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Abstract: The enhanced horizontal derivative (EHD) is an enhancement filter whose
maxima provide estimated locations of the sources’ boundaries. This filter is defined
as the total horizontal derivative (THDR) of a weighted sum of vertical derivatives of
increasing order. We consider some aspects of the practical implementation of the EHD
filter, especially its robustness. A slightly different version of EHD, which we refer to
as mEHD, is obtained when we switch the order of THDR and the weighted sum; that
is, when we consider the weighted sum of total horizontal derivatives of the successive
vertical derivatives. It turns out that mEHD can be more stable and provide a clearer
enhanced map than the original filter, as demonstrated with examples of synthetic data
and aeromagnetic data from Southern Brazil. Moreover, we address the choice of the
weighting coefficients of the vertical derivatives, emphasizing that the standard choice of
unitary weights may not be the most appropriate one.
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1. Introduction

The enhanced horizontal derivative (EHD) proposed by Fedi and Florio
(2001) is a derivative filter for potential field data that increases the resolu-
tion of the total horizontal derivative (THDR, Cordell and Grauch, 1985).
Rather than computing the THDR of the anomalous field, EHD considers
a transformed field that resembles the Taylor-series expansion of downward
continued data, but it has a simpler expression and gives more importance
to the high-order derivative terms. EHD has become a popular tool for
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delineating lateral boundaries and depth estimation (e.g., Debeglia et al.,
2005; Louro et al., 2014). Moreover, EHD serves as a tool for multiscale
analysis (Fedi, 2002; Cella and Fedi, 2015).

Despite its simple formulation, this method requires caution with some
aspects of its implementation to attain reliable results (Fedi and Florio,
2001). Similarly to THDR, magnetic data should be reduced to the pole
or transformed into a pseudogravity map so that the maxima of EHD are
more likely to be positioned over the sources’ edges. Moreover, high-order
vertical derivatives should not be computed with the standard approach in
the Fourier domain, otherwise noise will be significantly amplified. One can
use the integrated second vertical derivative (ISVD, Fedi and Florio, 2001)
or some other strategy to compute stable vertical derivatives (e.g., Richter
and Pasteka, 2003; Pasteka et al., 2009; Oliveira and Pham, 2022). Final-
ly, EHD was designed under the assumption of a unitary grid cell. For field
data with non-unitary grid spacing, the contribution of higher-order deriva-
tives may be compromised.

Our contribution focuses on the latter two implementation aspects. For
the development of the multiscale derivative analysis method, Fedi (2002)
considered a slightly different version of EHD, which we refer to as mEHD.
We observed from numerical experiments that mEHD is less sensitive to
noise than EHD, although the difference between them is negligible in some
cases. We also review the choices of the weighting factors of the transformed
anomaly that defines EHD. We illustrate through synthetic and field exam-
ples that these factors should depend on the grid spacing.

2. Theory

Let us first review the derivation of the enhanced horizontal derivative filter.
Its starting point is the Taylor-series expansion of downward-continued field
data:

f(xjvij zo + hC) = f(xjvyja ZU) + th(l)(xjvyja ZU)
ha he om
+§f(2)($j,yj,20)+'“+ﬁf( (5,95, 20), (1)
where f(®) (x,Yj,20) denotes the discrete i-th vertical derivative of the po-

tential data f at the observation plane z = zg and the j-th grid point
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(xj,y;j), while h. is the continuation height. This parameter is typically
chosen as being equal to or proportional to the grid spacing As (Fedi and
Florio, 2001; Tran and Nguyen, 2020). In the simpler case where h. = 1,

1
f(xj,y5,20+1) = f(ﬂﬂj,ijzo)+f(1)($j7yj,zo)+'"+mf(m)($jvyja20)-(2)

For conciseness, we omit the dependence of f on z from here on. Fedsi
and Florio (2001) proposed the general transformed field:

&(x,y;) = wof (x,y;) +wifY (xj,y5) + -+ + wa f™ (25, 9;), (3)

and then defined EHD = THDR(¢), where THDR(+) denotes the total hor-
izontal derivative, i.e, the magnitude of the horizontal gradient:

2

THDR(g) = ¢ (Y 4 () = 1wal, wio= (2.2, ()

Arguing that the factorial weights in equation (1) reduce the importance
of the hlgher order terms, Fedi and Florio (2001) suggested the simple choice
wyg = ... = W, = 1, which is the most widely used in the literature.
However, this choice may not be appropriate if h. > 1 as the coefficients
of the higher-order terms would be severely reduced. Likewise, these terms
would be overemphasized if h. < 1, which may cause numerical instability.
Thus, a more suitable choice would be w; = h. Fedi (2002) proposed the
more general choice w; = k' for some constant k chosen by the user. In this
sense, the EHD with unitary weights and with Fedi’s choice can be seen as
an approximate downward continuation with heights h. = 1 and h. = k,
respectively. To guarantee that all terms in equation (3) have the same
units, we can choose the constant k£ to be proportional to the grid spacing
As. In this case, ¢ has the same unit as the anomalous field.

