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Abstract

Effective construction management relies on an efficient waste minimization system that processes updated information
accurately. This study aims to assess the current practices and knowledge in construction waste management and propose
a system to minimize and control waste. The objective is to reduce waste on construction sites and provide easy access to
project status information through a comprehensive database, ultimately increasing contractor profits. A survey and fieldwork
research were conducted to examine existing waste minimization practices and gather contractors’ insights on implementing
a new system. The findings revealed that current practices are primarily manual and lack effective systems or software for
waste minimization. Most contracting companies do not track the quantities, amounts, or percentages of material waste.
The main challenge identified was the absence of user-friendly software for waste management and control. Contractors
attributed the waste problem to reliance on traditional manual methods and the lack of a structured waste minimization
system. While contractors acknowledged a limited focus on waste minimization, they did not perceive a shortage of qualified
personnel as a significant issue. Survey responses varied widely, reflecting a lack of accurate knowledge due to the absence of
consistent feedback and record-keeping from past projects. The materials with the highest waste percentages were identified
as formwork (22.69%), sand (18.23%), and aggregate (15.77%). Contractors expressed a strong willingness to adopt user-

friendly software, with many preferring Microsoft Excel spreadsheets for their ease of use.

© 2025 Jordan Journal of Earth and Environmental Sciences. All rights reserved
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1. Introduction

Waste in the construction industry has been the
subject of several research projects worldwide in recent
years. These studies have explored both the environmental
damage, resulting from material waste generation and the
economic implications associated with it (Agyekum, 2012;
Elshaboury et al., 2022; Formoso et al., 2002). Material
waste on construction sites varies in cause. Still, it is notably
significant due to its substantial contribution to construction
costs (Kennouche et al., 2022), typically accounting for
about 50% to 60% (Popoola et al., 2018; Tafesse, 2021).
This finding is particularly concerning, given the scarcity
of these resources. Recognized as a significant problem,
material waste in the construction industry impacts both
operational efficiency and environmental sustainability (Can
et al.,, 2023; Khalas & Patel, 2018). According to Ekanayake
& Ofori (2004), construction material waste is defined as
any material, excluding earth materials, that needs to be
transported away from the construction site or repurposed
within it due to damage, excess, non-use, non-compliance
with specifications, or as a by-product of the construction
process.In the United Kingdom, an investigation by Skoyles
(1976) conducted during the 1960s and 1970s across 114
building sites distinguished between direct waste, i.e.,
irreparably damaged or lost materials, and indirect waste,
i.e., monetary loss without physical material loss (Formoso
etal., 2002; Ogunseye et al., 2023). A similar municipal solid

waste problem in Lebanon is also being faced (Sawaya et
al., 2023). In the United States, Gavilan & Bernold (1994)
analyzed waste in masonry foundations, timber frames,
and sheetrock drywall, identifying significant waste from
cutting residuals, non-reusable consumables, packaging,
and improper handling. Research in the Netherlands
monitored waste from seven materials in five house-
building projects, attributing waste to design flaws, material
supply issues, and poor handling during transportation and
storage (Bossink, 2002). In Brazil, it is estimated that direct
and indirect waste account for 18% of the total material
weight in an 18-storey residential project, revealing high
waste percentages in materials such as mortar, resulting in
additional costs (Formoso et al., 2002). In Egypt, a survey
of 35 top contractors found that timber frameworks had
the highest waste rate, followed by sand, steel, and cement,
with waste percentages exceeding accepted norms for
most materials (Daoud et al., 2021). In Nepal, studies on
30 building projects reported reinforcement waste ranging
from 2% to 9%, with an average of 4.4%, which falls within
the permissible limits set by Nepal's building construction
norms (Adhikari et al.,, 2021; Dhungana et al., 2023). The
3R approach (Reduce, Reuse, and Recycle) is a common
term in solid waste management but is rarely applied in the
construction sector (Ogunmakinde et al., 2022). There is a
perception among contractors that waste is not valueless if
it can be sold to waste dealers (Siregar & Kustiani, 2019).

* Corresponding author e-mail: raghunp@nec.edu.np
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Partial studies from various countries confirm that waste
represents a significant percentage of production costs,
necessitating an effective system with updated information
to reduce construction waste at the source (Formoso et al.,
2002). The construction sector is a vital component of the
Nepalese economy, employing over one million people and
contributing approximately 10% to 11% of the GDP. About
60% of the nation's development budget is executed through
contractors (Acharya & Shrestha, 2021). Over the past two
decades, the sector has witnessed significant progress,
marked by improvements in management skills, operational
capacity, financial stability, and technical capabilities.
Enhancements in this sector can have a substantial impact
on the national economy (Kusi et al., 2018). The construction
industry in Nepal faces several challenges related to material
waste. These include the absence of an effective tracking
system for construction materials, insufficient knowledge
about material waste generated during construction, a
lack of research on construction waste, inadequate waste
and the lack of
prioritization of waste minimization in the industry. Despite
these advancements, a large amount of construction waste
is generated, especially in major infrastructure, commercial
building, and housing projects. Issues such as excessive
material wastage, improper waste management, and low

minimization and control measures,

awareness of waste reduction are prevalent. However,
research on construction waste in Nepal is limited, and there
is no established system for recording quantitative data on
waste generation. Thus, the main objective of this study is
to understand and assess the systems and common practices
for waste minimization currently adopted by Nepalese
contractors.

This study provides contractors with a comprehensive
understanding of waste tracking, the extent of material
wastage on their construction sites, and the overall profit
or loss associated with materials and projects. It includes
material reconciliation at various stages of the project,
comparing planned versus ordered, ordered versus actual
supply, and actual supply versus actual usage. This data is
crucial for monitoring project efficiency. The computerized
system generates data on material wastage, which is vital
for contractors from a quality and reputation perspective.
Excessive material consumption indicates wastage and
financial loss, while under consumption, raises quality
concerns, affecting the contractor's reputation.

2. Methodology

The research methodology for this study was structured
into three main stages: Literature Review, Field Survey,
and Questionnaire. Initially, an extensive literature review
was conducted focusing on the causes of construction
waste, techniques for minimizing waste, systems for waste
minimization and control, and international studies on
measuring material waste. Following the literature review,
a comprehensive field survey was conducted to evaluate the
current practices in waste minimization and control. Data
collection involved gathering documents such as stock books,
running bills, and bills of quantities from three construction
sites in Kathmandu, Nepal: the Kathmandu District Court
Building at Babarmahal, the Telecom Building at Sundhara,
and the Sanima Bikas Bank Building at Naxal (Figure 1).
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The collected data documents were reviewed and approved
by the institute, and informed consent was obtained from
all participants from the data-providing organization. The
research concentrated on four units within these sites: the
Engineering Unit, Purchasing Unit, Tracking Unit, and
Store Unit, which are also current practices in Nepalese
construction for management and control, as shown in
Figure 2.
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Figure 1. Study area

Based on insights from the literature review and field
survey, a structured questionnaire was developed. This type
of structured questionnaire aligns with the research work by
Al-Rifai & Amoudi (. The questionnaire was divided into
six sections: Company Profile, Waste Minimization and
Control System, Problems with Current Waste Minimization
and Control System, Importance of Waste Minimization
and Control, Level of Material Waste in Construction
Projects, and the Need for Computer Applications in Waste
Minimization and Control. Designed in a closed format, the
questionnaire aimed to gather specific responses regarding
current practices and the perceived need for a computerized
system. The data from the questionnaire were statistically
analyzed using Excel Software.
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Figure 2. Current Practice of Nepalese Construction for Material
Management and Control
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Based on the findings of the field survey and
questionnaire responses, conclusions and recommendations
were formulated using the survey results and data analysis,
as illustrated in the research flow chart (Figure 3).

Literature Review | | Researcher Experience

Field Study

Stock

Study common practice of Detail

waste minimization and
control

%

Questionnaire Design

Questionnaire Survey

Data Analysis

Conclusion and
Recommendations

Figure 3. Flow Chart for Conducting Research

This research targeted contracting companies classified
under the “A” category, as registered with the Contractor’s’
Association of Nepal. According to the association, there
are 194 such companies. A sample of 19 “A” class Nepalese
construction companies was selected, representing about
10% of the total population. Out of these, responses were
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obtained from 13 companies. The sample was chosen
randomly, taking into account the companies’ turnover
and work experience. Data for this research was collected
through site visits and questionnaires. Frequency distribution
and percentage were used to describe various aspects of the
data. Excel software was utilized for data analysis. The
conclusions and recommendations were derived from the
analysis of survey data and fieldwork research.

3. Results and Discussion

The results illustrate and discuss the characteristics of the
study population, current practices for waste minimization
and control, problems with current practices, the importance
of waste minimization and control, and the level of material
waste in construction projects.

3.1 Characteristics of the study population

The year of establishment, sector of specialization, total
volume of construction works executed, annual net worth,
and qualification of employees of contracting companies
were examined to determine the financial and technical
capabilities of these companies. Table 1 shows that 69.23
% of the contracting companies were established before
1989 AD, and 30.76 % were established after 1989 AD. This
indicates that most of the companies are established, with
more than 24 years of experience.

Table 1. Characteristics of Contracting Companies

Variable Category Frequency Percentage (%)
Year of Establishment Before 2045 B.5. .23
2045 B.S. and After 2045 B.S. 4 30.76
Building 13 100
Field of Specialization Building + Road 12 923
Building + Road + Water Supply/Sanitation 4 30.76
Less than 10 0 0
10-30 0 0
Volume of Construction Works (Rs. Million) | 31 —50 0 0
51-100 3 23.07
>100 10 76.92
Less than 30 8 61.53
31-50 2 15.38
Annual Net Worth (Rs. Million) 51-75 2 15.38
76 — 100 0 0
>100 1 7.69
Ph.D. 0 0
Masters 62 6.09
Qualification of Employees Bachelor 165 16.22
Certificate 273 26.84
SLC and Less 505 49.65

The characteristics of contracting companies provide
valuable insights into the structure and dynamics of the
construction industry. In terms of the year of establishment,
the majority of contracting companies (69.23%) were
established before 1989 AD, while only 30.76% were
founded in or after 1989 AD. This dynamic indicates

that most companies in the sector possess long-standing
experience, which could imply stability and expertise in the
industry. However, the presence of newer firms suggests that
the industry is evolving and attracting new entrants, possibly
driven by growing infrastructure demands and business
opportunities.
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Regarding the field of specialization, all the surveyed
contracting companies (100%) are involved in building
Additionally, a proportion
(92.30%) of firms also undertake road construction,
reflecting the need for well-developed transportation
infrastructure. However, only 30.76% of companies have
expanded their services to include water supply and
sanitation projects, suggesting a relatively lower focus
on public utility infrastructure. This specialization trend

construction. significant

highlights a strong inclination toward building and road
construction, with fewer companies diversifying into
essential water and sanitation projects.

The volume of construction works in terms of financial
capacity reveals that no companies operate on projects
valued below Rs. 50 million. About 23.07% of firms handle
projects ranging from Rs. 51-100 million, indicating a
moderate level of construction activity. However, the
majority (76.92%) are engaged in projects exceeding Rs.
100 million, signifying the dominance of large-scale firms
capable of handling high-value infrastructure projects. The
annual net worth distribution of contracting companies
indicates that a significant proportion (61.53%) of firms
have a net worth of less than Rs. 30 million, suggesting
that most companies operate at a moderate financial level.
Around 15.38% of firms fall within the Rs. 31-50 million
and Rs. 51-75 million categories, showing a moderate
distribution of financially stronger firms. However, only
7.69% of firms have a net worth exceeding Rs. 100 million.

In terms of employee qualifications, the distribution
of educational backgrounds indicates a diverse workforce.
There are no employees with Ph.D. qualifications, while
only 6.09% hold a master’s degree. A slightly higher
percentage (16.22%) has a bachelor’s degree, reflecting a
moderate level of higher education among professionals
in the industry. The majority of employees (26.84%) hold
certificate-level qualifications, while the largest proportion
(49.65%) has only an SLC or lower education level. This
proportion suggests that the construction industry heavily
relies on semi-skilled and unskilled labor, with a relatively
smaller percentage of highly qualified professionals.
Overall, the data highlights that the construction industry is
largely composed of experienced firms with a strong focus
on building and road projects. The workforce is primarily
composed of semi-skilled labor, with limited representation
from higher academic qualifications.

3.2 Waste Minimization and Control System

The survey was conducted to reveal the current practice
of contracting companies for waste minimization and
control systems. The store unit, project unit, purchasing
unit, and tracking unit were examined during the survey.
Table 2 shows that only 15.38% of respondents prepare
waste minimization plan prior to the commencement of
the project. This indicates that most contracting companies
do not prepare a waste minimization plan prior to the
commencement of the project.
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The results demonstrate that 76.92% keep up-to-date
stock details of materials. Regarding receiving consumed
and balance quantities, 69.23% maintain an up-to- date
activity-wise record of material consumed versus norms
consumption. 76.92% keep proper record of scrap detail
with quantity, price, and amount, but only 30.76% calculate
material waste quantity.This result indicates that the
contracting companies are not well-informed about the
actual quantity and amount of waste they are generating
from their construction projects.

Table 2 shows that most contracting companies (84.61%)
prepare the required material file needed for the project.
76.92% maintain an up-to-date record of material, labor,
and equipment to know profit or loss at any stage of the
project. However, only 38.46% of the records show activity-
wise material requirements and material consumption. This
result indicates that the amounts demanded by the site are
not thoroughly checked to determine whether the demands
are justified or not. The figure shows that most contracting
companies
consumption data. 46.15% cross-check for quantity error

do not maintain activity-wise material
in Running Bills with actual cost of construction, i.e., the
contracting companies generally compare the quantity
of running bills with the consumed quantity of material,
labour/subcontractor, equipment, and overhead. In general,
contracting companies compare the quantity of Running
Bills with the consumed quantities of material, labour/
subcontractors, equipment, and overhead at the project site.
Contracting companies (100%) cross-check the quantities
demanded by the project site before issuing P.O. Only
61.53% maintain a systematic procedure for vendor rating.
Other observations: 76.92% of contracting companies tally
materials with the specifications and quantities mentioned
in the P.O. and invoice before receiving the materials.

Table 3 represents the major problems with the current
waste minimization and control system. The results
show that the respondents (92.30%) agree that the lack
of user-friendly software is the major problem for waste
minimization and control. Most contracting companies
(76.92%) believe the current situation of waste is due to
the following simple traditional manual management. On
the other hand, results show that 69.23% of contracting
companies believe that the lack of a waste minimization
system is another major problem. 53.84% of contracting
companies partially agree with the lack of attention and
non-realization of contractors towards waste minimization.
38.46% of respondents intermediately agree, which reveals
that a significant number of respondents agree, suggesting
that the shortage of Qualified Personnel is not a significant
problem for waste minimization and control. The above
results show that most contracting companies feel the need
for computer software and a system for waste minimization
and control.
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Table 2. Current Practice of Waste Minimization and Control Systems

Contractors Response ( Yes)

Description
Frequency Percentage (%)

A Prepare a waste minimization plan prior to the commencement of the project 2 15.38
B Store Unit
1 Keep up-to-date stock details of materials regarding receiving, consumed & balance quantities 10 76.92
2 Calculation of material waste quantity, amount, and its percentage 30.76
3 Up-to-date activity-wise record of material consumed vs. normative consumption 69.23
4 Keep a proper record of scrap detail with quantity, price, and amount 10 76.92
C Project Unit
1 Prepare the required material file needed for the project 11 84.61
2 Record activity-wise material requirements and material consumption 5 38.46
3 Up-.to-date record of material, labor, and equipment to know profit or loss at any stage of the 10 76.92

project
4 Cross-check for quantity error in Running Bills with the actual cost of construction 6 46.15
D Purchasing Unit
1 Cross-checks for the quantities demanded by the project site before issuing P.O. 13 100

Maintain a systematic procedure for Vendor Rating 8 61.53
E Tracking Unit
1 Tall)_f r_naterials with specifications and quantity mentioned in the P.O. and invoice before 10 76.92

receiving the materials

Table 3. Problems with the Current Waste Minimization and Control System

Problem Agree % Intermediately Agree % Disagree %
1 Li'ttlie qtteqtion and non-realization of contractors towards waste 15.38 5384 3076
minimization
2 Lack of a waste minimization system 69.23 30.76
3 Simplicity in traditional manual management 76.92 23.07
4 Lack of user friendly software for waste minimization and control 92.30 7.69
5 Shortage of Qualified Personnel 38.46 38.46 23.07

Table 4 presents the factors regarding the views, opinions,
and realization of contractors on having a system for waste
minimization and control. The results show that the majority
of contracting companies believe that most of the factors listed
in Table 4 help in waste minimization on construction sites.
They believe that the systems that have the biggest impact on
waste minimization are waste reduction (100%), eliminating
duplication of material orders and addressing material issues
(100%), and resolving problems related to late delivery and
the required quantity needed for the project (100%).

On the other hand, the factor which they believe that the
system helps is, to know exact quantities of materials required
( 84.61%), maintain up-to-date stock detail (92.30%), the
total profit or loss of the project ( 84.61%), helps in preparing
accurate bill of quantities ( 92.30%), increase awareness
among contractors to decrease waste (92.30%), and reduce
final cost of the project (84.61%). 61.53% of contracting
companies believe the system helps in maintaining better
relations with suppliers, and 76.92% view the system as
helping in pricing bids.

Table 4. Importance of Waste Minimization and Control Systems

S Importance Agree (%) Intermediately Agree (%) Disagree (%)
1 To know the exact quantities of materials required 84.61 15.38
2 Maintain up-to-date stock details 92.30 7.69
3 Waste reduction 100.00
4 Reduce duplication of material orders and material issues 100.00
5 To know the total profit or loss of the project 84.61 15.38
6 Better relations with suppliers 61.53 23.07 15.38
7 Reduce problems.related to late delivery and the required quantity 100.00

needed to the project
8 Helps in preparing an accurate bill of quantities 92.30 7.69
9 Helps in pricing Bids 76.92 23.07
10 Increase awareness among contractors to decrease waste 92.30 7.69
11 Increases contractor’s profit 69.23 30.76
12 Reduce the final cost of the project 84.61 15.38
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As presented in Table 5, it highlights significant variations
in waste percentages across different materials. Among all
materials, formwork exhibited the highest waste rate, with an
average of 22.69%, followed by sand (18.23%), and aggregate
(15.77%). These high percentages suggest that temporary
or bulk materials, which are prone to damage, loss, or
inefficiencies in handling and usage, contribute significantly
to construction waste. In contrast, steel (10.12%), cement
(5.12%), and bricks (9.92%) displayed relatively lower waste
percentages, indicating better control over these materials or
their inherent durability.

A notable observation is the wide variation in reported
waste percentages for all materials. It indicates inconsistencies
in data collection and estimation across different projects.
For instance, formwork waste ranged from 15% to 30%,
while sand waste varied between 10% and 25%, and bricks
between 1% and 20%. This broad range of responses suggests
a lack of precise waste tracking mechanisms, potentially
due to the absence of a standardized database or systematic
documentation of material losses from past projects. The
discrepancies in reported values could also be attributed
to differences in project management practices, material
handling efficiency, and on-site monitoring methods.

The findings underscore the importance of enhanced
record-keeping and regular feedback mechanisms to accurately
quantify and minimize material waste. Implementing data-
driven waste management strategies and promoting awareness
among construction professionals about material wastage
can significantly reduce project inefficiencies and enhance
sustainability in the construction sector.

Table 5. Material Waste and Variations in Construction Projects

SN Maril (e Variion Srper i st
1 Steel 10.12 45-15
2 Cement 5.12 0.5-10
3 Sand 18.23 25-Oct
4 Aggregate | 15.77 20-Oct
5 Bricks 9.92 20-Jan
6 Formwork | 22.69 15-30

3.3 Need of Computer Application for Waste Minimization and
Control

The computerized systems for waste minimization and
control in construction companies reveal a strong inclination
towards digital solutions but also highlight areas that
require improvement. As indicated in Table 6, all surveyed
companies (100%) reported following a computerized system
for waste minimization and control. This advancement
reflects a universal acknowledgment of the importance of
technology in efficiently managing construction waste. The
use of digital tools facilitates tracking materials, optimizes
resource utilization, and reduces unnecessary losses.

