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Abstract

A new algorithm has been established to interpret magnetic anomaly data due to inclined dike-like structure. This algorithm
uses first horizontal derivative anomalies attained from magnetic anomaly data utilizing filters of sequential window lengths.
The final estimated parameters are the half-width, the depth, angle of magnetization and amplitude factor of an inclined
dike-like geological structure. A minimum variance criterion is used for selecting the most suitable variables. This algorithm
has been realized to theoretical data without and with random noise. The effects of interference due to near structures have
additionally been studied. The method was then applied to two field examples from Turkey and Peru, which demonstrate
its effectiveness and accurateness. Thus, it is a respectable correspondence among the model parameters retrieved from
this approach, drilling information, and the outcomes published in the literature. For example, in Turkey, we applied the
technique to gauge the source variables and also the results were precise to w=64.74 m and #=87.65 m (2% and 3% errors,

respectively) based on information from Aydin and Gelisli (Jeofizik 10:41-49, 1996).
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Introduction

In magnetic elucidation problems, the anomalies owing to
an inclined dike model have a wide use, e.g., oil, mineral,
groundwater exploration and others (Smith et al. 2005;
Abdelrahman et al. 2007a; Abdelrahman et al. 2012; Abo-
Ezz and Essa 2016; Baiyegunhi and Gwavava 2017; Essa
et al. 2018; Gadirov et al. 2018). However, in practice, an
inclined dike configuration is often approximated by a verti-
cal dike. This simple model may not be geologically accu-
rate, but it is often times utilized in the geophysical interpre-
tation to get the depth, width, and the thickness of a class of
dike structures (Mehanee 2015; Mehanee and Essa 2015).
Normal and rapid elucidation of such easy geometric mod-
els is administrated by hand through graphical approaches
involving characteristic curves (Bean 1966; Koulomzine
et al. 1970; Rao et al. 1972). However, the precision of the
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estimated outcomes by these methods depends on the accu-
racy of the residual field separated from an observed field.

In addition, several numerical-approaches are adjusted
to understand the magnetic anomaly caused by an inclined
dike-like structure, such as curve matching techniques,
which depend on trial and error of fitting the measured and
calculated profile (Dondurur and Pamukg¢u 2003). Wer-
ner (1953) designed the deconvolution method (Werner
deconvolution) to investigate inclined magnetized dikes
by separating the anomaly owing to a selected dike from
the interference of neighboring dikes. In spectral analysis
approaches (Cassano and Rocca 1974; Sengupta and Das
1975; Bhimasankaram et al. 1978), the source depth is eval-
uated from the power band of their magnetic anomalies; the
drawbacks of this method are that the precision of the out-
comes is affected by the precision of the drawn interpolating
line and it is difficult to apply this method when there are
more than one body positioned at various depths (Cassano
and Rocca 1974).

Rao et al. (1981) utilized a fancy gradient technique
that depends on a few distinctive points (designated on the
amplitude/phase plots) from which the variables of the dike
are determined. Keating and Pilkington (1990) devised an
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automatic numerical routine to infer the vertical magnetic
gradient profiles of an inclined dike. Abdelrahman et al.
(2007b) suggested a semiautomatic least squares approach
that convolves the inclined dike model with a moving average
filter. However, the challenge facing this approach in estimat-
ing the model parameters is choosing the correct origin loca-
tion of the dike from the measured magnetic data. Cooper
(2012) discussed a new semiautomatic method to interpret
the magnetic anomalies of dike by determining the fraction of
the derivatives of the whole magnetic field. The disadvantage
of this method is that it is applicable to thin dikes with dif-
ferent dips. Another method relies upon the amplitude of the
analytic signal, which was devised by Cooper (2015) for the
magnetic anomaly from a thin sheet to calculate the depth to
the upper surface, amount of dip, and product of susceptibil-
ity and thickness of the dike. Al-Garni (2015) used a neural
network method to estimate several parameters of dipping
dikes. Essa and Elhussein (2017) discussed a semiautomatic
method that depends on the second horizontal derivative of
the measured magnetic anomaly for delineating dipping dikes
sources. The shortcoming of the usage of higher order of
derivatives is that sensitivity to noise is emphasized.

In this paper, we establish a new algorithm for calculat-
ing the response of an inclined dike model using the first
derivative. The suggested method relies on evaluating the
horizontal derivative anomalies from measured magnetic
data utilizing several filters of successive window lengths
(graticule spacings). The advantages of using this methodol-
ogy are adjusted to estimate the depth and half-width of the
covered inclined dike structures and also it is less sensitive
to noise. The technique relies on calculating the variance
(Var) of depths for every half-width. The tiniest variance
is employed as a principle condition for deciding the most
effective depth and half-width of the buried structure and
does not need any graphical utilities. The accuracy of this
methodology is demonstrated at synthetic examples, using
simulated data generated from a model with random errors
and a statistical distribution. The suggested method is then
applied to real field examples from Turkey and Peru. There
is an acceptable agreement between the results gained by our
approach and those attained from different methods. Thus,
the depths estimated from this approach are consistent with
those attained from drilling information and published ones.

