


Multiplicative Dirac system

Tuba Gulsen1, Emrah Yilmaz1,∗, Sertac Goktas2
1Dept. of Mathematics, Firat University, Elazıǵ, Turkey
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Abstract

We define a  Dirac system in multiplicative calculus by some algebraic s t ructures. Asymptotic estimates 
for eigenfunctions of the multiplicative Dirac system are obtained. Eventually, some fundamental prop-
erties of the multiplicative Dirac system are examined in detail.
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1. Introduction
Multiplicative calculus was introduced by Grossman & Katz (Grossman, 1979; Grossman & Katz, 
1972) in 1967 as an alternative to classical calculus. This type of calculus is also known as non-
Newtonian because of its difference from classical calculus of Newton and Leibniz. Multiplicative cal-
culus is a useful supplement to classical calculus in that it is tailored to situations involving exponential 
functions in the same sense that classical calculus is tailored to situations involving linear functions. 
Multiplicative calculus moves the roles of subtraction and addition to division and multiplication. There 
are actually many reasons to study multiplication analysis. It improves the work of additive calculations 
indirectly. Problems that are difficult to solve in the classical case can be solved with incredible ease in 
here. Every property in the Newtonian case can be defined in multiplicative analysis within certain rules.

Many events in nature change exponentially. For example, the populations of countries, the mag-
nitude of an earthquake (Benford, 1938) are events that behave in this manner. For this reason, using 
multiplicative analysis instead of classical analysis allows a better physical evaluation of these types of 
events. This form of calculus also provides better results than the classical case in many fields s uch as 
finance, economics, biology and d e mographics. A  very l imited number of studies have been conducted 
on this analysis until the beginning of the 2000s. Recently, various studies have been carried out on it and 
quality and effective results have been obtained (see (Akkus & Kizilaslan, 2019; Bashirov & Riza, 2011; 
Bashirov et al., 2011; Boruah & Hazarika, 2018; Florack & Assen, 2012; Guenther, 1983; Slavı́k, 2007; 
Stanley, 1999; Yazlik et al., 2016)).

As known, a Dirac system is an efficient e quation s ystem i n m athematical p hysics i n t he classical 
case. A Dirac system, which contributes to the formulation of quantum mechanics for elementary par-
ticles with half a spin such as electrons, was proposed by Dirac to eliminate some of the problems in 
the Klein-Gordon equation (Dirac, 1928). The non-relativistic Schrödinger equation is not sufficient to 
explain experiments performed at energies much higher than the rest mass energy. For this, the solutions 
of the Dirac equation, one of the relativistic wave equations, are required. For all these reasons, the 
Dirac equation system has a very important place in quantum physics. Many studies have been carried 
out over the years on this system and many important results have been obtained for the classical case 
(see (Allahverdiev & Tuna, 2017; Bairamov et al., 2010; Gasymov & Levitan, 1966; Joa & Minkin, 
1997; Keskin & Ozkan, 2011; Levitan & Sargsjan, 1991; Ç öl & Mamedov, 2012; Moses, 1956; 
Prats & Toll, 1959; Sharma et al., 2011; Thaller, 1992; Verde, 1959; Weiss et al., 1972)). Hence, we 
want to examine a multiplicative Dirac system other than Newtonian calculus. Before moving on to the
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basic results, let us firstly express the concepts and important theorems of multiplicative analysis that we
will use in our study.

Definition 1.1. (Bashirov et al., 2008) Let f : A ⊂ R → R be differentiable in usual case and
f(t) > 0 for all t. If the below limit exists and positive

f∗(t) = lim
h→0

[
f(t+ h)

f(t)

] 1
h

,

f∗(t) is called ∗derivative of f at t.

Lemma 1.2. (Bashirov et al., 2008) Let f : A → R be positive and classical differentiable at t.
Then, there is following relation between classical and ∗derivatives.

f∗(t) = e(ln of)′(t).

Theorem 1.3. (Bashirov et al., 2008) Let f, h be ∗differentiable and p be classical differentiable at
t. The following equalities hold for ∗derivative.

i. (cf)∗ (t) = f∗(t),
ii. (fh)∗ (t) = f∗(t)h∗(t),
iii. (f/h)∗ (t) = f∗(t)/h∗(t),
iv. (fp)∗ (t) = f∗(t)p(t)f(t)p

′(t),

v. (fop)∗ (t) = f∗ (p(t))p
′(t) ,

vi. (f + h)∗ (t) = f∗(t)
f(t)

f(t)+h(t)h∗(t)
h(t)

f(t)+h(t) ,
where c is a positive constant.

The system of equations we will establish in our study will include the multiplicative derivative
defined above. Since the multiplicative integral will emerge while obtaining the eigenfunctions of the
multiplicative Dirac system, let us express the notion and basic properties of multiplicative integration.

Definition 1.4. (Bashirov et al., 2008) Let f be a positive bounded function on [a, b] where −∞ <
a < b < ∞. Consider the partition P = {x0, x1, ..., xn} of [a, b] and the numbers ξ1, ξ2, ..., ξn asso-
ciated with the partition P. f is said to be integrable in the multiplicative sense or ∗integrable if there
exists a number P having the property: for every ε > 0 there exists a partition Pε of [a, b] such that
|P (f,P)−P| < ε for every refinement P of Pε independently on selection of the numbers associated
with the partition P where

P (f,P) =

n∏
i=1

f (ξi)
(xi−xi−1) .

Then, the symbol
b∫
a
f(x)dx denotes multiplicative integral or ∗integral of f on [a, b]. By this definition,

if f is positive and Riemann integrable on [a, b], then it is ∗integrable on [a, b] and

b∫
a

f(x)dx = e

b∫
a
(ln of)(x)dx

.

Conversely, one can show that if f is Riemann integrable on [a, b], then

b∫
a

f(x)dx = ln

b∫
a

(
ef(x)

)dx
.
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Theorem 1.5. (Bashirov et al., 2008) Let f, h be positive bounded functions on [a, b] where −∞ <
a < b < ∞. If f, h are ∗integrable on [a, b], the following expressions hold:

i.
b∫
a
[f(x)p]dx =

[
b∫
a
f(x)dx

]p

, p ∈ R,

ii.
b∫
a
[f(x)h(x)]dx =

b∫
a
f(x)dx

b∫
a
h(x)dx,

iii.
b∫
a

[
f(x)
h(x)

]dx
=

b∫
a
f(x)dx

b∫
a
h(x)dx

,

iv.
b∫
a
f(x)dx =

c∫
a
f(x)dx

b∫
c
f(x)dx, a ≤ c ≤ b.

The main focus of this study is to redefine the classical Dirac system in the multiplicative case. The 
Dirac system will be considered from a different perspective and the results will be compared in classical 
and multiplicative calculi. In the following years, the theory of complex functions in multiplicative 
analysis which is necessary especially while dealing with multiplicative analysis in spectral theory was 
defined by (Bashirov & Norozpur, 2018). This is required in difficult applications of the Dirac system. 
The rest of this study is organized as follows: In the second section, we construct a multiplicative Dirac 
system by arithmetic operations. The asymptotic estimates for the eigenfunction of the multiplicative 
Dirac system is established. In the last section, some spectral properties of the multiplicative Dirac 
system are examined.

2. Multiplicative Dirac system

In this section, a multiplicative Dirac system is established by some algebraic structures and the eigen-
functions of the constructed problem are obtained. Accordingly, let us express multiplicative algebraic 
structures that we will encounter while establishing and solving the multiplicative Dirac system. Arith-
metic operations created with exponential functions are called multiplicative algebraic operations. Let’s 
show some properties of these operations with a multiplicative arithmetic table for x, y ∈ R+.

x⊖ y = x
y , x⊕ y = xy, x⊙ y = xln y = ylnx.

These operations create some algebraic structures. If ⊕ : A× A → A is an operation where A ̸= ϕ
and A ⊂ R+, the algebraic structure (A,⊕) is called multiplicative group. Similarly, (A,⊕,⊙) is
a multiplicative ring. This situation gives us the opportunity to use these processes easily and define
different structures. Also, multiplicative Dirac system includes multiplicative matrices. We overcome
many problems using the basic properties of these multiplicative matrices (Kadak and Gurefe, 2016;
Gurefe et al., 2016).

Let us consider the below multiplicative Dirac system

L [y] = (B ⊙ y∗(t))⊕ (Q(t)⊙ y(t)) = eλ ⊙ y(t), t ∈ [a, b], (1)

with the conditions

(eα ⊙ y1(a))⊕
(
eβ ⊙ y2(a)

)
= 1, (2)

(eγ ⊙ y1(b))⊕
(
eδ ⊙ y2(b)

)
= 1,

where
(
α2 + β2

) (
γ2 + δ2

)
̸= 1 and

B =

[
1 e

e−1 1

]
, Q(t) =

[
eq(t) 1

1 er(t)

]
.
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We assume that a = 1, b = e throughout this study without loss of generality. In fact, [a, b] is

mapped to [1, e] by means of the substitution x =
(
t
a

) 1

ln b
a . Here, λ is a spectral parameter and q, r are

real-valued, positive and ∗integrable functions. For the above system

y(t, λ) =
[
y1(t, λ) y2(t, λ)

]T
is the eigenfunction of the problem (1)-(2) corresponding to the eigenvalue λ where T denotes transpose
of the matrix and yj , j = 1, 2 are continuous and positive functions. If we expand and simplify this
system by using the properties of multiplicative calculus, the following multiplicative system is obtained.

y∗2 y
q(t)
1 = yλ1 ,

y∗1 y
−r(t)
2 = y−λ

2 ,

with the conditions
yα1 (a) y

β
2 (a) = 1,

yγ1 (b) y
δ
2(b) = 1.

In order to avoid any difficulties in expressing the main parts of the study, the inner product will be
defined and the spaces used throughout the study will be given in the multiplicative case.

Definition 2.1. Let X be a non empty set and <,>∗: X × X → R+ be a function such that the
below axioms hold for all x, y, z ∈ X

M1) < x, x >∗≥ 1,
M2) < x, x >∗= 1 if and only if x = 1,
M3) < x⊕ y, z >∗=< x, z >∗ ⊕ < y, z >∗,
M4) < eα ⊙ x, y >∗= eα⊙ < x, y >∗, α ∈ R
M5) < x, y >∗=< y, x >∗ .
Then, (X,<,>∗) is called ∗inner product space and <,>∗ is ∗inner product on X.

Lemma 2.2. The space

L∗
2[a, b] =

f :

b∫
a

[f(x)⊙ f(x)]dx < ∞


is an ∗inner product space with

<,>∗: L
∗
2[a, b]× L∗

2[a, b] → R+,

< f, h >∗=

b∫
a

[f(x)⊙ h(x)]dx ,

where f, h ∈ L∗
2[a, b] are positive functions.

Proof: The proof can be easily demonstrated using the properties of the multiplicative inner product
and the definition of the given space.

Lemma 2.3. (Kadak and Gurefe, 2016) Let f : [a, b] ⊂ R → R be ∗integrable, positive function and
h : [a, b] ⊂ R → R be differentiable, positive function. Then,

b∫
a

[
f∗(x)h(x)

]dx
=

f(b)h(b)

f(a)h(a)
1

b∫
a

[
f(x)h′(x)

]dx .
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This expression is known as ∗integration by parts formula. This lemma will have an important place
in the proof of the next theorem.

Theorem 2.4. The eigenfunction of the problem (1)-(2) have the following asymptotic estimates

y1(t, λ) = [y2(1)]
− sinλ(t−1) ⊕ [y1(1)]

cosλ(t−1) ⊕
t∫

1

[(
y
q(s)
1

)sinλ(t−s)
⊕
(
y
r(s)
2

)cosλ(t−s)
]ds

,

y2(t, λ) = [y1(1)]
sinλ(t−1) ⊕ [y2(1)]

cosλ(t−1) ⊕
t∫

1

[(
y
q(s)
1

)− cosλ(t−s)
⊕
(
y
r(s)
2

)sinλ(t−s)
]ds

,

where y(t, λ) =
[
y1(t, λ) y2(t, λ)

]T
.

Proof. By the given multiplicative Dirac system,

t∫
1

[(
y
q(s)
1

)sinλ(t−s)
⊕
(
y
r(s)
2

)cosλ(t−s)
]ds

= e

t∫
1

ln

[(
y
q(s)
1

)sinλ(t−s)(
y
r(s)
2

)cosλ(t−s)
]
ds

= e

t∫
1

[
ln y

q(s)
1 sinλ(t−s)+ln y

r(s)
2 cosλ(t−s)

]
ds
.

Then, after some computations,

t∫
1

[(
y
q(s)
1

)sinλ(t−s)
⊕
(
y
r(s)
2

)cosλ(t−s)
]ds

= e

t∫
1

−y′2
y2

sinλ(t−s)ds
e
λ

t∫
1

ln y1 sinλ(t−s)ds

= e

t∫
1

y′1
y1

cosλ(t−s)ds
e
λ

t∫
1

ln y2 cosλ(t−s)ds
.

(3)

Then, integration by parts method in multiplicative case yields

e

t∫
1

−y′
2

y2
sinλ(t−s)ds

=
[y2(1)]

sinλ(t−1)

e
λ

t∫
1

ln y2 cosλ(t−s)ds

, (4)

e

t∫
1

y′
1

y1
cosλ(t−s)ds

=
y1(t) [y1(1)]

− cosλ(t−1)

e
λ

t∫
1

ln y1 sinλ(t−s)ds

. (5)

By considering (4) and (5) in (3), we get

t∫
1

[(
y
q(s)
1

)sinλ(t−s)
⊕
(
y
r(s)
2

)cosλ(t−s)
]ds

=
1

[y2(1)]
− sinλ(t−1)

y1(t)

[y1(1)]
cosλ(t−1)

,

and

y1(t, λ) = [y2(1)]
− sinλ(t−1) ⊕ [y1(1)]

cosλ(t−1) ⊕
t∫

1

[(
y
q(s)
1

)sinλ(t−s)
⊕
(
y
r(s)
2

)cosλ(t−s)
]ds

.

Similarly, the second component of eigenfunction y(t, λ) can be obtained in the same way. It com-
pletes the proof.

The difference between the results obtained in the classical case and these results will create some
important differences in quantum physics. In the next section, some theorems that have a very important
place in explaining the physical properties of this system in relation to eigenfunctions are expressed and
proven.
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3. Some spectral properties of multiplicative Dirac system

In this section, we examine some properties of multiplicative Dirac system as reality, simplicity, orthog-
onality and self-adjointness.

Lemma 3.1. The eigenfunctions u(t) =
[
u1(t) u2(t)

]T and v(t) =
[
v1(t) v2(t)

]T corre-
sponding to the distinct eigenvalues λ1 and λ2 are orthogonal, i.e.

b∫
a

[
uT (t, λ1)⊙ v(t, λ2)

]dt
= 1.

Proof: The below equations can be written according to the definition of eigenfunctions

u∗2 u
q(t)
1 = uλ1

1 ,

u∗1 u
−r(t)
2 = u−λ1

2 ,

and

v∗2 v
q(t)
1 = vλ2

1 ,

v∗1 v
−r(t)
2 = v−λ2

2 .

Here, if circular sum and circular product operations are taken into account and applied to the above
equations, we get

(u∗2)
ln v1 u

q(t) ln v1
1 (v∗1)

lnu2 v
−r(t) lnu2

2

(u∗1)
ln v2 u

−r(t) ln v2
2 (v∗2)

lnu1 v
q(t) lnu1

1

=
(
uln v1
1 uln v2

2

)λ1−λ2

.

If we continue to use and edit the same properties,

[(u∗2 ⊙ v1)⊖ (u∗1 ⊙ v2)]⊕ [(v∗1 ⊙ u2)⊖ (v∗2 ⊙ u1)] = [(u1 ⊙ v1)⊕ (u2 ⊙ v2)]
λ1−λ2 ,

and
[(u2 ⊙ v1)⊖ (u1 ⊙ v2)]

∗
= [(u1 ⊙ v1)⊕ (u2 ⊙ v2)]

λ1−λ2 , (6)

are obtained. Now let’s make the proof of this last equation with multiplicative techniques.

[(u2 ⊙ v1) ⊖ (u1 ⊙ v2)]
∗ =

(
u2⊙v1
u1⊙v2

)∗
=

(u∗
2)

ln v1u

v
′
1

v1
2

(u∗
1)

ln v2u

v
′
2

v2
1

=

(
u
λ1−q(t)
1

)ln v1
u
ln v

r(t)−λ2
2

2(
u
r(t)−λ1
2

)ln v2
u
ln v

λ2−q(t)
1

1

= [(u1 ⊙ v1)⊕ (u2 ⊙ v2)]
λ1−λ2 .

Therefore, by taking ∗integral for both sides of (6) on [1, e], we get

e∫
1

{
[(u1 ⊙ v1)⊕ (u2 ⊙ v2)]

λ1−λ2

}dt
=

[(u2 ⊙ v1)⊖ (u1 ⊙ v2)] (e)

[(u2 ⊙ v1)⊖ (u1 ⊙ v2)] (1)
= 1,

and
e∫

1

[
uT (t, λ1)⊙ v(t, λ2)

]dt
= 1,
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where λ1 ̸= λ2. Here, we have used the below matrix circle product:

uT (t, λ1)⊙ v(t, λ2) =
(
u1(t, λ1)u2(t, λ1)

)
⊙
(

v1(t, λ2)
v2(t, λ2)

)
= [(u1(t, λ1)⊙ v1(t, λ2))⊕ (u2(t, λ1)⊙ v2(t, λ2))] .

Lemma 3.2. All eigenvalues of the multiplicative Dirac system (1)-(2) are real.
Proof: Let λ1 = u+ iv and λ1 = u− iv. By the definition of orthogonality, we can write

e∫
1

{[(
y1(x, λ1)⊙ y1(x, λ1)

)
⊕
(
y2(x, λ1)⊙ y2(x, λ1)

)]λ1−λ1
}dx

= 1.

Since λ1 ̸= λ1, we get

e∫
1

[(
y1(x, λ1)⊙ y1(x, λ1)

)
⊕
(
y2(x, λ1)⊙ y2(x, λ1)

)]dx
= 1. (7)

So, by using the circular product and conjugate operations,

e∫
1

[(
y1(x, λ1)⊙ y1(x, λ1)

)
⊕
(
y2(x, λ1)⊙ y2(x, λ1)

)]dx
= e

e∫
1

ln

(
y
ln y1(x,λ1)
1 y

ln y2(x,λ1)
2

)
dx

= e

e∫
1
(|ln y1|2+|ln y2|2)dx

.

By (7),
e∫

1

(
|ln y1|2 + |ln y2|2

)
dx = 0 ⇒ y1 = 1, y2 = 1.

This is a contradiction. It is due to our assumption. So the chosen eigenvalue is real. Since this eigenvalue
is arbitrary, all eigenvalues of the problem are real. We can prove this lemma with another method. Let’s
express this proof now.

Assume that λ0 is a complex eigenvalue corresponding eigenfunction (y1(x), y2(x))
T . By using the

properties of ∗derivative, we get

[(y2 ⊙ y1)⊖ (y1 ⊙ y2)]
∗ = [(y1 ⊙ y1)⊕ (y2 ⊙ y2)]

λ0−λ0 .

By ∗integration on [1, e], since

e∫
1

{
[(y1 ⊙ y1)⊕ (y2 ⊙ y2)]

λ0−λ0

}dx
= 1,

we have
e∫

1

(
|ln y1|2 + |ln y2|2

)
dx = 0 ⇒ y1 = 1, y2 = 1.

This is also a contradiction as just happened. Therefore, the considered eigenvalue is real.
Now let us examine another important spectral property of this problem. The simplicity of eigen-

values is a very important feature in mathematical physics and there are many proof techniques for
simplicity. The algebraic multiplicity of an eigenvalue is the number of times it repeats as a root of the
characteristic polynomial. If the algebraic multiplicity of an eigenvalue is 1, that eigenvalue is called a
simple eigenvalue.
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Lemma 3.3. All eigenvalues of the multiplicative Dirac system (1)-(2) are simple.
Proof: Let λ, µ ∈ C and λ ̸= µ be eigenvalues of the given problem. Then, we get

{[y1 (x, λ)⊙ y2 (x, µ)]⊖ [y2 (x, λ)⊙ y1 (x, µ)]}∗ = {[y1 (x, λ)⊙ y1 (x, µ)]⊕ [y2 (x, λ)⊙ y2 (x, µ)]}µ−λ

By the ∗integration on [1, e] ,

e∫
1

{[(y1 (x, λ)⊙ y1 (x, µ))⊕ (y2 (x, λ)⊙ y2 (x, µ))]
µ−λ

}dx
= [y1 (e, λ)⊙ y2 (e, µ)]⊖[y2 (e, λ)⊙ y1 (e, µ)] ,

and after some adjustments are made here, we get

eµ−λ⊙
e∫

1

[(y1 (x, λ)⊙ y1 (x, µ))⊕(y2 (x, λ)⊙ y2 (x, µ))]
dx = [y1 (e, λ)⊙ y2 (e, µ)]⊖[y2 (e, λ)⊙ y1 (e, µ)] .

Here, if the integral to the left of the equation is left alone,

e∫
1

[(y1 (x, λ)⊙ y1 (x, µ))⊕ (y2 (x, λ)⊙ y2 (x, µ))]
dx = e

1
µ−λ⊙{[y1 (e, λ)⊙ y2 (e, µ)]⊖ [y2 (e, λ)⊙ y1 (e, µ)]} .

Then, if limit operation is applied to both sides of above relation as µ → λ, it yields

e

e∫
1
(|ln y1(x,λ)|2+|ln y2(x,λ)|2)dx

= e
∂ ln y2(e,λ)

∂λ
ln y1(e,λ)− ∂ ln y1(e,λ)

∂λ
ln y2(e,λ), (8)

by multiplicative L’Hopital’s rule. Hence,

Λ (λ) = [eγ ⊙ y1 (e, λ)]⊕
[
eδ ⊙ y2 (e, λ)

]
has only simple zeros. Indeed, conversely, assume that λ̃ is double-decker root of Λ (λ) . So,[

eγ ⊙ y1

(
e, λ̃

)]
⊕
[
eδ ⊙ y2

(
e, λ̃

)]
= 1. (9)

Here, the applying ∗partial derivative to both sides giveseγ ⊙ ∂∗y1

(
e, λ̃

)
∂λ

⊕

eδ ⊙ ∂∗y2

(
e, λ̃

)
∂λ

 = 1. (10)

So, from (9) and (10),y1 (e, λ̃)⊙
∂∗y2

(
e, λ̃

)
∂λ

⊖

y2 (e, λ̃)⊙
∂∗y1

(
e, λ̃

)
∂λ

 = 1. (11)

If the basic properties of multiplicative analysis are used in (11), we get

y1

(
e, λ̃

) ∂
∂λ

ln y2(e,λ̃)

y2

(
e, λ̃

) ∂
∂λ

ln y1(e,λ̃)
= 1,

and

∂ ln y2(e,λ)
∂λ ln y1(e, λ)− ∂ ln y1(e,λ)

∂λ ln y2(e, λ) = 0.
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By considering (8), since

e∫
1

(∣∣∣ln y1 (x, λ̃)∣∣∣2 + ∣∣∣ln y2 (x, λ̃)∣∣∣2) dx = 0,

we have
y1

(
x, λ̃

)
= 1 = y2

(
x, λ̃

)
,

for λ = λ̃. This is a contradiction. Therefore, Λ (λ) has only simple zeros. It completes the proof.

Lemma 3.4. The multiplicative Dirac operator L in (1) is formally self-adjoint on L∗
2[1, e].

Proof: Let us use the definition of inner product on L∗
2[1, e] and ∗integration.

< Lu, v >∗=
e∫
1

[
(Lu)T ⊙ v

]dt
=

e∫
1

[(
u∗2u

q(t)
1 (u∗1)

−1 u
r(t)
2

)
⊙
(

v1
v2

)]dt
=

e∫
1

[((
u∗2u

q(t)
1

)
⊙ v1

)
⊕
((

(u∗1)
−1 u

r(t)
2

)
⊙ v2

)]dt
= e

e∫
1

ln

[(
u∗
2u

q(t)
1

)ln v1
(
(u∗

1)
−1

u
r(t)
2

)ln v2
]
dt

= e

e∫
1

[
ln(u∗

2) ln v1+ln v1 lnu
q(t)
1 −ln(u∗

1) ln v2+ln v2 lnu
r(t)
2

]
dt
.

If the integration by parts formula and the relation between multiplicative and usual derivatives are
considered some basic features of multiplicative calculus are used after some algebraic operations and
simplifications, it yields

< Lu, v >∗ = eln[((u2⊙v1)⊖(u1⊙v2))(e)⊖((u2⊙v1)⊖(u1⊙v2))(1)]

= e

e∫
1

ln

[(
v∗2v

q(t)
1

)lnu1
(
(v∗1)

−1
v
r(t)
2

)lnu2
]
dt

= e
ln[Wm(u,v)(e)⊖Wm(u,v)(1)]+

e∫
1

ln[(Lv)T⊙u]dt

= Wm(u, v)(e)⊖Wm(u, v)(1)⊕
e∫
1

[
(Lv)T ⊙ u

]dt
=< u,Lv >∗,

where Wm(u, v) = (u2 ⊙ v1)⊖ (u1 ⊙ v2). It completes the proof.
Self-adjoint operators are used in functional analysis and quantum mechanics. In quantum mechanics

their importance lies in the Dirac–von Neumann formulation of quantum mechanics, in which physical
observables such as position, momentum, angular momentum and spin are represented by self-adjoint
operators.

Example 3.5. Let us consider the below multiplicative Dirac system

y∗2 y
c
1 = yλ1 ,

y∗1 y
−d
2 = y−λ

2 ,
(12)

which is obtained by setting q(t) = c ∈ R, r(t) = d ∈ R in (1) with the initial conditions

y1(0) = eα, y2(0) = eβ. (13)

The system (12) is actually equivalent to the below non-linear system

y′2 + cy2 ln y1 = λy2 ln y1,
−y′1 + dy1 ln y2 = λy1 ln y2

(14)
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in usual case.

y1(t) =


e
α cos

√
kt−β(λ−d)√

k
sin

√
kt
, k > 0

eα−β(λ−d)t, k = 0

e
α cosh

√
−kt−β(λ−d)√

−k
sinh

√
−kt

, k < 0

and

y2(t) =


e

α(λ−c)√
k

sin
√
kt+β cos

√
kt
, k > 0

eα(λ−c)t+β, k = 0

e
α(λ−c)√

−k
sinh

√
−kt+β cosh

√
−kt

, k < 0

are the eigenfunctions of the problem (12)-(13) where k = (λ − c) (λ − d). It can be easily shown 
that these solutions also coincide with the solutions of the problem (14)-(13). This example shows how 
effective multiplicative analysis is in solving problems in the classical case.

4. Conclusion

In this study, we defined a multiplicative Dirac system and obtained the eigenfunctions of the problem. 
Later, we examined this important problem in the multiplicative case in terms of spectral analysis. We 
think that this system, which is extremely important for quantum physics and effective in the classical 
case, will make great contributions to mathematical physics in the multiplicative case. In fact, this 
equation, which we examined in the multiplicative case, corresponds to an equation that is much more 
difficult and tiring to analyze in classical a nalysis. This situation increases the importance of the results 
we obtained and the different analysis we used.
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Abstract

In recent times, the Bayesian approach to randomized response technique has been used for estimating 
the population proportion, especially of respondents possessing sensitive attributes such as induced 
abortion, tax evasion, and shoplifting. This is done by combining suitable prior information about an 
unknown parameter of the population with the sample information for the estimation of the unknown 
parameter. In this study, the possibility of using a transmuted Kumaraswamy prior is raised, yielding a 
new Bayes estimator for estimating the population proportion of sensitive attributes for Warner’s 
randomized response technique. Consequently, the proposed Bayes estimator with transmuted 
Kumaraswamy prior is compared with existing Bayes estimators developed with a simple beta and 
Kumaraswamy priors in terms of their mean square error. The proposed estimator competes well with 
the existing estimators for some values of population proportion π. The performances of Bayes 
estimators were also compared using some benchmark data.

Keywords: Bayesian estimation; mean square error; randomized response technique; sensitive 
attribute; transmuted Kumaraswamy prior

1. Introduction
In  a direct questioning approach regarding sensitive attributes, one gets at times untruthful responses.
Estimates of response categories are usually biased. So many reasons may be responsible for this, which
include the legal status of sensitive characteristics a question may carry. To circumvent this problem,
Warner (1965) proposed a randomized response technique (RRT) to gather information regarding
sensitive attributes by ensuring the confidentiality of the respondents. The RRT was designed to
increase the frequency of truthful answers, and increase the cooperation of respondents on sensitive
questions, among others. Chaudhuri & Mukerjee (1988) provided insightful discussions on the RRT. Up
till now, Warner’s randomized response technique has been extended by many researchers. These
include unrelated RRT (Horvitz et al., 1967; Greenberg et al., 1969), two alternative questions RRT
(Folsom et al., 1973), improved versions of RRT (Mangat & Singh, 1990; Mangat, 1994), a generalized
RRT (Christofides, 2003), a stratified RRT (Kim & Warde, 2004), a tripartite RRT ( Adepetun &
Adebola, 2011), RRT for rare sensitive attributes (Singh & Tarray, 2014; Singh et al., 2020), partial
RRM for a rare sensitive attribute using Poisson distribution (Narjis & Shabbir, 2021b) among others.

In estimating the parameters of the randomized response model, one may use the classical 
(frequentist) approach or the Bayesian approach. The classical approach makes use of methods of 
moments and maximum likelihood. However, the classical approach may yield an unsatisfactory 
estimator (Hussain et al, 2014). At times, prior information about the unknown parameter may be 
available and can be incorporated with the sample information to estimate the unknown parameter. 
This is referred to as the Bayesian technique of estimation. Bayesian approach is employed to improve
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the efficiency of the estimator of unknown population proportion of sensitive attribute from the 
respondent due to the availability of prior information (Winkler & Franklin, 1979).

Kumaraswamy distribution is a special form of beta distribution that is widely applicable to a 
number of hydrological problems and many natural phenomena whose process values are bounded on 
both sides. It is more flexible than the beta distribution (Kumaraswamy, 1980) in many applications. 
However, the transmuted Kumaraswamy distribution, on the other hand, is a generalization of the 
Kumaraswamy distribution which offers even more flexibility in statistical modeling and applications 
than the Kumaraswamy distribution whenever the value of the transmuting parameter in the distribution 
is varied considerably between a closed interval [-1,1] (Khan et al., 2016). In this paper, the possibility 
of using transmuted Kumaraswamy prior is raised. The primary focus of this paper is to propose 
Bayesian estimation of Warner’s randomized response technique of a population proportion of 
respondents possessing a sensitive attribute using transmuted Kumaraswamy prior. This study 
complements the work of Winkler & Franklin (1979), Spurrier & Padgett (1980), Pitz (1980), Migon, 
H. & Tachibana (1997), Bar-Lev et al. (2003), Kim et al. (2006), Barabesi & Marcheselli (2006),
Hussain & Shabbir (2009), Hussain et al. (2011), Hussain & Shabbir (2012), Hussain et al (2014),
(Adepetun & Adewara, 2017, 2018), Narjis & Shabbir (2021a), Ahmed et al. (2021) in the Bayesian
frameworks. The rest of the paper is arranged as follows. In Section 2, both the existing Bayesian
estimation of Warner’s randomized response technique and the proposed Bayesian estimator are
presented. In section 3, we present an efficiency comparison of the proposed estimator with the existing
ones at a fixed set of parameters in the prior distributions. Section 4 is the empirical applications while
section 5 contains concluding remarks.

2. Bayesian estimation of Warner’s randomized response technique
Prior information is of particular interest in the Bayesian randomized response sampling technique 
(Winkler & Franklin, 1979). Hussain & Shabbir (2009) argued that the Bayes estimator is more efficient 
than the maximum likelihood estimator due to the availability of prior information.

2.1 Warner’s Randomized Response Technique
Suppose X is a count of respondents who possess the sensitive attribute in a random sample of size 

n. Then, X is distributed as binomial with parameters n and φ. That is, X ∼ Bin(n, φ), where φ is the
probability of a yes response defined as

φ = pπ + (1− p) (1− π) , (1)

where p is the predetermined probability that the randomized device points to sensitive question (Warner,
1965). The parameter π is the true population proportion of respondents who possess the sensitive
attribute.

The maximum likelihood estimator of π, denoted by π̂, is

π̂ =
φ̂− (1− p)

2p− 1
; provided p 6= 1

2
.

Warner (1965) has shown that π̂ is unbiased. The variance of π̂ is

V (π̂) =
π (1− π)

n
+

p (1− p)
n (2p− 1)2 provided p 6= 1

2
(2)

The mean square error of π̂ is equal to V (π̂) in (2).

2.2 The Existing Bayesian Estimators
Warner’s randomized response technique with a beta prior distribution for the estimation of popula-

tion proportion of sensitive attribute yields posterior distribution which is conjugate to the prior distribu-
tion. Winkler & Franklin (1979) proposed Bayes estimator using a simple beta prior defined as

fs (π, a, b) =
1

β (a, b)
πa−1 (1− π)b−1 ,
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0 < π < 1 and a, b > 0,

where the normalization constant β (a, b) = Γ(a)Γ(b)
Γ(a+b) and Γ (a) = (a− 1)!. The authors derived a Bayes

estimator using the probability of yes response in Warner’s randomized response technique given in (1)
as likelihood function. The Winkler and Franklin’s Bayes estimator of π, denoted by π̂SW , is:

π̂SW =

∑x
i=0

∑n−x
j=0

((
x
i

)(
n− x
j

)
fn−i−jβ (a+ i+ 1, b+ j)

)
∑x

i=0

∑n−x
j=0

((
x
i

)(
n− x
j

)
fn−i−jβ (a+ i, b+ j)

) (3)

where f = 1−p
2p−1 for p 6= 0.5. The mean square error of π̂SW is

MSE (π̂SW ) = E (π̂SW − π)2 =
n∑

x=0

(π̂SW − π)2 φx (1− φ)n−x (4)

Adepetun & Adewara (2017) proposed Bayes estimator using distribution proposed by Kumaraswamy 
(1980) as their alternative prior which was defined as:

fk (π, b, c) = bcπb−1(1 − πb)c−1

b, c > 0 ; 0 < π < 1.

With Kumaraswamy prior, a Bayes estimator (π̂KW ) of π and its corresponding mean square error are 
defined as:

π̂KW =

∑x
i=0

∑n−x
j=0

∑c−1
k=0

(
(−1)k

(
x
i

)(
n− x
j

)(
c− 1
k

)
fn−i−jβ (b+ bk + i+ 1, j + 1)

)
∑x

i=0

∑n−x
j=0

∑c−1
k=0

(
(−1)k

(
x
i

)(
n− x
j

)(
c− 1
k

)
fn−i−jβ (b+ bk + i, j + 1)

) (5)

and

MSE (π̂KW ) = E (π̂KW − π)2 =
n∑

x=0

(π̂KW − π)2 φx (1− φ)n−x (6)

respectively, where x is the number of respondents who have committed the sensitive attribute in a sample
of size n.

2.3 The Proposed Bayesian Estimator
Khan et al. (2016) proposed a new three-parameter distribution which is a generalized two- pa-

rameter Kumaraswamy distribution, called the transmuted Kumaraswamy distribution. The probability
density function of transmuted Kumaraswamy distribution is defined as

fTKw (π, b, c, λ) =bcπb−1
(

1− πb
)c−1 {

1− λ+ 2λ
(

1− πb
)c}

; (7)

b, c > 0; −1 ≤ λ ≤ 1

where λ is the transmuting parameter. The generalization was obtained by transforming the two param-
eter Kumaraswamy distribution through the quadratic rank transmuted map technique. The proposed
transmuted Kumaraswamy distribution led to a better fit than the Kumaraswamy distribution. By com-
bining the transmuted Kumaraswamy prior and the likelihood function of X , the joint distribution of X
and π is obtained as

fTKw (x, π) = fTKw (π, b, c, λ) f (x | π) . (8)
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The probability mass function of X | π is

f (x | π) =

(
n
x

)
φx (1− φ)n−x

=

(
n
x

)
(2p− 1)n

x∑
i=0

n−x∑
j=0

((
x
i

)(
n− x
j

)
× fn−i−jπi (1− π)j

)
(9)

for x = 0, 1, 2, . . . , n (Warner, 1965). The expression in (8) simplifies to

fTKw (x, π) =bcπb−1
(

1− πb
)c−1

{
1− λ+ 2λ

(
1− πb

)c}(n
x

)
(2p− 1)n

×
x∑

i=0

n−x∑
j=0

((
x
i

)(
n− x
j

)
fn−i−jπi (1− π)j

)
(10)

Using the expansion
(
1− πb

)c−1
=
∑c−1

k=0 (−1)k
(
c− 1
k

)(
πb
)k, The joint probability density function

can be obtained as

fTKw (x, π) =

(
bc
(
n
x

)
(2p− 1)n − λbc

(
n
x

)
(2p− 1)n + 2λbc

(
n
x

)
× (2p− 1)n

(
1− πb

)c)
×

x∑
i=0

n−x∑
j=0

c−1∑
k=0

(−1)k
(
x
i

)(
n− x
j

)
×
(
c− 1
k

)
fn−i−jπb+bk+i−1 (1− π)j . (11)

The proposed Bayes estimator is given as

π̂TKw =

∫ 1

0
πfTKw (π|x) dπ

=

∑x
i=0

∑n−x
j=0

∑c−1
k=0

(
(−1)k

(
x
i

)(
n− x
j

)(
c− 1
k

)
fn−i−jβ (b+ bk + i+ 1, j + 1)

)
−λ
∑x

i=0

∑n−x
j=0

∑c−1
k=0

(
(−1)k

(
x
i

)(
n− x
j

)(
c− 1
k

)
fn−i−jβ (b+ bk + i+ 1, j + 1)

)
+2λ

∑x
i=0

∑n−x
j=0

∑c−1
k=0

∑c
l=0

(
(−1)k+l

(
x
i

)(
n− x
j

)(
c− 1
k

)(
c
l

)
fn−i−jβ (b+ bk + bl + i+ 1, j + 1)

)
∑x

i=0

∑n−x
j=0

∑c−1
k=0

(
(−1)k

(
x
i

)(
n− x
j

)(
c− 1
k

)
fn−i−jβ (b+ bk + i, j + 1)

)
−λ
∑x

i=0

∑n−x
j=0

∑c−1
k=0

(
(−1)k

(
x
i

)(
n− x
j

)(
c− 1
k

)
fn−i−jβ (b+ bk + i, j + 1)

)
+2λ

∑x
i=0

∑n−x
j=0

∑c−1
k=0

∑c
l=0

(
(−1)k+l

(
x
i

)(
n− x
j

)(
c− 1
k

)(
c
l

)
fn−i−jβ (b+ bk + bl + i, j + 1)

)
(12)

Consequently, the mean square error (MSE) of the proposed Bayes estimator π̂TKw is

MSE (π̂TKw) = E (π̂TKw − π)2

=

n∑
x=0

(π̂TKw − π)2 φx (1− φ)n−x (13)

The detailed mathematical derivations of the proposed Bayes estimator are provided in the appendix.
It is noteworthy that the proposed transmuted Kumaraswamy Bayes estimator in (12) reduces to the

existing Bayes estimator given in (5) when the transmuting parameter λ is zero.
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3. Efficiency of the Proposed Estimator
In this section, the efficiency of the proposed Bayes estimator of π is presented based on the comparison 
of mean square error (MSE) of the proposed Bayes estimator and existing estimators of π through a 
simulation study. That is, MSE of π̂TKw, MSE of π̂Kw and MSE of π̂Sw will be compared for varying 
values of π.

3.1 Simulation Study
It is important to note that the proposed estimator is derived from a three-parameter transmuted

Table 1. Comparison of MSE of π̂SW , π̂KW and π̂TKw at varying values of π when n = 20, x = 9, p = 
0.2, p = 0.9 and the true prior distribution is Beta(2, 5)

π

p = 0.2 p = 0.9

MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw) MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw)

0.1 7.11E-04 1.43E-03 1.35E-03 5.56E-19 7.54E-16 7.08E-16
0.15 2.56E-04 5.48E-04 5.12E-04 5.98E-17 3.65E-14 3.41E-14
0.2 8.71E-05 2.00E-04 1.86E-04 1.25E-14 8.92E-13 8.30E-13

0.25 2.78E-05 6.95E-05 6.42E-05 5.81E-13 1.34E-11 1.24E-11
0.3 8.22E-06 2.28E-05 2.09E-05 1.37E-11 1.38E-10 1.27E-10

0.35 2.22E-06 7.04E-06 6.41E-06 2.07E-10 1.06E-09 9.66E-10
0.4 5.37E-07 2.02E-06 1.82E-06 2.27E-09 6.42E-09 5.78E-09

0.45 1.12E-07 5.37E-07 4.78E-07 1.95E-08 3.16E-08 2.81E-08
0.5 1.91E-08 1.30E-07 1.14E-07 1.37E-07 1.30E-07 1.14E-07

0.55 2.32E-09 2.82E-08 2.41E-08 8.18E-07 4.52E-07 3.87E-07
0.6 1.28E-10 5.35E-09 4.45E-09 4.26E-06 1.34E-06 1.12E-06

0.65 1.28E-12 8.64E-10 6.86E-10 1.97E-05 3.38E-06 2.68E-06
0.7 1.35E-11 1.13E-10 8.31E-11 8.25E-05 7.03E-06 5.18E-06

0.75 8.95E-12 1.08E-11 6.89E-12 3.16E-04 1.13E-05 7.23E-06
0.8 3.18E-12 6.04E-13 2.59E-13 1.12E-03 1.16E-05 4.95E-06

0.85 7.69E-13 6.42E-15 4.12E-16 3.69E-03 2.52E-06 1.62E-07
0.9 1.33E-13 1.91E-15 5.99E-15 1.15E-02 1.81E-05 5.68E-05

0.95 1.63E-14 1.12E-15 1.89E-15 3.37E-02 3.21E-04 5.38E-04

Kumaraswamy distributed prior unlike the two existing estimators considered which were obtained from
two-parameter beta and Kumaraswamy distributed priors.

Since some of the parameters of these estimators are from the prior distributions, setting the same
values for the parameters of the three estimators might result in under or overestimation. This is bound
to affect the efficiencies and give a false impression that an estimator is better than others. To avoid
this situation, a simulation study is conducted for three cases to compare the efficiency of the proposed
estimator with the other two existing Bayes estimators.

In the first case, samples are generated from a beta distribution with a fixed parameter set. The
samples are then fitted separately with both Kumaraswamy and transmuted Kumaraswamy distributions.
This allows for the determination of the parameter sets for the two prior distributions which might be
considered to be equivalent to that of the fixed beta prior distribution. All other parameters are then set
to specific values.
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In the second and third cases, the process is repeated by generating samples from the Kumaraswamy
distribution and the transmuted Kumaraswamy distributions respectively. Sample sizes are set to 100 and
the process is replicated 2000 times for each case. All computations are executed using R development
software. The distributions are fitted using the AdequacyModel package of the software. Figure 1 shows
the plots of the fitted prior distributions and the simulated data from specific distributions which were
used in obtaining the equivalent parameter sets for other distributions.

Table 2. Comparison of MSE of π̂SW , π̂KW and π̂TKw at varying values of π when n = 100, x =
42, p = 0.2, p = 0.9 and the true prior distribution is Beta(2, 5)

π

p = 0.2 p = 0.9

MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw) MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw)

0.1 1.42E-15 4.96E-14 4.65E-14 1.45E-77 1.99E-75 1.87E-75
0.15 4.33E-17 6.91E-16 6.46E-16 2.34E-68 9.03E-67 8.44E-67
0.2 9.42E-19 7.98E-18 7.42E-18 8.63E-61 1.41E-59 1.31E-59

0.25 1.53E-20 7.50E-20 6.93E-20 2.40E-54 1.98E-53 1.83E-53
0.3 1.89E-22 5.62E-22 5.16E-22 9.92E-49 4.55E-48 4.18E-48

0.35 1.76E-24 3.28E-24 2.98E-24 9.48E-44 2.56E-43 2.33E-43
0.4 1.22E-26 1.45E-26 1.31E-26 2.83E-39 4.65E-39 4.19E-39

0.45 6.17E-29 4.70E-29 4.18E-29 3.26E-35 3.31E-35 2.95E-35
0.5 2.22E-31 1.07E-31 9.40E-32 1.71E-31 1.07E-31 9.40E-32

0.55 5.45E-34 1.65E-34 1.41E-34 4.61E-28 1.77E-28 1.51E-28
0.6 8.79E-37 1.60E-37 1.33E-37 7.05E-25 1.59E-25 1.32E-25

0.65 8.78E-40 9.11E-41 7.23E-41 6.57E-22 8.32E-23 6.61E-23
0.7 5.07E-43 2.72E-44 2.01E-44 3.99E-19 2.57E-20 1.90E-20

0.75 1.55E-46 3.62E-48 2.31E-48 1.66E-16 4.58E-18 2.93E-18
0.8 2.25E-50 1.56E-52 6.68E-53 4.91E-14 3.99E-16 1.71E-16

0.85 1.35E-54 6.30E-58 4.04E-59 1.08E-11 5.88E-15 3.77E-16
0.9 2.72E-59 3.01E-62 9.45E-62 1.80E-09 2.31E-12 7.23E-12

0.95 1.43E-64 9.76E-67 1.64E-66 2.36E-07 1.85E-09 3.10E-09

In the first case where data were simulated from Beta(2, 5), the Kumaraswamy distribution and
transmuted Kumaraswamy which can be considered to appropriately fit the data set areKum(1.74, 6.64)
and TKum(1.63, 5.57, 0.02) respectively as shown in Figure 1(a). In the second case, appropriate fits
were obtained by Beta(2.56, 4.42) and TKum(1.89, 4.70,−0.09) using data from Kum(2, 5) while
Beta(2.38, 5.11) and Kum(1.92, 6.47) appropriately fit data from TKum(2, 5, 0.5) in the third case as
shown in Figures 1(b) and (c) respectively.

3.2 Efficiency with Fixed Set of Parameters for Beta Prior

In ascertaining the performance of an estimator of a parameter, one may judge its performance based
on its mean square error (MSE) compared to the MSEs of other estimators of the same parameter. The
performance of the proposed estimator π̂TKw of π is compared with the performance of estimators π̂SW
and π̂KW based on their MSEs. Suppose the true prior distribution is Beta(2, 5), the equivalent Ku-
maraswamy distribution is Kum(1.74, 6.64) and the equivalent transmuted Kumaraswamy distribution
is TKum(1.63, 5.57, 0.02) as described in section (3.1). Using these prior distributions for correspond-
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Table 3. Comparison of MSE of π̂SW , π̂KW and π̂TKw at varying values of π when n = 20, x =
0.9, p = 0.2, p = 0.9 and the true prior distribution is Kum(2, 5)

π

p = 0.2 p = 0.9

MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw) MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw)

0.1 8.36E-04 1.05E-03 1.32E-03 3.93E-18 5.51E-16 6.94E-16
0.15 3.06E-04 3.91E-04 5.01E-04 2.17E-18 2.60E-14 3.34E-14
0.2 1.06E-04 1.39E-04 1.82E-04 3.94E-15 6.20E-13 8.10E-13

0.25 3.46E-05 4.67E-05 6.26E-05 3.11E-13 8.98E-12 1.20E-11
0.3 1.06E-05 1.47E-05 2.04E-05 8.89E-12 8.92E-11 1.23E-10

0.35 2.97E-06 4.34E-06 6.21E-06 1.49E-10 6.55E-10 9.37E-10
0.4 7.59E-07 1.18E-06 1.76E-06 1.74E-09 3.73E-09 5.59E-09

0.45 1.72E-07 2.89E-07 4.60E-07 1.56E-08 1.70E-08 2.70E-08
0.5 3.34E-08 6.33E-08 1.09E-07 1.13E-07 6.33E-08 1.09E-07

0.55 5.21E-09 1.19E-08 2.29E-08 6.92E-07 1.92E-07 3.68E-07
0.6 5.63E-10 1.84E-09 4.18E-09 3.67E-06 4.61E-07 1.05E-06

0.65 2.50E-11 2.08E-10 6.34E-10 1.72E-05 8.15E-07 2.48E-06
0.7 6.43E-13 1.31E-11 7.46E-11 7.29E-05 8.15E-07 4.66E-06

0.75 3.00E-12 4.37E-14 5.84E-12 2.82E-04 4.58E-08 6.12E-06
0.8 1.61E-12 2.28E-13 1.79E-13 1.01E-03 4.36E-06 3.43E-06

0.85 4.69E-13 1.51E-13 2.72E-15 3.35E-03 5.94E-05 1.07E-06
0.9 9.02E-14 4.04E-14 7.76E-15 1.05E-02 3.83E-04 7.36E-05

0.95 1.19E-14 6.35E-15 2.17E-15 3.09E-02 1.81E-03 6.19E-04

ing estimators, MSE of each estimator is computed for various values of π and some p.
Table 1 presents MSEs of π̂SW , π̂KW and π̂TKw for small sample size (n = 20) at some values of p 

and π. It is observed at p = 0.2 that the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.70 
while MSE of π̂TKw is less than MSE of π̂KW . However, Kumaraswamy beta estimator π̂KW achieves 
the least MSE when 0.90 ≤ π ≤ 1 while the proposed transmuted Kumaraswamy estimator π̂TKw

achieves the least MSE when 0.75 ≤ π ≤ 0.85. At p = 0.9, the estimator π̂SW achieves the least MSE 
when 0.10 ≤ π ≤ 0.45 while MSE of π̂TKw is less than MSE of π̂KW . The Kumaraswamy beta esti-
mator π̂KW achieves the least MSE when 0.90 ≤ π ≤ 1 while the proposed transmuted Kumaraswamy 
estimator π̂TKw achieves the least MSE when 0.50 ≤ π ≤ 0.85. The proposed estimator π̂TKw performs 
better than π̂KW and π̂SW in terms of MSE when the value of π is moderately large.

Table 2 presents the MSEs of π̂SW , π̂KW & π̂TKw for large sample size (n = 100) at some values of p 
and π. It is observed at p = 0.2 that the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.40 
while MSE of π̂TKw is less than MSE of π̂KW . The proposed transmuted Kumaraswamy estimator 
π̂TKw achieves the least MSE when 0.45 ≤ π ≤ 0.85 while Kumaraswamy beta estimator π̂KW achieves 
the least MSE when 0.90 ≤ π ≤ 1. The results are similar for p = 0.9. These results confirm that the 
proposed estimator π̂TKw performs better than π̂KW and π̂SW in terms of MSE when the value of π is 
moderately large.

3.3 Efficiency with Fixed Set of Parameters for Kumaraswamy Prior

Suppose the true prior distribution is Kum(2, 5), the equivalent Beta distribution is Beta(2.56, 4.42)
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and the equivalent transmuted Kumaraswamy distribution is TKum(1.89, 4.70,−0.09) as described
in section 3.1. Using these prior distributions for corresponding estimators, MSE of each estimator is
computed for various values of π and some p.

Table (3) presents MSEs of π̂SW , π̂KW and π̂TKw for for small sample sample size (n = 20) at
some values of p and π when the true prior distribution is Kum(2, 5). It is observed at p = 0.2 that
the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.70. However, the estimator π̂KW

achieves the least MSE when 0.70 ≤ π ≤ 0.75 while the estimator π̂TKw achieves the least MSE when
0.80 ≤ π ≤ 1. At p = 0.9, the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.45. The
estimator π̂KW achieves the least MSE when 0.50 ≤ π ≤ 0.75 while the π̂TKw achieves the least MSE
when 0.80 ≤ π ≤ 1.

Table 4 presents the MSEs of π̂SW , π̂KW and π̂TKw for large sample sample size (n = 100) at
some values of p and π when the true prior distribution is Kum(2, 5). It is observed at p = 0.2 that
the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.25. The estimator π̂TKw achieves the
least MSE when 0.80 ≤ π ≤ 1 while Kumaraswamy beta estimator π̂KW achieves the least MSE when
0.30 ≤ π ≤ 0.75. At p = 0.9, the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.40. The
estimator π̂KW achieves the least MSE when 0.45 ≤ π ≤ 0.75 while the estimator π̂TKw achieves the
least MSE when 0.80 ≤ π ≤ 1.

Table 4. Comparison of MSE of π̂SW , π̂KW and π̂TKw at varying values of π when n = 100, x =
42, p = 0.2, p = 0.9 and the true prior distribution is Kum(2, 5)

π

p = 0.2 p = 0.9

MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw) MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw)

0.1 8.34E-15 3.62E-14 4.56E-14 1.05E-77 1.46E-75 1.83E-75
0.15 1.79E-16 4.93E-16 6.32E-16 1.96E-68 6.45E-67 8.26E-67
0.2 3.08E-18 5.54E-18 7.24E-18 7.64E-61 9.77E-60 1.28E-59

0.25 4.24E-20 5.04E-20 6.75E-20 2.19E-54 1.33E-53 1.78E-53
0.3 4.61E-22 3.63E-22 5.01E-22 9.21E-49 2.94E-48 4.06E-48

0.35 3.89E-24 2.02E-24 2.89E-24 8.91E-44 1.58E-43 2.26E-43
0.4 2.50E-26 8.42E-27 1.26E-26 2.68E-39 2.70E-39 4.05E-39

0.45 1.19E-28 2.53E-29 4.02E-29 3.11E-35 1.79E-35 2.84E-35
0.5 4.04E-31 5.23E-32 8.99E-32 1.64E-31 5.23E-32 8.99E-32

0.55 9.50E-34 6.98E-35 1.34E-34 4.44E-28 7.48E-29 1.44E-28
0.6 1.47E-36 5.50E-38 1.25E-37 6.81E-25 5.47E-26 1.24E-25

0.65 1.42E-39 2.20E-41 6.68E-41 6.37E-22 2.01E-23 6.10E-23
0.7 7.97E-43 3.15E-45 1.80E-44 3.87E-19 2.98E-21 1.70E-20

0.75 2.38E-46 1.46E-50 1.96E-48 1.61E-16 1.86E-20 2.48E-18
0.8 3.38E-50 5.89E-53 4.63E-53 4.79E-14 1.51E-16 1.18E-16

0.85 1.97E-54 1.48E-56 2.67E-58 1.05E-11 1.38E-13 2.49E-15
0.9 3.91E-59 6.38E-61 1.22E-61 1.76E-09 4.88E-11 9.37E-12

0.95 2.02E-64 5.51E-66 1.88E-66 2.31E-07 1.04E-08 3.56E-09

3.4 Efficiency with Fixed Set of Parameters for Transmuted Kumaraswamy Prior

Suppose the true prior distribution is TKum(2, 5, 0.5), the equivalent Beta distribution isBeta(2.38, 5.11)
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and the equivalent Kumaraswamy distribution is Kum(1.92, 6.47) as described in section 3.1. Using
these prior distributions for corresponding estimators, MSE of each estimator is computed for various
values of π and some p. Table 5 presents MSEs of π̂SW , π̂KW and π̂TKw for small sample size (n = 20)
at some values of p and π when the true prior distribution is TKum(2, 5, 0.5). It is observed at p = 0.2
that the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.65. However, the estimator π̂KW

achieves the least MSE when 0.80 ≤ π ≤ 1.00 while the estimator π̂TKw achieves the least MSE when
0.70 ≤ π ≤ 0.75. At p = 0.9, the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.40. The
estimator π̂KW achieves the least MSE when 0.80 ≤ π ≤ 1.00 while the π̂TKw achieves the least MSE
when 0.45 ≤ π ≤ 0.75.

Table (6) presents the MSEs of π̂SW , π̂KW and π̂TKw for large sample size (n = 100) at some
values of p and π when the true prior distribution is TKum(2, 5, 0.5). It is observed at p = 0.2 that the
estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.25. The estimator π̂TKw achieves the least
MSE when 0.30 ≤ π ≤ 0.75 while Kumaraswamy beta estimator π̂KW achieves the least MSE when
0.80 ≤ π ≤ 1. At p = 0.9, the estimator π̂SW achieves the least MSE when 0.10 ≤ π ≤ 0.35. The
estimator π̂KW achieves the least MSE when 0.80 ≤ π ≤ 1 while the estimator π̂TKw achieves the least
MSE when 0.40 ≤ π ≤ 0.75.

Table 5. Comparison of MSE of π̂SW , π̂KW and π̂TKw at varying values of π when n = 20, x =
0.9, p = 0.2, p = 0.9 and the true prior distribution is TKum(2, 5, 0.5)

π

p = 0.2 p = 0.9

MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw) MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw)

0.1 7.25E-04 1.42E-03 9.41E-04 2.03E-18 7.48E-16 4.95E-16
0.15 2.62E-04 5.43E-04 3.48E-04 7.23E-18 3.62E-14 2.32E-14
0.2 8.92E-05 1.98E-04 1.22E-04 7.20E-15 8.84E-13 5.45E-13

0.25 2.85E-05 6.88E-05 4.06E-05 4.23E-13 1.32E-11 7.81E-12
0.3 8.47E-06 2.26E-05 1.26E-05 1.09E-11 1.37E-10 7.63E-11

0.35 2.30E-06 6.96E-06 3.64E-06 1.74E-10 1.05E-09 5.49E-10
0.4 5.61E-07 2.00E-06 9.61E-07 1.97E-09 6.34E-09 3.05E-09

0.45 1.19E-07 5.30E-07 2.28E-07 1.73E-08 3.12E-08 1.34E-08
0.5 2.06E-08 1.28E-07 4.75E-08 1.24E-07 1.28E-07 4.75E-08

0.55 2.59E-09 2.77E-08 8.29E-09 7.48E-07 4.44E-07 1.33E-07
0.6 1.62E-10 5.24E-09 1.12E-09 3.93E-06 1.31E-06 2.81E-07

0.65 1.80E-13 8.42E-10 9.64E-11 1.83E-05 3.29E-06 3.77E-07
0.7 1.11E-11 1.09E-10 2.11E-12 7.72E-05 6.79E-06 1.32E-07

0.75 8.10E-12 1.03E-11 5.49E-13 2.97E-04 1.08E-05 5.76E-07
0.8 2.97E-12 5.55E-13 7.49E-13 1.06E-03 1.06E-05 1.43E-05

0.85 7.31E-13 4.62E-15 2.85E-13 3.50E-03 1.81E-06 1.12E-04
0.9 1.28E-13 2.28E-15 6.23E-14 1.09E-02 2.16E-05 5.91E-04

0.95 1.58E-14 1.21E-15 8.83E-15 3.21E-02 3.44E-04 2.52E-03

3.5 Effect of Transmuting Parameter on the Efficiency of the Estimates with Transmuted Kumaraswamy
Prior

It is pertinent to examine the effect of transmuting parameter on the estimator π̂TKw. Consider an
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Table 6. Comparison of MSE of π̂SW , π̂KW and π̂TKw at varying values of π when n = 100, x =
42, p = 0.2, p = 0.9 and the true prior distribution is TKum(2, 5, 0.5)

π

p = 0.2 p = 0.9

MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw) MSE(π̂SW ) MSE(π̂KW ) MSE(π̂TKw)

0.1 5.18E-15 4.92E-14 3.25E-14 1.19E-77 1.98E-75 1.31E-75
0.15 1.19E-16 6.85E-16 4.39E-16 2.09E-68 8.96E-67 5.74E-67
0.2 2.17E-18 7.91E-18 4.88E-18 7.99E-61 1.39E-59 8.60E-60

0.25 3.11E-20 7.43E-20 4.38E-20 2.26E-54 1.96E-53 1.15E-53
0.3 3.49E-22 5.56E-22 3.11E-22 9.46E-49 4.51E-48 2.52E-48

0.35 3.02E-24 3.24E-24 1.69E-24 9.11E-44 2.53E-43 1.32E-43
0.4 1.98E-26 1.43E-26 6.88E-27 2.73E-39 4.59E-39 2.21E-39

0.45 9.59E-29 4.64E-29 2.00E-29 3.16E-35 3.27E-35 1.41E-35
0.5 3.32E-31 1.06E-31 3.93E-32 1.67E-31 1.06E-31 3.93E-32

0.55 7.91E-34 1.62E-34 4.86E-35 4.50E-28 1.73E-28 5.20E-29
0.6 1.24E-36 1.57E-37 3.36E-38 6.89E-25 1.56E-25 3.34E-26

0.65 1.21E-39 8.87E-41 1.02E-41 6.44E-22 8.10E-23 9.28E-24
0.7 6.85E-43 2.63E-44 5.09E-46 3.92E-19 2.49E-20 4.82E-22

0.75 2.06E-46 3.44E-48 1.84E-49 1.63E-16 4.36E-18 2.33E-19
0.8 2.95E-50 1.43E-52 1.93E-52 4.83E-14 3.67E-16 4.95E-16

0.85 1.73E-54 4.53E-58 2.80E-56 1.06E-11 4.22E-15 2.61E-13
0.9 3.46E-59 3.60E-62 9.83E-61 1.78E-09 2.76E-12 7.53E-11

0.95 1.80E-64 1.05E-66 7.66E-66 2.33E-07 1.98E-09 1.45E-08

experiment where the prior is assumed to be distributed as TKum(2, 5, λ) and the transmuting 
parameter λ is varied on {−1, 1]. Using these priors, different estimates are obtained using the estimators 
π̂TKw and the corresponding MSEs are computed. The result obtained is shown in Figure (2). From the 
result, it is clear that the MSE reduces for all value of p when λ ≥ −0.5. The greatest value of the MSE is 
obtained when λ = −0.6. The MSE increases as the λ increases from −0.8 to 0.6 but decreases with 
increase in λ every other interval.

4. Empirical applications
The study adopted benchmark data obtained by administering survey questionnaires on abortion and the 
use of contraceptives by some women in Akure metropolis, Nigeria (Adepetun and Adewara, 2017). A 
total of 300 questionnaires were administered with 279 returned. Generally, most single women in 
Nigeria avoid answering questions related to their sexual lives and such question as “have you 
committed abortion?” and “do you use a contraceptive during sex?”. The questions are considered 
sensitive.

4.1 Abortion data

The data contains 275 valid responses with 113 of the respondents agreeing to have committed abortion. 
Having assumed priors of the Beta, Kumaraswamy and Transmuted Kumaraswamy distributed forms, the 
parameters of the distributions are obtained through bootstrapping. A random sample of size 50 is 
selected from the 275 observations and the proportion of respondents with the positive responses is 
determined. This process is repeated 2000 times. This is done to generate the best fit for the prior 
distributions.
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Descriptive statistics of sample proportions obtained are presented in Table (7). The parameters

Table 7. Descriptive statistics of proportions of respondents with positive response to abortion questions

Mean Median Variance Max Min

0.4102 0.4000 0.00395 0.6400 0.2000

of the prior distributions are determined by fitting the prior distributions to the estimated sample pro-
portions. The priors which best fit the data for the distributions considered are Beta(24.594, 35.235),
Kum(5.595, 99.930) and Tkum(7.283, 240.510, 0.800) respectively as shown in Figure (3). Using
these fitted prior distributions, the MSE for the three estimators are obtained as shown in Table (8). It is
observed from the table that mean square errors of the three estimators are very small. They are almost
zero for each value of p. However, the estimator π̂SW achieves the least MSE. The low performance of
π̂TKw can be attributed to the fact that estimated mean proportion is less than 0.50 as shown in Table (7)

Table 8. Comparison of MSE of π̂SW , π̂KW and π̂TKw when n = 275 , x = 113 at varying values of p
for the abortion data

p MSE MSE MSE

0.7 1.41E-93 7.93E-93 8.10E-93
0.75 7.90E-96 3.85E-95 3.93E-95
0.8 3.81E-98 1.68E-97 1.72E-97

0.85 1.60E-100 6.60E-100 6.74E-100
0.9 5.91E-103 2.31E-102 2.36E-102

4.2 Contraceptive data
The data was obtained by asking the respondents the question “Do you use a contraceptive 

during sex?” and 259 valid responses with 125 admitting to not using contraceptives. A procedure 
similar to what was carried out in section 4.1 was also employed in obtaining the parameters of the 
priors for the contraceptive data. Descriptive statistics of sample proportions obtained are presented in 
Table 9.

Table 9. Descriptive statistics of proportions of respondents with positive response to use of 
contraceptive

Mean Median Variance Max Min

0.4848 0.4800 0.0039 0.7200 0.2800

Using these fitted prior distributions, shown in Figure 4, MSEs for the three estimators are obtained
as shown in Table 10. It is observed from the table that all the three estimators perform well in terms of
their MSEs. Their MSEs are infinitesimal, almost zero for each value of p. However, the estimator π̂SW
achieves the least MSE. The low performance of π̂TKw can also be attributed to the fact that estimated
mean proportion is less than 0.50 as shown in Table 9.

5. Conclusion

A Bayes estimator is proposed in this study for estimating population proportion of sensitive attribute
with transmuted Kumaraswamy prior adopting Warner’s randomized response technique. Efficiency of
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Table 10. Comparison of MSE of π̂SW , π̂KW and π̂TKw when n = 259 , x = 125 at varying values of
p for the Contraceptive data

p MSE MSE MSE

0.7 1.79E-81 6.24E-81 7.50E-81
0.75 8.58E-82 2.50E-81 3.01E-81
0.8 3.87E-82 1.00E-81 1.20E-81

0.85 1.68E-82 3.98E-82 4.78E-82
0.9 7.15E-83 1.58E-82 1.90E-82

the proposed Bayesian estimator is considered with the existing Bayesian estimators developed with 
simple beta and Kumaraswamy priors through both simulation study and real life data on abortion and 
use of contraceptives among some women at varying values of fixed set of parameters in the priors and 
sample sizes. Findings from this study show that the proposed estimator is highly efficient at some high 
values of pi. At small values of π, the proposed estimator competes well with other estimators. 
Efficiency of the proposed estimator for fixed set of parameters in each prior was determined. Similarly, 
the effect of varying the values of the transmuting parameter of the newly introduced transmuted 
Kumaraswamy prior to mean square errors was also established as seen in Figure 2. Consequently, the 
proposed estimator is considered suitable for survey sampling of respondents with respect to sensitive 
attributes. Also, the mean square errors of the three competing Bayesian estimators are almost zero for 
the two benchmark real examples.
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Appendix

Derivations of the proposed Bayes estimator

Let y = bc

(
n
x

)
(2p− 1)n, the expression in (11) yields
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(14)

The marginal distribution of X is obtained from fTKw (x, π) by integrating it with respect to π as

fTKw (x) =

∫ 1
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where ∫ 1

0
πb+bk+i−1 (1− π)j dπ = β (b+ bk + i, j + 1) =

Γ(b+ bk + i)Γ(j + 1)

Γ(b+ bk + i+ j + 1)
(16)

and ∫ 1

0
πb+bk+bl+i−1 (1− π)j dπ = β (b+ bk + bl + i, j + 1) =

Γ(b+ bk + bl + i)Γ(j + 1)

Γ(b+ bk + bl + i+ j + 1)
(17)

The posterior distribution of π given X is derived as

fTKw (π|x) =
fTKw (x, π)
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(18)
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The proposed Bayes estimator with transmuted Kumaraswamy prior is defined as
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Evaluating the integral in (19) yields
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(a) Data Simulated from beta(2, 5) (b) Data Simulated from Kum(2, 5)

(c) Data Simulated from TKum(2, 5, 0.5)

Fig. 1. Plots of fitted prior distributions and simulated data from (a) beta(2, 5), (b) Kum(2, 5) and (c)
Transmuted Kum(2, 5, 0.5).

Bayesian estimation of Warner’s randomized response technique with transmuted Kumaraswamy prior



(a) π̂TKw for λ ∈ [−1, 1]
(b) π̂TKw for λ ∈ [−1,−0.7]

(c) π̂TKw for λ ∈ [−0.5, 1]

Fig. 2. Plot of MSE of π̂TKw for various values of λ
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Fig. 3. Plot of the proportion of positive response obtained through bootstrapping and the fitted distribu-
tions for abortion data.

Fig. 4. Plot of the proportion of positive response obtained through bootstrapping and the fitted distribu-
tions for contraceptive data.
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Abstract

The depth and pose information are the basic issues in the field of robotics, autonomous driving, 
and virtual reality, and are also the focus and difficult issues of computer vision research. The 
supervised monocular depth and pose estimation learning are not feasible in environments where 
labeled data is not abundant. Self-supervised monocular video methods can learn effectively only by 
applying photometric constraints without expensive ground true depth label constraints, which results in 
an inefficient training process and suboptimal estimation accuracy. To solve these problems, a 
monocular weakly supervised depth and pose estimation method based on multi-information fusion is 
proposed in this paper. First, we design a high-precision stereo vision method to generate a depth and 
pose data as the "Ground Truth" labels to solve the problem that the ground truth labels are 
difficult to obtain. Then, we construct a multi-information fusion network model based on the 
"Ground truth" labels, video sequence, and IMU information to improve the estimation accuracy. 
Finally, we design the loss function of supervised cues based on "Ground Truth" labels cues and self-
supervised cues to optimize our model. In the testing phase, the network model can separately 
output high-precision depth and pose data from a monocular video sequence. The resulting model 
outperforms mainstream monocular depth and poses estimation methods as well as the partial stereo 
matching method in the challenging KITTI dataset by only using a small number of real training 
data(200 pairs)

Keywords: Depth-pose estimation; "Ground Truth" labels; inertial measurement unit; multi-information 
fusion; weakly supervised learning

1. Introduction

In recent decades, science researchers have gradually shifted from the cognition of the 
computer’s two-dimensional plane image to the computer’s processing of the real three-dimensional 
world in the objective scene. How to reconstruct the three-dimensional information of the scene 
from single or multiple images, that is, image depth estimation is a very important basic 
topic in the current computer vision research. With the in-depth research in the field of computer 
vision, three-dimensional information such as the depth of images has gradually been applied to the 
fields of intelligent robots, intelligent medical care, unmanned driving, target detection, and 
tracking, face recognition, 3D video production, and object detection which has great social value 
and economic value (Albarqouni et al., 2016; Chen et al., 2017; Cunha et al., 2011; Cui et al., 
2018; Fang et al., 2002; Feng et al., 2017; Kao et al., 2016; Shotton et al., 2011; Sielhorst et al., 
2006; Zhou & Koltun, 2014; Xie et al., 2016; Zhou et al., 2021). Generally, the acquisition methods of 
depth information are mainly tackled with two types of technical methodologies namely active depth 
acquisition and passive depth acquisition. Active methods mainly include laser scanning (Biber et 
al., 2004), TOF (Time of Flight) camera (Foix et al., 2011; Zhu et al., 2010), and structured light 
camera (Han et al., 2013; Scharstein C Szeliski, 2003). However, these depth sensor devices often 
have certain limitations. For example, lidar is very expensive and the depth information collected is 
sparse and uneven (Scharstein & Szeliski, n.d.), while structured light and TOF cameras are 
subject to light (indoor only) and distance limitations (below 5m). While camera sensor is widely 
concerned because of its low cost, simple hardware setting, and long shooting distance. 
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The current image-based depth estimation methods are mainly tackled with two types of technical 
methodologies: stereo matching (Ladicky et al., 2014; Wu et al., 2011; Luo et al., 2016) and 
monocular vision(Saxena et al., 2008; Chen et al., 2016).

Since the stereo matching methods have high accuracy and a few assumptions about imaging 
equipment, it is currently the most widely used depth estimation algorithm. Recent advances in learning 
based methods (Kendall et al., 2017; Chang & Chen, 2018; Song et al., 2020; Zhang, Chen, Bai, Yu, 
Yu, Li & Yang, 2020; Shen et al., 2021) show that the estimation accuracy can be significantly 
improved by deep models trained with pre-trained data and finetuned on another dataset with a 
limited amount of ground truth data. However, the binocular methods need more expensive special 
stereo camera equipment and are prone to camera calibration error and synchronization problems. It 
is easy to be limited by the camera volume during the deployment process. In practical application, the 
monocular camera is more popular, but the accuracy of traditional monocular depth estimation is 
limited due to its ill-posed and geometrically ambiguous problem. It is a very challenging problem to 
estimate the depth of information of the scene in only one image.

In recent years, deep learning technology has shown remarkable advantages in various fields, 
including natural language processing(Khan et al., 2016), image processing(Minaee et al., 2021), 
and computer vision(Al-Hmouz, 2020; Gao et al., 2018), etc. Researchers have begun to use learning-
based methods to solve the ill-posed monocular depth estimation problem(Liu et al., 2015, 2016). 
The current mainstream monocular depth estimation methods based on supervised and self-supervised 
learning generally have some problems. First of all, the supervised method to solve this depth 
prediction problem almost entirely relies on the semantic information of a single image, which direct 
matches it with the ground truth depth. However, it is difficult and impractical to obtain a large 
amount of high-quality ground truth depth data corresponding to the input image. Self-supervised 
methods (Zhan et al., 2018; Yang et al., 2017) usually train a deep network model to find the dense 
correspondence disparity field and then warps the source view into the target view to form the image 
alignment constraints by using the image wrap technique "spatial transformer" (Jaderberg et al., 2015). 
However, these learning methods (Garg et al., 2016; Godard et al., 2017) rely on a large amount of 
high-quality data and effective learning that are often ill-posed and geometrically ambiguous without 
ground truth labels in theory, so the result is usually suboptimal. Currently, the SFMlearner models 
(Zhou et al., 2017; Godard et al., 2019) are based on the traditional structure of the geometric 
principle of motion (SFM). This method not only follows the matching principle of stereo vision but 
also a single-view estimation model. Although the self-supervised SFMlearner model can achieve 
better results, it is only from photometric and temporal consistency between consecutive frames in 
monocular videos, which are prone to overly smoothed depth map estimations. We need more auxiliary 
constraint information to achieve higher precision depth and pose estimation.

To solve this problem, we propose a novel weakly supervised monocular depth and pose estimation 
model based on a multi-information fusion, which is illustrated as shown in Figure 1. Current learning-
based stereo matching uses the insights of decades of multi-view geometry research(Hernandez et al., 
2008) to guide modeling, rather than constructing a black box model(Cheng et al., 2018; Zhang, Chen, 
Bai, Yu, Yu, Li & Yang, 2020). This allows the network to learn the entire model end to end while 
leveraging our geometric knowledge of the stereo problem. What’s more, existing learning-based stereo 
matching models(Zhang et al., 2019; Zhang, Qi, Yang, Prisacariu, Wah & Torr, 2020) can effectively 
perform migration training by being pre-trained in the synthetic dataset(Mayer et al., 2016) and 
finetuning in the application dataset with limited ground truth depth data. Inspired by these ideas, we 
design a "Ground Truth" labels module based on a stereo matching model and pose method to generate a 
depth and pose data offline as weakly supervised labels. At the same time, based on the existing self-
supervised Depth and pose estimation model(Godard et al., 2019), we have improved the network model 
and added an inertial measurement unit data pose estimation module and introduced a multi-sensor 
information fusion module to synchronize motion information from visual perception and inertial data. 
Unlike SFM-Learner (Zhou et al., 2017), which only uses the temporal image loss of continuous 
monocular images, in the training phase, we also use the left and right stereo pairs of consecutive 
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Fig. 1. An overall overview of the proposed method. The overview is divided into two parts, namely the 
"Ground Truth" module, Depth VIO module. First, the "Ground Truth" module can generate "Ground 
Truth" labels as the weak supervision constraint of and the Depth-VIO network. Then, we input 
unlabeled left or right continuous multi-frame view data and IMU data into the proposed the 
Depth_VIO model to estimate depth information and pose information. In the testing phase, we can 
estimate the depth map or the pose data by inputting a single frame of data into the deep network or 
continuous frame data into the pose network.

multiple frames to construct the spatial image loss of the stereo image pairs and weakly supervised 
constraint to optimize the model. In the testing phase, we only use continuous monocular images as 
input data to estimate the scene depth and camera pose. We train and verify the correctness and 
advancement of the proposed method on the challenging autonomous driving data set KITTI(Geiger, 
2012). Through the data fusion training between the end-to-end visual pose and the pose of the inertial 
measurement unit, it is possible to eliminate the frequent manual synchronization and calibration of the 
time stamp between the camera and the IMU when processing the KITTI data set in the traditional 
method. Moreover, the "Ground Truth" labels are used to pre-train the visual-inertial odometry(VIO) 
network, which effectively solves the over-fitting problem in the training process of the CNN-LSTM 
hybrid network. In summary, our contributions are as follows:

(1) This paper proposes a weakly supervised monocular depth and poses an estimation method
based on multi-information fusion for improving estimation accuracy.

(2) We designed a label generation model based on small sample data, which can generate "Ground
Truth" labels to solve the problem of difficult access to ground truth data.

(3) The paper designs a multi-network fusion model including a depth estimation network, visual
pose estimation network, IMU pre-integration network, and fusion network.

(4) This paper combines the cost of weak supervision and self-supervision to construct a new weak
supervision joint optimization loss function and adopts a stepwise optimization method to solve the 
problem that the CNN-LSTM network is difficult to train end-to-end.

The rest of the paper is organized as follows. In Sec. 2, the related work on depth estimation. In 
Sec. 3, the problem sets, network model, and loss function of the proposed method are introduced. In 
Sec. 4, the algorithm flow, experimental process, and test results of the proposed method are displayed. 
In Sec.5, the conclusion.
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2. Related work

2.1 Stereo matching
Depth estimation from stereo matching obeys geometric principles and has little assumption, so 

it is the most widely applicable technique in practical applications. Traditional stereo matching 
methods are usually divided into four steps by Scharstein and Szeliski (Scharstein & Szeliski, 2002): 
matching cost, cost aggregation, disparity calculation or optimization, and disparity refinement. In these 
four steps, cost aggregation is vital for eliminating ambiguity and mismatching, so many cost 
aggregation methods (Yang, 2012; Hosni et al., 2012; Mei et al., 2013) have been modified to refine the 
cost volume and achieve better estimates. In recent years, stereo matching models based on deep 
neural networks, especially the current end-to-end deep learning, have become very popular. In (Pang 
et al., 2017), authors proposed a different cascade of residual convolutional neural network 
architecture composed of two stages to tackle the problem that affects the estimation accuracy in ill-
posed regions. In (Kendall et al., 2017), the authors adopted a novel regressing stereo disparity model 
(GC-net) that incorporated contextual information by 3D convolutions over the cost volume, which 
was formed based on the problem’s geometry, and then used a differentiable argmin function to 
regress disparity values. In (Chang & Chen, 2018), the paper used a pyramid stereo matching network 
(PSM-Net) that included a spatial pyramid pooling module and 3D CNN modules to resolve the 
correspondence in ill-posed regions. In (Guo et al., 2019), the authors proposed a group correlation 
cost volume construction method to improve the estimation accuracy. In (Cheng et al., 2020), 
authors proposed the end-to-end hierarchical framework by incorporating the gold standard pipeline 
for deep stereo matching into the neural architecture search framework. In (Zhang, Chen, Bai, Yu, 
Yu, Li & Yang, 2020), the paper was based on the PSM-Net model to add constraints by filtering the 
unimodal distribution peak of the cost volume at the true disparities, thereby improving performance. 
To reduce the consumption of computational resources by 3D con-volution, researchers have 
gradually used some modules to reduce or replace 3D convolution. GA-net (Zhang et al., 2019) adds 
two new network layers, introducing semi-global cost aggregation and local cost aggregation into 
deep learning, making deep learning follow the traditional cost filtering strategy to refine the network 
structure, and can replace the 3D convolutional layer with high computing cost and memory 
consumption. In (Zhang, Qi, Yang, Prisacariu, Wah & Torr, 2020), the model was developed based 
on GA-Net by proposing a novel domain normalization approach and a trainable non-local graph-based 
filter for further performance improvement. In (Wang et al., 2019), the authors proposed a multi-
resolution parallax real-time stereo matching method based on a U-Net network. In (Tankovich et al., 
2021; Yee and Chakrabarti, 2020), papers followed this design idea to improve the DCNN inference 
speed. In (Wang et al., 2021), the models employ a recurrent unit to iteratively update disparity 
estimations at high resolution for achieving a trade-off between accuracy and efficiency. To reduce 
the dependence on ground truth disparity labels, few kinds of literature have proposed unsupervised 
stereo matching methods. In (Zhong et al., 2017), authors designed a self-supervised deep network 
based on GC-net (Kendall et al., 2017) with image warping error as the loss function to compute dense 
disparity maps directly. Reference(Chao et al., 2017) presented a deep unsupervised stereo matching 
framework to learn cost-volume with iteratively updating network parameters and guide the training 
by the left-right check. Then appropriate matches were selected as training data in future iterations. In 
(Zhang et al., 2018), the authors proposed the self-supervised active stereo matching method based on 
deep learning for the first time, which combines the cues of active lighting and passive light to improve 
the accuracy of depth prediction further. In (Liu et al., 2020), the model leverage the geometric 
constraints about stereo video sequences to perform disparity and optical flow estimation.

2.2 Monocular depth estimation
Due to volume, calibration errors, and synchronization problems that may exist in the 

deployment and the setting of binocular cameras, monocular cameras are still much more preferred in 
most scenarios. Therefore, a large number of researchers have currently devoted themselves to 
monocular depth estimation, and some research results have been achieved in the literature.

Traditional geometry-based methods mainly rely on correspondences search(Bian et al., 2017), model
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fitting(Bian e t a l., 2 019), a nd m ultiview t riangulation(Hernandez e t a l., 2 008). T herefore, t he model 
needs at least two views from different perspectives in the same scene as input to calculate depth. Before 
the emergence of learning-based methods, estimating depth from a single perspective was an inherent 
geometric ambiguity and an ill-posed problem. Generally, learning-based methods can be divided into 
two categories according to the presence or absence of ground truth labels: supervised depth estima-
tion, self-supervised depth estimation. The supervised depth estimation address this issue by utilizing 
the relationship between the input image and the corresponding ground truth depth data to fit the pre-
dictive model. References(Eigen et al., 2014; Eigen & Fergus, 2015) first used two convolutional 
neural networks(CNN) to integrate global and local information. In (Laina et al., 2016), authors pro-
posed an end-to-end deeper encoder-decoder hourglass network architecture based fully convolutional 
network(FCN)(Long et al., 2015) and used the reverse Huber loss to optimize the network model. Sub-
sequently, a lot of related works(Laina et al., 2016; Ummenhofer et al., 2017; Fu et al., 2018; Tang & 
Tan, 2018; Yin et al., 2019; Garg et al., 2019; Huynh et al., 2020; de Queiroz Mendes et al., 2021) began 
to appear. Supervised monocular depth estimation needs vast and expensive ground truth depth data, and 
the measure of depth maps is much sparser.

Fig. 2. Illustration of our model architecture. The model architecture mainly includes three parts: the left 
black box is the proposed Depth_VIO model; the right black box is the "Ground Truth" label generation 
model, and the middle red box is the loss function constructed by the left and right black boxes.

An alternative to the supervised depth estimation method is a self-supervised method that poses depth 
prediction as a view synthesis problem. In these methods, the loss of image reconstruction is taken as 
the primary model constraint to optimize the network. In (Xie et al., 2016), model trained a deep con-
volutional network to obtain a probability disparity-like map from a single left view for reconstructing 
the right view by using the image-based rendering algorithm. Reference(Garg et al., 2016) end-to-end 
trained the deep network model to predict the disparity map for synthesizing the right view. Besides, 
the loss function is linearized by the Taylor expansion method to make it fully differentiable. In (Go-
dard et al., 2017), authors used the same depth estimation idea but introduced a more sophisticated image 
reconstruction loss and left-right disparity consistency loss. To achieve a more accurate dense correspon-
dence depth estimation, reference(Kuznietsov et al., 2017) proposed a semi-supervised depth estimation 
method, which takes advantage of self-supervised dense matching and supervised unambiguous depth 
estimation. To make the training process respect the geometric principles, reference(Luo et al., 2018) 
decomposed the monocular depth estimation into a self-supervised view synthesis process and the super-
vised stereo matching process. Based on the traditional theory(Geiger et al., 2011; Leutenegger et al., 
2015; Mur-Artal & Tardós, 2017) of struct from motion or multi-view method, the literatures (Zhou et 
al., 2017; Vijayanarasimhan et al., 2017; Mahjourian et al., 2018; Yang et al., 2018; Zhou et al., 2019; 
Li et al., 2020; Poggi et al., 2020; Guizilini et al., 2020) adopt two CNN networks to end-to-end learning 
depth and pose separately by inputting image sequence at the same time. The pose network provides
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the relative camera transformation for the image warp technique to synthesis adjacent images sequence. 
Following this idea, researchers (Zhan et al., 2018; Li et al., 2018) combined spatial image losses of a 
stereo image pair and temporal image losses of consecutive monocular Images for further performance 
improvement. Since moving objects violate the assumption of a static world in-depth estimation, refer-
ence(Zhou et al., 2017; Godard et al., 2019) used a deep network to learn a mask to mask out the 
moving objects. Many subsequent methods either add optical flow networks(Zhichao & Jianping, 2018; 
Chen et al., 2019) or leverage semantic information(Casser et al., 2019; Huynh et al., 2020; Lee et al., 
2021) to detect moving objects. These methods require additional complex network training and related 
labels. CNN-SVO(Luo et al., 2019) and D3VO (Yang et al., 2020) also train depth and pose 
networks on the calibrated stereo videos by improving network and use geometric loss optimization 
to further improve performance. In (Bian et al., 2021), authors proposed a geometry consistency loss 
to penalizes the in-consistency of predicted depth and proposed a self-discovered mask to 
automatically localize moving objects. Most of the pose networks of the above methods adopt the 
PoseNet model(Kendall et al., 2015). Recent studies(Wang et al., 2017; Almalioglu et al., 2019; Zhan 
et al., 2020) on visual mileage show that recursive convolutional neural networks (RCNNs) are more 
accurate in estimating camera pose. In addition, performing data fusion(Clark et al., 2017; Shamwell et 
al., 2018; Li & Waslander, 2020) of visual odometry and inertial measurement unit data at the 
intermediate feature representation level can further improve the estimation accuracy.

The above-mentioned models(Almalioglu et al., 2019; Zhan et al., 2020; Li & Waslander, 2020) 
based on monocular visual odometry or fused inertial measurement unit data usually require ground 
truth pose data as a supervision label. The self-supervised visual odometry method combined with depth 
estimation only optimizes the pose and depth network through the loss of photometric consistency, which 
often makes the result sub-optimal. In this paper, a high-precision stereo vision odometry method is used 
to generate "Ground Truth" labels. At the same time, a multi-information fusion model based on vision 
and inertial measurement unit data is constructed to improve the estimation accuracy.

3 . Method
Here we describe our weakly supervised monocular depth estimation method for multi-information fu-
sion. We first i ntroduce t he i mplementation p rocess o f t his m ethod, t hen d escribe t he " Ground Truth" 
labels model, and finally, d escribe t he n etwork a nd l oss f unction o f t he w eakly s upervised monocular 
depth and pose estimation model of multi-information fusion.

