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ABSTRACT

Methods for enhancing and estimating parameters of potential fields from gravimetric and magnetometric surveys
typically utilize the vertical derivatives (VDR) of the potential field. These derivatives amplify the high-frequency
content of the field, which can be caused by shallow bodies or survey noise. Regularization methods generate
approximations of derivatives that must reconcile two objectives: reducing the effect of high-frequency amplification
and providing an accurate approximation. Achieving this balance is crucial for methods that require vertical
derivatives of successive order, such as Taylor-series implementations of downward continuation and the enhanced
horizontal derivative (EHD) filter. This paper evaluates the performance of several vertical-derivative methods for
downward continuation and EHD filters using both noise-free and noisy synthetic data. In addition, gravity data over
the SW Sub-basin are considered, and the findings are compared with seismic data. Our results show that the f-VDR
method provides more accurate and stable derivatives under noisy conditions.

Keywords: Vertical derivative, potential field data, data enhancement, SW Sub-basin.

1. Introduction The VDR is often combined with other
spatial derivatives, or with higher-order
vertical derivatives in the design of both
qualitative and semiquantitative methods. One
of the ecarliest ones was downward
continuation (Peters, 1949; Dean, 1958).
Some of the classical approaches that are still
used in practice are the analytic signal
amplitude  (Nabighian, 1972),  Euler
deconvolution (Thompson, 1982; Reid et al.,
1990; Melo et al., 2020; Pham et al., 2024),
tilt angle (Miller and Singh, 1994), and some
edge detectors (Ai et al., 2024, 2025; Alvandi
*Corresponding author, Email: luanpt@hus.edu.vn et al., 2024, 2025) Currently, high-order

The utility of the vertical derivative (VDR)
for interpreting potential field data has long
been recognized in the literature (Evjen, 1936;
Peters, 1949; Henderson and Zietz, 1949). In
comparison with the original field, the VDR
shows more clearly the separation between
neighboring anomalies and  suppresses
regional effects (Evjen, 1936). Besides its
utility as a qualitative method, it can provide
depth estimates for sources with simple
geometry (e.g., Peters, 1949).
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derivatives are commonly used in mapping
geological structures (Altinoglu et al., 2024;
Narayan et al., 2016, 2021, 2024; Sahoo et al.,
2022a, b; Aprina et al., 2024; Pham et al.,
2025; Saada et al., 2025; Eldosouky et al.,
2025; Oksiim et al., 2025).

The instability of wvertical derivative
calculations has long been recognized. The
classical frequency-domain  calculation
(Bhattacharyya, 1965; Blakely, 1996) is
simple and accurate, but it amplifies high-
frequency content and is thus highly
susceptible  to  noise.  The  earliest
recommendations to mitigate this issue were
to increase the grid spacing (Henderson,
1960) and to perform low-pass filtering before
processing (Naidu, 1966; Clarke, 1969;
Reilly, 1969).

Later on, several alternatives to data
filtering have been proposed in the literature.
Nabighian (1984) computed the vertical
derivative from the Hilbert transform of the
horizontal derivatives (see also Roy, 2013;
Luo et al., 2025). Florio et al. (2006) proposed
the classical backward finite-difference (FD)
formula based on upward continuation for the
correct calculation of vertical derivatives of
non-harmonic fields. Still, this formula is
more stable due to the upward continuation
operator (Tatchum et al., 2011). Finite
difference formulas of higher order have been
derived to increase accuracy while retaining
stability (Tran and Nguyen, 2020; Oliveira
and Pham, 2022; Pham, 2025a, b). Fedi and
Florio (2001) proposed the integrated second
vertical derivative (ISVD) method, which
computes the vertical integral of the field and
then the second vertical derivative in the
spatial domain. Pasteka et al. (2009)
formulated the VDR calculation under the
Tikhonov regularization formalism. Some
variations of this formulation and strategies
for choosing the regularization parameter
have been proposed (Melo et al., 2023;
Oliveira et al.,, 2024; Karcol and Pasteka,
2025). The regularized vertical derivative
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methods are often considered in the context of
calculating vertical derivatives of successive
order, in particular for implementing the
enhanced horizontal derivative (Fedi and
Florio, 2001; Fedi and Florio, 2002), the
multiscale derivative analysis (Fedi, 2002;
Cella et al, 2009), and the downward
continuation (Zhang et al., 2013; Gang and
Lin, 2018; Tran and Nguyen, 2020; Pham
2025a).