H, (xj, how,0, s)

Horizontal distance

Horizontal
Projection of J

Fig.1 A sketch diagram of inclined dike source

The method

Hood (1964), McGrath and Hood (1970) and Essa and
Elhussein (2017) present an equation for the magnetic anom-
aly response of an inclined dike (Fig. 1) as follows:

H(xj,h, W,H)
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where A (m) is the depth to the upper surface of an inclined
dike, w (m) is the half-width of the inclined dike, 8 (°) is the
angle of magnetization, x; (m) are the horizontal coordinates
of the observation pointé, and A, (nT) is the amplitude fac-
tor related to magnetization.
Using the following three points (x;—s, x;, x;+s) on the
anomaly profile, the first horizontal derivative (H,) of the
magnetic anomaly is given by subsequent expression:

H(xj+s) —H(xj—s)

2
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H, (xj, h,w,0, s) =

where s=1, 2, ...M spacing units which are called window
lengths.

Substituting Eq. (1) in Eq. (2), the FHD (first horizontal
derivative) of the magnetic anomaly is:
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From the above equation and by rearrangement, we can
gauge the depth (h;), the half-width (w), the index angle (6)
and the amplitude factor (A,) (“Appendix”) as follows:

3s+w
tan (’-’) @)

q

hf=

where the factors P and ¢ are defined in “Appendix”.
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The RMS (root-mean-square error) is estimated at various
w values from the following equation:

s \/z,ll 16:) - He ()]’ )

s

where H (x;) is the measured field and H, (x;) is the computed
field. This is considered the misfit between the observed
and calculated anomalies. The procedures and flowchart of
applying our technique are summarized in Fig. 2.

The limitation of our method is based on: (a) the number
of data points (larger than 21 points), (b) the convergence
and stability of the minimizer, (c) a priori information acces-
sible from different techniques that can be obtained as under-

lying model data.

Uncertainty analysis

We examined the uncertainties in estimating the model
parameters (h, w, 6, A) of an inclined dike source by our
method. For this purpose, each noise-free and noise-
corrupted magnetic anomaly has been scrutinized and
the impact of interference from neighboring bodies is
considered.

Analysis of synthetic example
The total magnetic anomaly (AH) for an inclined dike with

the parameters: A,=1500 nT, §=40°, h=9 m, w=4 m, and
profile length=100 m, is

@
Equation (2) is utilized to evaluate the horizontal deriva-

tive anomalies from the magnetic anomaly (AH) utilizing
diverse s values (s=5, 6, 7, 8 and 9 m). We estimated &

A 4

Determine the origin of the anomaly profile (x; =
0) using available information from geological or
geophysical data.

A\ 4

Digitize the anomaly profile at several points as
(more than 21) including the central point (xj = 0).

)

Apply the FHD technique to the digitized values,
the FHD values at the point x; are computed from
the observed magnetic data using equation (2)

y

Apply equation (13) to find h values for given
values of w parameter at different s-values.

y

Take the average value of h, 6 and A calculated at
each w for different s then calculate the variance
for h’s which can be considered as a best criterion
for select the true solutions.

Fig.2 Generalized scheme for parameters estimation by using our
method
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Table 1 Numerical results for a synthetic example with and without 10% random noise (h=9 m, §=40°, A=1500 nT, w=4 m, and profile
length=100 m)

w (m) Parameters s (m) Average Variance RMS error (nT)

5 6 7 8 9

Without random noise

2 h (m) 10.08 9.95 9.86 9.79 9.73 9.88 0.019 16.780
6(°) 40.03 39.82 39.63 39.50 39.41 39.68 0.062
A, (nT) 3308.05 3243.50 3199.82 3167.38 3141.66 3212.08 4326.168

2.5 h (m) 9.89 9.78 9.71 9.65 9.60 9.73 0.013 13.769
6(°) 40.03 39.85 39.69 39.59 39.52 39.73 0.043
A, (nT) 2602.81 2559.89 2531.01 2509.59 2492.63 2539.19 1896.490

3 h (m) 9.65 9.57 9.52 947 9.43 9.53 0.007 10.066
(%) 40.02 39.89 39.77 39.69 39.64 39.80 0.023
A, (nT) 2123.22 2096.83 2079.18 2066.14 2055.82 2084.24 709.624

35 h (m) 9.36 9.31 9.28 9.26 9.23 9.29 0.002 5.499
(%) 40.01 39.94 39.87 39.83 39.80 39.89 0.007
A, (nT) 1771.97 1759.43 1751.10 1744.98 1740.15 1753.52 158.209