Table 6. Computerized System followed by the Company

Contractors’ Responses ( No)

Description

Frequency Percentage (%)

Computerized system
1 followed for waste 13 100
minimization and control
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Furthermore, Table 7 highlights the overwhelming
necessity of computer software for waste minimization and
control. All respondents (100%) agreed that a computerized
system, an up-to-date database of materials, labor,
equipment, and suppliers, as well as a dedicated database
for waste quantity, cost, and percentage, are essential for
effective waste management. A well-structured database
can help contractors predict material requirements more
accurately, minimize over-ordering, and improve project
sustainability.

Table 7. Necessity of Computer Software for Waste Minimization
and Control

Sometimes

i Unnecessary
Necessary

(%)

Description

1 Computerized System | 100

Up-to-date database
of material, labour,

2 . 100
equipment and
supplier
Database regarding

3 waste quantity, 100

amount and its
percentage

However, despite the reliance on computerized systems,
Table 8, suggests that there is a gap in software proficiency
among contractors. While 92.3% of respondents were
proficient in using Excel, which is commonly used for data
analysis and project tracking, no responses were recorded for
Word and Access, which could indicate a lack of familiarity
orrelevance in waste management applications. Additionally,
only 7.69% of contractors reported using other software,
suggesting that specialized construction management tools
such as AutoCAD, MS Project, or BIM software may not be
widely adopted for waste control purposes.

Table 8. Efficiency of Respondents in Using Popular Computer
Software

Contractor’s Responses ( Yes)

Description
Frequency Percentage (%)
1 Excel 12 92.30
2 Word
3 Access
4 Other 1 7.69

This disparity between the acknowledgment of the
need for computerized waste management systems and
actual software proficiency indicates that training and
capacity building are necessary. Contractors need to
be equipped with advanced digital tools that go beyond
Excel, including integrated database management systems,
construction planning software, and waste tracking
applications. Encouraging the use of industry-standard
software and ensuring adequate training will significantly
enhance the effectiveness of digital waste management
strategies, leading to greater efficiency, cost savings, and
environmental sustainability in the construction sector. The
fieldwork research was conducted for three construction
projects in Kathmandu, executed by United Builders &

Engineers Pvt. Ltd., under a centralized control system. As
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shown in Table 9, the surveyed projects included the Sanima
Bikas Bank Building at Naxal (NRs. 166.4 million), the
Nepal Telecom Building at Sundhara (NRs. 174.4 million),
and the Kathmandu District Court Building at Babarmahal
(NRs. 289.1 million). These projects represent significant
investments, emphasizing the need for efficient material
management and waste control to minimize financial losses
and enhance operational efficiency.

Table 9. Surveyed Projects

Name of Project

Project Cost (NRs.)

1 Sanima Bikas Bank Building at

Naxal 166.4 Million
2 Nepal Telecom Building at 174.4 Million

Sundhara

3 Kathmandu District Court

Building at Babarmahal 289.1 Million

A review of project records, including the stock Bbook,
running bill, and bill of quantities, revealed that the current
material management system is primarily manual, with
Excel software used solely for recording purposes. However,
data on material quantities, costs, and waste percentages
are not systematically maintained, indicating inefficiencies
in tracking and controlling material usage. The flowchart
in Figure 2 illustrates the steps followed for material
management, highlighting a lack of integration between
different units and the absence of structured data analysis.
This manual approach limits the ability to track material
waste, optimize resource allocation, and effectively evaluate
financial impacts.

The shortcomings in the existing system, categorized
in Table 10, were analyzed across four key functional units:
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engineering, purchasing, tracking, and store units. The
engineering unit lacks an activity-wise material tracking
system, as it only prepares total quantity sheets rather than
detailed breakdowns for each activity. This practice hinders
the accurate monitoring of material consumption, making it
challenging to determine whether usage aligns with standard
norms. Furthermore, there is no systematic comparison of
actual material consumption with expected norms, making it
challenging to identify inefficiencies. Additionally, running
bill quantities and amounts are not cross-checked against
actual materials, labor, and equipment consumed, increasing
the likelihood of errors and financial discrepancies.

In the purchasing unit, material procurement is based on
material requisition slips from project sites; however, there is
no verification process to ensure that the requested quantities
are justified. This lack of oversight increases the risk of
over-ordering and unnecessary expenditures. Additionally,
there is no systematic vendor rating process, which can lead
to potential inconsistencies in material quality and pricing.
Purchase orders (P.O.s) are not properly issued to project
sites, creating gaps in communication and material tracking.
Moreover, the purchasing unit is not well-informed about the
availability of tools and equipment on-site, which can result
in unnecessary purchases and financial inefficiencies.

The tracking unit also exhibits significant deficiencies,
as it does not verify whether the materials received on-site
match the Purchase Orders or whether they meet the required
specifications. This lack of verification increases the risk of
accepting incorrect or substandard materials, which can lead
to project delays, quality issues, and financial losses.

Table 10. Shortcomings of the Current System

S.N. Shortcomings of Each Unit

Engineering Unit

i The activity-wise material required sheet is not prepared. Only the total quantity of materials required for the sheet is prepared

consumed is more than norms)

Don’t maintain an up-to-date activity-wise record of material consumed vs. normative consumption ( to see whether material

Cross-checks are not made for the running bill quantity and amount with actual quantities of material, labor, and equipment
consumed, and there are chances of error in running bill quantities

2 Purchasing Unit

whether the quantities demanded are justified

Issue a Purchase Order based on the material requisition slip from the project site. Cross-checks are not made to determine

ii No systematic procedure for vendor rating
iii P.O.s are not issued to the project site
iv Not well informed about the tools/equipment available at the project site

3 Tracking Unit

i Don’t tally quantity received in site with P.O. and are not well informed of the specifications mentioned in P.O.

4 Store Unit

i Manual stock detail

il Issue materials to the project without a material Requisition slip

iii Do not maintain the material consumed sheet

iv Don’t keep record of waste quantity, waste percentage, and proper scrap detail.

v Do not tally consumption norms before issuing materials.

vi Rates are not entered in the stock book. Actual amount figures for the received quantity and consumed quantity are not known

vii Excel Software is used for recording data

viii | Don’t know about total profit and loss on materials, even after the end of the project
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The store unit relies on manual stock-keeping methods,
which are highly inefficient for tracking material movement
and consumption. Materials are issued to projects without
formal material requisition slips, resulting in difficulties with
inventory control. Additionally, the store does not maintain
records of material consumption, waste quantities, waste
percentages, or proper scrap details. There is no process in
place to compare material usage against standard norms before
issuing materials, leading to potential overuse and waste.
Furthermore, material rates are not recorded in stock books,
and the actual costs of received and consumed materials are not
documented, making it impossible to assess profit and loss on
materials even after project completion.

Furthermore, automated inventory management systems
should be introduced to replace manual stock-keeping methods.
Materials should only be issued against formal requisitions,
and detailed records should be maintained for material
consumption, waste percentages, and scrap management.
The use of cost-tracking software would enable companies
to accurately record material rates, financial transactions,
and post-project profit-loss assessments, allowing for more
transparent and data-driven decision-making.

5. Conclusion and Recommendations

The study concludes that the current waste minimization
practices in Nepalese construction companies are manual-
based mainly, with no structured or systematic approach to
tracking and controlling material waste. Most contracting
companies do not prepare a waste minimization plan before
starting a project, nor do they maintain records of the actual
quantity and financial impact of material waste. While some
companies maintain general records of materials, labor,
and equipment, they lack activity-wise tracking of material
consumption, making it difficult to evaluate efficiency and
identify sources of waste.

A key finding is the lack of user-friendly software for
waste minimization and control. Contractors acknowledge
that traditional manual management methods exacerbate
material waste, duplication of material orders, delayed
material deliveries, and inaccurate quantity estimations.
The study reveals that formwork (22.69%), sand (18.23%),
and aggregate (15.77%) contribute the highest percentage of
waste, while reinforcing steel (10.12%), cement (5.12%), and
bricks (9.92%) also show significant waste rates. The large
variation in responses about waste rates indicates a lack of
accurate knowledge due to the absence of a regularly updated
database or systematic record-keeping.

Moreover, contractors do not utilize computerized
systems for waste minimization and control, despite
recognizing the need for such systems. As per the study, all
contractors agree on the necessity of a construction waste
minimization software to maintain databases of materials,
labor, equipment, suppliers, and waste quantities. Currently,
MS-Excel is the preferred software among contractors, as
it is easy to use for maintaining databases and performing
material reconciliations.

To improve material waste management in Nepalese
construction, contractors should implement a user-friendly
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computerized waste minimization system to effectively track
material usage, waste, and costs. Additionally, it is essential
to prepare detailed waste minimization plans, maintain up-
to-date databases of materials, and train staff on proper
material management practices to reduce inefficiencies and
ensure accurate waste tracking.
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Abstract

Greenhouse gas (GHG) emissions continue to rise in West Africa, posing a significant challenge to regional sustainability
and global climate goals. This study employed the Holt-linear exponential smoothing model to forecast GHG emissions in
West Africa under a business-as-usual scenario through 2099. Using historical data from 1970 to 2021 sourced from the
EDGARvV7.0 database, the research analyzes trajectories of CO2, CHa, and N2O emissions. Results reveal model evaluation
demonstrated robust prediction, with R? exceeding 0.90 for all three GHGs. Projections indicate that CO2 emissions will rise,
with Senegal expected to have the highest increase (808%) by 2099, while Ghana is projected to demonstrate a 16% reduction.
Nigeria’s share of regional emissions is projected to decline from 70.1% to 62.4%. CH4 emissions exhibit contrasting trends,
with Nigeria experiencing a 215% decline by 2099, while Gambia and Liberia have sharp increases of 467% and 320%,
respectively. Generally, regional CH4 emissions are projected to decrease. Conversely, N2O emissions are predicted to grow
with total regional emissions increasing from 295.2 Kt to 762.6 Kt, led by Sierra Leone’s 461% rise. These findings provide
critical insights for policymakers to develop targeted climate change strategies, align national development plans with

international commitments, and foster regional cooperation to address the anticipated growth in GHG emissions.
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1. Introduction

Greenhouse gases (GHGs), including carbon dioxide
(CO2), methane (CH4), and nitrous oxide (N-0), are primary
contributors to global warming and climate change. The
increasing concentration of these gases in the atmosphere,
largely attributed to anthropogenic activities such as fossil
fuel combustion, deforestation, and agricultural practices,
presents significant environmental and socio-economic
challenges globally (Mazahreh and Abu-Allaban 2023;
Tudor and Sova, 2021). In West Africa, the rapid pace of
urbanization and industrialization, coupled with limited
mitigation measures, has accelerated GHG emissions
under a business-as-usual (BAU) scenario (Adeoye and
Spataru, 2019). The region’s vulnerability to climate change,
manifesting in erratic rainfall patterns, prolonged droughts,
and rising temperatures, exacerbates critical issues such
as food insecurity and water scarcity (Larbi et al., 2021).
Despite commitments to international frameworks like
the Paris Agreement, the lack of robust forecasting models
impedes effective climate action and policy implementation
in the region (Rahman et al., 2023). Achieving nationally
determined contributions (NDCs) requires precise, localized
data on emissions trends to inform evidence-based decision-
making (Ntiamoah et al., 2024).

This study addresses the urgent need for accurate
emissions forecasting in West Africa by employing the
Emissions Database for Global Atmospheric Research
(EDGAR) as the primary data source. The EDGAR database

offers high-resolution global emission inventories, providing
comprehensive datasets for analyzing trends and developing
predictive models (EDGAR, 2023). The Holt-Winters
exponential smoothing method, a time-series forecasting
model, is utilized due to its demonstrated ability to capture
seasonality and long-term trends in environmental and
energy datasets (Ahmar et al., 2023; Yousefi et al., 2023).
While such models have been extensively applied in regions
like Europe and Asia, their application in West Africa
remains limited (Ameyaw and Yao, 2018).

The importance of emissions forecasting extends beyond
environmental management to encompass broader climate
policy planning, particularly in rapidly developing regions
like West Africa. Globally, models such as Holt-Winters have
proven effective in forecasting GHG emissions and energy
trends. Tudor and Sova (2021) highlighted its adaptability to
seasonal variations and non-stationary trends, while Zhou
et al. (2022) introduced an optimized fractional grey Holt-
Winters model, improving prediction accuracy for energy-
related datasets. Comparative analyses, such as those by Awe
et al. (2023), demonstrate that while the Holt-Winters model
performs well in many contexts, alternative approaches,
including hybrid models and deep learning techniques, can
surpass its accuracy for highly complex datasets. In Africa,
Viljoen (2022) emphasized the need for region-specific
models, including Holt-Winters, to predict emissions from
industrial facilities in South Africa. In West Africa, Imhanze
and Awe (2023) demonstrated the applicability of the Holt-

* Corresponding author e-mail: salihu.chado@aaau.edu.ng
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Winters multiplicative model in urban air quality analysis,
highlighting its potential for environmental datasets.

Despite these advancements, emissions forecasting in
West Africa faces significant gaps. Many studies underscore
the necessity of localized data and nuanced adjustments
to account for the region’s unique socio-economic and
environmental contexts (Othoche et al., 2021). Incorporating
datasets from comprehensive repositories, such as EDGAR,
could enhance the reliability and policy relevance of
forecasting efforts. Therefore, this study aims to forecast
GHG emissions in West African countries under a BAU
scenario using the Holt-Winters model. Specific objectives
include analyzing historical GHG emission trends in West
African countries, applying the Holt-Winters model to
project future emissions, and evaluating the implications of
the forecasts for climate policy and sustainable development
in the region. By utilizing data exclusively from the EDGAR
database, this study bridges critical knowledge gaps in
GHG emissions forecasting for West Africa. The findings
will provide actionable insights to guide investments in
renewable energy, afforestation, and sustainable agricultural
practices, which are the main drivers of GHG emissions
(Hamdan et al., 2023).

2. Materials and Methods
2.1 Study Area Description

This study focuses on West Africa, a sub-region
encompassing 16 countries: Benin, Burkina Faso, Cape
Verde, Cote d’Ivoire, The Gambia, Ghana, Guinea, Guinea-
Bissau, Liberia, Mali, Mauritania, Niger, Nigeria, Senegal,
Sierra Leone, and Togo. This region exhibits diverse
geographical features, ranging from coastal areas to the
Sahelian zone, resulting in varied ecological conditions and
socio-economic contexts (AfDB, 2022). The economies of
these countries are predominantly reliant on agriculture,
natural resource extraction, and the development of industrial
sectors. This economic diversity, coupled with varying levels
of growth and national priorities, contributes to a complex
emissions landscape (UNEP, 2021).

2.2 Data and Model Specification

The study analyzed greenhouse gas (GHG) emissions
data from 16 West African countries, focusing the period
from 1970 to 2021, with a focus on annual CO,, CH,, and
N,O emissions measured in kilotons (Kt). The Emissions
Database for Global Atmospheric Research Seventh Version
(EDGARV7.0) repository served as the source of the data.
According to Crippa et al. (2022), the database provides
emission data as national totals using global statistics and
a consistent Intergovernmental Panel on Climate Change
(IPCC) methodology. This dataset is widely used for
emissions analysis and provides a consistent framework for
comparison across countries (e.g., Glineralp et al., 2020).

The Holt-Winters linear exponential smoothing model
was employed to forecast GHG emissions through 2099.
This model was selected for its ability to capture both trend
and seasonal patterns in time series data. This is computed
mathematically as;

Level L =aY +(1-a) (L, ,+T ) M
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Trend: T=p(L-L )+(1-P)T, | @
Forecast: F, =L +kT, )
Where:

L, =level at time t

T, = trend at time t

Y, = observed value at time t

F,, = forecast at time t+k

o = smoothing parameter for the level (0 <a < 1)
B = smoothing parameter for the trend (0 < < 1)
k = number of periods into the future.

2.3 Forecasting and Analysis
The forecasts assume a business-as-usual (BAU)

scenario, maintaining historical  patterns  without
incorporating potential policy changes or technological
disruptions. This approach provides a baseline projection
against which the impact of future interventions can be
assessed (IPCC, 2014). XLSTAT 2022.3.1 version was
used for all statistical analyses (Addinsoft, 2022). Model
optimization and validation for each country and GHG type

were conducted as follows:

1. Model parameters (o,f) were optimized to

minimize forecast error

2. Data was split into training (1970-2015) and
validation (2016-2021) sets. This is consistent
with established procedure for model validation in
literature (Hussain et al., 2025).

3. Model performance was evaluated using multiple
metrics:

i Root Mean Squared Deviation (RMSD) or Root
Mean Squared Error (RMSE)

RMSD = o/ Zim (7 = 80" (;", =) “
Where:

e RMSD = root-mean-square deviation

° i = variable i

e N = number of non-missing data points,
e X = actual values,

o X ; = forecast values.

ii. Mean Absolute Error (MAE)

MAE — Yt 1Y — il ()
n

Where:

° MAE = mean absolute error

e vy, = prediction,

° X, =true value,

e n = number of data points

iii. Mean Absolute Percentage Error (MAPE)

18 At _ F‘l
i ; A, ) ©

Where:

° M = mean absolute percentage error

° n = the number of fitted points,

° A, = the actual value,

° F, = the forecast value.
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iv. R-squared (R?)
_ Zii—9)?

RzZ=1 £ 7
Lii=y)?
Where:
e R’ =rsquared
° y, =they value for observation i,

° y = the mean of y value,
e ¥, = the predicted value of y for observation i.

The optimized models were used to generate forecasts
from 2022 to 2099. Thus, the analysis included the evaluation
of temporal trends and patterns, calculation of percentage
changes in emissions (baseline vs. forecast periods), and
assessment of regional emission shares by each West African
country from 2022 to 2099.

3. Results and Discussion
3.1 CO, Emissions in West Afiican Countries

3.1.1 Evaluation of * "Model’s Performance for Forecasting CO,
Emissions

Model performance evaluation for CO, forecasting
(Table 1) demonstrates strong predictive performance across
West African countries, with R? values ranging from 0.83
to 0.99, while showing relatively lower but still acceptable
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performance for Guinea (R?> = 0.83). The MAPE values,
range from 2.24% (Sierra Leone) to 8.87% (Cape Verde),
suggesting reliable forecasting capabilities across different
scales of emissions. The RMSE values vary significantly,
with Nigeria showing the highest RMSE (10,639.75) due to
its substantially larger emission volumes. Smaller countries,
such as Gambia and Cape Verde, exhibit lower RMSE values
(43.46 and 60.26, respectively), reflecting their smaller
emission scales. The MAE values follow a similar pattern,
with Nigeria having the highest (7,857.04) and Gambia
the lowest (24.79), indicating that prediction errors scale
proportionally with emission volumes.

Moreover, the optimization parameters (o and §) show
considerable variation across countries, suggesting different
underlying patterns in historical emissions data. The o
values range from 0 to 1.84, while B3 values range from 0.01
to 248.8, reflecting diverse trend and seasonality patterns.
These variations indicate that the model successfully adapts
to country-specific emission characteristics, contributing to
its overall strong predictive performance despite regional
heterogeneity.