In this work, we review the accuracy and
stability of some VDR methods, such as the
standard approach in the frequency domain
(Blakely, 1996), ISVD (Fedi and Florio,
2001), FD (Florio et al., 2006), T-N (Tran and
Nguyen, 2020), and B-VDR (Oliveira and
Pham, 2022; Pham, 2025a) methods. These
methods are tested on both noise-free and
noisy synthetic data, and are then applied to
the enhanced horizontal derivative (EHD) and
downward continuation. Finally, we apply the
best method to the gravity data over the SW
Sub-basin to enhance the data resolution and
structural boundaries in this study area.

2. Methods
2.1. Frequency domain method

The standard frequency domain calculation
is the most popular method for computing the
nth-order vertical derivative of magnetic and
gravity data. The expression of this method is
as follows (Blakely, 1996):

fr = Fk"FIf]], (1)
where F and F~! are the Fourier and inverse
Fourier transforms, and k is the wavenumber.

2.2. ISVD method

The ISVD method (Fedi and Florio, 2001)
is based on the Laplace equation to compute
vertical derivatives. By using this method, the
first derivative is given by the following
equation:

. of 0%*U U 0%U

fr= dz 0z2  9x% 0y? (2)
where U is the vertical integral that is
computed as:
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Il 3)

The second vertical derivative is computed
through the second horizontal derivatives,
0% f 0% f 9%*f
f” = 2 = - 2 2 (4)
dz d0x? dy
while higher order derivatives are obtained in
the same way, e.g.,
nro__ a3f —_—
7= 0z3

U= [iF[f]],

9%f'

92f'
0x2 '

dy?

)

2.3. FD method

Florio et al. (2006) used the FD method to
compute the first vertical derivative from the
observation and upward continuation fields:

This method can be generalized for the nth
order vertical derivative as follows:

n-1 n-1
fn — f B f Ah (7)
Ah
In our experiment, we have chosen Ah to
be one-tenth of the grid spacing, as suggested
by Florio et al. (2006).

2.4. Tran-Nguyen (T-N) method

Tran and Nguyen (2020) introduced a new
approach for calculating vertical derivatives
of the potential field using the observation
field and its upward continuation at equally
spaced heights fan, foan>---» fnan- This
approach is based on the Taylor series
expansion and determines vertical derivatives

F= f—1 An (6) by solving the following system of equations
Ah for f1, f2,..,and f™:
(—An)? (=Am)™

fan=f = BhfH == f2 e = T

foan =f — ZAhf1+ﬂf2+...+(_2—Ah)nfn

2Ah 21 n! (8)

(—nA.h)2 (—nAh)™

faon = f = MO 1+ o f2 ek S T

We followed the recommendation of Tran
and Nguyen (2020) for high-noise data,
setting Ah equal to twice the grid spacing.

2.5. p-VDR method
Oliveira and Pham (2022) proposed the

B-VDR approacil, which is based on a finite-

difference formula applied to upward-
continued fields to obtain a stable first-order
vertical derivative of the field. Their approach

is defined as:

P1fn, + D2fn, + P3fng + Pafn, + Psfne

= Ah )
where the coefficients py, ..., ps are:
( p, = (283 + 1582 + 358 + 25)/12,
p, = (—8B3 — 5482 — 104p — 48) /12,
ps = (1283 + 72B% + 114p + 36) /12, (10)

ps = (=83 — 42p* — 56 — 16)/12,
ps = (282 +9B%2 + 118 +3)/12,

and fp, denotes the anomaly at height
h; = BAh + (i — 1)Ah, where Ah is smaller
than the grid spacing, and f is a stabilizing
parameter. In this study, we used Ah = 1/10

of the grid spacing and f = 35 (Pham, 2025a).