4 h (m) 9.00 9.00 9.00 9.00 9.00 9.00 0.000 0.000
() 40.00 40.00 40.00 40.00 40.00 40.00 0.000
A, (nT) 1500.00 1500.00 1500.00 1500.00 1500.00 1500.00 0.000

4.5 h (m) 8.57 8.63 8.67 8.70 8.73 8.66 0.004 6.622
() 39.99 40.08 40.16 40.21 40.24 40.14 0.011
A, (nT) 1279.78 1291.91 1299.78 1305.50 1310.01 1297.40 142.710

5 h (m) 8.05 8.19 8.28 8.35 8.41 8.26 0.020 14.579
0(°) 39.97 40.19 40.36 40.47 40.53 40.30 0.053
A, (T) 1094.24 1118.92 1134.64 1146.00 1154.88 1129.74 574.383

With 10% random noise

2 h (m) 10.25 10.38 10.30 9.53 9.55 10.00 0.180 22.382
6(°) 40.17 39.89 37.51 41.59 39.47 39.73 2.169
A, (nT) 3374.51 3408.67 3369.71 3015.63 3050.18 3243.74 37,417.392

2.5 h (m) 10.07 10.21 10.15 9.38 9.42 9.85 0.168 20.016
0 (°) 40.16 3991 37.57 41.48 39.58 39.74 2.001
A, (0T) 2655.82 2691.61 2666.48 2388.97 2419.82 2564.54 21,659.687

3 h (m) 9.83 10.00 9.96 9.20 9.25 9.65 0.152 17.345
0 (°) 40.15 39.93 37.43 41.40 39.71 39.73 2.071
AA, (T) 2167.26 2206.18 2191.64 1966.41 1995.52 2105.40 13,202.675

3.5 h (m) 9.54 9.75 9.73 8.99 9.05 9.41 0.135 14.510
6(°) 40.14 39.97 37.72 41.75 39.88 39.89 2.057
A, (nT) 1809.56 1852.75 1847.06 1660.31 1688.84 1771.70 8238.740

4 h (m) 9.19 9.34 9.45 8.73 8.81 9.11 0.103 12.587
6(°) 40.12 40.01 37.83 41.73 40.09 39.95 1.931
A, (nT) 1532.81 1581.31 1583.55 1426.73 1455.50 1515.98 5184.879

4.5 h (m) 8.77 9.08 9.13 8.42 8.24 8.73 0.155 13.154
6(°) 40.10 40.07 37.96 41.95 40.34 40.08 2.018
A, (nT) 1328.88 1393.89 1373.68 1218.22 1230.85 1309.10 6533.090

5 h (m) 8.35 8.66 8.75 8.02 8.11 8.38 0.105 14.301
6(°) 40.07 40.14 38.13 42.24 40.65 40.24 2.161
A, (nT) 1150.44 1183.52 1284.84 1089.00 1120.05 1165.57 5677.898

Bold represents the best-fit parmeters estimated
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values at various w for each s value and afterward calcu- 1100

lated the average depth and variance (Table 1) by using our 1000 —| O Composite anomaly

. . . ——&—— Noisy anomaly
inversion approach. Table 1 demonstrates the outcomes 900 — o

for noise-free data. The estimated parameters from the
planned method are in fair agreement with the model of the
2D inclined dike (=9 m and w=4 m). In the end, we can
observe that the minimum variance (Var=0) occurs at the
true depth (h=9 m) and true half-width (w=4 m).

Subsequently, the real data are polluted with random
noise; we imposed 10% random noise on the composite
anomaly to see the impact of this noise on our algorithm.
The FHD anomalies were computed using the same s values
mentioned above.

Table 1 also shows the computational results for the
noisy magnetic data. The average depth is 9.11 m, which is
an error of 1.22% from the true 4 value and the estimated
half-width is w=4 m. The obtained solution for the differ-
ent parameters corresponds to a minimum variance with an
RMS which equal to 12.587 nT. This demonstrates that our
method is valuable when applied to noisy magnetic data.

Analysis of the interference effect

The magnetic anomalies may be distorted due to nearby
structures; a synthetic model composed of a 2D inclined
dike (with #=9 m, 8=40°, A.=1500 nT and w=4 m) and
a vertical thin dike (with h=4 m, a=45°, K=2500 nT and
x,=40 m) was computed using a profile length of 120 m.
The analysis by our method was applied to this synthetic
data to evaluate and study the response of this neighboring
structure on assessing the body parameters (2, w, @ and A )
by using our new approach.

Figure 3 shows the composite magnetic anomaly due to
the two structures with and without 10% random noise. The
FHD technique was utilized to the magnetic anomaly with-
out random noise using four graticule spacings (s=3, 6, 7
and 8 m).

