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Abstract—The Kula Field is the youngest volcanic center in

western Türkiye, and consists of various well-preserved volcanic

products. Although many geological studies have been conducted

in the region, geophysical anomalies have not been studied in

detail. Therefore, we analyzed the aeromagnetic anomalies of these

volcanic products by performing inversion studies with a recently

proposed global optimizer. This study is the first attempt to use

success-history-based adaptive differential evolution algorithm

(SHADE) for inverting magnetic anomalies. To reduce the com-

putational cost, we introduced the E-SHADE scheme by

incorporating an exponential population reduction strategy into the

optimizer. A synthetic anomaly study revealed the mathematical

nature of the handled inverse problem. Some pre- and post-inver-

sion analyses showed the efficiency of the proposed algorithm.

Additionally, we observed that the E-SHADE algorithm produced

better results than a commonly used derivative-based local opti-

mizer. Nine profile data sets including magnetic anomalies of some

volcanic cones in the Kula region were inverted. It was determined

that the basaltic intrusions that allow the mantle material to uplift

rapidly are not very deep in the subsurface. Therefore, it is possible

that the three-phased volcanism may become active again and

generate new alkaline basaltic lava flows in a new phase through

these shallow dykes.

Keywords: Kula Volcanic Field, intrusions, aeromagnetic

anomalies, dyke approximation, inversion, global optimization.

1. Introduction

Because of the detectable magnetic contrasts

between the rocks, ground, shipborne and airborne

magnetic surveys are frequently performed to inves-

tigate the geological structure of subsurface (Alvandi

et al., 2023; Ekinci & Yiğitbaş, 2012; Ekinci et al.,

2020; Ekwok et al., 2023; Eppelbaum et al., 2023).

These contrasts originate from the different amounts

of Fe-Oxides in the contents of magnetized rocks.

Thus, magnetic surveys can be easily performed in

both small- and large-scale geological investigations.

Igneous rocks, formed as a result of the solidification

of magma, have higher magnetic properties than

others, and they mostly produce clear and high-am-

plitude magnetic anomalies (Kearey et al., 2002).

Therefore, magnetic method is widely used, espe-

cially in geological investigations of volcanic regions

(Büyüksaraç et al., 2005; Cassidi et al., 2007; Xu

et al., 2011; Kosaroglu et al., 2016; Sawires &

Aboud, 2019; Sarıbudak, 2023). Among many data

processing methodologies, edge detection and inver-

sion techniques are the commonly used processing

tools in magnetic anomaly interpretation (Ai et al.,

2022; Eldosouky et al., 2022; Pham & Oliveira, 2023;

Prasad et al., 2022). Some directional derivative-

based algorithms including special trigonometric

functions are used in source edge detection studies,

while more complex mathematical procedures are

required in the inversion studies to estimate some

model parameters of the source bodies. The inverse

magnetic problem is solved using either linear or

nonlinear system of equations. If the magnetization

distribution in a geometrically defined geophysical

model is approximated, the problem is linear. On the
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other hand, nonlinearity is pronounced for the inverse

problem if some parameters of the source body such

as depth, thickness, location, width, dip angle, etc. are

estimated with using some physical constraints. In

both cases, the inversion process is prone to error and

ambiguity because of the mathematical background

of the problem, presence of noise content in the

observed data and deficient observations (Menke,

2012; Tarantola, 2005; Zhdanov, 2002). In inverse

magnetic problems, the cost function (Cf) to be

minimized is characterized by some complexities.

Thus, it is crucial to examine the reliability of the

model outputs obtained from the inversion studies. In

this respect, derivative-free global optimizers using

nature-inspired metaheuristic approaches are more

advantageous than their derivative-based local coun-

terparts. The model solutions obtained from a number

of independent runs can be analyzed statistically and

therefore mathematical credibility of the model esti-

mations can be examined comprehensively.

Additionally, unlike to local optimizers, the success

of these population-based optimization algorithms

does not directly depend on the choice of the initial

model. Another advantage of the global solvers is that

they scan broader sectors in model space for the

parameters to be estimated. An effective global

optimizer tries to find the global optimum by

exploring the pre-defined model search space exten-

sively without getting stuck in local minima (Ai et al.,

2023; Ekinci et al., 2021a). Because the optimization

in each run starts from a different location in the

model space, global solvers explore the model space

in much more detail than local solvers using deriva-

tive information. In recent years, powerful computer

systems have minimized the computational cost dis-

advantages of global optimizers. Therefore, solving

an inverse magnetic problem with a global optimizer

has become increasingly popular.

Here, we studied the Kula Volcanic region located

in the West Anatolian Extensional Province (WAEP)

in Türkiye using aeromagnetic anomalies. The vol-

canic products in the region are closely connected

with the well-known active tectonics of the country

(Richardson-Bunbury, 1996). The study area is one of

the regions where basaltic volcanoes fed by material

rising directly from the mantle. This kind of geo-

logical occurrence can be rarely seen in the world.

The volcanic field is about 600 km2 and is one of the

global geoparks certificated by UNESCO. The

basaltic intrusions in this region produce very dis-

tinctive and clear magnetic anomalies. Because of the

computational superiorities of the global optimizers

mentioned above, these magnetic anomalies were

inverted through a recently proposed algorithm

(Ekinci et al., 2023) which is built on the basis of

success-history-based adaptive differential evolution

(SHADE) procedure (Tanabe & Fukunaga, 2013).

The proposed E-SHADE algorithm uses an expo-

nential population size reduction strategy which

reduces the computational cost remarkably. The

efficiency of this optimizer was previously demon-

strated on the inversion of gravity anomalies (Ekinci

et al., 2023). Here, using some synthetic noise-free

and noisy data sets and magnetic anomalies of some

well-known volcanic intrusions which are well-con-

strained by geological knowledge, we showed that

successful and reliable parameter estimations can be

achieved via E-SHADE algorithm. Nine profile data

sets extracted from the reduced-to-the-pole magnetic

anomalies (RTPA) of the Kula region were inverted.

In the selection of the profiles, the locations of the

cones in the region, highest-amplitude responses of

the magnetic anomalies and anomaly shapes that

could represent the dyke models were taken into

consideration. For each profile data set, 30 indepen-

dent runs were executed in the optimizations. By

means of these multiple runs, the reliability of the

obtained model parameter solutions of volcanic

intrusions was analyzed using some statistical meth-

ods. Finally, the spatial distributions of causative

basaltic intrusions were revealed and they were

compared with the solutions reported previously.