The B-VDR approach can be generalized
for the nth order vertical derivative as the
following equation (Pham, 2025a):
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fn
2.6. Applications to edge detection and
downward continuation

Derivatives obtained from the methods are
compared by considering the enhanced
horizontal derivative (EHD) detector that
includes derivatives in its equation (Fedi and
Florio, 2001), i.e.,

2 2
EHD = \/(%) + (%) ,

where 1 is given by:

(12)

2

z z
ch=f+Zf'+§f”+"'+mfm-

The truncation order m controls the balance
between accuracy and stability in the
downward continuation. Larger values improve
the approximation but increase sensitivity to
noise due to contributions from higher-order
derivatives, whereas smaller values produce
smoother but less accurate results. In this work,
we used m = 8 to compute the downward
continuation as suggested by Tran and Nguyen
(2020). The EHD and downward continuation
filters are related in the sense that Eq. (14) can
be written in the same form as in Eq. (13) with

Zl

Wi = —.

" This motivates considering these

filters in the same study.
3. Model studies
3.1. Spherical model

To test the precision and stability of the
VDR methods, we used the spherical model
(Fig. 1a) with a density contrast of 0.5 g/cm’,
a radius of 20 km, and is located at (xg, yq, Zg)
= (50 km, 50 km, 30 km). The noise-free and
noisy gravity anomaly (Figs. 1b and lc)
obtained from the spherical body are shown in
Figs. 1b and Ic, respectively. To estimate the
stability of the VDR techniques, a small
amount of Gaussian noise with an amplitude
0f 0.05% of the maximum anomaly was added
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_ Difny Lt pafns tpafny Ctpafn tPsfhy
- Ah '

(11)

(13)

ll)ziwifi,

i=ip

and w; is a set of weights. Here, the EHD was
computed using unit weights with n = 3 and
either ig = 0 or i; = 1 depending on the data.
In fact, Fedi and Florio (2001) suggested
dropping the lowest-order term to improve the
results possibly.

Derivatives are also used for computing the
downward continuation at a depth z using the
Taylor series:

m
(14)
to the noise-free data (Fig. 1c). For
conciseness, we present in Figs. 2-4 the
profiles of the derivative maps along a
diagonal line, as shown in Fig. 1.

Figs. 2a, 2c, 2e, 2g, and 2i present the first
derivatives obtained from applying the
standard frequency, ISVD, FD, T-N, and
B-VDR methods to the noise-free gravity
anomaly in Fig. 1b, respectively. Comparing
the theoretical derivative (the dashed line) and
calculated derivatives (Figs. 2a, 2c, 2e, 2g,
and 2i) shows that all methods are effective in
computing the first vertical derivative of the
noise-free data. Figs. 2b, 2d, 2f, 2h, and 2j
depict the first vertical derivatives of the noisy
gravity anomaly in Fig. 1c obtained from the
standard frequency, ISVD, FD, T-N, and
B-VDR methods, respectively. One can see
that these derivatives closely match the
theoretical derivative (the dashed line).
However, the calculations using the standard
frequency (Fig. 2b) and FD (Fig. 2f) methods
have produced more noise than other
methods. The ISVD (Fig. 2d), T-N (Fig. 2h),
and B-VDR (Fig. 2j) methods reduce noise,
with the lowest noise level observed in the
B-VDR profile.
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Figure 1. (a) Spherical body, (b) Noise-free gravity anomaly, (c) Noisy gravity anomaly.
The black line shows the model's profile.
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Figure 2. First vertical derivatives of the noise-free data along the profile in Fig. 1: (a) Frequency domain
derivative, (¢) ISVD derivative, (¢) FD derivative, (g) T-N derivative, (i) B-VDR derivative; First vertical
derivatives of the noisy data along the profile in Fig. 1: (b) Frequency domain derivative,

(d) ISVD derivative, (f) FD derivative, (h) T-N derivative, (j) B-VDR derivative. The dashed lines show
the theoretical derivatives