Table 1. Goodness of fit statistics for forecasting CO, emissions

Matrices Besta Best f8 RMSE MAE MAPE R?
Country

Benin .22 0.08 448.31 234.96 2.96 0.96
Burkina Faso 1.25 0.03 1091.17 588.26 4.60 0.89
Cape Verde 1.20 0.08 60.26 33.68 8.87 0.95
Cote d'Ivoire 0.75 0.19 962.12 573.23 3.51 0.97
Gambia 1.17 0.11 43.46 24.79 2.88 0.98
Ghana 1.84 0.01 834.38 575.65 3.11 0.96
Guinea 0.00 24838 1454.90 1067.42 8.01 0.83
Guinea-Bissau ~ 1.16  0.11 73.96 52.69 2.37 0.99
Liberia 0.69 1.59 347.94 261.89 5.69 0.97
Mali 0.73 1.03 205.05 161.43 2.60 0.99
Mauritania 1.03 0.02 441.96 191.67 6.19 0.89
Niger 1.04 0.02 721.92 366.05 4.92 0.89
Nigeria 0.64 0.13 10639.75 7857.04 2.75 0.98
Senegal 0.77 0.83 385.30 235.90 3.19 0.97
Sierra Leone 0.93 0.08 216.42 163.19 2.24 0.95
Togo 1.12 0.13 308.64 180.78 3.72 0.97

3.1.2 Historical and Forecasted CO, Emissions Trend in West
African Countries

Figure 1 shows the historical and forecasted CO,
emissions trend in West African countries from 1970
to 2099. It reveals dramatic increases across most West
African nations. The trend of CO, emissions in West African
countries, over the period from 1970 to 2099, reveal a
significant and consistent increase across all nations. The
data indicate that emissions have grown exponentially,
driven by population growth, industrialization, and energy
consumption. For instance, Nigeria, as the region’s largest
economy, shows an increase from 161,348 ktons in 1970 to
over 1,142,488 ktons by 2099, marking it as the largest emitter
in the region. This sharp rise is attributed to its industrial
activities and high population density. Similarly, countries
such as Ghana, Cote d’Ivoire, and Senegal have demonstrated

substantial growth, with emissions increasing by over 10
times during the same period. This pattern mirrors regional
developmental shifts and increasing reliance on fossil fuels
for energy generation. Countries with smaller populations or
lower industrial activity, such as Cape Verde and Guinea-
Bissau, exhibit slower growth in emissions compared to the
larger economies. For example, Cape Verde’s CO, emissions
increased modestly from 277 ktons in 1970 to 4,127 ktons
by 2099.

However, the proportional growth is still significant,
indicating that even smaller nations are not immune to the
impacts of modernization and energy demands. This growth
underscores the widespread nature of the emissions problem
across West Africa, as even nations with historically low
emissions are contributing more significantly over time.
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The future projections emphasize the urgency of sustainable
energy policies in the region. By 2099, CO, emissions in
countries, like Senegal and Burkina Faso, are predicted to
rise to 178,083 and 43,309 ktons, respectively, reflecting
their growing economies and energy needs. This trajectory
suggests that without intervention, West Africa could face

severe environmental challenges tied to global climate
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change. According to Ouédraogo et al. (2022), innovative
energy solutions tailored to ‘ ‘Africa’s unique conditions are
imperative for achieving sustainable growth and mitigating
CO2 emissions across the region. Further exploration of these
interventions will be crucial for striking a balance between
economic development and environmental stewardship.
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Figure 1. Historical and forecasted CO, emissions trend in West African countries
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3.1.3 Percentage Change of CO, Emissions by Countries in West
Africa

Table 2 presents the percentage change in CO2
emissions in West Africa from 1970 to 2099, revealing
stark increases across most nations. Countries like Liberia
(435%), Mauritania (532%), and Senegal (382%) experienced
the steepest rises from 1970 to 2021, highlighting the rapid
urbanization and industrialization driving these emissions.
This aligns with the findings of Guo et al. (2024), who
underscore the governance challenges contributing to
emissions in the region. Such trends stress the need for
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targeted policy responses to mitigate emissions growth.
Looking ahead, Senegal’s emissions are forecasted to
rise significantly, reaching an 808% increase by 2099,
potentially due to economic expansion and changes in energy
consumption patterns. Conversely, Ghana shows a projected
decrease (-16% by 2099), suggesting early adoption of
renewable energy or effective emissions controls (Kwakwa
et al., 2019). This divergence highlights the importance of
tailored approaches to emissions management in addressing
distinct national circumstances (Ameyaw et al., 2020).

Table 2. Percentage change of CO, emissions by countries in West Africa (Unit: Kt)

Year 1970 2021 2021 2029 2039 2049 2059 2069 2079 2089 2099
Country 1970 2021 2021 2021 2021 2021 2021 2021 2021
Benin 4318.7 19019 340% 3% 22% 40% 58% 76% 94% 112%  130%
Burkina Faso 8158.1 29548 262% -14% -5% 3% 12% 21% 29% 38% 47%
Cape Verde 2772 1204 334% 41% 70% 98% 127% 156% 185% 214% 243%
Cote d'Ivoire 7713.2 36799 377% -4% 11% 25% 39% 53% 68% 82% 96%
Gambia 426.8 1891  343% 37% 64% 91% 117% 144% 171% 197% 224%
Ghana 10316 40606 294% -37% -34% -31% -28% -25% -22% -19% -16%
Guinea 9982.4 25484 155% 17% 36% 55% 74% 93% 112%  130% 149%
Guinea-Bissau  1069.1 4917  360% 8% 23% 39% 54% 69% 85% 100% 115%
Liberia 3033.7 16229 435% 8% 33% 58% 82% 107% 132% 156% 181%
Mali 3623.6 18789 419% 58% 108% 158% 208% 257% 307% 357% 406%
Mauritania 1280.1 8085  532% -29% -23% -18% -12% -7% -1% 4% 10%
Niger 3552.9 16459 363% -28% -23% -18% -13% -8% -3% 2% 7%
Nigeria 161348 611144 279% 0% 13% 25% 38% 50% 62% 75% 87%
Senegal 4073.1 19614 382% 154% 248% 341% 434% 528% 621% 715% 808%
Sierra Leone 6454 11356 76% 3% 13% 24% 34% 44% 55% 65% 76%
Togo 2227 10233 360% 67% 106% 145% 184% 223% 262% 301% 340%

¢ ‘In addition, smaller nations such as Cape Verde and
the Gambia display strong upward trends in emissions
through 2099 (243% and 224%, respectively), despite
their smaller economic footprints. This trend reflects the
ongoing dependency on fossil fuels as these nations scale
their infrastructure and industries (Musah et al., 2021).
Meanwhile, Burkina Faso and Guinea show more moderate
increases, suggesting potential early investments in greener
technologies or slower industrial development. © ‘Nigeria’s
emissions, the highest in the region, are predicted to
show more modest changes compared to those of smaller
economies. With a significant share of the ° ‘region’s
emissions (611,144 kt in 2021), this stabilization could
indicate adherence to international climate commitments or
the deployment of cleaner technologies (Aalbers et al., 2024).

However, balancing economic growth with emission
reduction remains a persistent challenge. Therefore, the
projected disparities in emissions growth across West African
countries underscore the need for country-specific climate
strategies. Rapid-growth nations like Senegal and Mali
require aggressive mitigation policies, while those showing
stabilization or reductions, such as Ghana and Mauritania,

can serve as case studies for sustainable development (Kedir
et al., 2023). Addressing these trends will be crucial for the
region to effectively contribute to global climate goals.

3.1.4 Regional Percentage Share of CO, Emissions by West
African Countries
Table 3 highlights the percentage contributions of West

African countries to regional CO: emissions from 1970 to
2099, showing significant shifts in shares over time. Nigeria,
which accounted for 70.8% of the region’s emissions in 1970,
continues to dominate with a projected 62.4% share by 2099.
This percentage reflects its large population, industrial
base, and energy use patterns. However, this declining trend
indicates some progress in mitigating its carbon footprint,
potentially due to policy interventions or shifts toward
renewable energy (Ifelunini et al., 2023). In contrast, smaller
nations like Senegal and Mali are projected to see a rising
share of emissions. Senegal, for instance, is expected to
contribute 9.7% by 2099, a sharp increase from 2.3% in 2021.
This growth can be attributed to urbanization and increased
energy consumption (Musah et al.,, 2021). Mali follows
a similar trajectory, with its share increasing from 2.2%
in 2021 to 5.2% in 2099, reflecting similar developmental
trends (Matthew et al., 2020). Countries, like Ghana and
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Niger, however, show declining contributions, with Ghana’s
share decreasing from 4.7% in 2021 to 1.9% by 2099. This
result suggests effective emission control strategies or
structural economic changes toward less carbon-intensive
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activities (Espoir and Sunge, 2021). Niger’s trajectory,
which decreased from 1.9% to 1.0%, may also reflect slower
industrial growth or the success of climate policies (Ameyaw
et al., 2020).

Table 3. Regional percentage share of CO2 emissions by countries in West Africa (Unit: Kt)

Year 1970 2021 2029 2039 2049 2059 2069 2079 2089 2099
West Africa 227854 871376 903047 1035569 1168092 1300614 1433136 1565658 1698180 1830703
Benin 1.9% 22% 22% 22% 2.3% 2.3% 2.3% 2.4% 2.4% 2.4%
Burkina Faso 3.6% 34% 28% 2.7% 2.6% 2.5% 2.5% 2.4% 2.4% 2.4%
Cape Verde 0.1% 0.1% 02% 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.2%
Cote d'Ivoire 34% 42% 39% 3.9% 3.9% 3.9% 3.9% 3.9% 3.9% 3.9%
Gambia 02% 02% 03% 0.3% 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%
Ghana 45% 47% 28% 2.6% 2.4% 2.3% 2.1% 2.0% 1.9% 1.9%
Guinea 44% 29% 33% 33% 3.4% 3.4% 3.4% 3.4% 3.5% 3.5%
Guinea-Bissau  0.5%  0.6%  0.6%  0.6% 0.6% 0.6% 0.6% 0.6% 0.6% 0.6%
Liberia 13% 19% 19% 2.1% 2.2% 2.3% 2.3% 2.4% 2.5% 2.5%
Mali 1.6% 22% 33% 3.8% 4.1% 4.4% 4.7% 4.9% 5.1% 5.2%
Mauritania 0.6% 0.9% 0.6% 0.6% 0.6% 0.5% 0.5% 0.5% 0.5% 0.5%
Niger 1.6% 19% 13% 12% 1.2% 1.1% 1.1% 1.0% 1.0% 1.0%
Nigeria 70.8% 70.1% 68.0% 66.6%  65.5% 64.6% 63.9% 633% 62.8% 62.4%
Senegal 1.8% 23% 55% 6.6% 7.4% 8.1% 8.6% 9.0% 9.4% 9.7%
Sierra Leone 28% 13% 13% 12% 1.2% 1.2% 1.1% 1.1% 1.1% 1.1%
Togo 1.0% 1.1% 19% 2.0% 2.1% 2.2% 2.3% 2.4% 2.4% 2.5%

> Furthermore, another notable trend is the stability of
emissions shares for smaller nations, like Guinea-Bissau and
Cape Verde, which consistently remain below 1% throughout
the period. This reflects their limited industrial bases and
smaller populations, though there is potential for growth if
their economies expand significantly (Abban et al., 2022).
Liberia also shows a modest rise in its share, indicative of
development but on a smaller scale compared to Senegal or
Mali (Musah et al., 2021). Generally, the finding underscores
the dynamic shifts in emissions contributions across West
Africa, driven by varying rates of economic growth,
policy interventions, and energy transitions. This regional
heterogeneity highlights the necessity for tailored climate
strategies to address the unique challenges and opportunities
in each country (Tiemoko et al., 2020).

3.2 CH Emissions in West African Countries

3.2.1 Evaluation of * ‘Model’s Performance for Forecasting CH,
Emissions

Table 4: The model evaluation for CH, emissions across
West African countries, with R? values ranging from 0.82
to 0.99. Most countries show an excellent model fit; Sierra
Leone shows slightly lower but still acceptable performance
(R? = 0.82 and 0.84, respectively). MAPE values range
from 1.69% (Benin) to 7.50% (Nigeria), indicating strong
prediction accuracy across different emission scales. RMSE
values vary significantly, with Nigeria showing the highest
(741.64) due to its larger emission volumes, while smaller
emitters, such as Cape Verde, show a minimal RMSE (0.25).
The MAE values follow similar patterns, with Nigeria

at 557.88 and Cape Verde at 0.16, indicating prediction
errors scale proportionally with emission volumes. This
result suggests that the model maintains consistent relative
accuracy regardless of country size.

However, the optimization parameters exhibit notable
variation, with o values ranging from 0.28 to 1.52 and
values from 0.02 to 1.79, reflecting diverse underlying
patterns in the historical emissions data. These variations
demonstrate the model’s adaptability to country-specific
emission characteristics while maintaining high predictive
accuracy. The consistently strong performance metrics across
countries validate the model’s reliability for forecasting CH4
emissions in the region.

3.2.2 Historical and Forecasted CH, Emissions Trend in West
African Countries
Historical and forecasted CH, emissions in West

African countries are shown (Figure 2). The trend from
1970 to 2099 demonstrates an overall increase in emissions.
However, notable fluctuations and anomalies emerged.
For example, Nigeria, historically a high emitter due to its
size and significant agricultural and oil industries, shows
an unexpected negative emission projection starting from
2049, possibly due to data anomalies, shifts to greener
technologies, or methane capture practices. Other countries
such as Ghana, Cote d’Ivoire, and Senegal show consistent
increases, with ¢ ‘Ghana’s emissions growing from 137.69
ktons in 1970 to a projected 3,710.22 ktons in 2099, reflecting
its intensified agricultural and industrial practices.
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Table 4. Goodness of fit statistics for forecasting CH4 emissions

Matrices Besta Best RMSE MAE MAPE R2
Country

Benin 0.74 0.24 2.68 1.80 1.69 0.99
Burkina Faso 0.95 0.18 14.58 6.58 2.16 0.99
Cape Verde 0.85 0.16 0.25 0.16 3.58 0.98
Cote d'Ivoire 1.19 0.10 8.51 6.08 2.50 0.99
Gambia 1.43 0.21 1.15 0.78 3.09 0.97
Ghana 0.28 1.79 10.81 5.05 2.07 0.98
Guinea 1.52 0.11 8.41 5.53 2.50 0.99
Guinea-Bissau  1.38 0.02 2.70 1.82 4.64 0.90
Liberia 0.67 1.55 1.45 1.07 3.06 0.99
Mali 1.18 0.18 16.67 11.37 3.06 0.98
Mauritania 1.38 0.06 8.03 6.03 3.63 0.97
Niger 1.28 0.06 25.22 14.47 4.52 0.95
Nigeria 0.93 0.21 741.64 557.88 7.50 0.82
Senegal 0.96 0.31 6.33 4.95 2.23 0.98
Sierra Leone 1.07 0.04 6.61 441 4.11 0.84
Togo 0.88 0.19 2.75 2.07 2.58 0.99
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Figure 2. Historical and forecasted CH, emissions trend in West African countries
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Furthermore, smaller nations like Cape Verde and
Guinea-Bissau exhibit slower yet steady increases in methane
emissions. Cape Verde, for example, saw its emission rise
from 2.72 ktons in 1970 to a projected 16.13 ktons in 2099.
This growth, while smaller in absolute terms, underscores
the pervasive impact of modernization and agricultural
expansion in smaller economies. Similarly, Guinea-Bissau’s
methane emissions, growing from 22.19 ktons in 1970 to
120.39 ktons in 2099, highlight the gradual intensification of
agricultural activities and energy use in less industrialized
nations. The steady upward trend in methane emissions
across most countries points to challenges in balancing
agricultural expansion and energy demands with climate
commitments. The significant growth in emissions in
countries such as Burkina Faso, projected to reach 2,229.79
ktons by 2099, further emphasizes the importance of methane
mitigation strategies. Research, such as that by Smith et
al. (2020), highlights that adopting sustainable farming
practices and investing in methane-reducing technologies,
including improved livestock feed and anaerobic digesters,
are crucial for mitigating emissions. The data underscores
the urgent need for regional cooperation and investment in
innovative climate solutions to manage methane emissions
while supporting sustainable economic growth.

3.2.3 Percentage Change of CH, emissions by Countries in West
Africa

Table 5 presents the percentage change of CH,
emissions across West African countries. The historical
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period (1970-2021) reveals substantial increases in CH4
emissions across West Africa. Most notable are Ghana
(935%), Guinea (458%), and Liberia (440%), reflecting
the possibility of significant agricultural expansion and
industrialization. Lower growth rates were seen in Nigeria
(76%), Sierra Leone (108%), and Mauritania (117%),
suggesting more moderate sectoral changes during this
period. However, future projections (2021-2099) reveal
divergent trajectories. For instance, Nigeria is predicted to
experience a substantial reduction in methane emissions
by 2099, which can be attributed to advanced policy
interventions and technological upgrades. In contrast,
Gambia shows the highest projected increase (467%),
followed by Liberia (320%) and Senegal (219%). Burkina
Faso and Ghana also show significant increases of 189%
and 160% respectively. Several countries display moderate
growth trajectories, with Benin (131%), Mali (145%), and
Togo (151%) showing steady increases. Guinea-Bissau and
Sierra Leone project the lowest positive growth rates at
47% and 55% respectively. Some countries exhibit initial
negative growth before trending positive. For example,
Ghana shows a -20% growth rate by 2029, followed by
an increase, while Guinea projects a -13% growth rate
before growing to 101% by 2099. The forecasts indicate
varying phases of industrial development and agricultural
intensification across the region. Thus, the an urgent need
for targeted methane mitigation strategies, particularly in
agriculture (Goopy et al., 2018).

Table 5. Percentage change of CH, emissions by countries in West Africa (Unit: Kt)

Year 1970 2021 2021 2029 2039 2049 2059 2069 2079 2089 2099
Country 1970 2021 2021 2021 2021 2021 2021 2021 2021
Benin 61.9 2774 348% 1% 20% 38% 57% 75% 94% 112% 131%
Burkina Faso 1737 772.1 345% 21% 45% 69% 93% 117% 141% 165% 189%
Cape Verde 2.7 7.2 167%  24% 38% 52% 66% 80% 94% 108%  123%
Cote d'Ivoire 116.8 4959 324% 7% 20% 34% 48% 61% 75% 88% 102%
Gambia 18.8 49.6 164% 98% 150% 203% 256% 309% 362% 414% 467%
Ghana 137.7 14244 935% -20% 6% 32% 57% 83% 109% 135% 160%
Guinea 132.8 740.5 458% -13% 3% 20% 36% 52% 69% 85% 101%
Guinea-Bissau  22.2 81.7 268% -9% -1% 7% 15% 23% 31% 39% 47%
Liberia 19.2 103.9  440% 44% 84% 123% 162% 202% 241% 280% 320%
Mali 3264 1097.8 236% 2% 22% 43% 63% 84% 104% 125% 145%
Mauritania 1479 3192 117% 1% 12% 23% 34% 46% 57% 68% 79%
Niger 3053 1018.7 234% -10% 3% 16% 29% 42% 55% 68% 81%
Nigeria 5051.5 8896.8 76% -56%  -79%  -101% -124% -147% -169% -192% -215%
Senegal 186.5 4532 143% 30% 57% 84% 111% 138% 165% 192% 219%
Sierra Leone 85.7 178.6 108% -4% 4% 13% 21% 30% 38% 46% 55%
Togo 48.6 2143  341% 9% 30% 50% 70% 90% 111% 131% 151%

Furthermore, regional initiatives, like climate-smart
agriculture (CSA), have shown promise in reducing emissions
while supporting agricultural productivity (Zougmoré
et al., 2016). International frameworks, such as the Paris
Agreement, provide a critical platform for integrating these
local efforts into global methane reduction targets. Moreover,

satellite observations and modeling efforts are becoming
increasingly critical for monitoring emissions and guiding
interventions (Goopy et al., 2018). Addressing the challenge
of methane emissions not only helps mitigate climate change
but also supports the achievement of sustainable development
goals across West Africa.
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3.2.4 Regional Percentage Share of CH, Emissions by West
African Countries

Table 6 highlights the changing percentage share of CHa4
emissions from West African countries from 1970 to 2099.
Regional emissions peaked at 16,131 kilotons in 2021 before
steadily declining to an estimated 7,086.5 kilotons by 2099.
This overall reduction reflects global and regional efforts
to mitigate methane emissions. However, the proportional
contributions of individual countries to total emissions show
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adramatic redistribution, driven by varying national policies,
economic development, and population growth (Zhang et al.,
2021). Nigeria, the largest methane emitter in West Africa in
1970 (73.9%) and 2021 (55.2%), is projected to experience
a stark decline in its share, reaching negative contributions
by 2049 and beyond. Despite Nigeria’s declining dominance,
its historical emissions have had significant implications for
regional trends.