2. Methodology

2.1. Forward Modelling

The total field magnetic anomaly (TMA) of an

infinitely elongated tabular dyke structure (Fig. 1) at

an observation point xið Þ is defined as follows

(Venkata Raju, 2003)
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DT xið Þ ¼ P cos Q tan�1 xi � d þ bð Þ
h

� tan�1 xi � d � bð Þ
h

� ��

þ sin Q

2
ln

xi � d þ bð Þ2þh2

xi � d � bð Þ2þh2

" #)
i ¼ 1; 2; 3; :::;N

ð1Þ

where the terms P and Q denote the amplitude

coefficient and index parameter, respectively. Their

definitions are given by (Venkata Raju, 2003)

P ¼ 2KTb 1 � cos2 I0 sin2 a
� �1=2

1 � cos2 I0 sin2 a
� �1=2

ð2Þ

Q ¼ I1 þ J1 � d� 90 ð3Þ

where

b ¼ sin d ð4Þ

I1 ¼ tan�1 tan I0= cos að Þ ð5Þ

J1 ¼ tan�1 tan J0= cos að Þ ð6Þ

In the definitions given above, K is the suscep-

tibility contrast, T denotes the intensity of Earth’s

magnetic field, I0 and J0 are the inclinations of the

ambient field and resultant magnetization, respec-

tively, and a is the profile azimuth of the source dyke

from magnetic north. The other terms are defined in

Fig. 1. It should be noted that for induced magneti-

zation the following definitions are used

J0 ¼ I0; a ¼ a; J1 ¼ I1.

2.2. The E-SHADE Algorithm

The evolution-based and gradient-free stochastic

SHADE optimization procedure is constructed on an

integration of mutation and crossover steps for

searching the global minimum in the pre-defined

model space (Tanabe & Fukunaga, 2013). This

nature-inspired and population-based efficient algo-

rithm uses a special historical-memory that keeps

previously successful values of algorithm-based con-

trol parameters, namely crossover rate and scaling

factor, and produces new ones by sampling the model

space in the vicinity of these successful values

obtained before. Thus, the user does not need to

perform some comprehensive and time-consuming

parameter tuning procedures. In the following years,

a new efficient variant named L-SHADE optimizer

was introduced based on adjusting the above-men-

tioned control parameters and reducing the

population size/number (NP) gradually to further

decrease the computational time (Tanabe & Fuku-

naga, 2014). The L-SHADE-based optimization tools

have proven their superiority in many IEEE-CEC

competitions over the last decade. The competitions

were carried out using some challenging engineering

and science problems and also on several criterion

functions (Piotrowski et al., 2023). On the other hand,

a recent study proposed a new strategy that is more

successful than L-SHADE algorithm in optimizing

Figure 1
The cross-sectional views of dyke structure with different d and a angles and their corresponding magnetic anomalies
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geophysical data sets (Ekinci et al., 2023). E-SHADE

algorithm, which proposes an exponential reduction

in the NP against to iteration number, was used to

invert gravity anomalies and produced very success-

ful results in determining the basement topographies

in sedimentary basins (Ekinci et al., 2023). Here,

therefore, the E-SHADE optimizer was applied to

invert aeromagnetic data sets obtained from the Kula

Volcanic region. The application examples of these

differential evolution-based schemes in potential field

anomaly inversion are reported in some studies

(Balkaya & Kaftan, 2021; Ekinci et al.,

2021a, 2021b, 2023; Roy et al., 2021a). Like other

evolutionary optimization algorithms, an initial pop-

ulation is produced randomly as xi ¼ x1; x2; . . .; xDð Þ,
i ¼ 1; . . .;NP where D denotes the number of

unknown parameters. The process of choosing trial

vectors is repeated during the optimization. The step-

by-step flow of the algorithm can be summarized as

given below (Tanabe & Fukunaga, 2014).

A historical-memory regulates the algorithm-

based control parameters. The algorithm stores the

memory with H entries. This memory contains the

control parameters MCR and MF (CR 2 0; 1½ � and

F 2 0; 1½ �). The mutation operator is designed by F.

First, every MCR;k;MF;k k ¼ 1; . . .Hð Þ are set 0.5. In

each generation/iteration G, CRi and Fi are repro-

duced by using an index ri from 1;H½ �. The SHADE

algorithm follows the sequences of JADE for unde-

sired values that disrupt the limits of CRi and Fi:

Thus, the values of control parameters for the

individuals are set as follows.

CRi ¼
0 if MCR;ri

¼?
randni MCR;ri

; 0:1
� �

otherwise

�
ð7Þ

Fi ¼ randci MF;ri
; 0:1

� �
ð8Þ

Then, the trial vectors are regenerated. A mutant

vector vi;G is determined using the current population

members via a mutation strategy of JADE. In this

stage, the greediness is modifiable through the

parameter p.

vi;G ¼ xi;G þ Fi � xpbest;G � xi;G

� �
þ Fi

� xr1;G � xr2;G

� �
ð9Þ

In the above equation xpbest;G is arbitrarily selected

from the top N � p p 2 0; 1½ �ð Þ individuals of

generation. The terms r1 and r2 are randomly chosen

from 1;N½ �. The term p balances the exploration and

exploitation processes and effects the greediness of

the strategy. A bound constraint regularization is also

performed for the mutated vector elements that

exceed the search space (i.e., xmin
j , xmax

j ) bounds. In

this stage, the trial vector ui;G is obtained by crossing

vi;G with its parent vector xi;G as given below.

uj;i;G ¼ vj;i;G if rand 0; 1½ Þ �CRi or j ¼ jrand

xj;i;G otherwise

�

ð10Þ

where jrand is an index of the decision variables

selected from ½1;D�.
Then, using the previously obtained trial vectors

ui;G; 0� i�N
� �

, the survivors that will exist in

following iteration are selected. In this step, compar-

ison between each individual xi;G with its

corresponding trial vector ui;G are made and the

better individual is stored. The definition of the

comparison is given as follows.

xi;Gþ1 ¼ ui;G if f ui;G

� �
� f xi;G

� �
xi;G otherwise

�
ð11Þ

The SHADE algorithm uses an external archive to

keep the diversity. A comparison between parent and

trial vectors are made and the worse parent vectors

are retained. The archive xr2;G is selected from the

union of the population P and the archive A (P [ A).

