, respectively. There is only one maximum of the generalized analytic signal for the order n = 0, 1, 2 over the edge of the

step model or the center of the thin-dike model.
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FIG. 6. Plot of the ratio of gap distance { to depth d below the observation level versus the estimation error of geometric parameters
of magnetic sources shown in Figure 5. The estimation is performed using the proposed amplitude ratio method.
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FiG. 7. Example showing the generalized analytic signal of dikes with varying widths from 1 to 7 km for the order» = 0, 1, 2. The
parameters of magnetization are the same as in Figure 5. Note that a maximum could be located over the center of a thin dike or
over either edge of a thick dike with some mislocation. The estimation of magnetic parameters is shown in Table 1.
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INPUT MAGNETIC ANOMALY

COMPUTE A,, A,, A,,
¢, (=A,/A;) AND c, (=A,/A;)

IF2c,-3¢2>0
(eq. 10)

Yes No

COMPUTE DEPTH d
USING DIKE MODEL
(eq.21)

IF 2d/c, - d2 >0
(eq.22)

USING STEP MODEL USING DIKE MODEL
WITH INFINITE BOTTOM TO ESTIMATE
TO ESTIMATE DEPTH d DEPTH d AND WIDTH 2w
(av.of eqs. 7 & 8) (eq. 21) (eq. 22)
L ]
OUTPUT d (AND 2w)

FIG. 8. An algorithm showing the optimal determination of
magnetic depth from the amplitude ratio method.
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the center of a dike, two new positions of boundaries could be
given by adding or subtracting the estimated half-width of the
dike, respectively.

Although the vertical step model, with finite thickness, yields
a good depth estimation, it fails to yield a solution for a dike-
like structure when 2¢; ~ 3¢} <0 (e.g., 2w <4 km) (Figure 7
and Table 1). Furthermore, when dikes are not very wide, the
depth estimates are worse than the average depths estimated
from equations (7) and (8) (e.g., 5 km <2w <7 km). In con-
trast, the depth estimated from the dike model is not valid
when 2w >5 km and the estimation errors become large in
the ambiguous zone (2w =3 km and 2w =4 km). In general,
the optimal estimation for the magnetic parameters should be
the values shown in the shaded area in Table 1. The depth of a
dike is always underestimated if we interpret its analytic signal
maximum on the basis of a step model; on the other hand, the
depth of a contact is overestimated on the basis of a dike model
(Table 1).

MAGNETIC DATA OFF SHORE NORTHERN TATWAN

To demonstrate a practical application, we used mag-
netic data acquired offshore near northern Taiwan (Figures 9
and 10). The survey area is about 17 x 25 km?, and the interval
between profiles is about 1 km. The ship was navigated using
GPS location. The earth’s main field was removed from the
data using the IGRF 1995 model (JAGA, 1996), and the diur-
nal variation was removed on the basis of geomagnetic data
measured at a nearby observatory in Taiwan. A very strong
magnetic anomaly occurs in the southern corner of the survey
area (Figure 10) and correlates with the Pleistocene Chilung
volcanoes (Ho, 1988). The relatively low magnetic anomaly in
the southwestern portion of the survey area directly located at
the offshore of the Chinshan delta (labeled C.D. in Figure 10)
may suggest the northwest extension of the delta into the sea.

Northern Taiwan and its offshore area generally display
northeast-southwest and northwest-southeast structural pat-
terns. The northeast-southwest structures probably are linked
to the formation of the Okinawa trough (Sibuet and Hsu, 1997),
and the northwest-southeast structures (indicated by white ar-
rows in Figure 10) are probably associated with the collision
of the Luzon arc (e.g., Lu and Malavielle, 1994; Hsu et al.,
1996a). The two pronounced faults in northern Taiwan (i.e.,
the Chinshan and Kanchiao faults) trend northeast—-southwest
(Figure 10). These are thought to be thrust faults dipping south-
eastward which are currently in an extensional environment

Table 1. Optimal estimation (values in shaded areas) for the parameters existing in Figure 7.

Equation Value Value Value Value Value Value Value
Parameter used (km) (km) (km) (km) (km) (km) (km)
d — 2 2 2 2 2 2 2
dy 21 1.76 1.83 2.39 2.96 X X X
d 10 X X X X 2.46 2.26 2.19
d, 7&8 1.45 1.81 1.84 1.96 2.00 2.00 2.02
2w — 1 2 3 4 5 6 7
2w, 22 1.44 2.08 284+0.2 38+02 50+02 62402 T0%£02

X = invalid estimate
d = depth of each dike

d, = depth estimated from a dike model
d; = depth estimated from a vertical step model _ ) ‘
d, = depth estimated from a step model with infinite bottom surface [the average depth estimated from equations (9) and (10)]

2w = width of each dike

2w, = width estimated from a thin-dike model or the distance between two edges of two step models
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(e.g., Yeh et al., 1991; Chen et al., 1995; Hsu and Sibuet, 1995).
The continuation of these two features offshore is suggested
by bathymetric analysis (Liu et al., 1998).