Table 6. Regional percentage share of CH4 emissions by countries in West Africa (Unit: Kt)

Year 1970 2021 2029 2039 2049 2059 2069 2079 2089 2099
West Africa 6837 16131 11120 10544 9967.7 9391.5 8815.2 82389 7662.7 7086.5
Benin 09% 1.7% 25% 3.1% 38% 46% 55% 65% 7.7% 9.0%
Burkina Faso 25% 48% 84% 10.6% 13.1% 15.9% 19.0% 22.6% 26.7% 31.5%
Cape Verde 0.0% 0.0% 0.1% 0.1% 0.1% 0.1% 0.1% 02% 02% 02%
Cote d'Ivoire 1.7%  3.1% 4.7% 56% 6.7% 7.8% 9.1% 10.5% 12.2% 14.1%
Gambia 03% 03% 09% 12% 15% 19% 23% 28% 33% 4.0%
Ghana 2.0% 88% 10.2% 14.3% 18.8% 23.9% 29.6% 36.1% 43.6% 52.4%
Guinea 1.9% 4.6% 58% 73% 89% 10.7% 12.8% 152% 17.9% 21.0%
Guinea-Bissau  0.3% 0.5% 0.7% 0.8% 09% 1.0% 1.1% 13% 15% 1.7%
Liberia 03% 06% 13% 18% 23% 29% 3.6% 43% 52% 62%
Mali 48% 6.8% 10.0% 12.7% 15.7% 19.1% 22.9% 27.2% 322% 38.0%
Mauritania 2.1% 2.0% 29% 34% 39% 4.6% 53% 6.1% 7.0% 8.1%
Niger 45% 63% 82% 99% 11.8% 13.9% 16.4% 19.1% 223% 26.0%
Nigeria 73.9% 552% 352% 18.0% -12% -22.8% -47.1% -74.9% -106.9% -144.0%
Senegal 27% 2.8% 53% 68% 84% 102% 123% 14.6% 17.3% 20.4%
Sierra Leone 13% 1.1% 1.5% 18% 2.0% 23% 2.6% 3.0% 34% 3.9%
Togo 0.7% 13% 2.1% 2.6% 32% 39% 4.6% 55% 65% 7.6%

Nevertheless, contrary to Nigeria’s decline, smaller
emitters like Burkina Faso, Ghana, and Mali are projected
to increase their shares substantially. Ghana, for example,
rises from 2% in 1970 to an estimated 52.4% by 2099,
becoming the largest contributor to regional emissions.
This trend highlights the increasing influence of agriculture
and urbanization on methane production in these countries
(Goopy et al., 2018). Burkina Faso and Mali also demonstrate
significant increases, reflecting the expansion of livestock
and land-use activities (Dangal et al., 2017). Countries
like Benin, Cote d’Ivoire, and Senegal are emerging as
notable contributors to methane emissions. Their shares are
projected to rise steadily, indicating increasing economic
activities and agricultural intensification (Kouazounde et al.,
2015). For example, © ‘Benin’s share rises from 0.9% in 1970
to 9% by 2099, marking one of the sharpest proportional
rises in the region. Addressing these increases will require
targeted interventions, particularly in the agricultural and
waste management sectors. Regional cooperation, under
frameworks like the African ¢ ‘Union’s Climate Action Plan,
could enable knowledge sharing and policy alignment to

address these disparities effectively (Zougmor¢ et al., 2016).
In addition, international financial and technical support
will be critical in helping emerging contributors manage
their growing emissions.

3.3 N,0 Emissions in West African Countries
3.3.1 Evaluation of * ‘model’s Performance for forecasting N,O
emissions
Examining Table 7, the model exhibits strong predictive

performance across West African countries, with R? values
consistently above 0.94, indicating an excellent goodness of
fit. The MAPE ranges from 1.17% (Guinea-Bissau) to 8.34%
(Cape Verde), suggesting generally reliable forecasting
capabilities, though with varying degrees of accuracy across
countries. The o and § show considerable variation between
countries, reflecting different underlying patterns in their
N,O emissions. Notable examples include Nigeria with
a relatively low o (0.44), indicating less weight is given to
recent observations. In contrast, countries like Guinea and
Senegal have higher a values (1.39 and 1.36, respectively),
suggesting a stronger influence of recent data points in their
forecasts.
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Table 7. Goodness of fit statistics for forecasting N,O emissions

Matrices Besta Best RMSE MAE MAPE R?
Country

Benin 0.71 0.16 0.13 0.09 3.29 0.98
Burkina Faso 0.92 0.15 0.56 0.24 2.39 0.98
Cape Verde 0.52 0.10 0.02 0.01 8.34 0.94
Cote d'Tvoire 0.74 0.17 0.18 0.13 2.65 0.96
Gambia 1.14 0.19 0.02 0.01 1.55 0.98
Ghana 0.64 0.97 0.12 0.19 2.14 0.99
Guinea 1.39 0.15 0.17 0.11 2.90 0.99
Guinea-Bissau 1.33 0.26 0.02 0.01 1.17 0.99
Liberia 0.64 1.51 0.02 0.02 2.97 0.98
Mali 0.92 0.99 0.61 0.39 3.53 0.97
Mauritania 1.32 0.05 0.27 0.20 4.28 0.95
Niger 1.27 0.08 0.94 0.55 5.62 0.95
Nigeria 0.44 0.66 1.08 0.74 1.35 0.97
Senegal 1.36 0.13 0.16 0.13 2.18 0.99
Sierra Leone 0.77 0.59 0.07 0.05 3.36 0.94
Togo 1.06 0.08 0.19 0.07 4.44 0.97

In addition, the model’s error metrics (RMSE and MAE)
indicate larger absolute errors for countries with higher
emission volumes, such as Nigeria (RMSE: 1.08, MAE: 0.74)
and Niger (RMSE: 0.94, MAE: 0.55), while smaller countries
like Cape Verde and Gambia show minimal absolute errors
(RMSE: 0.02, MAE: 0.01). This pattern suggests that the
model maintains relative accuracy across different scales of
emissions, although absolute errors increase with the volume
of emissions.

3.3.2 Historical and Forecasted N,O Emissions Trend in West
African Countries
Figure 3 illustrates the historical and forecasted N,O

emissions trend in West African countries. It indicates that
Nigeria has the highest N2O emissions, with a significant
increase from 31.40 ktons in 1970 to 325.51 ktons in 2099.
Other countries, such as Ghana, Cote d’Ivoire, and Senegal,
are also involved. For example, Ghana’s N,O emissions
increased from 3.07 kton in 1970 to 41.37 kton in 2099,
while Burkina Faso’s emissions increased from 5.48 kton
to 70.39 kton over the same period. Population growth,
urbanization, and economic development are key drivers
of N,O emissions in West Africa (Kumi et al., 2020). The
projections to 2099 suggest that the region’s emissions
will continue to increase, with significant implications for
climate change and environmental sustainability. Therefore,
the implementation of sustainable agriculture practices and
the promotion of renewable energy can help reduce N,O
emissions in West Africa (Oluwafemi et al., 2020). Thus,
stakeholders in the region need to develop and implement
effective strategies to mitigate N,O emissions and promote
sustainable development.

3.3.3 Percentage change of N,O emissions by West Afiican
countries
Table 8 presents the percentage change in N2O emissions

by West African countries, highlighting significant
environmental concerns linked to agricultural expansion,
population growth, and policy differences. From 1970 t0 2021,
emissions increased dramatically, with Guinea experiencing
a455%rise. This finding aligns with Yeboah etal. (2023), who

identified agricultural intensification as a major contributor
to N20O emissions in developing regions. Similarly, Burkina
Faso and Nigeria show comparable trends, underscoring
the interconnection of economic growth and environmental
challenges (Nkegbe and Sekyi, 2022). Addressing these
issues requires a combination of sustainable agricultural
practices and regional policy interventions, as outlined by
UNEP (2023). Projections from 2021 to 2099 suggest diverse
trajectories across the region. Emissions are expected to rise
in most countries but stabilize in others. For instance, Cape
Verde and Guinea-Bissau are projected to experience over
300% increases, reflecting growing agricultural outputs and
insufficient environmental regulations (World Bank, 2023).
Conversely, Niger and Togo exhibit early declines in emission
growth (-6% by 2029), potentially signaling the emergence
of environmental policies or developmental slowdowns.
These regional disparities align with the findings of the
African Development Bank (2023), underscoring the need
for tailored solutions to achieve sustainability.

Additionally, smaller nations, like Sierra Leone, are
projected to face a 461% rise in emissions by 2099, driven
by deforestation and unsustainable farming practices (FAO,
2023). Thisunderscores the urgency for targeted interventions
beyond larger emitters. UNEP (2023) advocates innovative
policies tailored for nations experiencing exponential
emission growth to ensure equitable climate action. These
trends highlight the necessity of balancing development with
ecological preservation, especially in less industrialized
nations. Nigeria, as the ° ‘region’s largest emitter,
demonstrates consistent growth in N>O emissions (293%
by 2021 and 164% by 2099). This trend reflects pressures
from industrialization and urbanization, paralleling patterns
seen in other rapidly developing economies (Osei et al.,
2022). UNEP (2023) identifies Nigeria as a case study for
integrating green technologies and international cooperation
to mitigate emissions while promoting development.
Furthermore, strategies, proposed by Alhassan et al. (2023),
offer promising blueprints for high-emission countries like
Nigeria to achieve green growth.
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Figure 3. Historical and forecasted N,O emissions trend in West African countries consistent increase in emissions across all countries in the
region from 1970 to 2099.

3.3.4 Regional percentage share of N,O emissions by West
African Countries
Table 9 depicts the regional percentage share of N2O

emissions in West Africa. The N>O emissions from 1970 to
2099 reveal significant disparities in contributions among
countries. Nigeria, with its share increasing from 39.6% in
1970 to 41.8% by 2021, and projected to stabilize at 42.7%

by 2099. However, smaller nations like Cape Verde, Liberia,
and Guinea-Bissau contribute minimally to the regional
total, with shares of less than 1% throughout the period. This
result aligns with Thompson et al. (2014), who identified
West Africa as a critical region for increasing emissions due
to urbanization and industrial growth. Nigeria’s reliance
on agriculture and fossil fuels to support its burgeoning



326

population highlights the need for targeted policies that
integrate industrial efficiency with sustainable urbanization
(Wang et al., 2023). However, other significant contributors,
including Mali, Niger, and Burkina Faso, collectively account
for a considerable portion of emissions. Mali, with a share of
12.7% by 2099, highlights the enduring impact of livestock
and traditional agricultural practices, as noted by Assouma
et al. (2017). Niger’s slight decline from 12% in 1970 to
9.8% by 2099 could reflect shifts in agricultural methods
or land-use practices influenced by climate adaptation.
These trends support the arguments of Delon et al. (2020),
who emphasize the role of climate-smart agriculture in
mitigating emissions within the region’s ecosystems. Table
9 also reveals contrasting trajectories, such as Mauritania’s
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decline from 5.8% in 1970 to 1.9% by 2099, suggesting
potential structural shifts or successful mitigation strategies
(Atakora et al. 2019; Albanito et al., 2017). Conversely, Sierra
Leone’s rise from 1.2% to 2.1% by 2099 can be attributed
to agricultural intensification and deforestation, consistent
with the observations regarding land-use changes in tropical
Africa (Ossohou et al., 2019). These variations highlight the
intricate interplay between economic development, resource
management, and policy implementation in shaping emission
dynamics. Thus, as emphasized by Wang et al. (2023), a
comprehensive approach combining emissions reduction for
high contributors and sustainable development support for
smaller nations will be essential for balancing environmental
and developmental priorities in West Africa.

Table 8. Percentage Change of N,O Emissions by Countries in West Africa (Unit: Kt)

Year 1970 2021 2021 2029 2039 2049 2059 2069 2079 2089 2099
Country 1970 2021 2021 2021 2021 2021 2021 2021 2021
Benin 1.6 7.2 342% 8% 27%  46%  65%  84% 104% 123% 142%
Burkina Faso 5.5 254 363% 20% 42%  65%  87% 110% 132% 155% 177%
Cape Verde 0.1 0.2 252%  98% 131% 164% 197% 229% 262% 295% 328%
Cote d'Ivoire 2.5 8.7 240% 9% 22%  36%  49%  62%  15%  88% 101%
Gambia 0.4 1.9 128% 39%  60%  81%  102% 123% 144% 165% 185%
Ghana 3.1 11.6 ~ 276% 30%  62%  95%  128% 160% 193% 226% 258%
Guinea 2.6 146  455% -3% 17%  38%  58%  79%  99% 119%  140%
Guinea-Bissau 0.5 2.9 270% 33%  60%  87%  114% 140% 167% 194% 221%
Liberia 0.4 1.8 378% 35%  72%  109% 146% 183% 220% 257% 294%
Mali 10.1 343 241% 10%  34%  59%  83% 108% 133% 157% 182%
Mauritania 4.6 8.9 95% 2% 7% 16%  25%  35%  44%  53%  63%
Niger 9.5 364 282% -6% 10%  26%  42%  58%  74%  90% 106%
Nigeria 31.4 1234 293% 16%  37%  58%  79% 101% 122% 143% 164%
Senegal 5.9 12.4 149% 7% 23%  38%  53%  69% 84%  99% 115%
Sierra Leone 0.9 2.9 199%  84% 138% 192% 246% 300% 353% 407% 461%
Togo 0.9 4.4 380% -6% 9% 25%  40%  55%  71%  86% 101%

Table 9. Regional percentage share of N20O emissions by West African countries (Unit: Kt)

Year 1970 2021 2029 2039 2049 2059 2069 2079 2089 2099
West Africa 79.2 2952  330.5 3922 4539 5157 5774 639.1 700.8 762.6
Benin 2.1% 24% 24% 23% 23% 23% 23% 23% 23% 23%
Burkina Faso 6.9% 8.6% 92% 92% 92% 92% 92% 92% 92% 9.2%
Cape Verde 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
Cote d'Ivoire 32% 29% 29% 27% 2.6% 2.5% 24% 24% 23% 2.3%
Gambia 0.5% 03% 04% 04% 04% 04% 04% 04% 04% 04%
Ghana 39% 39% 45% 48% 50% 5.1% 52% 53% 54% 54%
Guinea 33% 49% 43% 44% 44% 45% 45% 45% 4.6% 4.6%
Guinea-Bissau 0.7% 0.7% 0.8% 0.8% 08% 08% 08% 0.8% 0.8% 0.8%
Liberia 0.5% 0.6% 07% 08% 08% 08% 09% 09% 09% 0.9%
Mali 12.7% 11.6% 11.4% 11.8% 12.0% 12.2% 12.4% 12.5% 12.6% 12.7%
Mauritania 5.8% 3.0% 2.6% 24% 23% 22% 2.1% 2.0% 2.0% 1.9%
Niger 12.0% 12.3% 10.3% 10.2% 10.1% 10.0% 10.0% 9.9% 9.9% 9.8%
Nigeria 39.6% 41.8% 43.4% 432% 43.1% 43.0% 42.9% 42.8% 42.7% 42.7%
Senegal 63% 42% 4.0% 39% 38% 37% 3.6% 3.6% 35% 35%
Sierra Leone 12% 1.0% 1.6% 18% 19% 2.0% 2.0% 2.1% 2.1% 2.1%
Togo 12%  15% 13% 12% 12% 12% 12% 12% 1.2% 12%
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4. Conclusion

Greenhouse gas (GHG) emissions continue to pose
a critical environmental challenge in West Africa, with
significant implications for climate change and sustainable
development. This study employed the Holt-Winters
exponential smoothing model to forecast emissions trends
under a BAU scenario through 2099. The findings reveal that
CO: emissions will experience substantial growth in several
countries, particularly Senegal, while © ‘Nigeria’s share of
regional emissions is projected to decline. CH4 emissions are
expected to decrease regionally, with notable reductions in
Nigeria but significant increases in countries such as Gambia
and Liberia. N>O emissions, on the other hand, are predicted
to rise across most of the region, reflecting the expansion of
agricultural activities and industrial development.

Theseresults stresstheurgentneed for policy interventions
to curb emissions growth and promote sustainable
development. West African nations can implement a range
of strategies to mitigate emissions, including carbon pricing
mechanisms to incentivize lower emissions, large-scale
adoption of renewable energy technologies to reduce fossil
fuel dependency, and reforestation initiatives to enhance
carbon sequestration. Additionally, countries should
strengthen their participation in global climate frameworks
such as the Paris Agreement and the African © ‘Union’s
climate action plans to access financial and technical support
for emissions reduction initiatives.

For developing economies, the study highlights
the importance of integrating climate policies with
economic development goals. Investments in clean energy
infrastructure, climate-smart agriculture, and green
urbanization can provide financial benefits while reducing
emissions. Moreover, regional cooperation in data sharing,
climate research, and policy harmonization will be essential
to address emissions challenges collectively. However, while
this study provides valuable insights into future emissions
trajectories, its limitations include reliance on historical
trends and the exclusion of potential technological and
policy shifts. Future research should explore scenario-based
modeling approaches that account for varying mitigation
efforts and socio-economic developments. Policymakers,
researchers, and international stakeholders must work
collaboratively to ensure that West Africa transitions toward
a low-carbon and climate-resilient future.
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Abstract

Multiproxy analysis, involving Foraminifera indices and inorganic geochemistry (laser ablation inductively coupled plasma
mass spectroscopy and X-ray fluorescence) of ditch cutting samples from M and N wells, provided a basis for evaluating
Late Eocene to Early Miocene paleo-oxygenation in the Niger Delta Basin, Nigeria. The first downhole occurrence of age
diagnostic fossils, such as Cassigerinella chipollensis, Spiroplectammina wrightii, Chiloguembelina cubensis, Eponides
berthelotianus, Nonion oyae, and Hanzawaia stratonii, confirms a Late Eocene to Early Miocene age for the sediments. In
addition, integrating biozones of the foregoing age diagnostic fossils with deductions from planktonic/benthonic foraminifera
ratios and arenaceous/calcareous benthonic foraminifera ratios suggests a shallow marine inner neritic to outer neritic
paleodepositional environment with a water depth ranging from 7m to 200 m. Similarly, the higher proportion of calcareous
foraminifera signifies deposition above the calcium carbonate compensation depth, which is characterized by oxic waters
and warm temperatures. This deduction is strengthened by low average Uranium concentration (1.76 ppm and 1.97 ppm for
N and M wells respectively), as well as moderate to strong positive covariation of redox-sensitive trace elements (Th, Co,
Cu, Ni, Cr, V, Zn, and U) with Al, which denotes a non-hydrogenous origin of redox-sensitive trace elements typical of oxic

bottom waters.