When the defined archive size Aj j is exceeded by the

size of the archive, arbitrarily selected members are

removed to provide space for newly added individ-

uals. The updating of the historical-memory is then

performed by the algorithm. CRi and Fi supply a trial

vector that is better than the parent individual. The

memory contents are updated at the end of each

generation (Tanabe & Fukunaga, 2014). Here, we

used an exponential NP reduction strategy to further

increase the performance of the algorithm and also to

reduce the computational time remarkably. The NP in

NPGþ1 can be obtained after each generation as given

below.

NPGþ1 ¼ round NPmax � e�k max NFE� max NFE�NFEð Þð Þ
h i

ð12Þ
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where k is the decay rate that reduces NPmax to the

smallest NPmin value. This constant number is

obtained prior to optimization process by a simple

search between [0, 1e–3] with an interval of 1e–9.

The value, that makes NPmax ¼ NPmin is assign-

ed as k. The pseudo-code of the E-SHADE algorithm

is given in Fig. 2.

3. Synthetic Data Applications with the E-SHADE

Algorithm

3.1. Pre-Inversion Studies with the Modal

and Sensitivity Analyses

Modal analyses based on producing Cf surface

landscapes indicate the structures of inverse problems

in terms of resolvability properties of the model

parameters to be estimated. Besides, the dependen-

cies between the parameters can be revealed (Ekinci

et al., 2017). The shapes of the contours around the

global minima give clues about possible dependen-

cies. Hence, the possible uncertainty levels in the

model solutions can be revealed. These significant

procedures should be carried out before the inversion

studies to obtain prior information about the reliabil-

ity of the parameter solutions to be estimated. In

these analyses, Cf values of a parameter pair for each

value in a user defined model space are calculated by

fixing the other model parameters to their true values.

By this way, 2D Cf surface topography maps are

generated where the horizontal and vertical axes

represent two different parameters. Based on this

assumption, we produced the TMA of a synthetic

dyke with the model parameter values given in

Table 1. We set I0 ¼ 150 as shown in Fig. 1. Using

Eq. (1), the synthetic data were obtained along a

600 m profile with spacing of 10 m. We used the

relative error to calculate Cf, which is given by

Cf mð Þ ¼ DTobs � DT mð Þk k2

DTobsk k2

� 100 ð13Þ

where DTobs is the observed anomaly (true anomaly

in our synthetic cases) and DT mð Þ represents the

TMA of the estimated dyke model. The error

topography maps produced for all parameter pairs are

illustrated in Fig. 3. The centers of these error maps

marked by white circles show the global minima. The

axes values in each map are the model space bounds

for corresponding model parameters.

It can be observed from the maps that the contour

lines have three different characteristics. In some

maps P � d; d � b; d� b; d � h; d�ð h; P �
d; b � a; h � a; P � aÞ almost round contour lines

surrounding the global minima are observed. This

property shows that both parameters in each map are

not correlated with each other. This is a desired

situation in inverse problems because these parame-

ters can be solved independently. In other four maps

P � h; d� d; h � b; d � að Þ elliptical contour lines

surround the global minima. The curved contours

clearly indicate that both parameters in each map are

correlated with each other. Although the solutions of

the parameters are dependent on each other, it is

possible to make an estimate about the solution

ranges. The Cf topography map P � b is character-

ized by unclosed contour lines. In this case a

complete solution cannot be found for these param-

eters. Provided that the sum of this parameter values

is a constant, all values that satisfy this sum form a

solution set. If the value of one parameter is

increased, the other should be decreased. Thus, there

is a negative correlation between these parameters.

On the other hand, the equivalence Cf topography

map of d� a showed the most difficult case. A

banana-shaped image characterizes the relationship

between these two parameters. In this inverse prob-

lem, it is not possible to solve a accurately and the

solutions will probably involve high-degree of uncer-

tainties. The map also shows that the solution range

of the parameter d is narrower than a and there is a

possibility that this parameter can be solved. The

modal analyzes performed here showed that most of

the parameters in this inverse magnetic problem are

independent of each other, except for a few pairs.

Apart from modal analyses, we also applied sensi-

tivity analysis for each model parameter based on a

derivative-free calculation procedure (Ai et al.,

2024). The same synthetic data set was considered.

We used 50% perturbations of the true model

parameter values listed in Table 1. Figure 4 shows

the findings obtained from sensitivity analyses. We

calibrated the color bar to the model parameter

variabilities. It is clearly observed that the parameter

Vol. 182, (2025) Investigation of Kula Volcanic Field (Türkiye) Through the Inversion of Aeromagnetic Anomalies 1337



d is the highest sensitive one. Therefore, this

parameter can be solved more precisely. However,

the other parameters have different sensitivity levels.

The parameter a is the lowest sensitive one. Changes

in the value of this parameter do not produce

remarkable variations in the data like the parameter

d. These different sensitivity levels of the model

parameters may affect the inversion stabilities. Thus,

based on the findings obtained from modal and

sensitivity analyses, it is clear that there may be high

uncertainty levels in the solutions of some parame-

ters. This result necessities some post-inversion

Figure 2
Pseudo-code showing the SHADE algorithm (modified from Tanabe & Fukunaga, 2013, 2014) with the use of exponential population size

reduction
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studies to understand the reliability of the inversion

outputs. Moreover, inversion procedures should be

performed by using multiple independent runs to

carry out some statistical experiments.

3.2. Inversion of Synthetic Data with the E-SHADE

Algorithm

The performance of the E-SHADE optimization

tool on model parameter estimation in the present

magnetic problem was tested with the TMA used in

modal and sensitivity analyses. Search space bounds

together with the true values of each model parameter

are given in Table 1. In the inversion processes, 30

independent runs were executed to see the stability of

the optimizer and to make some statistical analyses.

Initially, the NP was determined as 150, but it was

exponentially decreased with the iterations and

reached 4 in the last iteration to reduce the compu-

tational cost remarkably. We set maximum iteration

number as 7200. Although this may seem like a large

number, it should be noted that the computational

time of each independent run was quite less than 1 s.

Inversion results obtained with some statistical find-

ings are listed in Table 1.