The magnetic anomalies were gridded at a 0.5-km spac-
ing before computing the analytic signal of the order n =
0,1,2. To avoid large high-frequency errors, the magnetic
data were continued upward to 800 m above the sea’s sur-
face. The locations of the maxima of the second-order ana-
lytic signal, with indices greater than two, were determined
by the method of Blakely and Simpson (1986). At each lo-
cation, a step or dike structure and its corresponding depth
were determined by using the algorithm shown in Figure 8
(Figure 11d). In addition, directional analysis was done at each
maximum to show the strike of each structure. Generally, a
linear continuation of the maxima with the same structural
type suggests more credible solutions because the estimation
discrepancy from the assumption of infinite strike length is
not considered. Because of lack of borehole data, we could
compare our results only with the solutions from the Euler
deconvolution method (Thompson, 1982; Reid et al., 1990).

The locations calculated from the Euler deconvolution method
are more diffusive. However, the solutions with better conver-
gence are quite consistent with the maxima of the analytic sig-
nal (cf. Figure 11a and 11c). The depth estimations from both
methods are similar (cf. Figure 11c and 11d).

An example of where our method seems to be yielding re-
sults superior to the Euler deconvolution method can be seen
at location a in Figure 11d. The analytic signal ratio solu-
tions indicate a step structure, whereas the Euler deconvolu-
tion solutions are diffusive and unclear. This step-like structure
agrees with the existence of tilted faults confirmed by seismic
data (Huang et al., 1992). The structures near location b in-
dicate a dike trending northwest-southeast and a small dike
trending east-west. The linear structure near b corresponds to
a bathymetric ridge (Liu et al., 1998), which implies the oc-
currence of a linear intrusion. This intrusive dike seems to be
truncated by the offshore prolongation of the Chinshan fault
(cf. Figures 10 and 11). The depth estimation to the top of
the dike is somewhat deeper from the amplitude ratio method
than from the Euler deconvolution method. However, if we
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26N ; ’“»:"7'” — & ’ 26N
25'N g 25°N
24'N 24'N
23°N 23'N
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FI1G. 9. The study area, indicated bz.the red box, located at the western end of the Okinawa trough. The southwestern Ryukyu arc
i

and O

nawa trough have collided with the Luzon arc (Hsu et al., 1996b).
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had used only the step model to interpret the analytic signal
maxima in Figure 11a or 11b, we would have missed this intru-
sive structure. This demonstrates the major difference between
this upgraded method and the one in Hsu et al. (1996b). A small
islet (Chilunghsu), composed of Pleistocene quartizic andesite,
is located to the southeast of the structure b (Figure 10) and
displays strong analytic signal amplitudes (Figure 11b). Be-
tween Chilunghsu and structure b, a discrepancy in analytic
signal exists and corresponds to the seaward extension of the
Kanchiao fault (cf. Figures 9-11b). This interpretation can be
easier done with an image view of the analytic signal in Fig-
ures 11a and 11b than just with a cluster of plotted symbols
in Figure 11c by the Euler deconvolution method. As for the
structure near c, the proposed method suggests a step model
at a depth <0.5 km, which is in reasonable agreement with the
Euler deconvolution results.

CONCLUSION

Based only on the maxima of the generalized analytic signal,
an amplitude ratio method is developed to determine depth
to magnetic source. It is assumed that magnetic sources can
be characterized as dike-like and step-like structures. Using
the amplitude ratios, we can discriminate between a dike-like
or step-like structure. This capability is a significant improve-
ment over earlier applications of analytic signal techniques,

which used only the step model (Roest et al., 1992; Hsu et al.,
1996b; Thurston and Smith, 1997). This implementation im-
proves near-surface structural mapping of contacts and dikes.
The amplitude ratio method does not require tedious opera-
tions with several characteristic points nor determination of
the direction perpendicular to the strike of the structure.

This proposed method was applied to magnetic data ac-
quired offshore northern Taiwan and shows the onshore
Chinshan and Kanchiao faults extend seaward. A northwest—
southeast-trending dike-like feature at depths <0.5 km is in-
terpreted as a linear intrusion and seems to be associated with
the occurrence of the Pleistocene Chilunghsu volcano. This
dike-like feature and the Chilunghsu are probably cut by the
seaward prolongation of the Kanchiao fault, resulting in a rel-
atively low analytic signal in between.
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FIG. 10. Magnetic anomalies off northern Taiwan. The digital terrain model of northern Taiwan is plotted. C.F. = Chinshan fault,
K.F. = Kanchiao fault, C.D. = Chinshan delta.
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FiG. 11. (a; Amplitudes of the simple analytic signal (n = 0) of the magnetic anomalies shown in Figure 10 at 800 m above the sea

surface. (b

Amplitudes of the second-order analytic signal (n = 2) of the magnetic anomalies shown in Figure 9b at 800 m above

the sea surface. (c) The calculated depths by the Euler deconvolution method with the structural index N = 0.5, the window size of
7 x 7, and the acceptance level of 3% for the magnetic anomalies shown in Figure 10. (d) The depths to the top for either a step-like
or a dike-like structure, determined by using the amplitude ratio method.
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