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Abstract

In this paper, Particle Swarm Optimization (PSO) algorithm is employed to invert the gravity
anomaly due to a finite vertical cylinder source. The PSO inversion determines the radius (R),
density contrast (p), depth to top (z) and bottom (h) parameters of a gravity anomaly causative
body and also the location of anomaly source (origin ) and gravity value in the origin (g )) whose
amount is maximum. During an iterative process, PSO estimates the subsurface model
parameters and the gravity response according to them at each iteration. A profound weak point
of Particle Swarm Optimization method is getting into local minimum as the PSO algorithm can
not estimates the optimal solutions. In order to overcoming this problem, the code is run
frequently and the abundance distributions of the estimated values for the different parameters
is drawn. Average value of each range whose frequently distributions is maximum are considered
as best solution. To evaluate the proficiency of the PSO method, a finite vertical cylinder
synthetic model has been considered as the satisfactory results were achieved for the noise-
free and noise-corrupted gravity data. We have also applied this approach for inverse modeling
two real gravity anomaly due to a chromite deposit mass, situated east of Sabzevar, Iran and a
salt dome offshore titled Louisiana from USA.

Keywords Chromite, Finite vertical cylinder, Gravity, Particle Swarm Optimization (PSO), Salt dome

Introduction

Particle Swarm Optimization (PSO) is a relatively recent method and one of the most popular
nature-inspired heuristic optimization algorithm developed by James Kennedy and Russell Eber-
hartin 1995. PSO has few applications to geophysical problems [Alvarez et al., 2006; Shaw and
Srivastava, 2007]. However, PSO has been successfully employed in some fields of geophysics,
such as inversion of self-potential of idealized bodies’anomalies [Monteiro Santos, 2010], gravity
inversion of a fault by Particle Swarm Optimization [Toushmalani, 2013a and b], gravity inversion
and uncertainty assessment of basement relief via Particle Swarm Optimization [Pallero et. al.,
2015], application of particle swarm optimization for gravity inversion of 2.5-D sedimentary
basins [Singh and Singh, 2017], 2D dipping dike magnetic data interpretation using a robust
particle swarm optimization [Essa and El-Hussein, 2017], inversion of residual gravity anomalies
using tuned PSO [Roshan and Singh, 2017], gravity data interpretation using PSO [Essa and El-
hussein, 2018], and PSO (Particle Swarm Optimization) for interpretation of magnetic anomalies
caused by simple geometrical structures [Essa and El-Hussein, 2018].

We have applied the Particle Swarm Optimization algorithm to interpret the gravity anomaly
caused by a buried mass with a geometric shape of the finite vertical cylinder. The radius (R),
density contrast (p), depth to top (z) and bottom (h), axis location (x,) and gravity value in the
origin (g ) are the model parameters which are computed. In order to achieve the optimal so-
lutions, we have proposed a statistical strategy based on the mean value of maximum frequency
distribution. In this scheme, a gravity data set interprets using PSO algorithm for several times
and the estimated model parameters classify in the predefined ranges. The mean value of the
estimates of each parameter which lie in a range with the most frequency distribution is selected
as the best solution. Thus, using this approach can overcome the weaknesses of PSO, that is,



fall into local minimum easily. In fact, the ranges with the less frequency distribution include
mostly the incorrect responses.

The proposed method is tested for the theoretical gravity data related to a finite vertical cylinder
model, with and without added random noise, and also two real gravity data from Iran and USA.
For this purpose, a MATLAB code has been developed.

1. Forward modeling

The gravity effect of a finite vertical cylinder is defined by Hammer (1974)
g(x) = KF(x) (1)

Where k is amplitude coefficient as

1 1

F(x)= - , K= GzR’
RN

where x is the horizontal location coordinate of measurement points, z and h represent the
depths to the top and base planes of causative structure from ground surface respectively, G is
the gravitational constant, R is the radius of the horizontal cross section of a vertical cylinder,
and p is the density contrast (Figure 1).
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Figure 1 Geometries of the finite vertical
cylinder. F
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2. Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) is a crowd based on stochastic optimization procedure,
which is inspired by the social behavior of the particles such as a swarm of bird, flocking bees,
and fish schooling.
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The location of each particle (parameter) as one of the potential computational variables in the
PSO algorithm, changes at each iteration of the evaluation process. In the other words, this po-
sition is refreshed during the iteration trend so that the particle reaches its best position which
is known as Pbest (particle best value) and the best region in the group which is known as Gbest
(best value in the group or global best value) among the Pbest. Accordingly, each particle en-
deavors to adjust its situation in the present velocity of the operation of the algorithm.