© 2025 Jordan Journal of Earth and Environmental Sciences. All rights reserved
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1. Introduction

The current study examines Late Eocene to Early
Miocene foraminifera species and the inorganic geochemical
datasets from M and N wells in the Niger Delta Basin. The
wells (M and N) used for this research are among the several
thousands of oil and gas wells drilled onshore the Niger
Delta Basin, southern Nigeria (Fig.l). Ozumba and Amajor
(1999), Obaje and Okosun (2013), Fadiya et al. (2014), Usman
(2016), Ukpong and Ilkediasor (2018), Amiewalan and
Edegbai (2021), among others, have successfully undertaken
studies aimed at age determination and biozonation based
on foraminifera with well data from the Niger Delta.
Okosun et al. (2012) carried out foraminifera biostratigraphy
and sequence stratigraphic analysis on the Akata Field,
eastern Niger Delta, using samples from Akata-2, Akata-4,
Akata-6, and Akata-7 wells. The authors established three
planktonic (Globorotalia continuosa, Globorotalia obesa/
Globorotalia mayeri, and Globorotalia peripheroacuta)
and three benthonic (Spirosigmoilina oligocaenica,
Uvigerina sparsicostata, and Eponides eshira/Brizalina
mandorovensis) foraminiferal biozones in Akata-2 and
Akata-4 wells. One planktonic (Praeorbulina glomerosa)
and one benthonic (Brizalina mandorovensis / Eponides
eshira and Poritextularia panamensis) foraminiferal
biozone were proposed for Akata-6 and Akata-7 wells,

respectively. In addition, Calcareous nannofossil analysis

yielded one biozone (Sphenolithus heteromorphus) from
the Akata-6 and Akata-7 wells, assigning a Miocene age
to the studied intervals of the four wells. Three third-order
maximum flooding surfaces were recognized in Akata-2
and 4, while two were recognized in Akata-6 and 7 wells.
Chukwu et al. (2012) inferred a Miocene age based on
foraminifera biostratigraphy carried out on samples from
the Oloibiri-1 well. The authors established one informal
planktonic biozone (Praeorbulina glomerosa Zone) and a
taxon range benthonic biozone (Poritextularia panamensis
Zone). Littoral-deltaic to marine environments of deposition
were inferred based on the occurrences of environmentally
restricted benthic foraminifera taxa, some of which belong to
the genera Quinqueloculina, Hopkinsina, Spiroplectamina,
Lenticulina,  Heterolepa,  Alveolophragmium, and
Textularia. Obaje and Okosun (2013) interpreted a shelf
paleoenvironment of deposition of the subsurface Niger Delta
based on the planktonic to benthonic foraminifera (P/B) ratio
and average percentage ratios of calcareous and arenaceous
benthonic foraminifera in five wells (Tomboy-1, 2, 4, 5, and
6) from the Tomboy- field. Ajayi and Agboneni (2016) used
benthonic agglutinating foraminifera from four wells (A, B,
C, and D) in the deep water of the Niger Delta to erect six
agglutinated foraminifera biozones:Eggerella scrabra taxon
range biozone, Ammobaculites strathearnensis—Eggerella
scabra, Haplophragmoides narivaensis - Eggerella scabra,

* Corresponding author e-mail: aitalokhai.edegbai@uniben.edu; u24120074@tuks.co.za
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Cyclammina cancellata—Ammobaculites strathearnensis,

Cyclammina complanata—Glomospira  gordiales, and
Cyclammina cf- minima—Ammobaculites strathearnensis
interval range biozones. These biozones were calibrated to
the geologic timeframe using planktonic foraminifera and
calcareous nannofossils, and were dated as Late Miocene to

Early Pliocene in age.
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Figure 1. Simplified geologic map of the Niger Delta Basin
indicating the well locations (Obaje, 2009).

Ni/Co, V/Cr, and U/Th trace elements ratios have been
used to evaluate paleo-oxygenation conditions of ancient
sediments by several authors, such as Suttner and Dutta
(1986), Deng and Qian (1993), Jones and Manning (1994),
Nath et al. (1997), Nagarajan et al. (2007), Akinyemi et
al. (2013) Adebayo et al. (2015), and Ilevbare and Adeleye
(2023). Adebayo et al. (2016) investigated strata within
the Agbada Formation in the Niger Delta Basin using
data. The
geochemical results suggest a provenance region with felsic

inorganic geochemical and palynological
source rock characteristics, together with deposition in
oxygenated bottom water. Amiewalan et al. (2020) utilized
sedimentological and geochemical tools to evaluate the
provenance, tectonic history, sandstone petrology, maturity,
paleoclimate, and paleo-oxygenation conditions during the
deposition of the sediments in the DF-2 well, onshore Niger
Delta. The authors reported quartz arenite, sublitharenite,
and Fe-rich sandstone deposited under an oxic bottom water.
In addition, the sediments were hypothesized to be sourced
from a felsic provenance in the passive continental margin
tectonic setting.

The scarcity of recent investigations, which integrate
foraminifera data (planktonic/benthonic foraminifera and
arenaceous/calcareous foraminifera ratios) with inorganic
geochemical elemental data to constrain bottom water paleo-
redox conditions during the Late Eocene to Early Miocene
in the western Niger Delta Basin motivates this study. Thus,
this study demonstrates the value of detailed multi-proxy
analysis involving the integration of micropaleontological
(foraminifera) and elemental geochemical data in evaluating
the paleo-oxygenation conditions of ancient sediments. The
findings of this study will contribute to the advancement of
knowledge about ancient sedimentary processes in the Niger
Delta Basin.
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2. Geologic Setting and Lithostratigraphy of the Niger
Delta Basin

An area of approximately 140,000 km?, located in the Gulf
of Guinea, West Africa (Doust and Omatsola, 1990; Reijers
et al., 1996). This 12 km thick Basin represents the passive
margin stage in the Benue Trough’s tectonic history with a
basin fill ranging from the Paleogene to the Recent (Doust and
Omatsola, 1990; Reijers et al., 1996; Nwajide, 2013). The basin
is situated above an ancient triple junction that facilitated the
separation of the South American and African plates during
the Late Jurassic (Whiteman, 1982). Its northern boundary
is demarcated by the Anambra Basin and the northwestern
boundary is bounded by the Benin Flank with the Southern
Benue Trough delineating its northeastern limit. The
southeastern margin is defined via the Calabar margin, to the
south is offshore Gulf of Guinea. The Okitipupa basement
high separates it from the Dahomey Basin in the southwest
border (Tuttle et al., 1999). The Niger Delta Basin’s lithic fill is
categorized into three stratigraphic units (Short and Stauble,
1967): (from old to young), the Akata Formation, Agbada
Formation, and the Benin Formation (Table 1).

The Akata
contemporaneous with the outcropping Imo Formation (Table
1). Its deposition resulted from marine paleo-depositional
processes (Salami, 1983). This lithostratigraphic unit crops out
throughout the Niger Delta Basin; it is typically overpressured.
It is composed primarily of a thick calcareous mudstone unit,
which serves as a petroleum source rock, and sand members
that act as reservoirs in deep water (Weber et al., 1978). The
Akata Formation is overlain by the Agbada Formation, which
has the Ogwashi-Asaba and Ameki formations as outcrop
equivalents (Mode et al., 2019; Ekwenye et al., 2020) (Table
1). This Eocene to recent lithostratigraphic unit is a 4000 m
thick paralic sequence characterized by intercalated sands
and mudrocks, which provide entrapment conditions for
a vast number of petroleum accumulations (Evamy et al.,
1978; Lambert-Aikhionbare et al., 1990). The net is that gross
characteristics together with continental signature increase up
section (Doust and Omatsola, 1990). The Agbada Formation
grades upward to Benin Formation, which is presently
succeeded by diverse sediments of the Quaternary Age
(Boboye and Fowora (2007). It is up to 2000 m thick (Avbovbo,
1978), deposited in an upper delta plain paleoenvironment
consisting of 90% coarse-grained, generally very granular and
pebbly to fine-grained continental sands, with subordinate
gravels and clay strata (Short and Stauble, 1967).

Paleocene to recent Formation is

3. Materials and Methods

One hundred and four (104) ditch-cutting samples
consisting of forty (40) samples from M well and sixty-
four (64) samples from N well obtained from the Nigerian
Petroleum Development Company (NPDC) were subjected
to micropaleontological and geochemical laboratory
protocols. Other instruments used in this study include a
reflected light binocular microscope, a digital Sony camera,
a fume cupboard, anhydrous sodium carbonate, a hot plate,
a Mettler PC 440 digital balance (weighing scale), sieves,
distilled water, and a water jet. Safety requirements and
precautionary measures were implemented to prevent sample

contamination.
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Table 1. Correlation of Surface and Subsurface lithostratigraphic units in the Niger Delta Basin (Short and Stauble, 1967).

SUBSURFACE OUTCROP

Youngest known Oldest known Youngest known age Oldest known age
age age
Benin Fm.
Afam/Qua Iboe Oligocene Plio-Pleistocene Benin Formation Miocene?
member
. Miocene Ogwashi-Asaba Fm. Oligocene
Recent Agbada Formation Eocene - -
Eocene Ameki Formation Eocene

Akata Formation Paleocene Late Eocene Imo Formation Paleocene

3.1 Micropaleontological Sample Processing

The typical foraminifera preparation method of Brasier
(1980) was used to analyze the well’s samples for their
foraminifera and associated microfaunal content. They were
packed in suitable plastic bags for micro-faunal picking
and analyzing using a reflected light binocular microscope.
Photomicrographs of identified foraminifera were taken with
the aid of a digital Sony camera (14.1 megapixels). Published
foraminifera forms and other related foraminifera literature
assisted in the identification to genus and species levels.

3.2 Foraminifera Biozonation

The First Downhole Occurrence (FDO) and
Last Downhole Occurrence (LDO) of widely used,
chronostratigraphically important foraminifera taxa in
the Niger Delta were the essential bioevents selected for
foraminifera biozonation of the intervals in the studied wells.
From the abovementioned, the suggested ages and biozones
allocated to the interval were recognized by using the zonal
schemes by Blow (1969), (1979), Berggren and Miller (1988),
and the Niger Delta (SPDC) faunal zonal scheme.

3.3 Foraminifera Proportion Percentage

Equations 1-4 were used to calculate the proportion of
the foraminifera groups identified from both wells. The
percentage of the planktonic group was obtained by dividing
the total number of foraminifera (planktonic and benthonic)
present in the sediment and, then, multiply by 100 (Equation
1). Likewise, for the percentage value of benthonic group, the
entire quantity of benthonic forms was compared with the
total number of the foraminifera in the sediment (planktonics
and benthonics) and multiplied by 100 as shown in Equation
2. To this effect, the proportion of a foraminifera group in
each depth interval indicates the type of marine foraminifera
found during the deposition of the sediment. In other words,
it is a reliable way of determining proximality.

X 100% (1)
Arrhenius (1952)

Y, planktonic
Y.(planktonic+benthonic)

% of planktonic =

Y. benthonic
Y.(planktonic +benthonic)

% of benthonic = X100% (2

Arrhenius (1952)

The proportion of agglutinated foraminifera was achieved
by relating the total quantity of agglutinated benthonic
foraminifera to the total number of both agglutinated and
calcareous foraminifera recovered from the sediment and
multiplying by 100 (Equation 3). Similarly, the percentage of
calcareous foraminifera was calculated by dividing the total
quantity of calcareous benthonic foraminifera by the total
number of both agglutinated and calcareous foraminifera

recovered from the sediment and multiply by 100 (Equation
4).
Y, agglutinating

i — 0 3
% ofagglutlnated Y. (agglutinated +calcareous) X 100 % ( )

Douglas (1979)

Y calcareous

X 100 % ©)
Douglas (1979)

[ —
of calcareous =
% Y.(agglutinated +calcareous)

3.4 Geochemical Analysis
The the
concentration of the major and trace elements involved

experimental procedure for measuring
weighing, pulverizing, and homogenizing 20 g of materials
from twenty samples (ten samples each from both wells (M1-
M10 and N1-N10) before geochemical analysis using Laser
Ablation Inductively Coupled Plasma Mass spectroscopy
(LA-ICP-MS) coupled with X-Ray Fluorescence (XRF) at
Bureau Veritas Minerals Laboratory, Canada. Repeated
measurements were taken for reproducibility and quality
control.

4.0 Result and Discussion

Foraminifera recovery from the sediments from the
M well was largely poor, and some intervals were barren.
Planktonic species were either rare / absent, while the
benthonic foraminifera species were the most dominant. The
planktonic forms recovered are Globigerina praebulloides,
Cassigerinella chipollensis, Globigerina spp., Globorotalia
opima nana, and planktonic indeterminate. The calcareous

benthonics recovered are Nonion oyae, Bulimina
elongate, Lagena spp., and calcareous indeterminate,
while the recovered agglutinated benthonic species
are: Spiroplectammina wrightii, Textularia earlandi,

Bathysiphon spp., Haplophragmoides spp., Verneulina spp.,
and Arenaceous indeterminate. By contrast, the recovered
foraminifera in N well were fairly good. However, some
taxa were not identifiable to the species/generic level; hence,
they were treated as indeterminate. Most of the recorded
species are planktonic and indeterminate, with moderate
occurrences of benthonic forms. The species recovered under
the planktonic category includes: Chiloguembelina cubensis,
Globorotalia spp., Globigerina spp., Globigerinoides spp.,
and planktonic indeterminate. The recovered calcareous
benthonics forms are as follows: Uvigerina spp., Nonionella
auris, Calcareous indeterminate, Valvulinaria spp., Rotalia
spp., Hanzawaia stratonii., Cibicorbis inflata, Uvigerinella
spp., Epistonella pontoni, Eponides berthelotianus, Cancris
spp., Cancris turgious, Uvigerinella sparsicosta, Lenticulina
grandis, Bolivina dertonensis, Eponides spp., Heminwayina
spp. and Ammonia bacarii while the recovered agglutinated
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benthonic forms are: Spiroplectammina wrightii, Textularia
spp., Ammabaculates spp. and Arenaceous indeterminate.
In addition, a small amount of miscellaneous microfossils
(Ostracoda, Holothuroidea, and Echinoderm remains) were

Amiewanlan and Edegbai / JJEES (2025) 16 (4): 330-341

recovered. Photos of some recovered foraminifera and
miscellaneous microfossils (Holothuroidea and Ostracoda)
from both wells are shown in Plate 1 below.

Plate 1. Photos of some selected foraminifera and miscellaneous microfossils (Holothuroidea and Ostracoda) from both wells.
Explanation of plate 1: 1. Bolivina dertonensis 2. Nonionella auris 3. Cancris turgious 4. Nonion oyae 5. Eponides berthelotianus
6. Hanzawaia stratonii 7. Spiroplectammina wrightii 8. Cassigerinella chipollensis 9. Chiloguembelina cubensis 10. Holothuroid 11. Ostracoda

4.1 Age determination

The FDO of Cassigerinella chipollensis at 6715 ft.
enabled the allocated age (Late Eocene-Early Oligocene) to
these intervals between 6715 ft.— 8300 ft. of M well. This
interval correlated with P18 of the biostratigraphic zonal
scheme defined by Berggren and Miller (1988). Additionally,
the FDO of Nonion oyae and Spiroplectammina wrightii
was used to date the well, which correlated with the Lower
P16 - N2 of the zonal scheme defined by Blow (1969) and
(1979). The age of the intervals (5590 ft. - 6715 ft.) was
indeterminate due to the absence of an index maker specie.
The results of the analyses indicated that the study interval
of 6715 ft to 8300 ft in the M well spans the Late Eocene to
Early Oligocene epochs. Figure 2 and Table 2.

The FDO of the
(Chiloguembelina cubensis, Eponides berthelotianus, and

following marker species
Hanzawaia stratonii), recovered from the N well in relation
to the Niger Delta (SPDC) faunal zonal scheme, were
used to age-date the well. The FDO of Chiloguembelina
cubensis at 8895 ft. was used to infer the Early Oligocene.
FDO of Chiloguembelina cubensis is an important index
marker for F7600/Early Oligocene. The FDO of Eponides
berthelotianus at 8640 ft. and the FDO of Hanzawaia
stratonii at 8040 ft. were also utilized to date the well. The
FDO of Eponides berthelotianus is a marker for the F7800/
Late Oligocene - Early Miocene, whereas the FDO of
Hanzawaia stratonii was used to identify the lower boundary
of the Early Miocene/F9300. The age of the intervals 7350
ft. - 8040 ft. was indeterminate due to the absence of index
maker specie, while the upper part from 2700 ft. — 7350 ft.
of the well was barren of foraminifera species. Figure 3 and

Table 3. The age of N well is inferred to be from the Early
Oligocene to the Early Miocene. From the foraminifera
stratigraphic distribution of the M well, one informal biozone:
Cassigerinella chipollensis zone, was defined, while three
informal biozones were demarcated - Chiloguembelina
cubensis, Eponides berthelotianus, and Hanzawaia stratonii
zones with their assigned ages. Tables 2 and 3.
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4.2 Planktonic/Benthonic (P/B) foraminifera Ratio of both wells

The P/B foraminifera ratio was calculated using the
formula of the foraminifera proportion percentage in Equation
1. Brasier (1980) provided a useful guide to paleo-water depth
/ environmental inference by postulating that the higher the
P/B ratio, the deeper the paleo-water depth of deposition. In
the studied wells, percentage ratios were calculated for each
biozone, and the values obtained were used to define the
depositional environment of the successive intervals covered
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by the biozone. According to Murray (1991), the divisions
of the environment are as follows: <20% planktonic tests
signify the inner shelf, 20-50% show the middle shelf, 50-
70% indicate the outer shelf, and >70% planktonic tests are
interpreted as the upper bathyal zones. These percentages were
related to the established biozones, from which a deduction of
varying paleoenvironments, ranging from the inner neritic to
the outer neritic environment, was hypothesized (Table 4 and
Figure 4).

Table 2. The stratigraphic intervals, age established from the First Downhole Occurrence (FDO) of the marker species and biozones
recognised in M well, related with Blow (1969, 1979), Berggren and Miller (1988) zonal scheme.

M WELL
Depth Ace Enoch/Period Foraminifera zonal Berggren and Biozone for Significant
interval (ft.) ° poch/ scheme Blow (1969, 1979)  Miller (1988) this study foraminifera datum
6715 - 8300 Rupellap - | Early Oligocene P16-N2 P18 Ca.sszgerm'ella FDO of Cqsszgerznella
Priabonian | — Late Eocene chipollensis chipollensis

Table 3. The stratigraphic intervals, age established from the First Downhole Occurrence (FDO) of the marker species and biozones
recognised in N well related with the Niger Delta (SPDC) faunal zonal scheme.

N WELL
Depth Enoch/Period Niger Delta (SPDC) Biozonation for this Significant foraminifera
interval (ft.) POCh/Eerioc Faunal Zonal Scheme study datum
8040 -8640 Burdigalian Early Miocene F9300 Hanzawaia stratonii 1100 ofﬁanzawaza
Stratonii
Aquitanian - Early Miocene — Eponides FDO of Eponides
8640 - 8895 Rupelian Early Oligocene F7800 berthelotianus berthelotianus
8895 - 10185 | Rupelian Early Oligocene F7600 Chllogtfembellna DO Of. Clintsratodiios
cubensis cubensis

4.3 Paleo-oxygenation
The mean and standard deviations for Co, Cu, Ni, Cr and
Thare 7.37 and 4.19, 20.37 and 8.98, 21.05 and 7.92, 55.60 and
30.86, 7.34 and 5.0 respectively, while 76.62 and 82.94, 64.50
and 38.57, 1.87 and 1.09, 9.56 and 5.72 represent the mean
and standard deviation for V, Zn, U, and Al respectively. The

concentration of Co, Cu, and Ni in all the samples (Table 5)
fall below the “world shale average” (WSA, Wedepohl, 1971,
1991). Whereas 20% of the samples exceed the WSA for Cr,
Th, and V, 75% and 45% of the samples respectively show Zn
and Al, U levels below the WSA (Table 5).

Table 4. The planktonic/benthonic (P/B) foraminifera ratios of M and N Wells.

M well
ir?t:ft'l;l Epoch/Period Formation Biozonation for Total Total Total Percentage Percentage ]\l;qlt]l(:’ P/B  Paleo
(ft; Age pochy ‘ this study Benthonic Planktonic ~ Micropaleontology  planktonic ~ benthonic (IL‘I)‘)i)} ratio  -redox
= oo 2575
3390~ Indeterminate | Indeterminate g Globzgerz'na 3 1 4 25 75 (Middle | P<B
6715 m praebulloides .
neritic)
- Cassigerinella :
0715 - Rupelian il E chipollensis §3:13
7405 Oligocene m 11 2 13 15 85 (Inner P<B
S neritic)
7405- | Rupelian- Othjcrgle - § 90:10
8300 | Priabonian Late Focene 2 Nonion oyae 2% 3 2 10 90 (lnpgr P<B 5
neritic) =]
=
Nwell g
7350 - 69:31 z
3040 Indeterminate | Indeterminate Nonionella auris 26 59 85 69 31 (Outer | P>B =
neritic) by
46:54 s
Sgéfo- Byl M]fﬁileyne H%%m (Middle | _p
= 21 23 50 46 54 neritic)
Early £, )
8640 - | Aquitanian- | Miocene = Eponides (guir
8895 Rupelian - Early berthelotianus neritic) | P>B
Oligocene 16 32 48 67 33
8895 - Rupclian Early Chiloguembelina gﬁi
10185 P Oligocene cubensis 125 137 262 52 48 ) P>B
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Figure 4. Comparison chart to show the distributional pattern of the planktonic/benthonic (P/B) foraminifera ratios of M and N wells.