In this noise-free data experiment, model param-

eter values were estimated satisfactorily. In each

independent run, the inversion reached the global

optimum without getting stuck in any local minimum.

Additionally, it is clearly seen that standard deviation

(std) of Cf values of independent runs are quite low.

This finding shows the stability and robustness of the

optimizer used. Convergence behaviors for each

parameter and the fit between the true and calculated

data in the most successful run are illustrated in

Fig. 5. The two data sets overlap exactly. The sudden

drop in the Cf curve at the beginning of the inversion

process is noteworthy. This fast convergence rate

shows that the global optimum is determined before

the optimization reaches the maximum iteration

number. This situation can be seen more clearly in

the convergence behaviors of the parameters. The

model parameters reached their true values before the

5000th iteration. However, it should be noted that the

solutions of parameters a and d contain high-degree

uncertainties. The degree of uncertainty in the

solutions of the latter parameter is relatively lower

because the solution set is in a narrower range. Such a

result was already expected by the knowledge

obtained from the modal and sensitivity analyses.

Nevertheless, these uncertainties of these two param-

eters do not affect the solutions of the other

parameters solutions. In the next step, a noise content

was added to the synthetic data to examine the

response of the E-SHADE algorithm to the noise

content. The inversion procedures were performed

using the same run number, iteration number, NP and

same search space bounds. The data set was

contaminated using zero-mean pseudo-random values

with a std of 24.5 nT, which correspond to a noise

content of 11.7%. The resultant estimations for model

parameters are shown in Table 1. The E-SHADE

algorithm determined a dyke model with 11.2% Cf.

This error value is very close to added noise content.

Table 1

True model parameters, search limits and inversion results of synthetic data cases

Parameters True values Search spaces Estimations

Min Max Noise-free case Noisy case

h [m] 30 1 100 30 30.16

b [m] 25 1 100 25 22.99

d [m] 0 – 100 100 0 – 0.03

d [o] 70 0 180 68.30 67.99

P [nT] 500 10 2000 500 544.41

a [o] 50 0 180 47.89 45.61

Mean run time [s] 0.83 0.81

Min Cf [%] 1.55e-04 1.12e ? 01

Max Cf [%] 1.60e-04 1.12e ? 01

std Cf [%] 9.05e-07 4.23e – 12
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In addition, std of the difference between observed

and calculated data sets is 23.6 nT, which is quite

close to std of added noise content. Therefore, we can

mention that there is no overfitting of the data in this

noisy case. It is also observed that std of the Cf values

obtained from 30 independent runs is almost zero

(Table 1). This finding clearly shows that although

the algorithm started the optimization from different

locations in the model space in each run, it avoided

local minima and converged the optimum solution by

means of its well-balanced exploratory and exploita-

tory nature. The inversion outputs obtained are

illustrated in Fig. 6. The similar uncertainties, which

does not affect the spatial parameters, namely depth,

width and location of the dyke, were observed in the

solutions of parameters d and a. Successful results

were obtained for other parameters mentioned before.

The sudden decrease in Cf values and efficient

Figure 3
Cf topography maps for all model parameter pairs
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convergence rates to the optimum values are note-

worthy even in the noisy synthetic data case.

Therefore, it can be mentioned that the E-SHADE

optimizer proved its efficiency in the presented

inverse magnetic problem.

3.3. Post-Inversion Studies with the Principal

Component Analysis

The principal component analysis is similar to

modal analysis but it is performed after the inversion

procedure. This analysis is based on producing the

error landscape map by reducing the multidimen-

sional model parameters into two basic components.

This reduction process does not cause loss of

information and retains the general properties of

model parameters estimated (Alpaydın, 2020; Jack-

son, 1991; Jolliffe, 2006). In brief, this orthogonal

transformation projects the multidimensional param-

eter set into a new coordinate system produced using

the directions of largest variance (Munoz-Romero

et al., 2016). The covariance matrix is defined by

C ¼ M � mð ÞT : M � mð Þ ð14Þ

where M is the matrix that stores the estimated model

parameters in each iteration and m denotes the mean

of these parameters. Principle components are

obtained by calculating the eigenvalues and eigen-

vectors of C. The new coordinate system is produced

using the first two components. The Cf values of each

iteration and corresponding coordinates are used

together to produce the 2D principal component

space. The use of this analysis in geophysical data

inversion can be found in the literature (Ekinci et al.,

2023; Pallero et al., 2015, 2017; Roy et al.,

2021b, 2022; Sungkono et al., 2023). Figure 7 shows

the interpolated Cf topographies for two synthetic

data cases. The locations of true and best models in

2D space are marked with colored triangles. The

model solutions that are higher than a certain cutoff

value ([ 25%) were not taken into consideration. In

the constructed error topography map for noise-free

case, the best model obtained from the inversion

procedure overlays true model in the lowest error

region. In the 2D plane, a depictive minima region is

Figure 4
Model parameter sensitivities in the presented inverse magnetic problem
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also observed. Although the optimization discovered

the depictive minima and searched for solutions

around them, it succeeded to move away from that

region and reach the global optimum. This finding

clearly shows that the E-SHADE algorithm balances

its exploratory and exploitative properties well. In the

second synthetic case, the best model did not overlap

with the true model because of the noise content.

However, the location of best model is not far from

true model, and it can be mentioned that there is no

overfitting of the data. It is also observed that the CF

value of the best model is less than the true model,

and this is an expected result in the inversion of noisy

data cases as clearly explained in Fernández-Martı́-

nez et al., (2014a, 2014b).