To obtain a new position of the particle, the velocity of the particle is updated using the following
equations, given by Sweilam et al. [2007]

Vit —wV! ycrand()\(Pbest, — X!)
+c,rand ()(Gbest, — X ) ’

t+|_ t t+l
Xi _Xi+Vl (3)

Where, Vl,’ is the present velocity of the individual (particle) i at the t,, iteration, Xl.’ is the current
position of the i, particle at the t,, iteration, rand() is a random number between O and 1, ¢, and
c,(learning factors) are positive constant numbers known as cognitive coefficient and social co-
efficient, respectively, which control the individual and the social behavior and w is an inertial
coefficient whose value is usually slightly less than 1 [Monteiro Santos, 2010]. Generally, the
Pbest and Gbest are accelerated by two operators ¢, and c,, and two random numbers produced
between [0, 1] whereas the current movement is multiplied by an inertia factor w. For w, the
minimum (w_. ) and maximum (w,__) limits are defined, in the PSO algorithm until its amount is
bounded in the range (w_. w__) at each repetition.

Alteration of the inertia weight of the particle is performed by a decreasing strategy linearly at
each iteration in the following form [Shi and Eberhart, 1998]

ti t

w=w_ —(w
T (4)

max max

- Wmin) X

where t, is current iteration, and T__ is the maximum number of iteration.

Such said, the fundamental procedure of PSO algorithm lies in quickening each individual to-
wards its Pbest and the Gbest positions with a random weighted acceleration at each iteration.
It is worth of note that the maximum velocity (V) indicates the highest amount of location co-
ordinates variation that can take place during each iteration. As a matter of fact, the concept of
maximum velocity was introduced to avoid outflow and divergence [Das et al., 2008].

When the differences between the observed gravity field data and the generated one from the
estimated model is minimized, the best exact values of the particles (model parameters) are ob-
tained. For this purpose, we use the following simple objective function:

v o C
23)e} - ¢
0

X o C al o C
2ol |+ Zlef e

(5)

Where N is the number of the gravity measurement point, g’ and g; are the gravity anomaly ob-
served and calculated at the point P(x"), respectively.



The learning factors (c, and c,) are traditionally both equal to 2 [Sweilam et al., 2007]. However,
based on recent literature, electing ¢, more predominant than c,and c, + c, < 4 may present
better conclusions [Parsopoulos and Vrahatis, 2002].

3. Theoretical example

Figure 2a shows the calculated theoretical gravity field variations with 1 m interval along a 100
m profile due to an initial finite vertical cylinder model with the parameters z=30 m, h=60 m
and R=10 m (Figure 2b), where the maximum gravity is the center of the profile. The density
contrast is given as p=1000 kg/m?.

According to the defined search ranges for the parameters, as shown in Table 1, one hundred
and twenty primary models were randomly manufactured. These ranges include the values as-
sumed for the initial model. The code is performed two hundred times. Figure 3 shows the fre-
guency charts of the various parameters estimates for some range of solutions. With attention
to Figure 3, the most abundant distributions of the radius (R), depth to top (z) and bottom (h)
parameters, location of mass (x.), gravity value in the origin (g ) and density contrast (p) have
been occurred in the ranges of 9.5 to 10.5 m, 28 to 33 m, 58 to 63 m, -0.5 to 0.5 m, 0.034 to
0.036 mGal and 975 to 1025 kg/m?, respectively. Based on the strategy of the mean value of
the maximum frequency distribution, considering the forgoing ranges, the obtained parameters
values from the Particle Swarm Optimization algorithm solutions are given as z=29.96 m,
h=60.12 m, R=10.01 m, x,=0.014 m, g =0.03541 mGal and p=1007 kg/m?. Figure 2a shows
the generated gravity anomaly from the inferred structure using PSO inversion which is dis-
played in Figure 2b as is similar initial model.