Figs. 3a, 3c, 3e, 3g, and 3i illustrate the
second vertical derivatives of the noise-free
anomaly computed by using the standard
frequency, ISVD, FD, T-N, and (B-VDR
methods, respectively. The ISVD, FD, T-N,
and B-VDR results match very well with the
true derivative (the dashed line), while the

standard frequency method produces high-
frequency modes of small amplitude but
visible. Approximations of the second vertical
derivative of the noisy anomaly are presented
in Figs. 3b, 3d, 3f, 3h, and 3j. In this case, the
approximation from the [-VDR method
remains stable and closely matches the
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theoretical  derivative, = whereas  other
approximations are noisy, especially the
standard frequency and FD results.

The standard frequency, ISVD, FD, T-N,
and B-VDR methods were also used to
compute the third derivative of the noise-free
anomaly. The standard frequency, ISVD, FD,
T-N, and B-VDR derivatives are depicted in
Figs. 4a, 4c, 4e, 4g, and 41, respectively. As
can be seen in Figs. 4a and 4e: the standard
frequency and FD derivatives are noisy,
especially in the frequency domain. The
ISVD, T-N, and B-VDR methods yield better
solutions for the third derivative of the noise-
free anomaly, which closely match the
theoretical ~ derivative.  Third  vertical
derivative calculations of the noisy data using

the standard frequency, ISVD, FD, T-N, and
B-VDR methods are illustrated in Figs. 4b, 4d,
4f, 4h, and 4j, respectively. The noise level
from the standard frequency and FD methods
is the highest among all approaches. The
ISVD and T-N have lower amplitudes than
the standard frequency and FD results, but
their results are unstable. The B-VDR method
still has the lowest noise and shows a clear
anomaly in the central region.

Overall, the B-VDR method is more stable
and provides more accurate derivatives than
other methods. The root mean square (RMS)
errors of derivatives computed by the -VDR
method are smaller than those obtained from

other methods in all cases (Table 1).
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Figure 3. Second vertical derivatives of the noise-free data along the profile in Fig. 1: (a) Frequency
domain derivative, (c) ISVD derivative, (¢) FD derivative, (g) T-N derivative, (i) B-VDR derivative;
Second vertical derivatives of the noisy data along the profile in Fig. 1: (b) Frequency domain derivative,
(d) ISVD derivative, (f) FD derivative, (h) T-N derivative, (j) B-VDR derivative. The dashed lines show
the theoretical derivatives
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Figure 4. Third vertical derivatives of the noise-free data along the profile in Fig. 1: (a) Frequency
domain derivative, (c) ISVD derivative, (¢) FD derivative, (g) T-N derivative, (i) B-VDR derivative;
Third vertical derivatives of the noisy data along the profile in Fig. 1: (b) Frequency domain derivative,
(d) ISVD derivative, (f) FD derivative, (h) T-N derivative, (j) B-VDR derivative. The dashed lines show

the theoretical derivatives

Table 1. RMS errors of derivatives obtained from different methods for the spherical model

Frequency domain ISVD FD T-N B-VDR
[First-order derivative (mGal/km) 0.1761 0.0738 0.1554 0.1003 0.0591
Second-order derivative (mGal/km?) 0.4980 0.0677 0.3647 0.0835 0.0053
Third-order derivative (mGal/km®) 1.6296 0.0458 0.9951 0.0703 0.0025

3.2. Prismatic model

In this section, we used a prismatic model
(Fig. 5a) consisting of three sources, A, B, and
C, with their tops located at depths of 11 km,
13 km, and 15 km, respectively, to estimate
the effectiveness of using derivatives for edge
detection and downward continuation. The
prisms A, B, and C have dimensions of
40 x 40 x 3 km’, 50 x 50 x 7 km’, and
20 x 20 x 5 km’, with densities of 0.14 g/cm’,
0.1 g/em’, and 0.05 g/em’, respectively.
Fig. 5b depicts the gravity anomaly caused by
the prisms. In this example, we added

Gaussian noise with an amplitude of 0.05% of
the maximum anomaly to the noise-free data
(Fig. 5c¢).