The values of & at several w for each s value were
appraised by our method, and then the average and Var val-
ues of the different factors were calculated at various w for
each s value (Table 2). From Table 2, the average depth of
8.33 m, w of 4.5 m, 6 of 40.04° and A, of 1208.03 nT cor-
respond to the minimum RMS (RMS =136.337 nT). The
percentage error in depth is 7.44%, in half-width is 12.5%,
in magnetization angle is 0.1% and in amplitude factor is
19.46%.

The FHD technique was repeated with 10% random noise
for the same previous spacings (s=35, 6, 7 and 8§ m). From
Table 2, the average depth A, is 8.19 m, w is 4.5 m, 6, is

800 —

Magnetic anomaly (nT)
-
8
|

Frrrr T T
40 -30 20 -10 0 10 20 30 40 S0 60
Horizontal distance (m)

-300 .

|
60 -50

(xj =0m)
T

Depth (m)
5

o8]

Fig.3 A composite magnetic field anomaly of a buried inclined dike
with h=9 m, §=40°, A,.=1500 nT and w=4 m, and a vertical thin
dike with h=4 m, a=45°, K=2500 nT and x,=40 m, and profile
length=120 m with and without 10% random noise and a sketch dia-
gram of the 2 sources

40.99° and A, is 1176.46 nT; the corresponding minimum
(RMS =134.398 nT). The error of computed depth is 9%
from the true depth (9 m), half-width is 12.5% from the true
value (4 m), magnetization angle is 2.475% from the true
value (40°); finally, the amplitude factor is 21.57% from the
actual value (1500 nT).

Analysis of the effect of choosing origin

The selection of an incorrect origin of the magnetic profile
from real data leads to errors in determining the inclined
dike structure parameters. To determine the implication of
choosing an incorrect origin, we used a synthetic model
of A,=1500 nT, 6=50°, h=9 m, w=4 m, and profile
length =100 m) with an error (1.5 m) in the source location
(see Eq. 9) as follows:
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Table 2 Numerical results for

X w (m) Parameters s (m) Average Variance RMS error (nT)
a synthetic example composed
of a 2D inclined dike (with 5 6 7 8
h=9m, §=40°, A= 1500 nT
and w=4 m), and a vertical Without random noise
dike (with h=4 m, a=45°, 2 h (m) 9.93 9.72 9.50 9.22 9.59 0.092 137.853
K L e Yo—do m) With 6() 4000 3973 3946 3915 3959  0.131
¢ random noise A, (nT) 3176.17 3073.87 297791 2872.04 3025.00 16,951.172
2.5  h(m) 9.74 9.55 9.34 9.08 9.43 0.081 138.152
() 39.99 39.77 39.54 39.26 39.64 0.099
A, (nT) 2498.44 242531 235459 2274.55 2388.22 9192.195
3 h (m) 9.50 9.33 9.15 8.89 9.22 0.068 138.609
() 39.99 39.82 39.63 39.39 39.71 0.065
A, (nT) 2037.46 1985.84 1933.35 1871.55 1957.05 5055.692
3.5 h(m) 9.20 9.07 8.91 8.67 8.96 0.052 139.323
() 39.98 39.88 39.75 39.56 39.79 0.033
A, (nT) 1699.71 1665.47 1627.29 1579.48 1642.99 2667.185
4 h (m) 8.84 8.76 8.62 8.41 8.66 0.036 140.333
() 39.98 39.95 39.90 39.78 39.90 0.008
A, (nT) 1438.07 141898 1392.86 1356.50 1401.60 1247.512
45 h(m) 8.41 8.37 8.29 8.23 8.33 0.006 136.337
Q) 39.97 40.06 40.10 40.04 40.04 0.003
A, (nT) 1226.03 1221.09 1205.73 1179.263 1208.03 442.457
5 h (m) 7.89 7.93 7.89 7.74 7.86 0.007 141.172
Q) 39.96 40.19 40.34 40.37 40.22 0.036

A, (nT) 114721 1156.39 1151.17 1087.69 1135.62 1034.965
With 10% random noise

2 h (m) 9.05 9.08 10.62 9.43 9.54 0.540 135.247
() 4441 42.05 36.29 39.46 40.55 12.164
A, (nT) 2773.66 2800.02 3361.49 2936.05 2967.81 73,947.141

25  h(m) 8.85 8.90 10.26 9.29 9.33 0.429 135.758
() 44.41 42.10 36.34 39.56 40.60 12.015
A, (nT) 2178.22 220729 2660.25 2325.65 2342.85 48,839.218

3 h (m) 8.60 8.68 10.07 9.11 9.12 0.459 136.399
() 44.42 42.17 36.41 39.68 40.67 11.830
A, (nT) 1772.42 1805.25 2186.81 1914.02  1919.63 35,390.776

