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This paper describes a new method based on the particle swarm optimisation (PSO) technique for
interpreting the second moving average (SMA) residual gravity anomalies. The SMA anomalies are
deduced from the measured gravity data to eradicate the regional anomaly by utilising filters of
consecutive window lengths (s-value). The buried structural parameters are the amplitude factor (A),
depth (z), location (d) and shape (q) that are estimated from the PSO method. The discrepancy between
the measured and the predictable gravity anomaly is estimated by the root mean square error. The PSO
method is applied to two different theoretical and three real data sets from Cuba, Canada and India. The
model parameters inferred from the method developed here are compared with the available geological
and geophysical information.

Keywords. Particle swarm optimisation; second moving average; discrepancy; depth; mineral
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1. Introduction

Potential methods have diverse applications
in exploration geophysics (Mehanee 2015; Biswas
2017; Essa et al. 2018; Kawada and Kasaya 2018).
Gravity method, in particular, has extensive appli-
cations in hydrocarbon, mineral, caves, geother-
mal and archaeological investigations (Hinze et al.
2013; Nishijma and Naritomi 2017). The aim of
gravity data elucidation is to assess the body
parameters of the buried structures, e.g., the
amplitude, depth, location and shape (Essa 2014;
Biswas 2015). The gravity data elucidation can
suffer from limitations including non-uniqueness
and ill-posedness (Mehanee 2014; Mehanee and
Essa 2015). The use of simple geometrical struc-
tures in gravity inversion helps overcoming these

limitations, gives an optimal fit for the buried
structures and plays a vigorous role in solving many
investigation issues (Essa 2011; Asfahani and Tlas
2015).

Numerous conventional and non-conventional
methods have been recognised to interpret grav-
ity data such as characteristic points and distances,
monograms and standardised curve-matching (Rao
et al. 1986; Essa 2007a) transformations (Babu
et al. 1991; Sundararajan and Rama Brahmam
1998; Al-Garni 2008), linear and nonlinear least
squares (Gupta 1983; Essa 2011, 2012; Abdel-
rahman and Essa 2015), fair functions (Asfahani
and Tlas 2012), Euler and Werner deconvolu-
tion (Kilty 1983; Stavrev 1997), moving average
(Abdelrahman et al. 2003, 2006; Abdelrahman and
Essa 2013; Abdelrahman et al. 2013; Essa 2013),
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two- and three-dimensional (2D and 3D) modelling
and inversion (Chai and Hinze 1988; Zhang et al.
2001), derivative-based techniques (Ekinci et al.
2013; Ekinci and Yiğitbaş 2015), particle swarm
optimisation (Singh and Biswas 2016), very fast
simulated annealing (Biswas 2016), genetic algo-
rithm (Amjadi and Naji 2013), forced neural
network (Osman et al. 2006) and differential evo-
lution algorithm (Ekinci et al. 2016). However,

some of these methods necessitate virtuous primary
parameters, which depend on the geological infor-
mation, using a few data points and distances and
require more time. In addition, the accuracy of the
expected model parameters can rely upon the pre-
cision of the residual gravity anomaly isolated from
the measured data.

This paper developed a new approach depending
on the PSO technique for interpreting the second
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Figure 1. Top panel represents the discrepancy between the observed and the predicted anomaly. The middle panel is a
theoretical sphere model (A = 1000 mGal × m2, z = 7 m, d = 5, q = 1.5 and profile length = 100 m) without and with
10% random noise. The lower panel is a geological sketch of the buried model.
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moving average (SMA) residual gravity anomalies.
This technique has the capability to appraise the
exact parameters for the buried structures (ampli-
tude factor (A), depth (z), the location (d) and the
shape (q)) and benefit in eliminating the regional
anomaly. The accuracy of this method was tested
on two different theoretical examples and exam-
ined on three real data for mineral exploration from
Cuba, Canada and India.

2. Methodology

Pawlowski (1994) recognised that the potential
field anomaly consists of the impact of the shal-
low and deep geological structures. This anomaly
can be expressed as

g (xj) = gres (xj) + greg (xj) , (1)

where g (xj) is the measured gravity field at an
x-coordinate, gres represents the gravity anomaly
of shallow structures (residual anomaly) and greg

is the gravity anomaly for the deeper structures
(regional anomaly). Elimination of the regional
anomaly is one of the most significant problems
in potential field data interpretation. Therefore,

the SMA method has been utilised to remove the
regional anomaly from the measured data.