Trace metals can originate from hydrogeneous or
non-hydrogeneous (detrital and hydrothermal) sources
(Tribovillard et al., 2006). Some of these trace metals
become sequestered in sediments under reducing bottom
water conditions (Morford and Emerson, 1999), where
they form organometallic complexes with preserved

organic matter (Tribovillard et al., 2006). Consequently, a
positive correlation exists between organic richness and the
abundance of redox-sensitive trace metals especially Mo, U,
Cr, V, Ni, and Cu. Tribovillard et al. (2006) successfully used
this relationship to discriminate between oxic, anoxic and
euxinic paleoxygenation conditions.

Table 5. Geochemical data of M and N Wells.

Co (Cobalt)  Cr (Chromium) Cu (Copper) Ni (Nickel) Th (Thorium) U (Uranium) V (Vanadium) Zn (Zinc)
N1 3.6 20 10 16 3.67 0.85 18.3 18
N2 3.6 22 9 15 3.74 0.91 19.2 21
N3 3.5 24 11 14 3.39 0.99 20.1 20
N4 3.5 21 12 17 3.63 0.92 22.4 24
NS5 3.5 21 7 16 3.22 0.89 21.6 16
N6 3.6 23 8 17 3.58 1 17.8 19
N7 13.5 104 22 34 18.5 3.9 127 120
N8 13.5 63 20 24 13.7 3.2 81.2 135
N9 13.2 78 21 21 14.2 3.32 773 86
N10 | 13.4 92 22 28 16.1 3.76 78.9 98
Ml 3.1 30 22 10 3.21 0.74 8.6 25
M2 11.8 75 24 28 12.3 3.24 71.4 60
M3 9.6 65 35 15 10.2 2.34 56.2 70
M4 8.5 45 38 18 8.4 2.21 12.7 90
M5 2.7 36 13 2.18 1.08 10.2 100
M6 |23 32 32 11 3.12 1.02 9.4 110
M7 8.3 89 24 30 6.23 1.58 150 74
M8 8 92 24 32 5.66 1.54 210 83
M9 7.9 86 24 28 4.68 1.43 272 45
MI10 | 10.2 94 22 34 7.14 2.41 248 76
AV 7.37 55.60 20.37 21.05 7.34 1.87 76.62 64.50
SD 4.19 30.86 8.98 7.92 5.04 1.09 82.94 38.57
WSA | 19 920 45 68 12 3 130 95
Trace element ratios (Ni/Co, V/Cr, and U/Th) have gained  al., 2006). Binary plots of Al (detrital indicator) versus Co,

popularity due to the ease of discriminating paleo-redox
oxygen conditions of ancient sediment (Jones and Manning,
1994; Nath et al., 1997, Akinyemi et al., 2013; Adebayo et
al., 2015; Adeoye et al., 2020; Ejeh et al., 2021; Overare et
al., 2020, 2021; Omietimi et al., 2022, etc.). Arising from the
foregoing, it is important to note that trace element proxies
for determining paleo-redox conditions are only reliable if
their origin is predominantly hydrogenous (Tribovillard et

Cr, Cu, Ni, Th, U, V, and Zn for all samples show moderate
to strong positive covariation except Ni and V (Fig. 5),
implying a dominant non-hydrogenous source for the redox-
sensitive trace metals, which correspond to deposition under
oxic paleo-oxygenation. Similarly, the low average U content
(1.76 ppm and 1.97 ppm) in the N and M well sediments also
indicates an oxic paleo-redox condition during deposition
(Armstrong-Altin et al., 2015).
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Furthermore, the widespread occurrence of arenaceous
benthonic foraminifera is typical of an environment
fluctuating between neritic and abyssal (Bandy and Amal,
1960). The arenaceous/calcareous percentage was calculated
using a related formula of the planktonic/benthonic ratio
(P/B) foraminifera proportion percentage (equation 3). The
percentage ratio of calcareous to arenaceous benthonic
foraminifera is also a good pointer for paleoenvironmental

Amiewanlan and Edegbai / JJEES (2025) 16 (4): 330-341

studies. High % FOBC: % FOBA ratio suggests shallower
paleo water depths while lower % FOBC: % FOBA suggest
deeper paleo water depths. The percentage of FOBC: FOBA
has been known to decrease with depth (Obaje et al., 2004).
The divisions of the environment were also interpreted in the
following order: 0-25% indicates a low A/C ratio, 26-50%
shows a moderate A/C ratio, and> 50 % was interpreted as a
high A/C ratio (Table 6 and Figure 6).

Thvs Al CowvsAl Cuvs Al
20 18 40 + .
18 | b e * 0 35 e * . R =0.431
b 2 ¢ o
& R = 0.408 25
12 10 ¥ LR ]
i0 8 +* L 20 * LA
8 & 15
: ‘| - ol &
2 . b 5
] 0 o
] 5 10 15 20 25 [ 5 10 15 20 25 1] 5 10 15 20 5
Mi vs Al 20 Wovs Al
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333 *e * b m| f 0 .
o e+ et o 80 200 *
+ 1z
20 ) 180 * R =0.064
18 o 40 *
100
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5 20 50 *
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. 0 N tee
0 5 10 15 20 25 0 5 10 15 20 25 ] 5 10 15 20 25
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160 4%
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Figure 5. a-h: binary plots of redox-sensitive trace metal versus Al depicting moderate to strong positive covariation.

Table 6. The Arenaceous/calcareous (A/C) benthonic foraminifera ratios of M and N wells.

M well
Depth L
ime}:‘al Epoch/Period  Formation Biozonation for Total Total Total Percentage  Percentage  Saint-Marc  A/C  Paleo
m‘) Age POCIEETIon  Formd thisstudy ~ Agglutinating  Calcareous Micropaleontology ~ Agglutinating ~Calcareous & Berggren ratio  -redox
. (1988)
5590 - . . . Globigerina 67:33
6715 Indeterminate | Indeterminate | Benin prachulloides 1 2 3 3 67 (Moderate) A<C
b Rupelian Early Benin Célhsis ’i;’;:;ga
7405 P Oligocene P 7 4 i 64 36| 6436 (High)
§ AC
. Early s
7405- | Rupelian - . 2
SO Oligocene- | Agbada N (W s
8300 | Priabonian Late Focene Nonion oyae 20 6 % 7 73 77:23 (High) A0 5
=
Nl E
783054?0- Indeterminate | Indeterminate | Agbada | Nonionella auris 0 26 26 0 100 0:100 (Low) | A<C E
8040 - o . Hanzawaia !
8640 Burdigalian | Early Miocene siratonii | PA] 24 4 96 4:96 (Low) AC
o Early Miocene .
8640 | Aquitanian - Eponides .
8895 |  Rupelian —'Early berthelotianus : B & B i 1387 (Low A<C
Oligocene
8895 - . Early Chiloguembelina 39:61
| [ B s cubensis ! 1 L 2 U | (Moderate) | A<C
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Figure 6. Comparison chart to show the distributional pattern of the arenaceous/calcareous benthonic foraminifera ratios of M and N wells.

A higher proportion of calcareous foraminifera was
recovered from the wells, indicating deposition mainly
above the calcium carbonate compensation depth (CCD)
line, a region characterized by high calcium carbonate,
sufficient oxygen, typical salinity, and high temperature
(Saint-Marc and Berggren, 1988). The absence of calcareous
benthic foraminifera and the presence of arenaceous types

are generally used to identify the location of the CCD. Thus,
an integration of inferences from redox-sensitive element
data, P/B and A/C foraminifera ratios, suggests a range of
paleoenvironments from an oxic middle to outer neritic
environment during the Late Eocene to Early Miocene
Epoch (Fig. 7) in the Greater Ughelli depobelt, Niger Delta
Basin.

Deep marine

<

Shallow marine

Marginal
arine

Bathyal to Abyssal |

Increase in Planktonic and Benthonic hyaline specie
<%

Open Shelf

Planktonic and Benthonic transition zone
<

Increase in Benthonic

Figure 7. Diagrammatic expression of the combined Ni/Co, U/Th, V/Cr and Cu/Zn (inorganic geochemical elemental ratio) and (P/B and
A/C foraminifera ratios) to derive the paleo-oxygen condition of sediments deposition from both wells. 1. Ammobaculites spp. 2. Ammonia
beccarii 3. Epistominella pontoni 4. Cibicorbsis inflata 5. Spiroplectammina wrightii 6. Cancris turgious 7. Hanzawaia stratonii
8. Nonion oyae 9. Lenticulina grandis 10. Chiloguembelina cubensis 11. Eponides berthelotianus 12. Globigerina praebulloides
13. Uvigerina sparsicosta 14. Bulimina elongata 15. Bolivina dertonensis 16. Cassigerinella chipollensis 17. Globorotalia opima nana
[Modified after Allen (1965, 1970), Youssef and El-Sorogy (2015)].

5. Conclusion

The investigated samples have been dated as Early
Miocene to Late Eocene in both wells based on the First
Downhole Occurrences of Cassigerinella chipollensis,
Nonion oyae, Spiroplectammina wrightii, Chiloguembelina
cubensis, Eponides berthelotianus and Hanzawaia stratonii.
Furthermore, the low average content of Uranium, the

moderate to strong positive covariation of redox sensitive
trace elements against Aluminium for both wells, and
implications from foraminifera ratios - planktonic versus
benthonic (P/B) foraminifera, and arenaceous versus
calcareous (A/C) benthonic foraminifera of both wells
indicate paleo-water depth ranging from inner neritic to
outer neritic paleoenvironment.
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Abstract
The Basrah Governorate in southern Iraq faces a serious water deficit despite its surface water supplies and economic
growth. However, no drastic measures have been proposed to address the problem. The goal of this study is to identify
the ideal location for surface water desalination facilities in the Basrah Governorate. The best location for surface water
desalination is determined by a number of variables, each of which has a distinct impact. Nine factors were selected based
on the local conditions in the study location and the available data. Terrain-related parameters (distance to the road, distance
to the network, distance to the river, LULC, slope, elevation, soil, geology, and rainfall) were among the factors used. The
professional opinions and previous literature were used to calculate the weights of these elements. There are five zones with
appropriate levels ranging from very low to very high, according to the weight sum technique. The low to very low zones
occupied 7,636 km?, followed by the moderate zones (4,772.5 km?) and then the high to very high zones (6,681.5 km?). This
was demonstrated by the methodical application of the weight overlay and weight sum techniques in GIS. According to the
weight overlay technique, the low to very low zones cover 20% the moderate zones encompass 60% (11,454 km?), and the
high to very high zones cover 20% (3,818 km?). Experts and decision-makers can benefit from this study as it saves time
and effort and serves as a scientific guide for selecting the best location in the Basrah Governorate. Based on the spatial
distribution and the results of the applied techniques, the Shatt al-Arab area was identified as the best place to establish
massive surface water desalination plants, followed by the Al-Faw area and the Khor Al-Zubair Canal.

© 2025 Jordan Journal of Earth and Environmental Sciences. All rights reserved
Keywords: Shatt al-Arab; Weight Sum; Al-Faw, Basrah; Desalination.

1. Introduction A study conducted by Schnepf et al. (2004) highlights that

The scarcity of water resources in arid Arab countries the Per capita share of freshwater has decreased by 60% or

such as Iraq is a source of concern for water resource MOr€ Over the past two decades. The need for more urgent

planners. Iraq has relied on the Tigris and Euphrates rivers freshwater resource strategies will necessitate desalination

for centuries to provide about 95% of its water needs. Water ~ choices from all available resources as interest in using

consumption has increased dramatically due to the global natural surface water resources, such as the Arabian Gulf

population growth. Drinking water has become a major and Shatt al-Arab, grows. One of these solutions may be

problem facing most countries worldwide, particularly desalination where plants can produce fresh water (Gokgek

in Iraq. The study area is situated in the far south of Iraq, & Gokgek, 2016). This process involves removing salt from

specifically in Basrah Governorate, and encompasses the seawater to produce fresh water suitable for human use

Arabian Gulf region. Basrah Governorate is known for its (Younos et al., 2005). It can offer a significant solution for
the country and lessen the strain on new natural resources
(Al-Ansari et al., 2023). It also explained that desalination

meets the increasing demand for water in southern Iraq,

low annual rainfall. Given the climatic conditions that the
country is experiencing in general and Basrah in particular,

the need to produce potable water at a low capacity for areas

with high population density is critical. The country is now especially in coastal areas with easy access to seawater.

categorized as having low freshwater resources, which will Soon, Desalination plants will play a significant role in

impact the country’s economic support as well as the decline ~ SUPPlying vast amounts of potable water for drinking, as

of its industry and agriculture (Alatta et al., 2022). The Al- well as other applications such as irrigation, industry, and

Faw District and Shatt al-Arab are affected by saltwater agriculture. Desalination facilities must utilize clean energy,

intrusion due to water scarcity and disruptions to the Karun 25 it helps protect the environment from pollutants over time.

River, which increases salt concentrations and impacts soils The current study aims to find the best location for

and living organisms (Abdul-Hameed et al., 2021). desalinating surface water, using nine factors (distance to

There is evidence that the shortage of fresh water and river, distance to network, distance to the road, LULC, slope,

the rise in salinity have led to a decline in the agricultural
sector in southern Iraq, specifically in Basrah Governorate.

elevation, soil, geology, and rainfall). By applying the weight
overlay and weight sum techniques, the appropriate location

* Corresponding author e-mail: pgs.noor.abdullah@uoBasrah.edu.iq
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for desalinating surface water in southern Iraq can be found.
This study saves decision-makers and planners considerable
time and effort in identifying the optimal location for surface
water desalination plants. The results will help determine the
investment priorities of desalination options.

2. Study area

Basrah is one of the cities in the south of Iraq and is
located at longitude (30°0'0”-31°0'0")N and latitude (47°0'0"
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-48°0'0")E (Figure 1); it shows the most important geological
units in the study area. Iran borders it on the east and the
Arabian Gulf on the south. The area is roughly 19090 square
kilometers. Given that it is the gateway to Iraq and that most
of the ports are located inside this governorate, its location
is crucial. The Shatt al-Arab River, a notable geographical
feature that supports enormous agricultural activity and
provides vital water resources, is formed by the confluence
of the Tigris and Euphrates rivers (Al-Ansari, 2018).
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Figure 1. Location of the study area with the geological * ‘unit’s map.
3. Methodology

3.1 GIS workflow for the best desalination site

In order to identify the location of surface water
desalination, this study comprises five steps (Figure 2) ,
first, choosing the appropriate factors that have effects at
different levels within the availability of data and existing
literature, and these factors include (distance to the river -
distance to roads - rainfall - distance to power lines - slope
- elevation - LULC - geology - soil) (Figure 3) second,
unifying the data into point format and with a fixed accuracy
(30 x 30 m) so that the analysis is easier and faster, third, the
hierarchical calculator was used to help calculate the weights

of the influential factors that were applied in the techniques,
fourth, applying each of the methods (Weight sum- Weight
overlay) to classify the best solution based on the weighted
factors, as these algorithms were used with the least error,
fifth and finally, the appropriate areas for establishing
surface water desalination plants were obtained by drawing
maps that represent the best locations where surface water
desalination plants can be based in the future and very large
areas, and these areas were divided into (suitable, very
suitable, moderate, low, very low).
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choosing the appropriate factors

v

unifying the data into point format

hierarchical calculator was used to help calculate the
weights

$

applying each of the techniques (Weight sum- Weight
overlay)

maps that represent the best locations where surface
water desalination plants

Figure 2. Flow chart of the desalination plant site in the study area.
3.2 Making Spatial Factor Maps for the Analysis of Desalination
Site Suitability
Nine factors thatare thought to have a basic and varied
impact on the study’s goal were used. These factors included
(distance to the river - distance to roads - rainfall - distance
to electrical energy - slope - elevation -LULC- geology- and
soil) (Figure 3). Each factor is important in choosing the
best location to establish a water desalination plant, and
these nine maps were collected in the database using the
ArcMap program (10.4) after they were matched with spatial
accuracy. An Excel file was also prepared to compile all the
information about the nine factors affecting the selection
of the best location for establishing a water desalination
plant, so that the second phase could be implemented. The
selection of factors that otherwise influence the choice of
the appropriate location for establishing a water desalination
plant depends on the availability of data and local conditions.
Nine influencing factors were selected for the study area
based on data availability and literature review. All of these
parameters were prepared from an SRTM (Shuttle Radar
Topography Mission) -type digital elevation model (DEM)
with a spatial resolution of 1 arcsecond (~30 x 30 m cell
size). Eight DEM tiles were downloaded from the official
website of the United States Geological Survey (https://
earthexplorer.usgs.gov/) and pre-processed to generate
topographic factors (Al-Abadi, 2018). Except for the map
(LULC) that was downloaded from a site (https://livingatlas.
arcgis.com/landcoverexplorer/) where its spatial resolution
represents (10 x 10 m) and was converted to a resolution (30
x 30 m) to match the accuracy of other maps between the
period (2017-2021).

3.2.1 LULC map

Due to the substantial environmental, infrastructural,
economic, and regulatory implications, land use and land
cover are important considerations when selecting a location
for a desalination plant. Additionally, they are essential in
avoiding conflicts and assessing the general fitness of a
property. It is crucial to understand land usage in order
to assess environmental effects and choose the best water
sources for desalination. Coastal regions with suitable land
cover are frequently considered the best places for these
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facilities (Shahabi et al., 2015). Desalination facilities can
be more easily integrated into current systems if current
land use patterns indicate the presence of necessary
infrastructure, such as roads and electrical networks (Mahi,
2001). Sentinel-2 images, artificial intelligence, and a sizable
training dataset with billions of human-labeled image pixels
are used to generate these worldwide LULC maps. As
seen in Figure 3 A, the 2021 LULC map was used for this
investigation. To match other thematic layers created in this
work, the original map was first reprojected to WGS 1984
(zone 38) and then resampled to a resolution of 30 m. The five
classifications identified were water, shrub, bare, developed
area, and green cover (including trees, flooded vegetation,
and crops). For water, constructed area, shrub, barren, and
green cover, these classes make up 20% (549 km?), 3% (79
km?), 16% (442 km?), 59% (1652 km?), and 3% (71 km?) of
the total area, respectively. A desalination plant might be
built on bare land, which makes up almost three-quarters of
the whole area. The large amount of available land suggests
that the area is favourable for such development.

3.2.2 Topographic map

Elevation and slope are essential factors when
siting desalination plants as they significantly impact
infrastructure, cost, and environmental issues (Mohamed et
al., 2020). Higher elevations require more energy to pump
seawater uphill and distribute desalinated water downwards,
which has an impact on construction and operating costs
(Slocum et al., 2016). Plants should be placed at slightly
higher altitudes to reduce the risk of floods, which can
destroy infrastructure and interfere with operations in
lower elevations, particularly those close to the coast. The
ideal height strikes a balance between cost-effective water
transportation and accessibility to the seawater source;
intermediate altitudes are usually favoured to save pumping
expenses while avoiding flood-prone areas. Slope affects
the stability and viability of construction; gentle slopes are
favoured since they require less land alteration and offer a
secure base for large machinery (Tsiourtis et al., 2009). The
elevation in the study area ranges from 0 to 90 m, as shown
in Figure 3B). The average of the slope is 2.17 + 2.34 degrees,
with a range of 0 to 30 degrees (Figure 3C). The majority of
the research region is categorized as flat because its slope
is less than five degrees. This feature, together with other
elements, makes the location favourable for the installation
of desalination plants because of its appropriate slope.

3.2.3 Soil map

Placing desalination plants requires careful consideration
of the soil type since it can impact stability, construction
feasibility, and environmental impact (Radwan et al., 2022).
When building desalination plants, stable soil types are
favoured because they limit erosion and runoff concerns
during construction and long-term operation, and they offer
a firm base for large machinery (Sepehr et al., 2017).

The US Department of Agriculture (USDA) developed
the most well-known standard for defining these sizes. Based
on the Food and Agriculture Organization’s (FAO) global
digital soil map (https:/www.fao.org/soils-portal/data-hub/
soil-maps-and-databases/faounesco-soil-map-of-the-world/
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en/), this categorization method identifies silty loam, clay
loam, and loam as the three primary textural classifications
found in this study area. Silty loam, clay loam, and loam
textures comprise 50%, 35%, and 15% of the total area,
respectively (Table 1), making them the preferred choice for
desalination plant infrastructure (Figure 3D).