3.1 Problem Setup
The proposed multi-information fusion weakly supervised monocular depth and pose estimation 

model architecture is shown in Figure 2. We denote the left and right training image sequences as
[Il 1, ..., I  ] and [I1

r , ..., Ik
r ] respectively, where the subsequent representation It is a target left or right im-

age, and It
s is a target stereo pair. The upper part is that we build a "Ground Truth" label generation mod-

ule based on the Guided Aggregation network(GA-Net)(Zhang et al., 2019) and the well-known Iterative
Closest Point (ICP)(Yang et al., 2015) algorithm. Input the left and right continuous video frames It

s to 
the model to generate depth map[D l

t ,  t
 ] and 6-DOF Lie algebra pose data [ρt ,φt ] as "Ground Truth" 

labels. The lower part is our multi-information fusion monocular weakly supervised depth and poses 
estimation model(depth-VIO). From the Figure 2, we can see that the model consists of depth estimation 
network, visual pose network, Imu pose network, and fusion network. We can input left or right view 
It to depth network and input left or right continuous video frames [..., It−1, It , It+1, ...] to visual pose 
network. At the same time, the inertial measurement unit(IMU) data([..., I MUt−1, I MUt , I MUt+1, ...]) 
is input into the IMU pose network. Finally, the depth network outputs left and right disparity maps 
[D̂ lt , ]. The fusion LSTM is used to integrate the visual pose feature and IMU pose feature to produce
the final 6-DoF relative pose(VIO-se3) [..., ε̂t−1, ε̂t , ε̂t+1), .... In the training phase, we can construct three
types of losses to optimize the model: weak supervision losses of the "Ground Truth" label, spatial im-
age losses of a stereo image pair, and temporal image losses of consecutive monocular images. The loss
function will be discussed in detail in section 2.4. In the testing phase, we can estimate the depth and
camera pose separately by inputting a monocular video sequence.
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3.2 "Ground Truth" Labels Model
Traditional semi-global matching (SGM)(Hirschmuller, 2007) and cost filtering(Hosni et al., 2012) 

are all robust and efficient c ost a ggregation m ethods t hat h ave b een w idely u sed i n m any industrial 
products. GA-Net(Zhang et al., 2019) introduces a semi-global guided aggregation layer (SGA) which 
implements a differentiable approximation of semi-global matching (SGM) and aggregates the matching 
cost in different directions over the whole image. This makes the learning-based stereo matching method 
more follow the traditional geometric process, improve the accuracy of disparity estimation. The bad 
pixels average percentage of 200 test images in the KITTI2015 dataset is shown in Table 1. According to 
the benchmark test(Menze and Geiger, 2015), we believe that the disparity error is less than 3 pixels, then 
the estimation of this pixel is correct. We have compared the performance on four evaluation indexes 
of "D1-bg", "D1-fg", "D1-all", and "Runtimes". Therefore, we adopt the GA-Net(Zhang et al., 2019) 
network model to estimate the left and right disparity from left-right stereo pairs, thereby generating 
depth maps and 3D point cloud data. Then, we calculate the relative pose(Stereo-se3) of 6-DoF from 
the point cloud sequence by the well-known Iterative Closest Point (ICP) method (Yang et al., 2015). 
Here we will not introduce the network model of GA-Net, but mainly introduce the generation of the 
subsequent depth map, point cloud and pose data.

Table 1. The bad pixels average percentage. Among them, "D1" refers to the percentage of outliers in 
the first frame of stereo disparity, "bg" refers to the average percentage of outliers only in the background 
area, "fg" refers to the average percentage of outliers only in the foreground area and "all" refers to the 
average percentage of outliers only in the ground truth pixels.

Depth Labels: GA-Net output the left disparity map D l
t and right disparity map D t

r of the target 
view from stereo pairs. According to the epipolar geometry theorem, we can calculate the depth Zt of 
the scene, as shown in Eq. 1.

Zt = f ∗b

D l
t

= f ∗b

xl −xr
(1)

where f denotes the focal length of the binocular camera, and B denotes the baseline of the binocular
camera. Ideally, we can also get the same depth map Zt from the estimated right disparity Dr

t .
At the same time, we also show the qualitative results on Figure3 about "Ground Truth" labels.
Pose Labels: We use the traditional ICP(Iterative Closest Point) algorithm to obtain pose labels.

First, we need to calculate the 3D point cloud data c based on the obtained depth map D l
t or Dr

t . To
reduce the depth estimation error from the GA-Net network, we set the depth value range to 0-80m. If
the estimated depth value is lower than the lowest value or higher than the highest value, we set the value
to the nearest or farthest depth value. The 3D point cloud ct of the view at time t is calculated as Eq.2.

ct (xc , yc , zc ) = K−1Zt [xu , yv ]T (2)

where K is the intrinsic parameter of the left camera.
Then we can use the ICP algorithm to obtain the transformation matrix SE(3) from t −1 frame to t

frame based on the calculated 3D point cloud ct . SE(3) contains the rotation matrix R ∈ SO(3) and the
transformation vector t ∈R3.

SE(3) = IC P (ct−1,ct )

=
{

T =
[

R t
0 1

]
∈R4×4

} (3)

Error D1-bg(%) D1-fg(%) D1-all(%)
All / All 1.48 3.46 1.81
All / Est 1.48 3.46 1.81
Noc / All 1.34 3.11 1.63
Noc / Est 1.34 3.11 1.63
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Fig. 3. The qualitative results of "Ground Truth" depth. Above, (a) is the left or right input images, (b)
is the estimated result, (c) is the error map, and (d) is the depth map.

SO(3) = {
R ∈R3×3|RRT = I,det (R = 1)

}
(4)

However, for a 3-DOF rotation, the expression of SO(3) in nine quantities is too redundant and too
restrictive, so we convert the transformation matrix T into Lie Algebra se(3), which includes a three-
dimensional rotation vector φ and a three-dimensional translation vector ρ .

se(3) = log (T )

=
{
ε=

[
ρ

φ

]
∈R6,ρ ∈R3,φ ∈R3

} (5)

3.3 Depth_VIO Network
Our Depth_VIO network builds upon MonoDepth2(Godard et al., 2019) and extends it by improving 

depth estimation network, replacing visual pose model using CNN-RNN network and introducing inertial 
measurement unit (IMU) model. This section mainly introduces the Depth-VIO network architecture. 
The model mainly includes two networks, namely depth estimation network, visual inertial odometry 
network(VIO) pose network.

3.3.1 Depth Estimation Network
The depth estimation network is shown in Figure 5 that estimates a depth map from a single target 

RGB view. With reference to the performance of the encoding-decoding network structure(Garg et al., 
2016; Godard et al., 2017, 2019) used in the current monocular depth estimation, our depth estimation 
network is built upon by improving the U-Net network(Ronneberger et al., 2015). We adopt Resnet(He 
et al., 2015) as our encoder and the decoding network uses bilinear interpolation for upsampling. In the 
Resnet network, we use three small convolutional layers of 3 × 3 to replace the sizeable convolutional 
layer of 7 × 7 and use the convolutional layer of stride 2 to replace the pooling layer of stride 2. We take 
advantage of skip connections from the encoder’s activation block to the decoder blocks with the same 
resolution to resolve higher resolution details. Inspired by the refinement module in(Dosovitskiy et al., 
2015), we reconnect the multi-scale disparity output after upsampling to the high-resolution features to 
improve the refinement accuracy.
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Fig. 4. Trajectories of "Ground Truth" pose on video sequences. Where, (a) is sequence 00,(b) is se-
quence 02, (c) is sequence 03, (c) is sequence 04, (c) is sequence 05 and (d) is sequence 07.

3.3.2 Visual Inertial Odometry Network:
Visual Odometry Network: Taking inspiration from (Dosovitskiy et al., 2015), the FlowNet net-

work without the refinement module is used as the feature extraction part of the visual odometry(VO) 
network of our VIO model. The configuration of the network is shown in Table 2. The RGB image frame 
is normalized by subtracting the mean training set and dividing by the variance, resizing to a new size as 
640 × 192. A monocular image tensor sequence formed by stacking multiple consecutive sets of front 
and rear frame images ( feature map is 6) is used as input. The conv6_1 and conv6_2 output translation 
and rotation feature side by side, respectively. This output feature will be used as part of the input data 
of the fusion network.

IMU Pre-integration Network: Usually, the sampling frequency of the inertial measurement unit 
is several times higher than the sampling frequency of the camera. To enable the network to learn 
how to implicitly estimate the time offset between the camera and IMU data, we choose the raw IMU 
measurement as the input sample of the network. IMU data include raw linear acceleration α ∈ R3 and

Fig. 5. The depth network architecture of our model. This model is improved on the basis of U-Net
network architecture.
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Table 2. The configuration of the Visual Odometry Network.

Layer
Receptive Stride Feature Output Input

File Map
Input 6 640*192
Conv1 7x7 2 64 320*96 Input
Conv2 5x5 2 128 160*48 Conv1
Conv3 5x5 2 256 80*24 Conv2
Conv3_1 3x3 1 256 80*24 Conv3
Conv4 3x3 2 512 40*12 Conv3_1
Conv4_1 3x3 1 512 40*12 Conv4
Conv5 3x3 2 512 20*6 Conv4_1
Conv5_1 3x3 1 512 20*6 Conv5
Conv6_1 3x3 2 1024 10*3 Conv5_1
Conv6_2 3x3 2 1024 10*3 Conv5_1

raw angular velocity ω ∈ R3 from t − 1 to t + 1. We can obtain raw measurements M ∈ Rn×6, where n is 
the number of IMU samples. Following the VIOlearner(Shamwell et al., 2019), the IMU pre-integration 
network uses two parallel branches of 7 convolutional layers to extract pose information from IMU data. 
Each branch begins with 2 convolutional layers each of 64 single-stride with kernel size 3x5 followed by 
one convolutional layer of 128 filters each of stride 2  with kernel size 3x5 and one convolutional layer 
of 256 filters each of stride 2 with kernel size 3x5. Next, one convolutional layer of 512 filters is applied 
with strides of 2, 1, and 1, and kernels of size 3x5, 3x3, and 3x1. The final networks use three filters of 
kernel size 1 and stride 1 in the angular velocity and linear acceleration pathways. Finally, each output 
is 1 × 3 tensors and concatenated together into a tensor.

Fusion Network: The visual pose feature and IMU pose are concatenated into a tensor to feed into 
the fusion network, which is a two layers LSTM network. The LSTM network is followed by a fully 
connected layer that regresses the fused pose, which maps the features to a 6-DoF pose vector. The final 
outputs are a batch ×(n −1)×6(n is the length of the image sequence) tensor for translation and rotation 
parameters, representing the n motion of the camera between a time window t − n × δt to t + n × δt , δt 
represents the time difference between adjacent video frames.

3.4 Loss Function
We formulate a total loss function Lθ that is composed of the weak supervision losses Lwl , the spatial 

image losses Lsl , and the temporal image losses Lt l . Each constraint term adds a trade-off parameter to 
limit the percentage of the cost in the loss function.

(6)Lθ = αLwl +βLsl + γLt l

Where α,β,γ are the trade-off parameters of each loss term.

3.4.1 Weak Supervision Loss
We use "Ground Truth" labels to supervise our model, thereby constructing a weakly supervised

constraint function.

Lwd = L1(D l
t ,D̂ l

t )+L1(Dr
t ,D̂r

t ) (7)

Lw p = L1(ρt , ρ̂t )+κL1(φt , φ̂t ) (8)

where L1 is the L1 norm operation. Lwd refers to the left and right weakly supervised depth loss, and Lw p

refers to the left or right weakly supervised pose loss. We can construct weakly supervised constraint
functions Lwl =ω1Lwd +ω2Lw p .
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3.4.2 Self-supervised Spatial Image Losses
Appearance Matching Loss: The view reconstruction loss is an image alignment error between origi-

nal stereo pairs and synthesized stereo pairs. Taking inspiration from the loss function(Zhao et al., 2015) 
, we use a combination loss of an L1 loss L1 and a structural similarity(SSI M) (Wang et al., 2004) loss 
Lssi m as the view reconstructed loss Li a .

Ll
i a = Lssi m(I l

t , Î l
t )+ (1−ρ)L1(I l

t , Î l
t )

+(I r
t , Î r

t )+ (1−ρ)L1(I r
t , Î r

t )
(9)

Among them, ρ is a proportional coefficient, and the value is 0.85.
b. Left-Right Disparity Consistency Loss
The left-right disparity maps can transform each other according to the translation of geometric

relations. We define the consistency loss by taking advantage of this characteristic of the disparity map
to improve the prediction accuracy. Inspired by the consistency loss (Godard et al., 2017), we define the
loss formula Ldc using L1 penalty:

Ldc = L1(D̂ l
t (x),D̂r

t (x + D̂ l
t (x)))

+L1(D̂r
t (x),D̂ l

t (x + D̂r
t (x)))

(10)

Where x denotes the pixel position of left or right disparity maps.
We can construct the self-supervised spatial image loss Lsl = s1Li a + s2Lwd .

3.4.3 Self-supervised Temporal Image Losses
We can project each pixel coordinate pt of the target view I t

l onto the p̂s in the source view Is using
Eq. 12. Then we use the differentiable bilinear sampling mechanism proposed in the spatial transformer
network(Jaderberg et al., 2015) to calculate the value of point p̂s by using the 4-pixel neighborhood of
p̂s ((0,0),(0,1),(1,0),(1,1)). Then the calculated value is the warped image Ī t pixel at location pt . The
weighting scale for bilinear sampling is

∑
i , j ωi j = 1

p̂s
∼= K T̂t→sD̂ t (pt )K −1pt (11)

Ī t (pt ) = I s(p̂s) =∑
i , j
ωi j I s(i , j ) (12)

where i ∈ (0,1), j ∈ (0,1), p̂s is the homogeneous coordinates of a pixel in the source view, K is the camera
intrinsics matrix, T̂t→s is the relative pose from target view to source view, pt is the pixel coordinates of
the mapped target view.

Lt l = Lssi m(I l
t , Ī l

t )+ (1−ρ)L1(I l
t , Ī l

t )

+Lssi m(I l
t , Ī l

t )+ (1−ρ)L1(I l
t , Ī l

t )
(13)

4 . Experiments

4.1 Implementation Details
We train our model on the rectified KITTI odometry dataset without using any ground truth depth 

and use data split as proposed by (Eigen et al., 2014) to test our model for depth estimation. We use 
sequences 00-08 as the training sample and sequences 09-10 as the test sample for pose estimation. We 
divide the training samples into 17871 pairs (left and right views) of training images and 2466 pairs of 
verification i mages. In t he t raining p rocess, t he model r andomly selects a  pair of v iews as t he target 
images and uses the continuous view pairs with the target images as the center as the source images. 
Corresponding 100 Hz IMU data are collected from the KITTI raw datasets and for each target image,
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Algorithm 1: "Ground Truth" module
Result: GA-Net:θs ;ICP
Input: Stereo pairs:[I1, ..., Ik ]
Output: Disparity pairs:[D1, ...,Dk ]; Camera poses:[ε1, ...,εk ]

1 Initialization:Load θs to GA-Net;t = 1;
2 while t ≤ k do
3 Get GA-Net left-right disparity:Di = {D l

t ,Dr
t };

4 Compute depth Zt and cloud ct from D t ;
5 Get camera poses [ρt ,φt ] using ICP;
6 εt = [ρt ,φt ]

7 end

Algorithm 2: Monocular Weakly Supervised Depth and Pose Estimation Method Based on
Multi-information Fusion

Result: Depth-CNN:θd ;Pose-RCN:θp ;IMU-CNN:θi ;Fusion-Net:θo

Input: Left view:[I l
1, ..., I l

k ]
Output: Disparity pairs:[D̂1, ...,D̂k ]; Camera Poses:[ε̂1, ..., ε̂k ]

1 Initialization: Load pretrained model θp and initialize weights for VIO(First train VIO);
2 Initialize hyperparameters(η,α,β,γ,and so on );
3 for each i ∈ {0, ...epoch} do
4 for each j ∈ {0, ...nbatch} do
5 Get VIO-Net predictions:ε̂ j ;
6 Compute forward-backward loss:Lpl ;
7 Using SGD to optimize θV IO ;
8 θ∗V IO = θV IO

ar g mi n
;

9 end
10 Save θV IO = [θp ,θi ,θo]

11 end
12 Load pretrained model θp ;θi ;θo ;
13 for each i ∈ {0, ...epoch} do
14 for each j ∈ {0, ...nbatch} do
15 Get Depth_VIO predictions:D̂ j ; ε̂ j ;
16 Compute forward-backward loss:Lθ Using SGD to optimize θ;
17 θ∗ = θ

ar g mi n

18 end
19 Save θ = [θd ,θp ,θi ,θo]

20 end
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Table 3. Evaluation metrics of our model and the current mainstream depth estimation model on the
KITTI dataset. Supervision refers to the way of supervision, in which D refers to using ground truth
depth data as supervision, stereo refers to the supervision with stereo temporal pairs, and M refers to the
common training of monocular temporal sequence

Method Supervision
RMSE RMSE(log) ARD SRD δ< 1.25δ< 1.252 δ< 1.253

–lower is better– –higher is better–
Eigen et al.(2014) Coarse D 6.215 0.271 0.204 1.598 0.695 0.897 0.960
Eigen et al.(2014) Fine D 6.138 0.265 0.195 1.531 0.734 0.904 0.966

Liu et al.(2015) D 6.471 0.273 0.201 1.584 0.680 0.898 0.967
Zhou et al.(2017) M 6.709 0.270 0.183 1.595 0.734 0.902 0.959

Vid2Depth(Mahjourian et al., 2018) M 6.220 0.250 0.163 1.240 0.762 0.916 0.968
Zhou et al.(2019) M 4.945 0.197 0.121 0.8370 0.853 0.955 0.982

MonoDepth2 (Godard et al., 2019) M 5.180 0.205 0.129 1.112 0.851 0.952 0.978
Li et al.(2020) M 5.138 0.209 0.130 0.950 0.843 0.948 0.978

PackNet-SFM (Guizilini et al., 2020) M 4.538 0.186 0.107 0.802 0.889 0.962 0.981
Bian et al.(2021) M 4.706 0.191 0.114 0.813 0.873 0.960 0.982

Ours-no "Ground Truth" M 5.168 0.190 0.115 0.882 0.864 0.951 0.978
Ours M 4.601 0.182 0.105 0.751 0.890 0.960 0.982

Garg et al.(2016) S 5.104 0.273 0.169 1.080 0.740 0.904 0.962
MonoDepth (Godard et al., 2017) S 5.927 0.247 0.148 1.344 0.803 0.922 0.964

Zhan et al.(2018) S 5.869 0.241 0.144 1.391 0.803 0.928 0.969
UndeepVO(Li et al., 2018) S+M 6.570 0.268 0.183 1.730 - - -
DVSO(Yang et al., 2018) S 4.442 0.187 0.097 0.734 0.888 0.958 0.980

MonoDepth2 (Godard et al., 2019) S+M 5.029 0.203 0.114 0.991 0.864 0.951 0.978
D3VO(Yang et al., 2020) S+M 4.485 0.185 0.099 0.763 0.885 0.958 0.979
Ours-no "Ground Truth" S 5.145 0.196 0.112 0.908 0.859 0.950 0.976

Ours-no pretrain VIO S 5.141 0.182 0.103 0.854 0.881 0.958 0.980
Ours-Res18 S 4.716 0.174 0.099 0.742 0.882 0.960 0.981
Ours-Res50 S 4.405 0.171 0.094 0.740 0.886 0.961 0.982

the preceding 100 ms and the following 100 ms of IMU data are combined yielding a tensor of size 20 x
6 (100ms between the source images and target).

We download the pre-trained GA-Net model from this link at https://drive.google.com/
open?id=19hVQXpcXwp7SrHgJ5Tlu7_iCYNi4Oj9u. The "Ground Truth" labels are obtained
by inputting stereo pairs into the stereo matching network model method based on transfer learning.

Since our depth_VIO network is a combination of CNN and RNN networks, it can be seen from
the discussion in Literature (Wang et al., 2017) that the CNN-RNN network training process is prone to
overfitting. Therefore, we use a two-step training method in the training process. First, we use the weakly
supervised pose loss Lw p to train the VIO network and then load the trained VIO model to the Depth_VIO
model for full network training. The model is trained on the experiment platform that is both e5-2698v4
processors, 503 GB memory, and eight 32 GB Tesla V100 graphics cards. The 1242 × 375 resolution
stereo pairs are resized into 640 × 192 resolution views for training and test data of our model. In the first
stage, the Flow-CNN network can be initialized by the pre-trained weight of FlowNet (Download link:
https://drive.google.com/drive/folders/0B5EC7HMbyk3CbjFPb0RuODI3NmM. Other
network weights are initialized by the gaussian distribution with a standard deviation of 0.01. Stochastic
Gradient Decent (SGD) with an RMSProp adaptive learning rate is used to update the weights of the
networks. The epoch is set at 250 with 8 batch sizes and the sequence length of each batch is 7. In
the second stage, the depth encoder network is initialized by the pre-trained model obtained from the
ImageNet classification task (He et al., 2015). We use Resnet18 or Resnet50 as an encoder for training.
Stochastic gradient descent also is used to update the weights with a batch size of 8 for 50 epochs. In
the optimization process, we set the default learning rate as 10−5 and keep the default learning rate un-
changed in the first 30 steps, and then reduce it by a factor of 2 every ten steps until the end to avoid
shock. The predicted disparity cap is constrained to 0.3 × the output disparity map width by using sig-
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Fig. 6. Qualitative depth estimation results for different methods on the Kitti dataset. Where, (a) is the 
ground truth disparity map. (b) is SFMlearner(Zhou et al., 2017), (c) is UndeepVO (Li et al., 2018), (d) 
is Monodepth (Godard et al., 2017), (e) is Monodepth2(Godard et al., 2019), (f) is our model without 
the ”Ground Truth” label, (g) is our model

moid non-linearity. To adjust the effect of each loss function on the model, we set the parameter value of 
each loss term:κ = 100,ω1 = 1,ω2 = 0.1, s1 = 1, s2 = 0.8. The training mode is determined by setting the 
value of α,β,γ. When the supervision mode is a stereo pair, the value is α = 1,β = 1,γ = 1, and when the 
supervision mode is monocular, the value is α = 1,β = 0,γ = 1.

4.2 Algorithm
This part describes the algorithm flow of t he proposed m ethod, which i s mainly d ivided i nto two 

parts, namely Algorithm 1 and Algorithm 2. Algorithm 1 is the process of generating "Ground Truth" 
depth labels. Algorithm 2 is the realization process of the proposed monocular weakly supervised depth 
and pose estimation method based on multi-information fusion.

4.3 Results
4.3.1 Prediction Results Analysis

We test our model on KITTI, a challenging autonomous driving dataset. Table 3 shows the estimation 
metrics of our method and other methods so that we can quantitatively analyze the performance of our 
model and other models. It can be seen that our model is better than other self-supervised monocular 
methods in most estimation indexes, whether it is monocular supervision or stereo pair supervision. We 
also tested the estimation results of our model without a weak supervision label (i.e., no "Ground Truth"). 
It can be seen from the results in the table that the estimation accuracy has been greatly improved after the 
addition of weak supervision labels. We also can see from the table that the accuracy of the pre-trained 
model is greatly improved compared with the model that is not pre-trained through the first s tep of 
weakly supervised pose loss. The encoder of Resnet50 has improved estimation accuracy than Resnet18.

Monocular weakly supervised depth and pose estimation method based on 
multi-information fusion



Fig. 7. Qualitative comparison of generalization for different models on Cityscapes. (a) is Zhou et
al.(2017) , (b) is Godard et al.(2019) , (c) is our model trained on the KITTI dataset and tested on the
Cityscape dataset.

In short, it can be seen from the table that the accuracy of the method proposed in this paper has been
greatly improved, which proves the effectiveness of the method.

Figure 6 shows the visual disparity map about our model and the current mainstream monocular self-
supervised methods. Perhaps unsurprisingly, the ground truth disparities obtained by the 3D scanner can
provide better visual effects, but the sampled data points are sparse and sampling equipment is expensive.
As we can see from the figure, although the current method (Godard et al., 2017, 2019; Garg et al., 2016)
can obtain a better depth estimate from a single view in the scene, the proposed model can describe
more clearly the details of object edge and depth information. Figure 6 also qualitatively illustrates the
visual disparity map of our proposed model under self-supervised(no "Ground Truth" labels) and weakly
supervised ("Ground Truth" labels) mode. The weakly supervised mode has a significant improvement
in effect.

To show that our method can be generalized to other data sets, we test the comparison results of
several models on the Cityscapes (Cordts et al., 2016) dataset and verify that model trained on the KITTI
dataset can be generalized well to the Cityscapes dataset. Figure 7 qualitatively compared the results of
different models on the Cityscapes dataset. We can see from the comparison results that our model trained
on the KITTI dataset shows good generalization performance on the Cityscapes dataset for accurate
disparity estimation. We can use this model to predict the depth of similar scenes.

3.4 Pose results
In this section, we comparatively discuss the pose estimation performance of our method in terms of

both no-labels and with-labels estimation modes.
We tested the pose estimation model on sequences 09 and 10 that were not used in the training. These

results are shown in Table 4. We can see from the table that compared with other self-supervised monoc-
ular depth and pose estimation methods, our model can have a good performance on the most estimated
metric. After pre-training the VIO network, the accuracy of pose estimation is further improved. The
metrics in Table 4 prove the effectiveness of the proposed method.

We also visualize the performance of the pose estimation model in Figure 8. For the KITTI data
set, the camera in the scene basically only moves in a straight line, and the angle changes a little, so
the displacement estimation is very sensitive to this scene. In the process of displacement change, the
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Table 4. VO results with our proposed method and other mainstream models on Kitti sequence 09 and
10. tr el refers to average translational RMSE drift (%) on length of 100m-800m. rr el refer to average
rotational RMSE drift (◦/100m) on length of 100m-800m.

Method
Seq.09 Seq.10

ATE(m) ter r (%) rer r (◦/100m) ATE(m) ter r (%) rer r (◦/100m)
VISO2-M(Geiger et al., 2011) 52.62 18.06 1.25 57.25 26.10 3.26

OKVIS(Leutenegger et al., 2015) - 9.77 2.97 - 17.30 2.82
ORB-SLAM2-M(Mur-Artal and Tardós, 2017) 38.77 9.30 0.26 5.42 2.57 0.32

SfMLearner(Zhou et al., 2017) 77.79 19.15 6.82 67.34 40.40 17.69
DeepVO-Feat(Zhan et al., 2018) 52.12 11.89 3.60 24.70 12.82 3.41

UndeepVO(Li et al., 2018) - 7.01 3.60 - 10.63 4.60
MonoDepth2(Godard et al., 2019) 45.22 12.17 3.85 18.35 8.68 5.31

Zhan et al.(2020) 10.88 2.61 0.29 3.72 2.29 0.37
Bian et al.(2021) 13.40 5.08 1.05 7.99 4.32 2.34

Our-no "Ground Truth" 21.40 4.11 1.94 18.99 3.96 2.06
Our-no pretrained VIO 12.52 2.03 1.82 8.56 1.98 1.62

Our 10.45 1.63 1.52 6.35 1.74 1.21

Fig. 8. Sample trajectories comparison for different models on Sequence 09 and 10 of Kitti dataset.

movement in the Y direction is very small, so in our visual view, only the absolute displacement changes 
in the X and Z directions are displayed. From the figure, we can see that compared to other unsupervised 
monocular VO models, our weakly supervised multi-information fusion method can obtain more accurate 
pose estimation results.

5 . Conclusion
In this paper, we propose a new monocular weakly supervised depth and pose estimation method based 
on multi-information fusion. Our model is improved on the current research and methods and is trained 
and tested on KITTI data. Our method uses the migration learning model of stereo matching to obtain 
the "Ground Truth" label with very few ground truth samples, but still obtains excellent results, which in-
dicates that this method has certain research value. However, due to the some error between the "Ground 
Truth" labels and the ground truth labels, there are still some gaps between our algorithm and the fully 
supervised method. In the future, we will combine traditional algorithm and deep learning to make the 
"Ground Truth" label more obeying geometric principles and having higher precision. In addition, we 
will also propose more suitable models for monocular depth and pose estimation methods.
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Abstract
In this article, a newly introduced model nonlinear Kudryashov’s equation with anti-cubic nonlinearity
is considered for extraction of soliton solutions. This model is utilized to depict the propagation of mod-
ulated envelope signals which disseminate with some group velocity. To find a solution, an appropriate
traveling wave hypothesis is used to covert the given model into a nonlinear ordinary differential equa-

tion. An analytical technique, the Improved tan

(
ϕ(µ)
2

)
-expansion approach has been employed on the

governing model to construct many new forms of dark soliton, singular soliton, periodic soliton, dark-
singular combo soliton and rational solution. The constraint conditions for the existence of these solitons
have also been provided. The physical significance of the proposed equation has been provided with a
graphical representation of the constructed solutions.

Keywords: Anti-cubic nonlinearity; Improved tan (ϕ(µ)2 )-expansion approach; Kudryashov’s equation;
Soliton

1. Introduction

Nonlinear phenomena are very important in various theories of physical reality. They have applications 
in solid state material science, liquid mechanics, telecommunications, biology, plasma physical science, 
oceanography, space science, astronomy, and so forth (W.X. Ma, 2015; W.X. Ma et al., 2016; D. Kumar 
et al., 2014; J.Y. Yang & W.X. Ma, 2016; A.M. Wazwaz, 2016; K.K. Ali et al., 2020; N. Raza et al., 
2018; D. Kumar et al., 2017; A. Javaid et al., 2019; A.M. Wazwaz, 2016; M. Mirzazadeh et al., 2015; 
S. Arshed & N. Raza, 2020; N. Raza et al., 2019; A.R. Seadawy & D. Lu, 2017; D. Lu et al., 2017),
(H.A. Ghany & A.A. Hyder, 2014) and (Harold Exton, 2000). One of the most significant nonlinear
phenomenon is the soliton wave. Numerous applications of these waves can be seen in the fields of
plasma science, telecommunications and data transmission. A number of models provide a depiction of
dynamics of these solitons, including different forms of Korteweg-de Vries as well as Nonlinear
Schrodinger equations (M. Mirzazadeh et al., 2015; S. Arshed & N. Raza, 2020; N. Raza et al., 2019;
A.R. Seadawy & D. Lu, 2017; D. Lu et al., 2017; K.R. Khusnutdinova et al., 2018; Y. Turbal et al.,
2015). These models are utilized to model lone waves with constant velocity which emerge because of
the delicate balance of scattering with nonlinearity.

Exact solutions of nonlinear evolution equations are fundamental to understanding the numerous
mathematical and physical phenomena. The application of these equations can be seen in almost every
branches of science including physics, chemistry and biology at microscopic as well as macroscopic
level.
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The aim of the current work is to find some new soliton solutions of Kudryashov’s equation by using
the tan(Φ(ξ)

2 ) expansion mathod. This method already has been successfully applied to a number of real
world problems to understand the phenomenon they exhibit. (J. Manafian & R.F. Zinati, 2020) apply
tan(Φ(ξ)

2 ) expansion mathod to retrieve soliton solutions in the form of hyperbolic function, trigono-
metric function, and rational function solutions for many nonlinear models including: time fractional
Burgers, space-time fractional Fokas, time fractional Cahn-Hilliard, time fractional biological popula-
tion model, and space-time fractional Whitham-Broer-Kaup equations. (Y. Ugurlu et al., 2017) retrieved
traveling wave solutions such as hyperbolic function, exponential function solutions, trigonometric func-
tion solutions of the (3 + 1)-dimensional shallow water model and potential KdV equation by using
tan(Φ(ξ)

2 ) expansion method. This technique was also studied by (U. Khan et al., 2018) to investigate
(2+1)-dimensional KP-BBM model and reported various kinds of traveling wave solutions. (J. Manafian
et al., 2016) investigated (2+1)-dimensional Zoomeron, the symmetric regularized long wave (SRLW)
and the Duffing equations by the proposed method.

The improved tan (Φ(ξ)
2 ) expansion method is a better choice to study nonlinear evolution equations

(NLEEs) as it provides a wide range of solutions to a certain physical model. This methods provides a
straight forward procedure to obtain solutions as it does not require initial and boundary conditions. The
results obtained in this article are compared with already published literature and demonstrated through
remark given at the end of results and discussion section.

The rest of the article is as follows: Section 2 presents the description of the improved tan (ϕ(µ)2 )-
expansion approach. The governing model has been discussed in section 3. Section 4 presents the soliton
solutions of the proposed model. Graphical representations of a few constructed solutions are given in
section 5. Conclusions are given in Section 6.

2. Description of proposed method

An analytical technique, namely the improved tan (ϕ(µ)2 )-expansion approach (N. Raza et al., 2020), has
been discussed in detail in the following subsection.

2.1 Improved tan (ϕ(µ)2 )-expansion approach
Any nonlinear PDE is converted into an ODE by applying the transformation c(a, b) = C(µ),

µ = a− hb, where h is constant.
It is supposed that the converted ODE has a solution of the following form using the improved tan (ϕ(ξ)2 )-
expansion approach

C(µ) =
m∑
r=0

ar

[
y + tan

(
ϕ(µ)

2

)]r
+

m∑
r=1

br

[
y + tan

(
ϕ(µ)

2

)]−r

, (1)

where ar and br are constants. ϕ = ϕ(µ) satisfies the following ODE

ϕ′(µ) = p sin(ϕ(µ)) + q cos(ϕ(µ)) + s. (2)

The above equation possesses the following solutions
Family 1:
When ω = p2 + q2 − s2 < 0 and q − s ̸= 0, then

ϕ(µ) = 2 tan−1
[

p

q − s
−

√
−ω

q − s
tan

(√
−ω

2
µ̂

)]
. (3)

Family 2:
When ω = p2 + q2 − s2 > 0 and q − s ̸= 0, then

ϕ(µ) = 2 tan−1
[

p

q − s
+

√
ω

q − s
tanh

(√
ω

2
µ̂

)]
. (4)
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Family 3:
When Ω = p2 + q2 − s2 > 0, q ̸= 0 and s = 0, then

ϕ(µ) = 2 tan−1
[
p

q
+

√
p2 + q2

q
tanh

(√
p2 + q2

2
µ̂

)]
. (5)

Family 4:
When Ω = p2 + q2 − s2 < 0, s ̸= 0 and q = 0, then

ϕ(µ) = 2 tan−1
[
− p

s
+

√
s2 − p2

s
tan

(√
s2 − p2

2
µ̂

)]
. (6)

Family 5:
When Ω = p2 + q2 − s2 > 0, q − s ̸= 0 and p = 0, then

ϕ(µ) = 2 tan−1
[√

q + s

q − s
tanh

(√
q2 − s2

2
µ̂

)]
. (7)

Family 6:
When p = 0 and s = 0, then

ϕ(µ) = tan−1
[
e2qµ̂ − 1

e2qµ̂ + 1
,

2eqµ̂

e2qµ̂ + 1

]
. (8)

Family 7:
When q = 0 and s = 0, then

ϕ(µ) = tan−1
[

2epµ̂

e2pµ̂ + 1
,
e2pµ̂ − 1

e2pµ̂ + 1

]
. (9)

Family 8:
When p2 + q2 = s2, then

ϕ(µ) = −2 tan−1
[
(q + s)(pµ̂+ 2)

p2µ̂

]
. (10)

Family 9:
When p = q = s = kp, then

ϕ(µ) = 2 tan−1 [ekpµ̂ − 1]. (11)

Family 10:
When p = s = kp and q = −kp, then

ϕ(µ) = −2 tan−1
[

ekpµ̂

−1 + ekpµ̂

]
. (12)

Family 11:
When s = p, then

ϕ(µ) = −2 tan−1
[
(p+ q)eqµ̂ − 1

(p− q)eqµ̂ − 1

]
. (13)

Family 12::
When p = s, then

ϕ(µ) = 2 tan−1
[
(q + s)eqµ̂ + 1

(q − s)eqµ̂ − 1

]
. (14)

Family 13:
When s = −p, then

ϕ(µ) = 2 tan−1
[
eqµ̂ + q − p

eqµ̂ − q − p

]
. (15)
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Family 14:
When q = −s, then

ϕ(µ) = −2 tan−1
[

pepµ̂

sepµ̂ − 1

]
. (16)

Family 15:
When q = 0 and p = s, then

ϕ(µ) = −2 tan−1
[
sµ̂+ 2

sµ̂

]
. (17)

Family 16:
When p = 0 and q = s, then

ϕ(µ) = 2 tan−1 [sµ̂]. (18)

Family 17:
When p = 0 and q = −s, then

ϕ(µ) = −2 tan−1
[
1

sµ̂

]
. (19)

Family 18:
When p = 0 and q = 0, then

ϕ(µ) = sµ̂, (20)

where µ̂ = µ + A, ar(r = 0, 1, 2, . . . ,m), br(r = 1, 2, . . . ,m), p, q and s are unknowns to be deter-
mined. The value of m is found using the balancing principle of homogeneity.

Replace Equation (1) with an ODE. Collect the coefficients of same powers of tan
(

ϕ(µ)
2

)
and cot

(
ϕ(µ)
2

)
and equate them to zero. A system of algebraic equations is obtained.
Upon solving the system, the unknowns a0, a1, a2, ... , ar, b1, b2, ... , br are obtained. The traveling
wave solutions are gained by putting the values of unknowns a0, a1, a2, ... , ar, b1, b2, ... , br in Equation
(1).

3. Governing model

In this paper, the governing model which is under consideration for the extraction of soliton solutions is
the well known Kudryashov’s equation. Kudryashov himself discussed the Kudryashov equation in his
article (N.A. Kudryashov, 2019). The dimensionless form of Kudryashov’s equation (KE) is

icb + e1caa +
(
e2|c|−2t + e3|c|−t + e4|c|t + e5|c|2t

)
c = 0, (21)

here i =
√
−1. In Equation (21), the first term represents temporal evolution, also e1, e2, e3, e4 and

e5 are parameters on real line further t represent nonlinear term of arbitrary order. The coefficient e1 is
the group velocity dispersion and e2, e3, e4 and e5 are coefficients of nonlinearity that came from the
refractive index principle of an optical fiber and give rise to self-phase modulation of the model. If we
put t = 1 and e2 = e3 = e4 = 0, then Equation (21) is converted into a NLSE. For t = 2 and e4 = 0,
Equation (21) becomes a NLSE with anti-cubic nonlinear term. When e2 = e3 = 0, the equation (21)
is converted into dual-power law of refractive index. For the case e2 = e3 = e4 = 0, Equation (21)
reduces to the power law of refractive index. In (A. Biswas et al., 2020), bright and singular optical
soliton solutions are found for Equation (21).

4. Soliton solutions via improved tan (Φ(ξ)
2 ) expansion method

In the present section, the improved tan(Φ(ξ)
2 ) expansion method (J. Manafian & R.F. Zinati, 2020)

is employed to extract different kinds of explicit solutions including dark soliton, combo soliton, kink
soliton, singular soliton solutions. The existence criterion for the newly found solutions is also given.
In order to obtain a traveling wave solution of Kudryashov equation, Equation (21), the following wave
transformation is used,

c(a, b) = C(µ)ei(wa−kb), µ = a− vb,

New soliton solutions of nonlinear Kudryashov’s equation via Improved 
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where C(µ) is the shape of the pulse, wa − kb is the phase component and v, w and k are the velocity,
frequency and wave number of the soliton, respectively.
Plugging the above transformation in Equation (21), to obtain an ODE, as

−ιvC2tC ′ + kC2tC + e1C
2tC ′′ + 2ιe1wC

2tC ′ −e1w
2C2tC + e2C (22)

+e3C
tC + e4C

3tC + e5C
4tC = 0. (23)

The closed form solution is obtained by using the transformation C = D
1
t to Equation (22). Calculate

the real and imaginary parts as given below

e1tDD′′ − e1(t− 1)D′2 + t2(k − e1w
2)D2 + e2t

2 + e3t
2D + e4t

2D3 + e5t
2D4 = 0, (24)

t(2e1w − v)DD′ = 0, (25)

where D(µ) gives the form of the pulse. Equation (25) provides the speed of the soliton

v = 2e1w.

Balancing DD′′ and D4 in Equation (24) yields m = 1. Using the improved tan

(
Φ(ξ)
2

)
-expansion

approach, the trial solution for y = 0 of Equation (24) becomes

D(µ) = a0 + a1

[
tan

(
ϕ(µ)

2

)]
+ b1

[
tan

(
ϕ(µ)

2

)]−1

, (26)

where a0, a1 and b1 are unknowns. Substituting Equation (26) along with derivatives in Equation (24),

a system of algebraic equations is generated by comparing coefficients of alike powers of tan
(

ϕ(µ)
2

)
,

equal to zero. After solving the generated system of nonlinear equations, the subsequent solution sets
are obtained
SET 1

a0 =
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
, e1 < 0, e5 > 0

a1 = 0,

b1 = ±
√
−e1(q + s)

√
1 + t

2t
√
e5

, e1 < 0, e5 > 0

k =
3e24t

2(1 + t) + e1e5(2 + n)2(p2 + q2 − s2 + 2w2t2)

2e5t2(2 + t2)

SET 2

a0 =
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
, e1 < 0, e5 > 0

a1 = ∓
√
−e1(q − s)

√
1 + t

2t
√
e5

, e1 < 0, e5 > 0

b1 = 0,

k =
3e24t

2(1 + t) + e1e5(2 + n)2(p2 + q2 − s2 + 2w2t2)

2e5t2(2 + t2)

SET 3

a0 =
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
, e1 < 0, e5 > 0
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a1 = ∓
√
−e1(q − s)

√
1 + t

2t
√
e5

, e1 < 0, e5 > 0

b1 = ±
√
−e1(q + s)

√
1 + t

2t
√
e5

, e1 < 0, e5 > 0

k =
3e24t

2(1 + t) + e1e5(2 + n)2(p2 + 2(−q2 + s2 + w2t2))

2e5t2(2 + t2)

where p, q and s are arbitrary constants. Using Equation (26) and SET 1, the family of solutions 1, 2, 3,
4 and 5 are given as

c1,1(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
p

q − s
−

√
−ω

q − s
tan

(√
−ω

2
µ̂

)]−1
] 1

t

,

c1,2(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
p

q − s
+

√
ω

q − s
tanh

(√
ω

2
µ̂

)]−1
] 1

t

,

c1,3(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
p

q
+

√
p2 + q2

q
tanh

(√
p2 + q2

2
µ̂

)]−1
] 1

t

,

c1,4(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
− p

s
+

√
s2 − p2

s
tan

(√
s2 − p2

2
µ̂

)]−1
] 1

t

,

c1,5(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[√
q + s

q − s
tanh

(√
q2 − s2

2
µ̂

)]−1
] 1

t

,

here ξ̂ = ξ + C.
Using Equation (26) and SET 1, the solution family 6, 7, 8, 9 and 10 is obtained as

c1,6(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
tan

{
1

2
arctan

(
e2qµ̂ − 1

e2qµ̂ + 1
,

2eqµ̂

e2qµ̂ + 1

)}]−1
] 1

t

,

c1,7(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
tan

{
1

2
arctan

(
2epµ̂

e2pµ̂ + 1
,
e2pµ̂ − 1

e2pµ̂ + 1

)}]−1
] 1

t

,

c1,8(a, b) = ei(wa−kb)
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[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q + s)

√
1 + t

2t
√
e5

[
(q + s)(pµ̂+ 2)

p2µ̂

]−1
] 1

t

,

c1,9(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q + s)

√
1 + t

2t
√
e5

[ekpµ̂ − 1]−1

] 1
t

,

c1,10(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q + s)

√
1 + t

2t
√
e5

[
ekpµ̂

−1 + ekpµ̂

]−1
] 1

t

,

where µ̂ = µ+A.
For Equation (26) and set 1, the solution family 11, 12, 13, 14, 15, 16 and 17 is obtained as

c1,11(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q + s)

√
1 + t

2t
√
e5

[
(p+ q)eqµ̂ − 1

(p− q)eqµ̂ − 1

]−1
] 1

t

,

c1,12(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q + s)

√
1 + t

2t
√
e5

[
(q + s)eqµ̂ + 1

(q − s)eqµ̂ − 1

]−1
] 1

t

,

c1,13(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q + s)

√
1 + t

2t
√
e5

[
eqξ̂ + q − p

egµ̂ − q − p

]−1
] 1

t

,

c1,14(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q + s)

√
1 + t

2t
√
e5

[
pepµ̂

sepµ̂ − 1

]−1
] 1

t

,

c1,15(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q + s)

√
1 + t

2t
√
e5

[
sµ̂+ 2

sµ̂

]−1
] 1

t

,

c1,16(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q + s)

√
1 + t

2t
√
e5

[
sµ̂

]−1
] 1

t

,

c1,17(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q + s)

√
1 + t

2t
√
e5

[
1

sµ̂

]−1
] 1

t

,

where µ̂ = µ+A.
Using Equation (??) and SET 2, the solution family 1, 2, 3, 4 and 5 is obtained as

c2,1(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
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∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
p

q − s
−

√
−ω

q − s
tan

(√
−ω

2
µ̂

)]] 1
t

,

c2,2(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
p

q − s
+

√
ω

q − s
tanh

(√
ω

2
µ̂

)]] 1
t

,

c2,3(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
p

q
+

√
p2 + q2

q
tanh

(√
p2 + q2

2
µ̂

)]] 1
t

,

c2,4(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
− p

s
+

√
s2 − p2

s
tan

(√
s2 − p2

2
µ̂

)]] 1
t

,

c2,5(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[√
q + s

q − s
tanh

(√
q2 − s2

2
µ̂

)]] 1
t

,

where µ̂ = µ+ C.
Using Equation (26) and SET 2, the solution family 6, 7, 8, 9 and 10 is obtained as

c2,6(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
tan

{
1

2
arctan

(
e2qµ̂ − 1

e2qµ̂ + 1
,

2eqµ̂

e2qµ̂ + 1

)}]] 1
t

,

c2,7(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
tan

{
1

2
arctan

(
2epµ̂

e2pµ̂ + 1
,
e2pµ̂ − 1

e2pµ̂ + 1

)}]] 1
t

,

c2,8(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q − s)

√
1 + t

2t
√
e5

[
(q + s)(pµ̂+ 2)

p2µ̂

]] 1
t

,

c2,9(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q − s)

√
1 + t

2t
√
e5

[ekpµ̂ − 1]

] 1
t

,

c2,10(a, b) = ei(wa−kb)
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[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q − s)

√
1 + t

2t
√
e5

[
ekpµ̂

−1 + ekpµ̂

]] 1
t

,

where µ̂ = µ+A.
For Equation (26) and set 2, the solution family 11, 12, 13, 14, 15, 16 and 17 given as

c2,11(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1e5(1 + t)p(2 + t)

2e5t(2 + t)

±(q − s)
√
−e1(1 + t)

2t
√
e5

[
(p+ q)eqµ̂ − 1

(p− q)eqµ̂ − 1

] 1
t

,

c2,12(a, b) = ei(wa−kb)

[
−e4t(1+t)±

√
−e1

√
e5(1+t)p(2+t)

2e5t(2+t) ∓
√
−e1(q−s)

√
1+t

2t
√
e5

[
(q+s)eqµ̂+1
(q−s)eqµ̂−1

]] 1
t

,

c2,13(a, b) = ei(wa−kb)

[
−e4t(1+t)±

√
−e1

√
e5(1+t)p(2+t)

2e5t(2+t) ∓
√
−e1(q−s)

√
1+t

2t
√
e5

[
eqξ̂+q−p
egµ̂−q−p

]] 1
t

,

c2,14(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

±
√
−e1(q − s)

√
1 + t

2t
√
e5

[
pepµ̂

sepµ̂ − 1

] 1
t

,

c2,15(a, b) = ei(wa−kb)

[
−e4t(1+t)±

√
−e1

√
e5(1+t)p(2+t)

2e5t(2+t) ±
√
−e1(q−s)

√
1+t

2t
√
e5

[
sµ̂+2
sµ̂

]] 1
t

,

c2,16(a, b) = ei(wa−kb)

[
−e4t(1+t)±

√
−e1

√
e5(1+t)p(2+t)

2e5t(2+t) ∓
√
−e1(q−s)

√
1+t

2t
√
e5

[
sµ̂

]] 1
t

,

c2,17(a, b) = ei(wa−kb)

[
−e4t(1+t)±

√
−e1

√
e5(1+t)p(2+t)

2e5t(2+t) ±
√
−e1(q−s)

√
1+t

2t
√
e5

[
1
sµ̂

]] 1
t

,

where µ̂ = µ+A.
Using Equation (26) and SET 3, the solution family 1, 2, 3, 4 and 5 is obtained as

c3,1(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
p

q − s
−

√
−ω

q − s
tan

(√
−ω

2
µ̂

)]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
p

q − s
−

√
−ω

q − s
tan

(√
−ω

2
µ̂

)]−1
] 1

t

,

c3,2(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
p

q − s
+

√
ω

q − s
tanh

(√
ω

2
µ̂

)]
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±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
p

q − s
+

√
ω

q − s
tanh

(√
ω

2
µ̂

)]−1
] 1

t

,

c3,3(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
p

q
+

√
p2 + q2

q
tanh

(√
p2 + q2

2
µ̂

)]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
p

q
+

√
p2 + q2

q
tanh

(√
p2 + q2

2
µ̂

)]−1
] 1

t

,

c3,4(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
− p

s
+

√
s2 − p2

s
tan

(√
s2 − p2

2
µ̂

)]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
− p

s
+

√
s2 − p2

s
tan

(√
s2 − p2

2
µ̂

)]−1
] 1

t

,

c3,5(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[√
q + s

q − s
tanh

(√
q2 − s2

2
µ̂

)]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[√
q + s

q − s
tanh

(√
q2 − s2

2
µ̂

)]−1
] 1

t

,

where µ̂ = µ+ C.
Using Equation (26) and SET 3, the solution family 6, 7, 8, 9 and 10 is obtained as

c3,6(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
tan

{
1

2
arctan

(
e2qµ̂ − 1

e2qµ̂ + 1
,

2eqµ̂

e2qµ̂ + 1

)}]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
tan

{
1

2
arctan

(
e2qµ̂ − 1

e2qµ̂ + 1
,

2eqµ̂

e2qµ̂ + 1

)}]−1
] 1

t

,

c3,7(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)

∓
√
−e1(q − s)

√
1 + t

2t
√
e5

[
tan

{
1

2
arctan

(
2epµ̂

e2pµ̂ + 1
,
e2pµ̂ − 1

e2pµ̂ + 1

)}]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
tan

{
1

2
arctan

(
2epµ̂

e2pµ̂ + 1
,
e2pµ̂ − 1

e2pµ̂ + 1

)}]−1
] 1

t

,

c3,8(a, b) = ei(wa−kb)[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q − s)

√
1 + t

2t
√
e5

[
(q + s)(pµ̂+ 2)

p2µ̂

]

∓
√
−e1(q + s)

√
1 + t

2t
√
e5

[
(q + s)(pµ̂+ 2)

p2µ̂

]−1
] 1

t

,
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c3,9(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q − s)

√
1 + t

2t
√
e5

[ekpµ̂ − 1]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[ekpµ̂ − 1]−1

] 1
t

,

c3,10(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q − s)

√
1 + t

2t
√
e5

[
ekpµ̂

−1 + ekpµ̂

]

∓
√
−e1(q + s)

√
1 + t

2t
√
e5

[
ekpµ̂

−1 + ekpµ̂

]−1
] 1

t

,

where µ̂ = µ+A.
For Equation (26) and set 3, the solution family 11, 12, 13, 14, 15, 16 and 17 given as

c3,11(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q − s)

√
1 + t

2t
√
e5

[
(p+ q)eqµ̂ − 1

(p− q)eqµ̂ − 1

]

∓
√
−e1(q + s)

√
1 + t

2t
√
e5

[
(p+ q)eqµ̂ − 1

(p− q)eqµ̂ − 1

]−1
] 1

t

,

c3,12(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q − s)

√
1 + t

2t
√
e5

[
(q + s)eqµ̂ + 1

(q − s)eqµ̂ − 1

]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
(q + s)eqµ̂ + 1

(q − s)eqµ̂ − 1

]−1
] 1

t

,

c3,13(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q − s)

√
1 + t

2t
√
e5

[
eqξ̂ + q − p

egµ̂ − q − p

]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
eqξ̂ + q − p

egµ̂ − q − p

]−1
] 1

t

,

c3,14(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q − s)

√
1 + t

2t
√
e5

[
pepµ̂

sepµ̂ − 1

]

∓
√
−e1(q + s)

√
1 + t

2t
√
e5

[
pepµ̂

sepµ̂ − 1

]−1
] 1

t

,

c3,15(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q − s)

√
1 + t

2t
√
e5

[
sµ̂+ 2

sµ̂

]

∓
√
−e1(q + s)

√
1 + t

2t
√
e5

[
sµ̂+ 2

sµ̂

]−1
] 1

t

,

c3,16(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
∓

√
−e1(q − s)

√
1 + t

2t
√
e5

[
sµ̂

]

±
√
−e1(q + s)

√
1 + t

2t
√
e5

[
sµ̂

]−1
] 1

t

,

c3,17(a, b) = ei(wa−kb)

[
−e4t(1 + t)±

√
−e1

√
e5(1 + t)p(2 + t)

2e5t(2 + t)
±

√
−e1(q − s)

√
1 + t

2t
√
e5

[
1

sµ̂

]

∓
√
−e1(q + s)

√
1 + t

2t
√
e5

[
1

sµ̂

]−1
] 1

t

,
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Fig. 1. 3D plots of solutions for SET 1 for |c1,1|, |c1,3| and |c1,12| respectively.

where µ̂ = µ+A.
All the above constructed solutions are valid for e1 < 0 and e5 > 0.

5. Graphical depiction of the obtained results

This section contains the 3D graphs of a few constructed soliton solutions corresponding to SET 1,
SET 2 and SET 3. The solutions in 3D graphs depict the physical profile of propagating wave. Dark
soliton, singular soliton, combo soliton and periodic soliton are obtained on choosing particular values to
arbitrary parameters. The graphs presented in this section, are very helpful in visualizing the underlying
mechanism of the proposed model. Using mathematical software Mathematica, three dimensional plots
of some obtained exact traveling wave solutions have been shown in Figures 1- 3. Figure 1 presents
periodic, singular and kink soliton solutions for e1 = −1, e4 = 1, t = 1, q = 3, p = 1, e5 = 1 and
s = 4, s = 0, s = 1, respectively. Figure 2 presents periodic and dark soliton solutions for e1 = −1, e4 =
1, t = 0.5, q = 3, s = 4, p = 1, e5 = 1, and s = 4, s = 0, s = 1, respectively. Figure 3, presents periodic
soliton and dark-singular combo soliton solutions for e1 = −1, e4 = 1, t = 0.5, q = 3, p = 1, e5 = 1
and s = 0, s = 4.
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Fig. 2. 3D plots of solutions for SET 2 for |c2,1|, |c2,3| and |c2,12| respectively.

Fig. 3. 3D plots of solutions for SET 3 for |c3,1| and |c3,3| respectively.
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5.1 Results and discussion
In this article, the extraction of solitary waves is obtained by the improved tan (ϕ(µ)2 )-expansion

approach. The nonlinear Kudryashov’s equation is examined with nonlinearity parameter t using the
proposed analytical method. The improved tan (ϕ(µ)2 )-expansion approach yields dark solitons, singular
solitons, dark-singular combo solitons and periodic solitons. Three dimensional plots of few constructed
soliton solutions are presented in Figs. 1-3 corresponding to SET 1- SET 3 respectively, by choos-
ing particular values to the unknown parameters. The proposed method provides new explicit form of
solitary wave solutions of Kudryashov’s equation that have not reported before. The closed-form wave
solutions play a significant role in studying the complex physical phenomena found in applied mathe-
matics, mathematical physics, engineering and science.
Remark 1. It is important to mentioned here that all the solutions constructed in this paper are more
recent than those in (A. Biswas et al., 2020), (N.A. Kudryashov, 2019), (A.H. Arnous et al., 2021; A.
Biswas et al., 2020; E.M.E. Zayed et al., 2020; A. Biswas et al., 2020). To the best of our knowledge,
the obtained soliton solutions found in this paper are being presented for the first time.

6. Conclusion

This investigation obtained some new explicit, localized and periodic traveling wave solutions in the
context of the Kudryshov equation under the effect of anti-cubic nonlinearity. This model is a general-
ization of the anti-cubic law nonlinearity arising in fiber optics communication due to change in refrac-
tive index. The proposed model is reduced to an ODE by utilizing the wave transformation to describe
the propagation of nonlinear waves that can pass and disseminate from dispersive and nonlinear media
(plasma physics, optical fiber etc.). The governing model has been solved with the help of the improved

tan

(
ϕ(µ)
2

)
-expansion to reveal many new forms of dark, periodic, combo and singular soliton solutions

with their existence criterion. The graphs show the physical significance of the proposed model. It is
worth mentioning with the help of Maple software, we have guaranteed the results by putting them back
into the original equation. The new type of exact solutions obtained in this letter might have significant
impact on future researches.
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Abstract

The paper estimates the global solar radiation in Dubai and Abu Dhabi meteorological stations in the 
United Arab Emirates. Theoretical models based on Angstrom-Prescott have been applied to data of 
sunshine hours for the period from 2010 to 2019. The models are developed using 2010 - 2018 data and 
validated by comparing them to the 2019 data. Theoretical solar radiation estimates the maximum of 
global solar radiation to be in June for both stations, which is in good agreement with the actual 
data. The performance of the model is tested using statistical indicators such as the coefficient of 
determination R2 and the Mean Root Square RMSE. The results show that the models were effective 
enough to describe the global solar radiation with overall R2 of 0.8874 and 0.8706, RMSE of 0.0258 
and 0.0241, MBE of 0.0412 and 0.0376, and MP E of 0.2371 and 0.2318, for Abu Dhabi and Dubai 
meteorological stations, respectively.

Keywords: Angstrom-Prescott model; Clearness index; regression model; solar radiation; sunshine 
hours

1. Introduction
Nowadays, the seek for renewable energy sources is becoming very essential to overcome the large 
dependence on conventional fuel sources such as petrol and coal. The sun is the main source of free 
energy that is easily available in the atmosphere and the surface of Earth, providing about 99 % of the 
energy needed for different processes on Earth. The study of solar radiation is used in several 
applications to predict the produced energy from power plants, climate modeling, and weather 
forecasting. Therefore, a solid understanding of solar radiation is very significant to estimate solar 
energy and develop solar energy projects and applications (Sumaryada et al., 2019). In addition, solar 
energy is considered an important source of renewable energy that is strongly encouraged and supported 
in many countries (Adomavicius, 2015; Kapitonov, 2019). In addition, it is one of the best options 
to get along with the increasing demand for clean energy to reduce  pollution and fight against climate 
change sources (Yadav et al., 2014).

The distribution of the radiation at the top of the atmosphere is determined by some parameters. 
Characterizing these parameters leads to modeling the approach in order to obtain the appropriate 
distribution. Regression functions have become very powerful tools for estimating different 
meteorological and environmental indicators (Hafsa et al., 2017; Amiri et al., 2018). Therefore, 
available meteorological parameters such as sunrise duration, temperature, relative humidity, etc have 
been used to evaluate solar radiation at different locations (Koussa et al., 2009; Kumar et al., 2005). 
These studies rely on theoretical models for the estimation of global solar radiation such as the 
Angstrom-Prescott, which is a widely used model in the field of solar radiation (Prescott, 1940). In 
this paper, data on sunshine hours from two stations in the United Arab Emirates (Abu Dhabi and 
Dubai) are used to evaluate the global solar radiation using the Angstrom-Prescott model, and the 
measurement is compared to the actual data.
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2. Materials and methods

The horizontal daily solar radiation on the top of the atmosphere can be calculated using the following
equation (Kumar et al., 2005):

Q0 =
24I0
π

(
cos(ϕ) · cos(δ) · cos(w) + w · sin(ϕ) · sin(δ)

)
, (1)

where Q0 is the horizontal solar radiation at the top of the atmosphere, I0 is the extraterrestrial radiation
(given in Eq. 2), ϕ is the latitude of the station, δ is the declination angle (given in Eq. 3), and w is the
sunrise hour angle (given in Eq. 4).

I0 = Isc
(
1 + 0.033 cos (

360d

365
)
)
, (2)

with d is the day of the year (d = 1 for January 1st and 365 for December 31st), Isc = 1370 W/m2 is
defined as the solar constant.

δ = 24.45 sin
(
360

284 + d

365

)
, (3)

w = cos−1
(
− tan(ϕ) tan(δ)

)
, (4)

The clearness index K is an important parameter that is generally used to describe the effect of
atmospheric attenuation on extraterrestrial radiation. It is defined as the ratio between the global solar
radiation at the surface (Q) and the extraterrestrial solar radiation (Q0). In order to estimate the global
solar radiation from sunshine hours, many regression models based on Angstrom and Prescott can be
used. We apply three types of regression models in this work, the Angstrom-Prescott Linear model
(Prescott, 1940) (Eq. 5), Logarithmic (Ampratwum et al., 1999) (Eq. 6) and an Exponent function
(Bakirci, 2009) (Eq. 7), as follows:

K =
Q

Q0
= a+ b

( n

N

)
, (5)

K =
Q

Q0
= a+ b log

( n

N

)
, (6)

K =
Q

Q0
= a exp

( n

N

)b
, (7)

with Q is the global solar radiation at the surface, n is the monthly average observed sunshine duration,
N is monthly maximum possible sunshine duration, and a, b are the regression constants.

The sunrise, sunset, and solar radiation data are provided by the National Center of Meteorology
(NCM, 2020) for two stations, Abu Dhabi and Dubai, in the United Arab Emirates. Ten years of data
was provided for the period between the beginning of 2010 and the end of 2019. An overview of the data
is presented in Table 1 and Table 2. Distributions of the solar radiation and sunrise hours, for Abu Dhabi
and Dubai meteorological stations, are shown in Figure 1. The summer season in the UAE starts in May,
and that results in a high solar radiation in May, June, and July. A maximum average solar radiation is
measured in June in both stations. The sunshine duration factor varies between 10.5 and 13.5 hours per
day for both stations with a maximum sunshine time around May to July, which could also explain the
higher values of the solar radiation in these months. On the other hand, the solar radiation has lower
values in the rest of the year, reaching its minimum in December and January.

The coefficients a and b represent the properties of the atmosphere. In (Revfeim et al., 1993), the
coefficients are interpreted as; a to present the transmissivity of an overcast sky, and the sum of the
constants (a + b) as the transmissivity of the atmosphere in clear sky conditions (n/N = 1) . An
overview of the obtained coefficients from regression models is presented in Table 3.
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Table 1. Overview of average monthly solar radiation, clearness index, average sunshine, and maximum
sunshine duration in Abu Dhabi station.

ABU DHABI
Latitude 24◦ 28′ 38′′ N

Longitude: 54◦ 19′ 40′′ E
Q (Wh/m2) K n (h) N (h)

Jan. 4473.00 0.674 10.81 11.30
Feb. 5164.69 0.681 11.33 11.97

March 6054.06 0.664 12.01 12.70
April 6719.87 0.682 12.41 13.3
May 7511.42 0.666 13.33 13.65
June 7704.57 0.667 13.64 13.68
July 7166.13 0.685 13.50 13.52

August 7064.68 0.711 12.98 13.00
Sept. 6721.37 0.726 12.30 12.30
Oct. 5831.10 0.713 11.58 11.60
Nov. 4794.67 0.703 10.96 10.97
Dec. 4338.52 0.689 10.65 10.63

Table 2. Overview of average monthly solar radiation, clearness index, average sunshine, and maximum
sunshine duration in Dubai station.

DUBAI
Latitude: 25◦ 15′ 10′′ N

Longitude: 55◦ 21′ 52′′ E
Q (Wh/m2) K n (h) N (h)

Jan. 4246.55 0.682 10.76 11.30
Feb. 4881.72 0.672 11.30 11.95

March 5761.28 0.663 12.01 12.72
April 6575.18 0.661 12.42 13.37
May 7289.06 0.683 13.38 13.72
June 7555.71 0.679 13.70 13.73
July 7022.32 0.692 13.55 13.58

August 6701.07 0.711 13.01 13.03
Sept. 6246.99 0.721 12.30 12.32
Oct. 5527.74 0.717 11.57 11.58
Nov. 4574.4 0.705 10.92 10.93
Dec. 4256.36 0.709 10.59 10.58

Table 3. The coefficients of the applied models for Abu Dhabi and Dubai stations.

a× 102 b× 102

Abu Lin. 28.44± 0.23 42.33± 0.38
Dhabi Log. 70.39± 0.19 10.59± 0.13

Exp. −199.8± 3.68 11.74± 0.27

Dubai
Lin. −17.40± 0.15 88.82± 0.91
Log. 70.14± 0.81 93.20± 0.98
Exp. −199.2± 4.21 24.39± 0.57
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Fig. 1. The mean values of the measured solar radiation (left y-axis; circles) and sunrise duration (right
y-axis; squares) for Abu Dhabi and Dubai stations.

The models were developed using nine years of data (2010 - 2018) and validated by comparing
to 2019 data. Furthermore, the performance of the procedure is evaluated using a fundamental error
method that is commonly used in solar energy researches (Ma et al., 1984). Statistical indicators were
optimized using ROOT (Rene et al., 1997), namely coefficient of determination R2, root mean square
error RMSE, mean bias error MBE, and mean percentage error MPE (defined in Equations 8, 9, 10
and 11, respectively).

R2 = 1−
∑M

i=1(Qim −Qie)
2∑M

i=1(Qim −Qavg,m)2
(8)

RMSE =

(∑M
i=1(Qie −Qim)2

M

) 1
2

(9)

MBE =
1

M

M∑
i=1

(Qie −Qim) (10)

MPE =
1

M

M∑
i=1

Qim −Qie

Kim
× 100 (11)

where Qie, Qim, and Qavg,m are the ith estimated, measured, and average measured solar radiation
values, respectively, and M represents the total number of measurements. RMSE presents the differ-
ence between estimated and measured values. MBE and MPE evaluate the precision of the estimated
values.

3. Results

The meteorological data of Abu Dhabi and Dubai stations are processed to estimate the global solar
radiation at the surface. Figure 2 and 3 show a comparison between the measured solar radiation values
and the estimated values by the linear, logarithmic, and exponent models, in Abu Dhabi and Dubai
stations, respectively. The first nine years of data (2010 - 2018) are used for the development of the
models and 2019 data is used for validation and comparison purposes. The prediction from regression
models shows a good agreement across the year. The measured solar radiation varies between (4338.52
Wh/m2 in December - 7166.13 Wh/m2 in June) and (4246.55 Wh/m2 in January - 7555.71 Wh/m2 in
June) for Abu Dhabi and Dubai stations, respectively. The peaks of the predicted solar radiation from
the three regression functions show significant agreement with the measured solar radiation values. All
predicted maximum values are also obtained in June (Abu Dhabi: 8021.1 Wh/m2, 7824.73 Wh/m2,
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Fig. 2. The measured global solar radiation compared to the prediction from regression models for
Abu Dhabi station. The vertical lines correspond to the error implied by the retrieval uncertainty of the
modeled coefficients.

Fig. 3. The measured global solar radiation compared to the prediction from regression models for Dubai
station. The vertical lines correspond to the error implied by the retrieval uncertainty of the modeled
coefficients.

7972.59Wh/m2) and (Dubai: 7694.9 Wh/m2, 7538 Wh/m2, 7931,92 Wh/m2) for the linear, logarithmic,
and exponent regression functions, respectively. Results of the theoretical and measured values are
summarized in Table 4 and Table 5.

Table 6 shows an overview of the derived statistical parameters. The obtained values of the coeffi-
cient of determination R2 (about 0.87 in average), and RMSE (about 0.026 in average) give us good
confidence in the performance of the models.

Discrimination in the models performance on seasonal basis can also be observed. This discrimina-
tion is larger in Dubai station than Abu Dhabi station, and it is more pronounced in the summer period
(April through September). However, this discrimination is within the presented model uncertainties.
Furthermore, other meteorological parameters such as humidity, pressure, temperature etc., can play an
important role in the observed seasonal variation dependence. Detailed seasonal variation analysis is not
presented in this paper and will be discussed in future work.
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Table 4. A comparison of measured solar radiation values and obtained values from regression models
for Abu Dhabi station.

ABU DHABI
Q Meas. Lin. Log. Exp.

Jan. 4473.00 4447.78 4599.76 4659.49
Feb. 5164.69 5166.98 5267.08 5347.47
Mar. 6054.06 6290.25 6374.13 6337.66
Apr. 6719.87 6855.87 6990.86 6996.78
May 7511.42 7782.08 7674.94 7845.24
June 7704.57 8021.10 7824.73 7972.59
July 7166.13 7311.62 7322.08 7481.09
Aug. 7064.68 6966.23 6906.62 7219.60
Sept. 6721.37 6625.12 6531.61 6614.01
Oct. 5831.10 5889.17 5869.54 6048.64
Nov. 4794.67 4945.33 4936.46 5036.04
Dec. 4338.52 4463.70 4534.23 4534.86

Table 5. A comparison of measured solar radiation values and obtained values from regression models
for Dubai station.

DUBAI
Q Meas. Lin. Log. Exp.
Jan. 4246.55 4006.16 3907.15 4130.69
Feb. 4881.72 4782.28 4709.63 4957.35
Mar. 5761.28 5821.26 5581.42 6041.98
Apr. 6575.18 6686.61 6537.40 6954.19
May 7289.06 7301.91 7138.62 7520.69
June 7555.71 7694.90 7538.00 7931.92
July 7022.32 7205.87 6933.92 7372.30
Aug. 6701.07 6773.57 6553.97 6881.96
Sept. 6246.99 6240.07 6110.10 6422.89
Oct. 5527.74 5512.28 5525.39 5653.36
Nov. 4574.40 4705.37 4700.82 4711.20
Dec. 4256.36 4349.35 4312.13 4306.73

Table 6. Coefficients of statistical performance of the regression models for Abu Dhabi and Dubai
stations.

R2 RMSE MBE MPE
Abu Dhabi

Lin. 0.8912 0.0261 0.0413 0.2132
Log. 0.8865 0.0251 0.0446 0.2261
Exp. 0.8846 0.0262 0.0377 0.2719

Dubai
Lin. 0.8755 0.0245 0.0386 0.2417
Log. 0.8651 0.0241 0.0350 0.2582
Exp. 0.8713 0.0238 0.0391 0.1954

Prediction of global solar radiation from sunrise duration using regression functions



4. Discussion
The meteorological data of Abu Dhabi and Dubai stations are used to estimate the global solar radiation 
using the sunrise duration parameter. Linear, Logarithmic, and exponent regression models are used to 
estimate the global solar radiation at the surface. The application of these methods to the global solar 
radiation of Abu Dhabi and Dubai stations showed a general agreement between the measured data and 
the estimated values from the three used models, within uncertainties of the coefficients o f t he models. 
However, the logarithmic model shows a better description of the data than the linear and exponential 
functions. The proposed methods predicted the maximum global solar radiation in June in both stations, 
with an average R2 of 0.89 and 0.87, average RMSE of 0.026 and 0.024, average MBE of 0.041 and 
0.038, and average MP E of 0.24 and 0.23, for Abu Dhabi and Dubai stations, respectively. Moreover, 
other meteorological parameters such as average temperature, humidity, and pressure can also be used to 
extend the study. Moreover, other regression models based on Angstrom and Prescott such as Quadratic 
and cubic functions can be also tested in the future. In addition, more mathematical approaches can 
be implemented such as fuzzy logic and aggregation functions, which are becoming good mathematical 
candidates to convert many input values into a representative output value (Ahmad et al., 2016; Jwaid et 
al., 2021; Haj Ismail et al., 2021; Ismail et al., 2021).
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Abstract 

Radioactivity in the egg was investigated. The targeted radionuclides were the long-lived gamma 
emitters 228Ra, 226Ra, and 40K. Measurements were carried out using a high purity germanium 
detector. Based on an annual intake of 29 kg, the calculated annual effective dose due to egg 
consumption was 79 μSv yr-1, which forms 1/4 of the 290 μSv yr-1 world average ingestion 
exposure from natural sources. Hence, no radiological hazards exist from egg consumption due to 
the presence of the investigated radionuclides.   

Keywords: Egg; foodstuff; gamma spectrometry; Kuwait; NORM.  

1. Introduction

Radiation in the environment is due to anthropogenic as well as natural sources. Anthropogenic 
sources are products of man-made radioactive processes in medical, military, and industrial 
applications. Examples of anthropogenic sources are Cs-137 and I-131. Releases of unintentional 
discharges can regulate discharges of anthropogenic radioactivity to the environment. An example 
of a regulated release is the incineration of an industrial radioactive source (Ortiz, 1999). Another 
example of a regulated release is when military nuclear tests are conducted; Examples of such 
armed training are the nuclear tests that took place last century in the South Pacific and the deserts 
of Nevada. Conversely, examples of unintentional releases of anthropogenic radioactivity are the 
nuclear power plant accidents in Chernobyl in 1986 (Beresford, 2016) and Fukushima in 2011  
(Ishikawa, 2017).  

     Natural radioactivity, on the other hand, is caused by natural sources. Some examples of natural 
radionuclides are Thorium (232Th), Uranium (238U), and potassium 40K. These natural substances, 
also known as naturally occurring radioactive material (NORM), are present in the environment in 
different concentrations. In addition to this ubiquitous presence, NORM is exceptionally long-
lived, with half-lives in 109 years. 

     Regardless of being anthropogenic or natural, radionuclides enter the human body through four 
main pathways. One pathway is inhalation, which occurs when airborne radionuclides enter the 
human body through the nose or the mouth to the respiratory system. Another pathway is 
absorption, which occurs when radionuclides enter the human body through the skin to the 
bloodstream. Another pathway is an injection, which occurs when the radionuclide is intravenously 
injected inside the body. And another pathway is ingestion, which arises when radionuclides enter 
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through the mouth to the digestive system. Irrespective of the pathway, both allowed entrance and 
unwanted intrusion of radionuclides into the human body cause internal exposure, leading to 
significant health effects (Fry, 1990). 

     Among the most important pathway is ingestion. This importance emanates from the daily act 
of eating. Moreover, this importance is enhanced by knowing that food contains NORM. In other 
words, the internal exposure of humans to radioactivity is primarily caused by food consumption. 
This recognized fact aroused and concerned researchers and health professionals worldwide, which 
led to numerous studies about the radioactivity of food. One primary goal of such studies is to 
establish a baseline of internal radioactivity exposure to humans from radionuclide ingestion as a 
by-product of food consumption (Osvath, 2016), (Faahnhof, 2003). 

     A literature search shows numerous studies on various food types (Shanthi, 2009), (Olomo, 
1990). Interestingly, more food types are yet to be studied. One food item that is worthy of 
investigation is poultry eggs. Owing to their availability and palatability, eggs are popularly 
consumed worldwide. Hence this work aimed to investigate the NORM in eggs.  

2. Materials and methods

Fresh egg samples were collected from conventional and farm markets across 8 countries. For an 
adequate representation, 25 different samples were gathered, as shown in Table 1. Before 
measurement, each sample underwent proper lab preparation following standard procedures 
(IAEA, 1989). The preparation involved cracking each egg individually before allowing its 
contents, namely white and Yolk, to fall into a shallow container. Then, the white and Yolk were 
thoroughly mixed before placing the container inside a freeze drier (except for samples 16 & 17, 
since they are the white and Yolk (separately) of one of the samples, respectively). The horizontal 
geometry of the container was deliberately chosen to enhance freeze-drying. After the moisture 
content was stripped away, the sample was blended to make a powder before being placed in 
cylindrical containers 6 cm in height and 6 cm in diameter. After applying a tight seal to every 
container, all samples were left for one month to allow for secular equilibrium.   

Table 1. The origin of samples in this study 

ID         Country of Origin ID         Country of Origin ID         Country of Origin 
1 Bangladesh 
2 Jordon 
3 Kuwait 
4 Kuwait 
5 Kuwait 
6 Kuwait 
7 Kuwait 
8 Kuwait 
9 Kuwait 

10 Kuwait 
11 Kuwait 
12 Kuwait 
13 Kuwait 
14 Kuwait 
15 Kuwait 
16 Kuwait 
17 Kuwait 

18 Kuwait 
19 Lebanon 
20 Lebanon 
21 Saudi 
22 Turkey 
23 Turkey 
24 UAE 
25 USA 
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     Counting was carried out with high purity germanium (HPGe) detector. This p-type, low 
background instrument had a resolution of energy of 1.7 keV FWHM at the 1.33 MeV photopeak 
of Co-60. The counting system was of 80% relative efficiency and was equipped with a cylindrical 
detector of 8.8 cm and 7.4 cm in diameter. Energy calibration was done using a set of point sources 
of various energy photopeaks that covers the required spectrum. These point sources were Am-
241, Cs-137, and Co-60. Moreover, the efficiency calibration was performed using reference 
materials of the same geometry and density of the egg samples. Efficiency calculations were 
performed using the formula (Knoll, 2000) 
 
𝜖 = 𝑁/𝐴 𝑃𝛾 𝑡 𝑚          (1) 

In this equation, N is the net counts of the relevant photopeak, A is the concentration of the activity, 
𝑃𝛾 is the probability of emission per disintegration for the relevant photopeak, and m is the mass 
of the sample, and t is the counting time.  

     Each sample was counted for one whole day. This lengthy counting time was necessary to 
reduce statistical errors. An empty container identical to the sample-holding containers was 
measured under the same conditions to obtain background counts. To analyze the spectrum, 
commercial software was used, namely, Gamma Vision, where the targeted peaks were 583 keV, 
295 keV, and 1461 keV corresponding to gamma emission peaks of 228Ra, 226Ra, and 40K, 
respectively. Ultimately, the activity concentration was computed for all samples using the 
following equation (IAEA, 1989) 

 
𝐴= 𝑁/𝜖 𝑃𝛾 𝑡 𝑚                (2) 

where A is the activity concentration (in Bk/kg). For reliable readings, the minimum detectable 
activity (MDA) was calculated using the formula (Currie, 1968) 

𝑀𝐷𝐴= 2.71 + 4.66 𝑆𝑏 / 𝜖 𝑃𝛾 𝑡 𝑚              (3) 

where Sb is the standard error in the net background count for the photopeak. The MDA values for 
the counting system were calculated to be 1.3, 1.9, and 17.5 Bq kg-1 for 228Ra, 226Ra, and 40K, 
respectively. 

3. Results 

Table 2 presents the activity concentrations for 228Ra, 226Ra, and 40K in egg samples. 40K was 
detected in all samples with a maximum value of 378.4 ± 8.99 Bq kg-1 (sample 16-Kuwait), a 
minimum value of 76.3 ± 5.97 Bq kg-1 (sample 17-Kuwait), and an all-brand, all countries average 
of (± SD) 193.9 ± 46.6 Bq kg-1. (Figure 1). 
      Above the MDA, activity concentrations for 226Ra were found in 6 samples only. The maximum 
value was 3.6 ± 0.70 Bq kg-1 (sample 10-Kuwait) and 3.6 ± 0.64 (sample 19-Lebanon), the 
minimum value was 2.1 ± 0.63 Bq kg-1 (sample 11-Kuwait).  The average activity concentration 
for all detected samples was 3.1 ± 0.60 Bq kg-1 (± SD). (AVG± SD). (Figure 2) 
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Table 2. Activity concentrations (Bq kg-1) of 228R, 226R, and 40K for samples in this study 
 

ID 228R 226R 40K 
1 1.3 ± 0.47 BDL 149.1 ± 7.10 
2 ND 3.4 ± 0.40 189.6 ± 6.83 
3 2.1 ± 0.46 ND 178.5 ± 6.99 
4 BDL BDL 175.6 ± 7.27 
5 BDL BDL 171.7 ± 7.00 
6 1.5 ± 0.54 BDL 205.1 ± 8.37 
7 1.4 ± 0.48 ND 183.9 ± 7.44 
8 1.7 ± 0.43 ND 204.6 ± 6.78 
9 BDL ND 169.7 ± 7.23 
10 BDL 3.6 ± 0.70 205.3 ± 7.45 
11 BDL 2.1 ± 0.63 211.7 ± 7.08 
12 1.7 ± 0.46 BDL 188.9 ± 7.11 
13 BDL ND 194.2 ± 7.14 
14 2.3 ± 0.47 BDL 179.1 ± 7.05 
15 2.1 ± 0.52 2.4 ± 0.73 215.1 ± 8.05 
16 2.9 ± 0.54 ND 378.4 ± 8.99 
17 1.7 ± 0.43 ND 76.3 ± 5.97 
18 1.7 ± 0.46 ND 177.2 ± 7.04 
19 2.2 ± 0.44 3.6 ± 0.64 212.7 ± 6.91 
20 2.7 ± 0.45 ND 207.8 ± 6.89 
21 1.3 ± 0.43 BDL 194.3 ± 6.87 
22 1.5 ± 0.60 ND 178.1 ± 9.12 
23 3.0 ± 0.44 ND 202.7 ± 6.57 
24 2.0 ± 0.45 3.3 ± 0.65 194.2 ± 6.97 
25 2.6 ± 0.61 ND 204.2 ± 9.09 
 

     Activity concentrations above the MDA for 228Ra were found in 18 samples only. The maximum 
value was 3.0 ± 0.44 Bq kg-1 (sample 22-Turkey), and the minimum value was 1.3 ± 0.47 Bq kg-1 
(sample 1-Bangladesh), and 1.3 ± 0.43 Bq kg-1 (sample 21-Saudi).  The average activity 
concentrations for all detected samples were 2.0 ± 0.50 Bq kg-1. (Figure 3).   

      It is noteworthy that the maximum and minimum values of the activity concentrations of 40K 
given above are for the white and Yolk (samples 16 & 17-Kuwait), respectively (the activity 
concentration of 40K for white (378.4 ) is 5 times that for yolk (76.3). Furthermore, the activity 
concentrations of 228Ra, for the white and   Yolk for the same brand are close to the maximum and 
minimum values given above. These differences could be explained as natural because of the 
difference in the compositions between white eggs and Yolk.
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Fig. 1. Activity concentration of 40K    Fig. 2. Activity concentration of 226Ra 
 

 
 
 
 
 
 
 
 
 
 

Fig. 3. Activity concentration of 228Ra 
 
4. Discussion 

Based on studies of the radioactivity in several foodstuffs reported in the literature (Alrefae, 2012; 
Alrefae, 2013; Alrefae, 2013; Alrefae, 2014; Alrefae, 2015), the detection of natural radionuclides 
in eggs was expected. Also, and in agreement with those studies, 40K is detected in all samples. 
Furthermore, the absence of 228Ra, and 226Ra in some samples (in agreement with studies reported 
in the literature) (Hosseini et al., 2006; Yu and Mao, 1999) was natural and could be explained by 
the fact that system MDA and the background levels could hide minor photo-peaks (Knoll, 2000).   

      Comparing the present study results to studies reported in the literature, Table 3 shows the 
activity concentration of the targeted radionuclides in different food items. For example, the 
activity concentration value of 40K in the egg overlaps with its counterpart in cereal, milk, and palm 
dates. In contrast, it is one order of magnitude higher than seafood. On the other hand, the activity 
concentration of 228Ra in eggs overlaps with its counterpart in cereal and exceeds it. Comparing 
median values, the activity concentration of 228Ra in the egg is three times higher than its 
counterpart in milk and palm dates. As for the activity concentration of 226Ra, a median value 
comparison shows more than twice in the egg than in the other food items.   
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Table 3. Activity concentrations (Bq kg-1) of 228R, 226R, and 40K for samples in this study 
compared to values determined for other foodstuffs 

Foodstuff 228R 226R 40K Reference 

Egg 1.3 – 3.0 2.1 – 3.6 76 - 378 (Present study) 

Cereal 0.29 – 1.52 0.32 – 0.75 14 - 300 (Alrefae, 2013) 

Seafood  0.4 – 2.0 5 - 42 (Alrefae, 2014) 

Milk 0.29 – 0.69 0.32 – 0.98 162 - 695 (Alrefae, 2012) 

Palm dates 0.23 – 1.1 0.47 – 1.9 236 - 417 (Alrefae, 2015) 

      On the other side, the present study revealed a significant difference in the activity 
concentrations of 40K and 228Ra in white eggs compared to Yolk for one of the egg samples, where 
the activity concentrations of 40K in the white egg were 5 times that for Yolk for that sample, and 
the activity concentrations of 228Ra in the white egg was double that for Yolk for the same sample. 
This could be explained as the difference in the composition between white egg and Yolk and 
suggests further investigations of the radioactivity of the targeted radionuclides to be carried out 
on white egg and Yolk separately.    
     The annual adequate dose D (Sv yr-1) from consumption of egg was calculated using the formula  
(Unscear, 2000) 
 
D = AEI                        (4) 
 
In this equation, A is the concentration of the activity (Bq kg-1). E is the factor of dose conversion, 
which was taken following the reports of the International Commission on Radiological Protection 
classifications (ICRP, 1996), like 303, 280, and 6.4 nSv Bq-1 for 228Ra, 226Ra, and 40K, respectively, 
and I is the annual intake of egg (kg). The value of I is taken to be 29 kg yr-1 based on the Statista 
research department (Statista Research & Analysis is the analytical unit of one of the world's largest 
statistics portals that equip businesses with a variety of individually tailored R&A services).  
     The annual effective doses determined are 17.5 μSv, 25.2 μSv, and 36.3 μSv, corresponding to 
228Ra, 226Ra, and 40K ingestion, respectively. Therefore, the adequate yearly amount from the three 
targeted radionuclides due to egg ingestion is 79 μSv, which is 1/4 of 290 μSv yr-1, the reported 
world average exposure by ingestion NORM (Unscear, 2000).   Hence, no radiological hazards 
exist from egg consumption due to the presence of the investigated radionuclides. 

     Table 4 presents the annual effective doses (μSv yr-1) of 228R, 226R, and 40K for samples in this 
study, compared to values determined for the other listed foodstuff. The total annual effective dose 
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in the present study is significantly lower than that for cereal, whereas it is higher than those for 
other listed food items. This relation is valid for 226R as well. Likewise, the annual effective dose 
for 40K is lower than its counterparts in cereal & milk, but it is higher than values for other listed 
food items. Finally, the annual effective dose for 228R is higher than for the rest of the food items. 

Table 4. Annual effective dose (μSv yr-1) of 228R, 226R, and 40K for samples in this study, 
compared to values determined for another foodstuff 

Foodstuff 228R 226R 40K Total Reference 

Egg 17.5 25.2 36.3 79 (Present study) 

Cereal 16.7 29.4 83.2 129 (Alrefae, 2013) 

Seafood - 3 2 5 (Alrefae, 2014) 

Milk (Adult) 2 2 43 47 (Alrefae, 2012) 

Palm dates 4 4 24 32 (Alrefae, 2015) 

Rice   23 23 (Alrefae, 2013) 

General   170  (Unscear, 2000) 

 
5. Conclusion 
 
The presence of three naturally occurring radionuclides, namely 228Ra, 226Ra, and 40K, in the egg, 
was investigated using gamma spectroscopy. In agreement with similar studies, results revealed 
the presence of 40K in all samples, 228Ra in most of the samples, and 226Ra in only 6 samples out of 
the 25 investigated samples. Noteworthy, the activity concentrations of 40K & 228Ra in the white 
egg were multiples of that of Yolk for one of the tested samples. In addition, the annual effective 
dose from egg consumption was calculated to be 79 μSv yr-1, which is 1/4 of the 290 μSv yr-1 world 
average of the ingestion exposure from natural sources. Hence, no radiological hazards exist from 
egg consumption due to the presence of the investigated radionuclides.  
      The importance of this study emanates from the need to have a baseline of radioactivity 
exposure to the general public from ingestion of foodstuff. To have a more inclusive baseline, more 
types of foods need to be investigated, besides targeting alpha and beta-emitting radionuclides. 
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Abstract 

Radiogenic heat production (RHP) has been investigated from wide types of rocks based on 
regional setting and metamorphism grade. In this study, we analyze the abundance of heat-
producing elements (U, Th, K) and Radiogenic Heat Production (RHP) on I-type and S-type 
granite rocks in Bangka Island, one of the main provinces in Tin Belt Island. The average U, Th, 
and K concentrations for both S-type and I-types granite are 10.27 ppm, 79.6 ppm, 3.1%, and 87.79 
ppm, 99.2 ppm, and 1.93 % respectively. The highest concentration of U (681.22 ppm) and Th 
(99.2 ppm) are found in Pangkal Pinang and K (3.79%) in West Bangka. We analyze that the RHP 
average for I-type granite is higher at 27.87 (N=17, range from 12.97 to 550.28) than S-type with 
8.43   (N=11, range from 4.93   to 12.64). The Th/U ratio shows an exponential correlation with 
RHP and classifies S-type granite tectonic discriminant as continental collision and I-type granite 
as a continental arc.   