35 h(m) 8.29 8.41 9.85 8.89 8.86 0.502 137.313
0(°) 44.43 42.26 36.49 39.84 40.76 11.609
A, (nT) 147429 1511.73 184331 1615.79 1611.28 27,512.103

4 h (m) 7.91 8.08 9.57 8.63 8.55 0.562 138.631
6 44.45 42.37 36.59 40.04 40.86 11.353
A, (nT) 1242.48 1285.46 1580.68 1388.16  1374.20 22,684.575

45 h(m) 7.65 7.89 9.11 8.12 8.19 0.414 134.398
() 44.38 42.52 36.76 40.28 40.99 10.727
A, (T) 1053.65 1103.32 1341.55 1207.32 1176.46 16,212.923

5 h (m) 6.88 722 8.88 797 7.74 0.786 143.002
() 44.52 42.72 36.89 40.58 41.18 10.759

A, (nT) 893.17 951.11 1199.41 1058.88 1025.64 18,134.564

Bold represents the best-fit parmeters estimated
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Table 3 Numer ical results for w (m) Parameters s (m) Average Variance RMS error (nT)
a synthetic example composed
of a 2D inclined dike (with 5 6 7 8
h=9 m, 6=50°, A,=1500 nT
and w=4 m), with incorrect 2 h (m) 9.25 9.06 8.91 8.79 9.00 0.038 88.894
origin 0°) 57.07 5583 5438 5286 5504 3317
A, (nT) 3122.66 3040.55 2982.16 2938.89 3021.06 6322.521
2.5 h (m) 9.05 8.88 8.75 8.64 8.83 0.031 87.734
6(°) 57.06 55.86 54.44 52.95 55.08 3.152
A, (nT) 2452.09 2396.34 2356.67 2327.48 2383.15 2909.129
3 h (m) 8.80 8.66 8.55 8.46 8.62 0.022 86.464
a(°) 57.04 55.89 54.52 53.07 55.13 2.946
A, (nT) 1995.06 1959.30 1933.78 1915.10 1950.81 1198.323
35 h (m) 8.50 8.39 8.30 8.23 8.35 0.013 85.357
6(°) 57.01 55.93 54.62 53.21 55.19 2.696
A, (nT) 1659.33  1640.15 1626.27 1616.27 1635.50 348.218
4 h (m) 8.12 8.06 8.01 7.97 8.04 0.004 83.692
6 (°) 56.28 55.99 54.75 53.60 55.15 1.513
A, (nT) 1398.38 1394.07 1390.47 1388.12 1392.76 20.004
4.5 h (m) 7.64 7.66 7.79 7.62 7.68 0.006 84.439
0(°) 56.94 56.07 54.92 53.63 55.39 2.061
A, (nT) 118592 119594 1202.01 1206.78 1197.66 80.937
5 h (m) 7.11 7.19 7.24 7.28 7.21 0.005 85.765
0 56.90 56.18 55.14 53.92 55.53 1.674
A, (nT) 1005.60 1030.32 1046.05 1057.85 1034.96 510.024
Bold represents the best-fit parmeters estimated
1.5)+4 0
AH(x;) = A, [(sin (50° x X )) <tan_l <—(xj )+ ) 7
180 9 600
_1<(xj—1.5)—4>> 005(500Xﬁ> |
—tan - 500 —|
9 2 %
n(((xj_1'5)+4)2+92>]. %400_
(0 — 1.5 —4)" +9? © E
;§ 300 —|
Our investigation begins by utilizing Eq. (2) for the FHD 2 .
separation anomalies from the magnetic anomaly (AH) = 200 —
using available s values (s=35, 6, 7 and 8 m). i
Table 3 displays the results after applying the error in 100 —]
the horizontal coordinate. The estimated parameters (k, w, i
0 and A,) are 8.04 m, 4 m, 55.15° and 1392.76 nT, respec- 0
tively, and correspond to the minimum RMS of 83.692 nT. ' b -t T T
-400 -300 -200 -100 0 100 200 300 400

The error in computed depth is 10.66%, in half-width is 0%,
in index parameter is 10.3% while the error of estimated

amplitude factor is 7.15%.

Horizontal distance (m)

Fig.4 A vertical component magnetic anomaly Bayburt-Sarihan
(northeast of Turkey) skarn dike by Dondurur and Pamukgu (2003)
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Field examples

To test the validity and the rationality of the anticipated
approach, we have explored two real field cases with increas-
ing complexity of the geological sources collected from the
available published literature.