Fig. 6 demonstrates the performance of
five approaches in computing the first,
second, and third vertical derivatives from
noisy gravity data. The standard frequency
method (Figs. 6a—6¢) produces recognizable
anomaly patterns in the first derivative but
suffers from strong noise amplification in the
higher order derivatives. The ISVD method
(Figs. 6d-6f) effectively suppresses noise
when computing the first derivative, although
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the noise is amplified in the second and third
derivatives. The FD results (Figs. 6g—6i)
retain the main anomaly shapes in the first
derivative, but still show noticeable noise
contamination at higher derivative orders. The
T-N method (Figs. 6j—61) improves stability
and yields cleaner derivative fields than the
standard and FD approaches, yet noise

remains elevated in higher-order derivatives.
In contrast, the B-VDR method (Figs. 6m—60)
presents the most stable and coherent result,
anomaly

preserving geometry  while
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significantly reducing noise amplification
across all derivative orders. The B-VDR
derivatives are very similar to the theoretical
first-, second-, and third-order derivatives
shown in Figs. 5d-5f. In this example, the
RMS errors of derivatives computed by the -
VDR method are also smaller than those
obtained from other methods (Table 2).
Overall, the comparison highlights the
superior robustness of the
B-VDR technique in calculating high-order
derivatives from noisy data.
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Figure 5. (a) Prismatic bodies, (b) Noise-free gravity anomaly, (c) Noisy gravity anomaly,
(d) Theoretical first derivative, (e) Theoretical second derivative, (f) Theoretical third derivative
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Figure 6. First, second, and third vertical derivatives of the noisy anomaly computed by the standard
frequency method (a-c), ISVD method (d-f), FD method (g-i), T-N method (j-1), and B-VDR method (m-o)

Table 2. RMS errors of derivatives obtained from different methods for the prismatic model

Frequency domain ISVD FD T-N B-VDR
First-order derivative (mGal/km) 0.0213 0.0109 0.0191 0.0136 0.0101
Second-order derivative (mGal/km?) 0.0571 0.0082 0.0418 0.0097 0.0007
Third-order derivative (mGal/km®) 0.1885 0.0057 0.1147 0.0081 0.0003

The EHD outputs for noisy data with i frequency, ISVD, FD, T-N, and B-VDR
ranging from 1 to 3 in Eq. (13), calculated methods, are shown in Figs. 7b-7f. The EHD
using derivatives obtained from the standard maps derived from frequency and FD
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derivatives do not show any edges of the
sources. The EHD outputs using ISVD and
FD derivatives can outline the edges of bodies
A and B, but they are faint. In addition, the
noise was significantly amplified in these
maps. The EHD amplitude obtained from

mGal/km?
0.04
0.03
0.02

0.01

mGal/km?
0.1

)

0.08
0.06
0.04
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B-VDR derivatives matches well with the
theoretical value in Fig. 7a. One can see that
the EHD of B-VDR derivatives can delineate
the edges of the prisms. As the EHD is an
amplitude-based filter, the edges of the
deepest source C are blurred.

mGal/km?

e i

d

() mGal/km?

0.04
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0.01

0 100
X (km)

200

Figure 7. (a) Theoretical EHD and EHD of noisy data calculated by using domain derivatives (b),
ISVD derivatives (c), FD derivatives (d), T-N derivatives (e), and f-VDR derivatives (f)

Derivatives from five approaches are also

used to compute the downward continuation
at depths of 5 and 10 km. Figure 8a shows the
theoretical downward continued field at 5 km,
while Figs. 8b-8f are 5 km downward-
continued fields obtained using frequency,
ISVD, FD, T-N, and B-VDR derivatives. One
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can see that the frequency and FD downward
continuation fields are very noisy and do not
show any signals from the sources. The ISVD
downward continuation can enhance the
bodies A and B, but it yields higher
amplitudes than those in the theoretical
downward continuation map. The T-N and
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B-VDR downward continuations are very
stable and in good agreement with the
theoretical field.