Keywords: Continental lithosphere; I-type granite; radiogenic heat production; S-type granite, 
Th/U ratio 

1. Introduction

Radiogenic Heat Production (RHP) is a major key to studying the temperature and heat flow of 
the crust and mantle of the earth (Sclater et al., 1980), whereas RHP contains information about 
the relation between tectonic age and evolution of the earth's crust. Radiogenic heat is mostly 
produced by the existence of radioactive elements in the igneous rocks both volcano and plutonic 
rocks (Singh & Vallinayagam, 2016). Thorium, Uranium, and Potassium are widely discovered in 
granite and have been studied by numerous researchers (He et al., 2010; Zhang et al., 2020) for 
their contribution to radiogenic heat production. These elements were processed in the mantle but 
are concentrated mainly in the crust.  

     In the uppermost crust, heat distribution is mostly controlled by Uranium & Thorium hence the 
upper mantle is controlled by potassium (Cermak & Bodri, 1991). The heat generated by 
radioactive in the continental crust (roughly equally granodiorite & granulite) contains about 10% 
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of the total outflow, whereas oceanic crust and mantle are 0.15% and 30% respectively (Brown & 
Musset, 1993).  

Radiogenic heat generation in granite has been analyzed by numerous researchers 
(Artemeiva et al., 2017; Hasterok et al., 2019; Veikkolainen et al., 2019). The Th/U ratio of granite 
can be used to explain the geodynamic evolution and represent the genesis of continental arc 
magmas (Maden & Akaryali, 2015). Moreover, studies on radioactive heat generation have been 
applied to igneous, metamorphic, and sedimentary rocks (Hasterok et al., 2018; Jaupart et al., 
2016). Overall, researchers provide information on heat production as general compiled data from 
different continental settings and tend to relate it to variations of lithology and regional settings. 
Unfortunately, research on the same rock type (e.g granite as one of the most promising radioactive 
element hosts) is hardly analyzed due to the rare granite in regional studies. Meanwhile, a vast 
variety of granite can be easily found on Bangka Island, Indonesia. 

Bangka is one of the main provinces in the Southeast Asia granite tin belt extending from 
Burma, Malaysian peninsular, to Tin Islands (Riau Archipelago & Bangka Island). Thorium in 
Bangka Island granite has been investigated (Ngadenin et al., 2014) from 41 samples leading to 
thorium exploration potential. Furthermore, granite in Central and Northern Bangka are identified 
as I-type which is indicated by the significant presence of magnetite, magnesian, and more 
primitive, while S-type in South and West Bangka is indicated by high K2O and the abundance of 
biotite, muscovite and cordierite (Widana, 2013). 

In this study, we investigate radiogenic heat production (RHP) on granite in West-South 
Bangka and Central-North Bangka. The goal of this study is to examine the correlation between 
RHP and magmatic types of granite rocks in Bangka Island, S-type, and I-type. This study’s 
objective is intriguing since we found little research reference of granite’s RHP based on its types. 

2. Geological Setting

Bangka Island is a part of the South East Asia tin belt from Malaya peninsula, Riau islands, Bangka 
and Belitung Island to West Kalimantan. Regional granites have been classified into four 
provinces; the main range province (S type granite mainly Triassic age), the eastern province 
(permo-triassic of I type granite), the western – peninsular Thailand-Burma (mostly S type with 
smaller I type of Cretaceous age) and the north Thailand migmatite province with S type of Triassic 
age (Hutchison, 1977).  

     The granitoid of Bangka island is a combination of the main range province and eastern 
province (Schwartz et al., 1995). The main range overlaps in time with the eastern province 
produced at different source regions and mobilized within the same crustal segment (Barber et al., 
2005). Magmatic sources of Southern Bangka granite are mixed of crust and mantle with Calc-
Alkaline affinity, whereas Northern Bangka granite sources are characterized as crust products 
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with high-K calc-alkaline affinity (Widana & Priadi, 2015). The forming of S type affinity is in 
continental acr-post-collisional and I type Calc-Alkalic is related to subduction with the prototype 
as a product of hydrous, mafic igneous, and metamorphic rocks (Roberts & Clemens, 1993). The 
tectonic activity was subduction of Paleo-Thetys oceanic from Perm to Trias period followed by 
the collision of Sibumasu (Siam-Burma-Malaysia-Sumatra) block with East Malaya. This collision 
along Bentong Raub Suture lead to magmatic activity and the forming of I and S type in Bangka 
Island (Metcalfe, 2000). 
 
3. Method 
 
The interest in calculating radiogenic heat production in Bangka Island comes from the previous 
research (Ngadenin & Karunianto, 2016; Ngadenin et al., 2014). The granite rocks were sampled 
from outcrop as representative of the Klabat granite formation which geologically controls Bangka 
Island (Figure 1). Granites were crushed and pulverized into powder form (>200 mesh) in an 
agitate mortar. Samples were analyzed by X-Ray Fluorescence to characterize major and trace 
elements. Samples in powder form were then dried in an oven at 100℃ for 24 h. Dry samples were 
put into polities capsule to perform Analysis Activation Neutron (AAN) for characterizing 
Thorium & Uranium in Pusdiklat- National Nuclear Energy Agency of Indonesia after irradiated 
in Siwabessy Reactor in Serpong. The result of both methods will be used to study petrogenesis 
(Widana & Priadi, 2015) and the heat production of granite. Meanwhile, radioactive elements of 
samples in this study are time-independent, so another method that permits the simultaneous 
determination of the sample's radionuclide such as Gamma ray-spectrometry is not used. 
 

 
Fig. 1. The major granite body and sample data collection area 

 Uranium, Thorium, and Potassium concentrations in granite decay are converted to energy. 
The energy emitted from the radioactive decay process yield kinetic energy from particles 
and the radiation contributed to heat produced in rocks. So, radiogenic heat production (RHP) 
can be calculated by considering Uranium, Thorium, and Potassium concentrations of rocks 
(Rybach, 1988): 

a b
g
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       (1) 
where  is the bulk density of granite which is 2.7 kg/m3, CU and CTh are concentrations of 
Uranium & Thorium in ppm and CK is for Potassium in %. 

 
4. Result and discussion 
 
4.1 Radiogenic Heat Production (RHP) of S-type granite and I-type granites 
 
Radiogenic heat production (RHP) is a petrophysical quantity resulting from the decay of 
radioactive elements in the earth's crust and mantle which leads to terrestrial heat flow in some 
areas of the earth. The crustal granite in West Bangka and South Bangka shows lower average 
radiogenic heat production than crustal-mantle mixed granite in Central and North Bangka as 
shown in  
 
Table 1 and Table 2. The S-type granites show the highest concentration of U (21 ppm); Th (112 
ppm); and K (18.3 %) which were found in BB1, BB7, and BB9 respectively. In I-type granite, 
the highest concentration of U (681 ppm); Th (99.2 ppm); and K (3.55%) were found in PKP/10B 
and BL 240A respectively. The concentration of radioactive elements in I-type is quite interesting; 
especially from 17 samples show the average U and Th are 87.79 ppm, 65.68ppm respectively. 
But as we investigate the average concentration of K, S-type granite investigation provides a higher 
value (average 3.1 %) than I-type (average 1.93 %).  
 

Table 1. Heat production of S-type Granite from South Bangka (sample code: BS) and West 
Bangka (sample code: BB) 

Sample 
Coordinate U 

(ppm) 
Th 

(ppm) 
K 
% Th/U 

RHP  due to Total RHP 

 X Y U Th K 

BS 3 106.471636 -2.986242 5.2 70 2.69 13.46 1.34 4.84 0.25 6.43 

BS 4 106.470726 -2.986166 4.5 74 3.03 16.44 1.16 5.11 0.28 6.56 

BB 1 105,18475 -2,05448 21 96 3.3 4.57 5.40 6.64 0.31 12.34 

BB 2 105,16751 -2,01155 13 96 3.04 7.38 3.34 6.64 0.29 10.26 

BB 4 105,66141 -2,12664 15 76 2.76 5.06 3.86 5.25 0.26 9.37 

BB 5 105,15464 -2,02829 7 89 2.91 12.71 1.80 6.15 0.27 8.22 

BB 6 105,46443 -1,60748 10 66 3.46 6.6 2.57 4.56 0.33 7.46 

BB 7 105,24668 -2,00251 18 112 2.88 6.22 4.63 7.74 0.27 12.64 

BB 8 105,44384 -1,59371 6 62 3.15 10.33 1.54 4.29 0.30 6.12 

BB 9 105,51457 -1,57725 3 55 3.79 18.33 0.77 3.80 0.36 4.93 

Average 10.27 79.6 3.101 10.11 2.64 5.50 0.29 8.43 

 
Granites from South and West Bangka are characterized by abundances of Uranium ranging 

from 3 ppm to 21 ppm, from 55 ppm to 112 ppm for Thorium, and from 2.69 % to 3,79 % for 

( ) 510483562529 -++= KThU C.C. C.ρRHP
r

( )-3Wmµ
( )-3Wmµ
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Potassium. The mean values for uranium, thorium, and potassium are 10.27 ppm, 79.6 ppm, and 
3.101% respectively.  Thorium gives the biggest contribution to RHP, followed by Uranium and 
Potassium. The highest thorium concentration is found on sample BB7 with 112 ppm. The major 
minerals in this sample are quartz-rich granite, K-feldspar, biotite, and cordiorite, while the minor 
mineral is plagioclase and muscovite as accessory mineral (Refaat et al., 1978).  

 
 The RHP of S-type granite indicates a higher average than continental crust rock's RHP. 
Furthermore, there are some correlations between U and Th to RHP, but they tend to not correlate 
between K and RHP for S-type. The best-fitting linear relation between U and RHP is a linear 
correlation with a coefficient 0.92 for S granite and 0.99. Th graphic shows a good correlation for 
S-type with 0.83 with linear regression, but Th curve for I-type exponential trend with 0.82 
correlation. Even though the correlation is clear, Th data are somewhat scattered around the trend, 
especially for sample BB 1 with 96 ppm of Th. The data is influenced by a relatively high U 
concentration of 21 ppm, whereas the same concentration of Th for BB 1 has 13 ppm of U. K curve 
for I-type shows an exponential trend due to the absence of K in BT 308 and PKP/1 samples. 
 

 
Fig. 2. Plots of U, Th, and K versus Radiogenic heat production sorted by S type (a-c) and I type 
granite (d-e).   The horizontal dash line is presented as the average RHP on the continental crust 

(Taylor & McLenna, 1985) 
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The U, Th, and K concentrations of I-type granite are given in Table 3 and plotted in Figure 
2 related to RHP. Generally, the relationship of RHP to U and Th is increasing linearly for S-type, 
and I-type RHP to U is increasing linearly but to Th is increasing exponentially. Meanwhile, the 
relationship of RHP to K decreases exponentially for I-type, and no good pattern for S-type. It 
means that for S-type and I-type the higher concentration of U and Th, the higher radiogenic heat 
production, but not for Pottasium K. Total abundance of U concentration range from 2 ppm to 681 
ppm, 32 ppm to 99.2 ppm for Th and 0.07% to 3.55% for K. The average concentrations for U, Th 
and K are 87.79 ppm, 65.7ppm, and 1.93 % respectively.  
 
       Anomaly in this region is represented by the concentration of U and Th in sample PKP/10B 
with 681 ppm and 99.2 ppm which produce 550.28   RHP. This value is the highest among all the 
data on Bangka Island. Data obtained from 7 samples (Irvani & Pitulima, 2017), U and Th 
concentrations range from 6.7 ppm to 200.7 ppm and 30.3 ppm to 197 ppm respectively. Th of 
PKP/10B sample is also higher than the previous study on the same region. Data from Ngadenin 
et al (2014) revealed that Th concentration range from 23.5 ppm to 78.5 ppm of Th with 42.0 ppm 
on average. K concentration is relatively low compared to S-type granite with 1.93 %, where K 
concentration from two samples, BT 308 and PKP/1 are negligible. The average RHP value is 
27.28 which is higher than S type RHP average. 
 

Table 2. Heat production of I-type granite from North Bangka (sample code: BL), Central 
Bangka (sample code: BT), and Pangkalpinang (sample code: PKP) 

Samples Coordinate U 
ppm 

Th 
ppm 

K 
% 

Th/U RHP  due to Total RHP 
 

X Y U Th K 

BL4 105,729740 -1,558996 6.6 71 2.77 10.76 4.04 11.68 247.78 263.50 

BL 134 105,839026 -1,649234 13.8 61 2.59 4.42 8.45 10.04 231.68 250.16 
BL 205 105,861200 -1,732480 7 61 2.35 8.71 4.28 10.04 210.21 224.53 

BL 231 B 105,677880 -2,098920 5.3 42 2.93 7.92 3.24 6.91 262.09 272.24 
BL 236A 105,704440 -1,528120 92 79 3.34 0.86 56.30 13.00 298.76 368.07 

BL 240A 105,976740 -1,813410 3.9 72 3.55 18.46 2.39 11.85 317.55 331.78 
BL 244A 106,045560 -1,881340 8.8 32 2.77 3.64 5.39 5.27 247.78 258.43 

BL 245A 106,114790 -1,799550 8.5 59 2.59 6.94 5.20 9.71 231.68 246.59 
BL 245 B 106,114790 -1,799550 6.6 54.1 2.64 8.20 4.04 8.90 236.15 249.09 

BT 254P 106,480170 -2,568000 144 95 1.53 0.66 88.13 15.63 136.86 240.62 
BT254M 106,480170 -2,568000 227 82.6 1.47 0.36 138.92 13.59 131.49 284.01 

BT 281 106,48212 -2,57532 24 74 0.07 3.08 14.69 12.18 6.26 33.13 
BT 308 106,501840 -2,578870 2 71.4 0 35.70 1.22 11.75 0.00 12.97 

PKP/1 106,137160 -2,178770 25 38 0 1.52 15.30 6.25 0.00 21.55 
PKP/2 106,164880 -2,195530 21 54.4 1.34 2.59 12.85 8.95 119.86 141.67 

PKP/6 106,174620 -2,214750 216 71 1.44 0.33 132.19 11.68 128.81 272.68 
PKP/10B 106,134917 -2,185250 681 99.2 1.31 0.15 416.77 16.33 117.18 550.28 

Average 87.79 65.7 1.93 6.72 22.566 4.540 0.181 27.288 

( )-3Wmµ ( )-3Wmµ
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4.2 Th/U ratio of I-type and S-type granites 
 
Uranium and Thorium concentration varies with granite types and shows that I-type produces 
higher RHP than S-type. Furthermore, we carried out heat production from some areas all around 
the world. Table 3 clearly shows that I type granites from Central and North Bangka have high 
RHP from all the data. RHP enrichment usually occurs on the upper continental crustal rocks as a 
product of partial melting on the subducted crust (Vilà et al., 2010). Thus, we investigate the origin 
of magmatism and tectonic setting by characterizing Th/U ratio of samples. 
 

Table 3. The heat produced compared to other published data. The data shows that Central - 
North Bangka shows high heat production 

 

Type of rocks - Location  Heat Production Reference 
due to U due to Th due to K Total 

S type Granite -West and South Bangka 2.64 5.50 0.29 8.43 This study 
I type Granite - Central and North Bangka 22.56 4.54 0.18 27.29 This Study 
Granite - Sweden 1.19 1.03 0.31 2.53 (Veikkolainen et 

al., 2019) 

Rhyolite – Western Rajashtan (India) 2.09 2.22 0.4 4.70 (Singh and 
Vallinayagam, 
2016) 

Granite – Achatau (Russia) 2.44 2.87 0.40 5.71 (Khutorskoy and 
Polyak, 2016) 

Mudstone – Gonghe Basen (Northeastern Tibetan 
Plateau) 

0.80 0.95 0.20 1.96 (Zhang et al., 
2020) 

Granite – Gonghe Basen (Northeastern Tibetan 
Plateau) 

2.64 5.50 0.29 8.43 (Zhang et al., 
2020) 

 
Characterization of S type granite based on Th/U ratio (Figure 3a) is shown by relatively high 

Th/U ratio range from 4.57 to 18.33, meanwhile I-type granite (Figure 3b) Th/U ratio range from 
0.15 to 35.7. The distribution of RHP and Th/U shows a negative exponential correlation with 
coefficients of 0.65 and 0.96 for S type and I type granite respectively. For S-type, the data are 
scattered around the trend line. The anomaly in this data is shown by PKP/10B, PKLP 6, BT 254M, 
BT 245P, BL 236A with ratios 0.15, 0.33, 0.36, 0.66, and 0.86 respectively. Based on Friedrich 
et al. (1987), at lower Th/U ratios, the U concentration related to uraninite increases up to 80% for 
Th/U=1. Theoretically, Uraninite will contribute to high RHP based on their concentration where 
in this data, the lowest Th/U tends to have the highest U. On the other hand, Uranium is located in 
monazites with Th/U ratios exceeding 4. The low Th/U ratio on I types of data produces an 
exponential plot with a correlation coefficient 0.96, while some S-type data are not fit to 
exponential trend due to the >1 Th/U ratio. 
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Fig. 3. Characterization of (a) S type and (b) I type granite based on Th/U ratio 

 

       A Th/U ratio higher than 1 is normally produced from mantle-derived volcanic rocks as mid-
ocean ridge basalts and continental materials (Maden & Akaryali, 2015). Th/U ranges from 3 to 7 
(Wasserburg et al., 1964) and is normally classified into continental crust material, which in this 
research is mostly found in I-type granite with an average 6.72. This result is fairly close to Th/U 
ratio when compared to the typical ratio for continental crust value of 5 (Paul et al., 2003). The 
Th/U ratio > 8 is classified as the limit for continental crust characteristics which differs granite of 
West Bangka and South Bangka. Based on Widana & Priadi (2015), granitoid in Bangka Island 
were produced from two sources, shoshonitik for Belinyu and Central Bangka and crust for South 
and West Bangka. This source different can be interpreted as a magmatic episode from different 
geodynamics on continental margin as a product of subduction and collision. S-type granites from 
West Bangka and South Bangka are classified as Eurasia continental collision products, whereas 
I-type granites from Central Bangka, Pangkal Pinang, and North Bangka as continental arc 
products (Chappell and White, 2001). 

 
5. Conclusions 
 
Radiogenic heat production (RHP) has been determined by calculating the concentration of 
Uranium, Thorium, and Potassium within Bangka Island's granite. In this study, we evaluate RHP 
based on the type of granite; S-type from South Bangka and West Bangka, I type from North 
Bangka, Pangkal pinang, and Central Bangka. The S-type granite shows lower RHP than I-type 
granite with an average 8.43  and 27.28 respectively.  We also investigate RHP of 
granite based on the type by comparing with other published data, we get the same result where S-
type produces lower RHP than I-type. 
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We evaluate Th/U ratio from both types for investigating tectonic settings and magmatic 
sources. Th/U and RHP show the same exponential trend for both types, with remarkable fitting 
for I-type plot but unfortunately poor for S-type due to lack of data. Th/U ratio classifies S-type 
granite as a continental collision product from partial melting of metasedimentary source rock in 
collisional zones (Artemeiva et al., 2017). I-type granite is classified as continental arcs from 
partial metling of the igneous protolith. But, it remains an open question whether RHP on each 
type from different regional settings shows similar behavior. 
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Abstract 

The present study aimed to assess the inhibition effects of organophosphate pesticides, 
malathionR, dichlorvosR; pyrethroid pesticides, deltamethrinR, λ-cyhaloethrinR on antioxidant 
enzymes and the reactivation ability of pralidoxime against pesticide inhibited-antioxidant 
enzymes. Oximes were reported by reactivation ability against organophosphate inhibited-
acetylcholinesterase and we focused to investigate the reactivation effect of pralidoxime against 
organophosphate inhibited–antioxidant enzymes. IC50 values were determined by means of 
activity percentage diagrams. The concentrations of deltamethrinR, malathionR, dichlorvosR, λ-
cyhaloethrinR that inhibited 50% of catalase were 5.2 µM, 158 µM, 133 µM, 320 µM, 
respectively, inhibited 50% of superoxide dismutase were 62 µM, 240 µM, 328 µM, 2320 µM, 
respectively and inhibited 50% of glutathione peroxidase were 0.7 µM, 1198 µM, 1638 µM, 98 
µM, respectively. All pesticide doses showed an inhibition effect on antioxidant enzymes. 
DeltamethrinR was found to be a more potent inhibitor for the antioxidant enzymes followed by 
the rest of the pesticides used in this study. The reactivation effect of pralidoxime was 
determined for organophosphate inhibited-enzymes. Reactivation results showed that only 
catalase is reactivated by pralidoxime against dichlorvosR and malathionR. Under the exposure 
of 50-800 µM malathionR concentrations, the activities of catalase were calculated as 72-11%, 
respectively. After, inhibited catalase was incubated with 1 mM and 10 mM pralidoxime, the 
activities of catalase were calculated as 92-31% and 98-39%, respectively. Under the exposure 
of 100-1500 µM dichlorvosR concentrations, the activities of catalase were calculated as 50-
6%, respectively. After, inhibited catalase was incubated with 1 mM and 10 mM pralidoxime, 
the activities of catalase were calculated as 95-30% and 93-28%, respectively. When the results 
are examined, it is seen that increasing the pralidoxime concentration does not significantly 
affect the reactivation percentage of the catalase enzyme. 

Keywords: Deltamethrin; dichlorvos; λ-cyhaloethrin; malathion; pralidoxime. 

1. Introduction

Organophosphate (OP) and pyrethroid (PYR) pesticides are among the most commonly used 
insecticides in agriculture, home, gardening, and veterinary applications. They replaced 
organochlorine insecticides due to their higher instability to environmental degradation. OPs 
do not stay in the environment for more than a few days or weeks, unlike organochlorines 
(Soares et. al. 2019; Fernandes et. al. 2018). However, these were proven far more toxic than 
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organochlorines, as these inhibit the acetylcholinesterase enzyme vital to control body nerve 
signals beyond showing carcinogenic, genotoxic, cytotoxic, mutagenic, and immunotoxic 
effects in mammals (Sousa et. al. 2020). At the same time, many studies have shown that 
exposure to PYRs can cause adverse effects and increase the risk to human health, for example, 
it can be carcinogenic and mutagenic to organisms and can affect the immune system, 
reproductive system, and nervous system (Han et. al. 2017; Koureas et. al. 2012; 
Wongmaneepratip & Yang 2020). Due to their widespread use, residues of these compounds 
are found in food products, water, air, and house dust (Mercier et. al. 2011; Banarjee et. al. 
2012; Coscollà et. al. 2017; Gibss et. al. 2017; Tang et. al. 2018; Van der Dries et. al. 2018; 
Manzoor et. al. 2016), and human exposure through diet (Tsatsakis et. al. 2003; Fortes et. al. 
2003; Ciscato et. al. 2014), dermal contact or inhalation (Becker et. al. 2006; McKone et. al. 
2007). However, these compounds represent potential risks to the environment and human 
health. Many chemicals, especially pesticides, at relatively low dosages affect the metabolism 
of organisms by altering the activities of enzymes (Isık et. al. 2004; Turan et. al. 2002). Looking 
at the widespread use of some OPs (malathion, dichlorvos) and PYRs (deltamethrin, λ-
cyhalothrin) for agricultural purposes, the present study was aimed to evaluate the adverse 
effects of these pesticides on antioxidant enzymes namely catalase (CAT), speroxide dismutase 
(SOD) and glutathione peroxidase (GPx) in vitro. 

On the other hand, when it comes to OP toxicity, the inhibition of acetylcholinesterase 
(AChE) comes to mind first. The inhibition process occurs mainly due to the formation of a P-
O bond between the electrophilic center of OPs and the oxygen atom of the active serine residue, 
yielding a phosphylated AChE adduct (Jokanovic 2001). Until dealkylation occurs, the reaction 
is usually reversible. This removal of alkyl group is known as the ‘aging’ process (Worek et. 
al. 2004). The adduct formed after aging is no longer available for reactivation. Worldwide, 
efforts have focused for many years on finding ways to restore the function of aged AChE 
(Quinn et. al. 2017). However, if a nucleophile such as oxime attacks the phosphorous atom 
before aging of OP-AChE adduct, it can detach the OP from the serine group, and thus the 
enzyme can be regenerated (Kitagawa et. al. 2019). Oxime based cholinesterase reactivators 
such as pralidoxime (PAM) have been used as antidotes against OP-intoxication (Worek et. al. 
2020; Antonijevic et. al. 2018; Savall et. al. 2020). No study has yet been reported on the 
reactivation effect of PAM on OP inhibited- antioxidant enzymes. Considering the OP 
inhibition with the mentioned pesticides, the in vitro reactivation effect of PAM on OP 
inhibited-antioxidant enzymes was first time experimentally investigated in this present study. 

2. Materials and methods

2.1 Chemicals 

All enzymes and all other reagents were purchased from Merck KGaA. Other chemicals were 
prepared analytically. Superoxide dismutase (from bovine erythrocytes, 300 KU, lyophilized 
powder, ≥3.000units/mg protein), catalase (from bovine liver, lyophilized powder, ≥10.000 
units/mg protein), Glutation peroksidaz (from bovine erythrocytes, 300 KU, lyophilized 
powder, White, ≥100 units/mg), Glutathion reductase (from baker's yeast (S. cerevisiae), 2.5 
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KU, ammonium sulphate suspension, 100-300 units/mg protein (biuret)), Malathion [Diethyl 
2-[(dimethoxy phosphorothioyl) sulfanyl] butanedioate], dichlorvos [2,2-dichlorovinyl 
dimethyl phosphate], deltamethrin [(S)-Cyano-(3-phenoxyphenyl)-methyl] (1R,3R)-3-(2,2-
dibromoethenyl)-2,2-dimethyl-cyclopropane-1-carboxylate] and λ-cyhalothrin [(R) - cyano - 
(3-phenoxyphenyl) methyl] (1S, 3S)-3-[(Z)-2-chloro-3, 3, 3 - trifluoroprop – 1 - enyl]- 2, 2 
dimethyl cyclopropane - 1 - carboxylate], Pralidoxime [2-pyridine aldoxime methyl chloride] 
were purchased form Merck KGaA. All pesticides were prepared in ethanol. The chemical 
structures of the pesticides and Pralidoxime (PAM) were shown at Table 1. 
 

Table 1. Structures of investigated pesticides and pralidoxime reactivator 

 

Malathion 
  

Dichlorvos  

Deltamethrin 
 

λ-cyhalothrin  

Pralidoxime 
 

 
2.2 Aparatus 
 
Ultrasonic water bath (Wise Clean DAIHAN, WUC-AO3H, Korea), microplate reader (Thermo 
Scientific, Type 1510, Thermo fisher scientific Oy, Rotastie 2, FI-01620, Vantaa, Finland), 
precision scale (Precisa XB 220A, Precisa Gravimetrics AG/Switzerland), 8-channel dispenser 
pipette (Eppendorff from Research Plus, from 10 to 100 µL), the dispenser pipette (Eppendorff 
the Multipette plus), micropipettes (20 µL, 200 µL, 1000 µL Eppendorff micropipette), 
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circulating water bath (core IC 302, Turkey), magnetic stirrer (Biosan magnetic stirrer MSH 
300) was used. Glass and disposable polypropylene or polystyrene plastics tend to absorb light 
in the UV range so that 96-well quartz plates were used in the UV range. For obtaining good 
results, using the appropriate microplate for UV region is more important (Held 2001).  
 
2.3 Methods 
 
2.3.1 CAT activity assay: inhibition and reactivation 
 
CAT enzymatic activity was determined by using a method by Aebi (Aebi 1984). The principle 
of the assay is based on the determination of the rate constant (s-1, k) of hydrogen peroxide 
decomposition by CAT enzyme. H2O2 consumption was measured at 240 nm for 180 s using a 
Thermo Scientific, Type 1510 microplate reader. Quartz 96 well plates are used for the assay. 
CAT activity was determined using a specific absorption coefficient at 0.040 cm2 μmol-1 H2O2. 
For the preparation of Catalase solution, 26.6 U/mL of CAT (from bovine liver, lyophilized 
powder, ≥10.000 units/mg protein) was prepared by dissolving in phosphate buffer (50 mM, 
pH: 7.0). For substrate solution, approximately 9.375 mM stock H2O2 solution is prepared by 
50 mM phosphate buffer (pH: 7.0). 20 µL CAT enzyme solution and 200 µL 50 mM phosphate 
buffer (pH: 7.0) were added to the plate. Then, 80 µL H2O2 stock solutions were added to the 
reaction medium, and absorbance was rapidly measured at this time at 240 nm (Abs0). After the 
quartz plate was placed into the microplate reader, absorbances were measured for 180 s at 
240nm (Abs1). One unit of CAT activity corresponds to the amount of enzyme, decomposing 
the reaction of 1μmol H2O2 per 1 min.  

For the inhibition assay of CAT, PYR pesticides (deltamethrinR, λ-cyhaloethrinR) and OP 
pesticides (malathionR, dichlorvosR) were used as inhibitors. 10 µL of different concentrations 
of these pesticides were added to enzyme activity determination medium and incubated for 15 
min before adding substrate solution. After 15 min, 80 µL H2O2 was added to the reaction 
medium. Abs0 and Abs1 were read, and CAT activities were determined for different 
concentrations of the pesticides. Thus, minimum and maximum pesticide concentrations that 
affect the activity of CAT were determined; for deltamethrinR 2 µM – 40 µM; for λ-
cyhaloethrinR 250 µM - 2250 µM; for malathionR 50 µM - 500 µM; for dichlorvosR 100 µM - 
1500 µM. Graphs of the percent of activity versus the pesticide concentration were drawn by 
using these pesticide concentrations range. The values of IC50 were drawn by regression 
analysis graphs with a GraphPad Prism 8.0 program and calculated from activity (%) - 
pesticides concentration graphs. CAT activity without pesticides (0 mM) was accepted as 100% 
and this measurement was called control. All the runs (n=5) were carried out in specified 
conditions. 

For reactivation assays, the activity of enzyme in the control remained constant during the 
experiment. Oximes were reported by reactivation ability against organophosphate inhibited-
AChE (Kobrlova et. al. 2019) and in this work, we focused to investigate the reactivation effect 
of pralidoxime against OP inhibited – antioxidant enzymes. So that, in order to determine the 
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reactivation effect of PAM, OP pesticides (malathionR, dichlorvosR) solutions were added to 
the enzyme solutions and incubated for 15 min at 37°C.  

For the reactivation assay of CAT, the concentrations of organophosphates used were based 
on the concentrations determined at the inhibition assay pesticides (for malathionR between 50 
µM - 500 µM; for dichlorvosR between 2 µM - 1500 µM). Two different concentrations of 
PAM (final concentrations of tested reactivator were 1 and 10 mM) were used for the 
reactivation assay, for this, stock-PAM solutions were prepared. 10 µL of stated concentrations 
of these pesticides were added to enzyme activity determination medium and incubated for 15 
min before adding PAM solution. After 15 min, 10 µL of stock-PAM solutions was added to 
the reaction medium and again incubated for 15 min at 37°C. 80 µL H2O2 was added to the 
reaction medium. Abs0 and Abs1 were read. CAT activities were measured and calculated with 
a constant substrate and different inhibitor concentrations. The reactivation percentage of the 
inhibited enzyme was calculated as the ratio of the recovered enzyme activity and activity in 
the control. The reactivation analysis graph for CAT was drawn using activity % values. 
 
2.3.2 SOD activity assay: inhibition and reactivation 
 
Determination of SOD enzyme activity was performed according to the method of NitroBlue 
Tetrazolium/Riboflavin (NBT/RF) (Cakmak and Marschner 1992). In SOD activity assay, 
Iodonitrotetrazolium chloride (INT) which forms a red dye in the presence of free radical was 
used instead of NBT. The principle of SOD activity measurement is based on the reduction of 
INT by O2- under light and measurement, these are reduced at 560 nm. SOD activity was 
assayed by measuring its ability to inhibit the photochemical reduction of INT using the method 
of Dhindsa (Dhindsa and Plumb-Dhindsa 1981). For the preparation of SOD solution, 379.75 
U/mL of SOD (from bovine erythrocytes, 300 KU, lyophilized powder, ≥3.000units/mg 
protein) was prepared by dissolving in phosphate buffer (50 mM, pH: 7.0). 

For activity assay, the 300 µL reaction mixture contained final concentrations of  50 mM 
phosphate buffer (pH 7.5), 13 mM methionine, 75 M INT, 2 M riboflavin, 0.1 mM EDTA was 
prepared and pipetted into a plate, and absorbance was read at 560 nm (A0). After reading A0, 
15 μL of SOD solution was added to this medium. The plate was shaken and placed 30 cm 
below a light bank consisting of two 15 W fluorescent lamps for 10 min. The absorbance (A1) 
by the reaction mixture was read at 560 nm using a Thermo Scientific, Type 1510 microplate 
reader. One unit of SOD activity represents a 50% inhibition of the production of free radicals. 

To determine the inhibition effects of pesticides on SOD activity, pyrethroid pesticides 
(deltamethrinR, λ-cyhaloethrinR) and organophosphate pesticides (malathionR, dichlorvosR) 
were used as inhibitors. 10 µL of different concentrations of these pesticides were added to 
stock SOD enzyme solution and incubated for 15 min before adding substrate solution. After 
15 min, 15 µL of SOD enzyme solution inhibited by the pesticides was added to the reaction 
medium. Abs0 and Abs1 were read, and SOD activities were determined for different 
concentrations of the pesticides. Thus, minimum and maximum pesticide concentrations that 
affect the activity of SOD were determined; for deltamethrinR 2 µM – 40 µM; for λ-
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cyhaloethrinR 250 µM - 2250 µM; for malathionR 50 µM - 500 µM; for dichlorvosR 100 µM - 
1500 µM. Graphs of the percent of activity versus the pesticide concentration were drawn by 
using these pesticide concentrations range. The values of IC50 were drawn by regression 
analysis graphs with a GraphPad Prism 8.0 program and calculated from activity (%) – 
pesticides concentration graphs. SOD activity without pesticides (0 mM) was accepted as 100% 
and this measurement was called control. All the runs (n=5) were carried out in specified 
conditions. 

For reactivation assays, only organopohosphate inhibited – SOD enzymes were examined 
(organopohosphate pesticides; malathionR, and dichlorvosR). For the reactivation assay of SOD, 
the concentrations of organophosphates used were based on the concentrations determined at 
the inhibition assay pesticides (for malathionR between 50 µM - 500 µM; for dichlorvosR 
between 100 µM - 1500 µM). Two different concentrations of PAM (final concentrations of 
the tested reactivator were 1 and 10 mM) were used for the reactivation assay. For this, stock-
PAM solutions were prepared. 10 µL of stated concentrations of these pesticides were added to 
stock SOD solution and incubated for 15 min before adding PAM solution. After 15 min, 10 
µL of stock-PAM solutions was added to the inhibited SOD solutions and again incubated for 
15 min at 37°C. 15 µL of SOD enzyme solution inhibited by the pesticides and reactivated by 
PAM added to the reaction medium for determination of the activity. Abs0 and Abs1 were read. 
SOD activities were measured and calculated with a constant substrate and different inhibitor 
concentrations. The reactivation percentage of the inhibited enzyme was calculated as the ratio 
of the recovered enzyme activity and activity in the control. Reactivation analysis graph for 
SOD was drawn using activity % values. 
 
2.3.3 GPx activity assay: inhibition and reactivation 
 
The enzymatic activity of GPx was measured by Beutler’s method (Beutler 1971). The assay 
recording of NADPH loss measures H2O2 reduction by GPx to alcohol at 340 nm (Christine 
and Joseph 2010). To determine the GPx activity within a sample, given that 1 unit=1 μmole 
NADPH oxidized min-1 at the specified GSH concentrations or more correctly, μmoles GSH 
produced min-1. For the preparation of GPx solution, 0.5 U/mL of GPx (from bovine 
erythrocytes, 300 KU, lyophilized powder, White, ≥100 units/mg), was prepared by dissolving 
in phosphate buffer (50 mM, pH: 7.0). 

GPx activity was assayed by measuring the decrease in absorbance at 340 nm due to the 
oxidation of NADPH. The 300 µL reaction mixture contained final concentrations of 0.1 M 
Tris-HCl (pH 8.0), 1 mM EDTA, 0.1 mM NADPH, and 1mM GSSG was prepared and pipetted 
into a quartz plate and absorbance was read at 340 nm (A0) at 30 °C. After reading absorbance, 
15 μL of enzyme solution was added to this medium and after the incubation time (1 min), 
absorbances were read by using Thermo Scientific, Type 1510 microplate reader. Quartz 96 
well plates are used for the assay. One enzyme unit was defined as the enzyme amount reducing 
1 μmole NADP+ per 1 min at optimum pH. 
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For inhibition assays of GPx, pyrethroid pesticides (deltamethrinR, λ-cyhaloethrinR) and 
organophosphate pesticides (malathionR, dichlorvosR) were used as inhibitors. 10 µL of 
different concentrations of these pesticides were added to stock GPx enzyme solution and 
incubated for 15 min before adding substrate solution. After 15 min, 15 µL of GPx enzyme 
solution inhibited by the pesticides was added to the reaction medium. Abs0 and Abs1 were 
read, and GPx activities were determined for different concentrations of the pesticides. Thus, 
minimum and maximum pesticide concentrations that affect the activity of GPx were 
determined; for deltamethrinR 2 µM – 40 µM; for λ-cyhaloethrinR 250 µM - 2250 µM; for 
malathionR 50 µM - 500 µM; for dichlorvosR 100 µM - 1500 µM. Graphs of the percent of 
activity versus the pesticide concentration were drawn by using these pesticide concentrations 
range. The values of IC50 were drawn by regression analysis graphs with a GraphPad Prism 8.0 
program and calculated from activity (%) – pesticides concentration graphs. GPx activity 
without pesticides (0 mM) was accepted as 100% and this measurement was called control. All 
the runs (n=5) were carried out in specified conditions. 

 
For reactivation assays, only organopohosphate inhibited – GPx enzymes were examined 

(organopohosphate pesticides; malathionR and dichlorvosR). For the reactivation assay of GPx, 
the concentrations of organophosphates used were based on the concentrations determined at 
the inhibition assay pesticides (for malathionR between 50 µM - 500 µM; for dichlorvosR 
between 2 µM - 1500 µM). Two different concentrations of PAM (final concentrations of the 
tested reactivator were 1 and 10 mM) were used for the reactivation assay. For this, stock-PAM 
solutions were prepared. 10 µL of stated concentrations of these pesticides were added to stock 
GPx solution and incubated for 15 min before adding PAM solution. After 15 min, 10 µL of 
stock-PAM solutions was added to the inhibited GPx solutions and again incubated for 15 min 
at 30°C. 15 µL of GPx enzyme solution inhibited by the pesticides and reactivated by PAM 
added to the reaction medium for determination of the activity. Abs0 and Abs1 were read. GPx 
activities were measured and calculated with a constant substrate and different inhibitor 
concentrations. The reactivation percentage of the inhibited enzyme was calculated as the ratio 
of the recovered enzyme activity and activity in the control. Reactivation analysis graph for 
GPx was drawn using activity % values. 
 
2.3.4 Total protein assay  
 
The protein concentration was measured spectrophotometrically at 750 nm by the method of 
Lowry (Lowry et. al. 1951). Bovine serum albumin was used as a standard for the determination 
of protein concentration. For this purpose, four solutions were prepared: 1. Solution (A): 0.5 g 
CuSO4.5H2O and 1 g sodium citrate dehydrate were dissolved in distilled water and completed 
to 100 ml; 2. Solution (B): 20 g Na2CO3 and 4 g NaOH was dissolved in distilled water and 
completed to 1000 ml; 3. Solution (C): 1ml solution A was added to 50 ml solution B; 4. 
Solution (D): 10 ml Folin Ciocalteu was added to 10 ml distilled water. After that, 2.5 ml 
solution C was added to 0.5 ml of prepared sample solution, vortexed, waited for 10 minutes at 
room temperature, mixed with 0.25 ml solution D, vortexed, waited for 30 minutes, and read at 
750 nm for protein concentration determination. 
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2.3.5 Statistical analysis 
 
Experimental data are presented as mean ±standard deviation (mean ± SD). The direct linear 
plot method was used for the determination of the kinetic constants of enzyme reactions 
(Eisenthal and Cornish 1974), for that the GraphPad prism software version 8 (GraphPad Inc. 
La Jolla, CA, USA) was used. IC50 values were obtained when the fitting was made by a non-
linear least-squares method (Snedecor and Cochran 1980). For the statistical analyses, ANOVA 
(one-way analysis of variance) was used, followed by the Student Newman-Keul's test using 
the SPSS version 21 statistical software (SPSS Inc., Chicago, IL, USA). Differences were 
considered significant if p<0.05.  
 
3. Results 
 
3.1 Effect of organophosphate and pyrethroid pesticides on CAT Activity 
 
Different pesticide concentrations with CAT enzyme solutions were prepared, then, the 
activities of CAT were measured. Minimum and maximum pesticide concentrations that affect 
the activity of CAT were determined; for deltamethrinR 2 µM - 40 µM; for λ-cyhaloethrinR 250 
µM - 2250 µM; for malathionR 50 µM - 500 µM;  for dichlorvosR 100 µM - 1500 µM. Graphs 
of the percent of activity versus the pesticide concentration were drawn by using these pesticide 
concentrations range and are shown in Figure 1. Under the exposure of 50, 100, 200, 400, 600 
and 800 µM malathion concentrations, CAT activity % were calculated as 72; 63; 38; 10; 12 
and 11 %, respectively. Under the exposure of 100, 200, 400, 1000, 1200 and 1500 µM 
dichlorvos concentrations, % CAT activity were calculated as 50; 38; 22; 8; 7 and 6 %, 
respectively. Under the exposure of 2, 4, 8, 20, 30 and 40 µM deltamethrin concentrations, CAT 
activity % were calculated as 80; 72; 56; 20; 22 and 18 %, respectively. Under the exposure of 
250, 500, 1200, 1500, 2000 and 2500 µM λ-cyhaloethrin concentrations, CAT activity %  were 
calculated as 70; 55; 36; 24; 22 and 23 %, respectively. Compared to the control activity, there 
are statistical differences between all CAT activities which interacted with all pesticides 
(p<0.05, n=5) (Table 2). The percentages of both CAT activities were decreased under the 
exposure of determined concentrations of malathion, dichlorvos, deltametrhrin, and λ-
cyhaloethrin. But, decreasing CAT activity with dichlorvos and malathion (OP pesticides) was 
higher compared to deltamethrin and λ-cyhaloethrin (PYR pesticides). However, it is also seen 
that deltamethrin, which is a pyrethroid class pesticide, has high inhibition % even at very low 
concentrations. IC50 values (the most suitable parameters for seeing inhibitory effects) of these 
pesticides for CAT were determined and shown in Table 2. The IC50 values of deltamethrin, 
malathion, dichlorvos and λ-cyhalothrin for CAT were found as 5.2 µM, 158 µM, 133 µM, and 
320 µM, respectively.  
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(A) 

 
(B) 

 
(C) 

 
(D) 

 
Fig. 1. The activity of catalase in the presence of various concentrations of malathion (A) and 

dichlorvos (B), deltamethrin (C), and λ-cyhalothrin (D). IC50 values were determined from 
these graphs. (n=5) 

 
 
3.2 Effect of organophosphate and pyrethroid pesticides on SOD Activity 
 
Inhibitory effects of malathion, dichlorvos, deltamethrin, λ-cyhalothrin pesticides were 
examined on SOD enzyme activity. For this purpose, firstly, activity assays in varying 
concentrations of inhibitors were done and half-maximal inhibitory concentrations (IC50) were 
calculated by drawing [I]-% activity graphs. The maximum enzyme activity of SOD was 
assumed to be 100% and the inhibition activity of SOD was assumed to be 0% in the absence 
of any pesticide. Different pesticide concentrations with SOD enzyme solutions were prepared, 
then, activities of SOD were measured. Minimum and maximum pesticide concentrations that 
affect the activity of SOD were determined; for deltamethrinR 2 µM – 40 µM; for λ-
cyhaloethrinR 250 µM - 2250 µM; for malathionR 50 µM - 500 µM; for dichlorvosR 100 µM - 
1500 µM. Graphs of the percent of activity versus the pesticide concentration were drawn by 
using these pesticide concentrations range and are shown in Figure 2. Under the exposure of 
50, 100, 200, 400, 600 and 800 µM malathion concentrations, SOD activity % were calculated 
as 82; 76; 61; 37; 38 and 36 %, respectively. Under the exposure of 100, 200, 400, 1000, 1200 
and 1500 µM dichlorvos concentrations, SOD activity % were calculated as 78; 62; 42; 42; 43 

Hatice Paluzar, Ayten Sagiroglu



and 41 %, respectively. Under the exposure of 2, 4, 8, 20, 30 and 40 µM deltamethrin 
concentrations, SOD activity % were calculated as 98; 85; 70; 62; 61 and 60 %, respectively. 
Under the exposure of 250, 500, 1200, 1500, 2000 and 2500 µM λ-cyhaloethrin concentrations, 
SOD activity % were calculated as 90; 78; 57; 55; 54 and 53 %, respectively.  
 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
Fig. 2. The activity of superoxide dismutase in the presence of various concentrations of 

malathion (A) and dichlorvos (B), deltamethrin (C), and λ-cyhalothrin (D). IC50 values were 
determined from these graphs. (n=5) 

 
 

Compared to the control activity, there are statistical differences between all SOD activities 
which interacted with all pesticides (p<0.05, n=5) (Table 2). The percentages of both SOD 
activities were decreased under the exposure of determining concentrations of malathion, 
dichlorvos, deltamethrin, and λ-cyhaloethrin. But, decreasing SOD activity with dichlorvos and 
malathion (OP pesticides) was higher compared to deltametrhrin and λ-cyhaloethrin (PYR 
pesticides). However, it is also seen that deltamethrin, which is a pyrethroid class pesticide, has 
high inhibition % even at very low concentrations. IC50 values (the most suitable parameters 
for seeing inhibitory effects) of these pesticides for SOD were determined and shown in Table 
2. The IC50 values of deltamethrin, malathion, dichlorvos, and λ-cyhalothrin for SOD were 
found as 62 µM, 240 µM, 328 µM, and 2320 µM, respectively.  
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Table 2. Effect of malathion, dichlorvos, deltamethrin, and λ-cyhalothrin concentrations on 
CAT, SOD, and GPx activity. (Differences were considered significant if p<0.05) 

  Percentage of remaining activity ± SD  

Pesticides [pesticide] µM CAT SOD GPx p 
Malathion 50 72±3.2 82±6.3 95±5.4 <0.05 

100 63±2.8 76±5.7 90±4.3 <0.05 
200 38±1.5 61±5.4 88±2.7 <0.05 
250 10±2.2 37±3.6 86±3.8 <0.05 
400 12±0.8 38±2.3 85±3.4 <0.05 
500 11±1.3 36±2.5 87±3.1 <0.05 

  <0.05 <0.05 <0.05 p 
Dichlorvos 100 50±2.3 78±4.1 98±4.5 <0.05 

200 38±1.5 62±2.2 96±5.3 <0.05 
400 22±1.2 42±1.7 85±5.1 <0.05 
1000 8±0.4 42±1.2 83±3.4 <0.05 
1200 7±0.2 43±1.3 85±3.2 <0.05 
1500 6±0.5 41±0.9 84±2.7 <0.05 

  <0.05 <0.05 <0.05 p 
Deltamethrin 2 80±4.2 98±4.7 18±1.2 <0.05 

4 72±5.1 85±3.9 16±0.7 <0.05 
8 56±4.8 70±4.2 17±0.9 <0.05 
20 20±3.1 62±2.5 15±1.2 <0.05 
30 22±2.7 61±2.3 14±0.7 <0.05 
40 18±1.9 60±1.6 13±1.3 <0.05 

  <0.05 <0.05 <0.05 p 
λ-cyhalothrin 250 70±5.5 90±4.1 22±1.7 <0.05 

500 55±4.2 78±2.8 20±1.4 <0.05 
1200 32±3.6 57±2.2 18±0.6 <0.05 
1500 24±2.4 55±1.8 16±0.4 <0.05 
2000 22±1.7 54±1.4 17±1.7 <0.05 
2250 23±1.1 53±0.5 16±0.2 <0.05 

  <0.05 <0.05 <0.05 p 
 
 

Table 3. Concentrations of the pesticides caused to 50% inhibition of CAT, SOD, and GPx 
activity 

 
PESTICIDES 

IC50 (µM)±SD 
CAT SOD GPx 

Deltamethrin 5.2±0.05 62±0.2 0.7±0.06 
λ -cyhalothrin 320±12 2320±212 98±2.1 

Malathion 158±1.52 240±2.32 1198±118 
Dichlorvos 133±4.6 328±2.81 1638±17 

Hatice Paluzar, Ayten Sagiroglu



Table 4. Effect of PAM on pesticide inhibited – CAT, SOD, and GPx activity. 
   Percentage of remaining activity ± SD 
 Pesticides [pesticide] 

µM 
After being 
inhibited by 

pesticide 

After reactivated 
by 1 mM PAM 

After reactivated 
by 10 mM PAM 

C
A

T
 

Malathion 50 72±3.2 92±4.3 98±5.2 
100 63±2.8 78±3.1 89±4.3 
200 38±1.5 58±2.7 72±2.8 
250 10±2.2 40±2.1 57±1.7 
400 12±0.8 35±1.8 45±1.1 
500 11±1.3 31±2.4 39±0.9 

Dichlorvos 100 50±2.3 95±2.7 93±3.7 
200 38±1.5 89±3.5 90±3.9 
400 22±1.2 62±2.4 65±3.1 
1000 8±0.4 40±1.9 43±1.2 
1200 7±0.2 35±1.7 32±0.1 
1500 6±0.5 30±1.3 28±1.4 

SO
D

 

Malathion 50 82±6.3 83±5.1 81±4.2 
100 76±5.7 74±4.2 76±4.7 
200 61±5.4 63±4.7 63±5.1 
250 37±3.6 38±3.2 35±3.8 
400 38±2.3 34±2.1 37±3.2 
500 36±2.5 35±1.8 35±2.7 

Dichlorvos 100 78±4.1 76±3.7 74±3.1 
200 62±2.2 60±0.9 65±2.0 
400 42±1.7 43±1.1 40±1.3 
1000 42±1.2 43±1.5 40±0.7 
1200 43±1.3 41±0.7 43±0.9 
1500 41±0.9 43±1.4 41±1.2 

G
Px

 

Malathion 50 95±5.4 93±5.1 97±4.3 
100 90±4.3 91±3.7 89±4.1 
200 88±2.7 87±2.2 90±3.3 
250 86±3.8 86±4.1 85±3.5 
400 85±3.4 86±4.4 86±3.2 
500 87±3.1 86±3.8 86±2.7 

Dichlorvos 100 98±4.5 96±2.3 95±4.1 
200 96±5.3 98±4.7 96±4.2 
400 85±5.1 83±5.5 82±4.8 
1000 83±3.4 83±2.8 85±2.3 
1200 85±3.2 82±2.2 83±1.8 
1500 84±2.7 86±1.9 86±1.2 

 
3.3 Effect of organophosphate and pyrethroid pesticides on GPx Activity 
 
GPx activity assays in varying concentrations of pesticides were done and the values of IC50 
were calculated by drawing [I]-% activity graphs. GPx activity without pesticides was accepted 
as 100% activity. Different pesticide concentrations with GPx enzyme solutions were prepared, 
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then, activities of GPx were measured. Minimum and maximum pesticide concentrations that 
affect the activity of GPx were determined; for deltamethrinR 2 µM – 40 µM; for λ-
cyhaloethrinR 250 µM - 2250 µM; for malathionR 50 µM - 500 µM; for dichlorvosR 100 µM - 
1500 µM. Graphs of the percent of activity versus the pesticide concentration were drawn by 
using these pesticide concentrations range and are shown in Figure 3. Under the exposure of 
50, 100, 200, 400, 600 and 800 µM malathion concentrations, GPx activity % were calculated 
as 95; 90; 88; 86; 85 and 87 %, respectively. Under the exposure of 100, 200, 400, 1000, 1200 
and 1500 µM dichlorvos concentrations, GPx activity % were calculated as 98; 96; 85; 83; 85 
and 84 %, respectively. Under the exposure of 2, 4, 8, 20, 30 and 40 µM deltamethrin 
concentrations, GPx activity % were calculated as 18; 16; 17; 15; 14 and 13 %, respectively. 
Under the exposure of 250, 500, 1200, 1500, 2000 and 2500 µM λ-cyhaloethrin concentrations, 
% GPx activity were calculated as 22; 20; 18; 16; 17 and 16 %, respectively. Compared to the 
control activity, there are statistical differences between all GPx activities which interacted with 
all pesticides (p<0.05, n=5) (Table 2). The percentages of both GPx activities were decreased 
under the exposure of determining concentrations of malathion, dichlorvos, deltamethrin, and 
λ-cyhaloethrin. But, decreasing GPx activity with deltametrhrin and λ-cyhaloethrin (PYR class 
pesticides) were higher compared to dichlorvos and malathion (OP pesticides). However, it is 
also seen that deltamethrin, which is a pyrethroid class pesticide, has high inhibition % even at 
very low concentrations. IC50 values (the most suitable parameters for seeing inhibitory effects) 
of these pesticides for GPx were determined and shown in Table 2. The IC50 values of 
deltamethrin, dichlorvos, malathion, and λ-cyhalothrin for GPx were found as 0.7 µM, 1198 
µM, 1638 µM, and 98 µM, respectively.  

 
(A) 

 
(B) 

 
(C) 

 
(D) 

Fig. 3. The activity of glutation peroxidase in the presence of various concentrations of 
malathion (A) and dichlorvos (B), deltamethrin (C), and λ-cyhalothrin (D). IC50 values were 

determined from these graphs. (n=5) 
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3.4 Reactivation studies: effect of PAM on the enzymes 
 
The activity of an enzyme in the control remained constant during the experiment. The 
reactivation percentage of the inhibited enzyme was calculated as the ratio of the recovered 
enzyme activity and activity in the control. For reactivation assays, only OP inhibited – enzymes 
were examined (OP pesticides; malathionR and dichlorvosR). Different pesticide concentrations 
with CAT, SOD, and GPx solutions were prepared and incubated for 15 min, then, two different 
concentrations of PAM (final concentrations of tested reactivator were 1 and 10 mM) were 
added to inhibited enzyme solutions and again incubated for 15 min for reactivation. Then, the 
activities of enzymes were measured. The reactivation percentage of the inhibited enzyme was 
calculated as the ratio of the recovered enzyme activity and activity in the control.  

The results of the reactivation experiment show that only CAT, which is inhibited by 
organophosphate pesticides, can be reactivated by PAM. GPx and SOD are not reactivated by 
PAM. Reactivation analysis graph for CAT was drawn using activity % values (Figure 4). As 
seen in Figure 4, under the exposure of 50, 100, 200, 400, 600 and 800 µM malathion 
concentrations, CAT activity % was calculated as 72; 63; 38; 10; 12 and 11 %, respectively. 
After, inhibited CAT incubated with 1 mM PAM, CAT activity % was calculated as 92; 78; 58; 
40; 35 and 31 %, respectively. When inhibited CAT incubated with 10 mM PAM, CAT activity 
% was calculated as 98; 89; 72; 57; 45 and 39 %, respectively.  

Under the exposure of 100, 200, 400, 1000, 1200 and 1500 µM dichlorvos concentrations, 
% CAT activity were calculated as 50; 38; 22; 8; 7 and 6 %, respectively. After, inhibited CAT 
incubated with 1 mM PAM, CAT activity % was calculated as 95; 89; 62; 40; 35 and 30 %, 
respectively. When inhibited CAT incubated with 10 mM PAM, CAT activity % was calculated 
as 93; 90; 65; 43; 32 and 28 %, respectively. When the results are examined, it is seen that 
increasing the PAM concentration does not significantly affect the reactivation percentage of 
the CAT enzyme. 

 
(A) 

 
(B) 

Fig. 4. Remaining Activity % vs (A) [Malathion] and (B) [Dichlorvos] reactivation analysis 
graphs for CAT in the presence of 1 mM and 10 mM PAM 

 
4. Discussion 
 
When the results obtained in the present study were examined, the concentration range of OP 
pesticides (malathion and dichlorvos) inhibited CAT, SOD, and GPx enzymes were determined 
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as 50-500 µM and 100-1500 µM, respectively. For PYR pesticides (deltamethrin and λ-
cyhaloethrin), this concentration range was determined as 2-40 µM and 250-2250 µM, 
respectively. No change in enzyme activities was detected at low and high amounts of these 
pesticide concentrations (Figure 5). It was determined that deltamethrin and λ-cyhaloethrin, 
which are PYR class pesticides, inhibited CAT activity maximum ̴ 80% - ̴ 75%, SOD activity  
 ̴ 25% - ̴ 40%, GPx activity  ̴ 85% - ̴ 80%, respectively, in the determined concentration range 
(Figure 5). When the IC50 values given in Table 3 are examined, it could be concluded that 
deltamethrin is inhibited CAT, SOD, and GPx in very low concentrations in comparison with 
the other pesticides.  

Fig. 5. Effects of malathion (A), dichlorvos (B), deltamethrin (C), λ-cyhalothrin (D) on CAT, 
SOD, and GPx activities (n=5) 

 
 When the literature was examined, it was observed that the inhibition effect of pesticides 
as environmental pollutants was investigated on some enzymes. Al-Ghanim et al. have reported 
that CAT and SOD were inhibited by fenvalerate (PYR pesticide) in vivo (Al-Ghanim et al 
2020). Gultekin et al. have shown the in vitro inhibition effect of chlorpyrifos - ethyl (OP 
pesticide) on the antioxidant enzymes; CAT, GPx, and SOD and they observed that the activity 
of all three enzymes was decreased significantly at low (0.01-0.1 g/L) and high concentration 
(0.4-100 g/L) of chlorpyrifos-ethyl (Gultekin et. al. 2000). Sadowska-Woda et al. reported that 
a significant reduction in the activities of CAT was observed at all β-cyfluthrin (PYR pesticide) 
(43-1075 ppm) concentrations, while SOD activities were significantly decreased only in 
erythrocytes incubated with the highest β-cyfluthrin concentration (Sadowska-Woda et. al. 
2010). Vasuki et al. reported that cypermethrin (PYR pesticide) caused a decrease in CAT 
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activity and an increase in SOD activity in vivo (Vasuki et. al. 2016). Kale et al. reported that a 
single dose of cypermethrin (PYR pesticide) (2500 mg/kg body wt) was administered orally to 
rats and increased oxidative stress resulted in an increase in the activity of antioxidant enzymes 
such as CAT and SOD in vivo (Kale et. al. 1999). Also, Nwamba et al. reported an in vivo study 
about the effect of pesticides on antioxidant enzymes and it was observed that dichlorvos (OP 
pesticide) (43 mg/L) increased the activity of SOD and CAT (Nwamba et. al. 2018). Decreased 
SOD, CAT, and GPx activity in in vitro studies may be attributed to direct damage to protein 
structure and increased production of H2O2. Similar to the results obtained in the literature 
studies, it was found that the OP and PYR class pesticides that we used in our study inhibited 
antioxidant enzymes.  

 When the literature was examined, it was observed that the number of in vivo studies on 
pesticides was higher than in vitro studies but more investigation of in vitro systems for 
pesticides is necessary to verify their applicability to the estimation of pesticide metabolism in 
live (Katagi 2020). On the other hand, in vitro enzyme activity studies with pesticides will lead 
to biosensor studies that can be designed for pesticide determination (Goçalves et al. 2021; Zhai 
et al. 2021; Paluzar et al. 2017). 

On the other hand, oxime based cholinesterase reactivators such pralidoxime (2-PAM), 
trimedoxime (TMB-4), obidoxime (LüH-6), asoxime (HI-6), and other agents like 
anticonvulsants (e.g. benzodiazepine) and anticholinergics (e.g. atropine) have been used as 
antidotes against OP-intoxication (Worek et. al. 2020; Antonijevic et. al. 2018; Savall et. al. 
2020). But, no study has yet been reported on the reactivation effect of PAM on OP inhibited-
antioxidant enzymes. Considering the OP inhibition with the mentioned pesticides, the in vitro 
reactivation effect of PAM on OP inhibited-antioxidant enzymes was first time experimentally 
investigated in this present study. For this, the reactivation effect of PAM was determined for 
only OP inhibited-enzymes. It was found that only inhibited CAT recovered its activity with 
PAM, although SOD and GPx were inhibited. Reactivation results of CAT were shown in 
Figure 4. When the results are examined, it is seen that increasing the PAM concentration does 
not significantly affect the reactivation percentage of the CAT enzyme. When the results are 
examined, it is seen that increasing the PAM concentration does not significantly affect the 
reactivation percentage of CAT enzyme. 
 
5. Conclusion 
 
This work has determined activity changes of CAT, SOD, and GPx during the incubation period 
to OP and PYR pesticides widely used in agriculture. The results showed that deltamethrin, a 
PYR class pesticide, was found to be a more potent inhibitor for the antioxidant enzymes 
followed by the rest of the pesticides used in this study. Additionally, only CAT is reactivated 
by PAM against OP pesticides, dichlorvosR, and malathionR. In this context, the potential doses 
of pesticides, which can create a risk for live life, have been identified. This study showed that 
malathion, dichlorvos, deltamethrin, and λ-cyhalothrin pesticides are potent inhibitors for CAT, 
SOD, and GPx enzymes and PAM can be used as a reactivator for organophosphate inhibited-
CAT enzyme. Accordingly, our findings confirmed the essential importance of conscious and 

Effects of Organophosphorus and Pyrethroid pesticides on antioxidant enzymes and 
reactivation effects of Pralidoxime: In vitro studies



inspected usage of pesticides. Additionally, this in vitro enzyme activity study with the 
pesticides will lead to biosensor studies that can be designed for pesticide determination. 
 
ACKNOWLEDGEMENTS 
 
The present study was financially supported by Trakya University Research Fund (Project No: 
TÜBAP 2012/122). We are grateful to Trakya University Research Fund for its support. 
 
References 
 
Aebi, H. (1984) Catalase in vitro. Methods in Enzimology. 105, 121-126. 
  
Al-Ghanim, K.A., Mahboob, S., Vijayaraghavan, P., Al-Misned, F.A., Kim, Y.O., Kim, 
H.J. (2020) Sub-lethal effect of synthetic pyrethroid pesticide on metabolic enzymes and 
protein profile of non-target Zebra fish, Danio rerio.  Saudi Journal of Biological Sciences. 27 
(1), 441-447. 
 
Antonijevic, E., Musilek, K., Kuca, K., Djukic-Cosic, D., Curcic, M., Miladonavic, D.C., 
Bulat, Z., Antonijevica, B. (2018) Dose-response modeling of reactivating potency of oximes 
K027 and K203 against a direct acetylcholinesterase inhibitor in rat erythrocytes. Food and 
Chemical Toxicology. 121, 224-230.  
 
Banerjee, K., Utture, S., Dasgupta, S., Kandaswamy, C., Pradhan, S., Kulkarni, S., 
Adsule, P. (2012) Multiresidue determination of 375 organic contaminants including 
pesticides, polychlorinated biphenyls, and polyaromatic hydrocarbons in fruits and vegetables 
by gas chromatography–triple quadrupole mass spectrometry with the introduction of semi-
quantification approach Journal of Chromatograph. A. 1270, 283-295. 
  
Becker, K., Seiwert, M., Angerer, J., Kolossa-Gehring, M., Hoppe, H.W., Ball, M., Schulz, 
C., Thumulla, J., Seifert, B. (2006) GerES IV Pilot Study: Assessment of the exposure of 
German children to organophosphorus and pyrethroid pesticides Int. J. Hyg. Environ. Health, 
209 (3) 221-233.  
 
Beutler, E. (1971) Red cell metabolism Manual of biochemical methods; Academic Press; Pp. 
68. Beutler, E. Eds., London. 
 
Cakmak, I., Marschner, H. (1992) Magnesium Deficiency and High Light Intensity Enhance 
Activities of Superoxide Dismutase, Ascorbate Peroxidase, and Glutathione Reductase in Bean 
Leaves. Plant Physiology. 98, 1222-1238.  
 
Christine, J.W., Joseph, J.C. (2010) Measurement of superoxide dismutase, catalase and 
glutathione peroxidase in cultured cells and tissue. Nature Protocols 5, 51-66.  
 

Hatice Paluzar, Ayten Sagiroglu



Ciscato, C.H.P., Gebara, A.B., Spinosa, H.D.S. (2014) Pesticide residues in cow milk 
consumed in São Paulo City (Brasil). J. Environ. Sci. Health Part B: Pesticicdes, Food Contam., 
Agric. Waste 37, 323–330. 
 
Coscollà, C., López, A., Yahyaoui, A., Colin, P., Robin, C., Poinsignon, Q., Yusa, V. (2017) 
Human exposure and risk assessment to airborne pesticides in a rural French community, 
Science of the Total Environment. 585, 856-868. 
 
Dhindsa, R.H., Plumb-Dhindsa, R., Thorpe, T.A. (1981) Leaf Senescence: Correlated with 
Increased Levels of Membrane Permeability and Lipid Peroxidation, and Decreased Levels of 
Superoxide Dismutase and Catalase. Journal of Experimental Botany. 32, 93-101. 
 
Eisenthal, R., Cornish, B.A. (1974) Statistical considerations in the estimation of enzyme 
kinetic parameters by the direct linear plot and other methods. Biochemical Journal 139 (3), 
721-730. 
 
Fernandes, V.C., Freitas, M., Pacheco, J.P.G., Oliveira, J.M., Domingues, V.F., Delerue-
Matos, C. (2018) Magnetic dispersive micro solid-phase extraction and gas chromatography 
determination of organophosphorus pesticides in strawberries. Journal of chromatography A. 
1556, 1-12. 
 
Fortes, C., Mastroeni, S., Pilla, M.A., Antonelli, G., Lunghini, L., Aprea, C. (2013) The 
relation between dietary habits and urinary levels of 3-phenoxybenzoic acid, a pyrethroid 
metabolite Food Chem. Toxicol. 52, 91-96.  
 
Gibbs, J.L., Yost, M.G., Negrete, M., Fenske, R.A. (2017) Passive Sampling for Indoor and 
Outdoor Exposures to Chlorpyrifos, Azinphos-Methyl, and Oxygen Analogs in a Rural 
Agricultural Community. Environmental Health Perspective. 125 (3) 333-342.  
 
Glorennec, P., Serrano, T., Fravallo, M., Warembourg, M., Monfort, C., Cordier, S., Viel, 
J.F., Le Gléau, F., Le Bot, F., Chevrier, C. (2017) Determinants of children's exposure to 
pyrethroid insecticides in western France. Environ. Int. 104, 76-82. 
 
Gonçalves, A.M.M., Rocha, C.P., Marques, J.C.,  Gonçalves, F.J.M. (2021) Enzymes as 
useful biomarkers to assess the response of freshwater communities to pesticide exposure – A 
review. Ecological Indicators. 122, 107303. 
 
Gultekin, F., Ozturk, M., Akdogan, M. (2000) The effect od organophosphate insecticide 
chlorpyrifos-ethyl on lipid peroxidation and antioxidant enzymes (in vitro) Archives of 
Toxicology. 74, 533-538. 
 
Han, J., Zhou, L., Luo, M., Liang, Y., Zhao, W., Wang, P., Zhou, Z., Liu, D. (2017) 
Nonoccupational Exposure to Pyrethroids and Risk of Coronary Heart Disease in the Chinese 
Population Environmental Science & Technology. 51, 664-670. 

Effects of Organophosphorus and Pyrethroid pesticides on antioxidant enzymes and 
reactivation effects of Pralidoxime: In vitro studies



 
Held, P. (2001) The Importance of Using the Appropriate Microplate for Absorbance 
Measurements in the Ultraviolet Region of the Spectrum. Application Note, BioTek 
Instruments, Winooski, VT. 
 
Isık, S., Kockar, F., Ozensoy, O., Arslan, O. (2004) Differential in vitro effects of some 
pesticides on carbonic anhydrase activities from some freshwater and seawater fish erythrocytes 
Fresen. Environ. Bull. 13 (1), 25-31.  
 
Jokanovic, M. (2001) Biotransformation of organophosphorus compounds. Toxicology. 166 
(3), 139-160.  
 
Kale, M., Rathore, N., John, S., Bhatnagar, D. (1999) Lipid peroxidative damage on 
pyrethroid exposure and alterations in antioxidant status in rat erythrocytes: possible 
involvement of reactive oxygen species. Toxicology Letters. 105 (3), 197-205. 
 
Katagi, T. (2020) In vitro metabolism of pesticides and industrial chemicals in fish. Journal of 
Pesticide Science. 45(1), 1–15. 
  
Kitagawa, D.A.S., Cavalcante, S.F.A., dePaula, R.L., Rodrigues, R.B., Bernardo, L.B., 
daSilva, M.C.J., daSilva, T.N., dos Santos, W.V., Granjeiro, J.M., de Almeida, J.S.F.D., 
Barcellos, M.C., Correa, A.B.A., França, T.C.C., Kuča, K., Simas, A.B.C. (2019) In Vitro 
Evaluation of Neutral Aryloximes as Reactivators for Electrophorus eel Acetylcholinesterase 
Inhibited by Paraoxon. Biomolecules. 9 (10), 583-598.  
 
Kobrlova, T., Korabecnya, J., Soukup, O. (2019) Current approaches to enhancing oxime 
reactivator delivery into the brain. Toxicology. 423, 75-83. 
  
Koureas, M., Tsakalof, A., Tsatsakis, A., Hadjichristodoulou, C. (2012) Systematic review 
of biomonitoring studies to determine the association between exposure to organophosphorus 
and pyrethroid insecticides and human health outcomes. Toxicology Letters. 210, 155-168.  
 
Lowry, O.H., Rosebrough, N.J., Farra, N.J., Randall, R.J. (1951) Protein measurement with 
the Folin phenol reagent. The Journal of Biological Chemistry. 193(1), 265-275. 
 
Manzoor, F., Zafar, A., Iqbal, I. (2016) Heterotermesindicola (Wasmann) (Isoptera: 
Rhinotermitidae) responses to extracts from three different plants. Kuwait J. Sci.43 (3), 128-
134. 
 
McKone, T.E., Castorina, R., Harnly, M.E., Kubawara, Y., Eskenazi, B., Bradman, A. 
(2007) Merging Models and Biomonitoring Data to Characterize Sources and Pathways of 
Human Exposure to Organophosphorus Pesticides in the Salinas Valley of California Environ. 
Sci. Technol. 41 (9), 3233-3240. 
  

Hatice Paluzar, Ayten Sagiroglu



Mercier, F., Glorennec, P., Thomas, O., Bot, B.L. (2011) Organic Contamination of Settled 
House Dust, A Review for Exposure Assessment Purposes. Environmental Science and 
Technology. 45, 6716-6727.  
 
Nwamba, H.O., Achikanu, C.E., Chukwu, G.P. (2018) The impact of dichlorvos-pesticide 
on African catfish clarias gariepinus. Oceanography and Fisheries. 8 (4), 555745. 
  
Palüzar, H., Özcan, H.M. (2017) Katalaz Temelli PANI Biyosensörü ile Deltametrinin 
Belirlenmesi. Süleyman Demirel Üniversitesi Fen Bilimleri Enstitüsü Dergisi. 21 (2) 644-651. 
 
Quinn, D., Topczewski, J., Yasapala, N., Lodge, A. (2017) Why is Aged Acetylcholinesterase 
So Difficult to Reactivate?. Molecules. 22 (9), 1464. 
 
Sadowska-Woda, I., Wójcik, N., Karowicz-bilińska, A., Bieszczad-bedrejczuk, E. (2010) 
Effect of selected antioxidants in β-cyfluthrin-induced oxidative stress in human erythrocytes 
in vitro. Toxicology in Vitro. 24(3), 879-884.  
 
Savall, A.S.P., Fidélis, E.M., Gutierrez, M.E.Z., Martins, B.B., Gervini, V.C., Puntel, R.L., 
Roos, D.H., Ávila, D.S., Pinton, S. (2020) Pre‐clinical evidence of safety and protective effect 
of isatin and oxime derivatives against malathion‐induced toxicity Basic & Clinical 
Pharmacology & Toxicology. 126, 399-409.  
 
Snedecor, G.W., Cochran, W.G. (1980) Statistical Methods. Pp. 143. Iowa State University 
Press, Ames. 
 
Soares, S., Rosado, T., Barroso, M., Vieira, D.N., Gallardo, E. (2019) Organophosphorus 
pesticide determination in biological specimens: bioanalytical and toxicological aspects. 
International Journal of Legal Medicine. 133, 1763-1784. 
 
Sousa, S., Maia, M.L., Correira-Sá, L., Fernandes, V.C., Delerue-Matos, C., Calhau, C., 
Domingues, V.F. (2020) Chemistry and Toxicology Behind Insecticides and Herbicides. 
Volova (Eds.). Controlled Release of Pesticides for Sustainable Agriculture, Pp. 59. Springer, 
Cham. 
 
Tang, W., Wang, D., Wang, J., Wu, Z., Li, L., Huang, M., Xu, S., Yan, D. (2018) Pyrethroid 
pesticide residues in the global environment: An overview Chemosphere. 191, 990-1007.  
 
Tsatsakis, A.M., Tsakiris, I.N., Tzatzarakis, M.N., Agourakis, Z.B., Tutudaki, M. (2003) 
Three-year study of fenthion and dimethoate pesticides in olive oil from organic and 
conventional cultivation. Food Addit. Contam.20 (6), 553-559.  
 
Turan, Y., Arslan, O., Kockar, F. (2002) The inhibitory effects of some pesticides on human 
erythrocyte carbonic anhydrase activity (in vitro). Fresen. Environ. Bull. 11 (1), 14-21  
 

Effects of Organophosphorus and Pyrethroid pesticides on antioxidant enzymes and 
reactivation effects of Pralidoxime: In vitro studies



Van den Dries, M.A., Pronk, A., Guxens, M., Spaan, S., Voortman, T., Jaddoe, V.W., 
Jusko, T.A., Longnecker, M.P., Tiemeier, H. (2018) Determinants of organophosphate 
pesticide exposure in pregnant women: A population-based cohort study in the Netherlands. 
Int. J. Hyg. Environ. Health. 221 (3), 489-501. 
 
Vasuki, S., Karthi, S., Shivakumar, M.S. (2016) Effect of Cypermethrin Induced Antioxidant 
Enzymes Systems in Response to Melatonin Administration in Drosophila Melanogaster. Free 
Radicals and Antioxidants. 6 (2), 167-181.  
 
Wongmaneepratip, W., Yang, H. (2020) Investigating the migration of pyrethroid residues 
between mung bean sprouts and growth media. Food Chemistry. 343, 128480.  
 
Worek, F., Thiermann, H., Szinicz, L., Eyer, P. (2004) Kinetic analysis of interactions 
between human acetylcholinesterase, structurally different organophosphorus compounds and 
oximes. Biochem. Pharmacol. 68 (11), 2237-2248.  
 
Worek, F., Thiermann, H., Wille, T. (2020) Organophosphorus compounds and oximes: a 
critical review. Archives of Toxicology. 94, 2275-2292.  
 
Zhai, R., Chen, G., Liu, G., Huang, X., Xu, X.M., Li, L., Zhang, Y., Wang, J., Jin, M., Xu, 
D., Abd El-Aty, A.M. (2021) Enzyme inhibition methods based on Au nanomaterials for rapid 
detection of organophosphorus pesticides in agricultural and environmental samples: A review. 
Journal of Advanced Research. https://doi.org/10.1016/j.jare.2021.08.008. 
 
 
Submitted:  12/01/2021 
Revised:   31/01/2021 
Accepted:   15/09/2021 
DOI:    10.48129/kjs.11847 

Hatice Paluzar, Ayten Sagiroglu



Nimesulide derivatives reduced cell proliferation against breast and ovarian cancer: 
synthesis, characterization, biological assessment, and crystal structure. 
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Abstract 

New nimesulide derivatives (A1-A6) were synthesized and investigated by IR, 1H NMR, 13C 
NMR, melting point, elemental analysis, mass spectra, and DSC analysis. Agent A3 single crystal 
was grown and solved in a monoclinic crystal system with Cc. Heat shock protein 27 (HSP27) and 
tubulin are essential cellular proteins for normal cell division and growth. In addition, these 
proteins are expressed highly in cancer cells. Breast cancer (SKBR3) and ovarian cancer (SKOV3) 
cell lines are our models for biological assessment. The data revealed that nimesulide analogs 
showed high cytotoxicity when treated with SKBR3 cell line ranges from 0.22 µM to 12.0 µM, 
while SKOV3 cell line from 0.1 µM to 16.0 µM. In-depth, structure-activity relationship applied 
to nimesulide lead structure highlights the importance of a bulk moiety in position two that reduces 
cell proliferation in both cell lines.  

Keywords: Breast cancer; crystal structure; HSP27; nimesulide derivatives; tubulin. 

1. Introduction

HSP27 expression is affected by stress conditions such as chemotherapy drugs (Ferms et al., 2006; 
Jego et al., 2013; Jaragh-Alhadad, 2018; Venugopal et al., 2019). Over-expression of HSP27 in 
cancer cells causes an anti-apoptotic mechanism (Arya et al., 2007; Garrido et al., 2006; Paul et 
al., 2010) and cancer cell survival to lethal levels (Lianos et al., 2015; Vidyasagar et al., 2012) and 
metastasis (Pavan et al., 2013; Zhao et al., 2012). Preventing the function of HSP27 can promote 
cell apoptosis. Clinically, HSP27 is expressed in tumor cells more than benign cells (Langdon et 
al., 1995) such as breast (Vargas-Roig et al., 1998; Kim et al., 2011) and ovarian cancers (Jaragh-
Alhadad, 2018; Jaragh-Alhadad et al., 2021; Zhao et al., 2012). Nowadays, studies target HSP27 
using OGX agents to reduce the cellular stress in both breasts (Zoubeidi & Gleave, 2012) and the 
prostate (Lamoureux, 2014; Voll et al., 2014) cancers. HSP27 inhibition is an attractive therapeutic 
approach for future treatment because of its association with cell proliferation and survival (Jaragh-
Alhadad 2018; Jaragh-Alhadad et al., 2021; Kaigorodova et al., 2014; Kim. et al., 2011).    

Tubulin is a molecular target in cancer because it is associated with cell signaling, mitosis, 
movement, trafficking, and architecture (Parker et al., 2014; Philippa & Daniel, 2013; Jaragh-
Alhadad et al., 2021). Clinically, the docetaxel drug is used for breast cancer treatment (Lyseng-
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Williamson et al., 2005) either in a single treatment or incorporated with other agents. But some 
patients face drug resistance after the initial treatments (Philippa & Daniel, 2013). Classical tubulin 
inhibitors cause cell cycle instability and then induce apoptosis (Li & Sham, 2002; Jaragh-
Alhadad et al., 2021) especially, in solid tumors (Parker et al., 2014). Overexpression of tubulin 
in ovarian cancer patients causes poor survival rates, so the synthesis of new agents is urgently 
required (Jaragh-Alhadad et al., 2021; Roque et al., 2014). This highlights tubulin as a novel 
therapeutic target for cancer treatments (Giannakakou et al., 2000; Jackson et al., 2007; Kanthou 
& Tozer 2009 ; Parker et al., 2014).          

It is a perfect strategy to treat breast and ovarian cancer cells with nimesulide derivatives to 
target multi-cellular proteins in one shot (Jaragh-Alhadad 2018; Jaragh-Alhadad et al., 2021). 
Previously in our project, agents were synthesized to target the functions of two proteins HSP27 
and tubulin, and the results were potent and showed cancer cell growth inhibition (Jaragh-
Alhadad et al., 2021). The new derivatives in the present study examined SKBR3 and SKOV3 as 
surrogate models, and the results were promising.   

2. Experimental

2.1 Material and methods 

All chemical analyses were tested and analyzed; at Kuwait University Research Sector Project 
Unit - RSPU. 1H and 13C nuclear magnetic resonance spectra possessed using NMR 
spectrophotometer Bruker, DPX 600 at 600 MHz and 150 MHz in DMSO and CDCL3. Mass 
spectra; had been received by the GC- MS DFS-Thermo spectrometer, while IR spectra from a 
Jasco 6300 FT-IR. The DSC curves were recorded on Netzsch DSC 204F1 Phoenix 240-12-0274-
L. The single-crystal X-ray diffraction analysis was solved and refined using the Bruker
SHELXTL software package.

Nimesulide derivatives were designed and synthesized in our laboratory. All chemicals and 
solvents used for the synthesis were commercially available and were used directly without further 
preparation. 

2.2 Single-crystal data collection and structure refinement 

The crystal structure of A3 was grown by dissolving 15.0 mg of it in 1 ml of hot ethanol. Parafilm 
covered the solution, including holes to allow slow evaporation. A crystal was grown and 
diffracted within a week by the Bruker SHELXTL Software Package-narrow-frame algorithm. 
The multi-Scan method (SADABS) determined the data of the absorption. The ratio of minimum/ 
maximum apparent transmission was equal to 0.571. The calculated minimum and maximum 
transmission coefficients (based on crystal size) are 0.1970 and 0.5840. 
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2.3 Synthesis of N-(4-amino-2-((2,5-dimethoxybenzyl)oxy)phenyl)methane-sulfonamide and its 
derivatives. 

2-Amino-5-nitrophenol (0.154 g; 1 mmol) used as our starting material in (Scheme 1), mixed with
2-(chloromethyl)-1,4-dimethoxybenzene (0.186 g; 1 mmol) with K2CO3 (0.138 g; 1 mmol) and
DMF overnight. In the next step, both sodium hydride (0.12 g; 5 mmol) and methane sulfonyl
chloride (0.114 g; 1 mmol) was added to compound (A) in dry DMF at room temperature to obtain
compound (B) within an hour. Then, FeCl3 was added (0.648 g; 4 mmol) with DMF and water and
kept stirring for 15 minutes. Then, adding Zn (6.5 g; 10 mmol) to the solution to reduce the nitro
group to an amine group to obtain compound (C). Then, different moieties such as 4-bromobenzoyl
chloride, 4-iodobenzoyl chloride, and 4-methoxybenzoyl chloride were added to compound (C) (1
mmol) with K2CO3 and 1:4 dioxane to obtain the final compounds A1-A3. Synthesis steps carried
at room temperature, ligands were precipitated, filtered off, and recrystallized from hot ethanol.
Specifically, A3 was grown as a single crystal diffracted.

(A1) (A2) (A3) 

Scheme 1. Synthesis of N-(4-amino-2-((2, 5-dimethoxy benzyl)oxy)phenyl)methane 
sulfonamide and its derivatives. 
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2.4 Synthesis of N-(4-amino-2-((2,5-dimethoxy benzyl)oxy) phenyl)-1,1,1-trifluoro methane 
sulfonamide and its derivatives. 

Step one in scheme 1 is the same. The second step, methane sulfonyl chloride; is replaced by the 
compound trifluoromethane sulfonyl chloride until we get compound (D), followed by a 
methylation step with methyl iodide (0.141 g; 1 mmol), sodium hydride (0.12 g; 5 mmol), and 
DMF to produce compound (E). Then, reducing the nitro group to the amine group to obtain 
compound (F). Different moieties such as 2-naphthoyl chloride, 3,4-dimethoxybenzoyl chloride, 
and 4-iodobenzoyl chloride added with (1 mmol), K2CO3, 1:4 dioxane were substituted on 
compound (F) (1 mmol) to obtain the final agents A4-A6 (Scheme 2). 

(A4)                                  (A5)                               (A6) 
Scheme 2. Synthesis of N-(4-amino-2-((2,5-dimethoxy benzyl) oxy) phenyl)-1,1,1-trifluoro-N-

methylmethanesulfonamide and its derivatives. 

2.5 Biological studies: cell culture and cell viability 

Breast cancer cell line SKBR3 and ovarian cancer cell line SKOV3 were Breast cancer (SKBR3) 
and ovarian cancer (SKOV3) cell lines from ATCC (Rockville, MD). RPMI1640 medium 
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supplemented with 10% fetal bovine serum (FBS), used to maintain the cells, two mmol/L L-
glutamine; 1 mmol/L sodium pyruvate, 100 U/mL penicillin-streptomycin. FBS heated to 
inactivate it for 30 min in a 56 °C water bath before use. Cell cultures were grown 5% CO2 
incubator (Bridgeport N.J.). MTT assay was applied using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H- tetrazolium bromide assay in six replicates.  

Cells were grown in RPMI1640 medium in 96-well, flat-bottomed plates for 24 h; and were 
exposed to various concentrations of the agents dissolved in DMSO (final concentration ≤0.1%) 
in media for 48 hr. The medium was removed, replaced by 200 μL of 0.5 mg/ml of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide in new media followed by incubation 
for two hrs. Supernatants; were removed, followed by DMSO addition 200 μL/well. The plate 
reader; was used to determine the absorbance at 570 nm. Statistical and graphical information was 
determined using GraphPad Prism software (GraphPad Software Incorporated) and Microsoft 
Excel (Microsoft Corporation). IC50 values were determined using nonlinear regression analysis.  

3. Results and discussion 
 
In the present study, six nimesulide derivatives were designed, synthesized, and 
characterized. Table 1 summarizes the agents’ chemical formulae, physical properties, elemental 
analysis, and molecular weight obtained from mass spectra. Anticancer agents were characterized 
by IR, 1H NMR, 13C NMR, melting point, and DSC analysis. Molecular weight was confirmed 
using the GC-MS technique. Additionally, agent A3 single crystal was obtained and 
crystallographically solved as shown in (Structure 1). Furthermore, the biological assessment 
targeting both HSP27 and tubulin proteins against breast and ovarian cancer cell lines showed 
promising anticancer activities based on specific essential bulk moieties. 
 

Table 1. Molecular weight and elemental analysis of (A1-A6) agents. 