3.4. Inversion of Synthetic Data with the Conjugate

Gradient-Based Least-Squares Algorithm

A least-squares-based minimization approach in

conjunction with the Conjugate Gradient algorithm

(CGLS) was used to compare the performance of the

E-SHADE algorithm. The CGLS algorithm is a

powerful iterative technique to solve nonlinear sys-

tems, especially those involving symmetric and

positive definite matrices. Unlike direct approaches,

such as Gaussian elimination, which aim to find the

solution in a finite number of steps, the CGLS

algorithm iteratively refines approximations to con-

verge toward the accurate solution. This method’s

reliance on matrix–vector multiplications makes it

more efficient in both time and space. Thus, the

CGLS algorithm acts as an iterative solver rather than

calculating the matrix inverse directly. Here, we used

the same noise-free and noisy anomalies for the

inversion through the local optimizer. The Jacobian

matrix was computed using the forward finite-differ-

ence approach. Maximum iteration number was set to

25. Initial model parameters and estimated ones are

listed in Table 2. Additionally, the inversion results

are illustrated in Fig. 8. Initial model parameters

close to the correct values were selected for the

Figure 5
Noise-free case. The fit between the true and calculated data sets. The behavior of Cf against iterations. Convergence behaviors of each

parameter in 30 independent runs against iterations
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gradient-based inversion procedure. In both synthetic

cases, except for the dips and profile azimuths of the

sources, the other parameters were determined suc-

cessfully. Additionally, the CGLS algorithm

terminated the inversions with slightly less

computation time. The inversion procedures were

completed with the same CF values as obtained via

E-SHADE algorithm. However, it is clear that the

E-SHADE optimizer, which searches in a very large

model space, determined these angle values better. It

Figure 6
Noisy case. The fit between the true and calculated data sets. The behavior of Cf against iterations. Convergence behaviors of each parameter

in 30 independent runs against iterations

Figure 7
Cf landscapes produced in 2D principal component space for synthetic data cases. Contours are smoothed for better demonstrations
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should be noted that the CGLS local optimizer failed

when the initial model parameters were obtained by

adding 50% perturbations to the true ones. These

examples clearly showed that the E-SHADE algo-

rithm, which does not require a well-constructed

initial model, is much more advantageous than its

local counterpart.

4. Validation of E-SHADE Inversion with Known

Intrusions that are Well-Constrained

by Geological Data

In order to further test the validity of the E-

SHADE algorithm before the inversions of Kula

anomalies, we used two magnetic data set associated

with volcanic intrusions that are well-constrained by

geological data. The first anomaly is originated from

an olivine diabase dyke located in Pishabo Lake,

Ontario (McGrath & Hood, 1970). This outcropped

intrusion is a member of Sudbury dyke swarm and

produces high-amplitude magnetic response. The

aeromagnetic data set was acquired with a terrain

clearance of about 305 m (McGrath & Hood, 1970).

The TMA maps of the region were published by

Geological Survey of Canada (1965). McGrath and

Hood (1970) processed this magnetic anomaly using

a curve-matching method and linear fit criterion.

They reported depths of about 301.5 m and 306.5 m,

respectively. Additionally, based on the information

obtained from the outcrop mass in the field, they

reported that the width of the dyke body was

approximately 100 m. Abdelrahman et al. (2012)

determined the residual component of this magnetic

anomaly and used an inversion procedure which

produced a depth of 320 m to the top of the out-

cropped dyke. Here, we used the residual anomaly for

the inversion via the proposed algorithm. The search

space bounds for the model parameters of diabase

dyke are given in Table 3. As clearly seen, search

Table 2

True model parameters and CGLS solutions obtained from

synthetic data cases

Parameters True

values

Initial

values

Estimations

Noise-free

case

Noisy case

h [m] 30 42 30 30.35

b [m] 25 35 25 22.65

d [m] 0 15 0 – 0.04

d [o] 70 98 56.68 56.91

P [nT] 500 357 500 553.43

a [o] 50 36 20.57 13.80

Run time [s] 0.29 0.29

Cf [%] 1.55e – 04 1.12e ? 01

Figure 8
CGLS inversion results of noise-free (upper panel) and noisy (lower panel) data cases
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ranges for depth and width values were designed on

the basis of priori information mentioned above. In

addition, wide search ranges were used for other

parameters. We performed 30 independent runs with

a NP of 150, and a maximum iteration number of

7200, as used in the synthetic cases. Inclination of the

Earth’s magnetic field was set to 76.3 degrees. The

inversion outputs are demonstrated in Fig. 9. A sat-

isfactory fit between the two data sets was obtained.

A depth of 307.4 m was obtained for the outcropped

intrusion. As in the synthetic cases, some uncertain-

ties were observed in the solutions of parameters d
and a. However, statistically reliable solutions were

obtained for the other parameters. Although the

optimization started in different points in solution

space, these parameters reached the convergence

plain in every single run. The obtained depth via the

E-SHADE optimizer is quite close to the flight

height. Thus, we obtained geologically reliable depth

solution.

Table 3

Search space bounds, estimated model parameter values and some

statistical results for Ontario and North Carolina magnetic

anomaly cases

Parameters Ontario case North Carolina case

Search

spaces

Estimations Search

spaces

Estimations

Min Max Min Max

h [m] 50 1000 307.42 1 50 6.59

b [m] 50 1000 177.84 1 50 36.31

d [m] 500 1500 999.29 10 60 40.67

d [o] 0 180 122.14 0 180 99.91

P [nT] 50 2000 395.63 50 2000 293.79

a [o] 0 180 78.30 0 180 40.94

Mean run time [s] 0.82 0.83

Min Cf [%] 5.63 6.95

Max Cf [%] 5.63 6.95

std Cf [%] 2.4e – 15 9.1e – 14

Figure 9
Ontario case. The fit between the observed and calculated data sets. The behavior of Cf against iterations. Convergence behaviors of each

parameter in 30 independent runs against iterations
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In the second example, we used the anomaly of a

diabase dyke located in the Durham Triassic basin,

North Carolina (Won, 1981). Many Triassic diabase

dykes in the region are known to accumulate signif-

icant amounts of fracture-induced groundwater. Some

diabase dykes in that area produce high-amplitude

magnetic anomalies while others exhibit non-mag-

netic responses. The varying magnetic properties are

probably originated from different chemical compo-

sitions of the dykes or changes in the mineralogical

composition of the host rock lithologies surrounding

the diabase masses (Burt et al., 1978). The majority

of these dykes are of limited width, less than 30 m.

According to the information obtained from the wells

drilled with hammer drills, it was reported that the

tops of the dykes were at depths of several meters

(Won, 1981). A depth of 7.97 m to the top of the

dyke mass and a width of 39.4 m were obtained using

Gauss’s method (Won, 1981). Kara et al. (2022)

analyzed this anomaly and they reported 8.4 m and

39.24 m for the depth and width of the diabase dyke,

respectively. Table 3 lists the search space bounds for

the model parameters of diabase dyke. We used the

geological priori information in selecting the search

spaces for parameters of depth and width. Wide

search ranges were used for other model parameters.