Magnetic anomaly of the Bayburt-Sarihan skarn
zone, Turkey

A vertical component magnetic field profile was taken over
the Bayburt—Sarihan (northeast of Turkey) skarn dike by
Dondurur and Pamukg¢u (2003) (Fig. 4). The length of this
profile is 714.5 m, and it was digitized at 8.93 m sample
interval. We have applied our new technique to determine
the body parameters (z, d) using five successive windows

(s=62.51,71.44,80.37, 89.3, and 98.23 m) for the horizon-
tal derivative anomalies. Table 4 shows that the parameters
with the best-fit parameters are: w=64.74 m, h=87.65 m,
0=-71.37°and A,=—-409.25 nT (RMS =69.353). Table 5
shows the comparison with other interpretation methods
from the published literature.

Magnetic anomaly in the Marcona district, Peru

The magnetic field profile taken by Gay (1963) near the
magnetic equator in the Marcona district, Peru, is shown
in Fig. 5. The profile length is 1125 m and was digitized
at 14.06 m. Following the previous outlined process, the
horizontal derivative anomalies were calculated from
Eq. (2) by using seven s value (s=126.54, 140.6, 154.66,
168.72, 182.78, 196.84 and 210.9 m). For our algorithm,

Table 4 Numerical results for Bayburt—Sarihan (northeast of Turkey) skarn zone field example

w (m) Parameters s (m) Average Variance RMS error (nT)
62.51 71.44 80.37 89.3 98.23
62.51 h (m) —71.44 -71.19 —-71.31 —71.49 —71.46 90.62 221.299 70.726
a(°) —71.44 -71.19 —-71.31 —71.49 —71.46 —-71.38 0.016
A, (nT) —297.61 —362.74 —438.02 —518.46 —574.60 —438.29 12,626.513
64.74 h (m) 67.44 78.70 89.65 99.85 102.63 87.65 216.427 69.353
a(°) —-71.38 -71.21 —-71.30 —71.49 —71.46 -71.37 0.013
A, (nT) —277.08 —341.67 —415.35 —493.68 —518.49 —409.25 10,283.907
66.98 h (m) 63.74 75.84 87.29 97.83 103.81 85.70 264.218 76.328
a(°) -71.32 -71.13 —71.28 —71.48 —71.46 —-71.33 0.020
A, (nT) —256.98 —321.38 —393.73 —470.17 —523.82 —393.22 11,675.083
69.21 h (m) 59.60 72.74 84.77 95.68 101.90 82.94 293.448 79.520
6 -71.24 -71.10 -71.27 —71.48 —71.46 -71.31 0.025
A, (nT) —237.06 -301.74 —373.02 —447.81 —500.41 —372.01 11,345.857
71.44 h (m) 54.88 69.34 82.07 93.41 99.88 79.92 330.915 83.035
6 -71.15 -71.06 -71.25 —-71.47 —71.46 -71.28 0.034
A, (nT) —216.96 —282.57 —353.10 —426.45 —478.14 —351.44 11,127.507
73.67 h (m) 49.32 65.60 79.16 90.99 97.75 76.57 381.454 86.962
6 -71.04 -71.02 -71.24 —-71.47 —-71.47 -71.25 0.048
A.(nT) —196.10 —263.68 —333.82 —405.96 —456.88 —331.29 11,050.705
Bold represents the best-fit parmeters estimated
Table 5 Comparison l?etween Parameters Method
numerical results of different
methods for Bayburt—Sarihan Aydin and Gelislli Dondurur and Pamuk¢u method Abdelrahman et al.  Present method
(northeast of Turkey) skarn method (1996) (2003) method (2007b)
zone field example -
Inverse  Hilbert Power
solution transform spectrum
Nyyerg (M) 94 97 100 98 100 87.65
w (m) 66 76 75 70 79 64.74
6 (°) - - - - - —-71.37
A, (nT) - - - - - —409.25
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Fig.5 Observed magnetic anomaly near the magnetic equator at Mar-
cona district, Peru (Gay 1963)

Table 6 Numerical results for Marcona district field example, Peru

the retrieved parameters are as follows: 7 =138.28 m,
w=196.84 m, #=40.49° and A.=1862.75 nT which are the
best-fit model parameters (RMS =48.5567 nT) (Table 6).
The estimated results from our process are in sensible agree-
ment with those published in the literature (Table 7).

Conclusions

The estimation of the parameters of an inclined dike are very
important in geophysical exploration. We have devised an
algorithm, which is based on the first horizontal derivative
technique to gauge the body parameters. Our new approach
is easy, semiautomatic and it does not necessitate any graph-
ical supports. To verify the accurateness and pertinence of
our method, the approach has been applied to synthetic data
without and with random noise, and applied it also to a more
complicated synthetic model including interference effect,
again with and without random noise.