2.1 SMA method

The gravity anomaly (g) for a simple geometrical
source at xi (Essa 2014; Biswas 2015) is given by

g (xj) = A
zm[

(xj − d)2 + z2
]q , j = 0, 1, 2, 3, . . . , N,

(2)

where A is the amplitude factor (mGal ×m2q−m),
z is the depth (m), d is the location (m), m and q
are the constant and shape parameter that equals
1.5, 1.0 and 0.5 for a spherical body, a horizontal
cylinder body and a semi-infinite vertical cylinder
body, respectively (Essa 2007b).

According to Griffin (1949) who designates the
first moving-average residual anomaly (R1) as

R1 (xj , z, s) =
[
2g (xj)− g (xj + s)− g (xj − s)

2

]
.

(3)

So, the SMA residual gravity anomaly, R2 (xj , z, s),
is well characterised as
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Figure 2. SMA residual gravity anomalies for figure 1 in the case of noise free data.
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Table 1. Numerical results for the PSO-method application on the SMA residual gravity data using several s-values for a
sphere model (A = 1000 mGal × m2, z = 7 m, d = 5, q = 1.5 and profile length = 100 m) without and with 10% random
noise.

Parameters

Using the PSO-inversion for the SMA anomalies

Used

ranges

s =

2 m

s =

3 m

s =

4 m

s =

5 m

s =

6 m

s =

7 m

s =

8 m φ-value

E-value

(%)

RMSE

(mGal)

Without noise

A (mGal × m2) 500–2000 1000 1000 1000 1000 1000 1000 1000 1000 0 0

z (m) 1–10 7 7 7 7 7 7 7 7 0

d (m) −10 to 10 5 5 5 5 5 5 5 5 0

q (dimensionless) 0.1–1.7 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 0

With 10% noise

A (mGal × m2) 500–2000 975.32 980.41 983.17 988.63 993.80 990.74 991.20 986.18 1.38 1.72

z (m) 1–10 6.38 6.57 6.63 6.78 6.71 6.89 6.95 6.71 4.14

d (m) −10 to 10 4.63 4.66 4.72 4.76 4.75 4.88 4.95 4.76 4.41

q (dimensionless) 0.1–1.7 1.42 1.45 1.45 1.48 1.47 1.49 1.48 1.46 2.48
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Figure 3. SMA residual gravity anomalies for figure 1 in the case of 10% noise.

R2 (xj , z, s) =
6g (xj)− 4g (xj + s)− 4g (xj − s) + g (xj + 2s) + g (xj − s)

4
. (4)

Hence, using equation (2) in equation (4), we get

R2 (xj , z, s) =
Azm

4

⎧⎨
⎩

6[
(xj−d)2+z2

]q − 4[
(xj−d+s)2+z2

]q

− 4[
(xj−d−s)2+z2

]q +
1[

(xj−d+2s)2+z2
]q +

1[
(xj − d− 2s)2 + z2

]q

⎫⎬
⎭ . (5)
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Figure 4. Top panel represents the discrepancy between the observed and the predicted anomaly. The middle panel is a
theoretical horizontal cylinder model (A = 500 mGal × m, z = 5 m, d = 3, q = 1.0 and profile length = 100 m) and a third-
order regional background without and with 10% random noise. The lower panel is a geological sketch of the buried model.

At the end, equation (5) is utilised to gauge the
structural parameters (A, z, d and q) utilising
one of the stochastic advanced computation tech-
niques, the so-called PSO method, which is efficient
in resolving problematic difficulties steadily and
accurately.

2.2 PSO method

Eberhart and Kennedy (1995) introduced the PSO
method. The PSO method has many varied

applications, for example, geotechnical engineering
(Hajihassani et al. 2018), crystal structure
predication (Wang et al. 2010), electromagnetic
(Santilano et al. 2018), solar energy (Jordehi 2018),
engineering design problems (He and Wang 2007)
and geophysics problems (Singh and Biswas 2016;
Essa and Elhussein 2018a, b; Luu et al. 2018).
The PSO method is stochastic in nature and
exhilarated by the common routine trip of birds
looking for nourishments. The birds are the
models. The independent model has a location
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Figure 5. SMA residual gravity anomalies for figure 4 in the case of noise-free data.