Compound, 
Empirical formula  

M.W., m/e 
Calcd. 
(Found)  

Color M.P., o 

C 
C% Calcd. 
(Found) 

H% 
Calcd. 
(Found) 

N% 
Calcd. 
(Found) 

S% Calcd. 
(Found) 

A1 
C23H23BrN2O6S 

535.41 
(535.02) 

Pale 
yellow 

218-
220 

51.60 
(51.64) 

4.33 
(4.31) 

5.23 
(5.25) 

5.99 
(5.95) 

A2 
C24H26N2O7S 

486.54 
(486.12) Paige 231-

234 
59.25 
(59.24) 

5.39 
(5.40) 

5.76 
(5.75) 

6.59 
(6.57) 

A3 
C23H23IN2O6S 

582.41 
(582.39) Paige 225-

227 
47.43 
(47.42) 

3.98 
(3.96) 

4.81 
(4.80) 

5.51 
(5.52) 

A4 
C26H27F3N2O8S 

584.56 
(585.09) 

Pale 
yellow 

151-
153 

53.42 
(53.40) 

4.66 
(4.64) 

4.79 
(4.78) 

5.49 
(5.47) 

A5 
C24H22F3IN2O6S 

650.41 
(651.03) Paige 175-

177 
44.32 
(44.34) 

3.41 
(3.42) 

4.31 
(4.33) 

4.93 
(4.92) 

A6 
C28H25F3N2O6S 

574.57 
(575.16) 

Pale 
yellow 

187-
188 

58.53 
(58.49) 

5.39 
(5.36) 

4.88 
(4.84) 

5.58 
(5.53) 
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3.1 Crystal structure of N-(3-((2,5-dimethoxy benzyl) oxy)-4-(methylsulfonamido) phenyl)-4-
iodobenzamide (A3). 
 
The asymmetric unit of A3 contains two molecules having the same chemical structure but 
different conformations. One conformer shows all aromatic fragments lying almost in the same 
plane. At the same time, in the other conformer, the 4-iodophenyl moiety is oriented perpendicular 
(80.8o) to the plane of the other two phenyl moieties. The different conformational features of these 
two structures are demonstrated in (Figure 1) where both conformers are overlaid. The crystal 
packing showed conformers intercalated together, as shown in supporting information. The crystal 
packing is stable by efficient H-bonding and non-bonding interactions among adjacent molecules. 
In addition to p-p interactions among the same types of conformers, there are C-H…p interactions 
between the iodophenyl moieties of different conformations in the crystal network (Figure 2) (Al-
Azmi and Mickey 2020). 
 

N-(3-((2,5-dimethoxybenzyl)oxy)-4-(methylsulfonamido)phenyl)-4-iodobenzamide, (A3) 
is a clear colorless block with the formula C23H23IN2O6S and has a molecular weight of 582.39 
(Structure 1). It belongs to a monoclinic system with C 1 c 1 space group, as shown in (Table 2). 
The estimated cell parameters are: a = 54.42(2) Å, b = 4.98(3) Å, c = 18.02(10) Å, α= 90°, ß = 
108.17(3)°, γ = 90°. The O4-C16 bond length (1.19 Å) is typical of a delocalized π electron system 
(1.20 Å). The bond length of S2-O11 and S2-O12 are (1.413; 1.435 Å), which are within the values 
of the double bond. The bond length of N1-C15 and N2-C12 are almost equal (1.41 and 1.40 Å), 
while the bond length of I1-C20 is 2.03 Å (Table 3).  

 

 

Structure 1. X-ray crystal structure of agent A3. 
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Fig. 1. Crystal structure of A3 molecule showing both conformers overlaid to each other. The 
green-colored conformer has all phenyl groups lying in the same plane, and the multicolored 

conformer is the structure with 4-iodophenyl fragment oriented almost perpendicular to the plane 
of the other two phenyl moieties. 

 

 

Fig. 2. The Crystal network of A3 molecules showed p-p interactions between 4-iodophenyl 
moieties of similar conformers and C-H…p interactions between the iodophenyl moieties of 

different conformers. 
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Table 2. Data collection and refinement for A3. 

Identification code A3 

Empirical formula C23H23IN2O6S 

Formula weight 582.39 

Temperature/K 296(2) 

Crystal system monoclinic 

Space group Cc 

a/Å 54.418(3) 

b/Å 4.9805(3) 

c/Å 18.0143(11) 

α/° 90 

β/° 108.145(3) 

γ/° 90 

Volume/Å3 4639.6(5) 

Z 8 

ρcalcg/cm3 1.668 

μ/mm-1 12.057 

F(000) 2336.0 

Crystal size/mm3 0.2 × 0.15 × 0.05 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 9.822 to 130.102 

Index ranges -63 ≤ h ≤ 63, 0 ≤ k ≤ 5, -20 ≤ l ≤ 20 

Reflections collected 6123 

Independent reflections 6123 [Rint = ?, Rsigma = 0.0936] 

Data/restraints/parameters 6123/2/602 

Goodness-of-fit on F2 1.049 

Final R indexes [I>=2σ (I)] R1 = 0.0832, wR2 = 0.2273 

Final R indexes [all data] R1 = 0.1012, wR2 = 0.2435 

Largest diff. peak/hole / e Å-3 2.22/-0.94 

Flack parameter 0.278(7) 
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Table 3. Bond lengths (Å) and bond angles for A3. 

Bond Length, Å Bond Length, Å 

S1-O5 1.413(18) S2-O12 1.435(17) 

S1-N1 1.626(14) O3-C9 1.42(3) 

N1-C15 1.41(3) N2-C12 1.41(3) 

O4-C16 1.19(3) O3-C10 1.41(3) 

I1-C20 2.03(2) S1-C23 1.74(3) 

O1-C1 1.24(3) O2-C4 1.39(4) 

Bond Angle, o Bond Angle, o 

I1-C20-C21 118.0(15) C16-N2-C12 123.9(17) 

C12-N2-H 118.0 C15-N1-S1 128.2(14) 

N1-S1-O6 108.3(9) N1-S1-O5 107.2(11) 

N1-S1-C23 106.8(12) C10-C3-C9 116.2(14) 

C1-O1-C7 115.(2) C4-O2-C8 121.(3) 

C9-O3-C10 116.2(14) C6-C9-O3 109.3(16) 

3.2 Nuclear magnetic resonance (1H NMR and 13C NMR). 

The 1H NMR spectra of (A1-A6); were tested in DMSO at 25oC (Table 4). The spectra of agents 
A1-A2 (Figures S1 & S2) showed the same signals at 2.86-2.88, 5.09, 3.76-3.73, 7.93-6.88 ppm 
due to spectrum of CH3 (sulphonyl), CH2, OCH3, and Ar-H while signals at 10.37-10.14 and 9.01-
8.97 ppm due to the peak of NH (sulphonyl) and NH (carbonyl) respectively. While the spectra of 
agents A4-A6 (Figures S3-S5) show signals at 3.36-3.40 ppm due to CH3 (nitrogen) and only one 
band for NH (carbonyl) at 10.06, 7.97, and 10.04 ppm. On the other hand, the 13C NMR spectra 
(Figures S6-S10) showed peaks at 164.49, 153.17, 138.40, 105.21, and 66.33 ppm due to C=O, C-
O, C-N, C=C, and CH3. In the 1H NMR spectra for Ligands (A1-A6), NH (carbonyl) peak showed 
a signal for one proton, which is a piece of evidence that the reaction occurred and HCl left proved 
previously in (Jaragh-Alhadad et al., 2021). 
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Table 4. 1H and 13C NMR signals of the agents. 

Agent 
 

NH(S) 
NH(C) 

Ar-H CH2 OCH3 CH3(S) 
CH3(N) 

13C signals 

A1 10.37 (s, 1H) 
9.01 (s, 1H) 

7.93-6.88 
(m,10H) 

5.09 
(s,2H) 

3.76-3.73 
(d,6H) 

2.88 (s,3H) 
--- 

164.49 (C=O) 
153.17 (C-O) 
138.40 (C-N) 
105.21 (C=C) 

   66.33 (CH3) 

A2 10.14 (s,1H) 
8.97 (s,1H) 

7.97-6.87 
(m,10H) 

5.08 
(s,2H) 

3.84-3.73 
(t, 9H) 

2.86 (s,3H) 
--- 

164.85 (C=O) 
153.17 (C-O) 
138.90 (C-N) 
105.08 (C=C) 

   64.87 (CH3) 

A4 --- 
10.06 (s,1H) 

7.80-6.89 
(m,9H) 

5.13 
(s,2H) 

3.86-3.73 
(m,12H) 

--- 
3.36 (s,3H) 

165.13 (C=O) 
154.81 (C-O) 
141.74 (C-N) 
105.21 (C=C) 

   65.04 (CH3) 

A5 --- 
7.97 (s,1H) 

7.84-6.84 
(m,10H) 

5.14 
(s,2H) 

3.82-3.72 
(t,6H) 

--- 
3.40 (s,3H) 

165.23 (C=O) 
156.01 (C-O) 
140.20 (C-N) 
105.69 (C=C) 

   67.29 (CH3) 

A6 
--- 

10.04 (s,1H) 
8.59-6.89 
(m,13H) 

5.15 
(s,2H) 

3.80-3.56 
(t,6H) 

--- 
3.36 (d,3H) 

165.81 (C=O) 
154.87 (C-O) 
141.65 (C-N) 
105.25 (C=C) 

    66.33 (CH3) 

 

3.3 Infrared spectra analysis 
 
The major IR bands of agents A1-A6; are listed in (Table 5); their spectrum showed bands at 
(3276-3382), (1641-1658), (1592-1604), (1216-1232), (755-761), 755 and 748 cm-1 attributed to 
ν(NH), ν(C=O), ν(C-N), ν(C-O), ν(C-Br) and ν(C-I) respectively (Figures S11-S15). The 
appearance of (SO2) bands at 1382 cm-1 due to ν3 asymmetric stretching (1174-1184 cm-1) for ν1, 
and the v2 bending region at 507–512 cm-1 (Song et al., 2005). 
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Table 5. IR spectral data (cm-1) of agent A1-A6. 

Agent ν(NH) ν(C=O) ν(C-N) ν(C-O)     ν(SO2) ν(C-X) 

A1 3345br 
3276br 1641s 1604m 1216m 1382w,1184w, 

      512m 755m 

A2 3278br 1641s 1604s 1218m 1382m,1182w, 
      514m     -- 

A4 3282br 1650m 1596m 1232m 1382m,1184w, 
      507w     -- 

A5 3324br 1658s 1592s 1216m 1390s,1180m, 
      509m  748w 

A6 3316br 1654s 1602m 1218w 1390s, 1174m, 
     507w    -- 

X= Br, I 

3.4 DSC Thermal analysis.  
 
DSC provides the most direct, comprehensive approach for monitoring and interpreting binding 
interactions involving biological macromolecules. DSC is generally used to measure the partial 
molar heat capacity over a temperature range of approximately 80 ºC. If a ligand binds to the 
protein native state, the temperature at which the protein-ligand complex denatures will be higher 
than the temperature at which the free protein unfolds. DSC thus provides a direct measure of 
whether ligand binding to a protein is stabilizing or destabilizing. Our agents showed different 
behaviors in the DSC (Figures S16-S20). The sharp endothermic peaks vary between 150–250°C, 
and broad exothermic peaks vary between 300–450°C. The first endothermic peak corresponds to 
the melting of the Agents, while the second peak represents its decomposition. 
 
3.5 Mass spectra analysis of agent A1-A6. 
 
The mass spectrum of agent A1 (Figure S21) showed a molecular peak at m/z = 535.02 (Calcd. 
535.41). The other positive ions give peaks at 456 (5%), 184 (20%), 151 (100%), 121 (75%), 91 
(15%) mass numbers. The spectrum of agent A2 (Figure S22) showed a signal at m/z = 486.12 
(Calcd. 486.54) with 25% abundance. The peaks at 407, 375, 151, 135,121, and 77 are due to the 
degradation of its species. On the other hand, the MS of agent A4 (Figure S23) represented 
fragmentation patterns corresponding to the degradation, the first peak at 585.09 (Calcd. 584.56) 
in agreement with the molecular ion of the agent, and the peaks appeared at 585 (17%), 451, 236 
(5%), 151 (100%), 121 (20%) and 69 (10%) mass numbers. The spectrum of agent A5 (Figure 
S24) displayed multi peaks representing sequential degradation, the molecular peak at m/z = 651 
(Calcd. 650.41) with 10% abundance. Also, there are peaks at 230, 151, 121, and 91 mass numbers. 
Agent A6 MS spectra (Figure S25) showed a peak at 575 with abundance (20%) agreement with 
calculated molecular weight (574.57), and the other peaks at 441, 151, 121, and 91 represented 
degradations of the compound. The common ion peak appeared in all spectra at m/e = 151 (calcd 
154.12), representing the stable species [C6H6N2O3] with 100% abundance. 
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3.6 Structure-activity relationship and the biological assessment of the agents 
 
New derivatives of nimesulide targeted both HSP27 and tubulin functions. The new agents in 
group I and group II inhibited women's cancers cell proliferation at sub-molar levels and showed 
potent anti-cancer activity (Table 6). In group I, moieties on positions 1, 2 & 3 are fixed, while 
different moieties are substituted into position 4 (moiety A1: 4-bromophenyl; A2: 4-
methoxyphenyl; A3: 4-iodophenyl). The data showed that the IC50s of cell growth inhibition in 
breast cancer (SKBR3) cell line of agents A1, A2 & A3 ranges from 10.0 μM to 11.0 μM. While, 
in the ovarian cancer (SKOV3) cell line, agents A1, A2 & A3 range from 5.0 μM to 16.0 μM. 
These agents showed promising anticancer activity in breast and ovarian cancer due to the essential 
bulk group in position four. 
 

In group II, moieties on positions 1, 2 & 3 kept the same while different moieties substituted 
into position 4 (moiety A4: 3,4-dimethoxyphenyl; A5: 4-iodophenyl; A6: 4-napthayl). The data 
revealed that the IC50s of cell growth inhibition in breast cancer cell line (SKBR3) of agents A4, 
A5 & A6 range from 0.22 μM to 0.55 μM. While, in ovarian cancer cell-line (SKOV3), agents A4, 
A5 & A6 range from 0.19 μM to 0.30 μM. Group II moieties' induced apoptosis more than group 
I. Generally, the data confirmed that -NH moiety reduced the anticancer activity, while the -CH3 
moiety increased the anticancer effect in position two. Our synthesized agents showed promising 
results. Table 6 Biological assessment of SKBR3 and SKOV3 cell lines. IC50: half inhibition 
concentration- in vitro assessment. 

 
Previously, copper conjugated nimesulide was synthesized and characterized to target the 

pancreatic cancer cells and the data were promising (Ambike et al., 2007). Moreover, nimesulide-
loaded nanoparticles were used to treat of prostate cancer and the results showed high cytotoxic 
activities (Huerta et al., 2015). A series of nimesulide derivatives targeted cellular protein HSP27 
and HER2 receptor in ovarian cancer cell lines: OVCAR3, HEY1B and SKOV3. The results 
indicated that down regulation of HSP27 in SKOV3 cells stabilized HER2 receptor expression 
through HER2 pathway (Jaragh-Alhadad 2018). In 2020, ovarian cancer (SKOV3 cell line) was 
targeted with nimesulide analogues conjugated to cholesterol loaded into low density lipoproteins 
as drug delivery strategy and the results were promising (Alhadad et al., 2020).  

 
In addition, a research study using nimesulide analogues targeting dual proteins HSP27 and 

HER2 encapsulated into low density lipoprotein as a vehicle to mimic the native low-density 
lipoproteins metabolic pathway and the research data were potent (Jaragh-Alhadad 2021). 
Recently, new modifications were implemented on the nimesulide skeleton to target cellular 
proteins tubulin and HSP27 in breast (SKBR3) and ovarian (SKOV3) cancer cell lines and the 
cell's growth inhibition was below two and three µM, respectively (Jaragh-Alhadad et al., 2021). 
Furthermore, those research studies showed how nimesulide and its derivatives are potent 
anticancer agents. 
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Table 6. Biological assessment of SKBR3 and SKOV3 cell lines. 

Agent. I 

 

IC50 to inhibit 
SKBR3 cell 

growth 
µM 

IC50 to inhibit 
SKOV3 cell 

growth  
µM 

A1 
 

 

10.2 ± 3.33  16.9±5.2 

A2 
 

 

12.5 ± 6.01 µM 7.75±3.1 

A3 

 

11.7 ± 3.33 µM 5.58±0.9 

 
Agent. 

II 

 

IC50 to inhibit 
SKBR3 cell 

growth 
µM 

IC50 to inhibit 
SKOV3 cell 

growth  
µM 

A4 

 

 
0.44±0.13 µM 

 
0.30±0.09 

A5 

 

 
0.55±0.25 µM 

 
0.19±0.07 

A6 

 

 
0.22±0.09 µM 

 
0.29±0.12 

IC50: half inhibition concentration- in vitro assessment. 
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4. Conclusion 

Nimesulide drug is known for its antiproliferation activity. Therefore, new nimesulide derivatives 
were designed, synthesized, characterized, and biologically invitro evaluated on SKBR3 and 
SKOV3 women cancer cell lines. The structure-activity relationship highlights the importance of 
position two in groups I and II, which must occupy with -CH3 for better biological activity. Shortly, 
new agents with new modifications on nimesulide skeleton were potent targeting female cancers. 
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Appendix A: Supplementary Material 
Single-crystal data for compound N-(3-((2,5-dimethoxy benzyl) oxy)-4-(methylsulfonamido) 
phenyl)-4-iodobenzamide, is deposited at Cambridge Crystallographic Data Centre (CCDC) under 
number 2112456. Additionally, NMR, IR, DSC, and mass figures found in supplementary file. 
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Abstract 

Herein, this article aimed to investigate the tendency of tris(hydroxymethyl) aminomethane 
(THAM) to form stable complexes with group IIA metals. Four new colorless solid 
complexes of group IIA metals [Ba(II), Ca(II), Sr(II), and Mg(II)] with THAM were prepared 
and well characterized. The chemical reactions between-group IIA metals and THAM were 
conducted by the stoichiometry of 2:1 (Ligand: Metal ion) at 65 °C and pH of ~ 8.5. Under 
these conditions, the THAM molecule (C4H11NO3) was deprotonated and converted to the 
(C4H10NO3-; L-) chelate with the metal ions. The structures of these complexes were 
suggested by UV-visible, IR, Raman and 1H NMR spectroscopies and other physicochemical 
and analytical methods (elemental analysis, thermogravimetry, and SEM). The results shows 
that the general composition of the complexes obtained with Ba(II), Ca(II), Sr(II), and Mg(II) 
ions are [BaL2(H2O)2], [CaL2(H2O)2]·2H2O, [SrL2(H2O)2], and [MgL2(H2O)2]·4H2O, 
respectively, and in all complexes, the geometry was octahedral. 

Keywords: Group IIA metals; spectral analysis; thermogravimetry; tris(hydroxymethyl) 
aminomethane. 

1. Introduction

The structure of tris(hydroxymethyl)aminomethane (THAM) which is shown in Figure 1, is a 
small organic molecule that exists as a colorless crystalline powder with a melting point of 
175-176°C and chemical formula (C4H11NO3) (121.14 g/mol). THAM has a several
synonyms, such as Tris, Tris base, Tris buffer, Trisaminol, Trometamol, THAM, and Trizma.
THAM is structurally related to the amino alcohol group that consists of one amino group and
three hydroxyl groups. It is considered an alkalizing agent that is preferred over Na2CO3.
THAM has several applications in physiology, biology, medicine, and biochemistry [Bubb et
al., 1995]. It is widely used biochemically as a buffer for several biochemical processes
[Brignac & Mo, 1975; Hayashi et al., 1981; Lundblad & Macdonald, 2010; Albishri &
Marwani, 2016; El-Dissouky et al., 2020] and used clinically to reverse acidosis [Murakami
et al., 2016; Kallet et al., 2000; Weber et al., 2000; Nahas et al., 1998]. Several THAM Schiff
base derivatives showed a broad spectrum of biological activity, like anti-inflammatory,
antifungal, antihistamine, anticancer, and anti-tumor effects. Several works reported the
crystal structures of some THAM Schiff base ligands [Tatar et al., 2005; Odabasoglu et al.,
2003; Asgedom et al., 1995].
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The coordination chemistry of metal-based and metallodrug compounds is attracting 
considerable interest from pharmacists and chemists because these compounds may have a 
significant application in many important fields such as biology, pharmacology, and medicine 
to catalysis and material sciences and they can be used to design more biologically active 
drugs [Tella et al., 2019; Mohammed et al., 2014; Alessio, 2011; Tarafder et al., 2001; Vakili 
et al., 2021; Ali et al., 2021]. Several metal-based compounds have been proven to possess 
potential biological activities, like antibacterial, antifungal, antiviral, and anticancer activities. 
For example, several platinum-based compounds have utility in cancer therapy for treating 
several solid tumors, like bladder, ovarian, and testicular cancers [Khan et al., 2019; Sayadi et 
al., 2019; Cao et al., 2017; Tavares et al., 2017; Singh et al., 2016; Saleem et al., 2013; Trudu 
et al., 2015; Crisóstomo-Lucas et al., 2015; Pagoto et al., 2015; Muhammad & Guo, 2014; 
Mjos & Orvig 2014; Abdel-Rahman et al., 2014; Guidi et al., 2013; Abdel Ghani & Mansour, 
2011; Dabrowiak, 2017; Hambley, 2001; Köpf-Maier, 1994]. However, drug resistance and 
adverse side effects have limited the effectiveness and applications of several metal-based 
drugs [Qin et al., 2019; Dominelli et al., 2018; Meng et al., 2016; Hu et al., 2016; Lai et al., 
2015; Dasari & Tchounwou 2014; Galluzzi et al., 2012; Maheswari et al., 2008]. 
Furthermore, the occurrence and fate of antibiotic residues in the environment and the 
extensive overuse of antibiotics caused, an increased bacterial drug resistance [Howse et al., 
2019; Deng et al., 2019; Dai et al., 2018; Walsh et al., 2016]. The Global Review of 
Antimicrobial Resistance issued by the WHO in 2016 reported that drug-resistant infections 
will cause the death of 700,000 people every year [WHO, 2016]. Therefore, there is an urgent 
need to discover and design new metal-based compounds with the potential efficiency to 
overcome drug resistance and extend over the antimicrobial/anticancer spectrum with fewer 
side effects. 

Fig. 1. Molecular structure of THAM. 

Synthesizing new metal complexes may play an interesting role in the development of 
effective metal-based drugs. Herein, we reported the synthesis and characterization of four 
new products of THAM with the metal ions of Group II [Ba(II), Ca(II), Sr(II), and Mg(II)] to 
throw more light and provides new insights on the complexation tendency and chelation 
behavior of THAM towards metals. The work is separated into two sections:  

(i) Synthesis of the THAM complexes:

The complexes were prepared by reacting THAM with the Ba(II), Ca(II), Sr(II) and Mg(II) 
ions in MeOH:H2O solvent with a 1:2 (Metal: Ligand) ratio at 65°C.  
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(ii) Chemical and physical characterizations: 
 
The spectroscopic and physicochemical techniques: CHN elemental analysis, Raman, UV-
visible, 1H NMR, and IR spectroscopies; SEM; and thermogravimetry were used to 
characterize the obtained complexes. 
 
2. Experimental 
 
2.1 Materials 

Commercially available materials were used as received without further modification. These 
were bought from commercial sources (Merck and Fulka chemical companies). 
Tris(hydroxymethyl)aminomethane (THAM); 121.14 g/mol; purity ³ 99.8%), SrCl2·6H2O 
(266.62 g/mol; purity 99%), BaCl2·2H2O (244.26g/mol; purity 99.99%), CaCl2 (110.98 
g/mol; purity 99.99%), MgCl2 (95.21 g/mol; purity ³ 98%), and HPLC-grade methanol were 
of analytical grade chemicals and were used as bought. Water purification unit (Milli-Q) was 
used to generate the pure deionized water for the preparation of solutions. 
 
2.2 Synthesis 

The THAM (2.0 mmol) was dissolved in 25 mL MeOH, then added gradually to an aqueous 
solution containing 1.0 mmol (20 mL) of the respective metal chloride salt [Ba(II), Ca(II), 
Sr(II), and Mg(II)]. The pH of the four solutions was adjusted to~8-9 using 5% ammonia 
solution, then the solutions were refluxed at 65°C under stirring for 30 minutes. After that, the 
four solutions were slow cooled gradually and left overnight at room temperature affording 
colorless precipitates. Filtration, washing two times with MeOH, and subsequent drying in 
vacuum for 48h yielded the pure products as colorless powders. The products were next 
characterized by spectroscopies (1H NMR, Raman, IR, and UV-visible) as well as thermal and 
elemental analyses. 
 
2.3 Methods 

The UV-visible, 1H NMR, Raman and IR spectra of the synthesized complexes were collected 
by Perkin-Elmer Lambda 25 UV/Vis spectrophotometer, Bruker DRX-250 spectrometer, 
Bruker FT-Raman spectrophotometer, and Shimadzu FT-IR spectrophotometer at room 
temperature, respectively. 
The thermal and elemental data of the synthesized complexes were collected using Shimadzu 
TGA-50H thermal analyzer and Perkin-Elmer 2400CHN elemental analyzer, respectively. 
Surface morphologies of the synthesized complexes were pictured using Quanta FEG 250 
SEM instrument.  
 
3. Results and discussion 
 
3.1 Composition and UV-visible spectra 

The Ba (II), Ca (II), Sr (II), and Mg (II) chloride salts were dissolved in deionized water, 
where THAM was dissolved in MeOH solvent. No precipitates were seen when the 

Lamia A. Albedair 



 

methanolic solution of THAM (C4H11NO3) was mixed with each aqueous solution of chloride 
salts. When the pH of each mixture reached ~ 8.5 by adding ammonia solution (5%), one OH 
group in the THAM (C4H11NO3) ligand is deprotonated and converted to the (C4H10NO3-; L-) 
chelate. All Ba(II), Ca(II), Sr(II), and Mg(II) ions formed a colorless product with L- chelate, 
and the elemental analyses data for these products are:     
 
i) [MgL2(H2O)2]·4H2O complex: 
Gross formula, C8H32N2O12Mg; Molecular weight, 372.63 g mol-1; Elemental results: calc. 
(found) for C, 25.76% (25.58); H, 8.59% (8.31); N, 7.51% (7.73); Mg, 6.52% (6.77). 
 
ii) [CaL2(H2O)2]·2H2O complex: 
Gross formula, C8H28N2O10Ca; Molecular weight, 352.38 g mol-1; Elemental results: calc. 
(found) for C, 27.24% (27.43); H, 7.95% (7.73); N, 7.95% (8.17); Ca, 11.35% (11.16). 
 
iii) [SrL2(H2O)2] complex: 
Gross formula, C8H24N2O8Sr; Molecular weight, 363.89 g mol-1; Elemental results: calc. 
(found) for C, 26.38% (26.23); H, 6.60% (6.36); N, 7.70% (7.49); Sr, 24.08% (24.35). 
 
iv) [BaL2(H2O)2] complex: 
Gross formula, C8H24N2O8Ba; Molecular weight, 413.60 g mol-1; Elemental results: 
calc.(found) for C, 23.21% (23.39); H, 5.80% (5.55); N, 6.77% (7.03); Ba, 33.20% (33.40). 
 

These data indicated that the reaction stoichiometry is 2:1 (L-: Metal ion), which 
suggested that the general composition of the complexes obtained with Ba(II), Ca(II), Sr(II) 
and Mg(II)ions are [BaL2(H2O)2], [CaL2(H2O)2]·2H2O, [SrL2(H2O)2], and 
[MgL2(H2O)2]·4H2O, respectively, UV-visible spectra of the complexes were recorded over 
the 200-1000 nm wavelength range, showed that all the complexes gave one sharp and intense 
band with the wavenumber range from 300 to 350 nm. All the observed bands had one sharp 
head centered at 305 nm. This band may be assignable to the M®L charge transfer 
transitions. The band becomes more broad and strong in intensity in complexes of Mg(II) and 
Ba(II) ions, and much broad and very strong in intensity in a complex of Sr(II) ion. 
 
3.2 Vibrational spectroscopy 

The IR spectrum of each complex was scanned in the wavenumber range 400-4000 cm-1 and 
displayed in Figure 2. The band assignments for the important IR bands in free THAM and 
the complexes are given below: 
 
IR data (cm-1) for free THAM: 3351 n(O–H), 3195 n(N–H), 2938 n(C–H), 1545 ddef(N–H), 1462 
dsciss(CH2),1400 d(O–H), 1292 n(C–N), 1215 n(C–C), 1150 drock(CH2), 1039 n(C–O), and 780 
dwag(CH2). 
 
IR data (cm-1) for [MgL2(H2O)2]·4H2O complex: 3325 n(O–H), 3185 n(N–H), 2977-2824 
n(CH2), 1623 db(H2O), 1543 ddef(N–H), 1460 dsciss(CH2), 1393 d(O–H), 1295 n(C–N), 1220 

Synthesis and structural characterizations of tris (hydroxymethyl) 
aminomethane complexes with group IIA metals



 

n(C–C),1153 drock(CH2),1027 n(C–O),760 dwag(CH2), 666dw(H2O), 594 dt(H2O), and 540 
n(Mg–O). 
IR data (cm-1) for [CaL2(H2O)2]·2H2O complex: 3317n(O–H), 3188n(N–H), 2932-2824 
n(CH2), 1629 db(H2O), 1547 ddef(N–H), 1458 dsciss(CH2), 1399 d(O–H), 1293 n(C–N), 1221 
n(C–C),1172 drock(CH2),1025 n(C–O),790 dwag(CH2), 660dw(H2O), 600 dt(H2O), and 542 
n(Ca–O). 
 
IR data (cm-1) for [SrL2(H2O)2] complex: 3318 n(O–H), 3090 n(N–H), 2975-2856 n(CH2), 
1627 db(H2O), 1546 ddef(N–H), 1450 dsciss(CH2), 1410 d(O–H), 1290 n(C–N), 1227 n(C–C), 
1166 drock(CH2), 1023 n(C–O), 753 dwag(CH2), 665 dw(H2O), 612 dt(H2O), and 536 n(Sr–O). 
IR data (cm-1) for [BaL2(H2O)2] complex: 3320 n(O–H), 3187 n(N–H), 2929-2800 n(CH2), 
1632 db(H2O), 1545 ddef(N–H), 1452 dsciss(CH2), 1400 d(O–H), 1291 n(C–N), 1212 n(C–C), 
1154 drock(CH2), 1025 n(C–O), 785 dwag(CH2), 667 dw(H2O), 608 dt(H2O), and 520 n(Ba–O). 
 
Free THAM showed several distinguished absorption bands in its IR spectrum [Chen et al., 
2018]. Two extraordinarily strong and broad bands located at 3351 cm-1 and 3195 cm-1 were 
attributed to the vibrations of n(O–H) and n(N-H), respectively. A group of medium and sharp 
bands appears within the range 1600–1200 cm-1, exactly at 1589  cm-1, 1462cm-1, 1292 cm-1 
and 1215 cm-1, were resulted from the ddef(N–H), dsciss(CH2), n(C–N) and n(C–C)vibrations, 
respectively. Band with very strong intensity and medium in broadening was located at 1034 
cm-1 and was attributed to the n(C–C) vibrations. When THAM complexed with Mg(II), 
Sr(II), Ba(II), and Ca(II) ions, the intensity and broadening of the bands due to the n(N-H) 
and n(O–H) vibrations were decreased. The frequency of the n(O–H) vibrations was 
significantly shifted from 3351 cm-1 in the free THAM to 3325-3317 cm-1 in the complexes, 
where the frequency of the n(N-H) vibrations was slightly shifted from 3195 cm-1 in the free 
THAM to 3190-3185 cm-1 in the complexes. The band of n(C–O) occurs near 1039 cm-1 in the 
free THAM and was moved to a lower frequency in the complexes (1027-1023 cm-1). The 
bands attributed to the ddef(N–H) and n(C–N) vibrations, remained in the same position as 
observed in the free THAM, along with the slight shifts in the n(N-H) vibrations, which 
means that NH2 group do not participate in the complexation. Coordinated water molecules 
exhibits four angular deformation motion around 1630 cm-1, 851 cm-1, 645 cm-1 and 582 cm-

1attributed to the δb(bend), δr(rock), δw(wag) and δt(twist) vibrations, respectively [Deacon & 
Phillips, 1980]. 

 
Only the band due to the δr(rock)vibration was not detected in the spectrum of each 

complex due to the overlapping of this band with other vibrational bands. The db(H2O) 
vibration appeared within the range of 1632-1623 cm-1, that of the dw(H2O) vibration 
appeared within the range of 667-660 cm-1, while the vibration of δt(H2O) was found within 
the range of 612-594 cm-1. The weak bands noticed in the range of 540-520 cm-1 could be 
attributed to the n(M-O) in the complexes. Figure 3 illustrates the laser Raman spectra of free 
THAM, and the complexes scanned in the wavenumber region 50-400 cm-1.  
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Fig. 2. IR spectra of the Ba(II), Ca(II), Sr(II),and Mg(II)complexes. 

The Raman spectrum of free THAM showed four sharp and very strong bands at 1471 cm-1, 
1258 cm-1, 1071 cm-1, and 804 cm-1 resulting from the dsciss(CH2), n(C‒N), n(C‒O) and 
dwag(CH2) vibrations, respectively. Also, THAM shows a strong and broadband around 2945-
2850        cm-1 assigned to the n(C–H) vibrations. The medium and sharp band located at 3287 
cm-1 could be assigned to the n(O–H) vibration. In the Raman spectra of the complexes 
(Figure 3), the dsciss(CH2), n(C–N), n(C–O) and dwag(CH2) vibrational bands have been 
registered in the region 1466-1464 cm-1, 1270-1255 cm-1, 1050-1045 cm-1, and 800-758 cm-1, 
respectively. Based on elemental and vibrational spectral results, proposed structures of the 
synthesized complexes were given in Figure 4. 
 

 

Fig. 3. Laser Raman spectra of free THAM, Ba(II), Ca(II), Sr(II),and Mg(II)complexes. 
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Fig. 4. Proposed chemical structures of Ba(II), Sr(II), Ca(II), and Mg(II)complex. 
 

3.3 1H NMR spectroscopy 

The 1H NMR spectrum (DMSO-d6) of free THAM and Ba(II) complex has been obtained at 
room temperature, where their chemical shifts were listed in Table 1. The resultant data of 
free THAM were: δ = 2.58 (s, 6H, 3CH2), 3.48 (s, 3H, 3OH), 7.64 (s, 2H, NH2). The resultant 
data of Ba(II) complex were: δ = 2.57 (s, 12H, 6CH2), 3.45 (s, 4H, 4OH), 7.83 (s, 4H, 2NH2). 
Free THAM produced three signals in the 2.58-7.64 range, and all these signals were detected 
in the spectrum of the complex with Ba(II) ion. In the spectrum of free THAM, the protons of 
CH2, OH and NH2 groups resonated at 2.58, 3.48, and 7.64 ppm, respectively. In the spectrum 
of Ba(II) complex, the protons of OH, and CH2 groups were represented slightly up-field 
shifts. The NH2 protons were undergone down-field shifted and exhibited a definite singlet at 
7.83 ppm. The protons of coordinated water molecules showed a broad signal at 3.52 ppm. 
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Table 1. The 1H NMR data (ppm) of free THAM and Ba(II) complex. 
 

Compound CH2 (s, 6H) 
methylene group 

OH (s, 3H) 
OH group 

NH2 (s, 2H) 
NH2group 

Free THAM 2.58 3.48 7.64 

Ba(II) complex 2.57 3.45 7.83 

 
3.4 Thermogravimetry 

The Compositions and structures of the complexes were confirmed by thermogravimetry. 
Figure 5 presents the thermograms of the free THAM, Ba(II), Ca(II), Sr(II), and Mg(II) 
complex. The obtained thermograms enabled the following observations: 
 
i) The free THAM was thermally stable up to ~ 180 °C. After complexation resulted in a new 
Mg(II) compound with decreasing the stability to ~ 120 °C. Complexation of THAM with the 
Ba(II) and Sr(II) ions led to un-stable complexes, these complexes start to decompose at ~ 30 
°C 
 
ii) Complexation of THAM with Ca(II) ion formed a highly stable complex. After losing the 
lattice water molecules at around 80 °C, the complex remained thermally stable up to ~ 240 
°C.   
 
iii) Complexes of Mg(II) and Ca(II) ions are stable at room temperature and can be stored 
without any degradation. 
 
iv) Free THAM, and the complexes with Mg(II) and Ca(II) ions were decomposed in a one-
stage degradation step in the temperature range of 180-320 °C, 120-400 °C and 240-625°C, 
respectively. While the complexes with Ba(II) and Sr(II) ions were decomposed in two-stage 
degradation step in the temperature range of 30-320 °C, and 320-800 °C for Ba(II) complex, 
and in the temperature range of 30-300 °C and 300-800 °C for Sr(II) complex. 
 
v) The decompositions of complexes were almost completed leaving MgO for Mg(II) 
complex, BaCO3, SrCO3, and CaCO3for other complexes as the final decomposition products. 
All these products were contaminated with some residual carbons.  
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Fig. 5. Thermograms of free THAM, Ba(II), Ca(II), Sr(II),and Mg(II)complexes. 
 
 
3.5 Structural morphologies 

Scanning electron microscope (SEM) is the most frequently used technique for collecting 
specific outer surface-related information: 
 
i- Surface topology. 
ii- Microstructure and composition. 
iii- Porous structure of the surface. 
 
Surface morphologies of the synthesized complexes were pictured using a Quanta FEG 250 
SEM instrument and are presented in Figure 6. These pictures were taken at different levels of 
magnification ranging from 2000 to x10,000. The SEM pictures of Ba(II), Ca(II), Sr(II), and 
Mg(II)complexes indicated that the particles of these complexes have a distinct size and 
morphology, and all have short rod-like morphology. This specific morphology was clearly 
observed for particles consisting Sr(II) and Mg(II) complexes. The rods of these two 
complexes were well-developed and had clear shapes, dimensions, and clear features. The 
short rod-like morphology was not obviously observed for particles of the Ca(II) and Ba(II) 
complexes. For a Ca(II) complex, several rods were broken into small pieces so that it 
appeared that these particles had no complete formation into rods. For Ba(II) complex, small 
granules were accumulated on the surface of a number of rods, indicating that a type of 
deformation had occurred to these rods. The particles of Mg(II) complex had a well-defined 
shape and a well-homogeneous and uniform matrix.  
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Fig. 6. SEM micrographs of Ba(II), Ca(II), Sr(II),and Mg(II) complexes. 
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4. Conclusion 

Octahedral metal complexes of THAM with the ions Ba(II), Ca(II), Sr(II), and Mg(II) were 
prepared, and their structures were characterized using UV-visible, IR, Raman, and 1H NMR 
spectroscopies and other physicochemical and analytical methods (elemental analysis, 
thermogravimetry, and SEM). Colorless products were obtained by the reaction of THAM 
with the metal ions with a stoichiometry of 2:1 (Ligand: Metal ion) at 65 °C and pH of ~8.5. 
Under these conditions, the THAM molecule (C4H11NO3) losses a hydrogen atom and is 
transferred to the (C4H10NO3-; L-) chelate with the metal ions forming colorless products. 
These products were formulated as [BaL2(H2O)2], [CaL2(H2O)2]·2H2O, [SrL2(H2O)2], and 
[MgL2(H2O)2]·4H2O, corresponding to the reaction of THAM with Ba(II), Ca(II), Sr(II), and 
Mg(II)ions, respectively. The morphology of the complexes was determined by SEM 
technique, and the obtained micrographs indicated that the complexes have short rod-like 
morphology. 
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Abstract

The present work investigates attempts to cyclize 1-phenyl-5-(3-aryltriaz-1-en-1-yl)-1H-
pyrazole-4-carbonitriles to the desired pyrazolo[3,4-d] [1,2,3] triazinimine derivatives. The 
cyclizations were unfruitful, and a density functional theory study was performed. This 
revealed that 1-phenyl-5-(3-aryltriaz-1-en-1-yl)-1H-pyrazole-4-carbonitriles are more stable 
than the targeted pyrazolo[3,4-d][1,2,3]triazinimine derivatives, indicating that their 
cyclization is thermodynamically disfavoured; the reactant 8c is more stable than the predicted 
six-membered ring products 9c by 5 kJ/mol. The effect of isomerization of the methoxy-phenyl 
group in the self-assembly of 8c and 8d in the crystalline lattice was investigated. The 
intermolecular forces in the solid-state were analyzed for the two structural isomers 8c and 8d 
using calculated Hirsh Feld surface; the analysis indicates that the intermolecular forces are 
stronger in 8c than 8d and hence 8c is denser than 8d by 0.071g/mL.

Keywords: Cyclization; density functional theory (DFT); diazotization; N-heterocycles; 
Pyrazoles 

1. Introduction

Pyrazoles are a well-known class of five-membered ring heterocycles containing two vicinal 
nitrogen atoms (Al-Azmi, 2019, Kumar & Jayaroopa. 2013), they are also known as 1,2 
diazoles. They become famous because of their various uses. Many pyrazole derivatives have 
a wide range of biological activities, this accelerated the research activity in several fields, 
especially the biological field. Among these pyrazoles is 5-aminopyrazole-4-carbonitrile 
derivatives 1 which contain both reactive NH2 and CN functional groups. In recent years, the 
synthesis of these compounds has received increased attention due to their significant role in 
the pharmaceutical industry (Al-Azmi, 2019, Kumar & Jayaroopa. 2013). This was the driving 
force to synthesize a wide range of 5-aminopyrazole-4-carbonitriles 1 along with different 
substituents. 5-Aminopyrazole-4-carbonitriles 1 is usually synthesised from 2-
ethoxymaleonitrile 2. Current research has focused mainly on utilizing both NH2 and CN 
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groups in several chemical conversions, which has led to the synthesis of various pyrazoles 
containing compounds. 
 

Numerous pyrazoles have shown antibacterial, anti-inflammatory, anti-tubercular, anti-
cancer activities, anti-convulsant, anti-microbial, anti-diabetic, and also anti-cancer activities 
(Al-Azmi 2019, Kumar & Jayaroopa 2013, Al-Azmi & Mahmoud 2020). Other derivatives 
have been evaluated for their analgesic and sedative effects. In addition, a group of 5-chloro-
1-phenyl-3-methylpyrazolo-4-methinethiosemicarbazanes has been described as corrosion 
inhibitors for carbon steel (Abdelhamid et. al. 2016, Arrousse et.al 2020, El-Hajjaji,  et. al. 
2018). 
 

 

In this manuscript, we are exploring two different cyclization routes which lead to five-
membered rings and six-membered rings theoretically. This is supported by the x-ray crystal 
structures of 8c and 8d and they are rationalized. 

2. Results and discussion 
 
In 2013, we reported that the reaction of diaminomaleonitrile (DAMN) 3 with aryl diazonium 
salts 4 (Ar ≠ NO2C6H4) furnished triazoles 7 via the attack of the NH function on the 
electrophilic carbon of the CN group (Al-Azmi & Kalarikkal 2013) (Scheme 1). 
With 4-nitrophenyl diazonium salt, however, the intermediate 5e prior to cyclization was 
isolated and fully characterized. The isolation was attributed to the strong electron-withdrawing 
effect of the nitro group, which reduced the nucleophilicity of the -NH. Further, cyclization to 
the desired triazole 7e (Ar = NO2C6H4) was successfully achieved when a catalytic amount of 
1,8-Diazabicyclo [5.4.0] undec-7-ene (DBU) was added to the isolated intermediate in the 
presence of ethanol as a solvent.  
The synthesis of compound 8 was reported previously by our group in investigating new 
pyrazole derivatives as antimicrobial compounds (Al-Azmi & Mahmoud 2020). We found that 
they have intermediate activity towards several microbes. 
When the nitro derivative was isolated instead of the expected six-membered ring (Al-Azmi & 
Shalaby 2018), it was attributed to the electron-withdrawing effect of the nitro group (vide 
supra), (Al-Azmi & Kalarikkal 2013) and attempts to cyclize it using ethanol and a catalytic 
amount of DBU were aborted. It was expected that if the nitro group is replaced by electron-
donating substituents, cyclization will proceed, and pyrazolo[3,4-d] [1,2,3] triazinimines 9 will 
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be formed instantly Scheme 2. However, this was not achieved, and pyrazoles 8 were 
recovered. Several trials to cyclize the corresponding compounds utilizing various conditions, 
including different polar and non-polar solvents, and various bases, such as Et3N, pyridine, and 
NH3, at various temperatures, were ineffective. The cause is inconclusive. Consequently, 
density functional theory (DFT) calculations were carried out to determine the reason behind 
such behavior. 
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Scheme 2. 

 
3. Density Functional Theory Study 
 
Two compounds were studied for comparison 5 and 8 to understand why compound 8 is not 
cyclized and to discover the required factors to facilitate the cyclization process. Two pathways 
of cyclization of 5c are possible: a five-membered ring 7 as shown in route 1 or a six-membered 
ring 11 as shown in route 2; see Scheme 3. 
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Experimentally, only route 1 was observed, as P1 was experimentally isolated and 
characterized (Al-Azmi & Kalarikkal 2013). Two conformers of 5 (Ar = CH3OC6H4) were 
optimized (R1 and R2); R1 is found to be more stable than R2 by 8.9 kJ/mol; see Figure 1. The 
extra stability is due to the N-H…N hydrogen bonding interactions. Although P2 is more stable 
than P1 by 20 kJ/mol, P2 was not isolated. This is mainly because of the shorter N1…C1 
distance (4.496 Å, Figure 4) compared to the N1…C2 distance (5.546 Å, Figure 2). The 
rotation around C=C double bonds is not feasible due to the high-energy barrier associated with 
rotation (182.4 kJ/mol, Figures S1, S2, and S3), which rules out the formation of P2, as 
observed. The rotation around the N-N single bond is more probable because it is associated 
with average energy barriers of TS1 and TS2 of 76.2kJ/mol (Figure S3). TS2 is less important 
to our discussion, as the nitrile groups are in trans arrangement, and the rotation around the 
C=C double bond is kinetically disfavoured. Even though the energy barrier associated with 
TS1 (71.1 kJ/mol) is significantly lower than that associated with TS3, it is still considered a 
high-energy barrier. In addition, R3 is less stable than R1 by 15 kJ/mol (Figure S3). This agrees 
with the formation of P1, as observed experimentally. 
 

 
Fig. 1. Relative energies of R.1, R.2, P.1, and P.2. 
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Fig. 2. The optimized structure of compound 5c. 

The calculations were repeated using different organic substituents in the para position of the 
benzene ring. The data are summarised in Table 1. R1 (Cis isomer) is always more stable than 
R2 (Trans isomer). Similarly, P2 is always more stable than P1 (Table 1), for example when 
R= OCH3, P2 is more stable than P1 by 20.9 kJ/mol. 

Table 1. Relative energies of R1, R2, P1, and P2 (Figure 3). For each R substituent, the 
energy of P2 is set as a reference and given the value of zero to calculate the relative 

energy. 

R - subs Reactant Relative Energy in kJ mol-1  Product Relative Energy in kJ mol-1 

OCH3 
R2 68.6 P2 0.0 

R1 59.7 P1 20.9 

CH3 
R2 65.1 P2 0.0 

R1 56.1 P1 19.4 

H 
R2 63.5 P2 0.0 

R1 54.6 P1 18.7 

Cl 
R2 62.3 P2 0.0 

R1 55.1 P1 17.8 
 
In the case of pyrazole derivatives 8, the possibility of forming a five-membered ring was ruled 
out by having only one nitrile group, which may lead only to the formation of six-membered 
ring derivatives 9. However, the desired pyrazolo[3,4-d][1,2,3]triazinimines 9 were not 
isolated. Optimizing of the reactant 8c and the predicted six-membered ring products 9c (Figure 
3) shows the formation of the six-membered ring pyrazolo[3,4-d][1,2,3]triazinimine 9c is 
actually disfavoured thermodynamically. The reactant 8c proved to be more stable than the six-
membered ring 9 product by 5 kJ/mol. 
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Fig. 3. The relative energies of the reactant, intermediate and six-membered ring product. 

 
The crystal structures of 8c and 8d (CCDC 1967744, CCDC 1967745) (Figures 4 and 5) were 
determined at room temperature. (Tables S1-S5) Apparently, there is an interaction between 
N5 and C10; the N5…C10 inter-nuclear distances are 2.849(2)Å and 2.910(3) Å in 8c and 8d, 
which are less than the sum of van der Waals by 0.4 Å and 0.34 Å. The result is that the atoms 
(N4, N5, C8, C9, and C10) are coplanar; the root-mean-square deviation (RMSD) from the 
mean plane of the mentioned atoms is 0.043 Å and 0.031 Å in 8c and 8d. Intermolecular 
interactions between nucleophilic atoms and electron-deficient carbon atoms have been 
observed in the literature (Braga 2009, Sammor et. al, 2018). The phenyl ring (C1-C2-C3-C4-
C5-C6) is nearly perpendicular to the plane of the five-membered ring in 8d, whereas it is tilted 
in 8c; the angles between the phenyl ring and the five-membered ring are 84.0 (1)° and 39.26(9)° 
in both 8c and 8d. This is due to the presence of the methoxy group in the ortho position in 
pyrazole 8d; there is an intra-molecular N6-H…O1 hydrogen bond. Therefore, the methoxy 
group in the para position in 8c allows the formation of N6-H…N2 inter-molecular hydrogen 
bonding interactions, as shown in Figure 6. Therefore, this forces the phenyl ring to be nearly 
perpendicular to the five-membered ring.  
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Fig. 4. X-ray crystallographic data was determined for compound 8c. 

 
Fig. 5. X-ray crystallographic data was determined for compound 8d. 

The Hirshfeld surface (Figure 6) was used to analyze the intermolecular forces and thus the 
supramolecular structure. The surface analysis indicates there are N-H..N and C-H…N 
hydrogen bonding interactions and C-H…π interactions in 8c, whereas there are only C-H…N 
interactions in 8d. The data summarising these interactions are listed in Table 2. The data 
indicates the interactions are more robust in 8c than in 8d; therefore, 8c is denser than 8d by 
0.071g/mL. (Table S5) Similar intermolecular interactions to that presented in 8c were 
observed in the analog of 8c and 8d, where the methoxy group is replaced by hydrogen (Al-
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Azmi & Mahmoud 2020). Stronger N-H..N hydrogen bonding interactions with the aid of C16-
H…π interactions connect the molecular units of 8c to form chain structures that run parallel 
to the b-crystallographic axis (Figure 7). Subsequently, the chains form a three-dimensional 
structure via weaker interactions (Table 2 and Figure 7). The C5-H…N3 interactions link the 
molecular units of 8d to form chain structures that run in a parallel [110] crystallographic 
direction (Table 2 and Figure 8). 
 

 
Fig. 6. Hirshfeld surface and illustration of intermolecular forces in 8c (top) and 8d (bottom). 
The plots were generated using CrystalExplorer (Turner et. al. 2017) 
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Fig. 7. The chain structure of compound 8c (top) and its three-dimensional structure (bottom) 

are viewed from the b-axis. The stronger N-H…N hydrogen bonding interactions are 
represented by black dotted lines, and the other weaker interactions are represented by red 

dotted lines (Table 2). 

 
Fig. 8. Illustration of chain structure in 8d. 

Theoretical and X-ray studies on the cyclization of 1-phenyl-5-(3-aryltriaz-1-en-1-yl)- 
1H-pyrazole-4-carbonitriles and 2-amino-3-(3-aryltriaz-1-en-1-yl)maleonitriles: 
A comparison study



Table 2. D-H…An interaction distances (Å) and angles (°) in 8c and 8d. 

8c 

D-H…A D…A H…A D-H…A

N6-H…N2i 2.971(2) 2.126(2) 167.2(1) 

C17-H…N3ii 3.554(4) 2.725(2) 144.9(2) 

C1-H…N3iii 3.404(3) 2.528(2) 157.1(1) 

C16-H…πa, i 3.745(3) 2.838(2) 165.1(1) 
bC2-H…πiv 3.656(3) 2.888(2) 140.8(2) 

8d 

C5-H…N3v 3.824(2) 2.699(2) 169.8(2) 
The listed distances and angles are to the closest carbon atom in the π system (C6). 
b The listed distances and angles are to the closest carbon atom in the π system (C14). 
Symmetry transformations used to generate equivalent atoms: i2-x, -0.5+y,0.5-z; 1-x, -0.5+y, 
1.5-z;iii 2-x, 2-y, 1-z;iv 1+x,iv 1.5-y, -0.5+z; v -0.5+x, -0.5+y, z. 

4. Experimental

The synthesis and spectroscopic analyses of the compounds 5c (Al-Azmi & Kalarikkal 2013) 
and 8c (Al-Azmi & Mahmoud 2020) studied in this work were previously described.  
The single-crystal X-ray diffraction analysis of the crystal samples was made by  Rigaku R-
AXIS RAPID diffractometer using filtered Mo-Ka radiation at 293K. The data collection was 
carried out using 'Crystalclear' (Rigaku, Japan) and data processing was done by 
'CrystalStructure' (Rigaku, Japan) software packages. Finally, the structure refinement of these 
crystals was performed by SHELXL - 2017/1. During structure refinement, non-hydrogen 
atoms were refined anisotropically, whereas all hydrogen atoms were assigned at calculated 
positions and were refined using the riding model. All optimization calculations were carried 
out using G09 at the DFT/Becke, 3-parameter, Lee–Yang–Parr (B3LYP) level (Becke. 1988) 
cc-pvtz basis sets were assigned for all atoms. The transition state was estimated using the
synchronous transit-guided quasi-Newton method (Gaussian keyword = QST2).

5. Conclusion

This work demonstrates that pyrazolotrizimines are stable and cannot be cyclized to the 
expected pyrazolo[3,4-d][1,2,3]triazinimines. DFT calculations revealed that their formation is 
thermodynamically disfavoured in terms of energy. The fact that 8c is denser than 8d was 
determined using intermolecular force; the intermolecular force in 8c is stronger than in 8d. 
Due to the skeletal isomerization of the two compounds, the methoxy group is in the ortho 
position in 8d, whereas it is in the para position in 8c. 
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Abstract 

In the present work, a green method is proposed for the biosynthesis of silver nanoparticles 
(AgNPs) using artichoke processing waste extract as a reducing agent. The formation of AgNPs 
was spectrophotometrically detected by the appearance of a maximum peak at 430 nm. 
Transmission electron microscopic results confirmed the formation of AgNPs with different 
shapes with average particle size (88.94 nm). Phytochemical and gas chromatography/ mass 
results indicated the presence of essential compounds, mainly phenols and flavonoids, in the 
artichoke waste extract. AgNPs biosynthesized using artichoke waste extract were tested to 
determine their potential antioxidant, antibacterial and anticancer activities. The results showed 
that AgNPs have a high antioxidant capacity (179.93 mgGAE/ml) and potent free radical 
scavenging activity (45.94 %). The results also showed that AgNPs have significantly high 
antibacterial activity against Bacillus cereus, Staphylococcus aureus, Salmonella, and 
Escherichia coli with inhibition zone diameters 17, 21, 17, and 17 mm, respectively. In addition, 
AgNPs showed anticancer activity against breast cancer cell line with a decline in cells viability 
with an increase of AgNPs concentration and IC50 (144.29μmole/ml). Based on these results and 
the benefits of phytochemicals detected in artichoke waste extract, this waste could be effectively 
used for silver nanoparticles preparation.  

Keywords: Antibacterial; artichoke; cytotoxicity; green synthesis; silver nanoparticles 

1. Introduction

In recent years, nanotechnology has emerged as an innovative research branch, and 
nanomaterials have extended to cover almost all application fields. Nanomaterials have unique 
characteristics such as their size, shape, and morphology. Amongst the various types of 
nanomaterials, silver nanoparticles (AgNPs) are of particular interest because of their beneficial 
impacts when utilized as antimicrobials, antioxidants, or anticancer agents, in addition to their 
uses in painting, clothing, electronics, and food packaging industries ( Salaheldin et al., 2019; 
Calderón-Jiménez et al., 2017). 

The conventional method for the preparation of silver nanoparticles involves using chemical 
reducing agents to initiate the reduction of Ag+ to Ag0 (Iravani et al., 2014). However, nowadays, 
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as the world is seeking a better environment, the use of such chemicals is not preferable. In this 
respect, the use of plant extracts as reducing agents in nanoparticles preparation is a desirable 
approach that not only reduces chemicals usage but also results in adding more value to the 
biosynthesized nanomaterial which is acquired from the bioactive compounds usually present in 
plant extract (Florkiewicz et al., 2019). Several green extracts such as Portulacaria Afra extract 
(Salaheldin et al., 2019), Spirulina platensis extract (Rashad et al., 2019), rind extract of 
watermelon (Patra et al., 2016), Fusarium oxysporum extract (Husseiny et al., 2015) and others 
were successfully used as reducing agents for the biosynthesis of silver nanoparticles, and the 
produced nanoparticles revealed several types of bioactivity.  

The artichoke plant (Cynara scolymus) is a plant originating from the Mediterranean region 
(Emanuel et al., 2011) with plenty of bioactive compounds and much health potential, especially 
for its anticancer hepatoprotective and hypocholesterolemic activities (Florkiewicz et al., 2019). 
Egypt is one of the main Mediterranean countries that produces artichoke, and artichoke-food 
processing-based industry yields	 vast amounts of waste consisting mainly of the outer and inner 
bracts (Ibrahim et al., 2013; Seida et al., 2011). Since integrated waste management is essential 
environmentally (Mazandaranizadeh et al., 2017), artichoke waste could be reused for extract 
preparation. Moreover, Artichoke waste extract was previously proven to be a prospective source 
of phytochemicals and bioactive compounds (Zuorro et al., 2016). Thus the objectives of the 
present study were to investigate the use of artichoke waste extract for the biosynthesis of silver 
nanoparticles and determine the antioxidant, anticancer, and antimicrobial activities of the 
biosynthesized AgNPs by different assays. 

2. Materials and methods

2.1 Collection of artichoke waste 

The waste resulting from artichoke processing was obtained from Egypt's local food processing 
factory. The debris was ground and then oven-dried at 40°C until constant weight.  

2.2 Preparation of artichoke waste extract (AWE) 

The extract was prepared by weighing 2.5 g of the previously dried waste in 250 ml of deionized 
water and then boiling them with continuous stirring for 30 min. The resulting solution was 
cooled and filtered using Whatman no 1 filter paper. The extract solution was stored at 4°C until 
further use as a reducing agent (El-Chaghaby et al., 2019). 

2.3 Phytochemical analysis of Artichoke waste extract 

Different qualitative tests were performed to determine the presence or absence of AWE 
phytochemicals: Phenols, flavonoids, carbohydrates, protein, Saponin, tannins, and lipids. The 
Lead acetate test was used to detect the presence of flavonoids.  In this test, 10 mg of the extract 
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were mixed with a few drops of a 10% lead acetate solution, and the formation of yellow-colored 
precipitate was taken as evidence for flavonoid. Tannins were detected by mixing 2 ml of the 
extract with two drops of 5% ferric chloride and the appearance of a brown color. Saponin was 
detected by boiling 1 ml of the extract with 10 ml of deionized water for 15 minutes, then 
cooling it and vigorously shaking it to record froth formation. For a sodium hydroxide 
examination, five mg of extract was dissolved in 0.5 ml of 20 percent sulphuric acid solution. It 
becomes blue after a few drops of aqueous sodium hydroxide solution are added, signaling the 
presence of phenols. The presence of lipids was confirmed by using the Sudan IV stain test. The 
yellow precipitate established the existence of proteins formed 2 ml of the extract were heated 
with 1 ml concentrated nitric acid. Finally, carbohydrates were detected using Molisch's test. 
These tests were performed as previously reported by (Kamkar et al., 2013; Kushwah et al., 
2019). 

2.4 GC/Ms analysis of Artichoke waste extract 

The chemical composition of AWE was assessed by GC/Ms analysis using GC (Agilent 
Technologies 7890A) connected to a mass-selective detector (MSD, Agilent 7000) as earlier 
reported (Santana et al., 2013). The carrier gas was helium, and the analytical conditions were as 
follows: initial temperature: 100°C (increasing 8°C per minute until a final temperature of 
250°C); inlet temperature and mass detector temperatures were 250°C and 300°C, respectively. 
The mass detector was used in search mode with a scale of 100 to 400 mass units ("scan"). The 
library index rendered the structural assignments, which selected only specific structures with a 
90% or higher probability. 

2.5 Preparation of AgNPs using AWE 

A solution containing 1mM silver nitrate was prepared using AgNO3 (99%) purchased from 
Sigma-Aldrich. Then, silver nanoparticles (AgNPs) were prepared by slowly adding 5ml of 
artichoke extract to 30 ml of AgNO3 (1mM) solution with continuous stirring for 20 min. at 
50°C.  The formation of AgNPs was monitored visually through color change and then 
spectrophotometrically by wavelength scanning (200–800 nm) using a UV–vis 
spectrophotometer. 

2.6 Characterization of biosynthesized AgNPs 

AgNPs biosynthesized using Artichoke waste extract were characterized using High-Resolution 
Transmission Electron Microscope (HR-TEM, Tecnia G20, FEI, Netherlands). A droplet of 
colloidal solution was lowered onto a carbon-coated copper grid, which was then allowed to dry 
for 45 minutes. The experiment was conducted in bright field imaging mode with a 200 kV 
electron accelerating voltage and a lanthanum hexabromide (LaB6) electron source gun. An 
Eagle CCD camera with a resolution of (2k*2k) was used to obtain and capture transmitted 
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electron images. AgNPs particles size distribution was carried out using a laser diffractometer 
using Zeta Sizer nano-series (Nano ZS). Measurements were taken in the range between 
0.6:6000 nm. 

 
2.7 Antioxidant activity 

 
The total antioxidant capacities of AgNPs and artichoke waste extract were determined using the 
standard phosphomolybdenum method (Prieto et al., 1999). Briefly, an aliquot of 0.3 ml of each 
sample was mixed with 2.7 ml of the reagent solution composed of 0.6 M sulfuric acid, 28 mM 
sodium phosphate, and 4 mM ammonium molybdate. Ascorbic acid was used as a reference 
standard, and the results were expressed as mg ascorbic acid equivalent per ml (mgAAE/ml). 
Also, the free radical scavenging activity of silver nitrate, AgNPs, and artichoke waste extract 
was investigated using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging method 
(Vongsak et al., 2013).  The reaction was performed using 1 mL of each sample at different 
concentrations and 2 mL of 0.1 mM DPPH solution. Thirty minutes later, the absorbance was 
measured at 517nm. 

 
2.8 Anticancer activity of AgNPs  
 
The anticancer activity of AgNPs was tested against breast cancer cell line (MCF 7) using the 3-
[4,5-dimethylthiazol-2-yl]2,5- di-phenyltetrazolium bromide (MTT) assay as described by 
Venugopal et al., 2017. The IC50 of AgNPs was calculated from the plot of cell viability 
percentage against AgNPs concentrations (µmole). 
 
2.9 Antimicrobial activity  

 
Disc diffusion assay was used to determine the inhibition zone diameters caused by AgNPs and 
artichoke extract against four pathogenic bacteria, two-gram positive bacteria (Staphylococcus 
aureus and Bacillus cereus), and two Gram-negative bacterial (Escherichia coli and Salmonella). 
Briefly, inoculated plates containing Muller-Hinton agar medium were prepared by dispensing 
100 µL of 108 CFU/mL inoculum suspension. Sterile filter paper discs (6 mm in diameter) were 
soaked with each sample extract and placed on inoculated plates. After incubation at 30 °C for 
24 h, the inhibition zones surrounding the paper disc were measured. This test was done at the 
Food Safety Laboratory, Regional Center for Food and Feed, Agricultural Research Center, 
Ministry of Agriculture, Egypt. 
 
2.10 Statistical Analysis 

 
All measurements were done in triplicates, and the results were expressed as mean ± standard 
deviation. One-way analysis of variance (ANOVA) was also used to examine the effects at a 
significance level (p<0.05). Statistical analysis was carried out using SPSS software. 
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3 . Results and discussion  
 

3.1 Phytochemicals screening for artichoke waste extract 
 
Plant materials usually produce a wide range of secondary metabolites with diverse biological 
properties (Manzoor et al., 2016). The phytochemical composition of artichoke waste extract is 
depicted in Table (1). AWE's qualitative phytochemical analysis revealed the presence of many 
important plant secondary metabolites accountable for its several bioactivities, as previously 
reported by many authors (Ben Salem et al., 2017; Tsevegsuren et al., 2014). 
 

Table 1. Phytochemical constituents of Artichoke extract 
 

Phytochemicals Result 

Phenols Positive 

Flavonoids Positive 

Carbohydrates Positive 

Protein Positive 

Saponin Positive 

Tannins Positive 

Lipids Positive 

 
3.2 Chemical constituents of AWE by GC/Ms 

 
The GC/Ms analysis of AWE, as given in Table (2), revealed its richness with many bioactive 
compounds such as phenols, flavonoids, and vitamins. The extract contains caffeic acid dimethyl 
ether, a derivative of caffeic acid metabolized to phenolic acids in vivo (Rechner et al., 2001). 
Furthermore, AWE contains several phenolic acids such as ferulic acid, gallic acid, gentisic acid, 
dihydroxy-benzoic acid, and also monoterpenoid phenol (thymol), which are all known to 
possess potent bioactivities such as anti-inflammatory, antigenotoxic, hepatoprotective, 
neuroprotective, antimicrobial, and antioxidant (Alia and Abdelgayed, 2018; Yang et al., 2020). 
Also, the glycoside (2-phenyl ethanol) found in AWE possesses high antioxidant activity (Głąb 
et al., 2016). Moreover, carotenoids such as lycopene and Astaxanthin and the sesquiterpenes 
(selinene) were found in the GC/Ms results. It is worthy to note that several vitamins, especially 
vitamin E, A, and B6 were present among the compounds detected in the GC/Ms analysis of 
AWE. These compounds have the potential to be antioxidants and free radical scavengers, 
reducing the development of oxidative stress in a variety of diseases (Ben Salem et al., 2017). 
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Table 2. GC/Ms analysis of artichoke waste extract 
 

Retention Time (min.) Compound  Chemical formula 
5.516 Caffeic acid dimethyl ether C11H12O4 

7.376 Ferulic acid C10H10O4 
7.813 Gallic acid C7H6O5 
9.572 Gentisic acid C7H6O4 
10.726 Phloroglucinol C6H6O3 
11.126 Fisetin C15H10O6 
13.374 alpha-tocopherol C29H50O2 
13.991 dihydroxy-benzoic acid C7H6O4 
15.112 Pyridoxine C8H11NO3 
15.195 vitamin A C20H28O2 
16.1 2-phenyl ethanol C6H5CH2CH2 

18.838 Thymol C10H14O 
22.689 Lycopene C40H56 
24.031 Astaxanthin C40H52O4 
25.9 Selinine C15H24 

 
3.3 Formation and characterization of AgNPs 
 
After adding AWE to silver nitrate solution (under the previously mentioned conditions), the 
solution color changed to faint brown, which was considered the first evidence for the reduction 
of AgNO3 and formation of Ag-nanoparticles (Mohammed et al., 2018). Further confirmation for 
AgNPs formation was done by recording the spectrum of the solution by spectrophotometer, and 
the result is shown in Figure (1). The maximum peak was observed at 430 nm, which is 
characteristic of surface plasma resonance of the formed AgNPs (Kwon et al., 2020). 
 

 
 

Fig. 1. Spectrophotometric spectral scan of AgNPs 
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The silver nanoparticles prepared using AWE as a reducing agent were characterized by a 
transmission electron microscope (Figure 2), and their particle size distribution was also 
determined (Figure 3). The TEM of the biosynthesized AgNPs revealed different sizes of 
particles with irregular shapes. At the same time, the average size of the particles was found to 
be 88.94 nm.  

Several authors have considered TEM images as proof for AgNPs synthesize extracellularly 
(Husseiny et al., 2015; Salaheldin et al., 2019). The average particle reported in the present study 
was in the same range written by Elamawi et al.,(2018) (80-100nm) for AgNPs biosynthesized 
using T. longibrachiatum. Also, Chand et al., (2020) reported the biosynthesis of AgNPs ranging 
between 5 and 100 nm using onion peels, tomato, and acacia extracts. In the same line, the mean 
particle size of AgNPs produced using leaf extracts of Cynara scolymus was 98.47 nm 
(Aramkitphotha et al., 2019). 

 
Fig. 2. TEM photo for biosynthesized AgNPs 

 

 
Fig. 3. Particle size distribution of biosynthesized AgNPs 
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3.4 Antioxidant activity of AgNPs 
 

Table (3) presents the total antioxidant capacity and DPPH scavenging activity of AgNPs 
prepared using AWE as a reducing agent. The free radical DPPH is well known for its stability 
and is usually used to determine different extracts' free radical scavenging and antioxidant 
capacity (Saeed et al., 2020). The present work showed that AgNPs biosynthesized using 
artichoke waste extract have a higher total antioxidant capacity and higher DPPH inhibition 
percentage compared to artichoke waste extract and silver nitrate solutions. This higher 
antioxidant activity reported for the AgNPs prepared using AWE is a direct result related to the 
composition of the section, which indicated the presence of several phenolic compounds and 
flavonoids, which are the main phytochemicals accountable for the antioxidant capacity (Salari 
et al., 2018). 
 
Table 3. Antioxidant activity and DPPH scavenging activity of AgNPs, silver nitrate, and AWE 

Data are presented as mean ± standard deviations, and the letters a,b,c within the same column 
signifies that data are significantly different at p<0.05. 

 

  
Total antioxidant 

(mgAAE/ml) DPPH inhibition (%) 

AWE  
86.44b 
±3.55 

22.06b 
±1.08 

AgNO3  
60.23c 
±1.99 

19.29b 
±0.66 

AgNPs 
179.93a 
±2.91 

45.94a 
±2.33 

 
3.5 Anticancer activity of AgNPs 

 
Anticancer activity analysis was performed to check the efficiency of AgNPs biosynthesized 
using AWE against MCF-7 cancer cells by MTT assay. The results for cells viability percentage 
(Figure 4) indicated a decline in cells viability in a silver nanoparticles concentration-dependent 
manner. Moreover, using different AgNPs concentrations, the IC50 value was determined as 
144.29μmole/ml. This proven anticancer efficacy of AgNPs may be related to the effect of 
AgNPs in the stimulation of reactive oxygen species and their action on cellular components, 
which results in cell death (Venugopal et al., 2017). 
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Fig. 4. Effect of AgNPs concentration on cancer cells viability 

3.6 Antibacterial activity of AgNPs 

Table (4) shows the diameters of inhibition zone diameters for Artichoke extract, silver nitrate, 
and biosynthesized silver nanoparticles against Bacillus cereus, Staphylococcus aureus, 
Salmonella, and Escherichia coli. The data revealed significant differences (p<0.05) in the 
inhibition zone diameters recorded by the extract, silver nitrate, and AgNPs. It can be noted that 
artichoke extract did not have any inhibitory effect against the four studied bacteria. While silver 
nitrate and biosynthesized AgNPs exerted pronounced inhibition against all tested bacteria with 
significantly (p<0.05) higher inhibition zone diameters for AgNPs than those induced by silver 
nitrate. According to Kushwah et al., (2019), AgNPs exert physical damage to bacteria cells, 
penetrate the cytoplasm, and inactivate essential bacterial respiratory enzymes and proteins. 
Also, it was previously shown that AgNPs, due to their small size and their high specific surface 
area, can easily penetrate inside bacterial cells and cause cell membrane damage (Patra et al., 
2016). 

Table 4. Antibacterial activity (expressed as inhibition zone diameter) 
 

Bacteria  

Inhibition zone (mm/mg sample) 
Artichoke extract AgNO3 

(1mM) 
Biosynthesized  

AgNPs 
Bacillus cereus (G+) 0.00c 12.00b 

±0.94 
17.00a 
±0.59 

Staphylococus aureus (G+) 0.00c 11.00b ±0.16 21.00a 
±0.20 

Salmonella (G-) 0.00c 12.00b ±0.68 17.00a 
±0.26 

Escherichia coli (G-) 0.00c 14.00b ±0.45 17.00a 
±0.76 

Data presented are mean ± standard deviation. a,b,c: different letters signify significance 
differences (p<0.05) 
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4. Conclusion  

The present findings show that the AgNPs biosynthesized using artichoke waste extract 
demonstrated possible antibacterial efficacy against both Gram positive and Gram negative 
bacteria. They also exhibited potent antioxidant activity and anticancer activity against the cell 
line of breast cancer (MCF 7). As a result of their green synthesis, these AgNPs have a range of 
benefits, including cost-effectiveness and an environmentally friendly process. 
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Abstract 

Sargassum polycystum is a low-sodium salt raw material that meets the dietary salt criteria, 
i.e., low Na: K ratio and NaCl content < 60%. This study aims to produce seaweed salt with 
high yield, dietary fiber content, and antioxidant activity according to the quality standard of 
dietary salt through a combination of the filtrate and salt extraction residue. The results 
showed that the produced S. polycystum brown seaweed salt had a mineral Na 96.97 mg/g 
and mineral K 247.59 mg/g. Na: K ratio of 0.39, NaCl content of 49.05%, and heavy metal 
residue below the Indonesian National Standard maximum standard for dietary salt. The 
levels of dietary fiber produced in salt samples 1:1, 1:2, and 2:1 was 34.41%, 40.16%, and 
23.83%, respectively, and the iodine content (KIO3) of the control salt was 125.95 mg/kg. 
The antioxidant activity of seaweed salt 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) on 
salt K (seaweed salt without residue), residue, S1 (1:1), S2 (1:2), and S3 (2:1) was 26.41 
ppm, 59.06 ppm, 12.29 ppm, 67.30 ppm, and 87.50 ppm. Meanwhile, the antioxidant 
capacity of seaweed salt Cupric Reducing Antioxidant Capacity (CUPRAC) on K salt, 
residue, S1, S2, and S3 were 12.36, 19, 7.86, 8.52 and 12.27 μmol ascorbic acid/g extract, 
respectively. Therefore, it was concluded that increasing the yield and dietary fiber content in 
the seaweed salt production process is achievable by adding residues.

Keywords: Dietary fiber; NaCl; NaK ratio; Sargassum polycystum; seaweed salt 

1. Introduction

Seaweed is a macroalga that generally lives in marine habitats and is also a multicellular 
species with no distinct roots, stems, or leaves. Therefore, it has a thalloid, which functions 
like roots and stems (Baweja et al., 2016). Seaweed has been used as food by humans, and 
humans evolved by foraging in coastal areas. It contains essential elements with various 
benefits, such as minerals, vitamins, omega-3, taurine, and iodine (Mouritsen et al., 2018). 
Furthermore, it produces several bioactive components, including polysaccharides and 
pigments, as well as secondary metabolites such as alkaloids, phenols, flavonoids, saponins, 
steroids, and terpenoids (Perez et al., 2016; Diachanty et al., 2017; Gazali et al., 2019a; 
Gazali et al., 2019b). In Asian cultures, especially in Japan, China, and Korea, seaweed is 
commonly consumed in soups, sushi, salads, snacks, and other dishes. Over the past few 
years, seaweed has entered the global food market and has been considered a healthy food 
(Aakre et al., 2020). Seaweed is generally classified into three divisions, namely green 

1177



 
 

seaweed (Chlorophyta), red seaweed (Rhodophyta), and brown seaweed (Phaeophyta) 
(Asmida et al., 2017). 
 Brown seaweed (Phaeophyta) has more than 1500 species in the world. The brown 
color of the seaweed is caused by carotenoid and fucoxanthin pigments (Ali et al., 2017). 
Brown seaweed has a high mineral content that humans can consume. Brown seaweed also 
contains carotenoids, laminarin, alginate, fucoidan, and phlorotannin and contains phenolic 
compounds as a source of antioxidants (Bono et al., 2014). Brown seaweed is also an 
abundant and renewable source of polysaccharides. Its polysaccharides have exciting 
structures and physiological activities (Li et al., 2019). Seaweed has been developed in the 
cosmetics field (Nurjanah et al., 2016), likely sunscreens (Nurjanah et al., 2017; Nurjanah et 
al., 2019a; Nurjanah et al., 2019b), peel off masks (Nurjanah et al., 2019c); lightening (Sari 
et al., 2019; Dolorosa et al., 2019; Dolorosa et al., 2017), lip balm (Nurjanah et al., 2018a), 
acne mask (Nurjanah et al., 2018b), body lotion (Nurjanah et al., 2020a; Nurjanah et al., 
2021). 
             Hypertension increases systolic and diastolic blood pressure that exceeds the standard 
limit, namely systolic blood pressure of 140 mmHg or diastolic blood pressure of 90 mmHg. 
Based on WHO (2013), a hypertensive disease is a group of non-communicable conditions 
that cause death by killing 63 million people per year. WHO (2015) also shows that the 
prevalence of hypertension globally reaches 1.13 billion individuals, which means that 1 in 3 
people is indicated as having hypertension. Internal and external factors influence 
hypertension—internal factors such as heredity, race, and gender. External factors are 
alcohol, cigarettes, stress, overweight, and excessive salt consumption (Khehr & Makker, 
1992). 

Excessive salt consumption is one factor that is considered to have a high risk for 
people with hypertension. However, several studies have shown that reducing salt intake can 
reduce systolic blood pressure by an average of 3-5 mmHg, with a more significant effect in 
older people with severe hypertension (Mahan et al., 1997). Therefore, the effort to be made 
is to replace regular salt intake with low sodium and high potassium salt. Seaweed salt is a 
low sodium salt product (NaCl <60%) that is claimed to help keep the blood pressure of 
hypertensive patients in average condition. Making salt from seaweed is one way to utilize 
natural ingredients that have antioxidant and mineral activity and can produce low sodium 
salt (Nufus et al., 2019; Kurniawan et al., 2019; Nurjanah et al., 2020b; Nurjanah et al., 
2020c; Nurjanah et al., 2018c). 

The utilization of residues produced in seaweed salt is expected to add chemical and 
mineral components to the seaweed salt product itself. This research was conducted by 
making seaweed salt from a combination of filtrate and salt extraction residue to increase the 
yield of seaweed salt produced. Residual reuse is an effort to implement regulations on zero 
waste so that the raw materials are free of garbage because all materials are reused. The 
addition of residue also aims to increase dietary fiber content in the seaweed salt. Based on 
Marquez et al. (2016) research, a high-fiber diet and acetate supplementation significantly 
reduced systolic and diastolic blood pressure, cardiac fibrosis, and left ventricular 
hypertrophy. Acetate has a similar effect and markedly reduces renal fibrosis. Therefore, this 
study aims to produce seaweed salt with a high yield and contain dietary fiber that meets 
dietary salt quality standards through a filtrate and salt extraction residue. 
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2. Materials and method 

2.1 Making of Seaweed Salt (Magnusson et al., 2016 with modification) 
 
The primary raw material for making seaweed salt from Sargassum polycystum is the 
seaweed that has become flour. The process of making seaweed flour is that seaweed is dried 
using a dehydrator at a temperature of 40-50ºC for 4-5 hours. The following method is that 
the seaweed is mashed using a blender to become seaweed flour. First, seaweed flour of 70 g 
was added to distilled water at a concentration of 1:10. Next, the mixture was heated in a 
water bath at 40ºC for 10 minutes. Mixtures were then filtered using a cloth filter with a size 
of 500μm. The filtrate from the first filtering procedure was filtered again using Whatman 42 
filter paper and subsequently poured into a baking sheet and dried using an electric oven at a 
temperature of 60ºC for 30 hours. Furthermore, the residue from the first filtering procedure 
was dried using an electric oven at a temperature of 60ºC for 30 hours. Finally, the salt from 
the residual filtrate was mixed in a ratio of 1:1 (S1), 1:2 (S2), and 2:1 (S3) (Magnusson et al., 
2016). 
 
2.2 Yield Analysis (AOAC 2005)  
	
The yield value was generated from the total seaweed salt produced ratio and the number of 
raw materials used. Finally, the yield calculation was carried out to determine the percentage 
of seaweed salt obtained. 
 
Extract yield (%) = !"#$%&#	(!)*+#	(*)

$%(	.%#!$)%/	(!)*+#	(*)
			 !"#$%&#	(!)*+#	(*)
$%(	.%#!$)%/	(!)*+#	(*)

X 100%     (1) 

Salt yield (%) = 0%/#	(!)*+#	(*)
1/23$	(!)*+#	(*)

  X 100%                     (2) 

2.3 Analysis of Mineral Composition (AOAC 2011) 
	
Seaweed salt sample preparation started with weighing 0.5-1 gram of the sample into an 
Erlenmeyer. Furthermore, 10mL of concentrated HNO3 was added, and the vessel was closed 
and placed in microwave digestion (Ramp to 150ºC for 10 minutes and Hold at 150ºC for 15 
minutes). The digestion results were transferred to a 50mL volumetric flask and 100mg/L 
internal standard Yttrium of 0.50mL. Subsequently, dilution was carried out with aquabidest 
until the mixture was homogenized. The solution was further filtered using filter paper 
Whatman no 42 sizes 2.5 μm, and the sample solution was measured in the Inductively 
Coupled Plasma-Optical Emission Spectrometry (ICP OES) system. 

 
The mineral contents of S. polycystum seaweed, which consisted of sodium (Na), 

potassium (K), calcium (Ca), iron (Fe), and magnesium (Mg), were carried out by the AOAC 
method (2011) using ICP OES. Furthermore, the wavelengths used were 568,821nm, 
766,491nm, 317,933nm, 238,204nm, and 285,213nm for Na, K, Ca, Fe, and Mg. 
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2.4 Analysis of Heavy Metal Contaminants (AOAC 2011) 
	
Sample preparation was carried out similarly for mineral analysis. The heavy metals analyzed 
in S. polycystum salt include Hg, Pb, and Cd by the AOAC method (2011) using ICP OES. 
The wavelengths used for each heavy metal were 220,353nm, 184,887nm, and 214,439nm 
for Pb, Hg, and Cd, respectively.  
 
2.5 Analysis of NaCl Content (SNI 3556:2016) 
	
The principle for the analysis of NaCl content is a titration with silver nitrate. 5g of the 
sample was ashed in a furnace at 550°C until complete ashing for 3-4 hours was done. 
Furthermore, the cooling process was carried out at room temperature. The ash was dissolved 
with hot distilled water, placed into a 50mL volumetric flask, and homogenized. The solution 
formed was filtered with a filter paper, after which 5mL of the filtrate was pipetted into a 
100mL Erlenmeyer. Finally, 10mL of distilled water was added, homogenized, and the pH of 
the solution was checked. The K2CrO4 indicator was added and titrated with a standard 
solution of AgNO3 0.1 N until the precipitate was brick red. 
 
2.6 Analysis of Dietary Fiber Content 
 
To carry out this analysis, 0.5 - 1 gram of the sample was placed in a 400mL beaker, and 
40mL of MES-TRIS buffer was added. The mixture was stirred until there were no clumps in 
the sample. Furthermore, 50µL of the α-amylase enzyme was added, stirred until 
homogeneous, covered with aluminum foil, and incubated in a water bath shaker at 100°C for 
30 minutes. The solution was heated at 60°C, and a gel was formed on the beaker, which was 
broken down with a spatula, after which the spatula and glass walls were rinsed with 10mL of 
distilled water. Next, 100µL of the protease enzyme was added to the solution, stirred, and 
covered again with aluminum foil. Incubation was conducted in a water bath shaker at 60°C 
for 30 minutes. Finally, 5mL of 0.561M HCl was further added, and the pH of the sample 
was adjusted to 4.1- 4.6 with either 1M NaOH or 1M HCl solution. Subsequently, 200µL of 
amyloglucosidase enzyme was added, stirred until homogeneous, and incubated at 60°C for 
another 30 minutes. The next step was the addition of 225mL of 95% (60°C) ethanol, which 
was stirred until homogeneous. The solution was left for 1 hour, filtered, and washed with 
2x15mL of 78% ethanol, 95% ethanol, and acetone. The filter paper was oven-dried at a 
temperature of 103 ± 2°C, filtered with a filter paper containing the weighed residue, and the 
ash weight in the first residue and protein weight in the second residue were determined. 
 
2.7 Analysis of Iodine Content (KIO3) (SNI 3556:2016) 
 
To carry out this analysis, 25 grams of the sample was placed in a 250mL Erlenmeyer and 
dissolved with 50mL of distilled water. Furthermore, 2mL of 2N H2SO4 and 5mL of 10% KI 
solution were added. Next, the sample was placed in a dark room for 10 minutes, after which 
it was titrated with 0.005N Na2S2O3.5H2O until light yellow, and 2mL of 1% starch solution 
was subsequently added. Lastly, the titration was repeated with Na2S2O3.5H2O 0.005 N until 
a color change from dark blue to colorless (clear) was observed.  
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2.8 Antioxidants   

2.8.1 DPPH method (Molyneux, 2004). 

Antioxidant activity testing was carried out at several concentrations of seaweed salt samples, 
namely 10, 20, 30, 40, and 50 ppm. The sample solution was prepared by reacting 4.5mL of a 
sample with 0.5mL of DPPH. Furthermore, a blank solution was prepared by reacting 4.5mL 
of ethanol PA with 0.5mL of DPPH. The mixture was incubated in a dark room at room 
temperature for 30 minutes, after which the absorbance was measured using a 
spectrophotometer at a wavelength of 517nm. Vitamin C (ascorbic acid) was made in 
concentrations of 1, 2, 3, 4, and 5 ppm and used as a positive control. 

Radical binder (%) = 4/%56	%402$4%5&!	7	0%.8/!	%402$4%5&!
4/%56	%402$4%5&!

	x 100% (3) 

2.8.2 CUPRAC method (Apak et al., 2007). 

Testing the antioxidant activity of seaweed salt using the CUPRAC method by mixing 0.3mL 
of a sample with 1mL of 0.01M CuCl2.2H2O, 1 mL of 0.0075 M ethanolic neucoprine, 1 mL 
of ammonium acetate buffer pH 7 and 0.8 mL of distilled water. The sample and reagent 
mixture was homogenized using vortex and in a dark room at room temperature for 30 
minutes. Furthermore, the absorbance was measured at a wavelength of 450nm using 
Ultraviolet-visible (UV-Vis) spectrophotometer. In addition, standard curves used ascorbic 
acid with concentrations of 1, 2, 3, 4, and 5 ppm. 

3. Results

3.1 Yield of Seaweed Salt 

Yield analysis of seaweed salt was carried out to determine the weight of the produced salt. 
In previous studies, 9 grams of seaweed salt was made from 70 grams of S. polycystum 
seaweed flour, and the yield was 12.86%.  

3.2 Mineral Composition of Seaweed Salt 

S. polycystum brown seaweed has an excellent ability to absorb minerals; therefore, it has
quite various mineral levels. The results of the mineral composition of seaweed salts are
presented in (Table 1). The minerals analyzed include Na, K, Ca, F and Mg.

Table 1. Mineral composition of seaweed salt 

Note : Salt K (seaweed salt control without residue); Salt S1 (1 seaweed salt: 1 residue ); Salt S2 (1 
seaweed salt: 2 residues); Salt S3 (2 seaweed salt: 1 residue) 

Sample Na (mg/g) K (mg/g) Ca (mg/g) Fe (mg/g) Mg (mg/g) 
Salt K 96.97 ± 2.21 247.59 ± 3.90 6.42 ± 0.18 0.07 ± 0 16.44 ± 0.30 
Salt S1 49.11 ± 0.08 192.66 ± 0.57 12.25 ±  0.48 0.12 ± 0 15.49 ± 0.16 
Salt S2 33.10 ± 0.06 136.42 ± 0.91 14.28 ± 0.13 1.74 ± 0.01 14.33 ± 0.04 
Salt S3 53.01 ± 0.18 200.47 ± 0.42 9.40 ± 0.01 0.12 ± 0 17.40 ± 0.02 
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Sample Na (mg/g) K (mg/g) Na: K Ratio NaCl (%) Dietary Fiber (%) 
Salt K 96.97 ± 2.21 247.59 ± 3.90 0.39 ± 0 49.05 ± 0.07 - 
Salt S1 49.11 ± 0.08 192.66 ± 0.57 0.26 ± 0.01 26.45 ± 0.12 34.41 ± 0.09 
Salt S2 33.10 ± 0.06 136.42 ± 0.91 0.24 ± 0 20.88 ± 0.68 40.16 ± 0.23 
Salt S3 53.01 ± 0.18 200.47 ± 0.42 0.26 ± 0 39.25 ± 0.13 23.83 ± 0.16 

Description: 
- = not tested

3.4 Heavy Metal Contaminants of Seaweed Salt 

This analysis was carried out to determine the number of heavy metal contaminants present in 
seaweed salt, one of the parameters for salt consumption. The heavy metals tested include 
mercury (Hg), lead (Pb), and cadmium (Cd), and the results are shown in (Table 3).  