The numerical output of the PSO inversion has been brought in Table 1. The error estimated by
the objective function for the noise-free synthetic gravity data is 0.0036.

T L 1
——PS0 inversion
———Theoretical gravity

Figure 2 (a) Theoretical gravity and

inverted gravity using PSO due to E 0o
(b) initial and estimated finite
vertical cylinder models.
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The effect of error on the performance of the PSO is investigated by adding 10% noise to the
gravity response of the finite vertical cylinder model by following equation:
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Where, g (X) is the noisy gravity anomaly value at x, M control the noise level (here M is 10)
and RND(i) is a pseudo-random number whose range is (O, 1).

The maxima frequency distributions ranges achieved for 10% noise corruption gravity data is
similar to noise-free gravity data, except the radius parameter whose most solutions lie in the
range 9 to 11 m (Figure 4). According to Figure 4, the resulted parameters values from the Par-
ticle Swarm Optimization algorithm solutions, based on strategy of mean value of maximum fre-
quency distribution, are z=30.9 m, h=60.4 m, R=10.3 m, x,=-0.021 m, g =0.0351 mGal and
p=985 kg/m3. The contaminated gravity data and inverted noisy responses by the PSO are
shown in Figure 5a. The simulated structure using PSO inversion for noise-corrupted gravity
data is shown in Figure 5b. The numerical results are presented in Table 1. The error estimated
by the objective function for the noisy gravity data is 0.061.

The satisfactory estimated parameters from the noise-free and 10% noise corruption synthetic
gravity data demonstrate the acceptable proficiency of the PSO inversion method based on the
mean value of the maximum frequency distribution.
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Figure 4 Frequency distribution of
the various parameters solutions a)
depth to top (m) b) depth to
bottom (m) c) radius (m) d) gravity
value in the origin (mGal) e)
location of mass (m) f) density
contrast (kg/m?) for noise
corrupted theoretical gravity data.
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4. Gravity anomaly due to chromite deposit

The site under survey is located in the east of Iran, around Sabzevar. The outcomes of the stones
in this area are mostly the alkali and ultrabasic igneous rocks and ophiolite as the chromite min-
eralization can be found in these rocks (Figure 6). In this region, the chromite deposits are mas-
sive. Figure 7 shows the Bouguer gravity anomalies map of the area under consideration where
an average density of 2.7 gr/cm?® was considered for Bougure slab correction [Eshaghzadeh et
al., 2019]. The gravity measurement was done along 12 profiles with a station interval of about

10 m. The gravity data cover a 120x100 m area of the exploration region in Sabzevar.

Figure 5 (a) 10% noise-corrupted 004 ' T g y y '

—+—PS0 inversion
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——Theoretical gravity|
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Parameter Q Z (m) h (m) R (m) p (kg/m?3) g,, (mGal) X, (M)
Ranges - 18-48 | 48-78 5-15 |800-1200| 0.03 -0.04 -25t0 2.5

Noise free | 0.0036 29.96 60.12 10.01 1007 0.03543 0.014

10% noise | 0.061 30.9 60.4 10.3 985 0.0351 -0.021

Table 1 The assumed search ranges and numerical results interpreted by PSO for the theoretical gravity
data, with and without random noise.

For reaching to the residual gravity anomalies which is our desire, the regional gravity anomalies
must be removed using a trend (degree two polynomial) from the Bouguer anomaly. Figure 8
displays the map of the computed local gravity field. The host rock of the chromite has the pos-
itive density contrast than the surrounding formation, therefore on the residual gravity anom-

alies map is appeared as the positive anomaly.