Table 2. Numerical results for the PSO-method application on the SMA residual gravity data using several s-values for
a horizontal cylinder model (A = 500 mGal × m, z = 5 m, d = 3, q = 1.0 and profile length = 100 m) and added a

third-order regional background without and with 10% random noise.

Parameters

Using the PSO-inversion for the SMA anomalies

Used

ranges

s =

2 m

s =

3 m

s =

4 m

s =

5 m

s =

6 m

s =

7 m

s =

8 m φ-value

E-value

(%)

RMSE

(mGal)

Without noise

A (mGal × m) 100–1000 500 500 500 500 500 500 500 500 0 0

z (m) 1–10 5 5 5 5 5 5 5 5 0

d (m) −10 to 10 3 3 3 3 3 3 3 3 0

q (dimensionless) 0.1–1.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0

With 10% noise

A (mGal × m) 100–1000 472.45 477.12 482.87 485.63 482.95 486.41 488.77 482.31 3.54 6.17

z (m) 1–10 4.72 4.75 4.79 4.85 4.81 4.86 4.89 4.81 3.80

d (m) −10 to 10 2.63 2.67 2.71 2.75 2.74 2.78 2.80 2.73 9.14

q (dimensionless) 0.1–1.5 0.91 0.93 0.95 0.94 0.92 0.96 0.98 0.94 5.86

and velocity vectors. We begin our analysis using
100 particles. After 500 iterations, the best model
parameters were reached. The location vectors rep-
resent the parameter values. The PSO is attuned
with random models and looking for targets by
acquainting generations. In every iteration, each
model updates its velocity and location utilising
the subsequent formulas:

V k+1
j = c3V

k
j + c1rand()

(
Tbest − P k+1

j

)

+c2rand
[(

Jbest − P k+1
j

)
P k+1

j

]

= P k
j + V k+1

j , (6)

xk+1
j = xk

j + vk+1
j , (7)
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where vk
j is the jth model velocity at the kth

iteration, P k
j is the current jth particle location

at the kth iteration, rand is the haphazard num-
ber amid [0, 1], c1 and c2 are cognitive and social
parameters and equal to 2 (Essa and Elhussein
2018a, b), c3 is the inertial factor that governs the
model velocity and its value <1 and is very impor-
tant to maintain the balance between the global
and local search and xk

j is the particle at the jth
location and kth iteration.

2.3 The parameters estimation

The preliminary model is progressively established
at each iteration step until the best fit can be found
among the measured and the predicated data. In
each step, the parameters (A, z, d and q) are
renewed to catch the best values by minimising
the next objective function. The best solution for
these parameters obtained through utilising the
subsequent objective formula (ϕobj) is

ϕobj =
1
N

N∑
j=1

[
go

j (xj)− gp
j (xj)

]2
, (8)

where N is the measured point, go
j is the measured

gravity anomaly and gp
j is the predicted gravity

anomaly at a point (xj). Finally, after the body

parameters evaluation (A, z, d and q) of the buried
structures, the discrepancy (RMSE) among the
measured and predicted gravity anomalies is esti-
mated by taking the square root of equation (8).

3. Application to theoretical examples

In this investigation, the benefits of the PSO
method were tested by two theoretical anomalies
caused by simple models.