Table 3. Heavy metal contaminants of seaweed salt 

Parameter Salt K 
(mg/kg) 

Salt S1 
(mg/kg) 

Salt S2 
(mg/kg) 

Salt S3 
(mg/kg) 

BSN (2016) 
(mg/kg) 

Hg Not detected 0.04 ± 0 0.04 ± 0 0.04 ± 0 Max 0.1 
Pb Not detected 0.56 ± 0 0.69 ± 0.01 0.56 ± 0 Max 10.0 
Cd 0.18 ± 0.01 0.51 ± 0.01 0.56 0 0.51 ± 0 Max 0.5 

3.5 Iodine Content (KIO3) of Seaweed Salt 

Apart from NaCl content, the salt requirement which may be used as dietary salt is iodine 
content. Potassium iodate (KIO3) is iodine in the form of salt, an essential ingredient for 
thyroid hormone synthesis. The thyroid hormone plays a vital role in regulating the body's 
metabolism. Iodine is mainly sourced from fish, shellfish, and seaweed (Gibney et al., 2009). 
The result of seaweed salt iodine content in this study was 212.22±1.70 mg/kg. Meanwhile, 
the minimum iodine (KIO3) range in dietary salt is 30mg/kg (BSN 2016). 

3.6 Antioxidant of Seaweed Salt 

Measurement of antioxidant activity and capacity using the DPPH and CUPRAC method was 
carried out on flour, residue, salt K, S1, S2, and S3. This measurement was carried out to 
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determine the antioxidant activity and capacity of the resulting seaweed salt. The antioxidant 
activity of seaweed salts is shown in (Table 4).  

Table 4. Antioxidants of seaweed salt 

Sample DPPH IC50 antioxidant activity (ppm) CUPRAC antioxidant capacity 
(μmol ascorbic acid/g) 

Salt K 25.59 ± 1.17 18.58 ± 0.59 

Residue 58.66 ± 0.56 11.77 ± 0.83 
Salt S1 13.41 ± 1.58 7.43 ± 0.61 

Salt S2 66.69 ± 0.87 8.91 ± 0.55 
Salt S3 85.01 ± 3.53 12.17 ± 0.15 

Note: The IC50 value is the concentration of the sample that can capture DPPH radicals as much as 
50% of the initial concentration. 

4. Discussion

The heating process was further carried out at a temperature of 40ºC for 10 minutes, with a 
solvent ratio of 1:10 and oven temperature of 60ºC for 30 hours. Research by Nurjanah et al. 
(2020) showed that the average yield of seaweed salts of Turbinaria conoides and Padina 
minor ranged from 20%-26% at 40°C and 55°C and time (10 and 30 minutes). The difference 
in yield was due to some factors, such as different sampling locations. In the study by 
Nurjanah et al. (2020), seaweed was obtained from Scout Island in Thousand Island Regions, 
Indonesia. In this study, the sample was obtained from Carita Beach, Banten, West Java, 
Indonesia. The yield, which was slightly improved with the addition of the residue, increased 
the benefit from the other contents of the residue. 

The mineral composition of the residue tends to decrease; this is presumably due to the 
salt extraction process; the minerals contained in the seaweed dissolve in the filtrate so that 
the minerals that settle on the residue tend to decrease. 

The process of making salt with heat led to its concentration; therefore, the mineral 
composition increased compared to being in the flour state (Magnusson et al., 2016). The 
sodium (Na) and potassium (K) content were the highest in composition compared to other 
minerals, which decreased with the addition of residue to the seaweed salt. The results 
showed that the residual mineral content yielded lower Na and K levels than flour. Therefore, 
one of the causes of Na and K levels is reducing seaweed salt. Meanwhile, salt K with 100% 
salt filtrate had higher Na and K content.  

Potassium is an essential mineral that plays a significant role in maintaining the cells' 
resting membrane potential and intracellular osmolarity (Ekmekcioglu et al., 2015). Sodium 
functions to maintain fluid, osmotic, and acid-base balance (Venugopal, 2008). The increased 
intake of magnesium and potassium coupled with reduced sodium intake is more effective in 
lowering blood pressure than single mineral intake. It is often as effective as one 
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antihypertensive drug in treating hypertension (Houston, 2011). Calcium is also vital in 
regulating blood pressure by helping the muscles in the walls of blood vessels to contract. 
This magnesium and calcium duet work help maintain a normal heart rhythm by relaxing and 
contracting the heart muscle (Mahan and Escott-Stump, 2008). Iron is an essential element 
for almost all living organisms as it participates in a wide variety of metabolic processes, 
including oxygen transport, deoxyribonucleic acid (DNA) synthesis, and electron transport 
(Abbaspour et al., 2014). Factors that affect the number of minerals in seaweed are the 
amount of variation in the number of minerals and organic components on the bottom of the 
water, the nature of the depth of the waters, the distance from the soil and the environment, 
and their habitat (Venugophal, 2008).  

The Na: K ratio obtained from salt K, S1, S2, and S3 was 0.39, 0.26, 0.24, and 0.26. 
The result follows the established ideal ratio, which is 0.3 - 1, according to (WHO 2012). 
Flour, residue, salt K, S1, and S3 are in accordance with the applicable standards; however, 
salt S2 did not attain the ideal Na: K ratio. This was due to the addition of residue, which 
reduced the Na and K mineral contents. The consumption of potassium increases its 
concentration in the intracellular fluid, consequently drawing fluid from the extracellular 
region and lowering blood pressure. Therefore, the potassium ratio to sodium in the diet plays 
a role in preventing and controlling hypertension (Perez & Chang, 2014). 

The antioxidant activity in several samples of seaweed salt showed intense to extreme 
IC50 values. Salt S1 had an antioxidant activity of 13.41 ppm and was included in the 
powerful antioxidant category. Furthermore, salt S3 had an antioxidant activity of 85.01 ppm 
and was included in the strong antioxidant category. Meanwhile, the antioxidant activity of 
the control salt, residue, and salt S2 was 25.59 ppm (very strong), 58.66 ppm (strong), and 
66.69 ppm (strong), respectively. Based on a study by BSN (2016), the S. polycystum 
seaweed salt had an IC50 value of 77mg/L, which was included in the strong antioxidant 
category. The residue of S. polycystum contained several bioactive compounds such as 
alkaloids, saponins, and steroids (Auliya, 2019), which also affect the antioxidant activity of 
seaweed salt.  

Bioactive compounds affect the antioxidant content, such as phlorotannins derived 
from marine brown algae have strong antioxidant activities on free radicals (Li and Kim, 
2011). The activity of reducing free radicals in the DPPH method is dependent on the IC50 
value (inhibitory concentration). This value represents the concentration of the test compound 
that causes a 50% loss of free radical activity. This implies that the IC50 and antioxidant 
activity are inverse, where the smaller the IC50 value, the higher the antioxidant activity 
(Komala et al., 2015). 

Meanwhile, the antioxidant capacity of some seaweed salt samples using the 
CUPRAC method tends to be small. The study by BSN (2016) showed that the S. polycystum 
seaweed salt had an IC50 value of 107.76μmol trolox/g, a small capacity. The highest salt 
antioxidant capacity of 18.58μmol ascorbic acid/g was found in salt K, while the lowest value 
of 7.43μmol ascorbic acid/g was found in salt S1. Meanwhile, the antioxidant capabilities of 
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the residues, salts S2, and S3, were 11.77μmol ascorbic acid/g, 8.91μmol ascorbic acid/g, and 
12.17μmol ascorbic acid/g, respectively. 

Determination of antioxidant activity with the CUPRAC method was determined 
using bis (neocopyrine) copper (II) compound as its chromogenic reagent. The CUPRAC 
method was used to determine the antioxidant activity with ascorbic acid as the standard 
(Apak et al., 2007). One cause of hypertension is increased oxidative stress (Ardalan and 
Kopaie 2014). Antioxidant compounds can stabilize free radicals, preventing chain reactions 
that may damage cells (Ross, 1999). 

Sodium Chloride (NaCl) is a complementary requirement and source of electrolytes 
for the human body. Its content in salt K, S1, S2 and S3 were 49.05%, 26.45%, 20.88% and 
39.25%, respectively. These results follow the applicable dietary salt standards. The criteria 
for the ideal NaCl content as dietary salt for hypertensive patients is a maximum of 60% 
(BSN 2016). Excessive salt intake can affect health, especially blood pressure and kidneys 
(Malta et al., 2018). 

Seaweed is a plant that has enough polysaccharide content, which makes it a potential 
source of proteins, vitamins, minerals, and dietary fiber (Penalver et al., 2020), with 
cellulose, hemicellulose, and lignin as its constituent. Dietary fiber intake is also associated 
with a reduced risk for the development of cardiovascular disease and mortality (Barber et 
al., 2020). The levels of dietary fiber in salt S1, S2, and S3 were 34.41%, 40.16%, and 
23.83%, respectively. This increase was due to the addition of residue. Furthermore, it plays a 
role in reducing blood pressure by lowering cholesterol levels. This was because the heavy 
metals were not dissolved during the salt-making process at a temperature of 40ºC; therefore, 
the results of the filtrate that turned into salt were reduced by its contaminants. Furthermore, 
cadmium (Cd), which is classified as heavy metal with a high level of toxicity, was 
challenging to degrade; consequently, it stays for a long time in the water and later settles 
with the sediment (Wakida et al., 2008). 

5. Conclusion

S. polycystum seaweed salt with additional treatment residue will help increase the salt yield.
However, the addition of residue affected the level of dietary fiber in salt, which raised over
time with residue. Therefore, the best treatment in this study was S2 (1:1), taking into account
the parameters of the low Na: K ratio, levels of NaCl, antioxidants, and the taste produced by
the seaweed salt. S1 salt had a Na: K ratio of 0.26, a NaCl content of 26.45%, and had
antioxidant activity classified as very strong with a value of IC50 amounted to 12.29 ppm and
antioxidant capacity of 7.86 μmol ascorbic acid/g.
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Abstract 

Enterotoxigenic E. coli is an important zoonotic pathogen causing diarrhea in humans and 
newborn animals. α - (1,2) fucosyltransferase 2 (FUT2) is closely associated with the formation 
of pathogenic receptors of Enterotoxigenic E. coli. Codon usage bias analysis can help to 
understand better the molecular mechanisms and evolutionary relationships of a particular gene. 
To understand the codon usage pattern of the FUT2 gene, FUT2 gene coding sequences of nine 
species were selected from the GenBank database for calculating the nucleotide composition (GC 
content) and genetic indices, including an adequate number of codons, relative synonymous 
codon usage, and relative codon usage bias using R software, to analyze codon usage bias and 
base composition in FUT2 gene from different species. The results showed that the codon usage 
of the FUT2 gene in other species was affected by GC bias, mainly GC frequency at the third 
position of codon (GC3). Most of the optimal codons were biased towards the G/C-ending types. 
GCC, CUG, UCC, GUG, and AUC showed the highest relative synonymous codon usage value 
among different species belonging to the most dominant codons. The usage characteristic of the 
codons for the FUT2 gene in Sus scrofa was similar to that of Bos taurus; Homo sapiens was 
similar to Pan troglodytes. An adequate number of codons was significantly negatively correlated 
with GC3. The relatively higher frequency of optimal codons implied that FUT2 genes from 
different species had a strong bias in codon usage.  

Keywords: Base composition; codon usage bias; different species; optimal codons, α - (1,2) 
fucosyltransferase 2. 

1. Introduction

Nucleic acids are templates for protein synthesis. A total of 61 codons encode 20 translated 
essential amino acids. In this degenerate code, most amino acids are encoded by two to six 
synonymous codons used at different frequencies, a phenomenon is known as codon usage bias 
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(Ikemura, 1985). There are mainly two kinds of theories on codon usage bias: neutral theory and 
selection-mutation-drift theory (Bulmer, 1991). The neutral theory explains that mutations in the 
third nucleotide of the codons result from unbiased selection, and mutations of synonymous 
codons do not affect survival fitness. The choice of codons is only associated with mutations that 
are not affected by natural selection pressure. "Selection-mutation-drift" theory suggests that the 
occurrence of mutations is directional, and codon usage bias of synonymous codons reflects the 
selection of the optimal codons and the effect of both mutations and drift on non-synonymous 
codons (Romero et al., 2000). In addition to the impact of selection and mutation, codon usage 
has been reported to be affected by a set of factors, including base composition (Fedorov et al., 
2002), gene expression level (Ikemura, 1985), tRNA abundance (Hiraoka et al., 2009), gene 
length (Duret, 2000), mRNA secondary structure (Sun et al., 2009), protein hydrophobicity and 
amino acid conservation (Gu et al., 2004). With the emergence of genome-wide sequencing 
technologies for different species and the visualization of nucleotide sequences in the NCBI 
GenBank database, many scientists are interested in studying codon usage bias for understanding 
molecular mechanisms underlying gene evolution and genome characteristics. From the research 
perspective, the previous studies mainly focused on the relationship between codon bias and gene 
expression in prokaryotes and lower eukaryotes (Gustafsson et al., 2004). Current studies have 
begun to pay more attention to the codon bias of higher organisms, including mammals, to 
effectively analyze the differences in gene expression and molecular evolutionary mechanisms in 
animal species (Angellotti et al., 2007) and analyze the genetic relationship among species by 
comparing the degree of difference in codon bias. The study of codon bias has crucial biological 
significance. Based on nucleotide composition kinetics and gene transfer analysis, we can not 
only better understand the molecular evolutionary process but also design transgenes to enhance 
the expression and discovery of new genes (Carbone et al., 2003) and analyze the functional 
conservation of gene expression (Lithwick & Margalit, 2005). Inconsistence of transcriptional 
characteristics of synonymous codons may result in a significant change in the number of 
proteins produced by mRNA transcripts (Miyasaka, 2002). An earlier study confirmed a 
significant association of codon usage bias to the codon usage of highly expressed genes (Sueoka, 
1988). In addition, studies have shown that gene sequence characteristics, mutation pressure, and 
natural selection affect codon usage patterns (Mandlik et al., 2014). The variation of codon bias 
may occur among species due to selection pressure on a particular gene. Therefore, there may be 
differences in the characteristics of codon usage patterns among gene families from different 
species or the same species, suggesting other pressures on genomes and genes during their 
evolution. Codon usage bias reflects genome or genes' origin and evolution patterns, providing 
significant reference value for gene expression (Pek et al., 2015), gene function prediction, and 
gene family differentiation (Wei et al., 2014). In addition, species' restrictions in differences in 
codon bias may cause gene methylation, low-level expression, and gene silencing during 
exogenous gene expression and genetic transformation; hence, it is necessary to optimize target 
gene and directional modification according to the codon bias of host genome. 
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Enterotoxigenic Escherichia coli (E. coli) is an important zoonotic pathogen causing diarrhea 
in humans and newborn young animals (Qadri et al., 2005; Al-Balool, 2003). Enterotoxigenic E. 
coli causes disease by adhering the pilus colonization factor to corresponding receptors in the 
small intestine and releasing enterotoxins to lyse cells. It was found that α-(1,2) 
fucosyltransferase 2 (FUT2) is involved in the formation of H-2 (α-fuc- (1-2) -Gal- (1-4) -
GlcNAc), playing a role in the adhesion process of E. coli to small intestinal epithelial cells 
(Coddens et al., 2009). Pili are hair-like appendages found on the surface of E. coli. Studies have 
reported that F18, K88 (F4), and K99 (F5) receptors belong to glycoproteins and 
glycosaminoglycans (Mouricout, 1997). The biological function of fucosyltransferases may be 
significantly associated with the structure formation of E. coli receptors. In addition, 
fucosyltransferases are mainly involved in synthesizing oligosaccharide chains in the body, and 
the construction of glycolipids, phospholipids, and mucins, which act in various signals 
transmission and antigen recognition processes (Hurd et al., 2005). Mucin is involved in cell 
signaling, adhesion, growth, and immune regulation, playing an essential role in maintaining 
intestinal stability and inflammation (Bansil & Turner, 2018). The current studies revealed a 
significant association of the expression level of the FUT2 gene with the occurrence of Crohn's 
disease, Norwalk virus infection, and sugar remodeling during organ transplant rejection immune 
response (Whyte et al., 2011). In addition, FUT2 gene expression is associated with the 
resistance to pathogenic bacterial infection in the small intestine 

 
 (Hurd et al., 2005). Therefore, the adhesion ability of E. coli to the intestine is affected by 

gene expression levels of FUT2 that may be associated with enzymatic activity. In the present 
study, we investigated the nucleotide composition (GC content), genetic indexes, including an 
adequate number of codons (ENC), relative synonymous codon usage (RSCU), and relative 
codon usage bias (RCBS) to analyze the kinetics and evolutionary relationships of the codons of 
FUT2 gene, thereby elucidating the codon usage bias characteristics of FUT2 gene in different 
species. In addition, this study provided a theoretical basis for altering the expression level of the 
FUT2 gene in host cells to enhance the ability of resistance to pathogenic bacterial infection by 
codon optimization and transgenic engineering methods. 

 
2. Materials and methods 

2.1 Sequence data sources 

The FUT2 gene complete coding sequences of nine species (ATG is used as initiation codon, 
TAA, TAG, or TGA as stop codons) were downloaded from the GenBank database 
(http://www.ncbi.nlm.nih.gov). The primary information is shown in (Table 1). 
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Table 1. Nine species with accession number and length (bp) of coding sequences 
for the FUT2 gene 

 
CDS NO. Animals Accession NO. Length (bp) 

1 Bos taurus XM_005219153 1035 
2 Cavia porcellus XM_003465532 1089 
3 Colobus angolensis palliates XM_011946446 1032 
4 Felis catus XM_011289738 1029 
5 Homo sapiens U17894.1 1032 
6 Mus musculus XM_011250795 1044 
7 Pan troglodytes AF080604 1017 
8 Rattus norvegicus AF131238 1065 
9 Sus scrofa AF136895 1023 

* CDS NO: Coding sequence number.

2.2 Base composition bias analysis 

The base composition of each gene sequence was calculated to determine the level of base 
composition bias using Mobile software (http://www.molbiol.ox.ac.uk/cu, version 1.4.2) (Peden, 
2000) with criteria as follows: 1) base content of the third position in each codon (A3, U3, C3, 
G3); 2) GC of the first codon (GC1) and the second codon (GC2); 3) total GC of the codon (GC), 
and average GC of the first and second codon (GC12); 4) overall GC frequency of the third 
codon (GC3). In addition, AT, GC, and GC3 skewness for each coding sequence was used to 
assess base composition bias. 

2.3 ENC analysis 

The effective number of codons (ENC) is considered one of the most valuable parameters for 
assessing the overall codon usage bias of a gene, with a range from 20 to 61. Highly expressed 
genes have high levels of codon bias and lower ENC values, whereas lowly expressed genes 
contain more types of rare codons and higher ENC values (Fuglsang, 2004). 

2.4 RSCU analysis 

Relative synonymous codon usage (RSCU) is defined as the observed frequency of a codon 
divided by the expected frequency if all codons are used equally for any particular amino acid 
(Sharp, 1986). If the RSCU value of a codon is equal to one, the use of the codon is unbiased. If 
the RSCU value of a codon is more significant than one, the codon is more frequently used than 
expected, whereas if the RSCU value of a codon is less than one, the codon is less frequently 
used than desired. Amino acid composition effects are removed; therefore, RSCU reflects codon 
usage bias directly. 
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2.5 Frequency of optimal codon analysis 

The optimal codon for an amino acid is also defined as the codon with the most significant 
number of tRNA genes. The frequency of optimal codon is a standard indicator of codon usage 
bias (Ikemura, 1985). The frequency of optimal codon value represents the ratio of the number of 
optimal codons to all synonymous codons (Ikemura, 1981a, b), ranging from 0.36 for a gene 
showing uniform codon usage bias to 1 for a gene showing strong codon usage bias (Stenico et 
al., 1994). The frequency of optimal codon value for each coding sequence was calculated 
according to the previous method (Lavner & Kotlar, 2005). 

 
2.6 Gene expression evaluation analysis 
 
Gene expression was assessed by RCBS, defined as the overall score affected by the relative 
codon bias of each codon in the gene (Roymondal et al., 2009). The RCBS value for each FUT2 
gene sequence was calculated according to the formula of Fox & Erill (2010). 
 
2.7 Phylogenetic Analysis 
 
To determine the evolutionary relationship between different species, phylogenetic analysis based 
on FUT2 RSCU value in other species was performed using MEGA5.0 software. A neighbor-
joining tree was constructed using the Kimura 2-parameter method, and the values are in the units 
of the number of base substitutions per site. The percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the 
branches. The tree is drawn to scale, with branch lengths in the same units as the evolutionary 
distances used to infer the phylogenetic tree. All positions containing gaps and missing data were 
eliminated.  
 
2.8 Statistical analysis 
 
Correlation analysis and significant comparison of methods were conducted using Microsoft 
Excel and Spearman's rank method in SPSS 18.0 (http://www.spss.com/) software. Heat maps 
were clustered using the hierarchical clustering method in R software. The correlation coefficient 
between codon and GC3 and RSCU values in different species were estimated using R software. 
 
3. Results  

 
3.1 Codon usage pattern analysis of FUT2 gene in different species  
 
Codon usage pattern scanning provides the basis for revealing the mechanism of synonymous 
codon usage bias and has important theoretical implications for understanding molecular biology 
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(Hassan et al., 2009). To show the relationship between codon usage variation and GC condition 
constraints in the FUT2 gene sequence, we analyzed the correlation between codon base 
composition and GC bias (GC3) using heat maps. Most of the codons with G/C-ending were 
positively correlated with GC3, whereas most codons ending with A/T were negatively 
associated with GC3 (Figure 1). The codons CAC, CGC, CTG, GGC, TAC, and TCG were 
strongly positively correlated with GC3 (P < 0.05). In contrast, the codons AAT, ACA, CGA, 
CCT, GAT, and TTT were strongly negatively correlated with GC3 (P < 0.05). The results 
indicated that the codon usage pattern of the FUT2 gene is probably affected by GC3 bias. 
 

 

Fig. 1. Heat map of correlation coefficient of codons with GC3 

3.2 Bias analysis of codon ending with G/C of FUT2 gene in different species 

In the present study, the base compositions of coding sequences of the FUT2 gene in different 
species were analyzed (Table 2). The average content of the third base of codons (A3, T3, C3, G3) 
showed the highest ratios in C3 and G3, followed by T3 and A3. GC3 values ranged from 71.0% 
to 93.3%, with an average of 80.6% and SD of 0.074. The average GC content (GC12) of the first 
and second position of codons varied from 49.3% to 55.5%, with an average of 51.2% and SD of 
0.021. Base composition analysis suggested that the codons of the FUT2 gene coding sequence 
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were biased with G/C-ending in the selected species. In addition, the Fop of each amino acid was 
calculated according to the method of (Lavner & Kotlar, 2005) to identify the codons with high 
and low usage frequencies. The results showed 18 optimal codons in the FUT2 gene from 
different species, most of which are ended with G/C (Figure 2).

 

Fig. 2. The overall frequency of optimal and non-optimal codons used in FUT2 genes among 
species 

 

 Table 2. Nucleotide composition analysis in the coding sequences of FUT2 gene 

NO
. A T G C A3 T3 G3 C3 AT

% 
GC
% 

GC1
% 

GC2
% 

CG3
% 

AT3
% 

GC12
% 

1 203 194 280 358 27 35 114 169 0.38
4 

0.61
6 

0.58
6 

0.44
3 

0.82
0 

0.18
0 

0.514 

2 195 190 314 390 28 23 133 179 0.35
4 

0.64
6 

0.62
3 

0.45
7 

0.86
0 

0.14
0 

0.540 

3 213 206 279 334 35 41 116 152 0.40
6 

0.59
4 

0.58
1 

0.42
2 

0.77
9 

0.22
1 

0.501 

4 148 169 318 383 9 11 120 200 0.30
8 

0.68
1 

0.63
0 

0.48
1 

0.93
3 

0.05
8 

0.555 

5 213 206 281 332 37 37 116 154 0.40
6 

0.59
4 

0.57
8 

0.41
9 

0.78
5 

0.21
5 

0.499 

6 228 226 272 318 46 55 108 139 0.43
5 

0.56
5 

0.56
6 

0.42
0 

0.71
0 

0.29
0 

0.493 

7 208 203 279 327 35 38 115 151 0.40
4 

0.59
6 

0.57
8 

0.42
5 

0.78
5 

0.21
5 

0.501 

8 227 231 290 317 43 60 117 135 0.43
0 

0.57
0 

0.57
7 

0.42
3 

0.71
0 

0.29
0 

0.500 

9 187 192 301 343 14 30 133 164 0.37
0 

0.63
0 

0.57
5 

0.44
3 

0.87
1 

0.12
9 

0.509 

Me
an 

202.
4 

201.
9 

290.
4 

344.
7 

30.
4 

36.
7 

119.
1 

160.
3 

0.39
0 

0.61
0 

0.58
8 

0.43
7 

0.80
6 

0.19
3 

0.512 

SD 24.4 18.9 16.7 26.8 12.
4 

15 8.5 20.3 0.04 0.03
7 

0.02
2 

0.02
1 

0.07
4 

0.07
6 

0.021 
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3.3 RSCU of FUT2 gene in different species  

RSCU values of 59 codons of the FUT2 gene (except for ATG methionine and TGG tryptophan) 
in nine species were estimated. RSCU > 1 represents relatively higher codon usage, whereas 
RSCU > 1.6 indicates strongly biased codons. RSCU analysis of the FUT2 gene in the selected 
species showed that all 22 high-frequency codons were biased to ending with G/C (Table 3). 
RSCU clustering analysis showed that the RSCU values of codons including GCC, CUG, UCC, 
GUG, and AUC in the FUT2 gene were more significant than 1.6 and, therefore, are considered 
dominant codons (Figure 3)

Table 3. Overall relative synonymous codon usage patterns (RSCU) for FUT2 gene among 
different species 

Amino Acid Codon N RSCUa Amino Acid Codon N RSCUa 
Ala GCA 36 0.535 Leu CUA 24 0.502 

 GCC* 172 2.558  CUC* 90 1.882 
 GCG 33 0.491  CUG* 145 3.031 
 GCU 28 0.416  CUU 11 0.230 

Arg AGA 7 0.205  UUA 13 0.272 
 AGG 23 0.673  UUG 4 0.084 
 CGA 20 0.585 Lys AAA 21 0.500 
 CGC* 73 2.137  AAG* 63 1.500 
 CGG* 67 1.961 Phe UUC* 129 1.395 
 CGU 15 0.439  UUU 56 0.605 

Asn AAC* 76 1.382 Pro CCA 40 0.812 
 AAU 34 0.618  CCC* 83 1.685 

Asp GAC* 85 1.619  CCG 53 1.076 
 GAU 20 0.381  CCU 21 0.426 

Cys UGC* 19 1.267 Ser AGC* 50 1.796 
 UGU 11 0.733  AGU 13 0.467 

Gln CAA 13 0.211  UCA 17 0.611 
 CAG* 110 1.789  UCC* 65 2.335 

Glu GAA 16 0.235  UCG 11 0.395 
 GAG* 120 1.765  UCU 11 0.395 

Gly GGA 18 0.326 Thr ACA 22 0.463 
 GGC* 96 1.738  ACC* 100 2.105 
 GGG* 81 1.466  ACG 56 1.179 
 GGU 26 0.471  ACU 12 0.253 

His CAC* 117 1.746 Tyr UAC* 106 1.812 
 CAU 17 0.254  UAU 11 0.188 

Ile AUA 16 0.289 Val GUA 5 0.097 
 AUC* 121 2.187  GUC 61 1.179 
 AUU 29 0.524  GUG* 126 2.435 
     GUU 15 0.290 

a mean value of RSCU based on the synonymous codon usage frequencies of the FUT2 gene, N: 
Total number of preferred codons, *RSCU>1. 
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Fig. 3. Clustering of RSCU values of each codon among FUT2 genes across species 

 

3.4 Phylogenetic analysis based on the codon usage pattern of the FUT2 gene in different species 

In the present study, a neighbor-joining tree was constructed using the Kimura 2-parameter 
distances of the FUT2 gene with RSCU values of codons in different species (Figure 4). The 
results showed that the FUT2 gene of the closely related species had a similar pattern of codon 
usage. The design of codon usage of FUT2 genes in pigs (Sus scrofa) was identical to cattle (Bos 
taurus), whereas the pattern of codon usage of FUT2 genes in humans (Homo sapiens) was close 
to chimpanzees (Pan troglodytes). Genes with similar functions generally have a similar pattern 
of codon usage (Tatarinova et al., 2010). The present study results suggested some differences in 
the codon usage pattern of the FUT2 gene among different species. 
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Fig. 4. Phylogenetic analysis of the Kimura 2-parameter distances of the selected RSCU value 
among FUT2 genes of different species

3.5 Effect of selection pressure on FUT2 gene in different species  

The ENC values ranged from 46 to 59 (mean ± SD, 54.44 ± 3.91), indicating minor variation in 
codon usage of the FUT2 gene among different species. The GC3 ranged from 0.710 to 0.933 
(mean ± SD, 0.806 ± 0.074), whereas ENC was significantly negatively correlated with GC3 
(Pearson r = –0.922, P < 0.01). The ENC plot (ENC vs. GC3) showed a negative correlation of 
ENC values with GC3 contents, while lower ENC values had higher GC3 values (Figure 5). In 
addition, we calculated the GC3 skew that varied from – 0.250 to – 0.071. The relatively higher 
frequency of optimal codon values suggested a strong codon usage bias in FUT2 genes of 
different species (Table 4). The RCBS value of a gene can estimate gene expression (Ma et al., 
2002). The RCBS value of the FUT2 gene ranged from 0.167 to 0.219 (mean ± SD, 0.199 ± 
0.016) in different species. The lower average RCBS values place the FUT2 gene in the class of 
genes with lower expression levels.

  

Fig. 5. ENC vs. GC3 values for FUT2 gene 
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Table 4. Codon usage bias indices for FUT2 gene across different species* 

Species RCBS CG3% Fop Highest_RSC
U 

GC 
Skew 

GC3 
Skew 

Bos_taurus 0.219 0.820 0.483 GCC(Ala) -0.122 -0.194 

Cavia_porcellus 0.206 0.860 0.566 CGC(Arg) -0.108 -0.147 

Colobus_angolensis_p
alliates 0.197 0.779 0.485 CUG(Leu) -0.090 -0.134 

Felis_catus 0.200 0.933 0.602 CUG(Leu) -0.093 -0.250 

Homo_sapiens 0.214 0.785 0.498 CUG(Leu) -0.083 -0.141 

Mus_musculus 0.167 0.710 0.523 GUG(Val) -0.078 -0.126 

Pan_troglodytes 0.201 0.785 0.495 CUG(Leu) -0.079 -0.135 

Rattus_norvegicus 0.181 0.710 0.494 CUG(Leu) -0.044 -0.071 

Sus_scrofa 0.206 0.871 0.516 CUG(Leu) -0.065 -0.104 
 

* RCBS-Relative codon usage bias, ENC-Effective number of codons, GC3-GC contents at third 
positions of a codon, FOP-Frequency of optimal codons, RSCU-Relative synonymous codon 

usage. 

4. Discussion 

Any species usually develops a set of genome-specific codon usage during long-term evolution 
history. Complex factors create codon bias, and it is not only the result of gene mutations and 
selection (Wong et al., 2002) but also related to the gene coding structure, function, and gene 
expression (Chiapello et al., 1998). Codon bias is proposed to be related to many factors in 
evolution. Codon usage in both prokaryotic and unicellular eukaryotes is affected primarily by 
mutational bias and selection (Uddin et al., 2016). In contrast, codon usage in multicellular 
eukaryotes is mainly affected by the selection of translation efficiencies in Drosophila 
melanogaster and Caenorhabditis elegans (Vicario et al., 2007). Codon usage is greatly affected 
by the interaction between mutation pressure and natural selection in viruses such as 
Parvoviridae (Shi et al., 2013). In addition, studies in multicellular and single-cell eukaryotic 
organisms revealed that the number of preferred codons/optimal codons containing large numbers 
of tRNA gene copies increased with the change in gene expression level, indicating a positive 
association of the optimal codons with tRNA abundance (Hiraoka et al., 2009). However, codon 
usage is mainly affected by gene base composition and gene expression level in plant species, 
including Arabidopsis thaliana, rice (Oryza sativa), and corn (Zea mays) (Liu et al., 2010). In 
human studies, genes' gene expression, nucleotide composition, and codon usage bias are 
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associated with the Y chromosome (Choudhury et al., 2017). In recent years many studies 
discovered that in the absence of natural selection pressure conditions, the base composition of 
gene sequence is affected by mutation pressure in a specific direction, mainly in the third base of 
synonymous codons (Uddin et al., 2019). In addition, base composition is an essential 
characteristic of genomic DNA. The usage frequency of different nucleotides is determined by 
the balance between mutation and reverse mutation. The GC content is believed to reflect the 
overall trend of the mutation. The alternation of the third base of the codons within a family 
usually does not change the encoded amino acids. Therefore, a mutation in the third base of 
codons has less selective pressure, and GC3 is also an essential indicator for analyzing codon 
usage patterns. In this study, we investigated the compositional dynamics of the FUT2 gene in 
different species. Further, we found that the FUT2 gene was biased toward G/C-ending codons, 
and most of the codons were significantly correlated with GC3. Therefore, the codon bias of the 
FUT2 gene is strongly affected by base composition, especially GC3 content. The ENC plot 
(ENC vs. GC3) revealed a significant negative correlation between most ENC values and GC3 
content, indicating that relatively higher ENC values were associated with lower GC3 values and 
smaller GC3 skew values. The results further confirmed the vital role of the GC3 composition in 
codon usage bias (Yang & Nielsen, 2008). In addition, higher ENC values are associated with 
lower gene expression. In this study, we found that the ENC value of the FUT2 gene in all nine 
species was about 50, suggesting the low expression level of the FUT2 gene in different species, 
which may be related to the FUT2 gene function. 

Long-term natural evolution has led to similar codon usage patterns among closely related 
species or genes; therefore, codon usage rules are often used as an essential reference for species 
or genomic classification, origin, evolution, and phylogenetic relationships. Previous studies have 
suggested that the clustering based on codon usage is more accurate in smaller taxonomic units. 
Some closely related species have similar biological functions for a particular gene (Christianson, 
2005). In the present study, the codon-based clustering analysis showed that patterns of codon 
usage of FUT2 genes in pig (Sus scrofa) and cattle (Bos taurus) were very close. Previous studies 
have shown that many factors may result in codon bias among species, among which mutation 
and selection are the significant factors. The optimal codons in the translation are all caused by 
the balance between mutation pressure, genetic drift, and weak selection within species. 
Therefore, mutations from unbiased codons to preferred codons are favorable, while mutations in 
the opposite direction are harmful. In addition, highly expressed genes generally display a higher 
bias toward synonymous codons (Behura et al., 2010). The positive correlation between codon 
bias and expression level is usually caused by the selection of translational efficiency (Behura & 
Severson, 2011), indicating that the dominant codons are selected in highly expressed genes. 
Therefore, predominant codons are usually clearly present in highly expressed genes (Ikemura, 
1982). Our study identified the most dominant codon groups GCC, CUG, UCC, GUG, and AUC 
in the FUT2 gene, providing guidance for modifying FUT2 gene expression levels in animals to 
improve resistance to pathogenic infection by genetic engineering and codon optimization. 
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5. Conclusion 

In conclusion, we found that codon usage of the FUT2 gene in different species was affected by 
GC bias, especially GC3. Base composition and occurrence frequency of optimal codons 
indicated that the codons of the FUT2 gene were biased toward G/C-ending types. The frequency 
of C was more remarkable than G. The pattern of codon usage of FUT2 genes in pigs (Sus scrofa) 
was similar to cattle (Bos taurus). In contrast, the codon usage pattern of FUT2 genes in humans 
(Homo sapiens) was close to chimpanzees (Pan troglodytes). The ENC values were significantly 
negatively associated with GC3 content. The relatively higher frequency of optimal codon value 
implied that the FUT2 gene is strongly biased towards the codon usage in different species. 
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Abstract 

Alien animals cause drastic and negative impacts on biota and ecosystems. The feral donkey 
Equus asinus is an invasive alien species in Saudi Arabia. Damage to farms and plants 
consumed by feral donkeys was studied between Al-Ula and Al-Wajh governorates to spot 
their harmful effects in this region and propose possible solutions to the problems they 
caused. Surveys and direct interviews, and conversations with farmers and villagers were the 
selected methods used to collect information. As a result, prevention and management 
actions were suggested to decrease the number of feral donkeys. In addition, a good 
investment potential was proposed to get some benefits from them. 

Keywords: Alien species; Al-Ula; feral donkey; Saudi Arabia; wildlife damage. 

1. Introduction

An animal species is considered alien invasive species if humans introduce it to any region or 
area where it did not previously live naturally; it becomes a pest in this new area causing 
severe threats to biodiversity or human activities (Choquenot,1990; Crowl et al., 2008). 

During the Pleistocene era, the mammals of Family Equidae or the horse family were the 
most abundant animals at this time; their medium size characterized them, live in grasslands 
of Africa, Asia, and the two Americas (Epstein, 1971; Clutton-Brock, 1992; Huggins, 2002; 
Beja-Pereira et al., 2004; Huffman, 2004). Today only seven species of wild equids exist, and 
many of them are endangered (Ziccardi, 1970; Klingel, 1990; Kingdon, 1997; Wilson & 
Reeder, 2005; Svendsen, 2008; Ransom & Kaczensky, 2016). The domestic ass, or donkey, 
is also known as Equus asinus (Ziccardi, 1970; Wilson & Reeder, 2005). Loudon (1825) 
stated that the ass ‘is a native of the mountainous deserts of Tartary, Arabia, Persia, and other 
parts of the Asiatic continent; and at present is very generally domesticated throughout most 
civilized countries. Beja-Pereira et al., (2004) and Kugler et al. (2008) suggested that the 
donkey has evolved from the wild African species, and it was first domesticated in Libya; 
their surveys were carried out based on mitochondrial DNA (mtDNA) collected from many 
different specimens. 

Over 95% of the donkeys are used for work worldwide (Kimura et al., 2011). They are 
used in carrying loads because of their weight-bearing capacity, transportation tolerance for 
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long-distance traveling, and farm plowing (Klingel, 1977; Pearson & Ouassat, 1996; Rossel 
et al., 2008). In other countries,  they are considered great assistants in threshing grains and 
raising water (Rossel et al., 2008). Donkeys are rarely owned or raised unless used for 
working (Wilson & Reeder, 2005). Ancient Egyptians milked females due to higher content 
of sugars and proteins than those cows (McCort, 1980; Meadow & Uerpmann, 1991). 
Estimation of the population of donkeys provides valuable indicators of donkey work 
worldwide. The number of domestic donkeys in civilized countries is minimal (Huggins, 
2002). 

 
Feral donkeys are considered invasive in some countries such as Australia and USA. This 

is because donkeys were brought to Australia to use them in transportation. Still, they escaped 
due to the lack of fences, so they officially declared that the donkeys became a pest after 
reaching about 5 million feral donkeys in 2005 (Clive, 2007). In the USA, donkeys were 
introduced as a species initially descended from the African wild ass and not native to North 
America. In a few years, they caused severe damage to the natural native plants and 
ecosystems, and they compete with native bighorn sheep and desert tortoises to obtain food 
(Litten et al., 2004). 

 
The feral donkey E. asinus recorded from Saudi Arabia is closely shaped to the horse 

from the external features (Ransom & Kaczensky, 2016) with a large head, long ears, and a 
tufted tail. It has a messy thin erect mane and a thin stripe on its back with little stripes on its 
legs and; a whitish belly (Burnham, 2002). Colors vary significantly from black, grey, 
brown, and white. The hair of feral donkeys can be short, straight, curly, or woolly. There is 
almost no sexual dimorphism in E. asinus, except for slight differences between males and 
females (Eley & French, 1993; Huggins, 2002). 

 
E. asinus has strong teeth adapted to graze plant materials. Its large flat-surfaced teeth 

can effectively tear grasses, shrubs, and desert plants. Feral donkeys feed mainly on grasses, 
representing about 30% of their diet (Woodward, 1979; McCort, 1980; McDonnell, 1998; 
Huggins, 2002). 

 
Domestic donkeys are widely distributed and can be found everywhere globally; they are 

also adapted for desert life (Svendsen, 2008). For example, feral donkeys in Saudi Arabia 
prefer warm, dry climates, so they are scattered in many sites characterized by low rainfall 
and sparse vegetation (personal observations). 

 
Feral donkeys in Saudi Arabia usually live in small herds; each herd is composed of 1- 2 

males and 5-6 females. Herds determine their territories using sounds and fecal piles 
(personal observations). Feral donkeys have no common diseases, competitors, or predators, 
so groups grow quickly and continuously (Pimentel et al., 2001; Ransom & Kaczensky, 
2016). 

 
Equus asinus has severe harmful effects on native flora and fauna. Damage to soils, 

water resources, crops, and wildlife have been documented in several locations due to the 
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difficulty of managing and treating this species as invasive (Choquenot, 1990; Crowl et al., 
2008). Several feral donkeys are growing and roaming free across desert regions of Saudi 
Arabia (Moehlman, 2002). 

 
In 2004, the Department of the Environment and Heritage in Australia declared that the 

feral donkey E. asinus is considered an environmental pest; staff members recorded severe 
damage to vegetation and drinkable water by donkeys' hard hoofs that may cause low 
productivity of farms. In addition, donkeys are essential carriers of different endemic and 
exotic diseases (Woolnough et al., 2014). 

 
During the last decade, Saudis used to raise donkeys. They captured feral donkeys to 

transform them into domesticated ones to use them on their farms to plough fields, carry 
loads, and carry water jars and clovers. However, throughout the last 30 years, feral donkeys 
have become a severe problem in Saudi Arabia due to using modern equipment in farming 
and vehicles for transportation and carrying needs. So, Saudis started to free the donkeys in 
open deserts away from their inhabited areas until the number of donkeys increased rapidly, 
causing severe environmental and agricultural problems (Wilson & Reeder, 2005). 

 
FAO Statistics Division (FAOSTAT) (faostat.fao.org) recorded about 55,000 ass in 1961 

in Saudi Arabia, and the number reached 100,000 ass in 2013. In 2011, the Invasive Species 
Specialist Group (ISSG) stated that feral donkeys were introduced to Saudi Arabia and turned 
in a short time be invasive animals. 

 
The present work sheds the spotlight on the adverse environmental effects of feral 

donkeys on humans, farms, and plants in Al-Ula governorate in the northern part of Al 
Madinah Al Munawwarah region in the Kingdom of Saudi Arabia through doing direct 
interviews with the farmers and dwellers along the road connecting between Al-Ula and Al-
Wajh governorates in which a great deal of feral donkeys are abundant. This work aimed 
to study the harmful environmental effects caused by the feral donkeys in this area to suggest 
new potential solutions to solve the problems resulting from the high density of these 
donkeys. 
 
2. Materials and methods 
 
Twelve farms were visited regularly every two months along highway No. 8776, joining 
between Al-Ula and Al-Wajh governorates (Figure 1) from January 2018 to January 2020. 
Route No. 8776 extends for 225 km. Each farm possessed only one adult donkey (total of 7 
males and 5 females) aged 3-4 years. An intensive survey was prepared to collect information 
from farmers (2-3 male farmers on each farm) and 32 male dwellers through a fixed 
questionnaire. Information includes preferable plants eaten by the feral donkeys, ways of 
domestication, hazards that happened due to the existence of feral donkeys, and methods of 
prevention and control. External measurements, sexes, and weight of each live animal and 
three road-killed animals were taken accurately and recorded directly in separate sheet 
records. Wandering feral donkeys were recorded and photographed at eight sites along the 
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road (Figure 2). It was observed that some of them were clustered in herds consisting of 5-7 
donkeys. Samples of plants eaten by the feral donkeys were collected, photographed, dried, 
and identified to the species level according to El Akkad et al. (2017). Observations were 
carried out by driving a powerful car, and plants were collected from the study site on foot. 
The author was so careful during tracking and photographing feral donkeys in their natural 
hilly habitats and taking measurements because they defend themselves by strong kicks with 
their strong legs. Some donkeys may use biting as a defense mechanism besides their strong 
kicks (Kefena et al., 2011). 

 
 

 
Fig. 1. Route No. 8776 joining between Al-Ula and Al-Wajh governorates 

(          https://www.google.com.sa/maps/place/Saudi+Arabia/). Solid circles=farms; 
squares=photography sites. 

 
3. Results 
 
It was challenging to get near the feral donkeys roaming the hilly places and rocky hillocks 
for photography. However, 200 m was the nearest distance reached to the donkeys without 
running away (Figure 2). Natural plants found in the study area and eaten by the donkeys 
were collected and identified using references. The author identified seven wild plants 
species and their parts consumed by the donkeys in Table (1). 
 

 
Fig. 2. Feral donkeys on route No. 8776 between Al-Ula and Al-Wajh 

governorates; 40 km away from Al-Ula governorate. 

Environmental effects of the feral donkey Equus asinus (Linnaeus, 1758) in Al-Ula governorate, western Saudi Arabia



 

Table 1. Plants and their parts a re  consumed by the feral donkey Equus asinus in the 
locations of  the study sites. 

 
Plant Family Part eaten 
Citrullus colocynthis Cucurbitaceae Leaves, fruits, and flowers 
Senna Italica Fabaceae Leaves, fruits, and flowers 
Tribulus Terrestris Zygophyllaceae Leaves and flowers 
Aizoon sp. Aizoaceae Leaves and flowers 
Rumex vesicarius Polygonaceae Leaves 
Stipa capensis Poaceae Leaves 
Rhazya stricta Apocynaceae Leaves 

 
The farmers capture the healthy young feral donkeys by ropes; then, they tie their four 

legs tightly on their farms to hinder them from escaping. Next, they connect them for about 2-
4 weeks to transform them from feral animals to domesticated ones. During this time, farmers 
feed feral donkeys what sheep eat, such as grasses, hay, clover, and dried bread, to get used to 
eating the ordinary food of sheep. 

Presently, donkeys are usually used on farms by the shepherds who ride them to 
follow cattle and sheep during herding. Means of measurement and weights of live donkeys 
from both sexes are listed in Table (2). 

Farmers explained that feral donkeys cause severe damage to their farms, they cause 
direct threats on roads, they provoke dangerous accidents, and they may transmit diseases 
such as scabies to cattle and sheep. Table (3) summarizes the harmful effects caused by feral 
donkeys on route No. 8776 mentioned by the farmers and recorded personally during the 
present work. Figure (3) showed the frequency of damages reported from each farm based on 
the interview with the farmers. 
 

Table 2. This study recorded the means and standard deviations (St. Dev.) 
of external measurements and weights of live males and females and 

road-killed males. 
 

Measurement Live males 
(n=7) 

Live females 
(n=5) 

Dead males 
(n=3) St. Dev. 

Bodyweight 320 kg 290 kg - 176.73 
Total body length 210 cm 200 cm 215 cm 7.64 
Tail length 51 cm 47 cm 49 cm 2.00 
Shoulder height 130 cm 120 cm 128 cm 5.29 
Head length 49 cm 44 cm 51 cm 3.61 
Neck length 62 cm 55 cm 60 cm 3.61 
Hindfoot length 135 cm 121 cm 134 cm 7.81 
Circumference 182 cm 151 cm 184 cm 18.50 
Rear height 156 cm 145 cm 157 cm 6.66 
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Table 3. Several harmful effects caused by feral donkeys w e r e  recorded personally and 
recorded based on the interview with the 32 dwellers from the 12 farms along route No. 8776 
between Al-Ula and Al- Wajh governorates during the time of the present study (PO) personal 

observation and (F) farm. 
 

Effect PO F 1 F 2 F 3 F 4 F 5 F 6 F 7 F 8 F 9 F 10 F 11 F 12 

Road accidents 3 - - - - - - - - - - - - 

Damage fences - 2 - 2 1 - - 1 - 2 - - 1 

Scatter hay - 1 1 - - 1 - 1 - - 1 - - 
Consume 
clover - 1 1 2 - - 1 1 1 1 1 - 1 

Gulp water - 2 - - - - - 1 - 2 - - 1 
Breakwater 
pipes 5 - 1 1 1 1 - - 1 1 1 1 - 

Destroy 
agricultural 
tools 

3 1 - 1 1 1 - 1 1 1 - 1 - 

Smash crops 7 - 1 - 1 - - 1 - 1 1 - 1 
Uprooting 
plants 4 - - 2 1 1 1 - - 1 - - - 

Transmit 
diseases - 1 1 1 1 1 1 1 1 1 1 1 1 

 
 

Fig. 3. The frequency (%) of farms reported the type of damage that occurred by the feral 
donkeys based on the interview with farmers,excluding personal observations. 
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4. Discussion 

It was observed that feral donkeys in the study site are usually concentrated in areas with high 
vegetation cover and plenty of water supply; these findings are found near inhabitants' 
settlements and farms, so the feral donkeys typically come close to humans to obtain food 
and water (Reid et al., 1997). 

Field observations showed feral donkeys grazed on many plant species (Table 1), 
especially Citrullus colocynthis. Seeds of C. colocynthis are edible but bitter; donkeys 
probably preferred to feed on them because of their high content of fats and proteins 
sufficient to give much energy to the animals; these observations match the findings of 
Schafferman et al. (1998). Farmers mentioned that feral donkeys feed on most natural plants 
grown in their habitats. No feral or domestic animal competes with them in their broad 
feeding spectrum; feral donkeys follow all types of plants whenever they grow to feed on 
them. 

It was clear from the external measurements taken of the live animals that males are 
more significant than females (Table 2). This also reflects why males are heavier than 
females (mean 320 kg for males versus 290 kg for females). Farmers declared that males tend 
to eat more quantities of food than females, so they usually prefer to domesticate males 
because they have more robust bodies, live long, are fast-moving, and can withstand and 
perform heavy duties; these findings are agreed with de Aluja et al. (2005). 

Due to urbanization, Saudis recently turned to using modern equipment in farming and 
gathering crops, so they became undependable in using donkeys on their farms and began to 
abandon them. They started to get rid of their domesticated donkeys by covering their eyes, 
transferring them far away from their territories, and releasing them to be sure that they 
wou ld  not return to their farms. 

They release the animal in a vague spot because donkeys have a strong memory that 
enables them to return to any place they have been visited, even once from a long time ago. 

Feral animals cause harm to wildlife in different ways (Fielding, 1991; Celermajer & 
Wallach, 2019). Feral donkeys have no natural predators or population control in Saudi 
environments. It can breed and disperse quickly; occupying was areas. Saudi natural wildlife 
has no defenses against invaders and aliens and cannot compete with any species with no 
predators. 

Released donkeys start to consume natural plants and drink water from wells and other 
sources in their new habitats. But donkeys working on farms and are released into the wild 
face severe problems because they used to eat clover and hay from farms, so they try to get 
the same foods from the nearest farms, especially after firing them from their work. Trying to 
get food and water from farms by these donkeys cause many problems and direct threats to 
farms and other domestic animals such as sheep and camels (Table 3). 

Many destructive effects were recorded personally and confirmed by the owners of the 
farms caused by feral donkeys, which broke through the studied 12 farms. Breaking water 
pipes and smashing crops were the highest recorded problems caused by feral donkeys (13 
times) due to their breaking into farms even through farm gates or destroying fences. 
Donkeys invade farms to get food and water, and so they trample crops and destroy pipes 
with their strong hooves. Villagers confirmed that some diseases such as mange a r e  
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transmitted directly from these feral donkeys to their grazing animals and camels; sharing 
conditions with domestic animals represents the second problem reported by dwellers and 
farmers in Saudi Arabia caused by feral donkeys (12 times). Also, donkeys may destroy 
agricultural tools with their hooves while searching for food and water (11 times). The most 
recorded stolen foods were clover and fresh planted plants (10 times), donkeys sometimes 
deliberate uprooting green planted plants to get food and plenty of water from these 
plants. Uprooting plants were recorded in the open areas personally, which may prevent 
regrowth, especially useful medicinal plants. Although road accidents are the most minor 
documented problems (3 times from personal observations) in Table (3), all villagers, 
farmers, and dwellers confirmed that it is the most annoying problem because feral donkeys 
have heavyweights and have robust bodies. They move foolishly on the roads and sometimes 
stand steady like a statue, and as a result, it causes lethal accidents for humans. 

The problems mentioned above made the urgent need to prevent and control the feral 
donkeys in Al-Ula governorate, northwestern Saudi Arabia. Farmers avoid the invasion of 
donkeys to their farms by strengthening fences of farms to stop consuming clover and hay 
and stop the damage to agricultural tools, water pipes, trample of cultivated crops, and 
transmitting infected diseases to their domestic animals. (Stubbs 1999; Woolnough et al., 
2014). 

Stubbs (1999) suggested using the sterility technique as a non-lethal method, although it 
is currently limited in use up till now. This application can be used, but there is no certainty 
about its effectiveness in reducing the number of feral donkeys (Celermajer and Wallach, 
2019). Control methods of feral donkeys suitable for Al-Ula governorate, northwestern Saudi 
Arabia, include capturing donkeys by trapping or roping them, placing them in reserves, and 
making fences along routes to prevent them from crossing crossroads; hence road accidents 
will be decreased gradually. This solution certainly should be authorized legally by the Saudi 
government. 

Implanting a suitable policy focusing on raising farmers' awareness a b o u t  not 
abandoning these animals in natural environments is considered one of the major solutions to 
this problem. 

The author suggested an excellent solution to solve the problem of increasing feral 
donkeys in Saudi Arabia by trapping them in suitable reserves, feeding them proper food, 
then milking them and preparing their meat for exportation. Many countries drink donkeys' 
milk and eat donkeys' meat so that it will be a good investment for businesspeople and 
become a suitable solution to solve this problem. Saudis do not drink donkeys' milk or eat 
donkeys' meat, so they can easily use the captured donkeys for milking and meat export to 
other countries. It will be an exciting venue for future economic feasibility analysis/research. 
 
5. Conclusion 

Feral donkeys are a severe problem in Saudi Arabia due to their potentially destructive effects 
on cultivated crops, road accidents, and transmitting diseases to domestic animals. It is worth 
finding solutions for these problems, especially with the increasing numbers of these animals. 
The present work focused on surveying the adverse effects of these feral donkeys along with 
route No. 8776 between Al-Ula and Al-Wajh governorates. Some possible solutions were 
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suggested to prevent increasing feral donkeys and make a suitable investment to benefit from 
these animals. 
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Abstract 

Hemolysin is significantly toxic and is used as a molecular marker for pathogenicity. This study 
evaluates the conditions for optimal hemolysin production by Alcaligenes faecalis strains isolated 
from a city abattoir wastewater. The parameters investigated for hemolysin formation were the 
size of the inoculum, initial pH of the production medium, bacterial incubation temperature, 
agitation speed, and growth media. After that, the effect of various parameters on the hemolytic 
activity for the formation of hemolysin was assessed. The genus Alcaligenes was assigned to the 
test organisms after analyzing their 16S rRNA gene sequence with accession numbers: MF498824, 
MF498825, and MF498827. Optimum conditions for hemolysin formation in Alcaligenes faecalis 
strain OS42 were inoculum size of 0.5% (v/v), pH 9, 20 oC, 0 rpm, and brain heart infusion broth. 
77% and 79% of Hemolytic activities were achieved at 20 h for strains OS42 and OS61. 
Cholesterol and ethylenediaminetetraacetic acid did not affect hemolysin formation. This work 
revealed that the hemolysin formation in Alcaligenes strains was sourced from abattoir wastewater 
effluent. The effluent was contaminated with pathogenic Alcaligenes strains, a public health hazard 
to their prospective infection of humans and animals.  

Keywords: Abattoir wastewater; Alcaligenes spp.; hemolysin; optimization; pathogenicity 

1. Introduction

Alcaligenes faecalis is a well-reported environmental bacterium associated with freshwaters 
(Nduka, 2011), soil (Jiajun et al., 2010), wastewaters (Rajeshkumar & Jayachandran, 2004; Abo-
Amer et al., 2015), and mangrove sediments (Wongwongsee et al., 2003; Behera et al., 2017). 
Alcaligenes faecalis synthesizes various ranges of extracellular proteins such as biosurfactant, 
enzymes, R-(-) mandelic acid, and the enterococcal surface protein (Wongwongsee et al., 2003; 
Tapi et al., 2010; Bharali et al., 2011; Xia, 2013 and Ju et al., 2016). The growth of Alcaligenes 
species is easily stimulated in water with the addition of proteins (Nduka, 2011). More so, the 
abattoir wastewater consists of a high number of organic matters such as blood, animal fats, 
aborted fetuses, condemned organs, bile, urine, and undigested feed that can stimulate the growth 
of most bacteria, including Alcaligenes species (Chukwu et al., 2008 and Ogbonna, & Ideriah, 
2014). Blood is the primary organic matter in the abattoir wastewater comprising hemoglobin, an 
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iron-containing compound that can be lysed by hemolysin produced by hemolytic microorganisms 
(Coker et al., 2001). 

Hemolysins are exotoxins that lyse erythrocytes in vitro by disintegrating their cell membrane 
(Stipcevic et al., 2005; Das et al., 2016). Their production is attributed to the microorganisms' 
virulence factor that produces them. Nevertheless, Rajesh et al. (2013) has reported hemolytic 
activity in non-pathogenic Streptomyces coelicolor M145. Besides red blood cells, hemolysins can 
target other cells, including white blood cells (Stipcevic et al., 2016). Some hemolytic organisms 
also show the ability to utilize nicotinamide adenine dinucleotide (NAD) (factor V) and heme 
(factor X) released when blood is lysed (Public Health England, 2015). Hemolysin’s production is 
attributed to various functions, such as the growth of the respective microbe (Zhang et al., 2005 
and Singh et al., 2010) and heme uptake in mycobacteria (Jones & Neiderweis, 2011). 

The abattoir generates a large amount of wastewater that constitutes 32.5% of blood (Aniebo 
et al., 2011). In addition, the primary wastewater treatment, which entails mainly segregation, is 
applied at the Onyearugbulem abattoir; thus, a high blood concentration is associated with its final 
effluent (Akinro et al., 2009). Furthermore, there is little documentation on hemolysin production 
by environmental bacterial strains, specifically from the abattoir.  

This paper, therefore, describes hemolysin production by Alcaligenes strains isolated from 
Onyearugbulem abattoir effluent and the optimal culture conditions for hemolysin production by 
Alcaligenes faecalis strains isolated from abattoir wastewater. In addition, this study further 
provides information on the influence of different treatments on hemolysin production. This is the 
first report on optimizing hemolysin produced by Alcaligenes strains to our knowledge. 

2. Materials and methods

2.1 Source and isolation of bacterial isolates 

Final wastewater effluent samples from the Onyearugbulem abattoir (7o16'58.5''N 5o11'15.9''E) 
were collected over a 12-month sampling regime and analyzed within 4 h of collection. For the 
bacterial isolation, serial dilution of the samples was prepared, and 1 ml was pipetted into sterile 
prepared nutrient agar (Biolab) plates using the spread-plate method and cultured aerobically at 37 
oC for 24 h. Distinct colonies were sub-cultured on sterile nutrient agar (Biolab) plates at 37 oC for 
24 h. The pure cultures were aseptically transferred into well-labeled nutrient agar (Biolab) slants 
and preserved at 4 oC until further studies. 

2.2 Phenotypic characterization of isolates 

The method described by Hussain et al. (2013) was applied for the phenotypic characterization of 
the isolates with a slight modification. Bergey’s manual of systematic bacteriology was employed 
to suggest the phenotypic characteristics of the bacterial isolates. The assessed cultural features 
included the colonial color, shape, edge, elevation, and surface, while catalase, coagulase, oxidase, 
indole, motility, and sugars' fermentation tests were carried out for the biochemical 
characterization. In addition, gram-stain reactions were assayed to ascertain morphological 
characteristics. 
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2.3 Genetic characterization of bacterial isolates by 16S rRNA 

WITH MINOR REVISIONS, the DNA extraction and 16S rRNA gene amplification were 
implemented, as reported by El Samak et al. (2018). Briefly, two colonies of an overnight bacterial 
culture were aseptically reconstituted in 200 µl sterile nuclease-free water. The cells were vortexed 
and lysed by boiling (100 °C) for 10 min using AccuBlock (Digital dry bath, Labnet). The lysate 
(supernatant) containing the DNA was recovered at 14,000 rpm for 4 min in a Mini Spin 
microcentrifuge (LASEC, RSA). Cell lysates were preserved at 4°C and functioned as DNA 
stencils in polymerase chain reaction (PCR) assays. Two universal primers; 27F (Forward primer 
5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (Reverse primer 5'-
GGTTACCTTGTTACGACTT-3'), were used for the amplification of isolates' 16S rRNA gene 
with the aid of PCR. The conditions employed for PCR amplification included: initial denaturation 
for 15 min at 95 °C, 35 cycles at 95 °C for 30 sec, 61 °C for 1 min, and at 72 °C for 1 min 30 sec. 
Lastly, an extension step at 72 °C for 10 min. For verification, amplicons were resolved in a 1.5% 
agarose gel electrophoresis at 120 Volts for 35 min in 0.5% TBE buffer stained with ethidium 
bromide solution. Sequencing the resolved PCR outcomes was done at the University of Kwa Zulu 
Natal, Durban, South Africa. The deoxyribonucleic acid (DNA) sequences were analyzed by the 
algorithm system of the Basic Local Alignment Search Tool (BLAST) from the National Centre 
for Biotechnology (NCBI) (http://www.ncbi.nlm.nih.gov/Blast.cgi). The sequences from the 
GenBank database with more than 98% similarity and the resultant sequences were copied in 
FASTA format and used to determine the phylogeny of the bacterial strains. The software used for 
the phylogeny studies was Molecular Evolutionary Genetics Analysis version 7.0 (MEGA7). 

2.4 Hemolysin tube assay 

2.4.1 Collection of hemolysins 

The hemolysin collection from the bacterial cultures was carried out using the descriptions 
reported by Sato et al. (2012), with minor revisions. Single colony bacterial isolates were cultured 
at 37 °C using a blood agar base (Biolab, Hungary) with 5% defibrinated sheep blood for 24 h. 
They are used to inoculate brain heart infusion broth (Biolab, Hungary). The inoculated agar plates 
were cultured at 37 °C for 18 h and centrifuged at 12000 rpm for 10 min at 5 °C. A 0.22 µm pore 
size nylon filter (Micron Separations, Westboro, USA) was used to filter the supernatant. The 
supernatant (cell-free) was used to evaluate the hemolytic activity of the hemolysin synthesized 
by the bacterial isolates. 

2.4.2 Determination of hemolytic activity 

With minor revisions, the tube assay for hemolytic activity was adopted as described by Ktari et 
al. (2017). Freshly collected sheep blood was obtained into sterilized screw cap bottles containing 
anticoagulant solution (EDTA solution). Five milliliters (5 ml) of heparinized sheep blood was 
pipetted into 15 ml conical bottle and spun down at 4000 rpm at 4 °C for 10 min, and the serum 
was gently aspirated. The bacterial cells were twice washed with normal saline followed by 
phosphate-buffered saline (PBS) formulated by 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
and 1.8 mM KH2PO4 and pH adjusted to 6.8. Before aspiration, the resultant solution (4 ml) was 
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diluted with 10 ml of PBS. Subsequently, 1% v/v erythrocytes were prepared with PBS at a ratio 
of 0.15:14.85. For the preparation of bacterial samples, 18 hold bacterial cultures in brain heart 
infusion broth were standardized (A600 nm = 0.1), whereas 1% v/v of the culture was cultured in 
nutrient broth (Biolab) at 37 °C for 24 h. The bacterial culture solution was centrifuged (12000 
rpm, 10 min), and the supernatant was gently aspirated. After that, the hemolysin tube assay was 
carried out by incubating 500 µl of 1% v/v erythrocytes and 500 µl of bacterial supernatant at 37 
°C for 90 min. Positive control was Triton X-100 (1%), while negative control was PBS buffer. 
The mixture was centrifuged (4000 rpm, 4 °C, 5 min), 100 µl of aspirated supernatant was pipetted 
into microtitre plates, and the absorbance400 nm was taken using a microtitre reader (BioTek 
Instruments, USA). One hemolytic unit (HU) was equalized as the percentage of lysed cells, which 
was determined by Equation 1. 

	𝐻𝑈	(%) = 	
𝑋	 −	𝑋!
	𝑋"!!	–	𝑋!

× 100						(1) 

where X = sample absorbance, X0 = negative control absorbance, and X100 = positive control 
absorbance. 

2.5 Determination of optimal parameters for hemolysin production 

Optimization of hemolysin production by the selected bacterial isolates was carried out by a one-
variable-per-time optimization method described by Fatokun et al. (2016).  

2.5.1 Influence of bacterial inoculum size on hemolysin production 

Brain heart infusion broth was inoculated with bacterial culture (18 hold) at varying percentages 
(0.5 %, 1 %, 2 %, 3 % and 4 %) standardized to 0.10 at 600 nm and incubated at 37 ℃ for 24 h. 
Using the hemolysin tube assay, the gently aspirated supernatant, representing the crude enzyme, 
was assayed for hemolytic activity. 

2.5.2 Influence of initial pH of the production medium on the hemolysin production 

The growth media's initial pH was tuned to different pH values of 3, 5, 7, 9, and 11 using 1 M 
NaOH or 1 M HCl as necessary before the sterilization. The sterilized media were inoculated with 
a standardized (A600nm ≈ 0.01) bacterial culture. The medium was cultured for 24 h at 37	℃, and 
the supernatant served as the crude enzyme fraction and was tested for hemolytic activity using 
the hemolysin tube assay. 

2.5.3 Influence of temperature of bacterial incubation on hemolysin production 

To evaluate the optimal incubation temperature required for hemolysin synthesis, the growth 
medium was inoculated with a standardized (A600nm ≈ 0.01) bacterial culture and incubated at the 
following temperatures: 20, 25, 30, 35, and 40 ℃ for 24 h. After incubation, the supernatant served 
as the crude enzyme and was tested for hemolytic activity using the hemolysin tube assay. 

2.5.4 Influence of agitation speed on hemolysin production 

To determine the optimal agitation rate, brain heart Infusion broth (Biolab, Hungary) was 
inoculated with the standardized (A600nm ≈ 0.01) bacterial culture and incubated under variable 
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agitation speed at 37 ℃ for 24 h. The agitation speeds included static (0 rpm), slow (50 rpm), 
standard (100 and 150 rpm), and fast agitation (200 rpm). After incubation, the supernatant served 
as the crude enzyme and was tested for hemolytic activity using the hemolysin tube assay. 

2.5.5 Influence of growth media on hemolysin production 

For the optimal growth media required for hemolysin production, standardized (A600nm ≈ 0.01) 
bacterial culture was inoculated in different growth media, [nutrient broth (Biolab, Hungary), 
blood agar base (Biolab, Hungary) broth, and brain heart infusion broth (Biolab, Hungary) after 
standardization (A600nm ≈ 0.01) and incubated for 24h at 37 ℃. The supernatant was tested for 
hemolytic activity using the hemolysin tube assay. 

2.6 Time and growth kinetics of hemolysin production 

The relationship between bacterial growth and hemolysin production over a while was investigated 
as reported by Sato et al. (2012) with minor alterations. Briefly, 1 ml of 18 h pre-culture cell 
solution at 0.10 OD600 was transferred to 100 ml brain heart infusion broth and cultured for 56 h, 
under optimal conditions for hemolysin production. The growth medium was withdrawn at 4 h 
intervals to determine bacterial growth and hemolytic activity. Culture turbidity at 600 nm was 
taken to measure bacterial growth, and hemolytic activity was determined by hemolysin tube 
assay, as mentioned earlier.  

2.7 The effect of various treatments on the hemolytic activity 

The stimulating effect of cholesterol, EDTA, AlCl3, MgCl2, NaCl, CaCl2, and (NH4)2SO4 on the 
hemolytic activity of hemolysin produced by Alcaligenes strains was evaluated as described by 
Sato et al. (2012), with minor modifications. Briefly, 10 µg/ml cholesterol, EDTA (0.1 mM), AlCl3

(5 mM), MgCl2 (5 mM), NaCl (5 mM), CaCl2 (5 mM) and (NH4)2SO4 (5 mM) were prepared and 
incubated individually with 5 ml aliquots of freshly collected crude hemolysin for 10 min and set 
at 37 ℃. Five milliliters of freshly collected crude hemolysin, without any treatment, served as a 
positive control. 

2.8 Statistical analysis 

The data were obtained in triplicates, and analysis of variance (ANOVA) was determined. Means 
of the treatment were obtained using Duncan's New Multiple Range Test at a 95% confidence 
level using SPSS (version 23). 

3. Results

3.1 Molecular confirmation of bacterial isolates 

Analyses of the 16S rRNA gene sequences of bacterial isolates using the BLAST program ascribed 
the organisms to the Alcaligenes genus. After depositing the 16S rRNA gene sequences at the 
GenBank, the assigned nomenclatures were identified as Alcaligenes feacalis strains OS42, OS61, 
and OS117 with accession numbers MF498824, MF498825, and MF498827, respectively. The 
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unrooted phylogenetic tree indicating the evolutionary relationships of Alcaligenes strains in this 
study with other Alcaligenes species available in the NCBI database is shown in Figure 1. 
Alcaligenes feacalis OS61 had 99% similarity to Alcaligenes sp. strain SCU-M2.  

Fig. 1. Phylogeny of the relationship of Alcaligenes feacalis strains OS 42, 61, and 117 
(bulleted) with certain Burkholderiales in GenBank database. 

3.2 Influence of bacterial inoculum size on hemolysin production 

The impact of bacterial inoculum size on hemolysin synthesis was investigated, and the results are 
shown in Figure 2. Optimal hemolysin production (35.96%) compared to 100% hemolysis by 
Triton-X 100 was attained with 2% v/v inoculum size of Alcaligenes faecalis OS61. Alcaligenes 
faecalis strains OS42 and OS117 had the highest hemolysin formation with 0.5% v/v and 1% v/v 
inoculum sizes. Triton-X 100 functioned as the positive control. It was observed that hemolysin 
formation depended on the inoculum sizes (0.5%, 1%, 3%, and 4%). 

3.3 Influence of initial pH on hemolysin formation 

The influence of initial pH on hemolysin synthesis by Alcaligenes strains was assessed, and the 
results are shown in Figure 3. Hemolysin synthesis was studied at variable pH, and the optimal 
hemolysin formation was obtained at pH 9 for Alcaligenes faecalis OS42, pH 7 for Alcaligenes 
faecalis OS61 and Alcaligenes faecalis OS117. There was a significant difference among tested 
pH ranges (p < 0.05) for hemolysin formation in Alcaligenes faecalis OS42. Furthermore, a steep 
decline of up to 50% in hemolysin formation was observed at pH 11 from Alcaligenes faecalis 
OS42 and Alcaligenes faecalis OS61.  

 Alcaligenes faecalis strain DST207
 Alcaligenes faecalis strain M4
 Alcaligenes sp. strain VITMS 9
 Alcaligenes faecalis subsp. parafaecalis strain NK4
 Alcaligenes faecalis strain ADS6
 Alcaligenes faecalis strain Cuf-2
 Alcaligenes faecalis strain YFMCD4.1
 Alcaligenes faecalis strain AZAN3
 Alcaligenes faecalis strain MGT16
 Alcaligenes faecalis strain Y11
 Alcaligenes sp. strain YBY

 Alcaligenes faecalis strain OS117
 Alcaligenes aquatilis strain AZHF-1
 Alcaligenes faecalis subsp. parafaecalis strain OSW 11
 Alcaligenes sp. strain BJ1
 Alcaligenes aquatilis strain UMAGOD08
 Alcaligenes faecalis strain DST213
 Alcaligenes sp. strain y4
 Alcaligenes sp. strain SCU-M2

 Alcaligenes faecalis strain OS61
 Alcaligenes faecalis strain OS42

 Alcaligenes sp. strain PSB52
 Alcaligenes sp. strain T3-6
 Burkholderia humi strain Rs7
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3.4 Effect of bacterial incubation temperature on hemolysin formation 

The impact of incubation temperature on the hemolytic activity of the bacterial isolates was 
studied, and the results are shown in Figure 4. The optimal hemolysin formation was recorded at 
25 °C for Alcaligenes faecalis strains OS61 and OS117, but the appearance was also observed at 
all other studied incubation temperatures (20 °C, 30 °C, 35 °C as well as 40 °C). No significant 
difference in hemolysin formation at variable incubation temperatures was observed for 
Alcaligenes feacalis OS42. 

3.5 Influence of agitation speed on hemolysin formation 

The influence of agitation speed on hemolysin formation in Alcaligenes strains was assessed, and 
the results are presented in Figure 5. The hemolysin formation was little affected at variable 
agitation speeds, and its optimal formation was recorded at 0 rpm (static) for Alcaligenes faecalis 
strains OS41 and OS117. 200 rpm was recorded to be the most suitable for Alcaligenes faecalis 
strains OS61. 

3.6   Influence of growth media on hemolysin formation 

The impact of growth media composition on the synthesis of hemolysin by Alcaligenes faecalis 
strains was studied, and the results are presented in Figure 6. Alcaligenes faecalis strains OS42 
and OS117 preferred brain heart infusion broth more than other substrates for hemolysin formation 
with 19.13% and 99.89%, respectively. On the other hand, the nutrient broth was most suitable for 
hemolysin for Alcaligenes faecalis strains OS61 (112.38%). 

Error bars: ± 1 SE 
Fig. 2. Influence of bacterial inoculum size on hemolysin formation; N = negative control, P = 

positive control 
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Error bars: ± 1 SE 
Fig. 3. Influence of pH on hemolysin formation; N = negative control, 

P = positive control 

Error bars: ± 1 SE 
Fig. 4. Influence of temperature (°C) on hemolysin formation; N = negative control, 

P = positive control 
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Error bars: ± 1 SE 
Fig. 5. Influence of agitation speed (rpm) on hemolysin formation; N = negative control, 

P = positive control 

Error bars: ± 1 SE 
Fig. 6. Effect of growth media on hemolysin production; N = negative control; P = positive 
control; BAB = Blood agar broth; BHI = Brain heart infusion broth; NB = Nutrient broth 
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The time progression of hemolysin synthesis and growing line of tested Alcaligenes strains was 
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faecalis strain OS61 reached optimum hemolysin production at 20 h with 77% and 79% hemolytic 
activity, respectively, which corresponded with the early logarithmic growth of the strains. 
Meanwhile, optimal hemolysin production was achieved at 36 h by Alcaligenes faecalis strain 
OS117 with 85.3% hemolytic activity. Double peaks of hemolytic activity were observed in 
Alcaligenes faecalis OS42 at 20 h and 44 h of incubation and in Alcaligenes faecalis OS117 at 28 
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when a reduction in hemolysin synthesis was observed. Contrarily, there was a sharp decline in 
hemolysin production by Alcaligenes faecalis OS61 after it reached its peak at 20 h, although the 
bacterial growth continued. Hemolysin production by Alcaligenes faecalis OS117 increased as the 
incubation time increased until 48 h, and after that, the production rate decreased with time. 

(a) 

(b) 

(c) 

Error bars: ± 1SE 
Fig. 7. Relationship between bacterial growth and hemolysin formation by (a) Alcaligenes 

faecalis strain OS42, (b) Alcaligenes faecalis strain OS61, and (c) Alcaligenes faecalis strain 
OS117; time versus biomass (dotted line), time versus hemolytic activity (straight). 
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3.8 Effects of various treatments on crude hemolysin 

The effects of different treatments on hemolysin activity by Alcaligenes strains were investigated, 
and the results are shown in Table 1. The treatment substances used were 10 µg/ml cholesterol, 5 
mM AlCl3, 0.1 mM of EDTA, 5 mM of MgCl2, 5 mM of NaCl, 5 mM of CaCl2and 5 mM of 
(NH4)2SO4. These treatments had variable effects on the hemolytic activity; 5 mM. AlCl3 had the 
highest inhibitory effect (65.3%) on the hemolytic activity of the crude hemolysin. The hemolytic 
activity of the untreated hemolysin served as the positive control.  

Table 1. Effect of different treatments on crude hemolysin 

Treatment 
reagents 

Hemolytic activity  (% 
± S.D) 

10 µg/ml 
Cholesterol 71.23 ± 0.12 
5 mM AlC3 65.30 ± 0.08 
0.1 mM EDTA 81.28 ± 0.16 
5 mM MgCl2 81.96 ± 0.55 
5 mM NaCl 80.37 ± 0.18 
5 mM CaCl2 77.85 ± 0.34 
5 mM (NH4)2SO4 79.91 ± 0.42 
Untreated 100 ± 0.26 

Key: SD = standard deviation; AlC3= aluminium chloride, EDTA = ethylene diamine tetraacetic 
acid, MgCl2= magnesium chloride, NaCl = sodium chloride, CaCl2 = calcium chloride, 
(NH4)2SO4 = ammonium sulphate. 

4. Discussion

For survival, microorganisms tend to adapt to environmental conditions, and for their growth and 
viability, they develop mechanisms to utilize available substrates. One of the mechanisms is the 
production of hemolysin by the microorganisms, which is associated with untreated abattoir 
wastewater, containing 32.5% of blood (Aniebo et al., 2011). Hemolysin plays a significant role 
in controlling infectious diseases (Zhang et al., 2005; Rahman et al., 2010), and it functions as a 
toxin (Sato et al., 2012). Therefore, it is used as a molecular marker for pathogenicity, primarily 
in clinical isolates. The hemolytic activities in the environmental microorganisms are steadily 
being documented (Rajesh et al., 2013). The present study, using PCR, demonstrates the 
optimization of hemolysin formation by A. faecalis strains isolated from a significant city abattoir 
wastewater plant in Akure, Nigeria. The evolutionary analyses (Figure 1) showed that the strains 
OS61 and OS117 were more closely related compared with A. faecalis strain OS42. 

The genus Alcaligenes has long been known as a contrivance of several metabolites as well 
as hydrolytic enzymes (Bharali et al., 2011; Naeem et al., 2017), but its hemolysin synthesis has 
only been connected to the biosurfactant formation, but petite reports have appeared on the 
optimization and characterization of this enzyme. Furthermore, it is known that the appearance of 
enzymes by microorganisms is controlled by multiple variables (Fatokun et al., 2016). Therefore, 
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to obtain a prime enzymatic activity, it is essential to validate and measure the impact of such 
variables.  

The size of the inoculum is a vital variable that determines microbial growth. We observed 
optimal hemolysin formation with the most petite sizes of the inoculum among an array of 
inoculum percentage volumes; A. feacalis strains OS42, OS61, and OS117 produced hemolysin 
optimally at 0.5 %v/v, 2 %v/v, and 1 %v/v inoculum sizes. This is supported by Jaapar et al. 
(2011), who have shown that a high substrate to cell ratio could lead to a prolonged growth phase, 
extending the period of metabolite production. The long period of metabolite production indicates 
a higher yield of the metabolite. In addition, more culture densities may reduce extracellular 
substance synthesis because the cell replication may have used up most of the nutrients leaving 
behind a minuscule amount of nutrients for cellular demands (Nwodo et al., 2013). 

pH is a part of the critical variables that determine the best enzymatic activities. Most enzyme 
activities and movements through the cell membrane are subjective to the original pH of the growth 
media (Gupta & Kar, 2008; Ahmad et al., 2017; Yusuf et al., 2019). Olson (1993) has reported 
that the metabolic activities of microorganisms, the production of genes, and their expression are 
pH-dependent as a reaction to their outer milieu. In addition, the bacterial protein syntheses and 
their processes are tuned in line with both the inner and outer pH of a system. The original pH of 
the production medium regulates the oxidation-reduction potential in the cells affecting nutrient 
absorption and enzyme production. In this study, optimal hemolysin synthesis was observed at pH 
7.0 in A. faecalis strains OS61 and OS117, as well as at pH 9.0 for A. faecalis OS42. In contrast, 
Sato et al. (Sato et al., 2012) reported pH 6.0 was suitable for hemolysin formation in Prevotella 
oris. Funk et al. (1996) concurred with our results in which maximum hemolytic activity was 
found within the pH range of 5 - 9. Considerable differences in the optimal pH of hemolysin 
synthesized by different bacterial isolates have been reported (Takada et al., 2003). This variable 
optimal initial pH for hemolysin formation in other bacterial species may be because of the 
variations in media composition and microbial and sample differences (Shu and Lung, 2004). 

The bacterial incubation temperature is the crucial player for prime enzyme synthesis, and this 
may be due to the microbial protein modification influenced by differential incubation 
temperatures (Juturu and Wu, 2014). Ray et al. (2007) have reported that when incubation 
temperature is not optimal, metabolic turnovers are lower, resulting in growth retardation and 
reduced enzyme production and activity. In the present study, optimal hemolysin production was 
recorded at 25 ℃ for A. faecalis strains OS61 and OS117. This is not in agreement with Hang’ombe 
et al. (2006), who have reported the optimal temperature for hemolysin production by Clostridium 
chauvoei at 10 ℃ and a significant reduction of over 80% productivity at 30	℃. Disparities in the 
incubation temperature for the enzyme production may be accredited to different strains among 
microbial species and compliance with the temperature range and the environmental growth 
conditions of the bacteria (Techapun et al., 2002). 

The optimal agitation speed for hemolysin synthesis varied among the studied bacterial 
strains. The observed high agitation speed (200 rpm) for hemolysin production by A. faecalis strain 
OS61 may result from the maximum oxygen transfer in the growth medium. It is known that the 
agitation speed influences the aeration level of the bacterial cells. It determines the dissolved 
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oxygen level required for the respiration of the bacterial cells and subsequently affects enzyme 
production in batch fermentation (Jang and Chang, 2005). However, other studies have highlighted 
that a high agitation speed may lead to solid shear stress and adversely affect growth (Balan et al., 
2013; Xia et al., 2014). This is in line with our observation of A. faecalis strains OS42 and OS117.  

The different growth media compositions significantly impacted hemolysin synthesis and 
conservation of activity. The studied bacterial strains showed optimal hemolysin production in 
various growth media. Hang’ombe et al. (2006) have reported an unclarity of variation in 
hemolysin activity associated with different growth media. This may be due to a specific protein 
carrier requirement by individual microorganisms. Marchlewicz and Duncan (1982) have shown 
that Group B streptococcal hemolysin needed the availability of particular proteins as carriers for 
conservation of its activity. An induction with streptolysin S may happen during the availability 
of various proteins (Zhu et al., 2017). Funk et al. (1996) have also reported that the lack of specific 
proteins may result in reduced transporters of hemolysin, justifying the absence of hemolysin 
synthesis indefinite media.  

The bacterial growth kinetics have suggested that hemolysin is synthesized during the 
logarithmic and primary stationary growth phase (Sato et al., 2012). Higher hemolytic activity has 
been recorded from the crude hemolysin obtained from the early logarithmic growth phase than 
the crude hemolysin obtained from the stationary phase. The same pattern of hemolysin synthesis 
has been revealed by Aggregatibacter actinomycetemcomitans (Kimizuka et al., 1996), Prevotella 
intermedia (Beem et al., 1998), Porphyromonas gingivalis (Deshpande & Khan, 1999), Prevotella 
nigrescens (Silva et al., 2004) and Prevotella oris (Sato et al., 2012). In our study, the reduced 
hemolysin synthesis at the late logarithm phase of incubation may be due to many factors, such as 
nutrient exhaustion and proteolysis. (Papagianni and Moor-Young, 2002). 

Crude hemolysin from the bacterial strains was treated with cholesterol and EDTA. The 
hemolytic activity did not enhance by any of these treatments. Funk et al. (1996) has also reported 
a non-impact of cholesterol on the hemolytic activity of hemolysins from Actinomyces pyogenes. 
This contrasts with Alouf (1980) and Jacobs et al. (1994), who have reported a significant effect 
of cholesterol on hemolysins from Listeria monocytogenes and Streptococcus suis. Former studies 
have revealed that hemolysin complexes with cholesterol result in a decline in cytolytic activity 
(Prigent and Alouf, 1976). Sato et al. (2012) has suggested that the variance in the effect of 
cholesterol on different hemolysins may be due to specific differences in the membrane damage 
caused by individual hemolysin produced. Additional studies are needed to study the mechanism 
of the formation of hemolysins in the abattoir wastewater of Nigeria. 

5. Conclusion

Our results suggest the occurrence of hemolytic Alcaligenes species in the final wastewater 
effluent of Onyearugbulem abattoir in Akure, Nigeria. Our study has provided critical information 
on the best conditions for hemolysin synthesis in A. feacalis strains by assessing their hemolytic 
activity using variable cultivation parameters. The traditional optimization for hemolysin 
formation in A. feacalis strain OS117 resulted in 85.31% activity compared with 100% lysis with 
Triton-X 100. In A. feacalis strain, OS117 hemolysin formation is supported at neutral pH, 25 °C, 
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in stationary cultures, in the early logarithmic phase using brain heart infusion broth by 1% v/v 
inoculum. Further studies about purification, mechanisms of action, and the molecular structure of 
hemolysins formed in Alcaligenes species are required.  
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Abstract 

During 2014-2016, a project was launched to update and examine the current status of five 
phyla of benthic marine algae and epiphytic diatoms and marine Tracheophyta thriving along 
the coastal area of Kuwait. As a result, 173 species of algae were collected and identified. 
Fourteen new records of algal species for Kuwait, including 2 species as new records from the 
Arabian Gulf, are here reported for the first time. These species are assigned to the 
Chlorophyta (4), Ochrophyta (1), Rhodophyta (5), and Cyanobacteria (4). One species of 
marine angiosperm from the Kuwait coastal line is also found first. Five algal species collected 
from Kuwait coastal line remain unidentified.  

Keywords: Benthic; Kuwait; marine algae; seagrass; systematic. 

1. Introduction

Earlier biogeographical studies of the Arabian Gulf showed floristic affinities with distant 
regions, e.g., Japan, Australia, and South Africa (Børgesen 1934). The benthic algal flora of 
the Arabian Gulf represents an impoverished subset of that of the Indian Ocean (John & Al-
Thani, 2014). These findings fit the hypothesis of Hommersand (1986), who demonstrated that 
ocean currents during the Miocene are determinants for the present distribution patterns of the 
marine macro flora. The Arabian Gulf is not only geographically connected to the Arabian Sea 
but also subjected to heavy maritime traffic from all over the world, significantly introducing 
alien species. 