A: Yaung gravel fans and terraces N

B: Gabbro

C: Submarine lava and Pelagic limestone

D: Harzburgite 0 1 2

E: Serpentinized harzburgite and dunite I—] I kan
F: Diabase

Figure 6 The geological map of the region
under investigation.
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The average density of the chromite mass is about 4.6 gr/cm?3, whereas the density of the en-
compassing formation is between 3 gr/cm?® to 3.5 gr/cm?®[Eshaghzadeh et al., 2019]. Here, we
analyze the residual gravity anomaly along the profile AA" using PSO method which runs across
the chromite mineral mass in an approximately W-E direction as is shown in Figure 8. The length
of profile is 42 m and the gravity sampling interval is given as 2 m.
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Considering the assumed search ranges for the changeable parameters of the subsurface mass,
as have been shown in Table 2, one hundred and fifty primary models were randomly generated.
These ranges for the parameters have been chosen based on the geological information. The
code has been run two hundred and fifty times. Figure 9 exhibits the frequency distributions of
the estimated parameters values in the several range of the solutions. Considering Figure 3, the
most solutions value of the radius (R), depth to top (z) and bottom (h) parameters, location of
mass (x,), gravity value in the origin (g ) and density contrast (p) have been situated in the ranges
of 12to 14 m,5to 6 m, 79 to 82 m, 20 to 21 m, 0.9 to 1 mGal and 1600 to 1700 kg/m?, respec-
tively. Based on the strategy of the mean value of the maximum frequency distribution, the
evaluated parameters values for the gravity causative mass are z=5.8 m, h=80.4 m, R=13.14 m,
X,=20.8 m, g =0.93 mGal and p=1627 kg/m?®.

The gravity field variations along profile AA’ as well as the obtained ones from the PSO inversion
have been revealed in Figure 10a. The inverted buried structure is shown in Figure 10b.

(@)

Figure 10 (a) Observed sl ]
—

gravity anomaly along profile

AA’, and inverted gravity %04- -
due to (b) estimated finite © uz/”/

vertical cylinder structure L % i % 3 3 = 20 25
. Distance (m
using PSO. b A o o
( ) or [ Estimated medel
.-"\lzo_
£
Al =
£l
a0l

L 1 L
0 £ 10 15 20 25 30 5 40 a5
Distance (m)


https://dictionary.abadis.ir/entofa/p/pirmary/

Application of PSO Algorithm for gravity data A. Eshaghzadeh and S. Seyedi Sahebari | October 2020

The inverted parameters for real gravity using PSO are tabulated in Table 2.

Parameter p (kg/md) g,, (mGal)
Ranges 2-10 50 - 100 5-20 1200 - 1800 0.6-13 15 to 25
Results 5.8 80.4 13.14 1627 0.93 20.8

Table 2 The considered search ranges for the anomaly source parameters and the obtained parameters
from the PSO inversions.

The Euler deconvolution method is a popular and well known technique in potential field study
which is widely used for estimating the depth of the anomaly source. In this study, we have em-
ployed the Euler method for calculating the depth of the chromite mass by choosing a structure
index of 1 and a window size of 5x5 points. Figure 10 shows the solutions obtained from Euler
deconvolution as plotted on the residual gravity anomaly map. The Euler solutions located on
the gravity anomaly present a depth between 5 to 10 m for the buried deposit (red points in
Figure 11). Thus, the estimated depth to top by the two methods are in a same range.
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5. Gravity anomaly due to Louisiana salt dome

The second field example is a residual gravity anomaly profile passing over the center of the
gravity map offshore Louisiana salt dome situated in USA (Figure 12). We have digitalized the
residual gravity field along 13 km profile AA" at 27 points with an interval 500 m, as is shown
in Figure 14. This anomaly has been analyzed using the least-squares standard deviation method
by Abdelrahman and Abo-Ezz [2008]. This anomaly was also investigated by several authors,
such as Roy et al. [2000] which introduced a new concept in Euler deconvolution method to es-
timate the depth of the causative mass, Mehanee [2014] used the flair function minimization,
Biswas [2015] proposed using very fast simulated annealing global optimization for interpreting

Tp]
-




the gravity anomaly and Singh and Biswas [2015] applied the global particle swarm optimization.
The acquired solutions by the various method have been tabulated in Table 3.

Figure 12 The residual gravity anomaly map
over offshore Louisiana salt dome,
[Nettleton, 1976].