We inverted the magnetic anomaly using the same

algorithm-based control parameters. The inclination

angle for the Earth’s magnetic field was set to 67

degrees. Figure 10 illustrates the inversion results.

A Cf of 6.95% was obtained between the observed

and calculated magnetic data set. The depth to the top

of the diabase dyke was obtained as 6.6 m. This value

is very close to the solutions of previous works and

also to the geological information. The estimated

width value is also geologically reasonable. The

statistical reliability of the solutions is the same as in

the previous example. The equivalence error

topographies of two cases are shown in Fig. 11. The

model solutions higher than a certain cutoff value

([ 25%) were not taken into consideration in pro-

ducing the Cf maps. In the Ontario magnetic anomaly

Figure 10
North Carolina case. The fit between the observed and calculated data sets. The behavior of Cf against iterations. Convergence behaviors of

each parameter in 30 independent runs against iterations
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case, a deceptive minima region is clearly observed.

Although the existence of this difficulty, the

E-SHADE algorithm reached the minima valley with

its well-balanced global exploratory and local

exploitatory capabilities. In the North Carolina

magnetic anomaly case, a wide model solution space

was scanned and the global minimum was discovered

by the algorithm. We can mention that these two

known anomaly cases validated the quality and reli-

ability of the E-SHADE algorithm both statistically

and geologically.

5. Kula Volcanic Field and Aeromagnetic Anomaly

Inversion with the E-SHADE Algorithm

5.1. Geology of the Study Area

Türkiye is located in a geological complex region

which is a part of the Alpine-Himalayan orogenic

belt. This significant belt extends from the Mediter-

ranean Sea to the Himalayas, and it is characterized

by significant tectonic activities such as the collision

of some continental plates. During the Late Creta-

ceous-Eocene, the Neo-Tethys Ocean closed (Şengör

& Yilmaz, 1981), and in the Early-Middle Miocene

time period, the Anatolian and Arabian Plates

collided. This collision caused the development of

the Bitlis-Zagros Thrust Zone (BZTZ) (Ring &

Layer, 2023; Şengör & Yilmaz, 1981). Because of

this collision, Anatolian Plate moves westward with

counterclockwise rotation along the dextral North

Anatolian Fault Zone (NAFZ) and the sinistral East

Anatolian Fault Zone (EAFZ) (Fig. 12). After this

collision, an intense crustal extension began in

WAEP starting from the Oligo-Miocene (Seyitoğlu

& Scott, 1991, 199 2; Sozbilir, 2002; Bozkurt &

Mittwede, 2005). Additionally, the subduction of the

African Plate beneath the Anatolian Plate along the

Aegean and Cyprean Arcs remarkably contributes to

this extension (Fig. 12). Western Anatolia is one of

the regions in a world scale where continental

extension is most active. Following this extension,

metamorphic basement rocks forming the Menderes

Massif emerged (Bozkurt & Park, 1994; Şengör et al.,

1984). With the evolution of the Menderes Massif

which is a metamorphic core complex (Şengör et al.,

1984), approximately E-W oriented Pliocene–Qua-

ternary aged grabens and NE-SW oriented Miocene

aged basins were developed in the region (Ciftci &

Bozkurt, 2009; Şen et al., 2014; Westaway et al.,

2004). The Kula Volcanic Field is located in one of

these basins, namely on crystalline rocks of the

Menderes Massif (Bozkurt, 2001; Koralay et al.,

2004). The region is tectonically very active and

characterized by regular NE-trending normal faults

separating the crystalline rocks, Neogene sediments

and volcanic rocks (Tokçaer et al., 2005). In the

region that covers NE-SW oriented basins, volcanism

is mostly associated with crustal thinning (Şen et al.,

2014). The study area hosts one of the youngest

volcanics of the country and is clearly distinguished

Figure 11
Cf landscapes produced in 2D principal component space for two field data cases. Contours are smoothed for better demonstrations
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from other volcanoes of the whole country by being

of basaltic origin. Quaternary alkaline basaltic rocks

are dominant in the region. The distribution of

volcanics of the country together with the study area

are shown in Fig. 12. The Kula Volcanics are located

in an area consisting of many large and small

volcanoes spread in a wide region in the west of

the country. Basaltic rocks of the region are unique

example of rapid uplifting of asthenosphere material

in western Anatolia (Tokçaer et al., 2005). In

addition, the region consists of many well-preserved

lava tubes, fairy chimneys, canyons, cinder cones,

maars and other volcanic products. The volume of the

eruption products was reported to be small. The

volcanic products spread in an area exceeding 200

km2 (Bunbury et al., 2001). The geology map of the

region is shown in Fig. 13. All volcanic occurrences

in the Kula region are located on a plateau with an

altitude of 600–700 m (Koçman, 2004). The topo-

graphic map of the region is shown in the upper panel

of Fig. 14. It is generally accepted that volcanism has

developed in three phases. The primary phase of

volcanic activity occurred between 1.1 my and 0.01

my ago, as reported by Aydar (1998). The volcanics

of the first phase are located on the hills as plateau

basalts on the older units. The lava flows covering the

Neogene fillings occurred in this phase. This phase

was followed by an uplift and river valleys and

cleavage, and then the second and third phases

occurred at short intervals. Lava emerged from most

of the cones belonging to the second phase. These are

shaped as pyroclastic cones. More than 80 cinder

cones that occurred between the first two phases were

reported (Tokçaer et al., 2005). The cones of the third

phase are steep and the lava flows are fresh (Koçman,

2004). In the last period of volcanic activities, lava

flows were produced by the youngest craters to form

the second plateau basalts, and the presence of

plateau lavas in large volumes indicates the rapid

uplift of the mantle material which was validated by

some geochemical analyses (Tokçaer et al., 2005).

There is no obvious petrographic difference between

the lavas of three phases.

Figure 12
The map showing the volcanic rock distribution in Türkiye (modified from Ertekin et al. (2021)). The location of Kula volcanics is highlighted

by yellow ellipse
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5.2. Aeromagnetic Data of the Study Area

The aeromagnetic anomalies of the Kula Volcanic

region were obtained by a national institution of

Türkiye, the General Directorate of Mineral Research

and Exploration (MTA). It was aimed to map the

spatial distributions of volcanic rocks and also

determining magnetic-highs in the region. The

required methodological steps including IGRF cor-

rection were performed by the same institute. In the

data acquisition step, N-S flight lines were used. In

this aeromagnetic survey, MTA used a nominal

terrain clearance of 150 m which was controlled by

a radar altimetry system. The observed data were then

gridded using 100 m intervals in both directions.