     The first list of the marine algal flora of Kuwait was mainly based on the three months 
collection of F. H. Kellet from April to June 1951, and the sample collections were done from 
Al-Ahmadi Port south of Kuwait, published by Newton (1955). "A field guide to the seashores 
of Kuwait and the Arabian Gulf" was published by Jones (1986), who listed the common algal 
species but without mentioning the sampling locations. Al-Hasan & Jones (1989) reported 105 
marine algae, of which 89 species were new records from Kuwait. Other investigations on 
marine algae, including some with ecological results, were conducted by Basson et al., (1977), 
Basson (1979 a, b), McCain (1984), McCain et al., (1984), Sheppard et al. (1992), and Al-
Yamani et al., (2014). However, most of the smaller epiphytes and lithophytes have been 
overlooked or disregarded, particularly the Cyanobacteria, the minor studied group in the 
region and beset with many taxonomic and nomenclatural difficulties.  Therefore, monitoring 
and updating the algal flora for this region are critical to updating the records of algal 
biodiversity. In addition, it will help understand the impact of local and worldwide marine 
activities on the ecosystem in this region. This paper presents new algal records for Kuwait and 
the Gulf region and offers scope for updating nomenclature and classification. 
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2. Materials and methods 
 

During October 2014 – 2016, sampling was frequently carried out biweekly during the fall to 
spring seasons and monthly to bi-monthly during the summer season, depending on low tide 
and weather conditions. The survey work was mainly focused on the littoral zone at 10 
sampling sites along the northern to the southern coastal areas of Kuwait and Failaka Island 
(figure 1). Samples were processed for herbarium collection, and fresh samples were preserved 
with 2-3 % formalin/seawater before the inspection. 
 

At this stage, morphological and anatomical criteria were used to identify the algae. An 
updated nomenclature and classification analysis were used based on the published records. 
Currently accepted names in the most recent systematic online databases published by 
AlgaeBase (Guiry & Guity 2021), Index Nominum Algarum 
(https://ucjeps.berkeley.edu/INA.html), and the Macroalgal Herbarium Portal 
(http://macroalgae.org/portal/index.php) were consulted. 

 
For the region, synonyms mentioned in the earlier literature are included, under which the 

taxa are recorded. During his visit to our department, algal taxonomist Professor Michael 
Wynne, University of Michigan, helped in the identification and nomenclature of our marine 
algal collections. 

 
Marine seagrasses also have been included in this study. Photomicrographs of the processed 

slides of the algal samples were obtained on a Carl Zeiss Axioskop 40FL 
epifluorescence microscope (Carl Zeiss, Berlin, Germany) equipped with AxioCam HR3 
camera and imaging systems. Dry herbarium samples were deposited in the Kuwait University 
National Herbarium (KTUH). 
 
3. Results and discussion 

 
During the three years of this study, 173 algal species were recorded and classified as follows:  
Chlorophyta, 36 species from 2 classes, 5 orders, and 12 families; Ochrophyta, 36 species from 
two classes, 5 orders, and 8 families; Rhodophyta 57 species from 4 classes, 13 orders, and 21 
families. Divergent groups of smaller epiphytic algae were observed, and some are described 
here. These included twenty-one epiphytic diatoms from 2 classes, 11 orders, and 15 families; 
Cyanobacteria, 23 species from 5 orders, and 14 families. Scattered seagrass meadows 
Halodule uninervis found on the Doha coast were covered with epiphytes and silty material. 
While on the southern coast, more extensive seagrass meadows of H. uninervis and H. ovalis 
were found.  A large number of H. stipulacea were found drifting on the Al-Nuwaiseeb coast 
in the southern parts of Kuwait. It thrives in the subtidal zone offshore of the Saudi west coast  
 

The observed changes in the algal record since 1998 may be attributed to several factors 
such as the sampling methods, sampling frequency, number and nature of the sampling site, 
and possible transportation of alien species through the increased marine and shipping activities 
in this region, including possible changes due to global warming changes.  
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Site 
No. Sampling Location Code Coordinates 

1 Bubiyan Island  BUB 29o 54` 52.81`` N 
48o   8` 17.08`` E 

2 Al-Sabiyah  SAB 29o 37` 10.54`` N 
48o   8` 59.95`` E 

3 Do what Kathma  DKZ 29o 24`   0.57`` N 
47o 44` 36.60`` E 

4 Al-Doha  DOH 29o 23`    2.32`` N 
47o 49` 32.26`` E 

5 Kuwait Towers  KUT 29o 23` 34.51`` N 
48o   0`   6.74`` E 

6 Failaka Island  FKI 29o 28`    9.44`` N 
48o 17` 15.02`` E 

7 Al-Anjefa  ANJ 29o 16` 36.64`` N 
48o   5` 24.50`` E 

8 Abu Alhasannia AHS 29o 12` 43.64`` N 
48o   6` 32.04`` E 

9 Al-Fintas  FNT 29o 17’ 91.98” N 
48o 12’ 26.48 ” E 

10 Al-Nuwaiseeb NOW 28o 32` 53.71`` N 
48o 25` 45.73`` E 

Fig. 1. Map of Kuwait showing the sampling sites from north to south 

The Al-Nuwaisseb coastal area in southern Kuwait is characterized by sandy banks 
stabilized by the seagrasses Halodule uninervis and less so by H. ovalis. Tidal pools are 
dominated by red algae growing clinging to the limestone rocks. The littoral zone is 
predominated by Palisada perforata, Palisada patentiramea, Acanthophora muscoides, 
Acanthophora nayadiformis, and Jania pumila. Green algae are represented by Dictyosphaeria 
cavernosa, Cladophoropsis fasciculata, and Caulerpa sertularioides. Brown algae occurring 
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in the subtidal zone of southern Kuwait were identified as Sargassum angustifolium, 
Sargassum asperifolium, Sargassum aquifolium, Polycladia myrica, Sirophysalis trinodis, 
Hormophysa cuneiformis (Table 1). After stormy weather, the brown algae usually ends up on 
the beach in large masses cast upon the shore. Epiphytic microalgae are found on most of the 
collected algae and seagrass samples. 

 
Kuwait Bay, a semi-enclosed bay in the North, showed less diversity and abundance of 

algae. The green algae mainly dominated this area, including Ulva lactuca, Ulva intestinalis, 
Ulva prolifera, Ulva clathrata, Chaetomorpha aerea, and Chaetomorpha linum. Brown algae 
such as Feldmannia mitchellae and a variety of Cyanobacteria were also found in this area 
(Table 1). 
      

Heavy growth of green algae may be attributed to urban and residential expansions, 
anthropogenic and domestic/ industrial pollution, and high level of eutrophication, desalination 
plants, marinas, ports, and shipping traffic. Ballast water can also be a potential source of green 
algae and alien species. Bubiyan Island, Subiya, and most of the coast of northern Kuwait Bay 
are soft silty sediments that do not support macroalgal communities. Cyanobacteria and 
diatoms are the significant occupants of such an environment. 
      

Coastal regions between areas such as Al-Anjafa, Abul Hasannia, and Al-Fintas are 
exposed to the open sea. They have rich algal diversity and an abundance of Colpomenia 
sinusa, Iyengaria stellata, Sphacelaria nova-hollandae, Sphacelaria rigidula, Padina 
gymnospora, Padina australis. Vaucheria pilobloides, and Gelidium pusilum (Table 1). 
 

Table 1.  Diversity of newly recorded algae in different sampling localities. 

Algal Phylum 
Northern sites 

(Al-Doha, Kadhma, 
Shuwaikh, Kuwait Towers) 

Middle sites 
(Al-Anjefa, Al-Fintas, 

Abul-Hassania) 

Southern sites 
(Al-Nuwaiseeb) 

 

Chlorophyta Chaetomorpha ligustica   
Entocladia polysiphoniae 
Chaetomorpha vieillardii  
Cladophoropsis fasciculata 

Ochrophyta Padina distromatica  Padina distromatica   

Rhodophyta Hypnea cervicornis  
Gracilaria sp. 

Polysiphonia scopulorum  Stylonema alsidii  
Chondria capillaris  
Palisada patentiramea  

Cyanobacteria  
Chamaesiphon incrustans 
Rivularia bullata  
Tolypothrix penicillata  

 

Cyanothece halobia 
Rivularia bullata  
Scytonema sp (Failaka Island) 
Tolypothrix penicillata  

Bacillariophyta 
Parlibellus sp. 
Schizonema sp. 
Geitlerinema sp. 

  

 
Compared with the earlier records (Al-Hasan & Jones, 1989), most algal species were 

present, except Scytosiphon lomentaria and Phaeocystis pouchetii that was absent throughout 
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the survey at all visited stations. Grateloupia filicina, an alien species reported by Al-
Yamani et al., (2014), was found thriving at the edge of the marina pier, indicating its possible 
introduction by shipping transport activities. 
      

From the 173 identified algal species, 14 species were found to be new records for the 
Kuwait coastline and 2 species for the Arabian Gulf. These species were assigned to the 
Chlorophyta (4), Ochrophyta (1), Rhodophyta (5), and Cyanobacteria (4). One species of 
marine angiosperm is also reported for the first time in Kuwait. Al-Yamani et al., (2014) have 
reported additional 5 new species for the algal flora of the Kuwait coast since the publication 
by Al-Hasan & Jones (1989). 
      

A significant environmental catastrophe impacted the marine ecosystem for the coastline 
of Kuwait during the Gulf war in 1991 when more than 6 million US barrels of crude oil were 
spilled into the marine environment. At the same time, there was massive drainage of 
Mesopotamia marshes (Richardson & Hussain, 2006). In addition, the vast expansion in urban 
development, population expansion, and active maritime shipping has adversely affected the 
marine ecosystems. 
 

In addition, the sedimented nature of the coastal area has contributed to the abundance and 
diversity of algal species. It has been observed that the northern coastal areas characterized by 
considerable suspended matter and marshy nature and urban development have less algal 
diversity and abundance than the central and southern coastal regions. On the other hand, the 
coastal areas in the south region supported a better variety and abundance of algal species. This 
difference may be due to the sandy and rigid substrate intertidal zone being exposed to open 
sea and wave impact and the lesser urban developments and anthropogenic activities. 

 
3.1 Systematic account 
 
*=New record for the Kuwait coast. 
**=New record for the Arabian Gulf. 
 
3.1.1 Chlorophyta 
 
Ulvophyceae 
Ulvales 
Ulvellaceae 
Entocladia Reinke, 1879 
Entocladia polysiphoniae** Setchell & Gardner 1924: 718. (figure 2A) 
 

Thallus minute consists of prostrate, branched filaments of the square to rectangular cells 
in the surface view and resting parallel to the host surface. 

 
Location: Al-Nuwaiseeb, Epiphytic on the surface of Chondria. May 2014. 
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Cladophorales 
Cladophoraceae 
Chaetomorpha Kützing, 1845 
Chaetomorpha ligustica** (Kützing) Kützing 1849. (figures 2B-D) 
Synonym: Chaetomorpha capillaris (Kützing) Børgesen, nom. illeg. 1925. 

 
Thallus forms soft and entangled light to dark green clumps of fine filaments. Filaments 

are uniseriate unbranched erect and attached with an enlarged, thick-walled basal cell, or they 
may be unattached without basal cells. 

 
Location: Shuwaikh port free zone, tangled with other seaweeds. December 2015. 
 
Chaetomorpha vieillardii* (Kützing) M.J. Wynne 2011.  
Wynne (2011), John & Al-Thani (2014). 

 
This species is similar to C. ligustica but slightly harder to the touch and is composed 

of much larger cells. Its name Chaetomorpha vieillardii was proposed to apply for a tropical 
collection of Chaetomorpha with a larger cell size that had been formerly identified as C. 
crassa, a species regarded to be conspecific with C. linum. (Wynne, 2011). 
 
Location: Al-Nuwaiseeb, entangled with other seaweeds. April 2014, March 2015. 
 
Cladophorales 
Boodleaceae  
Cladophoropsis Børgesen, 1905 
Cladophoropsis fasciculata (Kjellman) Wille 1910*. (figures 2E-F). 
Heterotypic synonym: Cladophoropsis sundanensis Reinbold 
De Clerck & Coppejans 1996, John 2005, Leliaert & Coppejans 2006, John & Al-Thani 2014, 
Kokabi & Yousefzadi 2015. 

 
The plant consists of dark green filaments with unilateral branching forming dense mats 

or tufts of interwoven filaments. Cells are coenocytic, cylindrical with variable length; lateral 
branches are shortest and have no transverse wall at their basis. The terminal part of branches 
and branchlets are rounded. 
 

Location: Al-Nuwaiseeb, attached to rocks in subtidal zones. April-May 2014, September – 
November 2015.
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Fig. 2.  Entocladia polysiphoniae (A) prostrate, branched filaments of square to rectangular 
cells in the surface view. Chaetomorpha ligustica (B-D)., filaments are uniseriate unbranched 
with multinucleated cylindrical cells. Cladophoropsis fasciculata (E-F), dark green filaments 
form tufts attached to stones. Filaments with dichotomous or trichotomous branching form 
dense mats. The thallus is composed of unilaterally to irregularly organized terminal branch 

systems, and the terminal portions of branches and branchlets are round. 
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3.1.2 Ochrophyta 

Phaeophyceae 
Dictyotales 
Dictyotaceae 
Padina Adanson, 1763  
Padina distromatica* Hauck 1887. (figure 3). 
Allender & Kraft, 1983; Abdel-Kareem, 2009. 
 

The plants are reddish to light brown, membranous, with two layers of cells. And attain 3-
5 cm in height. Sporangial rows alternate with hair rows at equal intervals and are not covered 
by an indusium.  

 
Location: Al-Doha, Abul Hasannia, plants growing on rocks from mid intertidal to subtidal 
zones. November 2015. 

Fig. 3. Padina distromatica. Thalli are reddish to light brown, 3-5 cm in height. Sporangia 
rows alternate with hair rows at equal intervals not covered by an indusium. 

 
3.1.3 Rhodophyta 
Stylonematophyceae 
Stylonematales 
Stylonemataceae 
Stylonema Reinsch 1875  
Stylonema alsidii* (Zanardini) Drew 1956. (figure 4A).  
Synonym: Goniotrichum alsidii (Zanardini) Howe 1914. 
Sohrabipour & Rabiei 1999, Wynne 1999, John & Al-Thani 2014. 
      

Thallus epiphytic, red to purple, and frequently branched. Filaments consist of a uniseriate 
row of closely adjacent cells within a thick mucilaginous sheath; cells are isodiametric with 
rounded to angular corners. 

 
Location: Al-Nuwaiseeb; found epiphytic on Digenia and other algae; March 2015. 
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Florideophyceae 
Gigartinales 
Cystocloniaceae 
Hypnea J.V. Lamouroux, 1813  
Hypnea cervicornis* J.Agardh 1851. (figure 4B). 
Silva et al., 1996 (Iran: Sohrabipour & Rabii 1999; Oman: Wynne 2018). 
 

Thallus erects yellowish to red, up to 30 cm long, entangled bushy clumps. Uniaxial axes 
extend through the plant's entire length, dichotomous branching throughout, usually with many 
short lateral spine-like branchlets, branches terete to compressed. Axes terminated by a single 
protruding apical cell; medulla large-celled. 

 
Location: Kuwait Towers, on rocks in subtidal pools. March 2015. 
 
Ceramiales 
Rhodomelaceae 
Chondria C. Agardh, 1817  
Chondria capillaris* (Hudson) M.J.Wynne, 1991. (figure 4C). 
Heterotypic synonym: Chondria tenuissima (Withering) Agardh, 1817. 
Silva et al.,1996, Abdel-Kareem 2009; John & Al-Thani 2014. 
 

The thallus is usually erect, much-branched irregularly radially or unilaterally. 
Branches terete or slightly compressed, young branches basally constricted. Apices of branches 
are depressed or rounded or tapering, with an apical filament usually 10–15 cells long. Rhizoids 
are typically sparse. 

 
Location: Al-Nuwaiseeb, epilithic or epiphytic on Palisada patentiramea in the midlittoral 
zone. April 2014. 
 
Palisada Nam, 2007 
Palisada patentiramea* (Montagne) Cassano et al. 2009. (figure 4D). 
Synonym: Laurencia patentiramea (Montagne) Kützing, 1849. 
John & Al-Thani 2014. 
 

The plant is purple to dark red in color and cartilaginous. The branches are compressed 
in the middle to upper portions. Branchlets present distichously along the main branches, with 
a discoidal holdfast.  

 
Location: Al-Nuwaiseeb, on stones in tidal pools; April-May 2014, November-December 
2015. 
 
 

Redha H. Al-Hasan, Fatemah M. Al-Kherainej



 
 

 
 

Polysiphonia Greville, 1823  
Polysiphonia scopulorum* Harvey, 1855  
Basson et al., 1989, Basson 1992, De Clerck & Coppejans 1996, John & Al-Thani 2014.  

 
The thallus is dark red-brown, usually developing into spreading mats on rocks. 

Generally with an extensive and relatively prominent prostrate basal system with erect 
branches bearing a few lateral branches of similar diameter and arising independently of 
trichoblasts. Attachment by rhizoids from prostrate filaments. 

 
Location: Abul Hasannia, epilithic, occasionally epiphytic. March 2014.
 

  

  

  

Fig. 4. Stylonema alsidii (Goniotrichum dichotomum) (A), filaments with a uniseriate row 
of closely adjacent cells within the thick mucilaginous sheath; cells isodiametric with 

rounded to angular corners. Hypnea cervicornis (B), thallus erect, yellowish to red, up to 
30 cm long, entangled bushy clumps. Branches are short and pointed, with branchlets that 

appear tendril-like. Chondria capillaris (C), thallus erect, much-branched irregularly 
radially or unilaterally. Palisada patentiramea (D), the plant is purple to dark red in color 

and cartilaginous. Dense branchlets along the main branches. 
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3.1.4 Cyanobacteria  
Cyanophyceae 
Synechococcales 
Chamaesiphonaceae 
Chamaesiphon A.Braun, 1864, nom. cons. 
Chamaesiphon incrustans* Grunow (in Rabenhorst 1865). 
 

The mature cell club-shaped, pear-shaped, ellipsoidal is differentiated into a basal end 
attached to a surface, and the distal end forms exospores. 

 
Location: Kuwait Towers, found epiphytic on submerged algae. April 2016. 
 
Oscillatoriales 
Cyanothecaceae 
Cyanothece Komárek, 1976 
Cyanothece halobia* Roussomoustakaki & Anagnostidis 1991. (figure 5A). 
 

Unicellular with a thin mucilaginous outer layer, cells are large, usually bright blue-green 
to yellowish color contain many round granules or vesicles. 
 
Location: Al-Nuwaiseeb, the biomass of epilithic unicellular oxygenic cyanobacteria in 
biofilms on the sandy littoral zone, April – May 2014. 
 
Nostocales 
Rivulariaceae 
Rivularia C.Agardh ex Bornet & Flahault, 1886. 
Rivularia bullata * Berkeley ex Bornet & Flahault, 1886. (figure 5B). 
Berkeley, 1832. 
 

Colonies are dark red containing many filaments; each includes a tapered trichome, 
which has a basal heterocyst and often ends in a long multicellular hair, No akinetes. 

 
Location: Al-Nuwaiseeb, May 2014, and Al-Doha, epiphytic on red algae, February, May 
2014. 
 
Tolypothricaceae 
Tolypothrix Kützing ex Bornet & Flahault, 1886. 
Tolypothrix penicillata *Thuret ex Bornet & Flahault, 1886. (figure 5C). 
 

Filamentous with a thin, firm sheath, colorless or typically yellow- to deep brown. False 
branched, branches single, mostly subtended by a heterocyst. Apices are often broader, with 
shorter cells. The colony forms a penicillate cushion or tuft. The pattern of repeated branching, 
with branches running quite close to the original filaments, often leads to a filamentous 
structure. 

 
Location: Failaka Island, Do what Kazma, on rocks and in tidal pools. March 2014, October 
2015. 
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Fig. 5. Cyanothece halobia (A), unicellular greenish cells embedded by mucilage. Cells with 
many round granules. Rivularia bullata (B), epiphyte Trichomes with a basal heterocyst, a 
distinct taper to the trichome. Tolypothrix penicillate (C) filaments show false branches, 
delimited by a heterocyst. Sheaths are thin, colorless, and close to the trichome in young 

filaments. 
 

3.1.5 Unidentified marine algal species 

3.1.5.1 Rhodophyta 

Gracilariales 
Gracilariaceae 
Gracilaria Greville, 1830.  
Gracilaria sp. (figure 6A). 
 

Thallus has a purplish-red color, terete, and subdichotomously - alternate and irregular- 
branches in one plane. The upper part of the thallus is more densely branched and forms a small 
bush. Branch margins are smooth, with no constricted base and tapering distally. Apices with 
a round shorted pointed tip; the final order of branches are bifurcate. The cross-section of the 
stipe shows that the medulla was composed of parenchymatous cells and surrounded by a few 
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layers of small rounded cortical cells at the cortex. The sample did not match any 
Gracillaria species presently known from Kuwait. Records of Gracillaria for the region have 
been reviewed, such as G. pulvianata, G. arcuatae from Iran (Kokabi & Yoysefzadi, 2015), 
and G. canaliculate from UAE (Al Abdessalaam, 2007), as well as Gracilariopsis longissima 
and G. persica from Iran (Bellorein et al., 2008, Sohrabipour & Rabii, 1999). Additional 
studies are required to identify the species. 

 
Location: Kuwait Towers, only one sample was collected from intertidal pools on rocks in 
March 2016. 
 
3.1.5.2 Bacillariophyta 

 
Bacillariophyceae 
Naviculales 
Berkeleyaceae 
Parlibellus E.J. Cox, 1988. 
Parlibellus sp. (figure 6B). 
 

This genus is characterized by the presence of a straight raphe, which does not reach the 
end of the valve, by a thickened costa at the inner surface of the valve, and by the absence of 
septa. Valves are an elliptical oval-lanceolate shape, and the valve length varies. The valve 
ends are slightly beak-shaped and obtuse. 

 
     Two species of Parlibellus were recorded from the Arabian Gulf, P. crucicula by Al-Hindal 
(2009) and P. delognei (Vam Heurck) E.J. Cox by Basson & Mohammed (1989). Parlibellus 
crucicula was later transferred to Prestauroneis crucicula by Genkal & Yarushina (2017). 
More studies are needed to confirm the identity of the species. 
 
Location: Kuwait Towers, tube-dwelling on the sand in the intertidal zone. November 2013. 
Naviculaceae 
 
Schizonema, C. Agardh, 1824. 
Schizonema sp. (figure 6C). 
Resembling the description of Berkeleya rutilans (Trentepohl ex Roth) Grunow 1880. 

Frond capillary throughout, frustules Navicula-shaped exceedingly crowded towards 
the apices. Filaments are long flaccid tenacious, like tufts of fine chestnut-colored hair. It is 
widely distributed in the sandy intertidal zone, at low tide, easily recognized by its color. 
Rerecorded from the coast of Saudi Arabia (Abdel-Kareem, 2009). 

Location: Kuwait towers intertidal zone on sandy substrate. June 2014. 
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Fig. 6. Gracilaria sp. (A), thallus pinkish color, erect or decumbent, sub-dichotomously 
branched, branches terete to flattened with dentate tips. Parlibellus sp. (B), tube-dwelling 

diatoms. Valves are rhomboid or bluntly lanceolate. The central area is small and oval. 
Schizonema sp. (C), biofilm of diatoms on the sand. Filaments are long flaccid and firm, 
forming tufts brownish in color. Geitlerinema sp. (D-E), thallus thin, delicate, primarily 

bright blue-green forming thin mats; occasionally isolated trichomes. Sheaths absent. 
Filament with apical cells noticeably attenuated, hooked, and spherically capitated at the 

ends. Scytonema sp (F), trichomes uniseriate, isopolar, cylindrical, usually solitary 
heterocysts. Commonly falsely branched. 
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3.1.5.3 Cyanobacteria 
Oscillatoriales 
Coleofasciculaceae 
Geitlerinema (Anagnostidis & Komarek) Anangnostidis, 1989. 
Geitlerinema sp. (figures 6D-E). 
 

Close similarity to Anagnostidinema lemmermannii (Woloszynska). Strunecky et.al., 2017. 
Filamentous thallus thin, delicate, primarily bright blue-green. The filament is composed of a 
single trichome. Trichomes are not constricted at the cross walls, lacking sheaths, and the 
morphology of the apical cells is bent, spherically capitate, and elongated when mature.  
 
Location: Doha, in salt pools on the soil. October 2015. 
 
Nostocales 
Scytonematceae 
Scytonema C.Agardh ex Bornet & Flahault, 1886. 
Scytonema sp. (figure 6F). 
Hussain & Khoja (1993). 
 

Filaments form dark, brown-colored tufts. The trichomes are confined within a well-
defined mucilaginous sheath. The trichomes are cylindrical, isopolar, and are usually colored 
pale blue-green to olive green. The apical ends of the filaments are not tapered, but the end 
cells may slightly be rounded. Heterocysts are located throughout the filaments and are 
rectangular and solitary. Double false branching is often formed. S. crispum (now 
Heteroscytonema crispum) from Iraq (Maulood et al., 2013) and S. hofmanni nom. invalid from 
Abu Dhabi (John & George,1999) have been reviewed. More study is required to confirm the 
identity of the species. 

 
Location: Failaka Island, on rocks and epiphyte on algae. March 2014. 
 
3.1.6 Marine phanerogams 

 
TRACHEOPHYTA 
Liliopsida 
Alismatales 
Hydrocharitaceae 
Halophila Du Petit-Thouars, 1806. 
Halophila stipulacea *(Forsskål) Ascherson, 1867 (Published by Anonymous (1868). (figures 
7A-B). 
Lipkin 1975, Phillips & Meñez 1988, Price & Coles 1992, Kenworthy et al., 1993, Erftemeijer 
& Shuail 2012. 
 

Plant blades are elliptical, oblong, and pale to dark green with a length of 2-6 cm. Pairs of 
blades extend from each rhizome node on petioles and are covered at the base by folded and 
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elliptic leaf scales 2-10 mm wide and 6-18 mm long. Blade margins, particularly at the apex, 
are serrated. Rhizomes are creeping, branched, and fleshy, and roots appear solitary at each 
node of the rhizome, unbranched and thick with dense, soft root hairs. 
Location: Al-Nowaiseeb, only drifted samples in the intertidal zone. November, December 
2014, 2015. 
 

  

Fig. 7, Halophila stipulacea (A-B), rhizomes smooth with long internodes and leaf scars at 
the stem base. Roots are covered by tiny hairs and shoots, each carrying two linear leaf 

blades that contain mid and branched veins. The leaf margin is serrated, and minute 
trichomes may be present on one side of the leaf surface. 

 
4. Conclusion 

 
The study suggests that the rich benthic algal flora in the region of Al-Nuwaiseeb reflects a 
variety of biogeographical affinities and retains its natural flora. Hence, this region should be 
protected and preserved for its biodiversity. However, the algal status in Kuwait Bay suffers 
from anthropogenic effects, and the pollutants and high eutrophication levels adversely impact 
the loss of biodiversity. Therefore, particular attention should be made to studying the smaller 
and microscopic algal communities in this region. 
 

Environmental measures must be made to remediate the Kuwait Bay marine environment. 
In addition, closer sampling methods and attention should be made to collecting and identifying 
smaller epiphytic and epilithic algae, which are usually overlooked in routine surveys. 
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Abstract 

Energy use rates are continuously growing with an increasing population. Rising energy needs 
then accelerate the depletion of fossil fuels. To ensure a sustainable future, renewable energy 
sources should be used worldwide. With the initiation of the industrial revolution, humankind 
started to use the world's energy resources without thinking about nature and future generations. 
Excessive consumption of available resources polluted the environment and altered climate 
patterns. Depleting fossil fuels in the near future and climate change will force world countries 
to tend to renewable energy sources. The present research was conducted to investigate the 
renewable energy awareness and adaptation of managers of agricultural development 
cooperatives composed of farmers, the most vulnerable segment of society to climate change. 
With the questionnaires, data were gathered about the general status of agricultural 
cooperatives, the socio-economic status of cooperative managers, managers’ level of 
knowledge, and awareness of renewable energy resources. Survey data were subjected to fuzzy 
pairwise comparison and chi-square tests. Present findings revealed that cooperative managers 
had a medium level of knowledge on renewable energy. In addition, the cooperatives were 
willing to use and invest in renewable energy. This finding may guide policymakers in 
renewable energy investment decision-making. 

Keywords: Adaptation; agricultural cooperative; awareness; climate change; renewable 
energy. 

1. Introduction

Energy has become an essential component of the daily life of people all around the world 
(Lakshmi & Jadhav 2020). On the other hand, energy consumption is a significant issue that 
attracts attention worldwide (Wahid & Hyeun Kim, 2017). In brief, it is now the primary need 
of mankind. Energy sources play a significant role in countries' social and economic 
development. Energy demand and thus energy resources increased rapidly after the industrial 
revolution, and such demands are still growing continuously every day (Yılmaz 2012). 
However, fossil-based energy resources are constantly depleting worldwide, and humankind is 
causing severe damage to the environment while consuming these resources. The countries 
without fossil energy resources meet their needs through imports from the other countries. On 
the other hand, the countries rich in fossil fuels are struggling with political conflicts. Political 
instability then raises oil prices. Such a case results in a current account deficit in oil-importing 
countries (Shahzad 2012).  
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     Demand for renewables grew by 3% in 2020 and is set to increase across all key sectors 
power, heating, industry, and transport – in 2021. China alone is likely to account for almost 
half the global increase in renewable electricity generation. It is followed by the United States, 
the European Union, and India (International Energy Agency, 2021). 

     Renewable energy is supplied from the continuous sources of nature (Republic of Turkey 
General Directorate of Renewable Energy 2020). The utilization of renewable energy has 
become more of an issue for the future of mankind since carbon dioxide emissions of fossil 
fuels have significant contributions to global warming and climate change (Çukurçayır & Sağır 
2008).  

     The development of renewable energy sources contributes to energy and environmental 
security, preservation of the environment, the conquest of world markets for renewable energy 
sources, conservation of our energy resources for future generations, and increased 
consumption of raw materials for non-energy use of fuel (Kapitonov 2019). Adaptation to 
renewable energy has become an important subject matter in energy literature. Energy 
consumption has become one of the strategic objectives worldwide, which is not only the 
enterprise’s obligation but should also be all citizens' obligation (Idrees and Shaaban 2020). 
Renewable energy is not only focused on increasingly in literature, but it is also a new subject 
matter (Azevedo et al. 2019). European countries are spending efforts to increase the share of 
renewable energy in their energy mix to 20% in 2020 (Proskurina et al. 2016). Transitioning to 
renewable energy is also the primary component of measures to mitigate the impacts of climate 
change and has already had a place in the strategic targets of several countries (Welfle et al., 
2020).  

     Turkey has a pretty rich position in terms of renewable energy resources. For instance, 
Turkey has a prosperous role in wind power (Çakır 2010). In Turkey, Balıkesir, Çanakkale, and 
İzmir are the first three provinces with the most significant wind power plant potential. The 
annual theoretical potentials of these three provinces are 13.827 MW, 13.013 MW, and 11.854 
MW, respectively. Turkey is also highly rich in solar energy. The northern sections and Eastern 
Anatolia especially have more significant solar energy potential. The Black Sea region and 
northern areas of the Marmora region have the least sunshine duration. The monthly average 
global radiation in Turkey is 4.17 kWh/m2-day. The monthly average sunshine duration is 7.50 
hours (Republic of Turkey General Directorate of Renewable Energy 2020).  

     According to the 2020 data of the General Directorate of Energy Affairs of Turkey, the 
economic energy equivalent of animal inventory through bio mechanization is 281499,5 
TOE/year. The quantity of municipal wastes available for biomethanization and incineration is 
392.461,9 TOE/year. The total biomass energy equivalent to these wastes is 34.002.546 
TOE/year. Turkey is geographically located in an active tectonic zone. Therefore, Turkey has 
a rich position in terms of geothermal resources compared to other countries. There are more 
than 1.000 naturally emergent geothermal sources with different temperatures. The theoretical 
geothermal potential of Turkey is 31.500 MWt, and 5% of this potential is suitable for 
electricity generation (Republic of Turkey General Directorate of Energy Affairs 2020). 
However, productions made over these resources are not at the desired levels. Because of the 
high investment costs of renewable energy and problems encountered in renewable energy 
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investments with the participation of large masses, there is a significant difference between 
renewable energy potential and utilization (Karagöl & Kavaz 2017). Turkey is mainly foreign-
dependent on energy needs. Turkey imports 98% of natural gas and 93% of the oil used. Almost 
half of the imported natural gas is used for electricity generation (Uslu & Kedikli 2017). 
Therefore, Turkey should put an urgent emphasis on available renewable energy potential. 
Energy production to be made with renewable energy resources will be environment-friendly 
energy production (Karagöl & Kavaz 2017). Turkey targets meeting 30% of electrical energy 
needs from renewable sources by 2023 (Melikoğlu 2017). Renewable energy investments are 
costly investments; thus, the national key energy shareholders, including policymakers, 
investors, equity suppliers, bankers, and energy analysts, should be in solidarity. The most 
crucial risk components of renewable energy investments include risks of policy design, 
financing, and social acceptance (Angelopoulos et al., 2017). In the use of renewable energy, 
besides technical and economic evaluations, the approval of society on renewable energy 
should also be taken into consideration (Everest, 2021a). Cooperatives, in other words, a large 
mass of people, should bear significant roles in renewable energy investments. According to 
Hentschel et al. (2018), renewable energy cooperatives played a significant role in the 
renewable energy transition of Europe. Farmers’ participation, adaptation, and awareness of 
renewable energy are also essential issues in combating climate change at global scale (Gürel 
& Şenel 2010; Everest 2021b). Considering the small size of agricultural enterprises in Turkey, 
it is essential to have an energy-producing and to consume cooperative model in rural parts 
(Gürel & Irmak 2018). It is possible to come up with studies in the literature about farmers’ 
motivation for renewable energy production (Busse et al., 2019; Frantál & Prousek, 2016); 
contributions of renewable energy to employment (Dvořák et al., 2017); adaptation of 
politicians to renewable energy (Langer et al. 2016; Angelopoulos et al. 2017), assessment of 
renewable energy investment policies (Wang et al. 2019). However, there is no study in the 
literature on the investment desires of agricultural cooperatives in renewable energy and the 
organizational motivation of agricultural cooperatives for the perception of renewable energy. 
Therefore, the present study was conducted to analyze the organizational motivation of farmers’ 
organizations, both potential users of renewable energy and equity supplier of renewable energy 
investments, and to analyze their desires to make investments in renewable energy. With this 
study, a shortage in literature will be made up. That makes this study unique. 

2. Materials and Methods 

2.1 Study Area 

Çanakkale, known as Hellespontos and Dardanel in old ages, has been a place of settlement 
since 3000 B.C. It has been an important place of settlement since the early bronze age. With 
Dardanelles, it is a transition zone between Anatolia and Europe and between the Mediterranean 
and Black Sea (Republic of Turkey Ministry of Culture and Tourism 2020). The province is 
located between 25°40′- 27°30′ east longitudes and 39°27′- 40°45′ north latitudes and has a 
surface area of 993.318 ha (Figure. 1).   
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Fig. 1. Study area. 

Çanakkale is surrounded by provinces of Edirne, Tekirdağ and Balıkesir. With historical 
and cultural assets and ecological factors, Çanakkale is an agriculture, tourism, and culture city. 
Agriculture and livestock raising are the primary means of livelihood, and agro-industries play 
an important role in the province's economy. About 33% of the province's population is 
employed in the agricultural sector. Çanakkale, with land assets, climate and aquaculture 
potential, and livestock inventory, has an essential place in its region and the country (Republic 
of Turkey Ministry of Agriculture and Forestry 2020). Çanakkale is a prosperous province in 
terms of agricultural organization. While the nationwide village-based cooperation ratio is 37%, 
this ratio is 65% in Çanakkale province with 376 cooperatives (agricultural development, 
irrigation, and aquaculture cooperatives). Despite such a high ratio of organizations, farmers’ 
organizations cannot be effective in marketing and price formation. Although cooperatives are 
not very effective in marketing fresh fruit and vegetables produced in the province, with cold 
storage capacity, they play an essential role in the storage of these products. Besides, 
agricultural development cooperatives are effective in marketing milk products and price 
formation (Republic of Turkey Ministry of Agriculture and Forestry 2020). 

2.2 Data Collection and Analysis 

Primary data collected through questionnaires made with the managers of Agricultural 
Development Cooperatives in Çanakkale province constituted the primary material of the 
present study. Secondary data are from relevant Ministries, results of previously conducted 
research on the subject matter, official statistics, data from previous analyses, and theses. 
According to data from the Çanakkale Provincial Directorate of Agriculture and Forestry, there 
were 307 Agricultural Development Cooperatives in Çanakkale by the beginning date of the 
present study (Republic of Turkey Ministry of Agriculture and Forestry 2020). Therefore, 
managers of these cooperatives constituted the research population. The number of farmers to 
be surveyed was determined using the proportional sampling method (Newbold 1995). While 
finding out the sample volume, a 90% confidence interval and 10% margin of error were used, 
and the sample volume was calculated as 55 as follows:  
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𝑛	 = !∗#∗$
(!&')∗	*!#	+#∗$

														               (1) 

=	
307 ∗ 0.5 ∗ 0.5

(307 − 1) ∗ 0.00369 + (0.5) ∗ (0.5) 

= 55 

σ2p = (𝑟/ Zα/2) = (0.10/1.645)2 = 0.00369       (2) 

n = Number of cooperative managers to be surveyed 

N = Size of population 

p = Portion of population   

var ² px = Variance of portion of population  

     Firstly, it was tested whether the data were parametric or nonparametric. In this way, the 
method was determined. Next, data normality was checked with the Shapiro-Wilk test. The 
relevant examination revealed that the present data were not normally distributed (p<0.05). In 
other words, the data were nonparametric. Therefore, nonparametric tests were used in 
statistical analyses. Finally, basic descriptive statistics were used to put forth the socio-
economic statuses of cooperative managers.  

     A Likert scale was used to measure the managers’ perceptions of renewable energy: 1 = I 
have no information, 2 = I have no idea, 3 = I have intermediate knowledge, 4 = I have 
knowledge, and 5 = I definitely have information. Each item in the index was properly worded 
to correspond with the Likert-type responses. Descriptive statistics, including the means and 
standard deviations, were used to accomplish the objectives of the study. For the objectives, an 
interpretive scale was developed with the means 1.00 - 1.49 = Uninformed (U), 1.50-2.49 = 
Low knowledge (LK), 2.50-3.49 = Moderate knowledge (MK), 3.50-4.49 = Highly informed 
(HI) and 4.50-5.00 = Very high knowledge (VHK). Similarly, in another scale, 1.00-1.49 = 
Disagree strongly (DS), 1.50-2.49 = Disagree (D), 2.50-3.49 = Neither agree nor disagree 
(NAND), 3.50-4.49 = Agree (A), 4.50- 5.00 = Agree strongly (AS) (Tatlıdil et al. 2009). The 
adaptation of agricultural cooperatives to renewable energy was analyzed using the Fuzzy 
Pairwise Comparison (FPC) and Chi-Square tests. 

     Fuzzy pairwise comparison (FPC) was developed for the first time in 1965. Partial 
membership is the focal concept of fuzzy set theory. In standard membership theory, a set was 
indicated with 1 if the set is a member of the universal set and 0 if not. In partial membership 
theory, the fuzzy set gets values of closed range (0 and 1). Therefore, each member of the set 
is assigned to values between 0-1 (Zadeh 1965). Data gathering constitutes the first stage of the 
FPC method. The following diagram is used in the data-gathering phase (Figure. 2). 

 

A         B 

  0.5   

Fig. 2. The Fuzzy pair comparison scale used in A-B criteria comparison. 
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     In the method, A and B criteria are placed at opposite ends of the line. Then, participants are 
asked to put an x-mark on the line to see their preferences. While comparing the criteria, the 
criterion closer to the mark was preferred. The degree of priority of A over B, RAB, is measured 
as the distance from the x-mark to A. The total length from A to B is 1. 

If RAB<0,5 then B>A 

If RAB = 0,5 then A≈B 

If RAB>0,5 then A>B 

In case of distinct preferences, RAB = 1 or RAB = 0, 

Number of pairwise comparisons for objectives, K, is determined as follows: 

K = n * (n −1) / 2                                            (3) 

where, n is number of objectives. 

     For each pairwise comparison, Rij (i≠j) is obtained. The degree of preferences of j over i 
will be Rji = 1-Rij.  

     The second phase is the formation of a fuzzy preference matrix. Data were gathered and 
processed along with the above-specified rules to generate a fuzzy preference matrix of farmers. 
The following statements are used for such purposes: 

      (4) 

 

The method is explained with the following fuzzy preference matrix: 

 

 

 

 

      (5) 

 

 

     In the third phase, fuzzy weights are measured. The density of each objective was measured 
separately using the following (6).  

 

𝐼𝑗 = 1 − 89𝑅,-.
/

,0'

/(𝑛 − 1);
'/.

 

Rij  = { 
0 if i = j i, j = 1,…,n 

}   
rij if i = j i, j = 1,…, n 

R= 

 

0 r12 r13 . . . r1j 

  

 

r21 0 r23 . . . r2j 

r31 r32 . . . . . 

. . . . . . . 

. . . . . . . 

. . . . . 0 ri-1j 

rij ri2 . . . rij-1 0 
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In the last phase, objectives are ordered. Ij values vary between 0 and 1. The closer the value 
to 1, the greater the preference intensity.  

     The Chi-square test tests the significance of the difference between expected (E) and 
observed (O) frequencies. It is used in the analysis of qualitative data. For example, Chi-square 
distribution is generally used to test two independent qualitative criteria (Güngör & Bulut 
2008). 

3. Results and Discussion 

3.1 General Information About the Cooperatives  

The average operational duration of the cooperatives within the research site was 28 years. 
Therefore, it can be stated that the present study area had a long-standing cooperative system. 
The least number of members was 18, the greatest was 231, and the average was 91. About 
91.6% of the cooperative members were male. Of the present cooperatives, 89.1% dealt with 
milk collection activity, 14.5% with plant production, 10.9% with irrigation, and 1.8% with 
forest products. Service buildings of 56.3% of the cooperatives were rented housing. The 
monthly average electric bill of the cooperatives was 3.101,1 TRY. 

3.2 Demographic Profiles of the Cooperative Managers 

The average age of the cooperative managers is 49 years, with the youngest manager 29 and 
the oldest 70 years. The average membership duration of the cooperative managers is 16.8 
years. The average period of cooperative management is 10 years, with the least experience of 
management of 1 year and the longest experience of management of 30 years. Of the present 
cooperative managers, 56.4% had a primary school, 14.5% had secondary school, 23.6% had 
high school, and 5.5% had a university education. About 78.1% of cooperative managers 
participated in an agriculture-related meeting last year. Around 81.8% of the cooperative 
managers are not subscribed to an agricultural journal or publication, and 78.2% are using the 
internet to reach agricultural information. More than half of the cooperative managers took 
training about cooperatives. Of participant cooperative managers, 32,8% had an annual 
agricultural income of ≥ 50.000 TL. Also, 61.8% of the cooperative managers have non-
agricultural income. 

3.3 Renewable Energy Awareness of Cooperative Managers  

The level of knowledge of cooperative managers about renewable energy resources was 
assessed through the five-point Likert scale. Cooperative managers have moderate-level 
knowledge only about solar energy. Cooperative managers have little understanding of other 
renewable energy resources (Table 1). İpekoğlu et al. (2014) investigated university students' 
knowledge about renewable energy resources. Saraç & Bedir (2014) indicated that students had 
quite a poor awareness of renewable energy sources. 
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Table 1. Renewable energy knowledge levels of cooperative managers 
 
 
 
 
 
 
 
 
 
 
 
Five-point Likert scale 1 = I absolutely have no information, 2 = I have no idea, 3 = I have 
intermediate knowledge, 4 = I have knowledge, and 5 = I definitely have information. 
1.00-1.49 = Uninformed (U), 1.50-2.49 = Low knowledge (LK), 2.50-3.49 = Moderate 
knowledge (MK), 3.50-4.49 = Highly informed (HI) and 4.50-5.00 = Very high knowledge 
(VHK). 
 
     What renewable energy (RE) meant to cooperative managers is provided in Table 2. When 
the cooperative managers mentioned RE, they mostly thought of "RE is an endless resource”. 
Such a thought was respectively followed by "RE is clean," "RE is reliable," "cooperatives 
should lead the way in RE," "cooperatives should have RE investments as a principle 
responsibility to the public," "entire energy needs will be met with RE in the future" and “I 
accept to pay for RE utilization”. In a study conducted by Sarıkaya (2019), 90.4% of social 
science teachers considered renewable energy sources as clean energy sources. Türkmenoğlu 
(2016) surveyed small and medium-sized enterprises (SMSE) and indicated that 78.2% of them 
found renewable energy facilities more reliable than the other energy facilities, and 58.7% of 
SMSE managers were willing to pay more to use clean energy. Saraç & Bedir (2014) indicated 
that teachers mainly focused on the eternal nature of these resources.  

Table 2. Renewable energy perceptions of cooperative managers 
 
 Criteria  Mean Std. Dev. Category 
RE is clean 4,40 0,73 A 
RE is reliable 4,10 0,85 A 
RE is inexhaustible 3,63 1,16 A 
Cooperatives should take the lead in the use of RE 3,87 1,15 A 
Cooperatives must invest in RE in accordance with the 
principle of responsibility towards society 

3,87 1,01 A 

In the future, all energy needs will be met from RE 3,65 1,09 A 
 I agree to pay to use RE 3,36 1,26 NAND 
 
Five-point Likert scale, 1: Disagree strongly, 2: Disagree, 3: Neither agree nor disagree, 4: 
Agree, 5: Agree strongly. 
1.00-1.49 = Disagree strongly (DS), 1.50-2.49 = Disagree (D), 2.50-3.49 = Neither agree nor 
disagree (NAND), 3.50-4.49 = Agree (A), 4.50- 5.00 = Agree strongly (AS) 
 

 Renewable energy source Mean Std. Dev. Category 
Solar energy 2,781 1,083 MK 
Wind power 2,418 0,875 LK 
Hydraulic 2,072 0,813 LK 
Geothermal 1,672 0,861 LK 
Biogas 2,090 1,206 LK 
Biodiesel 1,890 0,993 LK 
Wave, Current, Tide 1,472 0,690 U 
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3.4 Adaptation of Renewable Energy 

In this section, initially, RE utilization status, capital increase capacity for RE investments, 
credit use capacity for RE investments, project design capacity for RE investments, desire to 
take training on RE use and investment, desire to make investments in RE sources, desires to 
cooperate with the other cooperatives for RE investments were taken into consideration (Table 
3). Accordingly, 92.7% were not using renewable energy. On the other hand, four cooperatives 
were using renewable energy, and all of them were using solar water heaters (Table 3). 
Türkmenoğlu (2016) indicated that 82.6% of SMSEs were not using renewable energy. 

Table 3. Approaches of farmer cooperatives to RE 
 
Criteria  Number Ratio (%) 
RE use cases of cooperatives 
Used 4 7,3 
Not using 51 92,7 
Opportunity to increase the capital of cooperatives for RE investments 
Possible 12 21,8 
Impossible 43 78,2 
Opportunity for cooperatives to use credit for RE investment 
Possible 25 45,5 
Impossible 30 54,5 
RE project preparation capacity of cooperatives 
Possible 12 21,8 
Impossible 43 78,2 
Cooperative managers desire to receive training on RE use and investment 
Yes 48 87,3 
No 7 12,7 
Cooperative's willingness to invest in RE sources 
Yes 44 80 
No 11 20 
Willingness to cooperate with other cooperatives for RE investment 
Yes 35 63,6 
No 20 36,4 

 

     Of participant cooperatives, 21.8% indicated that they had a capacity of capital increase for 
renewable energy investments and 45.5% indicated that they could use credit for renewable 
energy investments, 21,8% indicated that they have a project design capacity without external 
aid, 87.3% indicated a desire to take training on renewable energy use and investment and 80% 
indicated a desire for renewable energy investment (Table 3).  

     Türkmenoğlu (2016) indicated that 76.1% of SMSE managers were willing to use an 
appropriate renewable energy resource for electricity generation of their facilities in the future 
if they were able to put money up for such an investment. Likewise, Winkler et al. (2018) 
indicated quite a high motivation of farmers for renewable energy utilization.  

     Of the participant cooperatives, 63.6% were willing to cooperate with the other development 
cooperatives in renewable energy investments (Table 3). Türkmenoğlu (2016) indicated that 
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63% of SMSEs were willing to cooperate with the other SMSEs in renewable energy 
investments. On the other hand, Huybrechts & Mertens (2014) indicated that politicians, 
bankers, potential members, and the general public were unaware of cooperative operating 
models. Such a case then constitutes an obstacle in front of the development of renewable 
energy cooperatives. In some countries, especially in Eastern Europe, cooperative operating 
model is mainly related to "old fashion" and "socialist" images. 

     Renewable energy sources in which cooperatives are willing to invest in are provided in 
Table 4. Here, 44 cooperatives willing to invest in renewable energy alone and 1 cooperative 
willing to invest in renewable energy with the other development cooperatives were included 
in the analyses. Of these cooperatives, 68.9% were willing to invest in solar energy, 28.9% in 
wind energy, and 2.2% in biogas energy (Table 4). 

Table 4. RE sources that cooperatives want to invest 
 

Renewable energy source Number Ratio (%) 

Solar energy 31 68,9 
Wind power 13 28,9 
Biogas 1 2,2 
Total 45 100 

 

     Participant cooperative managers were asked about the support they expected from the 
responsible authorities for renewable energy investments. Accordingly, 70.9% expected 
financial support, 16.4% technical support, and 12.7% purchase guarantee (Table 5). Winkler 
et al. (2018) indicated that farmers pointed out the significance of state support in renewable 
energy investments. Akçay & Bilgin (2017) suggested that Turkey should provide credits, 
grants, and tax support for renewable energy investments and should coordinate with the 
government. 

Table 5. Type of support requested for RE investment 
 

Type of support Number Ratio (%) 
Technical support 9 16,4 
Financial support 39 70,9 
Legal support for relevant legislation 0 0 
Purchase guarantee 7 12,7 
Total 55 100 

 

     Cooperative managers were asked about the obstacles in front of their willingness to invest 
in renewable energy. About 70,9% indicated the most significant obstacle in front of renewable 
energy investment as undercapitalization, 12,8% as high-cost of renewable energy investments, 
and 9.1% as not-to-take risk (Table 6). 
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Table 6. The biggest obstacle to investing in RE 
 
 
      

 

 

 

 

 

     Present cooperative managers were asked about the "objective to make renewable energy 
investment." For this analysis, three objectives were offered to managers, and they were asked 
to make pairwise comparisons among these objectives. First, the weights of managers’ 
responses to these objectives were determined using the fuzzy pairwise comparison method. 
Then, appropriate statistical tests were conducted. Descriptive statistics of the fuzzy pairwise 
comparison method are provided in Table 7. 

Table 7. The purposes of investing in RE according to the fuzzy paired comparison method 
 

Purposes Min Max Mean Std. Dev. 
Provide income 0.18 1.00 0.81 0.18 
Protect the environment 0.00 1.00 0.47 0.15 
Contribution to the national economy 0.03 0.69 0.29 0.14 

      

Objectives of the managers in renewable energy investment were set as follows: 

1. To bring in to members, 

2. To protect the environment   

3. To contribute to the country's economy and reduce the current deficit.  

     The first objective of the cooperative managers in investing and using renewable energy was 
to increase the net returns of cooperative members, followed by environmental protection and 
contribution to the country's economy. Friedman's test for the fuzzy pairwise comparison 
method revealed the method was significant. In other words, some objectives were preferred 
over others, and there were no significant differences in the objectives of the cooperative 
managers in using renewable energy. Kendall’s W value was identified as 0.52, indicating 
moderate compliance among the farmers in order of objectives. According to Cebeci (2018), 
renewable energy cooperatives are generally established by local entrepreneurs and increase 
the income of local people, provide equality in income distribution, and offer an environment-
friendly initiative. 

     The variables effective in the decision of cooperative managers to the question "we can use 
credits for RE investments" were analyzed with a chi-square test. In addition, relevant variables 
were assessed as socio-economic characteristics of cooperative managers and organizational 
structures of the cooperatives. 

Obstacle Number Ratio (%) 
Capital shortage 39 70,9 
High cost 7 12,8 
We don't want to take risks 5 9,1 
Lack of technical knowledge 2 3,6 
Unknown / complexity of legislation 2 3,6 
Total 55 100 
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     Considering cooperative managers' profiles, cooperative managers' credit use decisions for 
RE investments had significant correlations with agricultural incomes, non-agricultural 
incomes, years of membership, and desires to take training about RE. Of the cooperative 
managers not thinking of using credits for RE investments, 44% have an annual agricultural 
income of less than 50.000 TL, 44% have non-agricultural income, 56% have years of 
membership less than the average, and 80% wish to take training about RE (Table 8). Previous 
researchers also indicated that the desire to get training about RE might aid in raising awareness 
about renewable energy (Can et al. 2019; Cebesoy & Karışan 2017; Çakırlar 2015; Çelikler et 
al. 2017; Durkaya & Durkaya 2018).  Zografakis et al. (2010) investigated factors affecting 
public awareness of renewable energy and the tendency to make spending on renewable energy 
in Crete and reported that families with greater income levels, larger homes, more 
understanding of climate change, investments in energy-saving measures, and electricity 
deficits had more significant tendencies to make renewable energy investments than the others. 

     Considering the organizational structures of the cooperatives, cooperative decisions on 
credit use for RE investments had significant correlations with having their own building, 
capacity to increase capital, and capacity to write a project. Of the cooperatives wishing to take 
credits for RE investments, 52% have their service building, 48% have the capacity to increase 
capital, and 40% have the ability to write a project (Table 8).  

 
Table 8. Chi-square analysis results for factors that are effective in cooperative investment 

decisions 
 
Decisions of 
cooperatives to 
use credit for RE 
investment 

  We use We don’t use 
p-

value 

Chi-
square 
value   

Number Ratio 
(%) 

Number Ratio 
(%) 

Socio-economic characteristics of managers 
Participation in 
agricultural 
meetings 

Yes 21 84,00 22 73,33 
0,340 0,910 No 4 16,00 8 26,67 

Total   25 100,00 30 100,00     
Membership in 
agricultural 
publications 

Existing 5 20,00 5 16,67 
0,750 0,102 Absent 20 80,00 25 83,33 

Total   25 100,00 30 100,00     
Internet usage 
status 

Yes 14 56,00 16 53,33 0,843 0,039 No 11 44,00 14 46,67 
Total   25 100,00 30 100,00     

Land (decar) ≤86 21 84,00 24 80,00 0,702 0,147 >86 4 16,00 6 20,00 
Total   25 100,00 30 100,00     
Agricultural 
income (TRY / 
year) 

≤50.000 13 52,00 24 80,00 
0,028 4,856 >50.000 12 48,00 6 20,00 

Total   25 100,00 30 100,00     
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Non-agricultural 
income asset 

Existing 11 44,00 23 76,67 0,013 6,165 Absent 14 56,00 7 23,33 
Total   25 100,00 30 100,00     
Be aware of RE 
cooperatives 

Yes 7 28,00 7 23,33 0,152 2,056 No 18 72,00 23 76,67 
Total   25 100,00 30 100,00     

Education level 

Primary 
school 18 72,00 21 70,00 

0,871 0,026 High 
school and 
university 

7 28,00 9 30,00 

Total   25 100,00 30 100,00     
Cooperative 
partnership year 

≤16 14 56,00 21 70,00 0,058 3,597 >16 11 44,00 9 30,00 
Total   25 100,00 30 100,00     
Desire of 
education on RE 

Yes 20 80,00 23 76,67 0,010 6,684 No 5 20,00 7 23,33 
Total   25 100,00 30 100,00     
Structural features of cooperatives 

Established year ≤1992 23 52,27 6 54,55 0,893 0,018 >1992 21 47,73 5 45,45 
Total   44 100,00 11 100,00     
Number of 
partners 

≤90 25 56,82 5 45,45 0,498 0,458 >90 19 43,18 6 54,55 
Total   44 100,00 11 100,00     
Cooperative 
building presence 

Existing 13 52,00 8 26,67 0,043 4,076 Absent 12 48,00 22 73,33 
Total   25 100,00 30 100,00     
Possibility of 
raising capital 

Existing 12 48,00 5 16,67 0,000 18,419 Absent 13 52,00 25 83,33 
Total   25 100,00 30 100,00     
Project writing 
capacity 

Existing 10 40,00 2 6,67 0,003 8,882 Absent 15 60,00 28 93,33 
Total   25 100,00 30 100,00     

4. Conclusion  

The following conclusions can be drawn from this study conducted on RE awareness of 
agricultural cooperatives: Cooperative managers of Çanakkale province were in middle age, 
generally had primary school education, long experience of cooperative management, and were 
mainly composed of medium-sized agricultural facilities. Some limitations should be brought 
to agricultural development cooperatives, such as upper age limits and minimum educational 
levels to have more professional management. Renewable energy use is the most effective tool 
in combating climate change. Present findings revealed that cooperative managers of the region 
had a medium level of knowledge about RE. There is a need for extension approaches to raise 
awareness among cooperative managers about renewable energy use. Therefore, the knowledge 
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levels of cooperative managers, cooperative members, and other parts of society on renewable 
energy should be increased. Çanakkale province has all kinds of renewable energy resources. 
Present findings revealed that cooperative managers mostly wished to invest in solar and wind 
energy.  

Especially in cooperatives dealing with milk production, members were unwilling to invest 
in biogas production despite large quantities of livestock waste. However, biogas production 
from animal wastes will allow them to turn livestock waste into biogas, and resultant residues 
could be used as environment-friendly fertilizers. Again, there is a need for extension 
approaches to the biogas production process, technical training, and investment costs, and such 
extensions will tend them toward investment in biogas. Cooperative managers were willing to 
invest in renewable energy because of high electricity bills, but financial capacities remained 
an obstacle for renewable energy investments. Therefore, it is recommended that the 
capabilities of the cooperatives should be developed, and they should be financially 
strengthened to improve their potential to invest in renewable energy. 
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Abstract 

Due to the lack of studies on drought in the Lower Sebou basin (LSB), the complexity of 
drought phenomena and the difference in climatic conditions. Therefore, identifying the most 
appropriate drought indices (DIs) to assess drought conditions has become a priority. Therefore, 
evaluating the performance of different (DIs) was considered to identify the universal drought 
indices well adapted to the LSB. Based on data availability, five DIs were used: Standardized 
Precipitation Index (SPI), Standardized Precipitation and Evapotranspiration Index (SPEI), 
Reconnaissance Drought Index (RDI), self-calibrated Palmer Drought Severity Index (sc-
PDSI) and Streamflow Drought Index (SDI). The DIs were calculated on an annual scale using 
monthly time series of precipitation, temperature, and river flow from 1984-2016. 
Thornthwaite's method was used to calculate potential evapotranspiration (PET). In addition, 
Pearson's correlation (r) was analyzed. In addition, data on the yield of durum wheat, soft wheat, 
and barley for the period 2000-2016 also contributed to the performance evaluation of these 
indices. The results proved that SPI is suitable for detecting the drought duration and intensity 
compared to other indices with high correlation coefficients, especially in sub-humid regions, 
knowing that it tends to give more humid results in stations with semi-arid climates. The multi-
scalar indices (SPI, SPEI, and RDI) follow the same trend during the period studied. However, 
sc-PDSI appears to be the most sensitive to temperature and precipitation by overestimating the 
drought conditions. In addition, yield/drought correlations tend to be higher for multi-scalar 
indices than for sc-PDSI. At the same time, slight differences were detected between SPI and 
SPEI in the performance of agricultural systems. Our results suggest that using multi-scalar 
indices in drought monitoring and assessment is necessary to have solid conclusions. 

Keywords: Agricultural system; drought conditions; LSB; Morocco; multi-scalar indices. 

1. Introduction

Drought is one of the most complex and damaging extreme weather events (Scheff, 2019). It is 
also considered the least understood of all-natural hazards affecting various environmental 
systems (Vicente-Serrano et al., 2020). Consequently, there is no universal approach to define, 
monitor, and quantify its severity and duration (Yihdego et al., 2019) due to its complex spatial-
temporal extent and the complex atmospheric and hydrological mechanisms that determine 
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water availability (Deb et al., 2019). The diversity of drought definitions and the need for long 
homogeneous climatological series make it difficult to precisely quantify the evolution of these 
phenomena' frequency and intensity since the beginning of the 20th century (Euzen et al., 
2013). Overall, drought is defined as an occurrence caused by below-normal rainfall over an 
extended period (Swain et al., 2017) and generally precedes other drought categories. As a 
result, its accurate assessment and prediction provide valuable information to water resource 
planners and policymakers (Amiri et al., 2018). According to a numerical standard, the drought 
can be described by its intensity, location, duration, and timing of onset so that drought 
measurements can be compared across regions and past drought events. For this purpose, 
various indices and indicators such as meteorological, hydrological, and biophysical parameters 
have been developed to monitor and assess drought. According to the World Meteorological 
Organization (WMO & GWP, 2016), drought indices are subdivided into four categories: 
meteorological, hydrological, agricultural, and socio-economic, each of which could detect 
different types of drought. Popular meteorological drought indices are numerous and include; 
Standardized Precipitation Index (SPI; McKee & John, 1993), self-calibrated Palmer Drought 
Index (sc-PDSI; Wells et al., 2004), Standardized Precipitation and Evapotranspiration Index 
(SPEI; Vicente-Serrano et al., 2010) and the Reconnaissance Drought Index (RDI; Tsakiris & 
Vangelis, 2005); while hydrology-related indices include the Surface Water Supply Index 
(SWSI; Shafer & Dezman, 1982) and Streamflow Drought Index (SDI; Nalbantis & Tsakiris, 
2009), and agriculture-related indices include the Crop Moisture Index (CMI; Palmer, 1968) 
and Soil Moisture Deficit Index (SMDI; Narasimhan & Srinivasan, 2005). Many assessment 
methods that have been developed over the last century use new technology tools such as 
remote sensing (RS) and geographic information system (GIS) (Al Jassar & Rao, 2015; 
Mohammed, 2021), each with its advantages and limitations. They include indices calculated 
from reflectance via sensors onboard satellites or drones, such as the Normalized Difference 
Vegetation Index (NDVI; Kogan, 1995) and the Vegetation Condition Index (VCI; Kogan, 
1995b). These indices provide a high-resolution measure of vegetation condition and 
temperature (Bouras et al., 2020) despite the difficulties created during the monsoon seasons 
(cloud cover). Nevertheless, an index of a drought particular to a given region may not be 
applied in other areas, given the watersheds' differences in climatic conditions and 
characteristics (Yang et al., 2017). As a result, many studies have been conducted at different 
scales worldwide to compare and search for the most appropriate drought index for a given 
region or basin (Bayissa et al., 2018; Ballah et al., 2021). In Morocco, like the countries of 
North Africa, drought frequency and severity have been marked during the last decades 
(Driouech et al., 2021). From a historical point of view, dendrochronological studies have 
shown that Morocco has experienced over ten centuries (from 1000 to 1984), 146 dry years, or 
one year in 6 to 7 years (Stockton, 1985). However, few studies have been reported so far (Ed-
Daoudi, 2014; Acharki et al., 2019), especially in the Lower Sebou basin (LSB), where the 
present study is pioneering. Moreover, these earlier studies ignored indices based on 
evapotranspiration such as RDI, SPEI, and sc-PDSI, knowing that evapotranspiration leads to 
significant losses of water resources, especially in semi-arid regions. The present study carried 
out in the Bas Sebou basin (LSB) located in the North-West of Morocco, dominated by the 
large agrarian plain (Gharb plain) and therefore playing a key role in food security, aims at 
assessing the agro-meteorological drought by different indices by comparing their performance 
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during historical droughts and their response in terms of crop yields to identify the most 
appropriate drought indices for the LSB. 
 
2. Materials and methods 

2.1 Study area 

 
The LSB is located in a climate favorable to agriculture, marked by disturbances that 
characterize Mediterranean climates. Because it contains meadows and marshes, allowing the 
installation of fertile and arable land, it can be considered one of Morocco's most prominent 
agricultural areas. Indeed, the LSB has a sub-humid Mediterranean climate with an oceanic 
influence, particularly in the western part and semi-arid in the interior (Figure 1. a). Rainfall 
exceeds 500mm per year in most of the basin, and average temperatures oscillate around 19°C 
(Table 1). From the point of view of soil cover, the soils in the LSB are diversified, comprising 
mainly alluvium with clay content ranging from 15% to 55%. These soils are dominated by 
Tirs, which cover 42% of the area (clayey, allowing slow infiltration of water in depth and 
favoring the installation of cereal and legume crops), and Dehs (sandy-clay soils) covers 29% 
of the area. Soils formed by sands occupy 24 % of the area dominated by traditional crops 
(barley and rye) (Figure 1. c). Therefore, the high rainfall and the importance of the basin's 
water and biophysical resources, which make it a magnet for large-scale agricultural 
investments, may lead to a high degree of overexploitation of its resources and consequently 
make it vulnerable and susceptible to droughts in the future. 
 

 
Fig. 1. Geographical location of the Lower Sebou basin (LSB) (a); spatial distribution of 

meteorological stations and climate regions (b); and types of soils (c). 
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2.2 Data and preprocessing 
 
The monthly time series of precipitation, temperatures (4 stations), and stream flows (2 stations) 
provided by the Sebou Hydraulic Basin Agency (SHBA) for the period 1984-2016 were used 
and distributed uniformly over the entire LSB (Figure 1). The characteristics of these stations 
are shown in Table 1. In addition, data on annual production (tonne, t) and harvested area 
(hectares, ha) of durum wheat, soft wheat, and barley were acquired from the statistical services 
of the Ministry of Agriculture. As a result, the time series of rainfed cereal yields in tonne per 
hectare (t.ha-1) represent the ratio between annual production (t) and harvested area (ha) during 
the period 2000-2016 for each province of the LSB (Sidi Kacem and Kenitra). 
 

Table 1. Characteristics of synoptic stations in the LSB and average annual precipitation, 
potential evapotranspiration (PET), and climatic conditions. 

 

Stations Station type 
Rainfall 

(mm/year) 
PET 

(mm/year) 
Climate 

condition  

Geographical 
coordinates 

Lng 
(°W) 

Lat 
(°N) 

Z 
(m) 

Lalla Mimouna Meteorological, 
gauge 

574,7 1157,5 Sub 
humid 

6.11 34.85 15 

Mechra Bel 
Ksiri 

Meteorological, 
gauge 

515 1441,4 Semi-arid 5.96 34.57 24 

Mnasra Meteorological 567 1239,5 Sub 
humid 

6.48 34.46 10 

Zirara Meteorological 387 1480 Semi-arid 5.74 34.24 55 
 
Note: PET: Potential evapotranspiration calculated based on the Thornthwaite equation; Lng: 
longitude; Lat: latitude; Z: altitude in meters. 
 
2.3 Selection of drought indices (DIs) 
 
Drought assessment requires different approaches: a perception/observation-based approach, 
an approach based on remote sensing data, a model-based approach, and an approach based on 
in-situ data (hydro-meteorological/climatic). This set of approaches is generally always 
accompanied by several indicators and indices essential to assess and monitor the different 
types of drought and the aspect of the hydrological cycle. More than 150 applied drought indices 
(DIs) and indicators worldwide. About 40 are commonly used to monitor spatial and temporal 
variability in drought-prone regions (WMO & GWP, 2016). However, in the absence of a 
universal definition for drought, no single index can meet the objectives of this study under 
different global climates. 
 

In general, in situ data approach offers direct and simple methods for monitoring the onset, 
spread, and intensity of droughts (Senay et al., 2015). According to national and international 
studies on the robustness and weakness of drought indices (Ezzine et al., 2014; WMO & GWP, 
2016), the indices used are the Standardized Precipitation Index (SPI), the Standardized 
Precipitation Evapotranspiration Index (SPEI), the Reconnaissance Drought Index (RDI) and 
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the self-calibrating Palmer Drought Severity Index (sc-PDSI). It should also be pointed out that 
the RDI, SPEI, and sc-PDSI are being used for the first time in the LSB and that the Streamflow 
Drought Index (SDI) is selected as the hydrological drought index. 

 
2.4 Calculation of drought indices (DIS) 
 
The DIs chosen are characterized by their specificity and complexity of calculation. Except for 
SPI, they integrate different water balance components based only on cumulative precipitation. 
Their calculation could be performed on time scales of 1, 3, 6, 9, and 12 months, except for sc-
PDSI, which has a flexible but almost annual timescale (Zhong et al., 2020). From this defect, 
sc-PDSI cannot identify both shorter and longer droughts (Vicente-Serrano et al., 2010). In 
addition, many studies have shown that multi-scalar DIs such as SPI, SPEI, and RDI correlate 
well with sc-PDSI on a time scale of around 12 months (Vicente-Serrano et al., 2015; MAF & 
GDWM, 2018). Hence, the study focused on the variation in drought characteristics over a 
longer time scale (12 months), as reflected by sc-PDSI, SPI-12, SPEI-12, and RDI-12. 

 
For the normalization of DIs, a two-parameter gamma distribution for SPI and RDI and a 

three-parameter log-logistic distribution for SPEI were chosen (Table 2). For greater precision, 
the calculation of SPEI (Equation 2) and sc-PDSI require the estimation method of potential 
evapotranspiration (PET), while that of RDI does not depend on it (Vangelis et al., 2013). The 
use of the Thornthwaite method in the case of SPEI and sc-PDSI is recommended in several 
works (Dai, 2011). 

 
Table 2. Fitting variables and probability distribution were selected for 

SPI, SPEI, RDI, and SDI. 

Drought index Variables Chosen probability 
distribution 

1. Standardized Precipitation Index (SPI) P Gamma 
2. Standardized Precipitation Evapotranspiration Index 

(SPEI) P, T Log-Logistic (3 
parameters) 

3. Reconnaissance Drought Index (RDI) P, T Gamma 
4. self-calibrating Palmer Drought Severity Index (sc-

PDSI) P, T, AWC (-) 

5. Streamflow Drought Index (SDI) Streamflow Log-normal 
 
Note: T: monthly mean air temperature; P: monthly accumulated rainfall; AWC: available 
water capacity. 
 
Standardized Precipitation Index (SPI): This index is based on historical rainfall records at a 
given location (McKee et al., 1993) to calculate the probability of rainfall at any time scale 
between 1 and 48 months. This study uses the SPI Generator application available at the 
National Drought Mitigation Center maintained by the University of Nebraska to calculate SPI 
values. Negative and positive values indicate dry and wet conditions, respectively. The drought 
intensity category ranges from greater than 2.0 (Extremely wet) to less than -2.0 (Extremely 
dry) (Table 3). 
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SPI = !"#!$
%

               (1) 
 

With Pi: the rain of month or year i; Pm: the average rain of the series; S: the standard 
deviation of the series on the considered time scale. A gamma distribution was used to 
overcome the constraint of rainfall that is not normally distributed during the year. 
Standardized Precipitation Evapotranspiration Index (SPEI): is an index that was developed by 
Vicente-Serrano et al., (2010) at the Pirenaico Institute of Ecology in Zaragoza (Spain); this 
relatively recent index is based on the monthly difference between rainfall and potential 
evapotranspiration (PET) calculated according to the Thornthwaite’s method (Thornthwaite, 
1948). It also uses the same drought category as SPI (Table 3), and its calculation requires the 
R package "SPEI" (Beguería & Vicente-Serrano, 2009). 
 

The difference between cumulative monthly rainfall and evapotranspiration is calculated 
as follows: 

D" = P" − PET"             (2) 
 
Di values are aggregated at different time scales, following the same procedure as for 

SPI. The annual drought levels for each SPEI range are given in Table 3. 
 

Reconnaissance Drought Index (RDI): This index is the result of work undertaken by Tsakiris 
& Vangelis (2005) at the National Technical University of Athens (Greece); it contains both a 
simplified water balance equation that takes into account rainfall and potential 
evapotranspiration (PET). Its product is estimated by three values: the initial value, the 
standardized value, and the normalized value. The normalized value is similar to the SPI and 
can be directly compared to it over several periods of 1, 3, 6, 9, 12, or more months. 
 

The initial value of the index for a given period, indicated by the number of months (k) 
in a year, is calculated using the following equation: 

 

DI = ∑ᴶ˭ᵏ!ᵢ
∑!+,ᵢ

              (3) 

 
Pi and PETi are the monthly precipitation and potential evapotranspiration of a 

hydrologic year that generally begins in October (Morocco). RDI values follow the log-normal 
or gamma distribution. This ratio is normalized similarly to the equations used to normalize the 
SPI to obtain the RDI values. 

Streamflow Drought Index (SDI): The calculations of this index established by Nalbanties & 
Tsakiris (2009) are made using the monthly values of streamflow and the normalization 
methods used for the SPI to produce a drought index according to streamflow. RDI and SDI 
were calculated using software named DrinC (Tigkas et al., 2015), developed by the Water 
Resources Rehabilitation and Management Laboratory of the National Technical University of 
Athens. 
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It has been suggested that a time series of monthly discharge volumes Qi, j denotes the 
hydrologic year and j the month of the hydrologic year (j=1 for October and j=12 for September) 
based on this series. 

V",. =* Q",/
0.

/12
 i = 1,2, … k = 1,2,3,4              (4) 

Where Vi, k is the cumulative volume of discharge for the ith hydrologic year and the kth 
reference period. 
SDI index is defined for each reference period k of the ith hydrological year as follows: 

SDI",. =
3!,##3#4444

%#
                (5) 

 
Where 𝑉5555 and Sk are, respectively, the average and the standard deviation of cumulative 

discharge volumes of the reference period (k), SDI values, and severity designations are similar 
to SPI, RDI, and SPEI (Table 3). 

 
Self-calibrating Palmer Drought Severity Index (sc-PDSI): Initially, the proposed Palmer 
Drought Severity Index (PDSI) was a drought index based on semi-physical data (Palmer, 
1965). It integrates the soil water balance from a simple soil moisture model. Afterward, the 
PDSI algorithm was modified by Wells et al. (2004)  in the self-calibrated Palmer Drought 
Severity Index (sc-PDSI). This index could automatically adjust the empirical constants in the 
PDSI calculation with dynamically calculated values. The computational function of sc-PDSI 
is based on C ++ source codes developed by the Risk Management Agency (AGR) and the 
University of Nebraska as part of the Greenleaf project (http://greenleaf.unl.edu). More detailed 
algorithms and calculation procedures are available (Wells et al., 2004). 
 

The sc-PDSI index is calculated from the time series of monthly rainfall and temperature 
and fixed parameters related to soil or surface characteristics at each location. The sc-PDSI 
values are divided into nine categories ranging from -4 (dry) to 4 (wet), using a comprehensive 
classification based on the severity of dry or wet conditions (Table 3). 

 
Table 3. Wet/Dry classification of DIs. 

Class SPI, SPEI, DRI and 
SDI Value  

Class sc-PDSI value 

Extremely Wet (E. W) ≥ 2  Extremely Wet (E. W) ≥ 4 
Severe Wet (S. W) 1.5 to 1.99  Severe Wet (S. W) 3 to 3,99 

Moderately Wet (M. W) 1.0 to 1.49  Moderately Wet (Mo. W) 2 to 2,99 
Normal (N) 0.99 to -0.99  Mild Wet (Mi. W) 1 to 1,99 

Moderately Dry (Mo. D) -1 to -1.49  Incipient Wet (I. W) 0,5 to 0,99 
Severely dry (S. D) -1.5 to -1.99  Normal (N) 0,49 to -0,49 

Extremely Dry (E. D) ≤ -2  Incipient Dry (I. D) -0,50 to -0,99 

   Mild Dry (MiD) -1 to -1,99 

   Moderately Dry (M. D) -2 to -2,99 

   Severely dry (S. D) -3 to -3,99 

   Extremely Dry (E. D) ≤ -4 
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2.5 Evaluation of drought indices (DIS) 
 
Given the vast number of DIs developed and the efforts of scientific committees, it is also 
essential to consider the practical application as each index has its own limits, calculates 
drought differently, and compares several indices using the same regional data. To assess the 
performance of DIs used, statistical relationships were first calculated to provide useful 
diagnostics in the performance assessment. Consequently, the analyses were carried out as 
follows: (i) time series analysis to assess the Spatio-temporal distribution of meteorological 
drought; (ii) Pearson (R) correlation analysis between SPI-12, SPEI-12, RDI-12, and sc-PDSI; 
(iii) comparison of identified drought characteristics and (iv) comparison of DIs during major 
historical drought episodes. Knowing that drought is one of the significant abiotic stresses 
affecting grain yield and quality (Pervez et al., 2017), the last step (v) is focused on the 
performance of the various drought indices (DIs) in assessing the impact of climate on crops, 
using rainfed cereal yield data, to reflect the capabilities of each index in monitoring agricultural 
drought. Pearson (R) correlation analysis was also used to examine the relationship between 
drought indices and crop yields. In the analysis, anomalies in grain yield were calculated by 
removing the linear trend from the crop yield time series to exclude non-climatic factors. 
Variations in crop yields usually depend on several factors in addition to climatic ones, such as 
new management technologies and innovative practices. Therefore, the detrended yield was 
calculated using the Z-score method to exclude the bias due to non-climatic factors. (Bouras et 
al., 2020). 
 
3. Results and discussion 

3.1 Spatiotemporal distribution of drought episodes 

 
Four DIs were calculated to evaluate the Spatio-temporal distribution of meteorological drought 
at each station of LSB. The results obtained showed different intensities and episodes of the 
drought sequences, even during the same year and the same period of time. Then, Pearson 
correlation coefficients (R) were derived from time series values of DIs for all stations. Each 
station is associated with all other stations, forming a 4 x 4 correlation coefficient matrix. 
 
3.1.1 Spatiotemporal distribution of SPI 
 
The SPI-12 values across the stations show a single drought intensity with uniform drought 
episodes (Figure 2). At Lalla Mimouna station, 2016 was the driest year with extreme drought 
episodes. Episodes of drought during 1995, 2005, and 2016 at the various stations were 
observed. 2005 and 2016 were marked by severe to extreme droughts in Lalla Mimouna station, 
while Mnasra station recorded relatively low intensities, even though the two stations are 
located in the coastal zone. In the case of the stations located inside the LSB, Zirara station 
experienced episodes of extreme drought in 1995, while Mechra Bel Ksiri station experienced 
a severe drought in 2016. In general, all stations have shown SPI-12 values indicating identical 
drought years with a strong correlation between them (0.76 ≤ r ≤ 0.92) due to the high 
homogeneity of precipitation in the LSB and the dominance of the oceanic climate influenced 
by local topography. 
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Fig. 2. Spatiotemporal distribution of SPI-12 in the LSB and correlation matrix of SPI-12 
between the different stations: (a) Lalla Mimouna, (b) Mechra Bel Ksiri, (c) Mnasra, (d) 

Zirrara. 
 
3.1.2 Spatiotemporal distribution of SPEI 
 
Figure 3 shows that the Spatio-temporal distribution of SPEI-12 values reflects a very distinct 
heterogeneity, reflected by a very weak correlation between the Lalla Mimouna station and 
Mnasra station (r = 0.48). The majority of SPEI-12’s values show that the LSB has experienced 
extreme to severe droughts, especially during 2006 and 2016, given that 2016 was the driest 
year in 33 years, marked by the influence of a strong El Niño (WMO, 2017). SPEI-12 shows 
the prevalence of extreme droughts in 1995, 2006, and 2016 at Mechra Bel Ksiri station, 
followed by severe droughts at Mnasra station, and moderate droughts are very frequent at 
Zirara station. However, Lalla Mimouna station has experienced severe to extreme droughts 
during the last decade and longer duration. Regarding the recorded wet years, Lalla Mimouna 
and Zirara stations recorded frequent wet years, while the other stations are marked by a single 
extremely wet period between 2009 and 2011. 
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Fig. 3. Spatiotemporal distribution of SPEI-12 in the LSB and correlation matrix of SPEI-12 

between the different stations: (a) Lalla Mimouna, (b) Mechra Bel Ksiri, (c) Mnasra, (d) 
Zirrara. 

 
3.1.3 Spatiotemporal distribution of RDI 
 
The spatiotemporal variation of RDI-12 in the LSB (Figure 4) shows that the year 2016 had the 
maximum severity (-3.44), indicating an extreme drought followed by the year 2005 (-2.76). 
Mechra Bel Ksiri station had only one extremely wet and long period between 2009 and 2011. 
RDI-12 values show an abundance of moderate droughts at Mechra Bel Ksiri station, except 
for a single extreme drought in 2016. Mnasra and Zirara stations have comparatively more dry 
years than the other stations, especially Mechra Bel Ksiri station, where the magnitude of 
drought is more important during the last years. Figure 4 also shows generalized droughts 
produced during 1995, 2006, and 2016. However, the events occurred during apparently 
random years with low correlation coefficients (0.62 ≤ r ≤ 0.87) compared to SPI-12. 
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Fig. 4. Spatiotemporal distribution of RDI-12 in the LSB and correlation matrix of RDI-12 

between the different stations: (a) Lalla Mimouna, (b) Mechra Bel Ksiri, (c) Mnasra, (d) 
Zirrara. 

 
3.1.4 Spatiotemporal distribution of sc-PDSI 
 
Unlike the other indices the abundance of drought episodes is well marked in all stations with 
very wide severities (Figure 5), probably due to algorithms incorporating more biophysical 
factors to calculate sc-PDSI (Abrantes et al., 2021). In addition, the evolution of sc-PDSI during 
the period 1984-2016 revealed new episodes of drought, sometimes of long duration, 
particularly in the periods 1985-1988, 1992-1995, 1998-2002, 2005-2008, and 2012-2016. It is 
also interesting to note that the Lalla Mimouna station showed relative humidity even during 
the periods of drought recorded by the other stations. However, since 2012, the rainfall has been 
reduced, and ETP has increased due to increased temperature. Thus, the severity and duration 
of induced drought overestimated by sc-PDSI results in station-to-station variation in drought 
episodes' intensity, severity, and duration. These episodes are almost similar in the stations 
except Lalla Mimouna station, which showed relatively weakest correlation coefficients, 
compared to the other stations (0.42 ≤ r ≤ 0.45). This difference could be explained by the 
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difference in latitudinal position between the Lalla Mimouna station and the other stations on 
the one hand. On the other hand, the presence of dense forests maintains the water retention 
capacity of the soils (Xing et al., 2018). The highest correlation (r = 0.79) is recorded between 
the two stations (Mechra Bel Ksiri and Zirara), which are on the inland side of the basin (degree 
of continentality). 

 
Fig. 5. Spatiotemporal distribution of sc-PDSI-12 in the LSB and correlation matrix of  

sc-PDSI-12 between the different stations: (a) Lalla Mimouna, (b) Mechra Bel Ksiri, (c) 
Mnasra, (d) Zirrara. 

 
3.2 Correlation between different drought indices (DIS) 
 
The Pearson correlation’s values (R) were obtained by comparing the outputs of the different 
stations and taken as references for discussion. Figure 6 clearly illustrates the importance of 
SPI-12 and RDI-12 indices in the different stations of the LSB, where the results obtained show 
a generally similar behavior (Figure 1, 4). This similarity of outputs between SPI and RDI 
indices is not unique in this region (Merabti et al., 2018; Pathak & Dodamani, 2019), and their 
correlation coefficients coupled with other indices are comparatively higher (0.77 ≤ r ≤ 0.99) 
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(Figure 6). However, in the Mechra Bel Ksiri station, SPI-12 reacted relatively better with other 
indices compared to RDI-12. This difference is justified because RDI-12 recorded fewer dry 
years at this station than SPI-12, SPEI-12, and sc-PDSI (Figure 4). According to the World 
Meteorological Organization (WMO), SPI-12 remains the most recommended index for 
drought monitoring. The results obtained from the correlations showed that SPI-12, which 
requires rainfall data, can effectively replace RDI-12, SPEI-12, and sc-PDSI because it is 
positively correlated with high correlation coefficients up to r = 0.99 and statistically significant 
(Figure 6). In most stations, SPI-12 correlates well with SPEI-12 except at station Zirara (r = 
0.84) due to the fact that SPI-12 and SPEI-12 work better in humid areas than in arid regions 
or semi-arid ones (Yang et al., 2017). However, there is minimal correlation between SPI-12 
and sc-PDSI. SPI-12 captures anomalies in the rainfall pattern, while the water balance-based 
indices (sc-PDSI, SPEI-12, and RDI-12) estimate anomalies in the climatic water balance. More 
specifically, strong consistency is noted between the multi-scalar indices (SPI, RDI, and SPEI) 
compared to sc-PDSI. Low correlations were manifested between SPEI-12, RDI-12, and sc-
PDSI compared to SPI-12 in Mechra Bel Ksiri and Zirara stations, knowing that the strongest 
correlations were mentioned in the Lalla Mimouna station (Figure 6). These results confirm the 
abundance of drought indicated by SPEI-12 and sc-PDSI in the Zirara station due to the semi-
arid climate (Figure 3, 5), which is why SPI cannot monitor and assess the drought in such a 
context (Nikbakht & Hadeli, 2021). However, the inclusion of temperature in the algorithm of 
SPEI and sc-PDSI, in particular, does not provide sufficient information for the Lalla Mimouna 
station, where temperatures are relatively stationary series. It was also found that SPI has little 
difference with sc-PDSI and SPEI when time trends in temperature are evident (Vicente-
Serrano et al., 2010). Overall, the Spatio-temporal evolution of DIs in the LSB generally follows 
a similar change pattern consistent with the results in other regions (Jain et al., 2015; Adnan et 
al., 2018). 

 
Fig. 6. Pearson correlation matrix of DIs for all stations of LSB. 
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3.3 Assessment of the characteristics of meteorological drought 
 
Considering the duration and severity of drought identified during 1984-2016, categories of dry 
months were determined (Table 3, Figure 7), which allowed us to visualize their relative 
frequencies in each station (Figure 8). Knowing that the relative frequency indicates the 
percentage of each drought severity class according to the index considered. 

 
The DIs used, except sc-PDSI, where the number of dry months is relatively high, showed 

an identical number of dry months in all stations (Figure 7). Zirara station received more dry 
months than the other stations, especially Lalla Mimouna station. It should be noted that RDI-
12 shows identical and highest relative frequencies, in particular in the class of moderate 
droughts (Mo. D), reaching (97%) at Mechra Bel Ksir station and 92% at Zirara station (Figure 
8). RDI is more suitable for the characterization of drought in semi-arid regions (Moghimi et 
al., 2020). However, the sc-PDSI index shows relative frequencies of dry months in all 
categories and all stations. In addition, according to the indices used, the moderate drought class 
is the most dominant in all the stations. Consequently, and based on the results obtained above, 
Lalla Mimouna station remains the least subject to drought episodes in connection with its 
situation in latitude, which frequently undergoes the passage of cyclonic depressions towards 
the North without taking into account its proximity to the coast, knowing that the Mnasra station 
despite its coastal location, it recorded drought episodes almost similar to the Zirara station 
(Figure 7) (El Jihad et al., 2014). 

 

 
 

Fig. 7. Spatial distribution of the number of dry months of stations in LSB: (a) Lalla 
Mimouna, (b) Mechra Bel Ksiri, (c) Mnasra, (d) Zirrara, for the period 1984-2016. 
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Fig. 8. Histograms of relative frequency of drought classes; ('Extreme Dry (ED)', 'Severe Dry 
(SD)', 'Moderate Dry (Mo.D)', 'Mild drought (Mi.D)' and 'Incipient drought (ID)'.) According 

to the four indices for the period 1984-2016. 
 
Note: The drought classes (Mild drought (Mi. D) and incipient drought (I. D)) have been 
assigned for sc-PDSI. 
 