To compare, we apply the proposed method for this gravity anomaly, as the parameters values
of the inferred structure using PSO are the radius (R)=578 m, depth to top (z)=1763 m, depth
to bottom (h)=9185 m, location of mass (x,) =427 m, gravity value in the origin (g ) =6.1 mGal
and density contrast (p)=-1892 kg/m?. Figure 13 shows the frequency distributions of the esti-
mated parameters values in the several range of the solutions for the Louisiana salt dome.
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The obtained parameters from PSO inversion is given in Table 3. The gravity response caused
by the inverted structure is displayed in Figure 14.

As several wells were drilled over this dome, detailed information is available [Nettleton, 1976].
The top of the dome was encountered in the shallowest well at 1.2 km up to a depth of around
1.8 km. Thus, the depth to top estimated by the least-squares standard deviation method [Ab-
delrahman and Abo-Ezz, 2008] and presented method based on PSO are closer to the reality.
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Figure 14 The observed gravity

E anomaly due to Louisiana salt dome
g (black circles) and gravity responses
g from PSO inversion (blue curve).
—o— PSOinversion
6 o Observed gravity |
1 L 1 1 1 L
-6000 -4000 -2000 0 2000 4000 6000
Distance (m)

Parameter g, (mGal) p (kg/m3) X, (M)
Roy et al.
120001 11300 2260
Abdelrahman
and Abo-Ezz - 9287 1433 - - -
[2008]
Mehanee
- - 2899 - - -
Estimated [2014]
|
ValueS  Biswas [2015] - - 2702 - - 506.5
Singhand |50 43412991| - | 2874.80£53.90 - 25104121 | 451.02+24.63
Biswas [2016]
Present 578 9185 1763 0.61 1892 427
method

Table 3 The obtained parameters from the analysis of the Louisiana salt dome gravity data using various method.

6. Discussion and Conclusions

Presence of error in the geophysical inverse modeling and numerical computation is unavoidable,
due to some factors such as the heterogeneity and discontinuity of the interior geological struc-
tures, the incoherence and incompatibility of the undersurface structures and masses configu-
ration with various geometric shapes. Therefore, the proposed method is no exception as well.
In this paper, we have proposed using Particle Swarm Optimization algorithm for the inverse
modeling of the gravity data generated from a source with a geometric of the finite vertical
cylinder. To resolve the weaknesses of PSO algorithm, that is, to fall into local minimum and in-
opportune convergence, a strategy based on the mean value of the maximum frequency distri-
bution is applied. A prime advantage of the PSO is determination the maximum and minimum
limits based on the geological and other geophysical information for the under surface structure
variable parameters as the solutions do not exceed from the both of them and consequently
the computational error and processing time extremely decrease and the optimal solution is
achieved. Besides, PSO performance in the interpretation of gravity data is a non linear inversion
process, thus can mostly eliminates the solution non uniqueness problem.

The proposed method was examined on synthetic gravity data related to a finite vertical cylinder
model, with and without random noise. The obtained results from the PSO inversion are com-
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pletely admissible as the inferred structure parameters are similar the assumed ones. Based on
the objective function (equation 5) the evaluated errors between the computed theoretical grav-
ity data, noise-free and noise corrupted synthetic data, and inverted one are 0.0036 and 0.061,
respectively. The interpretation of the models verifies the PSO is an intelligent powerful tool
for the inverse modeling of the gravity.

PSO was applied to analyze the real gravity data due to a chromite deposit mass from Iran. The
inverted gravity from the computed parameters by the PSO shows an objective function error
of 0.33 than the observed gravity. The estimated values for the depth to top, depth to bottom,
radius and density contrast parameters of the subsurface gravity anomaly causative body using
the PSO algorithm are 5.8 m, 80.4 m, 13.14 m and 1627 kg/m?, respectively.

Furthermore, the PSO algorithm was employed to invert the 2-D residual gravity anomaly due
to the offshore Louisiana salt dome from USA. The obtained values for the depth to top, depth
to bottom, radius and density contrast parameters of the inferred structure using the PSO algo-
rithm are 1763 m, 9185 m, 578 m and -1892 kg/m?, respectively. The estimated depth to top
has a good conformity with the drilling results. The objective function error between the meas-
ured gravity over the Louisiana salt dome and calculated gravity corresponding to the evaluated
parameters by the PSO is about 0.03.
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