First, a horizontal trend was removed from TMA map

and a reduction-to-the-pole process was applied. For

the inclination and declination of the ambient field,

550 and 20 were used, respectively. RTPA map of the

study region is shown in the lower panel of Fig. 14.

The distinct magnetic anomalies exhibiting high-

amplitudes can be easily followed. It should be noted

that the one of the highest-amplitude magnetic

anomalies in western Anatolia are the responses of

the volcanic rocks located in the Kula region. The

cones produce clear magnetic-highs. Thus, it is clear

that high-amplitude anomalies represent the basaltic

intrusions of the region well. Considering the

volcanic products in the area, nine profiles consisting

high magnetic anomalies (Fig. 14, lower panel) were

extracted from the RTPA map and inversion proce-

dures were carried out by using the novel E-SHADE

optimization algorithm.

Figure 13
The location and geology maps of study area (modified from Özyalın (2023))
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5.3. Inversion of Airborne Magnetic Data of Kula

Volcanics

As mentioned before, some of the volcanic

products that have the highest-amplitude magnetic

anomalies in western Anatolia are located in the Kula

Volcanic Field. The lavas formed by partial melting

of peridotite on the mantle are spread over a wide

area in the region. The causative magnetized bodies,

most likely basaltic intrusions, produce significant

magnetic contrasts compared to their surroundings.

The high-amplitude magnetic anomalies can be

clearly observed (Fig. 14, lower panel). There are

some volcanic cones in the study region. The small

sizes of the Kula cinder cones are probably the result

of magma rising to the surface at a very low flow. In

the region, however, plateau basalts and associated

lava flows of first two phases do not produce

remarkable magnetic-highs. The very prominent

magnetic-highs are associated with the volcanic

cones in the Kula region. To determine some model

parameters of these magnetized source bodies, nine

anomaly profiles were selected for the inversion. The

profiles cutting the high-amplitude anomalies were

extracted from the RTPA map. These profiles were

Figure 14
The topographic and RTPA maps of study area. The nine profiles extracted are also shown in the RTPA map
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resampled with a data spacing of 50 m. The Profile 1

shows the magnetic anomaly of Kaplan volcanic cone

(Fig. 14). Two eruption centers were reported on this

field (Özyalın, 2023). Although this anomaly pro-

duces significantly low-amplitude anomaly than the

others, it represents the geology well. This magnetic

response extends westwards, following the direction

of volcanic lava flow. The fact that the anomaly is

lower in amplitude than the other ones may be related

to the depth of the source structure. The Profile 2 is

the magnetic anomaly of Sandal, the most important

volcanic cone in the region of latest phase volcanic

activities. This anomaly represents the volcano well

and does not spread over other areas (Fig. 12).

Although the Profile 3 presents a clear anomaly there

is no volcanic cone in that area. This case may

indicate the presence of a volcanic intrusion which

has no trace on the ground surface. The Profile 4

shows a strong magnetic-high, but in that area, there

is no cone. This anomaly is most probably the

response of a buried volcanic intrusion that could not

reach the Earth’s surface. The Profile 5 shows the

response of Kula volcanic cone which is the product

of latest phase volcanic activities. Lava flows spread

over the entire surface of Kula County and along the

sedimentary rocks in a SE-NW direction. Like the

other ones, Profile 6 exhibits a remarkable anomaly

amplitude (Fig. 14) which is due to the products of

second phase volcanic activities. Although there are

no volcanic cones in the areas of Profile 7, 8 and 9,

we inverted these anomalies since they produce high-

amplitudes in the region and present a smooth

geometry. Considering the shapes of the presented

nine anomalies, it is clear that they are suitable for

modeling the volcanic intrusions located at the

subsurface. In the inversion of Kula Volcanic Field

anomalies, we applied the same procedures used in

synthetic and two field data cases. Some trial-and-

error studies were carried out to determine the

boundaries of the model parameter search spaces.

From these studies, we observed that choosing wider

search space limits has no effect on the model

solutions. The same solutions were reached when the

searches were made in different ranges. This finding

Figure 15
The fits between the observed and calculated data sets of each profile. Cf values for each profile are also shown in each plot
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shows that the E-SHADE algorithm is quite

stable and reach directly the global minima. We

obtained model solutions with Cf values ranging from

2.70% to 8.34%. These values are quite satisfactory

in the inversion of real data sets. Observed and

calculated magnetic data sets of each profile are

illustrated in Fig. 15. The detailed inversion results

including model search spaces used, model parameter

estimations and some statistical data are listed in

Table 4.

It is noticeable that the std values of the solutions

obtained from 30 independent inversions of each

anomaly are almost 0 (Table 4). This finding shows

the stability of the algorithm used. In addition,

although the algorithm started the optimization with

a different initial population, it achieved to reach the

same optimum solution in every single run. The

convergence curves of each parameter obtained from

30 independent runs are demonstrated in Figs. 16, 17,

18, 19, 20, 21. In each plot, except for the parameter

a, it is generally seen that the optimization procedure

showed some sudden changes in the model parameter

values as the iterations continue and then reached the

optimal values at about the 5000th iteration. Varia-

tions were not observed in the model parameter

values after these stabilizations. Therefore, it is clear

that the optimizations were completed in less time

than the mean run times given in Table 4. Very

stable and consistent solutions were obtained for the

parameters b, h, and d (Figs. 16, 17, 18, respectively).

Every independent run yielded the same solutions for

these parameters. Thus it is clear that there are no

uncertainties in the solutions of these parameters.

The statistically reliable solutions for the param-

eters h, b and d confirm the knowledge obtained from

the modal and sensitivity analyses. There are no

uncertainties in the solutions of these model param-

eters. In addition, these three model parameters are

significant for determining the spatial distributions of

the source bodies causing the magnetic anomalies.