From our outcomes, we show that the best-fit parameters
for the inclined dike can be determined with reasonable
accuracy from our new algorithm even if the observed data
are tainted with noise. Furthermore, the method has been

w (m) Parameters s (m) Average Variance RMS error (nT)
126.54  140.6 154.66  168.72 18278 196.84  210.9

182.78  h(m) 162.75 161.89 161.78 16932  171.39  218.26 264.72 187.16  1571.434 167.75
a(°) 43.25 42.90 42.78 41.40 40.27 37.45 35.45 40.50 9.029
A, (nT) 2015.96 2001.90 2012.43 2084.94 2104.35 2581.12 3075.90 2268.09 168,446.901

186.295 h (m) 151.30 15295 154.12 16274 16546  213.67 26092 180.17 1735.987 147.413
a(°) 43.01 42.83 42.83 41.52 40.44 37.54 35.50 40.53 8.664
A, (nT) 1872.86 1889.78 1915.10 1996.94 2023.01 2498.11 2987.91 2169.10 176,661.701

189.81  h(m) 138.10  143.06 14575 155.64 159.12 208.87 25697 17250 1947912 124.877
a(°) 42.67 42.74 42.90 41.66 40.64 37.64 35.55 40.54 8.253
A, (nT) 172236 177531 1816.74 1908.94 1942.11 2416.72 2902.14 2069.19 187,800.103

193.325 h(m) 12255 13194 13648 14794 15229 203.82 252.87 16398  2230.391 100.424
a(°) 42.15 42.62 42.98 41.83 40.88 37.74 35.61 40.54 7.791
A, (nT) 1561.62 1657.20 1716.34 1820.29 1861.19 2336.77 2818.42 1967.40 202,915.960

196.84 1 (m) 103.96 11925 116.08 12950 13493  159.58 204.68 138.28 1163.967 48.5567
a(°) 41.26 42.43 43.07 42.03 41.15 37.86 35.67 40.49 7.327
A, (nT) 1588.76  1533.68 1612.39 1730.15 1779.66 2258.01 2536.59 1862.75 146,803.465

200.355 A (m) 82.56 10436 11395 12998  136.71 19294 24417 14352 3154515 49.782
a(°) 39.60 42.12 43.19 42.27 41.47 37.49 35.73 40.27 7.700
A, (nT) 1211.73 140229 1502.24 1637.19 1696.66 2180.25 2656.48 1755.26 249,038.578

203.87  h(m) 62.28 86.38 99.06 119.06  127.55 187.03  239.55 131.56  3801.377 51.463
a(°) 36.75 41.55 43.36 42.60 41.88 38.13 35.80 40.01 9.285
A, (nT) 1063.55 1259.95 137991 1539.05 1610.86 2103.22 2577.95 1647.78 274,887.994

Bold represents the best-fit parmeters estimated
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Table 7 Comparison between
numerical results of different

Parameters  Method

methods for Marcona district Gay Koulomzine et al. Pal method (1985)  Al-Garni Present method
field example, Peru method method (1970) method
(1963) - - (2015)
With (¢)  With (u)

Rayerg (M) 124 126.7 135.5 132.6 130 138.28

w (m) 186 205.95 202.75 193.75 191.7 196.84

0 _ _ _ _ - 40.49

A, (nT) - - - - - 1862.75

relevantly applied to two field data from Turkey and Peru,
obtained over mineral rich deposits. The limitation of our
approach concerns the convergence of s-values, i.e., not all
s-values can give results. The good agreement of the results
acquired from our method with those published in the litera-
ture shows that the inclined dike parameters can be reason-
ably and efficiently determined.
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Appendix

Hood (1964), McGrath and Hood (1970) and Essa and
Elhussein (2017) represent an equation for the total magnetic
anomaly of an inclined dike (Fig. 1) as follows:

H (xj h,w.6)

B ) Es SNt (%
—Ac[mn(exlgo)(tan < 7 > tan < 3 >>
00s<9><1%>1 ((xj+w)2+h2>

n )

2 (x— w)2 + h?

i=1,2,3,4,..N
(10

where & (m) is the depth to the top of the inclined dike, w
(m) is the half-width of the inclined dike, 8 (°) is the angle
of magnetization (index parameter), X; (m) are the horizontal
coordinates, and A (nT) is the amplitude factor.

Using three observation points (x;— s, x;, x;+5) along the
anomaly profile; the first horizontal derivative (H,) of the
total magnetic anomaly is given by the following expression:

H(xj+s) —H(xj—s)
2s

Hx(xj,h,w,e,s) = s (1D

where s=1, 2, ...M spacing units which is called the grati-
cule spacing or window length.

@ Springer

Substituting Eq. (10) in Eq. (11), the first horizontal
derivative (FHD) of the total magnetic anomaly is given by:

H, (xj, h,w,0, s)

A, P L[N ESstw
= —<|sin (9 X —) tan” | ———
2s 180 h

VTN TS +w
+tan” | ——
h
| —X;jt+s—w TS W
+tan” | ———— | +tan " | —
h h
T (xj—s+w)2+h2
cos <6 X @) <—(x,—s—w)2 e

2 n ((xf+s+w)2+h2 )

(xj+s—w)2+h?