3.1 Model 1

A gravity anomaly for a sphere model with K =
1000 mGal × m2, z = 7 m, d = 5 m, q = 1.5 and
profile length = 100 m has been created utilising
equation (2) (figure 1). This anomaly has been pro-
cessed using the SMA method (equation 4) for s =
2, 3, 4, 5, 6, 7 and 8 m (figure 2). Next, the PSO
method was applied to attain the sphere parame-
ters (A, z, d and q) (table 1). Table 1 confirms the
range for each parameter, the estimated parame-
ters result in every s-value, the average value (φ
value), the error (E value) for each parameter and
the discrepancy (RMSE) among the measured and
the predicted anomalies. The attained results for
each parameter (A, z, d and q) are in a suitable
and nearby contract among the truly known and
evaluated structural parameters.
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Figure 6. SMA residual gravity anomalies for figure 4 in the case of 10% noise.
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To check the stability of the method in the
existence of noise with the goal to get gravity
anomalies closer to the real ones and recognise
the robustness of the PSO method, the theoret-
ical example mentioned above was infected by
10% random noise (figure 1). The SMA residual
gravity anomalies for the noisy model using the
same s-value are presented in figure 3. The
predicted model parameters for the noisy proposed
model are revealed in table 1. In table 1, the φ
values for A, z, d and q are 986.18 mGal × m2,
6.71 m, 4.76 and 1.46 and the E values are 1.38,
4.14, 4.41 and 2.48%, respectively, and the RMSE
is 1.72 mGal. These values for free noise and the
noisy test case for a sphere model indicate that
our new PSO method is sound with respect to
noise.

3.2 Model 2

The PSO method is utilised as a theoretical grav-
ity anomaly influenced by the shallow structure of
a horizontal cylinder model with K = 500 mGal
× m, z = 5 m, d = 3 m, q = 1 and profile
length = 100 m and the effect of a deep structure
(regional anomaly) represented by a third-order
regional field (figure 4) as

Δg (xj) = 500
5[

(xj − 2)2 + 52
]

+ 0.0002 x3
j +0.002 x2

j +xj−40. (9)

After utilising a similar process as mentioned
above, the SMA residual gravity anomalies are
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Figure 7. Top panel represents the discrepancy between the observed and the predicted anomaly. The lower panel is the
observed and predicted gravity anomaly for the chromite field example, Cuba.
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Figure 8. SMA residual gravity anomalies for figure 7.

Table 3. Numerical results for the PSO-method application on the SMA residual gravity data using several s-values for the
chromite field example, Cuba.

Using the PSO-inversion for the SMA anomalies

Used
ranges

RMS
(mGal)Parameters

s =

4.50 m

s =

6.75 m

s =

9 m

s =

11.25 m

s =

13.5 m

s =

15.75 m

s =

18 m φ-value

A (mGal × m2) 50–1000 385.12 396.40 402.93 425.24 418.56 419.47 410.04 408.25 0.01

z (m) 1–100 20.10 22.30 21.54 21.24 20.87 20.93 21.05 21.15

d (m) −10 to 10 0.81 0.64 0.73 0.54 0.63 0.47 0.56 0.63

q (dimensionless) 0.1–1.7 1.47 1.47 1.45 1.47 1.48 1.46 1.49 1.47

exhibited in figure 5 for several s values (s = 2,
3, 4, 5, 6, 7 and 8 m). The predicted parameters
(A, z, d and q) are tabulated in table 2 which reveal
that the E value in the predicted parameters and
the RMSE values are zero. This indicates that the
SMA method has the capability of eliminating the
occurrence of regional anomaly in the measured
field until the third-order degree.

We introduced 10% random noise to the com-
posite gravity anomaly to investigate the via-
bility of this method. For the same s value (s
= 2, 3, 4, 5, 6, 7 and 8 m), the SMA resid-
ual gravity anomalies are accessible in figure 6.
By utilising the PSO method for the noisy data,
the results of the body parameters (A, z, d
and q) are offered (table 2). Rendering to the
investigation of these results, the φ values for

A, z, d, and q are 482.31 mGal × m, 4.81 m,
2.73 and 0.94, the E values are 3.54, 3.80, 9.14
and 5.86%, respectively, and the RMSE value is
6.17 mGal.

These results express that the new PSO method
has the efficiency to obtain true parameters with
acceptable errors for the measured gravity data
even if up to third-order regional effect and noise
are found.

4. Application to field examples

To inspect and judge the benefits of the implemen-
tation of the PSO method, three available mineral
exploration real data sets from Cuba, Canada and
India were used. The PSO method anticipated
inversion of the measured gravity data by simple
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Table 4. A comparative study of the results obtained for the chromite field example, Cuba.