Surprisingly, dislike to the experiments performed

with synthetic and field data cases presented before,

the solutions of parameter d were determined without

uncertainties in the Kula Volcanic field anomalies

(Fig. 19). The convergence curves of 30 independent

runs in each plot show that the same solutions were

reached. The dips of the volcanic intrusions in the
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Figure 16
The convergence curves of the model parameter h against iterations. The best solutions are also depicted with black thick solid line in each

plot

Figure 17
The convergence curves of the model parameter b against iterations. The best solutions are also depicted with black thick solid line in each

plot
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Figure 18
The convergence curves of the model parameter d against iterations. The best solutions are also depicted with black thick solid line in each

plot

Figure 19
The convergence curves of the model parameter d against iterations. The best solutions are also depicted with black thick solid line in each

plot
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Figure 20
The convergence curves of the model parameter P against iterations. The best solutions are also depicted with black thick solid line in each

plot

Figure 21
The convergence curves of the model parameter a against iterations. The best solutions are also depicted with black thick solid line in each

plot
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Kula region range between 61.60 and 128.60 which

are geologically reasonable (Table 4). Figure 20

shows the convergence curves of the parameter

P for each profile. Satisfactory solutions were

obtained from statistical point of view. On the other

hand, we obtained unreliable a solutions for each

profile. The uncertainties can be clearly followed

from Fig. 21. The solutions obtained for this param-

eter change in wide ranges for each profile.

Nevertheless, the inversion results showed that the

uncertainties in the solutions of parameter a do not

affect the reliability of other model parameters

solutions. It should be noted that the flight altitude

was not taken into consideration in the estimated

depth solutions of the intrusive dykes given in

Table 4. We obtained shallower depths for the

magnetized dykes in the Kula Volcanic Field com-

pared to previously reported results (Özyalın, 2023).

In addition, in the previous study it was stated that

some model parameters solutions were outside the

95% confidence interval according to probability

density function analyses. Another point to be

considered in previous study (Özyalın, 2023) is that

there are high std values in the parameter solutions

obtained from independent runs. Additionally, the

parameter a was ignored in every single run. There-

fore, we can mention that the present study produced

statistically more reliable results.

In the last step, Cf topography maps were also

produced by reducing the multidimensional model

parameters into two basic components (Fig. 22). The

model solutions that are higher than 25% error value

were not taken into consideration in the computa-

tions. In these error landscape maps, the valleys

containing lowest Cf values are closed by contours

and are easily observed. Additionally, although the

global maximum regions are spread over a wide area

in all equivalence Cf maps, the E-SHADE algorithm

performed a successful search in the model space and

reached the lowest error valley containing the global

minimum. The absence of complex topographical

changes in the error function maps clearly showed the

superiority of the proposed algorithm in scanning the

model solution space and ignoring unnecessary

sectors through the use of historical-memory.

6. Conclusions

We investigated the aeromagnetic anomalies of

the Kula region which hosts well-preserved volcanic

products. Although many geological studies have

been carried out in this volcanic area, geophysical

anomalies have not been analyzed sufficiently. Thus,

we focused on estimating some model parameters of

the volcanic intrusions by performing inversion

studies. The derivative-free and population-based

E-SHADE optimizer was used for the inversion

procedures. We demonstrated the effectiveness of

this global optimization algorithm through noise-free

and noisy synthetic magnetic anomalies. Addition-

ally, inversion studies with the anomalies of known

volcanic intrusions that are well-constrained by geo-

logical data showed the validity of the algorithm. It

also produced more accurate results in comparison to

a local optimizer. Modal and sensitivity analyses with

noise-free magnetic anomaly revealed the resolv-

ability characteristics of the model parameters.

Synthetic applications indicated that the algorithm

works in a robust structure and provides a good trade-

off between global exploration and local exploitation

which are essential stages of optimization procedure.

Principle component analysis using error topography

maps also showed the efficiency of the algorithm.

Inversion studies performed with nine profiles

extracted from RTPA of Kula region produced geo-

logically reasonable and statistically reliable results.

We determined shallower depths for the basaltic

intrusions compared to the results of a previous study.

In the region, magmatic feeding from the mantle is

carried out by these shallow volcanic dykes. The

lavas formed by partial melting of peridotite on the

mantle are spread over a wide area. Due to the

ongoing activity of the rift system in the Kula region,

it is possible that the three-phased volcanism may

become active again and produce new alkaline

basaltic lava flows in a new phase by means of near-

bFigure 22

Cf landscapes produced in 2D principal component space for Kula

Volcanic Field profile anomalies. Contours are smoothed for better

demonstrations
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surface dykes that are determined here. Another

important finding of our study is that the proposed

E-SHADE global optimization scheme is efficient in

terms of convergence behavior and avoiding local

minima present in the equivalence error space. In

addition, inversion with E-SHADE algorithm does

not require extensive and time-consuming parameter

tuning studies, and a well-structured initial guess in

the model space. Although, this algorithm requires

slightly more computational time than derivative-

based local optimizers, it is a powerful inversion tool

for the interpretation of magnetic anomalies. It can

also be used effectively in other geophysical inverse

problems. Lastly, this study also revealed that the

parameter a which denotes the profile azimuth of the

causative dyke body from magnetic north cannot be

estimated reliably in the presented inverse magnetic

problem. However, the statistical uncertainties in this

model parameter solutions do not affect the credi-

bility of other model parameter estimations.
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Ai, H., Ekinci, Y. L., Balkaya, Ç., & Essa, K. S. (2023). Inversion

of geomagnetic anomalies caused by ore masses using hunger

games search algorithm. Earth and Space Science, 10,

e2023EA003002. https://doi.org/10.1029/2023EA003002

Ai, H., Essa, K. S., Ekinci, Y. L., Balkaya, Ç., Li, H., & Géraud, Y.

(2022). Magnetic anomaly inversion through the novel barnacles

mating optimization algorithm. Scientific Reports, 12, 22578.

https://doi.org/10.1038/s41598-022-26265-0

Alpaydın, E. (2020). Introduction to machine learning. The MIT

Press.

Alvandi, A., Su, K., Ai, H., Ardestani, V. E., & Lyu, C. (2023).

Enhancement of potential field source boundaries using the

hyperbolic domain (Gudermannian function). Minerals, 13,

1312. https://doi.org/10.3390/min13101312

Aydar, E. (1998). Early miocene to quaternary evolution of vol-

canism and the basin formation in western Anatolia: A review.

Journal of Volcanology and Geothermal Research, 85, 69–82.

https://doi.org/10.1016/S0377-0273(98)00050-X
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