12)

By substituting x;=0 in Eq. (12), the amplitude factor
(A,) can be estimated as follows when s> w:

25H,(0)
A, = .
cos <6 X L) In <(s—w)2+h2 ) (13)

180 (s+w)*+h?

Using Eq. (13), Eq. (12) can be written as the follows:

H, (xj, h,w,0, s)
H,(0)

4 (s—w)>+h2
cos (0 X E) In <—(s+w)2+h2 )
. T B X; +s5s+w
X 0 x —) t L (U —
Sm( 180 < an < I

—X;—s+w (14)
e (Z5)

| X ts—w (TS Tw
+tan” (| ——— ) +tan | ———
h h
< (xj—s+w)2+h2 )
cos O (xj—s—w)?+h?
2 n (xj+s+w)2+h?
(xj+s—w)?+h?
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Putting Xi=+5, 5=—5X=1 2s, xX=- 2s, we get the fol-

lowing four equations, respectively:

H (+s)
H,(0)

= n (s—w)>+h2
cos (9 X @> In ((s+w)2+h2 )
X | sin ((6 X L) X L)(tan_1 <2S+W)
180 180 h

+tan™! (w;2s> + 2tan”! <—%>)

cos(é)x@) ln<(2s_w)2+h2>
2 (2s + w)* + h?

+

H,(0)

n (s—w)>+h2
cos (49 X @> In (—(s+w>2+h2 )
. T w

X 0 x —) <2t -l (—)

sin ( T80 an h

1(25—w 1 (=25 —w

Han™! (2520 ! (2522

an ; an ;

cos(@)(ﬁ) 1n<(2s—w)2+h2>
2 (2s +w)> + W2

H(=s) =

+

H.(0)

K (s—w)>+12
cos (6 X 180) In ((s+w)2+h2 >

H (+25) =

(Bs+w)>+h?
(Bs—w)>+h?

H (=25)
H,(0)

ES (s—w)>+h2
cos (9 X 180 ) In ((s+w)2+h2 >
. T — w—=ys _ s+w
O g ) (1™ (#772) +an” (55)

Sl ( X 120 an A + tan 7
3s—w> + tan™"! (—3s—w>>

h h

L (3s—w)?+h?

cos <6 X @) In ((35+w)2+h2 >

2 < (s—w)>+h2
(s+w)*+h?

(18)

15) +tan™! (

+

By subtracting Eq. (16) from Eq. (15) and Eq. (18) from
Eq. (17), we get the following two equations, respectively:

H,(+s) — H.(—s)

H,(0)sin (6 x %)

n (s—w)>+h?
cos (9 X @> In ((s+w)2+h2)
_1 2s+w> _1<w—2s) 1 (_Eﬂ
X [2 tan <—h + 2tan 5 + 4 tan 7

(16) (19)

H,(+25) — H,(-2s)
180
cos (0355 ) n (527 ) (20)
[2tan‘1 <3SZW) +2tan”! (w;3s>

=) w2 ()

H (0) sin (0 X L)

+2 tan™! (

Then by dividing Eq. (19) by Eq. (20), we get the

following;
(17) tan~! (ﬁ#) + tan™! <W7—125> +2tan™! (-%)
tan”! (3‘%) + tan~! (%) + tan~! (‘Sh‘w> +tan-! <%>
21
where

_ H,(+s) — Hy(-s)
 H,(+25) — H(=2s)
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From Eq. (21) and by rearrangement, we can calculate /;
from the following equation:

By = 3s +Pw ’

tan <;> 22)
where
P =gtan™' (?)Sh_i w) +gtan~! <—s -h'-iw> + gtan™! <Wh_I S>

25+ w [ w=2s ) w
2 —— .
+ tan ( h + tan I + 2tan 2

Equation (22) can be deciphered for 4 using the standard
methods for solving nonlinear equations (Press et al. 1986),
and its iteration form can be expressed as:

hy = f (hy), (23)
whereh; is the initial depth estimate and /4, is the revised
depth, for the next iteration A will be used as h;. The itera-
tion stops when |h; — h;| < e, where e is a small predeter-
mined real number close to zero.

From Eq. (15), we can calculate the magnetization angle
as follows:

s=w)2+i2

Hx(+S)~1n (EH_W;z:hz ) _ l ln (25—W)2+h2

0 tan~! M.(0) 2 (2s+w)>+i2
Cc =
—1 ( 2s+w —1 [ w=2s -1 (=w
tan <—h ) + tan (—h ) + 2 tan ( . )
(24)
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