We assume w; > 0 (0 < ¢ < m) from here on. Rather than defining
EHD = THDR(wof + w fD + .+ wmf(m)), one may also consider a
modified form which is also mentioned by Fedi (2002):

mEHD = woTHDR(f) 4+ wi THDR(fM) + ... + w,, THDR(f™). (5)

We remark that EHD and mEHD are not equivalent in general. Indeed,
by successively using the triangle inequality ||Z + ¢ < ||Z]| + ||¥]|, we find:

321



Oliveira S. P. et al.: On the practical implementation of the enhanced. .. (319-331)

m m
S oa| <> |- (6)
1=0 =0

Choosing #; = w; Vi f® (0 <4 < m) in equation (6) yields:
EHD < mEHD. (7)

3. Examples

In the following, the relationship between EHD and mEHD is further ex-
plored in the enhancement of synthetic and real magnetic data. For con-
ciseness, we employ m = 6 in most examples. The weights are w; = As’,
unless stated otherwise.

3.1. Vertical step

Let us begin with the theoretical example of a 2D step model with depth
to the top h, where we can clearly see the differences between mEHD and
EHD, considering the simple case of unitary weights.

Following Nabighian (1972), the horizontal and vertical derivatives of the
magnetic anomaly f = f(z,z), when the effective dip angle ¢ is zero, are:
of h—z of x g
or a2+ (h—2)2" 09z a2+ (h—2)? ®)
where A is an amplitude factor that does not depend on x or z. From these
expressions we can find explicit formulas for EHD and mEHD of order m = 1
evaluated at z = 0:

_Jgor LN R h? + e

HD = \/(% * 8z8x) =14 (22 + h2)2 ) 9)
_ {21y 2f N\ | |h2 =2+ h|h? 4 a?

mBHD = \/<%) + \/<828x> =14 (z2 + h2)2 . (10)

Note that EHD = mEHD if || < h. Otherwise, h? — 2?> < 0, and
thus EHD < mEHD. In general, as shown in Fig. 1, EHD and mEHD are
identical in the neighborhood of the step discontinuity.

3.2. Two prismatic sources

In analogy with the example from Fedi (2002), we consider a model of two
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Fig. 1. EHD and mEHD of a vertical step with depth h = 1 km, normalized by the
absolute value of the amplitude, |A|. From top to bottom: m =1, m = 2, and m = 3.

interfering prismatic sources with square cross-section, whose parameters
are presented in Table 1. Figure 2a shows the total field anomaly generated
according to Rao and Babu (1991), with declination D = 0°, inclination
I =90° and As =1 km. We also added Gaussian random noise with stan-
dard deviation corresponding to 1% of the maximum absolute value of the

anomaly (Fig. 2d).

Table 1. Parameters of the magnetic model of two prismatic sources.

Parameter P1 P2
Easting coordinates of center (km) 120 90
Northing coordinates of center (km) 120 90
Width (km) 50 60
Length (km) 50 60
Depth of top (km) 7 9
Depth of bottom (km) 9 13
Magnetization (A/m) 1.5 2

Let us compare mEHD with EHD, considering the approximation order
m = 6. Figures 2b and 2c show the EHD and mEHD maps of the noise-free
data, which are very similar. Figures 2e and 2f correspond to the same maps
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Fig. 2. Total field anomaly (a) of the model described by Table 1; EHD (b) and mEHD
(c) of the data in (a); (d) data in (a) corrupted with Gaussian random noise with standard

deviation corresponding to 1% of the maximum absolute value of the anomaly; EHD (e)
and mEHD (f) of the data in (d).

for the noise-corrupted data. Although both maps are severely affected by
noise, mEHD delineates the sources’ edges in a more continuous manner,
and the smaller prism is more visible than in the EHD map.

Vertical profiles were extracted from the EHD and mEHD maps and
are shown in Fig. 3. In the noise-free case (Fig. 3a), the differences be-
tween these maps are more clearly visible in the profile. In the noisy case
(Fig. 3b), we can note that mEHD provides better approximations over the
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Fig. 3. Profiles of the EHD and mEHD maps from Fig. 2 at £ = 100 km: (a) noise-free
data; (b) noise-corrupted data.
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true anomalies, while it nearly coincides with EHD away from them. On
both profiles, mEHD can be described as an envelope of EHD.

Figure 4 illustrates the relevance of choosing the weighting factors w;
according to the grid spacing As. We consider the synthetic data scaled
by a factor of two. Note that the profile of EHD obtained using w; = As’
(As = 2 km due to the scaling) is consistent with the profile in Fig. 3a,
unlike the default choice w; = 1.

15 WI=ASi A

Al
) T

5

EHD (nT/km)

0 100 200 300 400
Northing (km)

Fig. 4. Vertical profile of EHD at = 200 km, considering the data from the model of
prismatic sources scaled by a factor of two.