Table 1. Types of soil and their coverage rate

Soil Type Coverage (Km?, %

Silty Loam 50% (1304 Km?)

Clay Loam 35% (911 km?)

Loam 15% (410 km?)
3.2.4 Service map

Maps from the Basrah Governorate Municipality’s
Department of Urban and Urban Planning were used to
determine the distances of roads and transmission power
lines. Vectors were used to make these maps. We created raster
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maps of these variables using the ArcMap 10.4 Euclidean
distance tool (Figures 3E-G). The Rainfall Measurement
Mission’s official website (https:/power.larc.nasa.gov/data-
access) provided daily rainfall data for 18 grid sites that
covered the research area from 2010 to 2022. Next, the IDW
interpolation method, found in the Geostatistical Extension
for ArcGIS 10.4 Programming, was used to interpolate the
table data. This method of random interpolation automates
the most challenging parts of creating a high-quality
model. (Figure 3H) displays the research area’s annual
rainfall map. Annual precipitation rises from the southwest
to the northeast. Rainfall, in general, helps increase the
amount of water available in the region, whether surface
or groundwater. Therefore, the rain factor is important in
the water desalination process, as it depends primarily on
the water as a primary source. It is re-desalinated through
desalination plants and becomes suitable for human use.
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3.3 Multi-Criteria Decision Analysis (MCDA)

decision Analysis (MCDA) is a
paradigm for decision-making that assesses and ranks
many alternatives according to diverse criteria (Hwang et
al., 1981). Two well-known MCDA approaches—Weight
Sum and Weight Overlay methods—are examined in
this work. Fields, including resource allocation, urban
planning, and environmental management, extensively
utilize these strategies. The techniques of Weight Sum
and Weight Overlay have been applied in several fields. In
environmental management, for instance, Weight Overlay is

Multi-criteria

used to determine appropriate sites for conservation areas,
whereas Weight Sum is utilized in project management to
assess project proposals (Odu, 2019). Multi-criteria decision
analysis (MCDA) methodologies, such as Weight Sum and
Weight Overlay procedures, offer essential instruments for
decision-makers. By considering multiple criteria, these
methods help ensure that decisions are well-informed and
balanced. The integration of geographical, environmental,
social, and economic elements can effectively employ
environmental risk and threat analysis in the process of
choosing the best locations for surface water desalination
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facilities in Basrah. Some important factors could be
elevation, soil, geology, slope, rainfall, distance to the road,
LULC, distance to the river, distance to the power line, and
so on.

The study assessed locations for desalination facilities
using the weight overlay and weight sum approaches. The
weighted sum approach ranks sites by summing the weighted
scores after assigning weights to different criteria based on
their importance. In contrast, the weight overlay approach
imposes multiple criteria maps, each with a weight according
to its importance. The final results were based on the weights
assigned to the criteria, affecting the selection of the best
desalination site, with the distance to the river having the
most important weight (17%). Soil and geology factors were
the least influential (3%). The weights of these factors were
determined using the online AHP calculator (Table 2 ), based
on the views of experts and previous scientific studies from
around the world (Dweiri et al., 2018), (Gok¢ek & Gokgek,
2016).

Table 2. Weights of the factors weight sum technique.

Factors Weight %
Rainfall 19
Distance to the river 17
Distance to the network 17
Elevation 15
Distance to the road 13

Slope 10

LULC 4
Geology 3

Soil 3

3.4 Weight sum & Weight overlay Methods

The Weighted Sum Method (WSM) and the Weighted
Overlay Method (WOM) are two well-liked Multi-Criteria
Decision Analysis (MCDA) techniques for spatial decision-
making, especially in Geographic Information System (GIS)-
based site selection studies (Figure 4). These techniques help
combine several elements to determine the best sites for a
given objective, such as the placement of desalination plants.
These two techniques are used to create a map that identifies
the best location for establishing a surface water desalination
plant in Basrah Governorate, southern Iragand add several
raster data that were relied upon within the study, and thus
multiply these raster data, each by its specified weight. All
maps were 30*30 meters in size, allowing for easy handling
that minimize errors. Moreover, add them together. Generate
a file of random points for the study area, where each
contains geographic coordinates (X, Y). Approximately 500
points were used to cover the entire region. Then, add all
the original point data before modifying it using the (Extract
Multi value) command. Then, get a table containing all the
data. The table is converted to Jupiter. To obtain the code
for calculating the weights, each factor has a corresponding
weight that influences the selection of a suitable location for
establishing a water desalination plant. Each method has
its own code, which assigns different weights based on the
available data.

Al-Najar et al. / JJEES (2025) 16 (4): 342-351

A method of weighted sum by entering a group of point
data with the same extent and spatial resolution. Determine
weights for raster data. Weight represents the importance
of data in the final output. For example, if one wants to
know the best location, the highest weight is given to the
most critical data (distance to the river and distance to the
network) (Figure 3), Table 2. The weights are then summed.
The weights of the factors affecting the appropriate location
for establishing water desalination must be 100%, Table 2,
after which all factor maps are added, the weight of each map
is added through the (weight overlay) command.

Distance to
~ the river

Slope

Elevation

Distance
_to the
Soil | network
Geology
Rainfall_
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\

the road

|
LULC

Figure 4. Weight of factors by using the Weight overlay technique.
Weights of the factors. (Malczewski, 1999)

Effatand El-Zeiny (2017) explained the method of the rank
sum and applied multi-criteria decision analysis (MCDA).
Surface water desalination was assigned the priority, starting
with the priority rank rainfall, second priority rank distance
to a river, distance to the power line, elevation, distance to
road, slope, LULC, soil, and finally, priority rank geology.
The AHP online calculator was used to calculate the weights
of the factors affecting the selection of the most suitable site
for the construction of a surface water desalination plant.
Table 1 shows the weights of factors.

WSM is a simple MCDA method that weighs each
criterion according to its relative importance. The weighted
values of all the requirements are then added up to determine
alternative

the final appropriateness score for each

(Malczewski, 1999). It uses the following equation (1):
s=Yt, wixxi @

Where: S = final suitability score, wi = weight of criterion
i, and xi = normalized value of criterion i.

This technique integrates characteristics such as
elevation, soil type, distance to the power line, and distance
to the river, among others. It is especially helpful for ranking
possible locations for desalination facilities in Basrah (Saaty,
1980). WOM can provide a suitability map by analyzing
geographical characteristics such as slope, distance to power
lines, distance to river, and LULC, which will help decision-
makers choose the best sites for the Basrah desalination
project (Jankowski & Nyerges, 2001). WSM and WOM
both offer methodical frameworks for assessing various
site selection factors. WOM is more useful for mapping and

visualization in GIS-based investigations as it is spatially
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explicit, whereas WSM is more algebraic and utilized for
ranking alternatives (Malczewski, 2004). Using these
techniques to select a location for Basrah’s desalination plant
ensuresa data-driven, open, and effective decision-making
process.
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4. Results and Discussion

Using the online AHP calculator, the study extracted factor
weights, assessed their significance through expert comments
and literature reviews, produced a pairwise comparison
matrix, and verified their consistency. A consistent decision-
making process was indicated by the consistency ratio of 0.04
(<0.1). Rainfall (0.192), distance to the river (0.167), elevation
(0.145), distance to roads (0.131), slope (0.098), LULC (0.035),
soil (0.033), and geology (0.028) were prioritised in the weight
distribution, Table 2, Figure 4. For the factor weights specific
to the technique (Weight sum), rainfall was ranked first with a
weight of 19%, followed by distance to rivers (17%), distance
to power lines (17%), elevation (15%), distance to roads (13%),
slope (10%), LULC (4%), geology (3%), and soil (3%). This
consistency ensures that each category reflects a comparable
subset of the dataset (Longley et al., 2005). In the weight sum
technique, the low to very low areas cover approximately
7636 km? (45%), medium areas cover 4772.5 km? (20%), and
high to very high areas cover 6681 km? (35%). This area is
represented along the banks of the Shatt al-Arab and parts of
Khor al-Zubair. In the weight overlay technique, the ratio of
low to very low areas is 20% (3818 km?), medium (60%) 11,454
km?, and finally, high to very high areas occupy a ratio of
20% (3818 km?) which includes both the Al-Faw and Khor Al-
Zubair areas. As for the spatial distribution, there were three
main and significant areas considered as the best-selected
sites for establishing surface water desalination plants in them
and on huge areas, and these areas were identified by the
techniques mentioned previously, where the (Weight overlay)
technique showed that the best site is the Al-Faw area north of
the Arabian Gulf and the Khor Al-Zubair area. In contrast, the
other technique represented by (Weight sum) shows that the
best site for establishing surface water desalination plants in
the future is along the banks of the Shatt Al-Arab and also the
Khor Al-Zubair Canal. Low levels of pollutants and turbidity
in high-quality source water reduce the need for intensive pre-
treatment, which in turn lowers energy and operating expenses
(Ghaffour et al., 2013). High-quality water can mitigate the
ecological impact of brine discharge, protecting marine life.
The Shatt Al-Arab River’s discharge rate fluctuates due to
seasonal changes and upstream water management (Al-Asadi
et al., 2020). Dam construction and water diversions in Iran
and Turkey have reduced river flow, causing pollution and
salinity issues. Contaminants include heavy metals, nitrogen,
phosphorus, and oil spills.

Increased salinity in Khora Al-Zubair is a result of a
combination of irrigation runoff, seawater intrusion, and
other nearby sources of pollution. Construction in the area
is somewhat complicated by the clayey loam soil. High
compressibility and poor stability are characteristics of clayey
soils that can compromise the foundation and structural
soundness of a desalination plant. There are several ways
to stabilize these soils, however. According to research,
the addition of materials such as fly ash, cement, and lime
can enhance the geotechnical characteristics of clayey soils
(Sendilvadivelu et al., 2023). Low-salinity locations reduce
membrane wear and tear, extending the life of desalination
equipment and minimising maintenance expenses (Lattemann
et al., 2008).
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Additionally, lower salinity levels reduce osmotic
pressure, which uses less energy during desalination and
improves energy efficiency. They are especially significant
(Elimelech et al., 2011). Furthermore, the viability of hybrid
desalination systems, which can alternate between various
technologies according to salinity levels, can maximise
operational efficiency and energy consumption (Younos
et al., 2005). A monitoring program is necessary to obtain
historical water quality data and spatial mapping of salinity
levels and other chemical variables because seasonal
changes, upstream water management, and tides have a
significant impact on the water quality of the water bodies
in the study area (Shatt Al-Arab River Al-Fawd, and Khor
Al-Zubair e) (Figure 5). TDS levels were mapped for this
investigation using the total dissolved solids (TDS) in mg/L
from 10 sample locations gathered between April 1 and
April 2, 2024. The three best locations will be prioritised
using this mapping (Fig. 5). The range of the TDS value
is (14,440 — 45,200) mg/1. In the weight overlay technique,
the best sites considered suitable for establishing surface
water desalination plants in the future are located on the
Al-Faw side, represented by regions (d) and (e) Khor Al-
Zubair (Figure 6a). In terms of soil texture, the study area
is composed of silty loam, clayey loam, and Loma, which
constitute 50% (1,304 km?), 35% (911 km?), and 16% (410
km?) of the total area, respectively. Of these three types, silt
is generally considered the optimal choice for constructing
the infrastructure of a desalination plant (Figure 3D).

The results indicated a suitable site for establishing a
surface water desalination plant in Basrah Governorate,
specifically in the south of Basrah, particularly in the Al-
FAW region, as well as in Khor Al-Zubair and along the Shatt
Al-Arab. The maps of the (weight overlay and weight overlay)
techniques were divided into five categories (V. high, High,
Moderate, Low, and V. low). The high ery very high areas
best represent suitable locations for setting up desalination
plants. According to the weight sum technique, the low to
very low zones occupied 7636 km?(40%), the moderate zones
4772.5 km? (25%), and the high to very high zones 6681.5
km? (35%). The result of the weight overlay technique shows
that the moderate zones encompass 60% (11,454 km?), the
high to very high zones cover 20% (3,818 km?), and the low
to very low zones cover 20% (3,818 km?). Using hydrological
techniques models with GIS considers the key factors
involved in selecting alternatives, e.g., desalinated water,
feed water source, desalination technology, plant locations,
and capabilities. As for the Weight sum technique, the most
suitable location for establishing surface water desalination
plants in Basrah Governorate is along the banks of the Shatt
Al-Arab, specifically north of the Shatt Al-Arab (a, b),
southeast of the Shatt Al-Arab (c), and the part adjacent to the
Khor Al-Zubair channels (d), (Figure 6 b). The percentages
of dissolved solids (TDS) values are considered the dividing
line when choosing the appropriate location. Comparing
these values with the suitable locations that appeared within
a high to very high range in the two techniques (Weight
overlay- Weight sum) is compared within the values of the
total dissolved solids (Fig. 5), where it was found that the
lowest percentage of dissolved solids is along the banks of
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the Shatt Al-Arab (14440.93-20350.90) mg/l, which proves
the validity of the results of the appropriate areas that were
suggested within the Weight sum model. As for the Weight
overlay model, the lowest percentage of TDS is on the side of
the region Al-Faw, North of the Arabian Gulf, and this proves
(20350.91-28558.45) mg/1, the validity of the results of the
areas suitable for establishing a surface water desalination
project within the results of the first technology. Where the
techniques (Weight overlay- Weight sum), Figure 6 showed
that the indicated sites, which represent area (a-b-c) affiliated
to the banks of the Shatt al-Arab and area (d) affiliated to
Al-Faw, and finally area (¢) Khor Al-Zubair and Basrah
Governorate, are ideal for future projects in Iraq, particularly
Basrah. These areas lack large-scale projects and serve the
public interest by providing substantial water quantities for
human use. This study saves agencies time and effort.

5. Conclusion

Comparing two primary methods for identifying the best
site for a surface water desalination plant and mapping the site
appropriateness for prospective future desalination plants in
the Basrah Governorate were the two primary components of
the study. This work was accomplished by integrating GIS,
MCE, and spatial AHP. Basrah Governorate in southern Iraq
was chosen as a case study due to its strategic location on the
Arabian Gulf; moreover, Iraq’s primary water resources are
limited, comprising non-renewable groundwater from deep
wells, some renewable aquifers, and seawater. Decision-
makers can manage current desalination plants and plan for
future ones with the aid of the work outcomes. Other studies
may find the technique employed in this paper useful. The
optimal locations for developing water desalination plants are
the north-south Shatt Al-Arab (a-b-c), the FAW area (d), and
Khor Al-Zubair (e), according to the results of hydrological
techniques. In the modeling map, these places correspond to
the V. high and High classes.

The best locations in the Basrah Governorate for a water
desalination project were selected using weighted sum and
weighted overlay techniques. In addition, the research area’s
lithology, rainfall, land cover, and land use, as well as proximity
to major roads, electricity transmission lines, and urban
centers, were taken into account, along with the land surface’s
height and slope. Land use, as well as proximity to major roads,
electricity transmission lines, and urban centers, were taken
into account, along with the land surface’s height and slope.
In the study area, regions (a) and (b) are considered the most
suitable in terms of establishing a surface water desalination
project due to the low salinity and the water fluctuations of the
Shatt al-Arab drainage, which affects the salt tongue coming
from the Arabian Gulf. As for the second region, Al-Faw (c),
it is considered one of the most suitable sites chosen due to the
abundance of land ideal for establishing large projects, such as
the seawater desalination project, as most of it is a salt marsh,
in addition to its lower salinity compared to the Arabian Gulf.
Finally, the Khor Al-Zubair region (d), despite the pollution of
the water source of this region with chemical and oil pollutants,
is close to the Al-Zubair region, meaning that it is easy to treat
this water and transport it for use for many purposes (domestic
and industrial).
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Therefore, it is believed that this study is essential for
both decision-makers and implementers. When choosing
the ideal location for a surface water desalination plant,
several methods are crucial. Government organizations will
save a significant amount of time and effort by identifying
suitable locations for the construction of a large-scale water
desalination plant in the Basrah Governorate.
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Abstract

This study aims to examine the petrography, mineralogy, and geochemical characteristics of the Eocene ooidal ironstone
formations at Ain Babouche, located in the eastern part of the Saharan Atlas in order to determine the mechanism of
ooid formation. The country rocks consist of Upper Cretaceous to Quaternary marls and limestones with a thickness of 6
Kilometres, while the iron-rich intervals (10 meters) are separated by centimetric levels of marl. These intervals are restricted
to the Lutetian age. Petro-mineralogical investigations indicate that iron ore is composed mainly of ooids (goethite and
limonite) and detrital minerals (quartz, clay, apatite). Geochemical analysis, using Laser Ablation Inductively Coupled
Plasma Mass Spectrometry and X-ray fluorescence spectrometry, reflects the hydrogenous origin of the iron, more likely
from a continental source, basinal brines, or a mixed source. The mechanism of ooid formation is suggested to be direct
precipitation of iron around a nucleus in a shallow, agitated marine environment. This interpretation is based mainly on the
sedimentological pattern and parameters, the ironstones, the morphology and internal geometry, and the composition of the

ooids, as well as the associated framework components.
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1. Introduction

The ooidal iron deposits were a significant source of
iron that aided nineteenth-century industrial development
(Petranek and Van Houten, 1997). In terms of iron resource
richness, ooidal iron deposits rank after BIF-type deposits,
which are related to magmatic processes. However, ooidal
ironstone deposits are the most widespread globally, with
almost 400 occurrences and total reserves estimated at
over 66,000 million tonnes worldwide. As Petranek and
Van Houten (1997) have demonstrated, ooidal ironstones
are sandy, clayey, siliciclastic, or siliciclastic-carbonate
sedimentary rocks that 15% of
Furthermore, they have been observed to include more than
5% coated grains, which are oncoids, pisoids, and ooids
(Salama et al., 2013). The investigation of ooidal ironstones
can aid in reconstructing paleoenvironmental conditions and
provide insights into the chemical and fluid dynamics within
a basin.

contain over iron.

Despite the research on ooidal ironstones, particularly
marine ones, the genesis of these deposits is still debated, with
explanations varying from deposit to deposit. Researchers
have proposed various hypotheses that include the following:
i) In 1856, Sorby proposed that ooids are formed by replacing
calcareous ooids. This theory has garnered support from

Kimberley (1979), Kearsley (1989), and Diab et al., (2020),
who have provided substantial evidence in support of this
assertion, including the presence of calcareous relics and
early diagenetic siderite. ii) Intrasedimentary concretional
growth as demonstrated by Hallimond (1951), Hemingway
(1974), followed by Salama et al. (2014), Baioumy et al.
(2017), and Garnit et al. (2017). Supporters of this theory
have employed various methods to validate it, chiefly
the presence of radial-fibrous concentric layers and the
identification of authigenic minerals, such as siderite.
iii) The extrasedimentary mechanical accretion of ooids
(Bhattacharya & Kakimoto, 1982; Van Houten & Purucker,
1984; Kearsley, 1989). This one is supported by evidence
such as well-rounded spherical ooids and the presence
of sedimentary structures. iv) Dahanayake & Krumbein
(1986) proposed the theory of primary biological accretion,
which Burkhalter (1995) followed. The theory is supported
by the presence of ferruginous stromatolitic microbialites
that contain microbial laminae composed of fossilized
leptothrix-like bacterial filaments (ElI Aref et al., 2006b;
Salama et al., 2013, 2014). v) Siehl and Thein (1989) were the
first to suggest that iron ooids or pisoids were derived from
lateritic soils. This proposition was based on the absence
of aluminium substitution and other evidence, which
contradicted alternative theories. vi) Harder1989 proposed

* Corresponding author e-mail: Hakim.bouchair@univ-jijel.dz
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crystallisation from precursor iron oxyhydroxide gels based
on experimental or theoretical evidence that ferruginous gels
can act as precursors to mineral phases, especially under
early diagenetic conditions (low temperature and pressure).