At a continuation depth of 10 km, the
theoretical anomaly (Fig. 9a) enhances
information of all prisms. However, when
using frequency, ISVD, and FD derivatives,
the noise is quickly amplified, masking the
effective information in the downward-
continued anomalies (Figs. 9b-9d). In this
case, the T-N and B-VDR downward

Gal
200 (@ =

150

100

Y (km)

50

200 = (c) z

Y (km)

Y (km)

0 50 100 150 200
X (km)

continuations (Figs. 9e and 9f) are more stable
than  other methods. These methods
effectively suppress noise and reconstruct a
field visually close to the theoretical anomaly,
preserving anomaly shapes with minimal
distortion. The T-N method yields lower noise
than the B-VDR downward continuation.
However, it is particularly noteworthy that the
chosen parameter B is a key parameter to
B-VDR, which will be discussed in the
following paragraph.

(b) mGal
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Figure 8. Downward continued field at depth of 5 km (a), 5 km downward continued field of the
noisy anomaly using Taylor series with frequency domain derivatives (b), ISVD derivatives (c),
FD derivatives (d), T-N derivatives (e), and B-VDR derivatives (f)

343



Saulo Pomponet Oliveira et al.

mGal mGal
200 ) 15
20
1
150
15 0.5
€
< 100 10 9
>
-0.5
50 5 -1
15
0
%108
mGal mGal
- (©) (@)
400
150 2
200
€
< 100 0 0
>
-200
50 e
-400
0 : -600
%108
mGal
200
20
150
15
£ 100 10
;’ 10
50 5
0 0
0 50 100 150 200 0 50 100 150 200
X (km) X (km)

Figure 9. Downward continued field at depth of 10 km (a), 10 km downward continued field of the noisy

anomaly using Taylor series with frequency domain derivatives (b), ISVD derivatives (c), FD derivatives
(d), T-N derivatives (e), and B-VDR derivatives (f)

Figs. 10a-10c present the EHD obtained
from B-VDR derivatives using p = 40, 50,
and 60, respectively. These figures show that
the results exhibit lower noise levels than
those in Fig. 7f. In addition, the results
appear more stable as B increases. Figs. 10d-
10f present the p-VDR downward
continuation fields using = 40, 50, and 60,
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respectively. Similar to the EHD results, the
B-VDR downward continuation fields are
less noisy when [ increases. The downward
continuation results with f = 50 and 60 show
a clear peak over body C, which is not found
in the downward continuation fields obtained
with  the T-N  method or the
B-VDR method with B = 35.
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Figure 10. EHD of noisy data by using the B-VDR method with § =40 (a), 50 (b),
and 60 (c); 10 km downward continued field of the noisy anomaly by using the f-VDR method with
=40 (d), 50 (e), and 60 (f)

4. Real application

Since the p-VDR outperforms other
methods overall, we used it to enhance the
gravity data of the SW Sub-basin in the East
Sea (Fig. 11a). This basin has a V-shaped
geometry related to the SW-ward propagation
of the spreading center during the opening of
the East Sea. Located in the southwest of the
East Sea, the SW Sub-basin is characterized
by a slow seafloor spreading rate with NE-SW
tectonic trends. Gravity data over smaller
regions of this basin were previously

interpreted and enhanced by Nguyen et al.
(2020), Tran and Nguyen (2020), Pham
(2025a), among others.