3.3. Aeromagnetic data from Vargeao Dome, Brazil

The Vargeao Dome, located on the Parand Basin, is composed by volcanic
and acid rocks from the Serra Geral Formation and brecciated rocks, prob-
ably originated from an impact event (Kazzuo-Vieira et al., 2009). The
structures are composed of radial fractures and regional lineaments (faults)
with orientations EW and ENE north of the dome and NE-SW south of
the dome (Fig. 5).

Figure 6a shows the total-field anomaly acquired in 1980 by Petrdleo
Brasileiro S.A. (CPRM, 1995, Project Code 4023) with flight lines in the N—
S direction, 2 km apart, and mean terrain clearance h = 0.5 km. The data
was interpolated by the bidirectional method with grid spacing As = 0.5 km
and reduced to the pole for an inclination I = —26.5° and a declination
D = —12°. Although the THDR map (Fig. 6b) can detect the regional lin-
eaments, the anomalies related to the radial structures may be confounded
to be part of the lineaments. On the other hand, the EHD and mEHD
maps with m = 6 (Figs. 6¢c—6d) emphasize the radial structures and the
interference between radial and linear fractures. As in the synthetic exam-
ples, the vertical profiles highlight that mEHD behaves as an envelope of
EHD (Fig. 7).
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Fig. 5. Simplified geological map of the Vargedo Dome study area. Adapted from Kazzuo-
Vieira et al. (2009).
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Fig. 6. (a) Reduced-to-the-pole total-field anomaly from the Vargedo Dome study area;
(b) THDR of the data in (a); (¢) EHD of the data in (a) with m = 6; (d) mEHD of the
data in (a) with m = 6.
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Fig. 7. Vertical profiles of the EHD and mEHD maps from Fig. 6 at = 385.5 km.

3.4. Aeromagnetic data from eastern Parana state, Brazil

Our second study area, outlined in Fig. 8, corresponds to the Meso to
Neoproterozoic basement of eastern Parand state. This area encompasses
rocks from the Acungui Supergroup, Itaiacoca Group, Trés Cérregos and
Cunhaporanga Granitic Suites, Castro Group, Parana Basin, and alluvial
deposits. The magnetic field in this area is strongly influenced by mafic
dikes of Lower Cretaceous age, typically with a preferential N40-60W ori-
entation. These dikes consist mainly of diabases, or in smaller proportions,
diorites and quartz monzodiorites (Guimaraes et al., 2001).
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Fig. 8. Simplified geological map of the eastern Parana study area.
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We employ aeromagnetic data acquired by the Geological Survey of
Brazil (CPRM, 2011) with flight lines in the N-S direction, 0.5 km apart,
and mean terrain clearance h = 0.1 km. The data was interpolated by the
bidirectional method with grid spacing As = 0.1 km and reduced to the
pole considering I = —37.61° and D = —19.98° (Fig. 9a). The THDR map
is shown in Fig. 9b, while the EHD and mEHD maps of order m = 6 are
shown in Figs. 9¢ and 9d. As shown in these maps and in a vertical profile
(Fig. 10a), there are no significant differences between mEHD and EHD in
this example. In general, either of these approaches can be chosen by the
user for high-frequency data. In this example, the enhanced derivative maps
did not significantly improve the resolution with respect to the THDR map,
but rather amplified the noise.

nT

1518 7290
295 5
165 7280
g 22§
= = 7270
o 16 o)) N
£ 50 £
£ £ 7260
o -111 o
=2 =2
-182 7250
-265
3 N -1618 7240 :
600 620 640 600 620 640

Easting (km) Easting (km)
(a)

7290 7290
7280 7280
£ £
= 7270 = 7270
()] ()]
£ £
£ 7260 £ 7260
] ]
=4 =4
7250 7250
7240 s 7240 .
600 620 640 600 620 640
Easting (km) Easting (km)

(c) (d)

Fig. 9. Total-field anomaly (a), THDR (b), EHD (c), and mEHD (d) of the aeromagnetic
data from eastern Parand study area.
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On the other hand, the values of the weights w; are crucial to the stabil-
ity of the enhanced maps. The default choice of unitary weights (Fig. 10b)
is unstable, as it is related to the downward continuation of 1 km, which is
ten times larger than the mean terrain clearance.
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Fig. 10. Vertical profiles of the EHD and mEHD maps for the data in Fig. 9a at z = 610 km
using w; = As* (a) and w; =1 (b).

4. Conclusions

We have outlined the potential advantages of using a modified implementa-
tion of the EHD filter, mEHD, and properly choosing its weighting factors
wo, - - ., Wm. These actions may lead to more effective results with the en-
hanced horizontal derivative filter, improving numerical stability and the
continuity of the enhanced anomalies. From the mathematical point of
view, mEHD constitutes an upper bound (and also an envelope, as shown
in the examples) of EHD. Qualitatively, the mEHD maps seem to show
fewer high-frequency anomalies than EHD, especially in the noisy synthetic
example and in the Vargedo dome study area, which can be useful for in-
terpretation. On the other hand, the differences between EHD and mEHD
may be negligible in some cases, as illustrated in the eastern Parané study
area. In those cases, a lower-order enhanced method may be preferable.
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