3.4 Performance of drought indices (DIs) 
 
The performance of DIs in the LSB practically requires the search for a period when the drought 
is well defined and recognized. To achieve this, three approaches were implemented, including 
the above results, the calculation of the drought index based on streamflow (SDI), and the 
climate archives. 
 

According to the High Commission for Planning report, the LSB experienced a severe 
drought that lasted from 1991 to 1995, the year of which 1995 was declared to be catastrophic 
from an agricultural point of view (Laouina, 2006). This situation is also reflected in surface 
water (dams and rivers), accompanied by a deficit of 75% of the average flow of the entire 
Sebou watershed (Bzioui, 2004). In terms of the fluvial flow of the LSB, the chronological 
series of the stream flows of the main rivers used to determine SDI-12 have also determined 
and approved the presence in the two gauging stations of a severe to extreme hydrological 
drought (Mechra Bel Ksiri and Lalla Mimouna stations) (Figure 9). In addition, all DIs also 
showed severe to extreme drought situations for the same period, 1991-1995 (Figure 2, 3, 4, 5). 
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To assess the performance of DIs during historical droughts, time series of indices and 
indicators such as temperatures (T) and rainfall (P) from the period 1991-1995 are compared 
with those of average monthly temperatures and precipitation for the period 1984-2016. This 
operation allowed us to establish the adequacy of each meteorological drought index in 
determining the onset, end, and severity of drought. In all stations, the monthly values of 
temperatures and precipitations (1991-1995) and the values of the DIs clearly showed that the 
deficit of monthly precipitations is lower than the average (Figure 10). SPI-12, SPEI-12, and 
RDI-12 have the same trend and a good correlation (Figure 6), particularly at the Lalla 
Mimouna station (January 1991 until September 1992), despite the significant precipitation and 
evapotranspiration showing the effect of precipitation anomalies on evapotranspiration. 
Therefore, SPEI-12 and RDI-12 work similarly to SPI-12, which includes rainfall. The 
similarity between SPI-12, RDI-12, and SPEI-12 shows that rainfall is the primary determinant 
of meteorological drought in the north of LSB. SPEI-12/RDI-12 at Lalla Mimouna station and 
from October 1992 onwards respond to drought less than SPI-12, which marks moderate to 
severe droughts. This is due to the calculation of SPI-12 based on precipitation that could 
indicate drier situations in sub-humid regions (Lalla Mimouna station) or wetter in the semi-
arid areas (Zirara station from May 1992 to July 1993). On the other hand, Pathak & Dodamani 
(2019) showed that the SPI, RDI, and SPEI indices follow a similar overall behavior in the 
semi-arid regions. Figure 10 also shows a very high similarity between SPI-12/RDI-12, 
especially at the Zirara station, where they have the highest correlation coefficient (r = 0.99) 
(Figure 6). The RDI and SPI indices are most appropriate for the characterization of drought in 
arid and semi-arid regions (Xu et al., 2015). The evolution of sc-PDSI differs from station to 
station in showing a relatively exaggerated trend during dry and even wet periods, given that 
this index takes into account biophysical factors that are dependent on location factors of the 
station, unlike other indices which are focused on rainfall and ETP. Through in-depth 
observation of the relationship between indicators (T, P) and meteorological DIs, sc-PDSI 
appears to be most sensitive to temperatures and precipitation by overestimating drought 
conditions (Jiang et al., 2015). It experienced a sharp decline in value after the rainfall deficit 
in November 1991 at Lalla Mimouna, Mnasra, and Zirara stations. It should also be noted that 
the rainfall deficit was not significant from November 1991 to October and that SPI-12, SPEI-
12, and RDI-12 indices indicated this period as usual to wet, unlike sc-PDSI, which maintained 
its negative values (Figure 10). Similarly, during wet episodes, the sc-PDSI curve shows 
upward trends in November 1995 at Lalla Mimouna and Mnasra stations and in June 1995 at 
Mechra Bel Ksiri and Zirara stations (Figure 10). Knowing that the sc-PDSI considers the soil's 
water retention capacity, which was high during this period, especially in forested areas. The 
values indicated by sc-PDSI are the most negative during this year, except for the stations Zirara 
and Mechra Bel Ksiri. The month of June recorded significant rainfall of storm origin, which 
increased the value of sc-PDSI (Figure 10). Thornthwaite's method overestimates the impact of 
temperature on evapotranspiration calculation (Trenberth et al., 2007; Hobbins et al., 2008), as 
evidenced by decreased sc-PDSI values. Penman Monteith's equation was not used given the 
lack of data on its parameters and the strong correlation and similarity between this method and 
the Thornthwaite method globally. 
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Fig. 9. Annual change in SDI during the period 1984-2016. 

 

 
Fig. 10. Time series of 5-year DIs, monthly rainfall, and average rainfall for 

1984-2016 at LSB stations. 
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Fig. 11. Monthly temperatures for the period 1991-1995 and monthly averages temperatures 

for the period 1984-2016 at LSB stations. 
 
3.5 Temporal responses of drought indices (DIs) to crop yields 
 
The applied drought indices (DIs) were evaluated to determine their satisfaction with the good 
index criterion and their usefulness in the LSB. The correlation analysis between the detrended 
crop yield and the (DIs) was also carried out for the four weather stations for 16 years. It should 
be noted that the RDI, SPI, and SPEI graphs were recovered by the maximum correlation 
coefficient of 1 to 12 months. Similar to the previous results and independent of the cereal type 
and time scale considered, our results showed that the multi-scalar DIs (RDI, SPI, and SPEI) 
have a greater ability to reflect the impacts of drought on rainfed cereal yields compared to sc-
PDSI, especially at the beginning of the growing season (October to December) (Figure 12, 13,  
14). This is mainly due to their flexibility to reflect the negative impacts of climate on different 
regions with very other characteristics (Vicente-Serrano et al., 2011). This difference is 
essential in agro-meteorology, as crops do not react in the same way to water deficit. This is 
consistent with previous similar studies in various regions that reported that these indices were 
effective in monitoring the impacts of drought on agriculture (Mahmoudi et al., 2019; Peña-
Gallardo et al., 2019; Wable et al., 2019). 

However, the sc-PDSI performance evaluation results showed some exceptions during the 
intermediate and final growth stages, which is consistent with the critical growth stages of 
cereals according to the phenological calendar and may be helpful for monitoring purposes. 
This evaluation also found significant differences in the influence of drought conditions on 
barley, durum, and soft wheat yields in different months. During the early to mid-growing 
season, the correlation coefficients (R) obtained from the multi-scalar indices are mainly around 
0.6 from October to April and around 0.4 in May before decreasing to about 0.3 in June (close 
to harvest). This is due to the growing cycle of cereals that usually ends in June and the low 
moisture demand, which underlines the importance of adequate moisture conditions during the 
winter season for the excellent development and growth of cereals. Minor differences between 
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the multi-scalar DIs suggest that SPEI is the best performer for all cereal crops, although the 
SPI was lower in relation to barley yields (Figure 12). Durum and soft wheat yields (Figure 13, 
14) show stronger correlations than barley yields, especially for SPI, which depends only on 
the amount of rainfall in the calculation (Figure 12). This is due to the physiological 
characteristics of barley and the sandy texture of the soil, being less dependent on water 
availability at the germination and grain filling stage compared to wheat (Mamnouie et al., 
2006) and less prone to water stress under drought conditions due to their higher transpiration 
coefficient (Fischer et al., 1998).  Moreover, the results indicate a similarity between the 
temporal response of barley, durum and soft wheat to drought conditions, although, in Morocco, 
barley is generally grown later than wheat and in soils with low water holding capacity. They 
also indicated that the temperature factor is more important than precipitation in monitoring 
and assessing agricultural drought, indicating that extreme changes in mean temperature during 
the most sensitive growth stages can negatively affect rainfed cereal crops. Furthermore, the 
results of the comparative assessment in the previous sections suggest the role of rainfall in 
monitoring and assessing meteorological drought in the LSB. The superiority of SPI suggests 
that the simplicity and availability of data give a well-defined power. In addition, the use of 
precipitation and evapotranspiration (water balance) in the calculation of SPEI constitutes, 
thanks to its better correlation between drought and cereal yields, the most adequate solution to 
address the characterization of agricultural drought in Morocco to have the necessary 
information to set up an insurance product, offering a guarantee on cereal production in rainfed 
areas and against drought risks. 

 
Fig. 12. Correlation coefficients (R) between DIs and detrended rainfed cereal yield during 
the barley-growing season (October of the previous year to June of the current year). The 

upper and lower limits of the box indicate the upper and lower quartiles, respectively. The line 
in the box indicates the median, the lines outside the box indicate the upper and lower bounds, 

and the circles show the outlier in the data set. 
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Fig. 13. Correlation coefficients (R) between DIs and detrended rainfed cereal yield during 
the durum wheat-growing season (October of the previous year to June of the current year). 
The upper and lower limits of the box indicate the upper and lower quartiles, respectively. 
The line in the box indicates the median, the lines outside the box indicate the upper and 

lower bounds, and the circles show the outlier in the data set. 

 
Fig. 14. Correlation coefficients (R) between DIs and detrended rainfed cereal yield during 

the soft wheat-growing season (October of the previous year to June of the current year). The 
upper and lower limits of the box indicate the upper and lower quartiles, respectively. The line 
in the box indicates the median, the lines outside the box indicate the upper and lower bounds, 

and the circles indicate the outlier in the data set. 
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4. Conclusions 
 
The study carried out in the LSB assessed the regional applicability and performance of four 
drought indices (DIs), SPI, SPEI, RDI, and sc-PDSI, based on time series of precipitation and 
temperature at four meteorological stations during the period 1984-2016 and of cereal yield 
(2000-2016). The Spatio-temporal distribution of drought episodes using drought indices (DIs) 
shows that the severity and intensity of droughts have increased since 2012. All the multi-scalar 
indices reveal four typical annual droughts in 1995, 1999, 2012, and 2016. The exception is the 
sc-PDSI index, which has shown new drought episodes with a sometimes long-lasting trend. 
More importantly, the evaluation of the performance of the drought indices for monitoring the 
effect of climate on cereal yields showed the best performance of the multi-scalar indices, while 
small differences were detected between the SPI and the SPEI/RDI in the performance of 
farming systems. Barley and wheat yields are more vulnerable to drought during the 
intermediate growth stage (spring), and moisture conditions in winter also have an impact on 
crop yields. 

Climatic and agricultural conditions in the Lower Sebou Basin are very diverse. This 
highlights the need to establish accurate and effective indices to assess and monitor the effect 
of climate, particularly in vulnerable agricultural areas. Furthermore, climate variation leads to 
yield losses due to water deficits. Therefore, the authors suggest that further analysis should be 
carried out using more sophisticated satellite indicators to elucidate further the climatic and 
biophysical mechanisms responsible for the Spatio-temporal distribution of agricultural drought 
in the LSB. 
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Abstract 

This paper studies the uppermost unit of the Kharus formation (Cambrian) and the 
Autochthonous Akhdar group (Permian-Triassic), which unconformably covers the pre-
Permian strata. The petrographic, geochemical, and field observations indicate that the 
succession underwent different stages of dolomitization that produced rocks inheriting the 
original host rock textures and structures (fabric-preserving dolomitization) and rocks with 
complete obliteration of the pre-existing textures (fabric-destroying dolomitization). The 
Dolomites that retain the actual fabric of the limestone are indicators of the host rock 
mineralogy, i.e., whether it was made up of high Mg-calcite or aragonitic allochems, and 
indicate early dolomitization. The top part of the Kharus Formation consists of pervasively 
dolomitized units, whereas dolomites are belonging to the Autochthonous Akhdar group 
display variable degrees of structural and textural preservation.  The evidence suggests very 
early dolomitization in a relatively short time interval for the Permian-Triassic carbonates. The 
preserved depositional features in the Permian-Triassic carbonates indicate deposition in 
shallow marine environments with variable energy levels. Seven facies are inferred: 
stromatolites, mudstones, wackestones, intraformational breccias, grainstones, and 
grain/packstones. Petrographic as well as field observations exclude evidence of evaporites 
within Palaeozoic-Mesozoic rocks. Five paragenetic phases are determined to explain the type 
of dolomitization and indicate the type and severity of diagenesis that affected the Palaeozoic-
Mesozoic Tethys Ocean carbonates from the Oman Mountains. 

Keywords: Akhdar group; kharus formation; oman mountains; palaeozoic-mesozoic 
dolomites; paragenetic phases 

1. Introduction

The different diagenetic conditions the precursor rocks underwent are essential in producing 
various dolomites, including the evaporitic, replacement, and cement dolomites (McKenzie et 
al., 1980; Gunatilaka, 1987; Randazzo and Cook, 1987; Tucker, 2001). Differences in crystal 
habits, textures, and compositions of the fabric components of each dolomite type reflect 
differences in environments and time of formation, the mode of formation, and the nature of 
the original limestone (Mattes & Mountjoy, 1980; Gunatilaka, 1987; Dawson & Carozzi, 1993; 
Arenas et al. 1999; Zainal Abidian et al. 2017). Usually, fluctuation in sea level produces 
fluctuation in the position of the marine, meteoric, and mixing zones phreatic environments.  
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The shift in the phreatic zones is the main factor governing the type and extent of digenesis, 
hence the dolomitization that the host rocks experienced. 
 
Most processes of diagenetic dolomitization require the dissolution of pre-existing carbonates 
and recrystallisation as dolomites, and most dolomites in the stratigraphic record are late 
diagenetic replacements (keeping in mind the known examples of primary dolomites in the 
geological record). These diagenetic processes can occur at the near-surface or depths within 
sedimentary basins, but the chemical and physical factors controlling the dolomitization in any 
environment will result in the development of various compositional and textural characteristics 
within the dolomites. 
 
The major exposure of the pre-Permian-Triassic rocks can be found at the Saih Hatat window, 
with other smaller exposures at the Sahtan, Kharus, and Mistal windows (Figure 1). Shallow 
marine and terrestrial sediments of the Late Proterozoic to Early Palaeozoic age comprise the 
pre-Permian strata and are considered the oldest exposed rocks in the area (Glennie et al. 1974; 
Gealey 1977; Mann & Hanna 1990; Veerle & Cedric 2012).  Mann & Hanna (1990) point out 
the thickness of the Kharus Formation is 180 m and is of Cambrian age. Mann and Hanna 
(1990) added that the older section of the Kharus Formation comprises laminated lime 
mudstones. In contrast, the younger section is a massive carbonate unit consisting of 
stromatolites, chert nodules, and oolitic limestones. 
 

 
 

Fig. 1. Simplified geologic map showing the geology of the Oman Mountains 
and the locations of the studied areas. 
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Coleman 1981 indicated in his study that during the Cambrian-Pliocene, 5500 m thick shelf 
sediments were deposited across the Arabian Peninsula. The main factors attributed to this thick 
succession are climate and continuous subsidence (Murris 1980). During the Permian, a low 
supply of clastic materials reached the basin from the west (Arabian Shield), which later 
increased during the Early Triassic (Murris 1980). 
  

Glennie et al. (1973, 1974, 1990) proposed the first thorough stratigraphy of the Oman 
Mountains. The Oman Mountain rocks were subdivided into five groups, as shown in (Figure 
2).  

The folded and imbricated pre-Permian rocks are unconformably covered by the 
autochthonous rocks (Wilson 1969, 1985; Glennie et al. 1973; Gealey 1977; Ricateau & Riche 
1980; Searle & Graham 1982; Searle et al. 1983; Wilson 1985; Robertson et al. 1990). Glennie 
et al. (1973) segmented the shelf rocks into two main divisions. The first division is the Lower 
Palaeozoic carbonates and clastics, whereas Permian-Late Cretaceous shelf carbonates 
comprise the second unit. The Hajar Supergroup developed in shallow marine and supratidal 
environments displaying evidence of emergent-disconformity surfaces (Glennie et al. 1973, 
1974). Glennie et al. (1973, 1974); Welland & Mitchell (1977); Baud & Richoz (2013); Khalaf 
& Al-Zamel (2018) named the lower part of the Hajar Supergroup (Mid-Upper Permian to 
Triassic) Akhdar Group with further subdivisions into Saiq and Mahil formations (Figure 2).  
 

 
 

Fig. 2. Stratigraphy of the Oman Mountains and the Musandam Peninsula 
(Oman and the UAE). 
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This research aims to explain the diagenetic history of the Palaeozoic-Mesozoic Tethys 
Ocean carbonates from the Oman Mountains. In addition, to indicate the type and severity of 
diagenetic processes that affected the rocks, schematic paragenetic phases are determined for 
the different methods inferred from the petrographic and geochemical study. Al-langawi (2006) 
addresses the complete description of the Oman Mountains autochthonous formations of the 
Permian-Triassic age. It summarizes the petrographic and geochemical work done on these 
rocks. It shows the shift in the phreatic zones (meteoric and marine) that affected the shelf 
carbonates and resulted in various textures and fabrics. This research also clarifies the 
dolomitization mechanism for all the pre-Permian to Triassic rocks based on new geochemical 
and petrographic data. Correlating and merging data between the two studies yields a better 
perspective on diagenesis and dolomitization of the Palaeozoic-Mesozoic rocks from the Oman 
Mountains. The Cambrian Kharus Formation was not part of the research published in 2006.  
 
2. Methodology 
 
After careful examination of topographic and geologic maps and aerial photographs, a sampling 
of the Paleozoic-Mesozoic carbonates was carried out. Wadi Hijir, a tributary of Wadi Bani 
Kharus at Jabal Nakhal, is the best place to map and sample the 36 meters exposed section of 
The Kharus Formation. Jebel Akhdar, Wadi Al Bih, Wadi Hagil (Musandam Peninsula), and 
Jebel Sumeini are the best locations for mapping and sampling Permian-Triassic carbonates 
(Figure 1). 
 

Uncovered thin sections were initially examined by staining with potassium ferricyanide 
and Alizarin Red-S for classification of calcite and dolomite content of the rocks (Adams et al. 
1984), hence into limestones and dolomites. After staining, the second stage is the petrographic 
examination of the thin polished sections by the polarizing microscope, scanning electron 
microscopy (backscattered images), and cathodoluminescence microscope. 
 

The thin polished sections' geochemical examination was conducted using an electron 
microprobe and semi-quantitative analysis by the scanning electron microscope (SEM). The 
Jeol-6400 (SEM) fitted with a Link Analytical Qualitative X-ray energy-dispersive spectrometer 
(EDS) was used for analyzing the thin polished sections. The chosen samples for X-ray 
diffraction are either whole-rock samples or separated dolomite crystals displaying crystal size 
and texture variations. An X-ray diffractometer (PW1730 Philips) fitted with a PW1050 
goniometer was used for the qualitative examination. The samples were analyzed using a 
CAMECA CAMEBAX electron microprobe with a qualitative energy dispersive spectrometer, 
two-wavelength dispersive spectrometers (WDS), and a Link Analytical AN10/85S EDS system. 
The Zaf-4/FLS software was used for manually operated EDS analysis and software called 
“SPECTRA” for automated EDS or EDS plus WDS analysis. Element maps were created for 
chosen samples to display the major and trace element distributions and concentrations.  The 
isotope analysis was carried out by using a VG Isogas SIRA12 mass spectrometer (SIRA= stable 
isotope ratio analyzer) at the Earth Science Department of Liverpool University. The temperature 
of the reaction was 50°C, and the phosphoric acid fractionation factor used was 1.01011. Whole-
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rock samples or separated dolomite crystals displaying crystal size and texture variations were 
ground in preparation for isotope analysis.  
 
3. Petrography 

 
All the rocks from the top part of the Kharus Formation include crystalline dolomites, which 
are either coarse crystalline or thinly laminated and fine to medium crystalline, crosscut by 
various cemented veins of dolomites and calcites (Figure 3). The dolomitization of this section 
is pervasive, and no indication of previous texture or rock type is detected. The top 36 meters 
of the Kharus Formation consists of 9 units starting with microcrystalline lime-dolostone at the 
bottom, preceded by 8 dolomite units (Figure 2). All the units are intercalated with fractures, 
cemented by dolomite spars (some are rhombic), fine-coarse crystalline calcite, and iron oxides. 
 

The exposed section at Wadi Hijir of the Kharus Formation starts with a one-meter-thick 
dark grey stromatolitic unit composed of cloudy microcrystalline calcite and dolomite. This 
older lime-dolostone unit contains wide and microcrystalline fractures cemented by dolomite 
spars. Next, a thinly laminated three-meter-thick dolomite unit with alternating light grey and 
light brown layers covers the first unit.  The thin layers are either composed of microcrystalline 
or medium crystalline dolomite crystals. Finally, fractures crosscut the second unit and are 
cemented by calcite spars. 
 

 
 
Fig. 3. by Scanning Electron Microscope backscattered images of Kharus Formation. a) Two 

stages of dolomite generation are FDD and vein-filling dolomites and later stage fracture-
filling calcite cement. b) Filling of fractures and intercrystalline porosity by calcite cement. c 

& e) Fracture filling by cyclic dolomite and calcite cements. d) Cementation of 
intercrystalline porosity by calcite. f) Dedolomitization stage, where the pervasive dolomite 

crystals undergo replacement by calcite. 
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The third unit is a dark grey six-meter-thick stromatolitic dolomite, which is fine-medium 
crystalline and crosscut by microfractures cemented by dolomite spars. The fourth and fifth 
units are coarse crystalline dolomite units with a total thickness of 4 meters and are crosscut by 
both micro and macro fractures cemented by dolomite crystals. Unit six is 4 meters thick and 
composed of light grey microcrystalline dolomite. Rhombic dolomite and coarse calcite spars 
are found as cementing crystals within the fractures. Unit seven is a 5-meter-thick massive 
medium crystalline dolomite, which is crosscut by several fractures cemented by dolomite, 
calcite, and iron oxides. Unit 8 is a thinly laminated 10-meter-thick dolostone. The layers within 
unit 8 are either composed of fine cloudy dolomite crystals or medium dolomite crystals. The 
fractures found in this unit are cemented by dolomite and calcite spars. The younger (top) unit 
of the exposed section of the Kharus Formation is 2-meter-thick massive dolomite that is coarse 
crystalline and intercalated by several dolomite fractures. 
 

Backscattered images by the SEM for the top of the Kharus Formation (Cambrian) reveal 
the existence of calcite spars as fracture filling crystals and intercrystalline porosity cement 
within the dolomites (Figure 3). In addition, the Backscattered images revealed the presence of 
zoned rhombic dolomite crystals, which contain alternating zones of calcite and dolomite. 
Furthermore, backscattered images show the presence of heavy minerals (Figure 3). 
 

Trace element compositions of calcite and dolomite crystals and the crosscutting 
relationship between the different texture components were revealed by studying the thin 
polished sections with a Cathodoluminescence microscope. The zoned cathodoluminescence 
patterns in the crystals, especially void-filling crystals, typically denote fluctuations in Mn and 
Fe values. Further, the rock-forming crystals show differences in the luminescence colors, 
which signify the interplay of various crystallization stages with time. Cathodoluminescence 
images are a good indicator of the different fabric components of any rock.  The exposed section 
of the Kharus Formation texture components is shown in (Figure 4) as inferred from the 
cathodoluminescence images. 
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Fig. 4. Cathodoluminescence and polarizing microscope photomicrographs of texture 
components within the uppermost section of the Kharus Formation. a) Photomicrograph taken 

under plane-polarized light (ppl) of a polycrystalline dolomite sample composed of clear 
planar fine to medium dolomite crystals. b) Cathodoluminescence photomicrograph showing 

the same view as in (a); First stage dolomite (yellow luminescence), aggraded dolomite 
crystals (red luminescence). c) Photomicrograph taken under ppl of the oldest exposed unit 

from the Kharus Formation, which is a limestone unit affected by fracturing that is cemented 
by calcite and dolomite. d) Cathodoluminescence photomicrograph showing the same view as 
in (c); Rock-forming calcite (dark grey luminescence), calcite cementing crystals (yellowish-
green), and dolomite cementing crystals (dark green). e) Photomicrograph taken under ppl of 

a microcrystalline dolomite sample, showing different stages of fracture-filling calcite and 
dolomite crystals. f) Cathodoluminescence photomicrograph showing the same view as in (e); 

microcrystalline dolomite (dark grey luminescence) and fracture-filling calcite (yellow 
luminescence) and rhombic zoned dolomite (alternating bands of red-yellow-dark grey 

luminescence). 
 

The Permian-Triassic dolomites exhibit rocks displaying both fabric-preserving 
dolomitization (FPD) and fabric-destroying dolomitization (FDD) textures (Figure 5). The 
inferred precursor limestones that experienced dolomitization include stromatolites, mudstones, 
intraformational breccias, wackestones, packstones, grain/packstone, and grainstones (Al-
langawi 2006). The rocks are mainly deposited in intertidal zones, supratidal zones, shoals, tidal 
bars, reefs, and back-reefs (Al-langawi 2006). 
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Fig. 5. Photomicrographs taken under plane-polarized light from samples of the Permian-
Triassic dolomites. a) FPD of a grainstone. b) FPD of a mudstone. c) FPD of a bioclastic 

peloidal wackestone. d) FPD of a peloidal-oolitic packstone. 
 
 

The study of the Palaeozoic-Mesozoic rock samples from all locations indicates that 
dolomitization is not restricted to a particular depositional environment. Nonetheless, field 
observations and the petrographic study revealed no evidence related to evaporates within the 
dolomites and limestones. 
 
4. Geochemistry 
 
Geochemical investigations on whole-rock samples displaying different degrees of preservation 
reveal a general slight Ca enrichment within rocks that experience FPD and near to 
stoichiometric compositions for the crystalline dolostones (Al-langawi 2006). Further, whole-
rock analyses on Permian-Triassic dolomites indicate low concentrations of Fe, Mn, and Sr, 
which is evidence for near-surface dolomitization (Al-langawi 2006). Whole-rock analyses on 
pre-Permian dolomites indicate elevated concentrations of iron and low concentrations of 
strontium.  Zhang et al. 2004, showed that high Mn and Fe combined with low Sr concentrations 
are associated with deep flowing hydrothermal fluids, whereas high Sr, moderate Fe, and low 
Ba and Mn are possible due to dolomitizing fluids late burial. 
 

The microprobe quantitative analysis showed no systematic differences in Ca, Mg, Mn, 
and Fe concentrations within rock-forming dolomite crystals. Nonetheless, probe analysis on 
void-filling sparry dolomites revealed fluctuating fluid chemistry during crystallization which 
is reflected in Fe and Mn concentration (Figure 6). 
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Fig. 6. Microprobe photomicrographs showing the distribution and concentration of the major 
and trace elements in one of the samples from the top part of the Kharus Formation- 

concentration (ppm). 
 

Oxygen d18O and carbon d13C isotope analyses are conducted on samples with a range of 
textural and compositional variations (Table 1 and Figure 7). The dolomite crystals have d18O 
values ranging from +0.7 to -7.91 ‰ PDB (average of -3.00 ‰) and d13C values ranging from 
+5.86 to -0.7 ‰ PDB (average of +3.06 ‰). Plotting d18O against d13C for the chosen samples 
reveals that dolomites fall within two distinctive sections. The microcrystalline, fine, and 
medium dolomite crystals include nearly constant values of d18O and d13C. Figure 7 shows that 
dolomites that are constituted of coarse to very coarse crystals are depleted in d18O compared 
to dolomites that are made of finer crystal sizes (Al-langawi 2006). Figure 7 was constructed 
to infer a possible origin of the Palaeozoic-Mesozoic Oman Mountain dolomites compared to 
various published data. The dolomites from the Oman Mountains do not fall within the region 
indicated by Slater (2007) for hydrothermal dolomitization of the Lower Palaeozoic dolomite 
reservoirs of the Mohawak Valley suggested for host rock and dolomite cement. None of the 
dolomites correlate to compositions inferred by Choquette & Steinen (1980) as the mixed-water 
origin and by Perkins et al. (1994) as the sabkha origin. 

Alham Al-langawi 



 

Table 1. Oxygen (d18O) and carbon (d13C) isotope data for the Palaeozoic-Mesozoic 
dolomites from different locations throughout the Oman Mountains. 

 

 
 
 

Diagenesis of Palaeozoic-Mesozoic Tethys ocean carbonate succession-Oman mountains



 

 
 

Fig. 7. Comparison of the isotopic data of the Palaeozoic-Mesozoic Oman Mountain 
dolomites with other inferred dolomitization mechanisms (Modified after Al-langawi, 2006). 

 
The isotope values strongly suggest that host rocks were replaced by microcrystalline and 

medium crystalline dolomites in shallow burial environments by modified seawater at a 
formation temperature of £ 60°C (Miller & Folk 1994). Figure 7 suggests early dolomitization 
by normal marine waters (Mutti & Simo 1994; Miller & Folk 1994). Huang et al. 2014, noted 
that low dolomitization formation temperature produces FPD. They also indicated that formation 
temperature is generally higher for dolomite cement than for replacive dolomites. Warren 2000 
postulated that d18O values between +1 and +5 ‰ PDB indicate marine water dolomitization. 
Al-langawi 2006, suggested that the coarse and very coarse crystalline dolomites and baroque 
dolomites may have formed under shallow burial settings marked by increases in temperature. 
Figure 7 reveals that some microcrystalline, fine, and medium crystalline dolomite samples fall 
within the field of mixed-water dolomites displayed by Dunham & Olson (1980). 
 
5. Discussion 
 
There are several essential aspects to take into consideration when studying the dolomitization 
of a given rock succession, which are essential in the inference of dolomitization processes and 
the construction of suitable dolomitization models (Al-langawi 2006). These aspects consist of: 
1- Original environment of deposition, 2- Palaeogeographic setting, 3- Stratigraphic 
relationships with adjacent formations, 4- Petrography, 5- Stoichiometry and the degree of 
ordering in the dolomites, 6- Trace element concentrations and stable isotope distributions. In 
the case of the pre-Permian to Triassic dolomites, different paragenetic phases occurred that 
indicate fluctuations in sea level and hence, fluctuations in the environment of dolomitization 
(marine, meteoric, and mixing zone phreatic environments). The main factor controlling the 
type and degree of dolomitization that the original limestone underwent was the transferal in 
the phreatic zones. The primary stage of cementation that host rocks experienced before or 
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during dolomitization governs the dolomitization changes (Al-langawi 2006). The study 
revealed that some Triassic rocks retained their original composition as limestones, but some 
were affected by patchy replacement by dolomite crystals. Figure 8 is constructed to clarify and 
understand the different paragenetic phases that affected the Palaeozoic-Mesozoic rocks. 
Micritization of bioclasts was the first diagenetic stage that affected the precipitated allochems 
and formed micritic rims around the bioclasts (Figure 8). Later, five diagenesis phases occurred 
due to the fluctuation in the phreatic zone after burial. Most Palaeozoic-Mesozoic carbonates 
experienced diagenesis as explained in phase 1, and fewer samples displayed diagenetic 
development as explained in phases 2 and 3 (Figure 8, Table 2). 
 

Table 2. Inferred Diagenetic Phases for the Palaeozoic-Mesozoic dolomites from Oman 
Mountains. 
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Fig. 8. Proposed major Digenetic Phases for the Palaeozoic-Early Mesozoic carbonates- 
Oman Mountains. 

 
 
Diagenetic Phase 1: produced dolomitic rocks that show perfect and near-perfect preservation 
of the initial host rock textural components (Table 2). Comparable luminescence patterns gave 
clear evidence indicating a similar environment of dolomitization, which is the development 
under the same marine fluid settings with a slight change in water chemistry during stages 1-4. 
The zoned luminescence patterns in dolomite developed during stage 5 strongly suggest 
changes in the dolomitizing fluid chemistry than the fluids led to stags 1-4.  Table 2 shows that 
the last stage in FPD development is the aggrading of crystals formed during stage 3. The 
luminescence patterns for the aggraded dolomite crystals strongly suggest that the aggradation 
was initiated simultaneously as in stage 3, but further aggradation was under the same fluid 
conditions as in stage 5. 
 
Diagenetic Phase 2: also produced dolomitic rocks that show perfect and near-perfect 
conservation of the primary fabric components. Table 2 shows either high-Mg calcite or 
aragonite isopachous cement that occurred on the seafloor before the dolomitization stages. The 
same dolomites formed during stage 1 (Diagenetic Phase 1) replaced the primary high-Mg and 
isopachous calcite and aragonite cement. Later dolomitization progressed as described in stages 
3-6 in the diagenetic phase 1. 
 
Diagenetic Phase 3: also produced dolomitic rocks that show perfect and near-perfect 
preservation of the original host rock fabric components. A petrographic study indicates that 
the rocks underwent a dissolution stage which led to the dissolution of aragonitic components 
of the host limestone. Then a compaction stage post precipitation of isopachous low-Mg calcite 
cement surrounding the outer and inner boundaries of the biomoulds. Petrographic and 
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luminescence patterns strongly suggest that dolomitization of these host rocks started by 
replacing the previously formed calcite cement and allochems and ended by cementation of the 
leftover porosities by clear dolomite mosaics (Table 2). 
 
Diagenetic Phase 4: also produced dolomitic rocks that show perfect and near-perfect 
preservation of the original host rock fabric components. The dolomitization was not preceded 
by calcite cementation. The diagenesis started soon after precipitation under marine water 
conditions (Table 2). The evidence for the meteoric water digenesis is exhibited by the 
dissolution of aragonitic bioclasts and ooid grains. Luminescence patterns strongly suggest that 
dolomites formed under stage 3 formed under different water chemistry than first stage 
dolomitization. 
 
Diagenetic Phase 5: produced dolomitic rocks that show complete obliteration of the original 
rocks fabric components (FDD). But few rocks comprise a limited number of relicts which 
aided some interpretation.  The dolomites that show crystalline texture and destruction of the 
original host rock fabric could have undergone any of the four diagenetic phases previously 
described. 
 

All the above-mentioned diagenetic phases ended by cementation of fractures and leftover 
intercrystalline porosity by either baroque dolomite or calcite, and some are affected by patchy 
dedolomitization (Figures 3 and 4). 
 
 
 
6. Conclusions 
 
Petrographic evidence in relation to the deferent diagenetic phases, combined with the 
geochemical results, clearly indicates that the Permian-Triassic Oman Mountain carbonates 
have developed mainly according to what is described in diagenetic phases 1-4.  This kind of 
diagenesis produced dolomites that retained their host limestone textures and fabrics and relics 
of their components.  This implies that dolomitization was under marine conditions soon after 
the deposition of the host carbonate sediments and continued according to the shift and 
fluctuation in the phreatic environment. 

 
Some of the Permian- Triassic rock samples and the top 36 meters of Kharus Formation 

(Cambrian) underwent diagenesis as described in diagenetic phase 5.  The dolomites, in this 
case, show complete obliteration of the host limestones by crystalline dolomites; hence no 
evidence of any texture or fabrics exists.  Geochemical data support the diagenesis under 
shallow burial to slightly thermal conditions for the Cambrian Kharus Formation and some 
Permian-Triassic dolomites. 
 

The results generally suggest early dolomitization by normal seawater, modified marine 
waters with increased temperature, and relatively warm marine water settings in the shallow 
subsurface. Evidence of seawater and shallow burial dolomitization include micritization, 
cementation by isopachous prismatic and drusy dolomite crystals, and fine-medium nonplanar 
dolomite cement, planar-e coarse drusy dolomite cement, and replacement by fabric-preserving 
dolomitization (fine-medium cloudy nonplanar dolomite). The replacement of first stage 
dolomites, the replacement of medium to coarse planar dolomite crystal fabric-destroying 
dolomitization, and cementation by baroque dolomite are evidence of relatively warm marine 
water diagenesis in the shallow subsurface. Selective dissolution of aragonitic bioclasts and 
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partial dissolution of the cortices of some ooids due to meteoric water are clear evidence of 
meteoric phreatic zone diagenesis before dolomitization. 
 

Geochemical evidence, especially Ca/Mg ratios within dolomite crystals and isotope data, 
are comparable to the diagenetic phases that affected the Oman Mountain rocks. The differences 
in saturation, oxidation, and pH of the dolomitizing fluids are signified by Fe and Mn 
concentrations fluctuations. Such as, Moderate to low Na values, low Fe content, and depleted 
18O values indicate the formation of these dolomites at temperatures ranging between 20-60°C 
and oxidizing meteoric dolomitizing fluids. In addition, High Al and Si concentrations due to 
fast nucleation led to the incorporation of these elements as inclusions within the crystals, and 
low Fe concentrations and lack of related minerals, such as pyrite within the dolomites reflect 
oxidizing conditions, all are evidence of marine fluid diagenesis. 
 

The dolomitization of the Palaeozoic-Mesozoic carbonates implies the involvement of 
substantial amounts of fluids containing Mg. This dolomitization was continuous, and adequate 
time was available. 
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Abstract 

Lithostratigraphy and microfacies analysis of the Avanah Formation (Middle Eocene) were studied 
in the Gomaspan section in the Bina Bawi anticline, northeast of Erbil city, Kurdistan Region, 
Iraq. The field observations refer that the formation attains 56 m of medium to thick-bedded yellow 
limestone, grey dolomitic limestone, and blue marly dolomitic limestone interbedded with thin 
beds of blue marl and dark grey shale with an interval of sandy limestone in the middle part and 
thin to medium bedded limestone interbedded with red mudstone. The petrographic study of 29 
thin sections of Avanah carbonates revealed that most of the matrix is carbonate mud (micrite) 
with few microspar. The skeletal grains include benthic foraminifera, dasycladacean green algae, 
ostracods, calcispheres, pelecypods, rare planktonic foraminifera, and bryozoa, in addition to 
bioclasts. Non-skeletal grains encompass peloids, oncoids, intraclasts, and extraclasts with 
common monocrystalline quartz. Three different lithostratigraphic units were identified based on 
field observation and petrographic analysis. They are in ascending order: A-Thick bedded 
dolomitic marly limestone interbedded with shale. B- Bedded dolomitic limestone interbedded 
with shale and marl. C- Thin to medium bedded limestone interbedded with red mudstone. 
Depending on detailed microfacies analysis of carbonate rocks, three main microfacies and 12 
submicrofacies are recognized. From the sum of all petrographic, facies, and textural analyses, it 
is concluded that Avanah Formation in the Gomaspan section was deposited in the shallow marine 
environment, semi-restricted lagoon, in lower and upper parts, and open lagoon environment in 
the middle part interval. 

Keywords: Avanah; Iraq; lithostratigraphy; microfacies analysis; middle eocene. 

1. Introduction

Mc Ginty first described the Avanah Formation in 1953 (Bellen et al., 1959) from well Kirkuk 116 
on the Avanah dome of the Kirkuk anticline in the low folded Zone. In its type section, the Avana 
Formation comprises 210 m of dolomitized and recrystallized limestones of shoal facies with 
occasional beds of lagoonal dolomitized limestone. Its thicknesses in subsurface sections in 
northern Iraq are as follows: Kirkuk-117 (159 m), Butmah-I (503 m), Alan-l (154 m), Atshan-1 
(138 m), and Mushorah-l (550 m). Laterally the Avanah Formation interfingers with Jaddala 
Formations in wells Sufaya-A2 and Najmah-30 (Jassim & Buday, 2006). The Avanah Formation 
belonging to the late Lower Eocene- Upper Eocene cycle (Buday, 1980) and distributed in a belt 
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along the boundary of the Foothill and High Folded Zones, and is thick in the area of the Foothill 
Zone of northern Iraq as an isolated carbonate shoal associated with a palaeoridge along the 
northeastern shoreline of the basin during a highstand of sea level (Jassim & Buday, 2006). On the 
other hand, the Avanah Formation is characterized by the dominance of macro and microfossils 
and high porosity and permeability ratio, making its lower and middle parts a good hydrocarbon 
reservoir (Al-Hamdany & Sulaiman, 2014).    

 
Since the first description of the formation in Bellen et al. (1959), several studies have dealt 

with the Avanah Formation in terms of sedimentology, stratigraphy, and paleontology; these are 
the studies of Al-Omeri & Sadek (1975), Sharbazheri & Abawi. (1987), Al-Banna & Al-Mutwali 
(2005), Barzani (2016) and Abdullah et al. (2020). The present study aims to clarify 
lithostratigraphy and comprehension of the depositional environment of the Avanah Formation in 
the Gomaspan section by using integrations of field, petrographic observations, and microfacies 
analysis. 

 
2. Location 
 
The studied area is located in the northeast of Erbil city in the Kurdistan Region of northern Iraq 
(Figure 1). The studied section, which was not covered by any previous works, is located about 
300 m northeast of Gomaspan village and about 30 km northeast of Erbil city on the main road of 
Erbil-Dolly Smaquli area, in the southwestern limb of Bna Bawi Anticline (36° 16' 48" N and 44° 
20' 07" E) (Figure 2). 
 
3. Geologic Setting  
 
Avanah Formation is exposed in different areas of the High Folded Zone as a belt close to the 
boundary with the Low Folded Zone (Figure 1). The High Folded Zone is characterized by 
numerous folds and faults with major trending northwest-southeast (Al-Qayim et al., 2020). The 
Avanah Formation is located in the middle part of the tectonostratigraphic AP 10 mega sequence 
of Sharland et al. (2001). This mega sequence was split into two subsequences: The Paleocene – 
Early Eocene sequence and the Middle to Late Eocene sequence (Jassim & Buday, 2006). The 
Avanah Formation belongs to the Middle-Late Eocene subsequences, which is deposited in the 
SW of the emergent uplift along with the final phase of the subduction and closing of the remnant 
part of the Neo-Tethys Ocean. The other carbonate units of this subsequences are Dammam 
platform, Ratga fore slope, Jaddala deep basin and Pila Spi lagoonal formations (Al-Hashimi & 
Amer, 1985). 
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Fig. 1. Location and tectonic map of the studied area (after Jassim & Goff, 2006). 

Generally, the Avanah Formation in the eastern Erbil, from Koya in the east to Shaqlawa in 
the northeast, occurs as a tongue within the Gercus Formation and characterizing by lateral 
variation thickness (AL-Sakry, 1999). The Avanah Formation in the Gomaspan section crops out 
at the southwestern limb of the Bina Bawi anticline, which is characterized by NW-SE trending 
and verges to the SW (Awdal et al., 2013), which is linked to the NW with Pirmam anticline and 
latter proposed by Omer (2005) as NW continuation of Bina Bawi anticline which together may 
form one gigantic anticline that is over 75 km long (Figure 2). The stratigraphic successions around 
the studied area include Bekhme, Shiranish, and Tanjero formations from the Upper Cretaceous 
age; the latter is overlain by Tertiary units involving   Kolosh, Khurmala, Gercus, Avanah, Pilaspi, 
Fatha (Lower Fars), Injana (Upper Fars), and further away Mukdadiya (Lower Bakhtiari) and Bai 
Hassan (Upper Bakhtiari) formations. The Avanah Formation in the studied section exists as a 
tongue within the red mudstone of the Gercus Formation (Figure 3a). 
 
4. Materials and methods 
 
To select a suitable section for the present study, comprehensive fieldwork was done between High 
Folded and Low Folded Zones, which involved the study of general geology and structural 
relationships of the Tertiary succession in the surrounding area. The Gomaspan area was chosen 
for the present study since it is characterized by well-exposed fresh beds due to cutting their surface 
by shovel vehicle machines and removing the sedimentary covers because it will be a part of the 
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proposed earth dam in that area. The outcrop was described and measured in detail, logging the 
lithology and mineralogy. The primary lithologies of the studied outcrop are limestone, dolomitic 
limestone, marly limestone, sandy limestone, marl, and shale. 

A total of 29 fresh samples were collected from the carbonate beds. The samples were 
collected at every change in lithology or color (random sampling). All samples were taken along 
a line perpendicular to the bedding plane. The upper and lower parts of each sample were also 
marked and detailed description of samples (Macroscopic study) using a hand lens and dilute HCl 
acid was performed. The sum of 29 thin sections was prepared at Salahaddin University –Erbil. At 
least one thin section for each sample was prepared. The thin sections were oriented and stained 
with the Alizarin Red Solution (ARS) following the procedure of Friedman (1959) for the 
identification of calcite and dolomite. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. (a) Geological and structural map of Bina Bawi and Pirmam anticlines showing studied 
section (after Awdal et al., 2013).  (b) Satellite image of Gomaspan section (from Bing Map). 
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5. Lithostratigraphy 
 
The total thickness of the Avanah Formation in the Gomaspan section is about 56 meters. Based 
on field inspection and petrographic analysis, the Avanah Formation in the studied area can be 
divided into three units, which are in ascending order (Figure 3a):  
 
5.1 Thick bedded marly dolomitic limestone interbedded with shale (Unit A)  
 
This unit occupies the base of the Avanah Formation in the studied section and is underlain by thin 
beds of red mudstone of the Gercus Formation (Figure 3b). It comprises 9.5 m of thick (50-100 
cm) bedded of grey marly dolomitic limestone interbedded with laminated (less than 1cm wide) 
brown to grey shale (Figures 3b &c). The sedimentary structure of this unit is thin horizontal 
(planar) millimeter-thick laminations. The carbonate beds of this unit are characterized by calcite 
(Figure 3d) and sulphur geodes (Figure 3e), bearing macrofossils (pelecypods) (Figure 4a), and 
bituminous (Figure 4b). The macrostyliolitic porosity observed on the carbonate beds of the unit 
(Figure 3d) is formed by chemical compaction diagenesis when the created stylolites contribute to 
making some pores around their sutures due to the passing of CO2– rich solution along with them 
(Carrozi and Bergen, 1987). Sedimentary structures of this unit are thin horizontal (planar) 
millimeter-thick laminations and burrowing (Figure 4a). 

 
5.2 Bedded marly dolomitic limestone interbedded with shale and marl (Unit B) 
 
The total thickness is about 30 m. The lower 3.8 m is composed of medium (30-50cm) bedded of 
grey marly limestone and fossiliferous dolomitic limestone interbedded with thin beds of grey 
shale and blue marl (Figure 4c), followed by 30 cm of intraformational conglomerate (Figures 4d 
& e). The middle 2.3 m comprises thick (50-100) bedded dolomitic limestone interbedded with 
thin beds of grey shale. Subsequently, 1m consists of yellowish-grey of medium to thick-bedded 
sandy limestone (Figure 4f). The upper 22.5 m comprise of alternation of thin to medium (10-50 
cm) and medium to thick (50-100 cm) bedded of fractured grey marly dolomitic limestone 
interbedded with narrow beds of grey shale and blue marl (Figure 5a). 
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Fig. 3. Field photographs showing: (a) Avanah Formation inter tongue within red mudstones of 
Gercus Formation which overlain by Late Eocene Pila Spi Formation in Gomaspan section. (b) 
Thick bedded dolomitic marly limestone interbedded with shale (unit A) overlain red mudstone 
beds of Gercus Formation. (c) Laminated brown to grey shale (red arrow) interbedded within 

thick yellow to grey dolomitic limestone. (d) Calcite geodes (red arrows) in the fractured 
dolomitic limestone affected by chemical compaction formed Macrostylolitic porosity (yellow 
arrow). (e) Sulphur geodes (red arrow) characterized by yellow color and had rotten eggs smell 

on the thick dolomitic limestone of Unit A. 

Generally, deferent sedimentary structures were observed in this unit, including horizontal 
planner lamination, bending (Figure 4f), symmetrical ripple marks (Figures 5a & b), and slump 
structure which is post depositional structure supposed to be formed by tectonic activity related to 
the final phase of the subduction and closing of the remnant part of the Neo-Tethys Ocean (Figure 
5d). Calcite geodes and veins (Figure 4f), besides pyrite nodules, also occurred on the carbonate 
beds of this unit (Figure 5e). 
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5.3 Thin to medium bedded limestone interbedded with red mudstone (Unit C) 
 
This unit overlain unit B and is regarded as a transition zone between Carbonates of Avanah 
Formation and clastics of Gercus Formation. It comprises 16.5 m of thin to medium bedded (10-
50 cm) yellow to white marly limestone interbedded with calcareous red mudstone and yellow 
marl (Figure 5f). The sedimentary structures of this unit are thin horizontal (planar) millimeter-
thick laminations. 
 

 
Fig. 4. Field photographs showing: (a) Burrowing (red arrow), bivalves (black arrow) and calcite 
concretion (yellow arrow) filled the molluscan mold on the dolomitic limestone beds of Avanah 

Formation, calcite concretion (yellow arrow). (b) Bituminous limestone bed (red arrow). (c) 
Bedded dolomitic limestone interbedded with shale and marl overlain unit A. (d) Intra-

formational conglomerate (30 cm) overlain dolomitic limestone and underlain grey shale. (e) 
Slabs of conglomerate bed show intraclasts (red arrows). (f) Bending in (red dash-line) in the 
Sandy limestone beds of Avanah Formation affected by bioturbation (yellow arrow) and has 

calcite veins (black arrow). 
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Fig.5. Field photographs showing: (a) Symmetrical ripple marks formed in sandy limestone beds 
(red dash line).  (b) Surface of ripple marks in the sandy limestone beds (red arrows). (c)Thin to 
medium bedded grey dolomitic marly limestone interbedded with grey shale and blue marl in the 
upper part of unit B. (d) Slump sedimentary structure formed on the medium to thick dolomitic 
limestone beds of Avanah Formation (red arrow). (e) Pyrite nodules in the fractured dolomitic 

limestone beds. (f)Thin to medium bedded limestone interbedded with red mudstone and yellow 
marl overlain by red mudstone of Gercus Formation. 
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6. Microfacies types  

According to the classification of Dunham (1962), three main microfacies types were identified in 
the carbonate rocks of the Avanah Formation in the studied section. Each was subdivided into 
several submicrofacies on the remarkable fossil type and diagenetic processes. Table (1) manifests 
the main and submicrofacies recognized in the petrographic study of the formation. 
 

Table 1. Microfacies types of the Avanah Formation in the Gomaspan section 

Main 
microfacies 
Dunham (1962) 

Subdivision of Dunham 
(1962) 

Diagnostic features (main 
skeletal grain + common 

diagenetic process) 

SMF 
Flügel 
(1982) 

Environment of 
deposition 

Lime Mudstone 

Dolomitized lime mudstone  -Dolomitization+ Pyritization 23 Restricted platform 
(lagoon) 

Benthic foraminiferal lime 
mudstone 

- Textularia plummerae                 
- Neomorphism+ Dolomitization  

9 Shallow lagoon with 
open circulation 

Dasycladacean lime 
mudstone  

-Dasycladacean green algae 
-Silicification+ Ferruginous 
material + Organic matter. 

8 Shelf lagoons 
with circulation 

Lime Wackestone 

Sandy-miliolid lime 
wackestone  

-Miliolid+ Monocrystalline quartz 
-Dissolution+ Pyritization+ 
Micritization   

8 Shelf lagoon with 
circulation 

Alveolina lime wackestone -Alveolina 
-Micritization+ Dolomitization 

9 Shallow lagoon 
with open circulation 

Planktonic foraminifera -
intraclasts lime wackestone  

-Globigerina + intraclasts 
-Dolomitization+ Micritization 

9 Shallow lagoon with 
open circulation 

Sandy-Peloidal lime 
wackestone  

-Monocrystalline quartz+ peloids 
-Dolomitization+ Dissolution 
 

8 Shelf lagoons 
with circulation 

Sandy-benthic foraminifera 
lime wackestone 

-Valvulina 
-Dissolution + Micritization 

18 Shelf lagoons 
with open circulation 

Lime Packstone 

Ostracoda- calcispheres 
lime packstone 

-Ostracods+ Calcispheres 
-Neomorphism+ Dissolution  

9 Shallow lagoon with 
open circulation 

Bryozoan-ostracoda-
intraclasts lime packstone 

-Bryozoa +Ostracods 
-Neomorphism+ Dolomitization 
 

9 Shallow lagoon with 
open circulation 

Benthic foraminifera-
bioclast-dasycladacean lime 
packstone 

Rotaliid+ Spirloculina + 
Dasycladacean green algae + 
Bioclasts 
-Dolomitization+ Cementation 

18 shelf lagoons 
with open circulation 

Oncoid lime wackestone -Oncoids 
-Cementation+ Pyritization  

22 Subtidal (lagoon) 
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6.1 Lime mudstone microfacies  
 
Mudstone microfacies are widespread in the studied section but less common than the lime 
wackestone microfacies. It is characterized by the dominance of micrite with rare (generally less 
than 10%) grains content (Dunham, 1962). The identified skeletal grains in this microfacies are 
benthic foraminifera (Valvulina sp. and Textularia plummerae.) (Figure 6b) with dasycladacean 
green algae (Figure 7c). It is observed within the unit (A) in the lower part of the formation and 
unit (C) in the upper part of the studied section. The characteristic diagenetic process in these 
facies is dolomitization (Figure 6a). Other diagenetic types involve pyritization, micritization, and 
silicification.  

 
6.2 Lime wackestone microfacies 
 
This microfacies is considered the most common among other microfacies of Avanah carbonate. 
It is commonly found in different parts of the Gomaspan section, particularly in the middle part 
(Unit B). It is defined by involving grains ranging between 10 to 50 % in the micritic matrix 
(Dunham, 1962). Skeletal grains include benthic foraminifera (Miliolids (Quinqueloculina sp.) 
(Figure 6d), Alveolina sp. (Figure 6e), and Textularia sp.) and planktonic foraminifera 
(Globigerina sp.) (Figure 6f). While non-skeletal grains involve peloids (Figure7a) and extraclasts, 
mainly monocrystalline quartz (Figures 6d & 7b). It is subjected to diagenetic processes such as 
dolomitization, pyritization, dissolution, silicification, micritization, and neomorphism. 
 
6.3 Lime packstone microfacies 
 
Packstone microfacies are less common than other microfacies and are observed in the lower and 
middle parts of the studied section of the Avanah Formation. In this microfacies, skeletal grains 
increase up to 60% in the packstone, leaving minor micrite between grains-supported limestones 
(Dunham, 1962). The petrographic investigation of these microfacies lead to recognize the 
Ostracoda- calcispheres lime packstone submicrofacies (Figure7c), bryozoan - Ostracoda- 
intraclasts lime packstone submicrofacies (Figure 7d), Rotaliid-bioclasts-dasycladacean lime 
packstone submicrofacies (Figure 7e) and Oncoid lime packstone submicrofacies (Figure 7f). The 
common diagenetic processes that affected it are neomorphism, cementation, and pyritization. 
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Fig. 6. Photomicrographs showing microfacies types of Avanah Formation in Gomaspan section: 
(a) Dolomitized lime mudstone submicrofacies subjected to pyritization (red arrow). GA1., P.P. 

(b) Benthic foraminifera (Textularia plummerae (red arrow)) lime mudstone submicrofacies. 
GA9., P.P. (c) Dasycladacean lime mudstone submicrofacies, dasycladacean shell filled by 

ferruginous material in the center and affected by silicification in the outer layers (red arrow), the 
groundmass affected by organic matter (white arrow). GA26., X.N. (d) Sandy (red arrow)- 
miliolid (black arrow) wackestone submicrofacies, a mold of undefined shell subjected to 

affected by pyritization (white arrow) and dissolution (yellow arrow). GA2., X.N. (e) Alveolina 
(red arrow) lime wackestone submicrofacies. GA14., X.N. (f) Planktonic foraminifera 

(Globigerina) (red arrow)-intraclasts (yellow arrow) wackestone submicrofacies. GA11., P.P. 
(f1) enlarged photomicrographs of Globigerina sp. GA11., X.N. 

Key= AG: Avanah-Gomaspan, P.P: Plane polarized light, X.N: Crossed Nicoles. 
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7. Facies associations  
 
Based on the integration of the recognized microfacies analysis and field observations of the 
Avanah Formation in the Gomaspan section, two basic types of facies associations were identified 
according to their environmental interpretation, which is as follows (Figure 8). 
 
7.1 Semi-restricted lagoon Facies Association (FA1) 
 
This association is equivalent to standard facies zone 7 and 8 of Wilson (1975) and Standard 
Microfacies 8, 22, and 23 of Flügel (1982). It is observed in the lower 9.5 m and upper 39 m of 
the Avanah Formation. The lower 9.5 m, which occupies unit (A), consists of 9.3 m of thick-
bedded grey dolomitic marly limestone-rich lime mudstone to wackestone with rare packstone 
interbedded with laminated brown to grey shale. It shows thin horizontal (planar)millimeter-thick 
lamination, burrowing, brecciation and bioturbation. The pelecypod macrofossils with molds of 
mollusks are also observed.  While the upper part of the association comprises 22.5 m of thin to 
medium and medium to thick-bedded fractured grey marly dolomitic limestone rich in lime 
mudstone to wackestone interbedded with narrow beds of grey shale and blue marl and 16.5 m of 
thin to medium bedded yellow to white marly limestone-rich lime mudstone to wackestone 
interbedded with calcareous red mudstone and yellow marl.  Horizontal planner lamination, slump 
sedimentary structure, burrowing, and calcite geodes and veins, and pyrite nodules are seen on the 
carbonate beds of this association. Petrographically, the association, contains skeletal grains, 
including benthic foraminifera (Textularia plummerae, Quinqueloculina sp. and Valvulina sp.), 
Dasycladacean green algae and bioclasts. While non-skeletal grains involve peloids, oncoids, and 
extraclasts, mainly monocrystalline quartz grains. The groundmass is mainly lithified carbonate 
mud (micrite) which is occasionally transformed to microspar by neomorphism.  Dolomitization 
is a characterized diagenetic process of this association, particularly in mudstone microfacies. 
Other significant diagenetic processes include pyritization, dissolution, cementation, silicification, 
and micritization. 
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Fig. 7. Photomicrographs showing microfacies types of Avanah Formation in Gomaspan section: 
(a) Sandy (white arrows)-peloidal (red arrows) lime wackestone.GA9., X.N. (b) Sandy (white 

arrows)-benthic foraminifera (Valvulina (red arrows))- lime wackestone submicrofacies which is 
characterized by high porous and the foraminiferal test affected by micritization envelop. GA16., 

X.N. (c) Ostracoda (red arrows)- calcispheres lime packstone submicrofacies. GA10., P.P. (d) 
Bryozoan (white arrow)-ostracoda (black arrow)-intraclasts (red arrows) lime packstone 

submicrofacies.GA15., P.P. (e) Benthic foraminifera (Rotaliid (black arrow), Spirloculina sp. 
(orange arrow))-bioclasts (yellow arrows)-dasycladacean (red arrows) lime packstone 

submicrofacies formed in intraformational conglomerate grains .GA15., P.P. (e1) enlarged 
photomicrographs of part of (e) displaying Rotaliid (black arrow) and Spirloculina sp. (orange 
arrow). (f) Oncoid (red arrows) lime wackestone submicrofacies subjected to cementation and 

pyritization GA2., P.P. 

Key= AG: Avanah-Gomaspan, P.P: Plane polarized light, X.N: Crossed Nicoles. 
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Fig. 8. Columnar sections and Facies Associations of the Avanah Formation in Gomaspan Section. 
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Interpretation: This facies association is rich in dolomitized lime mudstone followed by lime 
mudstone and lime wackestone.  The dominance of the micrite matrix microfacies within this 
association indicates that the sea bottom was stagnant and calms enough for lime mud to 
accumulate (Boggs, 2006). Dolomitized lime mudstone is expected in the restricted platforms 
(Wilson, 1975; Flügel, 1982). The porcelaneous imperforate miliolids (Quinqueloculina sp.) 
dominate in the restricted lagoon with hypersaline water (Murray, 2006). The presence of 
Textularia plummerae represents a shallow marine environment with semi-restricted conditions 
(Asaad and Balaky, 2018). The dominance of dasycladacean algae reflects a shallow water 
environment of less than 10 m deep (Aguirre et al., 2000). The occurrence of peloids within this 
association indicates shallow warm waters (Flügel, 2010). Oncoidal lime packstone, which 
occurred at the base of the studied section, indicates an Inner-platform environment (shallow 
subtidal lagoon) (Flügel, 2010; Pleş et al., 2019). Monocrystalline quartz is believed that it 
deposited in low energy, restricted intertidal, supratidal, and subtidal environments (Nowrouzi et 
al., 2015), and its association with benthic foraminifera in lime wackestone microfacies reflects 
restricted lagoon setting (Ameen et al., 2019). Pelecypods have a wide environmental range, from 
near-shore to off-shore environments (Clarkson, 1998), but existing as association with mentioned 
fossils supposed to be deposited in a lagoonal environment. The laminated dark grey shale is 
thought to be deposited in a shallow lagoon environment with very slow-moving water (Blatt 
&Tracy, 1996). Calcite and sulphur geodes are diagenetic products that are supposed to be formed 
by minerals precipitation from aqueous solution filling the dissolved nodules in the rock, mainly 
composed of evaporates (Milliken, 2003). Burrowing is common in low-energy, shelf lagoons with 
a circulation environment (Flügel, 2010). 
 
7.2 Open Lagoon Facies Association (FA2) 
 
The association is equivalent to Faces Zone 7 of Wilson (1975) and Standard Microfacies 9 and 
18 of Flügel (1982). It is equipped with the lower 7.5 m of unit (B). It consists of medium to thick-
bedded grey to blue marly limestone and fossiliferous dolomitic limestone rich in lime wackestone 
to packstone with rare mudstone interbedded with thin beds of grey shale and blue marl and 
medium to thick-bedded yellowish-grey sandy limestone rich in lime packstone with 30 cm 
interval of intraformational conglomerate in the middle part of the facies association. The obvious 
sedimentary structures of this facies are horizontal planner lamination and symmetrical ripple 
marks in addition to calcite geodes and veins. 
 

The microscopic investigation of thin sections revealed that the skeletal grains of this 
association involves benthic foraminifera (Miliolids (Spirloculina sp.), Rotalia sp., Textularia sp. 
and Valvulina sp.), planktonic foraminifera (Globigerina sp.), ostracods, bryozoa, dasycladacean 
green algae, calcispheres, and bioclasts. Non-Skeletal grains consist of peloids, intraclasts, and 
extraclasts. The main groundmass is micrite which tentatively changed to microspar. The main 
diagenetic processes upon the beds of these facies are cementation, micritization, pyritization, 
dissolution, and neomorphism.  
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Interpretation: The appearance of planktonic foraminifera (Globigerinid) with benthic fauna 
indicates a lagoonal environment connecting with open marine (Open shelf) (Ahmad et al., 2020). 
The occurrence of calcispheres in a shallow water environment with planktonic foraminifera 
represents deposition toward the deep basin (Al-Haj, 2020). Bryozoa is found in a shallow lagoon 
with open circulation (Flügel, 2010). The dominance of ostracod fragments reflects an open-
marine lagoon across the platform (Flügel, 2010). Intraclasts can create in many environments but 
most typically are formed in regimes with intermittently high energy conditions (Scholle and 
Scholle, 2003); therefore, are supposed to be developed in an open lagoon setting with high energy 
conditions in Avanah Formation. Intraformational lime conglomerates are commonly deposited 
below the storm wave base in the inner shelf environment (Scholle et al., 1983). They are supposed 
to be created from the reworking of subtidal sediments by storms (Dravis, 1979) in occasional 
subsiding in the open lagoon basin. Sandy-benthic foraminifera lime wackestone is common in the 
mixed energy part of the lagoon (Soleimani et al., 2014) in the shallow lagoon with open 
circulation (Flügel, 2010). The symmetrical ripple marks on sandy limestone beds of the Avanah 
Formation are thought to be formed in shallow water in the in and out motion of bidirectional 
waves of sandy size particles bottom in inner shelf environments (Wilson & Jordan, 1983). Highly 
bioturbated carbonates are inferred to be shallow-marine environments with a low sedimentation 
rate (Strasser et al., 1999). 
 

Thus, from above observations and interpretations of both facies’ associations indicated that 
the Avanah Formation was deposited in a semi-restricted lagoonal environment with an interval 
of the open lagoonal setting in the middle part. 

 
A schematic block diagram was drawn to imply all these interpretations and the updated vision 

of the Avanah environment in the Gomaspan section (Figure 9). This figure illustrates the inferred 
paleoenvironmental conditions and elements of the Avanah Formation in the Gomaspan section in 
the Kurdistan region-Northern Iraq. 

 

Fig. 9. Schematic Model of Avanah Depositional Environment (Middle Eocene) in Gomaspan 
section. (FA1: Semi-restricted lagoon Facies Association, FA2: Open Lagoon Facies 

Association). 

N
E 
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8. Conclusions 
  
8.1 The Avanah Formation in the Gomaspan section consists of 56 m medium to thick-bedded 
yellow limestone, grey dolomitic limestone, dolomitic marly limestone interbedded with thin beds 
of marl and dark grey shale with an interval of sandy limestone in the middle part and thin to 
medium bedded limestone interbedded with red mudstone. It is inter-tongue within Gercus 
Formation. 
 
8.2 Based on field observation and petrographic analysis, three different lithostratigraphic units 
were identified in the Avanah Formation in the studied section. They are in ascending orders:  

a. Thick bedded dolomitic marly limestone interbedded with shale. 
b. Bedded dolomitic limestone interbedded with shale and marl. 
c. Thin to medium bedded limestone interbedded with red mudstone. 

 
8.3 The petrographic components of Avanah carbonate are as follows: 

a. Matrix composed mainly of micrite with little recrystallized microspar. 
b. Non-skeletal grains involve peloids, oncoids, intraclasts, and extraclasts, commonly 

monocrystalline quartz. 
c. Skeletal grains include benthic foraminifera, dasycladacean green algae, ostracods, 

calcispheres, pelecypods, rare planktonic foraminifera, and bryozoa, in addition to 
bioclasts. 
 

8.4 Depending on detailed microfacies analysis of limestone following Dunham (1962), three main 
microfacies and twelve submicrofacies are recognized in the studied thin sections of Avanah 
Formation in the studied area. These facies were subdivided according to their environmental 
interpretation, vertical and lateral transitions into two basic types of facies associations: semi-
restricted and open lagoonal environment 
 
8.5 The study of petrography, facies, and textural analyses, concluded that Avanah Formation in 
the Gomaspan section was deposited in the shallow marine environment, semi-restricted lagoon, 
in the lower and upper part, and open lagoon environment in the intervals in the middle part. 
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Abstract 

The rapid deterioration of the environment has attracted the world’s attention to find the 
determinants of carbon dioxide (CO2) emissions. In this line, many studies have probed the 
factors affecting CO2 emissions, but the role of natural resources has been overlooked 
significantly. Therefore, this study attempts to fill this gap by investigating the role of natural 
resources in CO2 emissions in four South Asian countries over the annual period of 1990-2019. 
Other variables of trade openness, renewable energy, energy use, and gross domestic product 
(GDP) were also included in the model. The autoregressive distributed lag (ARDL) method 
reveals that natural resources reduce CO2 emissions in Pakistan and India. On the other hand, the 
abundance of natural resources increases CO2 emissions in Bangladesh. This association was not 
found significant in Sri Lanka. Moreover, this research confirmed Environmental Kuznets curve 
(EKC) in Pakistan, India, Bangladesh, and Sri Lanka. Renewable energy is reducing CO2 
emissions in these countries. Therefore, natural resources are essential to reducing CO2 
emissions in Pakistan and India. Bangladesh needs to utilize its natural resources efficiently to 
improve air quality.  

Keywords: ARDL; CO2 emissions; Natural Resources; renewable energy; South Asian countries 

1. Introduction

The global situation is crystal clear, and crying at the top of its voice that if the measures are not 
taken, the whole situation will be jeopardized (Tariq et al. 2017, 2021; Mehmood 2020a, b, 
2021b, a, c, d; Mehmood and Tariq 2020). Environmental issues are playing havoc in making the 
roots quite a hallow, and the dream of sustainable development will remain a failure (Shah et al,. 
2020). Abnormal emission of carbon dioxide (CO2), population explosion, prevailing  economic 
activities, and excessive use of fossil fuels are a great menace even to the existence of human 
beings on this planet due to unbearable temperature (Shahbaz and Muhammad 2019). 

Much has been said and done to reduce CO2 emissions, but its threatening increase is alarming. 
To achieve sustainable development, it is essential to reduce CO2 emissions significantly (Tariq 
2017). Therefore, it has become compulsory to determine the factors affecting CO2emissions. In 
this framework, most past studies have focused on the nexus of CO2 emissions-GDP-energy use 
(Balsalobre-Lorente et al., 2018). Similarly, the subsequent studies continued to present new 
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models to show the political, economic, and social determinants of CO2 emissions (Katircioglu et 
al,. 2020). The available literature investigating the determinants of CO2 emissions mainly 
considered the variables of urbanization, financial development, tourism, agriculture, 
globalization, institutional quality, population, education, and income inequality. Despite the 
contribution of these research studies in making environmental policies, there are still some 
deficiencies to be observed (Uzar and Eyuboglu 2020). Therefore, the role of natural resources is 
almost neglected in the function of CO2 emissions in South Asian countries.      

The inverse relationship between GDP and CO2 emissions was introduced by (Grossman et 
al. 1991); according to scholars, at the early stage of economic growth, CO2 emissions will start 
to increase, and after some threshold level, the air pollution begins to decline. Therefore, the 
EKC model began to investigate the linkages between economic growth and air pollution. For 
example, Apergis et al,.(2009) validated the existence of EKC in six Central American countries. 
But Arouri et al. (2012) cannot find the validity of EKC in the middle east and north American 
countries. They concluded that energy use was increasing CO2 emissions significantly. At the 
same time, other studies included other variables to study their linkages with CO2 emissions. In 
this regard, Shahbaz et al. (2013) investigated the role of trade in CO2 emissions in South Africa 
over the period of 1965-2008. The scholars found that trade was reducing CO2 emissions in 
South Africa.    

 Apergis & Ozturk (2015)included the population into the CO2 model in fourteen Asian 
countries from 1990-2011. GMM indicated that population enhances CO2 emissions. Ali et al. 
(2019) also probed the effect of urbanization on CO2 in Pakistan over the annual data of 1972-
2014. This research also argued that urbanization increase CO2 emissions. In Northern Cyprus, 
the scholars (Katircioglu et al. 2020) found that education activity enhances CO2 emissions. 
(Rehman et al. 2020)use agricultural products as the main determinants of CO2 emissions. In a 
research covering from 1988-2017, it was conducted that the maize crop left a positive impact on 
CO2 emissions in Pakistan. Yang et al. (2020) investigated the linkages between financial 
instability and CO2 emissions and found that economic instability reduces CO2 emissions in 54 
countries. Wang & Zhang (2020) made the same effort from transportation in China and 
concluded that private ownership and industrial structure increase CO2 emissions. Keeping in 
view all extensive research referenced in the literature that examined the determinants of CO2

emissions, there are still limitations. Few studies investigating the effects of natural wealth on 
CO2 emissions presented positive and negative effects. Similarly, (Balsalobre-Lorente et al. 
2018)incorporated natural resources in their research and concluded that profusion of natural 
resources helps to reduce CO2 emissions in five European countries. Danish et al. (2019)found 
the abundance of natural resources decreases CO2 emissions in Russia and increases CO2

emissions in South Africa. Hassan et al. (2019)explored linkages between natural resources and 
ecological footprint in Pakistan during the data of 1970-2014 and found the abundance of natural 
resources positively affects ecological footprint and increases environmental erosion.  
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Today's economies are striving to gain sustainable GDP growth. Still, when we peep into the 
unique conditions of South Asia, it can be seen that no study has been conducted to probe the 
association between natural resources and CO2 emissions in South Asia. South Asian countries 
are rich in natural resources, especially solar and wind energy. Therefore, finding the linkages 
between natural resources and CO2 emissions in South Asian countries is essential.        

Hence, it can be said that an abundance of natural resources can reduce CO2emissions, but 
the bungling use of natural resources can harm the environment badly. Therefore, the impact of 
natural resources on the environment is not clear. Few types of research (Balsalobre-Lorente et 
al. 2018; Danish et al. 2019) have focused on the association between natural resources and CO2

emissions and found complexities about the effect of natural resources on CO2 emissions. To 
provide a clear picture of the linkages between natural resources and CO2 emissions, this 
research investigates the links between natural resources and CO2 emissions for 4 South Asian 
countries over the annual data of 1990-2019. To gain the status of high-income land, South 
Asian countries have to create a balance between economic developments and increased CO2 
because monitoring GDP and increase in energy use is responsible for air pollution in Asian 
countries. This research will surely be essential for policymakers in South Asian countries 
because it presents a country-specific analysis to find the impacts of natural resources on CO2

emissions. The policy-makers are in a predicament in achieving sustainable development in 
South Asia, and this research will be helpful in developing environmental and economic policies.  

The prime objective of this paper is to find out the impacts of natural resources on CO2 
emissions in four South Asian countries over the annual period of 1990-2019. Other variables of 
trade openness, renewable energy, energy use, and gross domestic product (GDP) were also 
included in the model. In terms of methodology, this research is also different from past studies. 
Danish et al. (2019) utilized panel data methodology, which may not provide country-specific 
policy instruments. This research is also a virgin effort to determine the impact of natural 
resources on CO2 emissions in South Asian countries.  

2. Methodology

The fundamental purpose of this study is to find the linkages between natural resources and CO2

emissions in Pakistan, India, Bangladesh, and Sri Lanka. Considering the past literature, this 
study included other variables in the model, which may affect CO2 emissions. Sound literature is 
available that investigated the existence of EKC. Therefore, this study included GDP and its 
square terms to check the presence of EKC. In addition, other widely used variables of per capita 
energy consumption, renewable energy consumption, and trade openness are included in the 
model. Hence, a comprehensive study is performed to probe the factors of CO2emissions in 
South Asian countries. This study conducts an analysis of annual data of four South Asian 
countries for the period of 1990-2019. Therefore, the estimated equation is as follows: 

𝐶𝑂2! =	𝛽"	 +	𝛽$	𝑁𝐴𝑇! +	𝛽%	𝐸𝑁! +	𝛽&	𝑅𝐸! + 𝛽'	𝐺%! + 𝛽(𝐺! + 𝛽)𝑇𝑅! +	є!	 	(1) 
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To find the short-run association, the vector error correction-based equation is used as below: 
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Δ represents the change operator, while the error correction term (ECT) is 𝜗𝑧!-$ , which 
calculates the extent of disequilibrium. The prime objective of this research is to probe the effect 
of natural resources on CO2 emissions in four South Asian countries. We performed unit root 
tests with structural breaks for the robustness of the results and then applied the co-
integration test.  

Natural resources and CO2 emissions nexus: Sustainable development path for South Asian countries

In equation 1, CO2, NAT, EN, RE, G2, G, and TR represent per capita carbon emissions 
(CO2), total natural resource rents % of GDP (NAT), energy consumption (EN), renewable 
energy consumption % of total energy consumption (RE), GDP per capita (G), its square term, 
and trade openness (TR). All data is obtained from world data indicators(WDI,  2019).  

3. Autoregressive distributed lag (ARDL)

This research applied the ARDL method (Pesaran and Pesaran 1997) to show the short-run and 
long-run association. This method is accompanied by the error correction term and is helpful for 
knowing short and long-run dynamics (Liu et al. 2019). Because environmental pollution is of 
international concern, it is important to set short and long-run targets to achieve sustainable 
development goals. So, applying the ARDL method is quite suitable for long-term policymaking.  
This methodology presents some advantages over other econometric methods. Firstly, this 
method has no restrictions for the variables to be stationary at the level or the first difference. 
Additionally, no variable should be stationary at the second difference. Secondly, the ARDL 
method includes the lag length of both dependent and independent variables, eliminates 
endogeneity problems, and provides consistent results (Uzar, 2020).To find the long-run values 
following equation is used: 
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Therefore, this study conducts the unit root test with structural breaks before the co-
integration test.  
4. Results and discussion

ARDL model requires that all variables should be of either I(0)or I(1), and no variable should be 
stationary at the second difference I(2). Therefore, to check the unit root of the variables, the 
Augmented Dickey-Fuller (ADF) unit root test with structural breaks was applied. According to 
table 1, the data of all variables for Pakistan and Bangladesh is stationary at the first difference, 
but data of India and Sri Lanka has mix order of integration. Few variables are integrated at I(0), 
and some are integrated at I(1).  

Table 1. Unit root Test for natural resources, CO2 emissions, trade openness, renewable energy, 
energy use, and gross domestic product 

Economy Variable Unit root at I(0) Unit root I(1) 

T stat Break year T stat Break year 

Pakistan 

𝑙𝑛𝐶𝑂!" -2.95 2014 -4.37* 2014 

𝑙𝑛𝑁𝐴𝑇" -201 2016 -4.44** 2014 

𝑙𝑛𝐺" -2.08 2002 -5.52*** 2004 
𝑙𝑛𝐺!" -2.02 2002 -5.47*** 2004 
𝑙𝑛𝑇𝑅" -3.00 2004 -5.59*** 2016 
𝑙𝑛𝐸𝑁" -3.92 2002 -5.57*** 2007 
𝑙𝑛𝑅𝐸" -2.98 2002 -7.59*** 2007 

India 

𝑙𝑛𝐶𝑂!" -3.21 2004 -5.59*** 2005 

𝑙𝑛𝑁𝐴𝑇" 
-2.22 2003 -6.01*** 2011 

𝑙𝑛𝐺" 
-7.04*** 2012 -1.86 2008 

𝑙𝑛𝐺!" -7.70*** 2015 -5.41*** 2008 
𝑙𝑛𝑇𝑅" -3.21 2001 -5.74*** 2011 
𝑙𝑛𝐸𝑁" -1.01 2006 -5.52*** 2003 
𝑙𝑛𝑅𝐸" -2.35 2006 -5.91*** 2007 

Bangladesh 

𝑙𝑛𝐶𝑂!" -2.42 2010 -5.38*** 2001 

𝑙𝑛𝑁𝐴𝑇" -2.59 2004 -4.72** 2011 
𝑙𝑛𝐺" -2.27 2010 -10.80*** 2006 
𝑙𝑛𝐺!" -0.62 2016 -11.08*** 2010 
𝑙𝑛𝑇𝑅" -3.58 2004 -5.85*** 2013 
𝑙𝑛𝐸𝑁" -1.41 2005 -6.87*** 2010 
𝑙𝑛𝑅𝐸" -0.45 2009 -4.71** 2007 

Sri Lanka 

𝑙𝑛𝐶𝑂!" -2.40 2014 -5.66*** 2000 

𝑙𝑛𝑁𝐴𝑇" -4.90** 2013 -6.29*** 2001 

𝑙𝑛𝐺" -2.74 2004 -4.89** 2012 

𝑙𝑛𝐺!" -2.56 2004 -4.72** 2012 
𝑙𝑛𝑇𝑅" -5.86*** 2008 -6.14*** 2009 
𝑙𝑛𝐸𝑁" -1.91 1998 -6.43*** 2012 
𝑙𝑛𝑅𝐸" -3.27 2014 -6.34*** 2014 

Usman Mehmood

Note: ***, **, and* show the significance at 1%, 5%, and 10% respectively 
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To check the association between variables, we applied the bounds test. According to Table 2, it 
is evident that all variables in Pakistan, India, Bangladesh, and Sri Lanka have a strong 
relationship at the 1% level. This means that CO2, NAT, G, G2, EN, REN, and TR move together 
in all estimated countries. Moreover, it can also be observed that our model passed all diagnostic 
tests successfully in all countries.  

Table 2. Co-integration test results for natural resources, CO2 emissions, trade openness, 
renewable energy, energy use, and gross domestic product 

Economies Pakistan India Bangladesh Sri Lanka 

Lag length 2 1 2 2 

Break year 2014 2004 2010 2014 

F-stats 4.40*** 5.41*** 85.65*** 6.40*** 

R2 0.96 0.46 0.99 0.93 

Adj- R2 0.83 0.17 0.99 0.76 

D.W test 2.75 2.43 3.53 2.46 

Diagnostic Tests 

X2NORMAL 0.40 0.88 0.04 1.62 

X2 SERIAL 4.27 1.13 13.23 1.60 

X2 ARCH 1.44 0.86 6.32 0.07 

X2 WHITE 5.01 0.37 76.32 0.45 

X2RAMSAY 3.41 0.07 1.74 0.03 

CUSUM Stable Stable Stable Stable 

CUSUMsq Stable Stable Stable Stable 

After the conduction of the unit root test and bounds test, this study conducted long run and 
short-run tests for Equations 2 and 3. According to table 3, GDP and its square term are 
positively and negatively associated with CO2 emissions in Pakistan, India, and Sri Lanka, 
respectively. In other words, a 1% increase in GDP will increase 1.54%, 10.85%, and 4.18% CO2 
emissions in India, Pakistan, and Sri Lanka, respectively. Similarly, 1% increase in G2 will 
reduce 0.70%, 0.06%, 0.27% CO2 emissions in Pakistan, India and Sri Lanka. These findings 
suggested the inverted U shape association in these countries. This means the existence of EKC 
in Pakistan, India, and Sri Lanka. These results are similar as (Bölük and Mert 2015; Uzar and 
Eyuboglu 2019). 
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Table 3. Long Run test results for natural resources, CO2 emissions, trade openness, renewable 
energy, energy use, and gross domestic product 

Economy Variable Coefficient T stat Prob value 

Pakistan 

𝑙𝑛𝑁𝐴𝑇" 
-0.16** -3.21 0.07 

𝑙𝑛𝐺" 
10.85** 2.81 0.04 

𝑙𝑛𝐺!" 
-0.70** -2.31 0.08 

𝑙𝑛𝑇𝑅" 
-0.48*** -6.03 0.00 

𝑙𝑛𝐸𝑁" 
-2.71** -2.34 0.07 

𝑙𝑛𝑅𝐸" 
-4.65** -3.51 0.02 

India 

𝑙𝑛𝑁𝐴𝑇" 
-0.04** -1.91 0.07 

𝑙𝑛𝐺" 
1.54** 2.35 0.03 

𝑙𝑛𝐺!" 
-0.06 -1.47 0.15 

𝑙𝑛𝑇𝑅" 
0.14 1.70 0.10 

𝑙𝑛𝐸𝑁" 
0.18 0.83 0.41 

𝑙𝑛𝑅𝐸" 
-0.53** -2.01 0.06 

Bangladesh 

𝑙𝑛𝑁𝐴𝑇" 
0.09** 5.69 0.02 

𝑙𝑛𝐺" 
-18.47*** -15.49 0.00 

𝑙𝑛𝐺!" 
1.33*** 15.25 0.00 

𝑙𝑛𝑇𝑅" 
0.21** 4.31 0.04 

𝑙𝑛𝐸𝑁" 
-2.09** -8.12 0.01 

𝑙𝑛𝑅𝐸" 
-2.88*** -13.30 0.00 

Sri Lanka 

𝑙𝑛𝑁𝐴𝑇" 
0.03 0.25 0.80 

𝑙𝑛𝐺" 
4.18** 2.40 0.05 

𝑙𝑛𝐺!" 
-0.27** -2.28 0.06 

𝑙𝑛𝑇𝑅" 
-0.50 -1.75 0.12 

𝑙𝑛𝐸𝑁" 
0.52 1.03 0.34 

𝑙𝑛𝑅𝐸" 
-3.50*** -4.52 0.00 

Note: ***, **, * shows the significance at 1%, 5%, and 10% respectively 

According to table 4, the results are in line with long-run consequences. Natural resources 
and renewable energy reduce CO2 emissions in Pakistan, India, and Bangladesh. Moreover, the 
error correction term (ECM) value is negative and significant at a 1% level for Pakistan, India, 
Bangladesh, and Sri Lanka.   
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Economy Variable Coefficient T stat Prob value 

Pakistan 

𝑙𝑛𝑁𝐴𝑇! -0.10** -2.27 0.08 
𝑙𝑛𝐺! -71.88** -2.34 0.07 
𝑙𝑛𝐺%! 5.35** 2.33 0.08 
𝑙𝑛𝑇𝑅! 0.27** 2.72 0.05 
𝑙𝑛𝐸𝑁! 0.85 0.96 0.38 
𝑙𝑛𝑅𝐸! -2.27** -3.59 0.02 
ECM-1 -1.07** -3.54 0.02 

India 

𝑙𝑛𝑁𝐴𝑇! -0.03 -1.73 0.10 

𝑙𝑛𝐺! 1.38** 1.84 0.08 

𝑙𝑛𝐺%! -0.09** -1.86 0.08 

𝑙𝑛𝑇𝑅! 0.05 0.87 0.39 

𝑙𝑛𝐸𝑁! 0.16 0.87 0.39 

𝑙𝑛𝑅𝐸! -0.47 -1.67 0.11 

ECM-1 -0.89*** -4.17 0.00 

Bangladesh 

𝑙𝑛𝑁𝐴𝑇! -0.13** -6.99 0.01 
𝑙𝑛𝐺! 49.85** 7.22 0.01 
𝑙𝑛𝐺%! -5.01** -7.77 0.01 
𝑙𝑛𝑇𝑅! 0.45** 8.43 0.01 
𝑙𝑛𝐸𝑁! 1.94** 9.57 0.01 
𝑙𝑛𝑅𝐸! -4.07 *** -13.27 0.00 
ECM-1 -1.63*** -14.72 0.00 

Sri Lanka 

𝑙𝑛𝑁𝐴𝑇! 0.25 1.90 0.10 
𝑙𝑛𝐺! 6.86** 2.40 0.05 
𝑙𝑛𝐺%! -0.36** -1.99 0.09 
𝑙𝑛𝑇𝑅! -0.44 -1.91 0.10 
𝑙𝑛𝐸𝑁! 0.66 1.47 0.19 
𝑙𝑛𝑅𝐸! -0.73 -1.41 0.20 
ECM-1 -1.64*** -4.78 0.00 

Note: ***, **, * shows the significance at 1%, 5%, and 10% respectively 
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Table 4. Short Run test results for natural resources, CO2 emissions, trade openness, renewable 
energy, energy use, and gross domestic product 

348



In the early stages of economic growth, CO2 emissions will also increase, but after some time, 
more economic growth will start to reduce CO2 emissions in these countries. After getting a 
certain level of economic growth, these countries may acquire technical advancements. 
Moreover, technical progress will increase the service sector, which has lower environmental 
effects. At the same time, with economic prosperity, people start to demand a cleaner 
environment because of environmental awareness (Danish et al., 2019). Additionally, it can be 
noted that G and G2 are negatively and positively associated with CO2 emissions in Bangladesh. 
This means EKC does not hold for Bangladesh. More economic growth will produce more CO2 

emissions in Bangladesh. These findings are consistent with (Miah et al. 2011). Therefore, 
Bangladesh needs to invest in green technology to achieve sustainable development.  

The coefficients of RE show that renewable energy consumption significantly reduces CO2 

emissions in India, Pakistan, Bangladesh, and Sri Lanka. A 1 % increase in renewable energy 
will reduce CO2 emissions by 4.65%, 0.53%, 2.88%, and 3.50% in Pakistan, India, Bangladesh, 
and Sri Lanka. Therefore, to minimize CO2 emissions in these countries, it is important to 
enhance renewable energy. According to the World Bank data, these countries have started 
investing in renewable sources like wind and thermal energy to increase renewable energy 
production (WDI, 2019).  

Trade can affect CO2 emissions in terms of their composition, scale, and technical effects. It 
can be observed that trade increases CO2 emissions in Bangladesh, which means that the scale 
effects are affecting dominantly. At the same time, in Pakistan, trade reduces CO2 emissions by 
0.48%. This means that composition and technical efforts are valid in Pakistan to reduce CO2 

emissions by trade. The effects of trade on CO2 emissions in India and Sri Lanka are 
insignificant. These findings are not consistent with (Uzar & Eyuboglu, 2020).  