In this study, we used the gravity data from
the gravity model developed by Sandwell et
al. (2014). This model integrates newly
acquired radar altimetry measurements from
the CryoSat-2 and Jason-1 satellites, whose
advanced  altimeter = systems  provide
significantly higher accuracy than -earlier
missions. When combined with previously

available datasets, these observations enabled
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the construction of a global marine gravity
model with roughly twice the accuracy and a
2-4-fold improvement in  gravity-field
resolution compared with earlier products.
With an accuracy of up to 2 mGal and a grid
spacing of 1’ x 1’, Sandwell et al. (2014)
demonstrated that their gravity model is
highly effective in resolving features such as
oceanic spreading centers, fault systems, and

(a km

7° >
108° 110° 114° 116°

112°

seamount features that were not clearly
expressed in previous gravity models. To
obtain the Bouguer anomaly presented in Fig.
11b, the gravity effect of seawater was
replaced with the gravity effect of rock using
a density of 2.67 g/cm’, allowing the resulting
anomaly map (Fig. 11b) to reflect better
subsurface density variations associated with
geological structures.
b mGal
{300

l 250

200

150

100

1142 112°

113°

Figure 11. (a) Bathymetric map indicating the location of the SW Sub-basin (black box) and seismic
profile (red line), (b) Bouguer anomaly data

Figs. 12a-12c depict the first, second, and
third vertical derivatives of the Bouguer data of
the SW Sub-basin. The first vertical derivative
enhances shallow- and intermediate-depth
structures, revealing several elongated
anomalies that trend NE-SW primarily. The
higher-order derivative further sharpens these
features but also amplifies high-frequency
signals, making small-scale variations more
prominent. The derivatives in Figs. 12a-12c
were used to compute the EHD filter with i
ranging from 0 to 3 (Fig. 12d). The EHD
lineaments and their rose diagram were
determined and shown in Fig. 12d. The latter
indicates that the EHD filter clearly enhances
the NE-SW-trending structures in the basin.
Many other geologic boundaries are also
defined in the basin using the peaks in the EHD
map. Figs. 12e and 12f show downward
continuation transformations at depths of 2 and
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3 km using the p-VDR derivatives,
respectively. Both maps improve the resolution
of the Bouguer gravity map. Several anomalies
that appear merged in the Bouguer gravity map
are effectively separated through the downward
continuation (Figs. 12e and 12f). At a greater
downward continuation depth (Fig. 12f), small-
scale signals and structural patterns become
more distinct and are more clearly visible.

For comparison, we extract the EHD profile
and the 3 km downward continuation field
along the seismic profile shown in
Fig. 11a. Fig. 13a illustrates how downward
continuation enhances structural information
along the seismic profile. In Fig. 13a, the
Bouguer anomaly, extended to a depth of 3 km,
reveals  higher-amplitude,  better-defined
variations than the original surface anomaly,
indicating improved resolution. The EHD
peaks in Fig. 13b are related to basement
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undulations. When compared with the seismic
section in Fig. 13c, the major features labelled
A through G show a strong correspondence
between downward continuation anomalies and
the seismic basement geometry. Elevated

mGal/km

200

150

100

11° 112°

113°

basement structures (e.g., A, C, F, and G) align
with pronounced peaks in the downward
continuation field. At the same time, lower
relief zones (e.g., B, D, and E) coincide with
weak gravity responses.

(b) mGal/km?

200

150

100

11°

112°

Figure 12. Enhancements of the map in Fig. 11(b): (a) First vertical derivative, (b) Second vertical
derivative, (¢) Third vertical derivative, (d) EHD, (¢) Downward continuation of 2 km, (f) Downward
continuation of 3 km. The black lines in (d) show the lineaments extracted from the EHD map, with the
rose diagram shown in the inset.

5. Discussions

The

computing derivatives of potential fields is

standard frequency method for

based on the Fourier transformation.
However, this transformation can amplify the
influence of noise; as a result, the procedure
becomes susceptible to instability caused by
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data noise (Figs. 2b, 3b, and 4b). In the free-
noise case, the standard frequency method
also becomes ineffective for calculating high-
order derivatives (Figs. 3a and 4a). Since the
ISVD method combines the vertical
integration filter, known as a smoothing filter,
with the finite difference approach, it is more
stable than the standard frequency method
(Figs. 2d, 3d, and 4d). The FD method uses
upward continuation and original surface
fields; therefore, it has a lower noise level
than the standard frequency method (Figs. 2f,
3f, and 4f). However, this method is more
sensitive to noise than other approaches (Figs.
2f, 3f, and 4f). The T-N method combines
Taylor series and fields at different heights.
This formulation reduces noise more
effectively than the frequency-domain and FD
approaches (Figs. 2h, 3h, and 4h). Different
from the FD and T-N methods, the f-VDR
method uses only upward continuation fields.
This is why this method allows lower
degradation of the signal-to-noise ratio than
other approaches, especially when higher-
order derivatives are calculated (Figs. 2j, 3j,
4j, and 6m-60).