Parameters

Drilling

information

Essa (2011)

method

Biswas (2015)

method

Ekinci et al. (2016)

method

The present

method

A (mGal × m2) – 412.33 16.80 288.25 408.25

z (m) 21.00 21.02 42.30 23.23 21.15

d (m) – – − 2.40 58.73 0.63

q (dimensionless) – 1.5 (estimated) 1.0 (assumed) 1.5 (estimated) 1.47 (estimated)
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Figure 9. Top panel represents the discrepancy between the observed and the predicted anomaly. The lower panel is the
observed and predicted gravity anomaly for the Mobrun sulphide field example, Canada.

models in the limited context of spheres, horizon-
tal cylinders and vertical cylinders. The predicted
parameters (A, z, d and q) are elucidated by incor-
porating with the existing geological information
and any further geophysical outcomes.

4.1 Chromite deposit body

The chromite region of the Camaguey area, Cuba,
was investigated and found that the chromite

deposits are in a complex geological environment
consisting of serpentinised peridotite and dunite
with slight quantities of gabbro, troctolite and
anothosite. This complex environment interfered
with metamorphic rocks and superimposed by
upper cretaceous volcanic rocks with limestone and
radiolarian cherts (Davis et al. 1957). Figure 7
shows the residual gravity anomaly over this ore
body (Roy 2001) with a length of 180 m. A sam-
ple interval of 2.25 m was utilised to this gravity
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Figure 10. SMA residual gravity anomalies for figure 9.

Table 5. Numerical results for the PSO-method application on the SMA residual gravity data using several s-values for the
Mobrun sulphide field example, Canada.

Using the PSO-inversion for the SMA anomalies

Used RMS

Parameters ranges
s =

0.84 m

s =

1.26 m

s =

1.68 m

s =

2.10 m

s =

2.52 m

s =

2.94 m

s =

3.36 m φ-value (mGal)

A (mGal) 10–500 40.12 39.56 38.14 37.60 37.15 38.59 38.42 38.51 0.03

z (m) 1–100 20.18 21.00 21.83 22.46 22.30 21.41 21.50 21.53

d (m) −10 to 10 1.21 1.17 1.15 1.02 1.14 1.03 1.05 1.11

q (dimensionless) 0.1–1.7 0.48 0.51 0.52 0.48 0.49 0.50 0.51 0.49

profile. The interpretation process mentioned above
was utilised for this data. For various s-values
(s = 4.50, 6.75, 9.00, 11.25, 13.50, 15.75 and
18.00 m), the SMA residual gravity anomalies have
been produced (figure 8). The PSO method has
been utilised for these anomalies to gauge the
parameters (A, z, d and q) (table 3). The inferred
results (table 3) represent the fitting among the
measured and predicted anomaly, i.e., the φ values
for A, z, d, and q are 408.25 mGal × m2, 21.15
m, 0.63 m and 1.47, respectively, and the RMSE
value is 0.01 mGal (figure 7). Table 4 shows that
the estimated ore body parameters (A, z, d and q),
by utilising the present approach, have a reason-
able agreement with those obtained from drilling
and other inversion techniques (table 4).

4.2 Mobrun sulphide body

A base metal huge sulphide ore body has been
hosted by volcanic rocks of middle Precambrian
age (Grant and West 1965). The residual gravity
profile over the massive Mobrun sulphide veins,
Noranda, Canada, was studied (Grant and West
1965) (figure 9). This digitised profile was
subjected to the SMA method using different
s-values (s = 0.84, 1.26, 1.68, 2.10, 2.52, 2.94
and 3.36 m) (figure 10). The PSO method was
used to obtain the SMA residual gravity anoma-
lies to appraise the ore parameters (A, z, d and
q) (table 5). The φ values for A, z, d and q are
38.51 mGal, 21.53 m, 1.11 m and 0.49, individ-
ually, and the RMSE value is 0.03 mGal. The
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Table 6. A comparative study of the results obtained for the Mobrun sulphide field example, Canada.

Parameters

Method

Grant and

West (1965)

Roy et al.

(2000)

Essa

(2011)

Roshan and

Singh (2017)

Ekinci et al.