The main independent variable of this study is NAT, and the Long-run coefficient of NAT is 
negative in Pakistan and India. This implies that the abundance of natural resources in Pakistan 
and India are reducing CO2 emissions by 0.16% and 0.04%, respectively. These findings align 
with the findings of (Uzar & Eyuboglu 2020). The findings indicate that natural resources can be 
an important factor in reducing air pollution in Pakistan and India. This can be done by reducing 
the imports of fossil fuels in these two countries. These countries should rely on local resources 
for energy production to improve air quality. Pakistan and India have good potential in terms of 
solar energy production, and this source should be enhanced to improve air quality. Therefore, 
these countries need to depend on domestic sources for energy production rather than to import 
fossil energy sources.  

The coefficient values of energy use are negative for Pakistan, and Bangladesh, which 
means that energy production reduces CO2 emissions in these countries. The effects of energy 
production on CO2 emissions in Sri Lanka and India are insignificant.  

Table 4 shows the coefficients of the short-run analysis. The negative value of ECT is 
significant for all countries, which indicates that short-run values are consistent with the long-run
values.  
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According to Narayan & Smyth (2006), the value of ECT between -1 and -2 shows that the 
error correction procedure can vary just about the long-term value in an oppressive way. 
According to table 4, short-run values are in line with long-run values in India. Natural 
resources, renewable energy, and economic growth reduce CO2 emissions in the short-run in 
Pakistan. Moreover, the square of G, TR, and EN increase CO2 emissions in the short-run in 
Pakistan. In Bangladesh, NAT, G2, and RE are lowering CO2 emissions. NAT, TR, and RE also 
reduce CO2 emissions in Sri Lanka in the short run.  

5. Conclusion

For the last few decades, the research community has been striving to determine the determinants 
of CO2 emissions in the world. Although many variables have been employed to find their 
association with CO2 emissions but the role of natural resources is almost neglected. As 
discussed earlier, the effects of natural resources on carbon emissions are evident. Therefore, it is 
essential to discuss this association in detail. Thus, the impact of natural resources on carbon 
emissions over the annual data of 1990-2019 has been conducted for 4 South Asian countries. 
Moreover, trade, energy use, renewable energy use, and GDP are also included in the model. The 
ARDL estimation shows that EKC is valid in Bangladesh, India, and Sri Lanka. This means that 
at a high-income level and due to innovative technologies, CO2 emissions will start to reduce in 
these countries. In Pakistan, the situation is the inverse. More economic growth will increase 
CO2 emissions in Pakistan. Our findings confirmed that natural resources, which is the primary 
variable of our study, will reduce CO2 emissions in Pakistan and Bangladesh. Natural resources 
will increase and decrease CO2 emissions in Sri Lanka and India, respectively. But this link is not 
significant in India and Sri Lanka. Our findings indicate that natural resources can be essential in 
reducing CO2 emissions in Pakistan, Sri Lanka, and Bangladesh. This study also finds that 
renewable energy is reducing CO2 emissions significantly in all countries. On the other hand, 
energy use is contributing to more air pollution. Trade is contributing to more CO2 emissions in 
Pakistan, India, and Bangladesh. On the other hand, trade is decreasing CO2 emissions in Sri 
Lanka.  

These results present some essential policy instruments for South Asian countries. Pakistan, 
Bangladesh, and India can use natural resources to reduce air pollution. These countries have to 
discover more renewable natural resources to improve air quality. There will be a need for 
technological innovation and finance in discovering more renewable natural resources. 
Therefore, governments should encourage the private sector and invest in research and 
development efforts. These efforts will surely help to discover and utilize renewable natural 
resources.  

Despite the contribution to the existing literature, this study has some limitations. Firstly, it 
employed CO2 emissions as an indicator of environmental pollution. Future studies can include 
other indicators of air pollution like ecological footprints. Secondly, this study utilized the 
technique of ARDL, and future studies can use the dynamic technique of ARDL to present a 
comprehensive study.  
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Abstract 

Southern Indus Basin is one of the promising regions in Pakistan as a commercially producing oil 
and gas perspective. The current research presents the geochemical characterization of the Ranikot 
Formation shales from Southern Indus Basin based on total organic carbon (TOC), Rock-Eval (RE) 
pyrolysis, organic petrography, gas chromatography-mass spectrometry (GC-MS), and x-ray 
diffraction (XRD) analyses. The average TOC of Ranikot shale is 4.6 wt. %, indicating very good 
hydrocarbon potential.  Types III/IV kerogens were identified in the Ranikot shale. The maceral 
data also suggest that the Type of kerogen present in the Ranikot shale is dominantly Types II-III, 
with the minor occurrence of Type IV. The vitrinite reflectance, pyrolysis Tmax and 
methylphenanthrene indices values specify immature levels of the shales. The normal alkane data 
reflect that marine macrophyte, algae, and land plants were contributed to the organic matter of 
Ranikot shales. Dibenzothiophene/phenanthrene ratio (0.11), phytane/n-C18 ratio (0.53), pyrite, and 
glauconite elucidate that the depositional environment of the Ranikot shale is marine.  

The XRD analysis of the shale from the Ranikot Formation revealed that it is brittle shale and 
dominated by 39.5 to 50.9 wt. % quartz. The present study, integration with the US EIA report 
demarcated the Ranikot Formation influential horizon as a shale gas resource.  

Keywords: Organic geochemistry ;Ranikot shales; shale gas; southern Indus Basin; source rock. 

1. Introduction

Organic geochemical investigation of a petroleum source rock in a particular Basin indicates 
crucial information. Geochemical signatures are used to evaluate the type, age, depositional 
environments, and maturity of the potential source rock in a sedimentary Basin. The hydrocarbon 
potential of any source rock is strongly dependent on organic matter richness, volume, and maturity 
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(Tissot & Welte, 1984; Peters & Cassa, 1994; Bahman et al., 2022 ). Southern Indus Basin is one 
of the prolific petroleum-producing regions in Pakistan, and the Basin is still being explored via 
modern hydrocarbon exploration techniques for the finding of sustainable hydrocarbon reserves. 
The Cretaceous age Goru Formation sandstone is the leading reservoir of all the commercial oil 
and gas innovations in the Southern Indus Basin. The Sembar Formation shales (Cretaceous age) 
are considered as an important source rock for all profitable oil and gas developments in the 
Southern Indus Basin. The Sembar and Talhar shales (Cretaceous age) are studied by various 
researchers for the hydrocarbon source rock potential, though to date no commercial and productive 
shale oil or gas wells have been drilled into Sembar shales (Quadri et al., 1968; EIA, 2015; Sheikh 
& Giao, 2017; Ehsan et al., 2018; Ahmad et al., 2019;  Awan et al., 2021). The Ranikot Formation 
is also studied by Shah & Ahmed (2018) in Punjab Platform Middle Indus Basin Pakistan. 
According to their investigations, Ranikot Formation has poor potential as a source rock for oil but 
has a minor potential for gas aspect in Punjab Platform Middle Indus Basin.  
 

The Paleocene Ranikot Formation shales in the Southern Indus Basin, which are specific 
attention of the current research have been cursorily investigated by the United States Energy 
Information Administration (EIA, 2015) for shale oil and gas. The technically recoverable shale 
gas resources of the Ranikot Formation are 4-Trillion cubic feet. Nevertheless, the shale of the 
Ranikot Formation is not being evaluated in detail from an organic geochemical perspective. 
Thereby no comprehensive research data is available about Ranikot Formation shales from 
Southern Indus Basin (EIA, 2015).  

 
Thus more consideration should be paid to the Ranikot Formation shales in the Southern 

Indus Basin. In this research, the hydrocarbon source rock potential was assessed using organic 
geochemical techniques. The origin and type of organic matter were determined and their thermal 
maturity was evaluated. Additionally, the shale gas aspect of the Ranikot Formation is also studied. 
For geochemical and mineralogical examination of Ranikot Formation shales, three wells 
(Ranpethani, Hashim Kher & Sono Deep) are selected from Southern Indus Basin (Figure 1).   
 
2. Geological setting 
 
Southern Indus Basin is bounded by Mari-Kandkot High on the north, Indian shield to the east, 
offshore Indus on the south while its western boundary is confined by Chaman and Ornachnal 
faults (Figure 1). Southern Indus Basin experienced extensional tectonics in the Late Paleozoic 
(Powell, 1979; Zaigham, 1991). Different researchers have portrayed the tectonic history of the 
Southern Indus Basin (Powell, 1979; Biswas, 1982; Zaigham, 1991). According to Zaigham and 
Mallick (2000), rifting was initiated in Gondwana land in the Late Paleozoic. The progressive 
rifting resulted in thinning and stretching of the continental lithosphere, followed by up warping 
and extensional faults. The basaltic lava poured out along the rift. The rift opened into an ocean 
with normal faults.  At the end of Paleozoic and in the Early Mesozoic with the cessation of basaltic 
lava flow spreading was stopped.  
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The failed rift became the site of deposition of sediments that formed the Southern Indus 
Basin. On cooling, the Basin subsidence occurred in Mesozoic and Tertiary (Shah, 2009). The 
sediments were deposited in a subsiding Basin forming a thick sequence of rocks. Stratigraphically 
the Southern Indus Basin covers an area of 250,000 km2 with a 13 to 16 km thick sequence of 
Mesozoic and Cenozoic rocks (Shah, 2009). The northwestern margin of the Indian Plate remained 
submerged under the seawater during the Late Paleozoic, Mesozoic, Paleocene, and Eocene (Shah, 
2009).  

On regression of Tethys ocean, most of the area was covered with the epi-continental sea 
during Paleocene and Eocene Epochs (Shah, 2009). The marine sediments were deposited during 
this time in the Lower Indus Basin. Many thousand meter thick calcareous and argillaceous 
sediments of the Mesozoic are exposed in the Sulaiman-Kirthar Provinces and axial belts on the 
western margin of the Indus Basin (Shah, 2009). The Paleocene-Early Eocene rocks were deposited 
in the marine environments in the Basin. The Tertiary rocks are exposed in Khairpur and 
Hyderabad in the Lower Indus Basin (Zaigham & Mallick, 2000). On the eastern side of the Basin, 
Tertiary rocks are exposed in Jaisalmer and Rann Kutch areas (Biswas, 1982). The project area is 
comprised of sedimentary successions ranging from Triassic to recent (Figure 2).  
The current study is restricted to shales of the Ranikot Formation and hence their lithology is briefly 
described. According to Shah (2009), the Ranikot Group comprises of Khadro, Bara, and Lakhra 
formations and is concisely discussed in this paper. However, during the current study, the Ranikot 
Group is considered as a Ranikot Formation of Shah (1977). The Khadro Formation comprises 
sandstone, shale, and limestone (Shah, 2009). The Bara Formation comprises abundant sandstone 
with minor shale and volcanic debris (Cheema et al., 1977). Lakhra Formation comprises limestone 
and exhibits a variable color at some locations (Shah, 2009).  
 

 
Fig. 1. Map showing sedimentary Basins of Pakistan (Farah et al., 1984). The research area is 

represented by three wells. 
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Fig. 2.  Showing stratigraphy of Southern Indus Basin Pakistan 
(after Shah, 1977; Raza et al., 1990). 

3. Material and methods 
 
For an organic geochemical characterization and bulk mineralogy 21 well-cutting samples (Table 
1) of the Paleocene Ranikot Formation shales were provided by Oil & Gas Development Company 
Limited (OGDCL). The wells were drilled in Ranikot Formation Southern Indus Basin Sindh 
Province Pakistan (Figure 1). The well-cutting samples were washed with distilled water before 
geochemical analyses. Total organic carbon (TOC) and Rock-Eval (RE) pyrolysis analyses were 
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carried out on 21 samples. TOC and RE were measured from Rock-Eval 6 instrument. The Soxhlet 
extraction process was used for extractable organic matter (EOM) of twenty gram pulverized shale 
of the Ranikot Formation in the Ranpethani well. Pulverized shale samples were treated with 
dichloromethane (DCM) and methanol in a ratio of 97:3 respectively at a rate of seven hours per 
day. The total time required to extract organic matter from one sample was 24 hours. A mixture of 
dichloromethane and methanol was taken in the round bottom flask, while samples were placed in 
thimbles and topped with glass wool. The solvent was heated at about 30°C and vaporized in 
boiling flasks. The sample was cooled (16°C) by using cooled water via a machine. This cooled 
solvent was used to extract EOM from the shale samples. The extracted EOM was then transformed 
into pre-weighed vials for deasphalting. Asphalt fraction was removed from extractable organic 
matter by adding n-hexane. The solution was then kept in a dark place for 8 hours and filtered. The 
asphalts were immiscible in n-hexane and extracted from EOM. Gas chromatography-mass 
spectrometry (GC-MS) analyses were carried out on 2 samples for biomarker data. GC-MS analysis 
of the whole oil was performed with Varian Ion Trap GC-MS 4000, an instrument with Column 
C98911, VF-IMS, and 30*0.25. The temperature of the injector was 300 °C. The initial temperature 
was set to 50 °C for 1.5 min, then ramped to 300 °C at 3.5°C/min. Helium was used as a carrier 
and was set to flow at a rate of 1.0 ml/min.  
 

Organic petrography analyses were performed on two samples. The samples Ranikot 
Formation shales of 0.8 to 2mm particle size were embedded in Araldite and polish sections were 
prepared. Ranikot shale samples were studied under white and blue light using spectrometer system 
MCS CCD ZIM Zeiss microscope. For the standard of zero, 0.589%, YAG 0.907%, and GGG 
1.711% reflectance were utilized for calibration. X-ray diffraction (XRD) analyses were performed 
on two samples. Ranikot Formation shales were ground to powder form by hand before being 
analyzed in an x-ray diffractometer (model X Pert PRO).  XRD analysis was carried out using one 
gram of powder sample. The x-ray instrument was operated at the condition of an x-ray with 
wavelength Cu K alpha radiations 1.540598 nm, generating voltage 40-kilo volts, tube current 30 
milliamperes, divergent slit fix, receiving slit 0.1, scan step size continuous, scan step size 0.01, 
and time per scan is 0.25.  
 
4. Results and discussion 

 
4.1 Hydrocarbon generation potential and Type of kerogen 
 
TOC is one of the foremost elements in controlling source rock quality and organic richness (Peters, 
1986; Jarvie, 1991; Peters & Cassa, 1994). The results of the TOC contents and pyrolysis 
parameters of the Ranikot Formation shales are illustrated in Table 1. The current TOC values are 
correlated with Jarvie (1991) to evaluate the hydrocarbon potential of the Ranikot Formation 
shales. The TOC values of the Ranikot shales are ranging from 0.65 to 37.62 wt. %. The values 
indicate that the Ranikot shales have fair to excellent hydrocarbon potential. The average TOC of 
the Ranikot shales is 4.6 wt. %. This value designates that the shales have very good hydrocarbon 
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potential. The S1 values of the Ranikot Formation shales vary from 0.00 to 2.82 mg HC/g rock. The 
values reflect that studied samples have poor to very good hydrocarbons generation potential.  
 

The S2 values of the shales are in the range of 0.02 to 87.97 mg HC/g rock. The values are 
indicative of poor to excellent hydrocarbon generative potential. S1 and S2 values of the Ranikot 
shales are correlated with Peters (1986). The hydrocarbon potential is further evaluated from the 
cross-plot relation between TOC versus depth (Figure 3). The diagram indicates most of the 
samples are in the range between good to very good hydrocarbon potential. The hydrocarbon 
generation potential of the Ranikot shale is also represented by pyrolysis parameter generation 
potential (GP). The poor and very good hydrocarbon generation potential of the source rock can be 
expressed by GP values. GP value less than 2 mg HC/g rock indicates poor, and GP value higher 
10 mg HC/g rock shows very good hydrocarbons generation potential of the source rock (Ghori 
and Haines, 2007; Tissot and Welte, 1984). GP (Table 1) of the Ranikot shale varies from 0.23 mg 
HC/g rock to 90.79 mg HC/g rock, indicating poor to very good hydrocarbon generation potential.  
In the present investigation, Van Krevelen diagrams were used to deduce the Type of kerogen in 
shales (Van Krevelen, 1993). Types III-IV (Figures 4-5) kerogens were identified in the Ranikot 
shales. Type IV kerogen is inert and Type III kerogen can generate the gas. Hydrogen Index (HI) 
of the Ranikot Formation shales are ranging between 24 to 234 mg HC/g TOC. The values point 
out that the Type of organic matter is predominantly III/IV. The average value of the Oxygen Index 
(OI) of the Ranikot shales is 114 mg CO2/g TOC suggests that organic matter can generate gas 
only. The HI and OI values of the Ranikot shales are compared with Peters (1986). HI and OI based 
on pyrolysis using source rock analysis apparatus do not always precisely indicate the Types of 
kerogen and types of hydrocarbon that may be produced by the source rocks (Dembicki, 2009; 
Abbassi et al., 2016). Therefore the Type of kerogen of the Ranikot shale is further integrated with 
maceral analyses.  
 

The dominant maceral type of Ranikot Formation shale of Ranpethani well (50 m) is 
vitrinite (Figure 6). The vitrinite content of this shale is higher than 50%. However, the shale is 
also characterized by 10% liptinite (Figure. 6) and 3% inertinite (Table 1). The maceral analyses 
of the Ranikot shale in Hashim Kher well (400 m) indicate that 50% is vitrinite (Figure. 7). The 
maceral examination of the shale also shows 20% liptinite (Figure 7). The inertinite of the shale is 
4% (Table 1). More evidence came from maceral data that the Type of kerogen present in shales is 
Types II-III (mixed kerogen). The mixed kerogen Types (II-III) reflect a mixture of terrestrial and 
marginal marine organic matter with different capabilities to generate oil and gas (Peters et al., 
2005). The expected type of hydrocarbon of the Ranikot shale is inferred from the relative 
percentage composition of vitrinite, liptinite, and inertinite. The percentage composition of 
macerals (vitrinite, liptinite, and inertinite) is plotted in a ternary diagram (Tissot & Welte, 1984; 
Hakimi & Ahmed, 2016). The diagram (Figure 8) suggests that the Ranikot shales can be expected 
to generate gas since the organic matter is dominated by vitrinite.  
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Table 1.  Showing Rock-Eval pyrolysis parameters, vitrinite reflectance, and 
methylphenanthrene indices of Ranikot Formation shales. 

 
Well 
 
 

Depth 
(m) 

TOC  
(Wt. 
%) 

S1 

mg/g 
S2 
mg/g 
 

HI 
mg/
g 

OI 
mg/g 

Tma
x 
(°C) 

VR 
(%) 

GP 
(S1+ S2) 
mg /g  

MP-1 
&  
MP-2 

Inerti
nite 
(%) 

Ranpethani 50 12.64 1 14.16 112 74 407 0.35 15.16 0.34, 
0.44  

3 

60 2.83 0.07 2.06 73 141 435  2.13   
110 1.42 0.02 0.33 23 196 430 0.35   
120 1.5 0.02 0.35 23 165 435 0.37   
140 1.2 0.02 0.41 34 150 436 0.43   
150 0.65 0.02 0.21 32 268 431 0.23   
170 0.9 0.04 0.32 36 240 429 0.36   
180 0.93 0.04 0.36 39 243 439 0.4   
250 1.91 0.11 0.94 49 134 422 1.05   

Hashim Kher 400 37.62 2.82 87.97 234 115 414 0.54 90.79  4 

410 2.68  
420 3.48 0.00 1.67 59 62 431  1.67   
430 1.04 0.00 1.52 57 66 432 1.52   
490 1.58 0.03 6.97 200 69 434 7   
500 3.38 0.00 3.42 101 46 434 3.42   
510 4.17 0.00 4.67 112 41 434 4.67   
530 2.63 0.00 2.93 111 56 423 2.93   
570 1.35 0.00 0.55 41 101 433 0.55   

Sono Deep 480 2.87 0.10 3.45 120 57 425 3.55   
510 5.96 0.16 11.5 193 36 420 11.66   
530 6.75 0.26 15.1 200 31 418 15.36   

 
TOC: total organic carbon; Tmax: maximum temperature; S1: free hydrocarbons; S2: remainig 
potential; HI: hydrogen index; OI: oxygen index; VR: vitrinite reflectance (Ro); MP-1 & MP-2: 
methylphenanthrene indices; (GP): generation potential.   
 

 
Fig. 3. Showing cross-relation between TOC and depth of the Ranikot shales (diagram boundaries 

are after Tissot and Welte, 1984; Peters and Cassa, 1994). 
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Fig. 4. Showing cross plot relation between HI and OI of the Ranikot shales (diagram boundaries 
are after Tissot and Welte, 1984; Peters and Cassa, 1994). 

 

 

Fig. 5. Showing cross plot relation between HI and depth of the Ranikot shales (diagram boundaries 
are after Tissot and Welte, 1984; Peters and Cassa, 1994). 
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Fig. 6. Photomicrographs (Pr-16810/V-1940) of Ranikot shales in Ranpethani well-showing 

vitrinite and liptinite. 

 
Fig. 7. Photomicrographs (Pr-16809/V-1939) of Ranikot shales in Hashim Kher well-showing 

vitrinite and liptinite. 
 

 

Fig. 8. Ternary diagram of the maceral composition, showing expected hydrocarbon phase of the 
Ranikot Formation shales (after Tissot and Welte, 1984).  

Hussain Asghar, Saeed Abbas, Muhammad Sabir Khan, Samina Jahandad, 
Muhammad Hanif , Muhammad Saleem Mughal,  Gulfam Hussain

362



 
 

4.2 Thermal Maturity 

Vitrinite reflectance (Ro) values for oil window ranges from 0.6 to 1.3%Ro and values higher than 
2.0% Ro show dry gas generation phase (Tissot & Welte, 1984; Teichmüller et al., 1998; Killops 
and Killops, 2005). Vitrinite reflectance values of the Ranikot Formation vary from 0.35 to 0.54 
%Ro (Table 1) and indicate that shales are immature for the generation of hydrocarbons. The 
Ranikot Formation has pyrolysis Tmax values in the range of 407 to 439°C (Table 1) signifying 
predominantly that shales are immature for the generation of hydrocarbon. Tmax values of the 
Ranikot Formation shales are correlated with Peters & Cassa (1994) and Bacon et al. (2000). Tmax 

data of Ranikot Formation are plotted versus depth (Figure. 9), indicating that shales are immature 
for the generation of hydrocarbons. The thermal maturity of organic matter in Ranikot shale is also 
expressed by methylphenanthrene indices (MP-1 and MP-2). The ratios of alkyl Phenanthrene are 
significant parameters to evaluate the maturity of organic matter in the source rocks (Radke et al., 
1985; Radke, 1988). As reported by Radke (1988), the comparative abundances of the alkyl 
homologs of phenanthrene were applied to calculate the vitrinite reflectance (Ro %). The values 
such as 0.5%, 0.65-1.35%, and 1.35-2.0% are used for immature, oil windows, and higher maturity 
respectively (Radke and Welte, 1983; Boreham et al., 1988). The MP-1 and MP-2 values of the 
Ranikot Formation range from 0.34 to 0.44 % (Table 1: Figure 10), showing shales are thermally 
immature for the generation of hydrocarbons.  
 

 

Fig. 9. A plot of Tmax versus depth for Ranikot shales (diagram boundaries are after Tissot and 
Welte, 1984; Peters and Cassa, 1994). 
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Fig. 10. Fragmentogram (m/z 178, 184, 192) of the Ranikot shale extracts showing the 
distribution of phenanthrene, methylphenanthrene (MP), and dibenzothiophene (DBT). 

4.3 Source of organic matter and depositional environment 
 

Normal alkanes of low molecular weight (< C20) are principally originated from algae and 
microorganisms (Cranwell, 1977). The intermediate molecular weight (n-C21-C25) normal alkanes 
are derived from aquatic macrophytes (Ficken et al., 2000). Eglinton & Hamilton (1967) suggested 
that long straight-chain alkanes (> n-C27) are the diagnostic of higher land plants. The normal 
alkanes of the Ranikot shale in the Ranpethani well are dominated by n-C25 (Figure. 11). The n-
C25 in the Ranikot Formation shows marine macrophytes were contributed to shales.  The n-C25 in 
Ranikot Formation is followed by n-C19 and n-C18, suggesting algae and microorganism input in 
shales. The lesser relative abundance of the normal-alkanes lie in the typical range of n-C20 to n-
C32 were also recorded in the shale (Figure 11). These normal alkanes suggest the influx of 
terrigenous plants in the Ranikot shale. The mixed origin (Types II/III) of the organic matter of the 
Ranikot shale is consistent with maceral data.  

The depositional setting of the Ranikot Formation shales in the Ranpethani well is deduced 
from geochemical and geological data. The dibenzothiophene/phenanthrene (DBT/P) ratio can be 
used to infer the source rock depositional setting and lithologies. Marine shales have a DBT/P ratio 
less than 1 and carbonates have higher than 1 (Hughes et al., 1995). The DBT/P ratio for the 
Ranikot shale is 0.11, which indicates that the rock unit is marine shale. The phytane/n-C18 value 
for marine shale is greater than 0.3 (Peter & Moldowan, 1993; Palacas, 1984; Connan et al., 1986). 
The phytane/n-C18 value of the Ranikot shale is 0.53. The value is the indicative of marine 
environment. The marine anoxic condition is further supported by pyrite and glauconite (Figure 
12).  
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Fig. 11. Whole Rock Extract chromatogram of the Ranikot shale in Ranpethani well-showing 
distribution of saturates and aromatics hydrocarbons. 

 

 

 

Fig. 12. Photomicrographs (A& B) of the Ranikot Formation shales showing pyrite, glauconite, 
and organic matter. 

 

4.4 Mineralogical characterization of Ranikot shales 

The XRD analysis of the shales of the Ranikot Formation is carried out (Hashim Kher & 
Ranpethani wells) to understand their mineralogy. The mineralogical composition of Ranikot 
shales is recognized by correlating the latticed-spacing values with the International Centre for 
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Diffraction Data (ICDD, 2001). The XRD results of the Ranikot Formation shales are demonstrated 
in Table 2: Figure 13.  The quartz content of the Ranikot shales is ranging from 39.5 to 50.9 wt. %, 
with an average value of 22.6 wt. %. The clay content of the Ranikot shale varies from 18.2 to 36.9 
wt. %. The average value of the clay is 11.02 wt. %.  XRD of the Ranikot shales indicate the 
dominant clays are kaolinite and gibbsite. The total carbonate (calcite & dolomite) content value 
of the shale is 23.78 wt. %. According to Bowker (2002), the high gas production of the Barnett 
shale is due to its brittleness and response to stimulation. The Barnett shale is brittle because of the 
high percentages of quartz and carbonate contents (Gas Research Institute, 1991; Martineau, 2001). 
Martineau (2001) suggested that without these mineralogical characteristics Barnett shale gas 
would not be a successful play. In the light of Barnett shale gas, the Ranikot shales are 
mineralogically characterized by quartz, clay, and carbonate contents. Total quartz, clays, and 
carbonates (Table 2) contents of the Ranikot shales are plotted in the ternary diagram (Figure. 14). 
The diagram suggested that Ranikot shales are brittle as dominated by high quartz (39.5 to 50.9 wt. 
%) content.  
 

Table 2. Showing XRD data of the Ranikot Formation shales. 

 
Well Standard 

d-spacing 
A0 

Observed 
d-spacing 
A0 

Mineral Wt.  
(%) 

Total 
Quartz 
Wt.  (%) 

Total 
Carbonates 
Wt.  (%) 

Total 
clays 
Wt.  (%) 

Hashim 
Kher  

7.17 7.13 Kaolinite 10.80 50.9 23.78 18.2 
4.26 4.26 Quartz  9.4 
3.568  3.56 Kaolinite  7.4 
3.344  3.34 Quartz  34.6 
3.036  3.03 Calcite 11.89 
2.807  2.80 Dolomite 11.89 
2.709 2.70 Pyrite 6.9 
1.818  1.81 Quartz 6.9 

    
Ranpethani 7.17 7.1 kaolinite  18.5 39.5 - 36.9 

4.361  4.35 Gibbsite 6.4 
3.514  3.56 kaolinite 12 
3.344  3.344 Quartz 39.5 
3.059 3.058 Gypsum  5.3 
2.71  2.71 Hematite 12.6 
1.633 1.633 Pyrite 5.3 
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Fig. 13. Powder x-ray diffraction pattern of the Ranikot shales in Ranpethani (A) and Hashim 
Kher (B) wells. 
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Fig. 14. Ternary diagram showing the mineralogical distribution of quartz, carbonates, and clays 
of Ranikot Formation shales. 

 
4.5 Ranikot Formation as a shale gas plays 
 
The prerequisites for a shale can become an unconventional shale gas resource are enough organic 
matter, maturity, porosity, permeability, pore anatomy, and the brittleness (Josh et al., 2012). Slatt 
and Rodriguez (2012) suggested that productive shale gas has typically thickness greater than 200ft 
(65 m), with a TOC value higher than 3 wt. %. In the current research three aspects are studied for 
Ranikot shale to act as a shale gas resource. Based on high TOC content (0.65 to 37.62 wt. %) and 
GP (0.23 mg HC/g rock to 90.79 mg HC/g rock), the Ranikot Formation shales in Southern Indus 
Basin are expected to act as shale gas plays. In terms of brittleness, the Ranikot Formation shale is 
dominated by 50.9 wt. % quartz. This high quartz content marks the Ranikot shale brittle. Although 
geochemical parameters (Tmax, vitrinite reflectance, methylphenanthrene indices) reflect that 
Ranikot shales are immature for the generation of hydrocarbon, moreover Antrim shale of USA is 
the most productive biogenic gas plays in the Michigan Basin although their organic matter is 
thermally immature (Shurr and Ridgley, 2002). In the present research, the Ranikot Formation 
shale is studied at very shallow depths (Table 1), consequently, no considerable thickness and 
maturity of the shales are documented.  US EIA (2015) has been studied (well: Sann # 1) the 
Ranikot Formation shale in the Southern Indus Basin at a depth of 880 meters. US EIA (2015) 
reported net thickness of the Ranikot Formation shale is 200ft with vitrinite reflectance 0.7% to 
1.0%, Ro. The present and US (EIA, 2015) investigations of the Ranikot Formation marked the 
shale a more attractive target for shale gas resources. However, a more comprehensive study of 
porosity, permeability, gas in place estimates, and type of shale gas system of the Ranikot  
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5. Conclusion  

Organic geochemical and mineralogical analyses were carried out in this research to evaluate the 
hydrocarbon source potential and bulk mineralogy of the Ranikot Formation shales from the 
selected areas of Southern Indus Basin Pakistan. The organic geochemical and mineralogical 
results of the Ranikot shales are summarized as follows:  
 
1. The average TOC contents of the Ranikot shales indicate very good hydrocarbon source rock 
potential.   
2. Rock-Eval pyrolysis data reflect that Ranikot shale is characterized by Types III/IV kerogen. 
Moreover, maceral data show Types II-III kerogen, and only 3-4% inertinite is recorded in Ranikot 
shales.  
3. Maturity parameters indicate that the Ranikot shales are immature for hydrocarbon generation.  
4.  Marine macrophytes, algae, and land plant inputs in the organic matter of the Ranikot shales 
are evident from normal alkane data.  
5. Dibenzothiophene/phenanthrene ratio, phytane/n-C18 ratio, pyrite, and glauconite collectively 
show that the depositional environment of the Ranikot shale is marine. The XRD analysis of the 
Ranikot Formation indicates that shale is dominated by quartz.   
6.  Based on high TOC content, GP, dominant quartz content, and previous US Energy Information 
Administration investigations, the Ranikot Formation is a reasonable target for shale gas resources.  
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Abstract 

The net benefits and public acceptance of a proposed reform to the current subsidization of 
energy in the State of Kuwait were investigated in this study. The proposed subsidization 
suggests that the government pays the consumers the subsidization cost in advance and in 
exchange for raising the subsidized tariffs to total price. The consumption will likely be reduced 
by a rate equal to the overconsumption due to the current subsidized tariffs relative to the 
income. The net benefits are expected to be maximized and shifted to a pseudo-equilibrium 
point where both the governments and the consumers will be better off financially. The public 
acceptance of the proposed strategy was examined using 274 voluntarily one-to-one interviews 
for gasoline and 121 for electricity and water. Also, a utility meters reading program was 
conducted on 90 houses out of the 121 interviews for utilities. The interviews for gasoline and 
utilities indicated 57% and 66% of the respondents see no equity in the current subsidization, 
55%, and 80% admitted to overuse, 11% and 21% average of the consumption, and 67% and 
66% of the respondents were willing to adopt the new strategy. The consumer is expected to 
save 912 USD/year from gasoline and 8,198 USD/year from utilities. The estimated net 
benefits are 5,841 million USD annually, with 62% attributed to utility benefits and 38% to 
gasoline benefits. 

Keywords: Benefits; electricity; energy; subsidization; water 

1. Introduction

The impact of burning fossil fuels for energy generation on outdoor air quality and public health 
has been studied thoroughly in many previous studies (Laden, Schwartz, Speizer, & Dockery, 
2006; Alolayan, Brown, Evans, Bouhamra, & Koutrakis, 2013). These sources are well known 
to be significant contributors to outdoor air quality (Al-Mutairi & Koushki, 2009; Ramadan, 
Al-Sudairawi, & Khan, 2008). Studies have been consistently confirming the strong association 
between respiratory and cardiovascular diseases and ambient air quality (Cohen, et al., 2005; 
Balluz, et al., 2007). In addition, the toxicity of emissions from combustion sources was higher 
than other sources, sand dust, for instance (Laden, Neas, Dockery, & Schwartz, 2000; 
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Schlesinger & Cassee, 2003; Cooke, et al., 2007). Therefore, governments and environmental 
agencies monitor air quality and regulate the sources of emissions to protect public health. 
Also, they seek to improve public health through improving outdoor air quality because of the 
health benefits that can justify the cost of control. 

The impact of burning fossil fuel on the ambient air quality and, accordingly, public health 
is increasing remarkably due to the rapid growth in the human population and energy 
consumption per capita. Although energy can be generated from renewable sources with zero 
emissions, fossil fuel still dominates the market due to its reliability. For instance, countries 
small in size, lack coasts, or have few sunny days around the year cannot meet the energy 
demand by relying on renewable energies only. 

Governments have been struggling to improve outdoor air quality without compromising 
the living standards by using different interventions. For example, public awareness increases 
the tax on burning fossil fuels, waves the tax on the recycling business, subsidizes renewable 
energy projects, and bans selling and importing products with low-efficiency energy (Idress & 
Shaaban, 2020; Shah, Nawaz, Ahmad, & Arshad, 2020). Unfortunately, applying such 
measures is not easy in some circumstances or not enough. Public Acceptance of an 
intervention plays a significant role; hence it drives and influences the decision-makers. 
Unfortunately, most of the interventions could lower the public living standards. For instance, 
raising the gasoline price will make some people buy smaller cars or start using bicycles in 
cold rainy winter or hot, dusty summer to save money or because they can’t afford it. Also, 
increasing the electricity and water tariffs will make people live in darker houses at night, in 
hotter or colder environments, and take less often and shorter showers and hot tubs. Therefore, 
it is challenging to maintain living standards and diminish energy consumption in parallel. The 
advancement in technology increased the efficiencies of electronics, vehicles, manufacturing 
etc. However, the advancement generated new usages and has slowed down. 

Many studies investigated the benefits of controlling air quality through a cost-benefit –
analysis and concluded that the benefits exceed the cost of controlling. Not surprisingly, health 
benefits dominated the total benefits, specifically preventing premature deaths (Cifuentes & 
Lave, 1993; McKinley, et al., 2003; United States Enviornmental Protection Agency, 2011). 

The state of Kuwait is a rich oil country where gasoline products, water, and electricity are 
strongly subsidized by the government (Table 1 & Table 2) (Fattouh & Mahadeva, 2014; 
Information, 2017; Kuwait National Petroleum Company, 2015). Such subsidization 
encourages the consumer to abuse these utilities in a squandering way (World Bank, World 
Development Indicators, 2013). Not surprisingly, such subsidization would create huge bills 
and a burden on the government and emanates large emissions into the atmosphere (Figure 1, 
Figure 2) (Kuwait National Petroleum Company, 2015; Kuwait Petroleum Company, 2015). 
The public is firmly against raising the tariffs or any action toward lowering this subsidization. 
The government conducted campaigns to raise public awareness, banned selling inefficient 
energy products, and subsidized high-energy efficiency products. However, this was not 
capable of changing the practices by the public or making a significant reduction in 
consumption. 
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Table 1. Water & electricity tariff in Kuwait as of 2017  (Fattouh & Mahadeva, 2014; 
Information, 2017) 

Segment Electricity 
(Fils/kwh) 

Water 
(Fils/Imperial gallon) 

Residential 2 0.8 
Governmental Facilities 25 4 
Industrial & Farms 5 1.250 
Industrial & Farms (producers) 3 0.75 
Investment & Commercial 5 2 
Tankers Filling Stations -- 0.5 
Reactive Power for Governmental 
Facilities, Industrial and Commercial 

3  
-- 

Others 12 2 
*1 fils = 0.001 KWD = 0.0033 US$ 

 

Table 2. Gasoline types (octane number) and prices (KWD/Liter) in Kuwait (Kuwait 
National Petroleum Company, 2015) 

Premium (No. 91) Super (No. 95) Ultra (No. 98) Diesel 
0.085 0.105 0.165 0.100 

 

 

Fig. 1. Cost of all types of fossil fuels used to generate electricity and water in Kuwait over 
the years (Kuwait Petroleum Company, 2015) 
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Fig. 2. Quantities of petrol products sold in all gas stations in Kuwait (Kuwait National 
Petroleum Company, 2015) 

Kuwait's current subsidization structure of energy needs to be revised for two reasons. 
First, the net benefits can be maximized without compromising anyone’s net benefit; no one 
will be worse off. When no loser but a winner results from shifting to a new structure, switching 
to the new system should be taken to maximize the total benefits. Shifting should continue until 
pseudo-equilibrium is reached. The total benefits cannot be maximized further at pseudo-
equilibrium without making someone worse-off. In our case, there are the government and the 
public, and each seeks to maximize its utility. If a new structure of subsidization is proposed 
to maximize the total benefits, both should agree on shifting. Therefore, no shifting will be 
taken if someone is worse off unless the winner agrees to compensate the loser. 

Second, the current subsidization generates inequity; hence the benefits are unequally 
allocated across the population. In fact, by applying the current subsidization, those who 
consume more will benefit more. There are consumers who enjoy the benefits of gasoline, 
water, and electricity subsidization more than others. For example, there are consumers who 
own more cars, bigger cars, drive more, and don't go on extended vacation often. Similarly, 
some consumers own larger or more houses. Therefore, utility consumption will be way more 
than the consumer who owns a single small apartment or the citizen who does not own any real 
estate. Many large houses are owned by a few owners and consist of rented apartments. In 
Kuwait, it is common that the landlord pays the utility bill. Therefore, the owner is enjoying 
strong subsidization on all his properties. 

The authors of this study investigated an opportunity of reforming the current subsidization 
structure of electricity, water, and gasoline in Kuwait to reach a pseudo-equilibrium. The 
proposed restructuring will improve ambient air quality, enrich the country's prosperity, and 
obtain equity compliance across the population. In addition, this study investigated the public 
acceptance and estimated the economic value of the proposed subsidization. 
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2. Background 
 

Air sampling program followed by a source apportionment analysis was conducted in Kuwait 
to examine the outdoor air quality and investigate the primary sources that contribute to the 
fine particles level in the atmosphere of Kuwait (Alolayan, Brown, Evans, Bouhamra, & 
Koutrakis, 2013; Brown, Bouhanrah, Lamourex, Evans, & Koutrakis, 2008). The sampling 
program reported 130 and 53 µg/m3 annual averages for PM10 and PM2.5 for Kuwait. These 
levels exceed the guidance of outdoor air quality for the World Health Organization by factors 
of six and five, respectively (Organization, n.d.). Also, the daily measurements were more 
significant than the limits in more than 78% of the samples. On the other hand, the source 
apportionment analysis estimated the contribution of local power plants and local traffic to 
PM2.5 as 18% and 11%, respectively. The contribution of sand dust and storms was estimated 
to be around 50% (Alolayan, Brown, Evans, Bouhamra, & Koutrakis, 2013). This indicates a 
valuable opportunity for improving outdoor air quality and, accordingly, public health. The 
positive association between reduction in PM2.5 and mortality and morbidity was well studied 
in many studies (Brunekreef & Forsberg, 2005). This association was stronger with PM2.5 than 
with PM10 (Schwartz, Dockery, & Neas, 1996). Two of the most widely cited and influential 
cohort studies are the Harvard six cities study and the American Cancer Society (Pope 3rd, et 
al., 2002; Laden, Schwartz, Speizer, & Dockery, 2006). The effect estimates are 1.5% and 
0.58% reductions in all-cause mortality rate per 1 µg/m3 reduction in the PM2.5 level, 
respectively. The U.S. EPA used a 1.06% decrease in all-cause mortality rate per 1 µg/m3 in 
their report of the benefits and cost of the Clean Air Act between 1990 and 2020 (United States 
Enviornmental Protection Agency, 2011). 

The Gross Domestic Product per Capita for Kuwait is one of the highest globally (around 
71,943 USD according to the World Bank in 2017 and 69,669 USD according to the 
International Monetary Fund in 2107) (World Bank, GDP per Capita PPP (current 
international$), World indicators database, 2017; International Monetary Fund, 2017). 
According to the Ministry of Finance in its report of "Kuwait Closing Accounts 2017/2018," 
fossil fuels contributed to total country revenues by around 90%, while the deficit in the budget 
is 4.847 billion KD (~16 billion USD). The Kuwaiti government subsidizes water and 
electricity by around 95%. On the other hand, the government-subsidized the gasoline by 
around 90% until 2016, when the subsidization lowered to around 85%. The Ministry of 
Electricity & Water, in its annual report for 2019, indicated that the country burns around 12% 
of its total oil production to generate and supply its local demand for electricity and water 
(Water, 2019 Electrical Energy - Statistical Year Book, 2020; Water, The Annual Statisitcs for 
Water: 2019, 2020). Because the entire population from 1989 to 2019 increased by 36% (4.4% 
per year), the electricity and water consumption over the same period increased by 247% (8.2% 
per year) and 596% (14.9% per year), respectively (Figure 3). As a result, the per capita 
electricity and water consumption in 2019 is 14,000 kWh per year and 414 liters per day. The 
world bank in 2013 reported energy consumption per capita as one of the development 
indicators (World Bank, World Development Indicators, 2013). Kuwait was ranked fifth place 
in the list of the highest countries of consumption for the energy per capita. 
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Fig. 3. Total population growth in Kuwait over time (The Public Authority for Civil 
Information, 2017) 

3. Methods 

The proposed subsidization structure in this study suggests that the government raises the tariffs 
of electricity, water, and gasoline to the total cost in exchange for compensating the consumer 
with the subsidization amount for each utility. The existing subsidization does not make the 
utility bills a burden on the consumer relative to his income. The proposed structure will 
encourage the consumer to reduce his consumption to save money from the vast subsidization 
amount that would be given to him in advance. By doing so, the total net benefits are expected 
to be maximized without any additional cost on any of them. Also, they both will be winners 
and better off. Additionally, the proposed strategy will result in equity compliance across the 
population. 

The expected net benefits from the proposed subsidization include health benefits due to 
improving public health, reducing consumption, and other minor benefits (Equation 1) 
However, the minor benefits such as aviation, agriculture, less traffic, road maintenance cost-
saving, and capital cost saving (prospective power plants, gas stations, wastewater treatment 
plants) were excluded from the analysis due to limited data. In addition, several cost-benefit 
analysis studies have shown that the benefits of avoided premature deaths dominate the total 
benefits by around 70-85% (Cifuentes & Lave, 1993; United States Enviornmental Protection 
Agency, 2011). For the same reason, the morbidity benefits were excluded from the health 
benefits (Equation 2). 

For example, the U.S EPA report of benefits and costs of the Clean Air Act from 1990 and 
2020 estimated the total benefits to be 2 trillion USD, with only 65 billion USD in 2020. The 
report indicated that 85% of these benefits were attributable to the prevention of more than 
230,000 deaths. Unfortunately, no similar study has been conducted in Kuwait or the region. 
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In this study, only the health benefits of avoided premature deaths were included in the study. 
Therefore, it is expected that the net benefits will be underestimated.  

The health benefits units like QALYs (Quality Adjusted Life Year), DALYs (Disability 
Adjusted Life Year), and Avoided death need to be monetized for justification. Since our 
analysis included avoided deaths only, the Value of Statically Life (VSL) was used to monetize 
these benefits. VSL is an estimate of the tradeoff between fatality risk and money. Many studies 
have been conducted in this field to estimate VSL for the country of community. For instance, 
The value of statistical life used by the Department of Transportation and Environmental 
Protection Agency in the United States is 9.6 million USD and 9.1 million USD, respectively 
(Alolayan, Evans, & Hammitt, 2017). Many Agencies and governments adopted an estimate 
for VSL in their cost-benefit analysis for better decisions. The VSL used in the analysis has a 
value equal to 21.7 million USD [18.1 – 26.1] 90% CI based on a study conducted in Kuwait 
used the approach of willingness to pay for a slight reduction in mortality risk through 
contingent valuation in 2011 (Alolayan, Evans, & Hammitt, 2017). 

Equation 1 

Net	Benefits	($) = 		Health	Benefits($) + Consumption	Reduction($) + Others($) 

≈ 		Health	Benefits($) + Consumption	Reduction($)     (1) 

Equation 2 

Health	Benefits	($) = 		Mortality	Benefits($) + Morbidity	Benefits($) 

≈ 		Mortality	Benefits($)         (2) 

≈ Expected	No.		Avoided	Premature	Deaths	X	Value	of	Statistical	Life	($) 
 

Equation 3 

Expected	No. Avoided	Premature	Deaths = 	Annual	Deaths	X	[1 −

	e!"#$%&'(%)	+#,--(+(,.%	/	∆	1"!.#	2#.+,.%$&%(#.	3
$%
&'(4]       (3) 

 

Equation 4 

∆	PM!.#	Concentration	 .
$%
&'!/ =

Avg. Overuse	(%)	X	Source	Contribution	to	PM!.#	(%)	X	PM!.#	Background	Concentration	(
$%
&'!) (4) 

 

Equation 5 

Cost	of	Saving	($) = Avg. Overuse	(%)	X	Avg. Utility	consumption	 S $
6,&$.2#.89:,$

T  (5) 
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One-to-one interviews and a meter readings program for electricity and water were 
conducted. The sample used in the study included owners of houses in the State of Kuwait who 
voluntarily participated and were randomly selected. The interviews were used to investigate 
the public willingness toward the proposed subsidization system. On the other hand, the meters 
readings program was conducted to investigate the average public consumption and their 
seriousness and commitment toward their responses in the interviews. 

3.1 Interviews 

The interviews consisted of four sections. First, the respondent's consensus on the voluntary 
interview was obtained verbally without collecting their name or any information that could be 
used to link to them. Then, the respondent was asked whether they doubted that the purpose of 
the interview was not for scientific research. Also, the interview took place only if the 
respondent paid for gasoline, electricity, or water. The second section collected demographic 
information about the respondent and their household. The participants were asked about their 
gasoline consumption in the third section and their water and electricity consumption in the 
fourth section. In the third and fourth sections, the questions were placed in a sequence meant 
to take the respondent through four stages. 

The first stage included general questions about the consumer's assets, such as the number 
of cars they own, their house's size, and their average monthly consumption. The second stage 
was introduced to avoid the participants’ bias in their responses, misunderstanding, or absence 
of intuition to the questions in the third stage. The questions in the second stage were used to 
prepare the respondent for the third stage questions. These questions are intended to enlighten 
the respondent about the current subsidization system and its tariff compared to the actual cost. 
Also, to elaborate the respondent about the benefits of reducing the utility consumption in the 
country. A list of some of the benefits mentioned earlier was used here. Additionally, there 
were questions about the respondents' opinions about their current consumption, whether they 
overuse the utility, and how much they can reduce it. At the end of the second stage, the 
respondent was questioned whether he considered or not the current subsidization system 
complied with equity across the population. Examples were given to the respondent here that 
indicate some consumers who enjoy this subsidization more than others. On the other hand, the 
questions in the third stage were related to the new proposed subsidization system. After the 
new proposed subsidization system was explained to the respondent as a program, they were 
asked whether they were willing to participate in the program. The respondent will be paid the 
average subsidization amount of the participants from the previous years in advance, at the 
beginning of each fiscal year, in exchange for charging them the full fare for the utility. The 
respondent was reminded about the overuse of the utilities if they admitted to previously and 
the opportunity to save money by reducing their consumption. Moreover, the benefits of 
lowering the utility consumption for the community were mentioned again. 

3.2 Meters reading program 

In the last stage of the second and third sections, the respondent was offered to participate 
in a program where meter readings for water and electricity in their house will be taken to 
estimate his consumption. These readings were taken to estimate the average consumption for 
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each utility across the population. Three readings were taken for both water and electricity over 
four months: at the beginning, after two months, and at the end. The respondents who agreed 
to participate in the program were divided randomly into three groups. Group A was informed 
about their electricity and water bills for the four months in the end. Group B was informed 
about their bills twice after two months and again at the end of the last two months only. Group 
C was informed similarly to group B about their bills, except they were promised after two 
months that they would receive an amount of money as an incentive equal to the drop in their 
bills in the last two months compared to the first two months bills. This design was intended to 
examine whether this incentive can significantly reduce consumption. 

4. Results and discussion 
 

4.1 Interviews 

A total of 293 one-to-one interviews were completed on a randomly selected sample between 
April 2016 and March 2017. There are 19 interviews that were excluded from the study because 
the respondents doubted that the intention of the interview was not for scientific research and 
instead for political or governmental purposes (Table 3 & Table 4). Only 121 respondents out 
of the 274 interviews reported paying electricity and water bills and were interviewed for utility 
consumption. 

The respondents considered that the current subsidization system does not comply with 
equity were 57% and 66% for gasoline, water, and electricity, respectively. Moreover, 67% 
and 66% of the respondents were willing to participate in a new similar subsidization program. 
Most respondents who rejected the new strategy or indicated equity with the current 
subsidization are owners of large vehicles or houses and have large household sizes. These 
numbers should encourage the government and consumers to shift the current subsidization 
system to a pseudo-equilibrium point where the total benefits will be maximized. 

Table 2. Demographics and responses to the gasoline subsidization interviews 

Number of Interviews = 274 (Females = 50%, Married=76%) 
Income (KWD/month) 
<750 750 – 1,250 1,250-1,750 1,750-2,250 2,250-2,750 >2,750 Not Reported 
11% 33% 18% 11% 7% 14% 5% 
Education Level 
≤ Highschool Diploma College Post-College Not Reported 
10% 23% 53% 14% 0% 
Age (years) 
Minimum Maximum Average Median Mode SD Not Reported 
23 80 38 35 27 10 2% 
Household Size 
Minimum Maximum Average Median Mode SD Not Reported 
1 11 4 3 1 2 2% 
Household Number of Cars 
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Minimum Maximum Average Median Mode SD Not Reported 
1 6 1 1 1 1 0% 
Gasoline Type Usage (Octane No.) 
Premium (91) Super (95) Super Ultra (98) Diesel Not Reported 
9% 82% 8% 0% 0% 
Annual Consumption of Gasoline (USD/year) 
Minimum Maximum Average Median Mode SD Not Reported 
158 5,940 1,221 970 792 917 1% 
Respondents Agreed that there is no Equity in the Current Subsidization System for Gasoline 
= 57% (1% Not reported) 
Respondents Reported to Consume Gasoline More than What They Need = 55% 
Over Usage of Gasoline 
Minimum Maximum Average Median Mode SD Not Reported 
0% 70% 11% 5% 0% 14% 4% 
Respondents were willing to participate in the new subsidization program = 67% 

 

Table 3. Demographics and responses to Electricity and Water Subsidization Interviews 

Number of Interviews = 121 (Females = 35%, Married = 86%) 
Income (KWD/month) 
<750 750 – 1,250 1,250-1,750 1,750-2,250 2,250-2,750 >2,750 Not Reported 
11% 24% 17% 13% 6% 24% 6% 
Education Level 
≤ Highschool Diploma College Post-College Not Reported 
12% 21% 53% 15% 0% 
Age (years) 
Minimum Maximum Average Median Mode SD Not Reported 
23 80 38 35 27 10 3% 
Household Size 
Minimum Maximum Average Median Mode SD Not Reported 
1 11 4 3 1 2 1% 
Annual Consumption of Electricity & Water (USD/year) 
Minimum Maximum Average Median Mode SD Not Reported 
132 8,250 1990 1,815 1,980 1,498 5% 
Respondents Agreed that there is no Equity in the Current Subsidization System for Water 
& Electricity = 66% (2% Not reported) 
Respondents Reported to Consume Water & Electricity More than What They Need = 80% 
Over Usage for Water & Electricity 
Minimum Maximum Average Median Mode SD Not Reported 
0% 70% 21% 20% 20% 17% 4% 
Respondents were willing to participate in the new subsidization program = 66% 
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Almost half (55%) of the respondents admitted consuming more gasoline than needed. The 
respondents reported an average annual gasoline consumption of 1,221 USD per consumer and 
11% as average overconsumption of gasoline (Table 5). This is equivalent to 136 USD of over 
usage cost annually per consumer on average. This over-usage cost comprises around 0.2% 
only of the consumer income. Therefore, the consumer has no incentive to reduce his 
consumption for cost-saving. On the other hand, the cost to the government is much higher due 
to the high subsidization of 85%. Therefore, each consumer will cost the government on 
average 6,919 USD per year, while the government's annual cost of over usage is 770 USD per 
consumer. Therefore, the consumer is expecting to save 912 USD annually. 

On the other hand, 80% of the participants reported overusing electricity and water by 
21%. As a result, their annual average electricity and water bill is 1,990 USD per consumer 
(Table 5). Accordingly, the expected over-usage is 410 USD annually for the consumer. 
Accordingly, the estimated annual cost to the government is 39,800 USD per consumer; hence 
the subsidization is 95%, and the over usage is 7,788 USD per consumer. Not surprisingly, the 
over usage cost comprises 0.7% only of the consumer income. Therefore, the consumer does 
not expect to save a lot from reducing consumption. On the contrary, it encourages them to 
abuse it. However, the results suggest that the consumer will be saving 8,198 USD annually. 

Table 4. The estimated costs using the interviews’ responses (USD/year) 

 Gasoline Water & Electricity 
 Average SE Average SE 
Overconsumption 11% 1% 21% 1.6% 
Total cost on the consumer 1,221 55 1,990 139 
Cost of overuse on consumer 136 12 410 43 
Total cost on the government 6,919 309 39,800 2,782 
Cost of overuse on the government 770 67 7,788 808 
Cost of saving 912 79 8,198 851 

 

4.2 Meters reading program 

The meter reading program included 15 owners of apartments and houses from each 
governorate of the six governorates of the State of Kuwait. The estimated average 
consumptions of water and electricity across the population from the program were very high 
(Table 6).  However, no significant differences were found in the water and electricity 
consumptions across groups A, B, and C or the governorates. Therefore, neither informing the 
consumer about his bill nor offering them an amount of money equal the drop in his utility bill 
were incentives for the consumers to reduce their consumption. This was expected since the 
tariffs and cost of water and electricity are minimal relative to the income. Therefore, the 
estimated total cost on the consumer and the government from the meter reading program is 
not much different from those estimated using the responses to the interviews (Table 5 & Table 
6). This endorses the quality and credibility of the responses from the participants. 
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Table 5. Costs of water and electricity from the meters reading program (USD/year) 

 Electricity Water 
 Average SD Average SD 
Average Consumption 
 (Imperial gallon or kwh/year/consumer) 

336,404 28,388 150,777 14,574 

Total Cost of Water Consumption (USD/year) 17,760 1,499 19,902 1,924 
Cost on Consumer (USD/year) 888 75 997 96 
Cost on the Government (USD/year) 16,873 1,424 18,909 1,924 

 
4.3 Net benefits 

The net benefits analysis was conducted using computer software with a sample size of 
1,000 to capture the uncertainty. The analysis was performed twice for gasoline and utilities. 
Each analysis included the health benefits and the cost of saving. 

In the health benefits analysis, 53 µg/m3 was used for PM2.5 as a background 
concentration with a contribution of 18% due to power plants and 11% from road emissions. 
In 2017, the number of deaths and crude mortality rate for the total population in Kuwait were 
reported by Kuwait Statistical Bure as 6,679 deaths and 1.66 per 1,000 people, respectively 
(Central Statistical Bureau, 2017). The death rate used is 1.66 per 1,000, while 1.06%/1µg/m3 
from US EPA was used for the mortality coefficient. An adjusted value of VSL was used in 
the analysis to include the expatriates in Kuwait besides Kuwaitis, with a value of 7.8 million 
USD. According to the Traffic Department and Public Authority for Civil Information, there 
are 2.3 million valid driving licenses, around 400,000 residential units, and a total population 
of 4,670,713 in 2020 (The Public Authority for Civil Information, 2017; Research, 2019). 

The expected net benefits are estimated to be 5,841 million USD annually, with 92% 
attributed to avoided premature deaths from consumption reduction and 8% due to cost-saving 
(Table 7). This is consistent with a similar cost-benefit analysis, which involves health benefits 
that prevented deaths from dominating the total net benefits. The expected number of avoided 
premature deaths from consumption reduction for gasoline and utilities are 87 (90% CI [77,98]) 
and 160 (90% CI [140,180]) deaths annually, respectively. Also, it was found that the estimated 
benefits from gasoline contribute to the net benefits by 38%, while the electricity and water by 
62%. This was expected because both the subsidization and consumption were more significant 
for utilities than gasoline. Therefore, the annual Concentration of PM2.5 is expected to drop by 
3 µg/m3, 2 µg/m3 due to electricity and water, and 1 µg/m3 due to gasoline. 

Table 6. The expected benefits from the proposed strategy of reforming the subsidization of 
energy in Kuwait (million USD) 

 Gasoline Electricity & Water Total 
Health Benefits 1,894 (236) 3,468 (440) 5,363 (499) 
Cost of Saving 315 (28) 164 (17) 479 (33) 
Total 2,209 (253) 3,632 (448) 5,841 (515) 
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5. Conclusion 

The alluring opportunity of improving the ambient air quality in Kuwait and maximizing the 
net benefits by only reforming the existing subsidization system for energy was investigated in 
this study. However, 55% and 80% of the samples reported overusing subsidized gasoline and 
utilities in the interviews, respectively. The reported average overuses are 11% and 21% for 
gasoline and utilities, respectively. Also, 57% of the sample for gasoline and 66% for electricity 
and water agreed that the current subsidization does not comply with equity across the 
population and encourages the overuse. On the other hand, 67% and 66% of the respondents 
were willing to adopt the new strategy for gasoline and utilities, respectively. 

The estimated total net benefit is 5,841 million USD. The annual level of PM2.5 is estimated 
to drop by 2 µg/m3 and 1 µg/m3 due to consumption reduction in utilities and gasoline, 
respectively. Accordingly, 92% of total net benefits are estimated to be attributable to avoided 
premature deaths and the remaining to cost-saving. Similarly, 62% of the total net benefits are 
due to consumption reduction in the utilities and 38% for gasoline. The consumer is expected 
to save 912 USD/year from gasoline and 8,198 USD/year from utilities. 

Shifting the current subsidization to a pseudo-equilibrium is highly recommended. The 
consumers and the government are expected to be better off financially with the proposed 
subsidization. Also, public willingness toward the new subsidization was investigated. 
Moreover, the outdoor air quality will improve, which will lead to better public health. Finally, 
the proposed strategy has complied with the principle of equity. 

References 
 
Al-Mutairi, N., & Koushki, P. (2009). Potential Contribution of Traffic to Air Pollution in 
the State of Kuwait. American Journal of Environmental Sciences, 5(3), 218-222. 

Alolayan, M. A., Evans, J. S., & Hammitt, J. K. (2017). Valuing Mortaility Risk in Kuwait: 
Stated Preference with a New Consistency Test. Enviornmental and Resource Economics, 66, 
629-646. 

Alolayan, M., Brown, K., Evans, J., Bouhamra, W., & Koutrakis, P. (2013). Source 
apportionment of fine particles in Kuwait City. Sci Total Environ, 448, 14-25. 

Balluz, L., Wen, X., Town, M., Shire, J., Qualter, J., & Mokdad, A. (2007). Ischemic heart 
disease and ambient air pollution of particulate matter 2.5 in 51 counties in the U.S. Public 
Health Rep., 122(626-633). 

Brown, K. W., Bouhanrah, W., Lamourex, D. P., Evans, J. S., & Koutrakis, P. (2008). 
Characterization of Particulate Matter for Three Sites in Kuwait. J. Air & Waste Manage. 
Assoc, 58, 998-1003. 

Brunekreef, B., & Forsberg, B. (2005). Epidemiological evidence of effects of coarse 
airborne particles on health. Eur Respir J, 26, 309-318. 

Central Statistical Bureau. (2017). Annual Bulletin for Vital Statistics Births and Deaths 
2017. State of Kuwait, Central Statistical Bureau. 

M. A. Alolayan, F. M. Albarrak, M. Abotalib, M. A. Alshawaf

386



 
 

Cifuentes, L. A., & Lave, L. B. (1993, November). Economic Evaluation of Air Pollution 
Abatement: Benefits from Health Effects. Annual Review of Energy and the Environemnt, 18, 
319-342. 

Cohen, A. J., Anderson, H. R., Ostro, B., Pandey, K. D., Krzyzanowski, M., Künzli, N., 
Smith, K. (2005). The Global Burden of Disease Due to Outdoor Air Pollution. Journal of 
Toxicology and Environmental Health, Part A, 68(13-14), 1301-1307. 

Cooke, R., Wilson, A., Tuomisto, J., Morales, O., Tainio, M., & Evans, J. (2007). A 
probabilistic characterization of the relationship between fine particulate matter and mortality: 
Elicitation of European experts. Environ Sci Technol, 41, 6598-6605. 

Fattouh, B., & Mahadeva, L. (2014). Price Reform in Kuwait’s Electricity and Water Sector: 
Assessing the Net Benefits in the Presence of Congestion. The Oxford Institute for Energy 
Studies. 

Idress, A., & Shaaban, E. (2020). Reforming Home Energy Consumption Behaviour based 
on Mining Techniques, A Collaborative Home Appliances Approach. Kuwait Journal of 
Science. Kuwait Journal of Science, 47(4), 29-38. 

Information, M. o. (2017, March 26). Decision No. (28)/2017: New Tariffs for Water and 
Electricity. Kuwait Alyawm. 

International Monetary Fund. (2017). World Economic Outlook Database. International 
Monetary Fund. 

Kuwait Petroleum Company. (2015). Fossil Fuel Supply to the Local Power Plants.  

Kuwait National Petroleum Company, 2015. Petrol Products Consumption by Local Market.  

Laden, F., Neas, L., Dockery, D., & Schwartz, J. (2000). Association of fine particulate 
matter from different sources with daily mortality in six U.S. cities. Environ Health Persp, 108, 
941-947. 

Laden, F., Schwartz, J., Speizer, F. E., & Dockery, D. W. (2006). Reduction in Fine 
Particulate Air Pollution and Mortality: Extended Follow-up of the Harvard Six Cities Study. 
American Journal of Repiratory and Critical Care Medicine, 173, 667-672. 

McKinley, G., Zuk, M., Hojer, M., Avalos, M., González, I., Hernández, M., Martínez, J. 
(2003). The Local Benefits of Global Air Pollution Control in Mexico City. Instituto Nacional 
de Salud Publica. 

Organization, W. H. (n.d.). WHO Air quality guideline values. (World Health 
Organization) Retrieved July 13, 2021, from https://www.who.int/news-room/fact-
sheets/detail/ambient-(outdoor)-air-quality-and-health 

Pope 3rd, C. A., Burnett, R. T., Thun, M. J., Calle, E. E., Krewski, D., Ito, K., & Thurston, 
G. D. (2002, Mar 6). Lung cancer, cardiopulmonary mortality, and long-term exposure to fine 
particulate air pollution. Journal of American Medical Association, 287(9), 1132-1141. 

Ramadan, A., Al-Sudairawi, M., & Khan, S. A. (2008). Total SO2 Emissions from Power 
Stations and Evaluation of their Impact in Kuwait Using a Gaussian Plume Dispersion Model. 
American Journal of Environmental Sciences, 4(1), 1-12. 

Reforming energy subsidy in Kuwait: maximizing net benefits and equity compliance

387



 
 

Research, G. D.-D. (2019). Traffic Statistics. Kuwait City: Ministry of Interior. 

Schlesinger, R., & Cassee, F. (2003). Atmospheric secondary inorganic particulate matter: 
The toxicological perspective as a basis for health effects risk assessment. Inhal Toxicol, 15, 
197-235. 

Schwartz, J., Dockery, D., & Neas, L. (1996). Is daily mortality associated specifically with 
fine particles? J Air Waste Management Association, 46(10), 927-939. 

Shah, S., Nawaz, R., Ahmad, S., & Arshad, M. (2020). Sustainability Assessment of Modern 
Urban Transport and Its Role in Emission Reduction of Greenhouse Gases: A Case Study of 
Lahore Metro Bus. Kuwait Journal of Science, 47(2), 67-81. 

The Public Authority for Civil Information. (2017, June). PACI The Public Authority for 
Civil Information. Retrieved from PACI The Public Authority for Civil Information: 
https://www.paci.gov.kw/Default.aspx 

United States Environmental Protection Agency. (2011). The Benefits and Costs of the 
Clean Air Act. from 1990 to 2020. Office of Air and Radiation. 

Water, M. o. (2020). 2019 Electrical Energy - Statistical Yearbook. Kuwait: Department of 
Statistics and Information Center. 

Water, M. o. (2020). The Annual Statisitcs for Water: 2019. Kuwait: Department of Statistic 
and Information Center. 

World Bank. (2013). World Development Indicators. World Bank. 

World Bank. (2017). GDP per Capita PPP (current international$), World indicators database. 
World Bank. 

 
Submitted:  11/01/2021 
Revised:   09/08/2021 
Accepted:   19/08/2021 
DOI:    10.48129/kjs.11837 

M. A. Alolayan, F. M. Albarrak, M. Abotalib, M. A. Alshawaf

388



Remote sea-surface temperature variations (2001–2019) in Kuwait Bay: Time series 
analysis in frequency and time domains 

Ali K. Saleh1,*, Bader S. Al-Anzi2

1College of Graduate Studies, Kuwait University, Kuwait 
 2Dept. of Environmental Technology and Management, College of Life Sciences, Kuwait 

University, Kuwait 

*Corresponding author: ali.saleh@grad.ku.edu.kw

Abstract 

Because of the direct link between sea temperature and aquatic biodiversity, there is a need to 
analyze the temporal changes in sea surface temperature in various water bodies, especially the 
semi-enclosed ones. There has been substantial research undertaken on time series analysis as a 
powerful technique for studying the characteristics of long-term SST changes at regular time 
intervals. The present paper aimed to examine the monthly-averaged MODIS SST data (2001–
2019) over Kuwait Bay, i.e., the northwestern corner of the Arabian Gulf. Because different 
approaches can yield different results, the analysis of the SST time series was conducted using 
time and frequency domains. The preliminary analysis of the time series reported a significant SST 
peak in August 2010 that reached nearly 34.2 °C (SD = 0.17 °C) due to the moderate-intensity El 
Niño event in 2010. However, in the preceding year, we observed a cool SST anomaly in the range 
of –0.5 °C to –2.4 °C. The SMK trend test found that monthly climatological SST in September 
exhibited a significant upward trend (𝑆9 = 103, 𝜏 = 0.6, 𝑃 = 0.0004). Pettitt’s change-point test 
indicated a significant change in the central tendency of SST data after April 2012. The annual 
periodicity of the SST in Kuwait Bay was constant over the 19 years. Furthermore, a very weak 
periodicity of 6-month has been barely noticed. Our present results provide large-scale guidance 
that affirms the importance of highlighting the severe SST fluctuations in Kuwait’s water to 
understand and improve its marine environmental status. 

Keywords: Frequency domain; Kuwait Bay; MODIS; SST; time series analysis. 

1. Introduction

The role of time series analysis (TSA) in studying the long-term variability of various 
environmental observations has received increased attention across several disciplines, principally 
in coastal regions where aquatic and biological activities are highly sensitive. TSA detects any 
change, trend, or development in the environmental data collected by different in situ instruments 
or satellite sensors. Often, this approach is a crucial aspect of the process of legislation and 
decision-making on environment-related issues. Hence, TSA accounted for the greatest percentage 
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of contribution in the field of environmental sciences (12%) among other significant fields such as 
mathematics (10%), medicine (9%), and social sciences (9%)  (Maçaira et al., 2018).  
 

One of the most frequently measured and statically analyzed parameters in marine ecosystems 
is sea surface temperature (SST) due to its importance in aquatic biodiversity (Antão et al., 2020; 
Descombes et al., 2015; Gentilucci et al., 2020) and water quality (Al-Mutairi et al., 2014, 2015). 
Consequently, a considerable amount of literature has been published on understanding the 
dynamics of SST in the spatial or temporal domains (Bulgin et al., 2020; Goela et al., 2016; 
Hosoda & Kawamura, 2004; Mak, 1995; Polanco et al., 2011; Silva et al., 2019; Zhang et al., 
2016). 

 
The study region, Kuwait Bay (KB), is a semi-enclosed water body located in the northwestern 

corner of the Arabian Gulf between latitudes 29.32°N and 29.58°N and longitudes 47.68°E and 
48.17°E (Figure 1). It has a total length of about 45 km and a maximal width of about 25 km (Al-
Rashidi et al., 2009), with a total area of approximately 750 km2 (Al-Ghadban, 2004; Al-Mutairi 
et al., 2014). It is characterized by high surface temperatures (Alosairi et al., 2020) and shallow 
waters, with an average depth of 5 m (Al-Zaidan et al., 2006). This region of Kuwait waters is of 
particular concern due to the existence of several outfalls and effluents along its coastal line, in 
addition to the slow water flushing time (> 1 year) (Rakha et al., 2010) that may affect its water 
quality. 

 
A large and growing body of literature has investigated the oceanographic characteristics of 

Kuwait Bay. The study by Al-Abdulghani et al. (2013) offers probably the most comprehensive 
water quality assessment in this area, considering the impact of different uses and anthropogenic 
activities. From the spatial distribution of SST, they noted that the highest water temperatures 
inside the Bay were attributed to the effect of sewage effluents and thermal discharge from power 
plants. Likewise, Al-Banaa and Rakha (2009) believe that the seasonal peaks of water 
temperatures, based on in situ CTD data in Sulaibikhat Bay (the southwest corner of Kuwait Bay), 
are associated with cooling waters from power and desalination plants. Al-Rashidi (2009) analyzed 
the long-term SST data (1985–2007) from the AVHRR sensor and found that the upward trend in 
Kuwait Bay is much higher than the global average. Also, he identified the SST peak anomalies 
in the years 1998 and 2003, which coincided with El Niño events. In another study for statistical 
validation, Al-Rashidi et al. (2009) compared in situ measurements with coincident AVHRR SSTs 
and found a near-perfect relation (𝑅2 = 0.99, standard error = 0.2 °C). Similarly, Alsahli (2009) 
used linear regression to model MODIS (MODerate resolution Imaging Spectroradiometer) SST 
data collected from January 2003 to July 2007 against in situ matchups in Kuwait waters to assess 
their accuracy and reliability. He showed that the relation between MODIS and in situ data is 
strong and significant (𝑟2 = 0.98, 𝑛 = 118, RMSE = 0.7 °C). Also, he investigated the spatial 
distribution of SST in Kuwait Bay and showed that the maximum and minimum variability 
occurred in November (SD = 0.7 °C) and February (SD = 0.4 °C), respectively.  
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Given the importance of SST, this study set out to analyze the long-term SST variations in 
Kuwait Bay to improve our understanding of their frequency and intensity. In this study, the SST 
time series data were collected at regular intervals from 2001 to 2019. The methodological 
approach taken in this study is a mixed methodology based on the time domain and the frequency 
domain. Relying on mid-wave infrared (MWIR) bands, remotely sensed SST images from MODIS 
were assessed because of their excellent spatiotemporal resolution, with high precision and 
accuracy (Kilpatrick et al., 2015). Figure 2 is an example of a MODIS-Terra SST image with a 
spatial resolution of 1-km generated from the standard short-wave (SW) algorithm. 

The remainder of this paper is structured into four sections. Section 2 describes the remotely 
sensed MODIS data used in this study. Section 3 discusses the specific methods of conducting the 
research and analyses. The results of time-series analyses, including wavelet transform and 
spectral analysis, are presented in Section 4. The final section draws together a summary of the 
study and the main conclusions.

 

 
 

Fig. 1. Bathymetry of Kuwait Bay based on ETOPO 2 min dataset. 
The color bar on the right represents the water depth. 
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(a)  (b) 

 
Fig. 2. (a) Subset scene of Level-2 MODIS SST4 imagery on 10 January 2018 at 7:09 PM and 
(b) the corresponding quality levels ranging from black (best retrieval) to grey (bad retrieval) 

 

2. Data source 

 
MODIS-Terra SST4 data with the latest processing version R2019.0 were acquired from NASA's 
OceanColor and extracted for Kuwait Bay at a spatial resolution of 4.64 km. The reason behind 
implementing the short-wave algorithm (MODIS bands 22 and 23) is to get reliable skin SST 
estimates (Kilpatrick et al., 2015). However, the use of this algorithm is limited to night-time SST 
retrieval due to the contaminated signal that may occur during the daytime (Brown et al., 1999). 
A total of 228 Level-3 MODIS images that include the monthly SST observations from January 
2001 to December 2019 were analyzed and visualized using SeaDAS software (version 7.5.3). 
MODIS data processing flow chart from Level-1 to Level-3 is shown in Figure 3a. The quality 
levels of satellite retrievals ranging from 0 (the best) to 4 (the worst) were visually inspected for 
validity. For each raster band, the mean value of “valid” pixels (~54–64 pixels inside the Bay) is 
calculated by the statistics tool provided by SeaDAS. Figure 3b summarizes the general workflow 
applied in this study. 
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(a) 

 
  

(b) 

 
 

Fig. 3. (a) MODIS data processing flow chart from Level-1 through Level-3. GEO is the 
geolocation file (Lotliker, 2014). (b) The workflow for analyzing MODIS Level-3 data in this 

study. 
 
Summary statistics of SST4 data by month can be shown in the aggregated box-whisker plots 
(Figure 4). For instance, the minimum and maximum sea temperatures were recorded in January 
(14.7 °C) and August (32.1 °C). From the empirical probability density function (Figure 5), it is 
apparent that monthly SST between ~29–32 °C has the highest density among other SST intervals. 
The secondary peak with lower relative frequency can be seen at SST of ~15–18 °C.
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Fig. 4. Box-whisker plots of monthly climatological SST data in Kuwait Bay. For each month, 

25–75 percent quartiles are represented by each box. The whiskers are drawn from the top of the 
box up to the largest data point, less than 1.5 times the box height from the box (the "upper inner 

fence") and similarly below the box. The black circles represent the extreme outliers. 
 

 
Fig. 5. Empirical probability density function (EPDF) of collected SST data (2001–2019) in 

Kuwait Bay. 
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3. Methodology

3.1 Seasonal-trend decomposition

Seasonal decomposition of SST time series (𝑌𝑡) into seasonal (𝑆𝑡), trend (𝑇𝑡), and remainder (𝑅𝑡) 
components based on loess (Cleveland et al., 1990) was performed using the native stats package 
in R software (version 3.6.3). This method is widely available and used in many investigational 
studies (Cristina et al., 2016; Goela et al., 2016; Rojo et al., 2017). That is, the additive 
decomposition model used in this study can be defined as 

𝑌𝑡 = 𝑆𝑡 + 𝑇𝑡 + 𝑅𝑡, 𝑡 = 1, 2, … , 𝑁.	  (1) 

3.2 Trend and change-point tests 

The seasonal Mann-Kendall (SMK) trend test (Hirsch et al., 1982) was implemented to test 
whether the collected data had a trend considering the conventional seasonal effect. It is a 
nonparametric test commonly used to detect monotonic trends in environmental and hydrological 
data sets that aren't normally distributed. Let 

𝑌 = (𝑌1, 𝑌2, … , 	𝑌12),	
to be the entire SST series collected over the years consisting of subsets 𝑌1 through 𝑌12; that is 

𝑌1 = (𝑦11, 𝑦12, … , 𝑦1𝑛1) is the subset of January SST data for 𝑛1 years,
𝑌2 = (𝑦21, 𝑦22, … , 𝑦2𝑛2) is the subset of February SST data for 𝑛2 years, etc.

where 𝑦𝑖𝑗 denotes the datum obtained for the season in year 𝑗. Here, we assume the season is a 

month. The overall seasonal Kendall test statistic (𝑆𝑘) is the sum of individual Kendall’s 𝑆𝑖 
statistics for each of the 𝑖 = 1 to 𝑔 seasons. 

𝑆𝑘 =9𝑆𝑖

𝑔

𝑖*1

,	 (2) 

𝑆𝑖 = 9 9 𝑠𝑖𝑔𝑛 ;𝑦𝑖𝑗 − 𝑦𝑖𝑘= ,
𝑛𝑖

𝑗*𝑘+1

𝑛𝑖,1

𝑘*1

	 (3) 

were 

𝑠𝑖𝑔𝑛 ;𝑦𝑖𝑗 − 𝑦𝑖𝑘= = >

+1 𝑦𝑖𝑗 − 𝑦𝑖𝑘 > 0,
0 	𝑦𝑖𝑗 − 𝑦𝑖𝑘 = 0,
−1 		𝑦𝑖𝑗 − 𝑦𝑖𝑘 < 0.

	 (4) 

The nonparametric correlation coefficient of the SMK test is calculated according to: 

𝜏 =
𝑆𝑘

𝑛(𝑛 − 1)/2.	
(5) 
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For any data set, it is possible to detect the shift in its central tendency based on Pettitt’s 
nonparametric test (Pettitt, 1979). The SST time series was tested for a single value change using 
the trend package (Pohlert, 2020) in R software according to: 

𝑈𝑡,𝑇 =9 9 𝑠𝑖𝑔𝑛;𝑦𝑖 − 𝑦𝑗= ,
𝑇

𝑗*𝑡+1

𝑡

𝑖*1

 (6) 

where 𝑈𝑡,𝑇 represents the Mann-Whitney statistic. The statistical change point (SCP) test statistic 
is the maximum of the absolute value of the vector: 
𝐾𝑇 = maxH𝑈𝑡,𝑇H. (7) 

The probable change-point is located in the series at 𝐾𝑇. The approximate probability for a two-
sided test is considered good for 𝑝 ≤ 0.5 and is estimated according to: 
𝑝 ≅ 2𝑒,6𝐾𝑇

2/(𝑇3+𝑇2).	 (8) 

3.3 Wavelet transform and spectral analysis 
 
The univariate SST time series for Kuwait Bay was subjected to frequency analysis using 
continuous wavelet transform (CWT) and Fourier spectrum to understand its periodic behavior 
across time (Rösch & Schmidbauery, 2018). Morlet wavelet function, among other CWT functions 
such as derivative of Gaussian (DOG) and Paul wavelet functions, is the most frequently used 
because of its performance (Addison, 2017). The Morlet wavelet is expressed as (Torrence & 
Compo, 1998): 

𝜓0(𝜂) = 𝜋,1 46 	𝑒𝑖𝜔0𝜂	𝑒,𝜂2/2,	 (9) 

where 𝜂 is the time parameter, and 𝜔0 is the frequency of the mother wavelet. The analysis was 
based on the practical guide developed by Torrence and Compo (1998). The analysis results were 
visualized as a period image of the wavelet power spectrum. 

Evolutionary power spectral analysis was carried out using the Lomb-Scargle method (Lomb, 
1976; Scargle, 1982). Briefly, the Lomb-Scargle normalized periodogram can be expressed as 
(Press & Rybicki, 1989): 

𝑃𝑁(𝜔) =
1
2𝜎2

R
[∑ (𝑦𝑗 − 𝑦U) cos𝜔(𝑡𝑗 − 𝜏)]𝑗

2

∑ cos2𝑗 𝜔(𝑡𝑗 − 𝜏)
+
[∑ (𝑦𝑗 − 𝑦U) sin𝜔(𝑡𝑗 − 𝜏)]𝑗

2

∑ sin2𝑗 𝜔(𝑡𝑗 − 𝜏)
\,	 (10) 

where 𝜔 is the angular frequency, and 𝜎2 is the data’s variance. The time offset 𝜏 is calculated via 

tan(2𝜔𝜏) =
∑ sin 2𝜔𝑡𝑗𝑗

∑ cos 2𝜔𝑡𝑗𝑗
.	 (11) 

A sliding window of 24 months was chosen since the longest SST cycle was ~12 months (i.e., 
1.5–2 times the annual cycle is acceptable). The maximum frequency was set to 0.5 (cycles/unit) 
to highlight the low-frequency power. However, from our trials, enlarging the frequency had a 
negligible effect on the results. It should be noted that the standard Lomb-Scargle periodogram 
can be affected by measurement errors and the mean subtraction (Zechmeister & Kürster, 2009), 
and hence, caution must be applied. To overcome these shortages, other techniques are proposed 
by Zechmeister and Kürster (2009). However, their usage is beyond the scope of this paper. All 
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spectral and wavelet analyses were performed using the Acycle package (version 2.2) (Li et al., 
2019) developed in MATLAB©.  

4. Results and discussion 

4.1 Time-domain analysis of SST 
 
Figure 6 shows the original time series (top panel) and the three decomposed components: (i) the 
seasonality (also called cyclical effect) (second panel), (ii) the trend (third panel), and (iii) the 
remainder (bottom panel) of sea surface temperatures for Kuwait Bay over a time frame from 
January 2001 to December 2019. From the original time series, there was a significant SST peak 
in August 2010 that reached 34.2 °C (standard deviation = 0.17 °C) as compared to that in August 
2009 (SST = 30.7 °C, standard deviation = 0.52 °C) and August 2011 (SST = 32.1 °C, standard 
deviation = 0.49 °C). In Figure 7, the SST pattern shows the cool anomaly (–0.5 °C to –2.4 °C) in 
August 2009 and the warm anomaly (1.2 °C to 2.8 °C) in August 2010. It should be noted that the 
base period for calculating the anomalies has been extended by two years (i.e., 2000–2020) to 
improve the estimation accuracy. The warm SST anomaly is probably due to the influence of a 
moderate intensity El Niño event in 2010. The year and duration of the El Niño event were from 
WMO (2014). The seasonal effects are clear and strong in the second panel (Figure 6). In the third 
panel, there are random fluctuations but no general upward or downward trend away from a 
horizontal line. However, there appears to be a sharp increase in the trendline from 23.5 °C in May 
2009 to 25 °C in June 2010, followed by a sharp decrease to 23 °C in January 2012. The fourth 
panel shows the remainder component (or the residuals) that is not explained by the trend and the 
seasonal components.  

 
Fig. 6. Decomposition plot of monthly average SST (2001–2019) over Kuwait Bay in degrees 
Celsius. The grey bars on the right are magnitude guides—each bar represents the same magnitude. 
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(a) 

 
(b) 

Fig. 7. MODIS-derived sea surface temperature data for Kuwait Bay showing the anomalies of 
August 2009 and August 2010 (a) in comparison to SST anomalies of August 2011 (b). The 
anomalies are interpolated and calculated as the difference between monthly and long-term 
monthly climatology data collected during the base period. The contour lines are shown for 

every major and minor scale tick. The grey color represents the land mask. 
 
To explore the seasonal decomposition, the cycle-subseries of each month (e.g., all SST values in 
January from 2001 to 2019) is displayed in Figure 8. According to the seasonal Mann-Kendall 
trend test, it was noticed that SST had an upward and significant (i.e., 𝑃 < 0.05) trend in September 
(𝑆9 = 103, 𝜏 = 0.6, 𝑃 = 0.0004) and to a lesser extent in May (𝑆5 = 91, 𝜏 = 0.53, 𝑃 = 0.002) and 
June (𝑆6 = 79, 𝜏 = 0.46, 𝑃 = 0.006). Thus, the global trend for the entire SST series is at 𝑆 = 504 
(𝑃 = 3.774E–07) with a seasonal Sen’s slope for linear rate of change of 0.07. 
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There was a significant probability approximate (p-value = 0.4987) in the central tendency of 
the SST time series at 𝐾 = 136 with a �̂� of 1660. This probable-change point corresponds to SST 
collected in April 2012 (Figure 9). The underlying reasons for this finding are unclear at present. 

 
Fig. 8. Extracted monthly subseries from the SST time series (2001–2019). The horizontal line 

represents the monthly climatological sea surface temperature. 

 
Fig. 9. Time series plot of SST. The dashed red line represents the central tendency of SST 

before and after the change point in the series (i.e., April 2012). 
 

4.2 Frequency-domain analysis of SST 
 
The Morlet wavelet spectrum for the SST series obtained by the MODIS sensor is calculated and 
is displayed in Figure 10. Overall, the records show that a dark red shade is assigned to the largest 
value of the wavelet coefficient and illustrates a constant period of 1 year (Figure 10a). The area 
below the cone of influence (black line) is highly affected by the edge effects at the beginning and 
the end of the analysis and should be ignored. The corresponding global wavelet spectrum in 
Figure 10b clearly shows the aforementioned strong periodicity of 1 year. Since the annual period 
has the strongest component and hence, the highest total energy of the signal, other weak 
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periodicities cannot be detected easily (Andreo et al., 2006). However, a detailed analysis of the 
Lomb-Scargle results (Figure 11) allowed us to observe the less obvious 6-monthly periodicity of 
SST (frequency = 0.167 cycles/unit), together with the evident peak corresponding to the annual 
periodicity (frequency = 0.083 cycles/unit). These results mirror those of the previous studies that 
have applied frequency analysis to rainfall (Andreo et al., 2006) and sea level (Sudha Rani et al., 
2017) data. 
 

  
(a) (b) 

Fig. 10. Morlet wavelet analysis of monthly average SST (2001–2019) over Kuwait Bay: (a) 
continuous wavelet transform (CWT) power spectra of the series. The left axis is the period (in 

months). The bottom axis is time (months). (b) The global wavelet spectrum. 
 

(a) 

 
(b) 

  
Fig. 11. Lomb-Scargle spectrum (a) and normalized periodogram with a unit step (b) of monthly 

average SST (2001–2019) over Kuwait Bay. The left axes in (b) represent the time (months).
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5. Conclusions 
 
This study has examined the SST variations for 19 years within Kuwait Bay, an important area of 
Kuwait waters. The seasonal decomposition of the data set revealed that the seasonality is clear 
and strong, whereas the irregular components were generally not consistent. The findings indicate 
that the SST subseries had an upward trend in September (2001–2019), while other months have 
exhibited a reasonable SST fluctuation. However, the SMK test revealed that the global trend for 
the entire SST series is at 𝑆 = 504, with a seasonal Sen’s slope for a linear rate of change of 0.07. 
We observed that the central tendency of the monthly SST in recent years, from 2012 to 2019, was 
higher than that of the years 2001–2011. In the frequency domain, the apparent strong period 
associated with the highest frequency is the stationary 12-month. However, a less noticeable 
periodicity of 6-month can be detected with the Lomb-Scargle periodogram. Relying on MODIS 
data, the analysis of the long-term SST changes undertaken here has extended our knowledge of 
extreme SST events in one of the warmest ecosystems. These findings make several contributions 
to the current literature. 
 

In terms of directions for future research, further work could examine the mechanisms of SST 
anomalies in Kuwait Bay since several questions remain to be answered. 
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