Since derivatives obtained from the
B-VDR method is more stable than those
computed by using other methods. The edge
detection result using B-VDR derivatives is
less sensitive to noise than the use of other
derivatives (Fig. 7). Although the edges of the
sources A and B are clearly enhanced by
using B-VDR derivatives, the edges of the
source C are faint (Fig. 7f). The reason is that
the EHD filter is an amplitude-based method
that cannot balance anomalies from shallow
and deep sources.

The 5 km downward continuation using
B-VDR derivatives are also more stable than
other approaches (Fig. 8). The downward
continuation result improves the horizontal
resolution of the data, making the anomalies
sharper (Fig. 8f). It is important to note that,
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for large-depth downward continuation (i.e.,
10 km), the T-N method provides a smoother
result than the [(-VDR  downward
continuation. However, by using larger values
of the B parameter (i.e., p = 50 or 60), B-VDR
derivatives are obtained from upward-
continuation datasets at higher observed
planes, thereby making derivative
computation more stable. For this reason, the
B-VDR downward continuations have a lower
noise level and closely match the true
downward continuation (Figs. 10e and 10f).
Similar to the downward continuation, the
EHD results also show the smoother edges as
B increases (Fig. 10a-10c).

The pB-VDR method produced stable
Bouguer derivatives for the SW Sub-basin
(Figs. 12a-12c). These derivatives were used
to further enhance the Bouguer data through
the EHD filter and downward continuation.
The EHD map clearly shows the boundaries
of the oceanic crust. The EHD map also
demonstrates a dominant NE-SW trend of the
SW Sub-basin. This trend shows a strong
correlation with the previously recognized
faults in the region (Gao et al., 2009). The
NE-SW edges
associated with the SW-ward propagation of

trending may  be
the spreading center during the opening of the
East Sea in the Oligocene-Miocene period.
Downward continuation maps highlight the
details of the gravity anomalies of the SW
Sub-basin (Figs. 12e and 12f). The stability of
the downward continuation calculation at a
depth of 3 km is also confirmed by seismic
data, where the gravity peaks are in good
agreement with the elevated basements.
(Fig. 13). The details in the downward
continuation maps can substantially improve
the resolution of subsequent interpretations in
the SW Sub-basin.
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Figure 13. (a) Bouguer anomalies along the profile AB (Fig. 11a) before and after 3 km
downward continuation, (b) EHD, (¢) Two-way traveltime (TWT) seismic data along the profile AB
(Nguyen et al., 2020, Pham, 2025a)

6. Conclusions

This study has evaluated several methods
for computing vertical derivatives of potential
field data and demonstrated their effects on
edge detection and downward continuation.
Classical approaches such as the standard
frequency and FD methods become
increasingly unstable when noise is present or
when high-order derivatives are required. The
ISVD and T-N methods improve the stability
but still amplify noise at higher derivative
orders. Among the tested techniques, the
The B-VDR method provides the most stable
and reliable results, though the B parameter
may need to be adjusted depending on the
dataset. Because it uses only upward-

continued fields, it effectively suppresses
high-frequency noise and maintains accuracy
for first-, second-, and third-order derivatives.
The method also produces the most coherent
edge-detection results and the most stable
downward-continuation fields, particularly
with larger f values. Application to gravity
data from the SW Sub-basin further confirms
the robustness of B-VDR derivatives. The
enhanced maps clearly delineate NE-SW-
trending structures and agree well with the
seismic basement geometry. The stability of
the B-VDR method, even at high derivative
orders, makes it especially valuable for
applications requiring enhanced resolution,
structural mapping, and downward
continuation.
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