(2016)

The present

study

A (mGal) – – 38.13 60.00 299.11 38.51

z (m) 30.00 29.44 21.56 30.00 35.39 21.53

d (m) – – – – 113.93 1.11

q (dimensionless) – 0.77 (estimated) 0.5 (estimated) 0.77 (assumed) 0.74 (estimated) 0.49 (estimated)
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Figure 11. Top panel represents the discrepancy between the observed and the predicted anomaly. The lower panel is the
observed and predicted gravity anomaly for the manganese field example, India.

estimated parameters of this source by exploiting
the PSO method convolved with the SMA method
have a good covenant with the outcomes attained
from borehole information and additional inversion
approaches (table 6).

4.3 Manganese ore body

India is famous for exploring and exporting the
largest amount of manganese. A gravity anomaly

profile was measured over a manganese ore body,
Nagpur, India (Reddi et al. 1995) (figure 11) and
has a length of 333 m. The gravity curve was
digitised with an interval of 7 m and subjected
to the SMA using various s-values (s = 14, 21,
28, 35, 42, 49 and 56 m) (figure 12). The new
method was applied to the SMA residual anoma-
lies to determine the source parameters (A, z, d
and q) (table 7). The φ values for A, z, d and q
are 17.37 mGal × m, 58.86 m, 0.91 m and 1.00,
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Figure 12. SMA residual gravity anomalies for figure 11.

Table 7. Numerical results for the PSO-method application on the SMA residual gravity data using several s-values for the
manganese field example, India.

Using the PSO-inversion for the SMA anomalies

Used RMS

Parameters ranges

s =

14 m

s =

21 m

s =

28 m

s =

35 m

s =

42 m

s =

49 m

s =

56 m φ-value (mGal)

A (mGal × m) 1–100 16.25 16.89 17.35 17.76 18.00 17.83 17.51 17.37 0.01

z (m) 1–100 57.89 57.88 58.14 58.89 59.45 59.96 59.82 58.86

d (m) −10 to 10 0.89 0.91 0.93 0.93 0.88 0.91 0.90 0.91

q (dimensionless) 0.1–1.7 0.96 0.97 1.02 1.05 1.03 1.01 1.02 1.00

Table 8. A comparative study of the results obtained for the manganese field example, India.

Parameters

Method

Roy (2001) Essa (2014) Ekinci et al. (2016) The present study

A (mGal × m) – 17.81 28.77 17.37

z (m) 59.80 56.78 36.08 58.86

d (m) – – 106.77 0.91

q (dimensionless) 1.15 (estimated) 0.69 (estimated) 1.00 (estimated)

correspondingly, and the RMS value is 0.01 mGal.
The estimated parameters of the body using the
PSO method convolved with the SMA method
have a good covenant with the outcomes attained
from borehole information and additional inversion
approaches (table 8).

Lastly, it is also accentuated that real structures
may not have a typical shape (spheres, cylinders,
etc.) or structure in the earth. Therefore, the
modelling and inversion of real data with the pre-
viously mentioned simple structures may not pro-
duce the real subsurface buried structures. A minor
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deviation of the real structure from the displayed
structure (spheres, cylinders, etc.) can be antici-
pated to be overlain superimposed of varied sort
of noises on the responses characterised by simple
and standard geometric structures. Nevertheless,
we get a decent gauge of the subsurface structure
of a mineralised source and the place and depth of
the body. It is additionally featured that the cur-
rent technique has been applied for the elucidation
of gravity data related to mineralisation in Cuba,
Canada and India.

5. Conclusions

The PSO method is employed for interpreting
the SMA residual gravity anomalies utilising var-
ious s-values. The SMA method has the capa-
bility to exterminate up to third-order regional
anomaly. This approach exposes all model param-
eters (amplitude coefficient, depth, location and
shape) together and results in a suitable out-
come without any doubt in the model parameters.
The efficiency of this method has been profitably
confirmed, is well known and was established
utilising two theoretical tests and three real cases
for mineral explorations. Finally, the discrepancy
between the measured and the predicted anomalies
has been interpreted by evaluating the root mean
square error (RMSE) and the predicted parame-
ters for the real cases are found to be in agreement
with the other methods in addition to the drilling
information. According to these results, the current
method will be extended to interpret the magnetic
and self-potential anomalies for different mineral
exploration sites (future work).
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