In the African continent, ooidal ironstone deposits
represent an important source of iron (McGregor et al.,
2010), over 100 deposits are spread over six countries almost
located in the north African basin (i.e. Algeria, Tunisia,
Sudan, Morrocco, Libya, Egypt, and Nigeria), ranging in
age from the Paleozoic (Ordovician to Devonian), Mesozoic
(Jurassic and Cretaceous) to less commonly cenozoic
(Petranek and Van Houten, 1997). In North Africa, only three
Eocene ooidal ironstone occurrences have been inventoried:
the Djebel Ank ooidal ironstone in central Tunisia, the
Bahariya Depression in the Western desert of Egypt, and
the Ain Babouche in northeastern Algeria (Petranek and
Van Houten, 1997; El Aref et al., 1999, 2006a, 2006b). The
latter is considered “an uneconomic deposit”, although it is
currently mined, and the ore is used by cement factories in
the region.

The Ain Babouche ooidal iron deposit, hosted within
Eocene formations, is the only deposit of this type currently
mined in the Tebessa region. While the Tunisian Djebel
Ank deposit, located approximately 160 km southeast, is
equivalent to the Ain Babouche deposit, as it is also hosted in
Eocene formations (Garnit et al., 2017).

The purpose of the present study is to characterise the
petrography, mineralogy, and geochemistry of the Eocene
ooidal ironstones from the Ain Babouche deposit in order
to understand the sedimentation processes, depositional
environment and diagenetic processes that prevailed during
ironstone formation. It is hoped that this work can serve as a
reference for studies of other ironstone deposits in different
regions.

2. Geological background

The Ain Babouche deposit is located in the north-east
of Algeria, at a distance of 56 km south-west of the city
of Tebessa and about 10 km west of the town of Telidjene
(Figure 2). The Tebessa region is situated within the eastern
Saharan Atlas, south of the Tell Atlas. It is separated from
the Saharan platform to the south by the South Atlas Front,
a structural alignment that extends over more than 1000 km.
This alignment consists of a Palacozoic basement covered by
Meso-Cenozoic sediments (Figure 1). The main geological
features of the Tebessa region include subsidence, diapirism,
folding, faulting, and grabens. The sedimentary sequence
thickness from the Barremian to the Quaternary is roughly
6 km, whereas bathymetric estimations do not surpass a few
hundred meters (Dubourdieu, 1956).

The most ancient geological formations that outcrop in
the Ain Babouche sector are constituted of evaporitic rocks
from the Triassic period mainly consisting of gypsum,
variegated clays, cargneules, and dolomites. These rocks
outcrop particularly to the NW and SE of the Ain Babouche
syncline in the Hamimat Guibeur and Hamimat Meskouta
diapirs, respectively (Figure 2). Jurassic formations are
absent from the outcrop. However, Vila (1992) reported the
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presence of exogenous Jurassic shreds of reduced size in the
Triassic formations of the two diapirs.
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Figure 1. Map showing different domains of the Western
Mediterranean Alpine orogen (modified from Durand Delga et
Fontboté 1980; Vila, 1980; Etheve et al., 2016)

The Lower Cretaceous formations are limited to the
central part of the Ain Telidjene anticline (Figure 2),
represented by iron-bearing sandstones and dolomites.
Limestones and dolomites, phosphate-bearing marls and
brecciated limestones are often overlain by marly limestones.
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Figure 2. Geological sketch map showing the Ain Babouche
syncline among the so-called NE-SW “Atlasic folds” of the
Northeastern Saharan Atlas of Algeria (Vila, 1992).

As stated by Vila (1992), the Upper Cretaceous
formations are characterised by an alternation of gypsum
marls and limestone. The Cretaceous successions consist
mainly of limestones in the lower part and an alternation
of limestones, marl and phosphatic rocks in the upper part
(Figure 3). The Palaecocene formations consist of marls from
the Dano-Montian period, with sedimentary continuity with
those from the end of the Maastrichtian period. The Ypresian
contains a series of limestones that include many multiform
black or brown flints. They are rich in lumachellics shell
debris and have a sparse cement with little phosphate debris.

Shown in Figure 4, stratiform ooidal ironstone layers are
confined within the Lutetian series of partially ferrugenated
marls, sandstones, and mudstone, topped by limestones and
gypsum. Based on our geological cross-section and field
observations (Figure 4), the mineralized zone consists of
numerous layers of compact ooidal ironstones, totaling 11
layers. Due to their diminutive thickness, the ironstones
mentioned above have been categorized into four primary
layers in the cross-section. The stratigraphic sequence of
the mineralised zone begins with an alternation of marls
and ironstone, with a thickness range from 10-50 cm. The
first levels of marls contain abundant debris of ostracodes,
including several NONIONELLASP AND VIRGULINA
GR. DANVILLENSIS HOWE & WALLACE, as well as
CAVERNOCYTHEREIS (LOXOCONCHA) CAVERNOSA
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(APOSTOLESCU & MAGNE). Based on the debris, Vila
(1992) dated the series that contains the ooidal ironstones to
the upper-middle Lutetian period. Thereafter, an alternation
of thin layers of ironstone (5 to 10 cm) with layers of marl.
The sequence concludes with two two-layer measuring 4 m
in thickness. The ironstone layers show various sedimentary
structures, includingcross-beddings, graded bedding, and
channels (Figure 5). The cross-bedding is composed of
bands with a thickness varying from 1.5 to 3 c¢m, separated
by millimetre-sized laminae, consisting of consolidated iron
oxide. The transition between the various formations exhibits
no structures indicative of substantial modification. There
are no structures of the emersion surface type, hardened
surface, stratigraphic gap, or discordance.

The Miocene rocks consist mainly of siliceous
conglomerates and a red sandy-clay series with rare

carbonate elements (Figures 3 and 4).
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Figure 3. Litho-stratigraphic column of Djebel Dahar series

(SE side of the Ain Babouche syncline). Based on field and

petrographical data, the chronological sequence was established by
Vila (1992).

The Ain Babouche region is marked by several folds and
fault structures, some of which exhibit Triassic evaporitic
rocks emplaced through multiphase diapiric activities
(Figures 2 and 4). The fold structures consist of narrow
synclines and wide anticlines with a NE-SW direction. They
were formed during the Atlasic phase of the Upper Eocene,
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which affected the Saharan Atlas (Dubourdieu, 1956). The
narrow Ain Babouche syncline is located between the wide
Zoura in the northwest side and the Ain Telidjene anticline
in the southeast side (Figure 4). The axis of the syncline (~10
x 3.5 km) aligns with the stream bed of the Wadi Babouche,
trending NE—SW to the northeastern part, ENE-WSW to
the central part, and NE—SW to the south-western part. The
shift of directions is due to NW—SE faults that subdivide the
syncline into three segments (Figure 4).
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Figure 4. Geological map of the Ain Babouche syncline showing
the arrangement of the main iron ore outcrops within the different
geological formations (Sonarem-Rudis, 1968; Keddar, 1985).
(Extension of the ore body and Miocene formations were determined
by the authors based on field observations and petrographical data).

3. Material and Methods

Sampling and field descriptions were carried out on
the Ain Babouche sedimentary series from both sides of
the Ain Babouche syncline. “Bed-by-bed” 37 samples were
collected and described. Thin sections (90) and polished
sections (20) were prepared in the geological engineering
laboratory at the University of Jijel and in the laboratory of
the geology department at the University of Annaba. They
were examined using a Zeiss polarising and reflected light
microscope, respectively.

X-Ray diffraction analysis (XRD) was performed at the
Physitek Analysis and Equipment Laboratory using five bulk
samples on a Smart Lab SE automated multipurpose X-ray
diffractometer using Cu Ka radiation (A = 1.5406 A) with an
accelerating voltage of 40 kV, a filament current of 40 mA,
and a scan range between 5 and 70. Data were interpreted
using X’Pert HighScore Plus software. Major element
concentrations were also measured at Physitek Laboratory
using an Epsilon 4 X-ray fluorescence spectrometer, operated
at a tube voltage of 50 kV and a current of 1 mA.

Trace element (TE) analyses were carried out on eight
polished sections, using the Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) at the
Department of Earth Sciences “A. Desio” of the University
of Milan, using an Analyte excite 193 nm ArF excimer laser
coupled with an iCAP-RQ mass spectrometer. The operating
conditions were 1 J/cm? fluence, a 65 pm spot size, and a 6 Hz
repetition rate. The acquisition time was 60 seconds on the
sample and 40 seconds on the background. Data reduction
was performed using the software GLITTER (Griffin et al.,
2008), with FeO wt% concentrations from the electron probe
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micro-analyzer (EPMA) serving as an internal standard. The
international reference material GSD-1g (Jochum et al., 2011)
was used as the primary standard, and the reference glasses
NIST 610, BCR-2g, and BHVO-2g (Jochum et al., 2011) were
used to monitor accuracy.

Scanning electron microscopy (SEM), coupled with
spectroscopy (EDS) analysis,
was performed on five polished and thin sections using a

energy-dispersive X-ray

scanning electron microscope Ultra High-Resolution SEM
(UHR-SEM) - ZEISS CrossBeam 350, coupled with an EDX
spectrometer - EDAX OCTANE Elite Plus - Silicon drift
type. The instrumental conditions set for the EDX analysis
were as follows: HV, 15 keV; and probe current, 100 pA. The
analyses SEM analyses were carried out at CM2 (Center
of Microscopy and Microanalysis) — Department DiBEST
(Biology, Ecology and Earth Sciences) of the University of
Calabria, 87036 Arcavacata di Rende, Italy.

4. Results
4.1. Petrography

Petrographic that the ooidal
ironstones of Ain Babouche Area are composed of more
than 70% of ooids and granules as the main constituents of
ironstones. Other grains are detritals, such as quartz (20%),
phosphate (5%), glauconite, and other organic debris, which
account for a small percentage. These components are set in
a ferruginous clayey matrix and cemented by calcite cement.

examinations show

The space between the ooids is filled by many grains;
Quartz occupied the most space (Figure 6d), with rare
apatite (Figure 8a), debris of carbonate organisms, including
teeth probably belonging to “Selacians”, and the glauconite
mentioned by Keddar (1985). In the flank of Kef en Nsour,
the grains constituting iron ore are contiguous, unlike at
Djebel Dahar, where they are spaced out from each other.
The cement nature of Kef en Nsour ironstone is ferruginous
or clayey, which explains the crumbly texture of the ore. In
contrast, at Djebel Dahar, the deposit is larger due to the
presence of carbonate cement.

Ooids are generally spherical, with a variable size
(max 2 mm in diameter), and have a smooth outer surface
under a reflected light microscope. The cores of the ooids
are composed of goethite, while the concentric cortex
consists of alternating colours between light and dark
grey, corresponding to goethite and limonite, respectively
(Figures 6 and 9). Each ooid typically has 2 to 10 concentric
layers, with a thickness ranging from 50 pm to 200 pm. Most
laminations are a-type (Figure 6a), which tend to regularise
the morphology of the nucleus. In revanche, the B-type
ooid is present in small quantities (Figure 6c¢) and tends to
preserve the original morphology of the nucleus.

In addition to the ooids, granules are ubiquitously present
in the iron ore. Granules are grains with the same composition
as ooids but without the enveloping structures. In our case,
they are mainly goethitic in composition and similar in size
and shape to ooids (Figure 6d). The XRD analysis reveals that
all the ooids and granules of the two flanks of the syncline
of Ain Babouche (Kef en Nsour and Djebel Dahar) are both
mainly composed of goethite (Figure 7).
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Figure 5. a) Field photos and macrophotographs illustrating

the occurrence of two types of iron ore (ooidal ironstones and

ferruginous marl and clay) at the scale of the outcrop. b) Ironstone

layers with Cross-beddings. ¢) Ooidal ironstones. d) Crumbly
sample ground by hand.

The nuclei of most ooids are typically rounded, which
can be attributed to multiple phases of reworking. However,
they rarely exhibit xenomorphic shapes (Figure 6a). Their
diameter varies between 0.01 mm and 0.4 mm. Ooids
typically consist of a single nucleus, although they may

have up to four. Their composition might include quartz
(Figure 8c), ooid fragments (Figure 6b), goethite fragments,
and grains formed from a combination of several elements
(quartz, goethite).

WD 13

Figure 6. SEM images of Ain Babouche ooidal ironstones. a) a-type
of ooid with quartz grains and carbonate cement in Djebel Dahar
ironstones. b) Ooid fragment as nucleus and clay grains cemented
with a ferruginous cement in Kef en Nsour ironstones. ¢) f-type
ooid with clay grains cemented with a ferruginous cement in Kef
en Nsour ironstones. d) Ooids, granules, and quartz cemented with
carbonate cement in Djebel Dahar ironstones. e) Ooid represents the
radial type of cracks in Kef en Nsour ironstones f) The concentric
layers of 0oid contain phosphate grains. (Lm: limonite. Gt: Goethite
Qtz: quartz. Ap: Apatite. Cly: Clay. PG: Phosphate grains. N:
nucleus. CC: carbonate cement. FC: ferruginous cement. OF: ooid
fragment)
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Iron ooids have been identified as being affected by two
distinct categories of cracks. (1) The most prevalent group of
fractures is the early group, which is frequently oblique to
parallel with the layers of the rim (Figure 8b). (2) The second
group of cracks is radial to the various envelopes of the
ooids. In certain instances, these cracks may divide the ooids
into fragments, some of which serve as nuclei, leading to the
formation of new layers of ooids around them (Figure 6b).

Kef en Nsour ooids
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Figure 7. X-Ray diffractograms of two samples of ooidal
ironstones (Ooids) showing the presence of goethite and Apatite
minerals inside the ooids
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~ Granule

Flgure 8. EMPA m1crophotographs ofpollshed sections: a) Apatite
grain with goethitic granules in Kef en Nsour ooidal ironstones.
b) Ooid showing the tangential type of cracks in Kef en Nsour
ooidal ironstones (Reflected light observation). €¢) Ooid with quartz
nucleus. d) Ooid showing the LA-ICP-MS points analyses of the
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ironstones and the host rocks from Kef en Nsour and Djebel
Dahar are shown in Table 1. In the iron ore, FeO is the most
abundant, with an average (av.) content of (63.09 wt % FeO),
followed by SiO, (av. 10.46 wt %) and AL, O, (av. 3.64 wt %).

Table 1. Major oxides concentration (wt.%) of ooidal ironstones and host rocks of Kef en Nsour and Djebel Dahar (Ain Babouche) measured

by XRF (OI: Ooidal Ironstones, HR: Host Rocks; bdl

= below detection limit)

Area Samples Rock type N 50, . A
Djebel DDO1 o1 8.32 3.33 65.07 371 1.49 1.29 0.17 3.07 bdl
Dehar DD06 o1 6.23 3.50 65.60 3.83 1.26 1.07 0.12 2.80 0.1

ABWO8 o1 9.05 3.40 63.45 1.33 0.76 0.87 0.13 1.92 bdl

ABW09 o1 12.37 3.68 67.30 242 116 0.87 0.27 2.64 0.12

ABW10 oI 8.13 3.29 61.07 0.49 0.96 0.10 0.13 1.17 0.09

I;Z’;z‘r‘ ABWI10b HR 50.12 7.58 5.24 1.57 0.27 bdl 1.31 0.18 075
ABWI1 o1 17.91 436 53.63 2.14 076 1.21 0.33 2.06 bdl

ABWI2 o1 13.22 3.59 58.42 6.35 1.23 1.41 0.23 513 0.15

KNO08 o1 8.47 3.99 70.22 0.92 116 0.92 0.12 1.72 bdl

The CaO concentrations (average 2.64 wt%), had a
positive correlation with P205 (average 2.56 wt%), as
expressed by a correlation coefficient of 0.98. The MgO
content in ores varies from 0.76% to 1.49% (av. 1.09%). MnO
content averages between 0.1% and 1.41%. TiO, and K,O
occur in very low proportions, with averages of 0.06% and
0.19%, respectively.

4.3.2. Trace elements

The trace element concentrations of the ooidal ironstones
from Ain Babouche were determined by LA-ICP-MS
(Table 2). V and Zn recorded the highest concentrations
among the trace elements, with an average of 682.88 ppm
and 562.13 ppm, respectively. The average concentrations
(ppm) of the other trace elements in descending order are
Ni (332.45), Co (195.6), Cr (159.57), As (113.8), Ba (102.46),
Sr (55.11), Pb (55.66), Y (50.09), Zr (35.85), Cu (10.17), Mo
(9.5), U (9.24), Sc (8.06), Rb (7.92), Th (4.76), Nb (3.68), Sn

(0.95), Sb (0.76), Hf (0.62), and Ta (0.12). The ooids of the
two sides of the syncline (Kef en Nsour and Djebel Dahar)
contain almost the same concentrations.

Upon normalization to the upper continental crust
(UCC) as outlined by Taylor and McLennan, (1985), the
concentrations indicate that V, Co, Ni, Zn, As, Mo, Ba, Pb,
and Zn exhibit enrichment relative to the UCC. In contrast,
Rb, Sr, Zr, Nb, Sn, Hf, and Ta demonstrate depletion (Figure
9). The same trends are observed in the ooidal ironstones on
both the northwest flank (Kef en Nsour) and the southeast
flank (Djebel Dahar). The same characteristics are observed
in both the nuclei and the envelopes of the ooids.

Trace elements analysis of the Ain Babouche ooidal iron
deposit reveals significant similarities with regional and
global ooidal iron deposits, including Djebel Ank (Tunisia,
Garnit et al., 2017), Aswan (Egypt, Baioumy et al., 2017), and
Bakchar (Siberia, Rudmin et al., 2019), as illustrated in Figure
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10b. The slight differences include Sr depletion within Ain
Babouche ooids, whereas the ooids from Djebel Ank have

Bakchar deposit exhibit higher concentrations of V and Ba,
while showing lower contents of Co and Ni (Figure 9b).
higher contents of U and Mo. Additionally, samples from the

Table 2. Ain Babouche trace elements analysis of ooidal ironstones determined by LA-ICP-MS (values are the average of the measured
points from the nucleus to the concentric layers for each sample)

Djebel Dahar Kef En Nsour
Element (ppm) STI04 DDO01 DDO06 STIO01 ABWS ABW9 ABWI11
Sc 8.42 8.07 775 8.61 779 8.20 7.36 8.29
\% 798.97 606.85 713.43 806.66 594.46 569.24 644.36 729.10
Cr 151.56 87.08 208.37 187.58 159.69 124.51 206.13 151.66
Co 186.16 165.39 135.91 206.67 153.51 137.54 405.54 174.08
Ni 326.92 312.96 226.02 346.97 274.75 275.64 614.64 281.77
Cu 7.97 10.33 14.61 10.52 7.96 5.87 16.49 7.68
Zn 505.28 504.00 635.75 573.30 390.39 620.79 611.86 655.70
As 98.27 109.86 156.50 115.70 112.28 118.41 115.42 83.98
Rb 6.11 479 7.03 7.44 771 6.03 17.01 7.27
Sr 19.84 21.30 65.92 27.29 30.70 3573 203.83 36.29
Zr 37.29 33.37 35.91 40.02 41.40 29.32 35.40 34.10
Nb 3.38 2.53 3.51 3.23 2.94 2.80 8.58 2.53
Mo 27.62 4.11 3.34 28.30 3.70 2.44 4.14 274
Sn 0.83 0.53 1.13 0.92 0.76 0.51 2.01 0.96
Sb 0.81 0.71 0.80 0.72 0.60 0.52 1.12 0.88
Ba 68.47 61.74 90.37 217.41 50.41 63.27 222.64 45.37
Hf 0.82 0.36 0.70 0.65 0.70 0.45 0.70 0.63
Ta 0.14 0.10 0.10 0.12 0.12 0.09 0.28 0.08
Pb 42.30 40.71 75.68 57.05 60.40 59.96 67.07 42.15
Th 4.56 2.58 5.72 5.65 4.97 3.32 5.54 5.83
U 10.67 773 11.18 10.28 13.41 7.34 7.25 6.13
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Figure 9. a) UCC-normalized trace elements of Ain Babouche

ooids nucleus (N) and the concentric layers (N). b) UCC-normalized

trace elements of Ain Babouche Fe ooids compared to Djebel Had

deposit (Diab et al., 2020), Djebel Ank deposit (Garnit et al., 2017),

Aswan deposit (Baioumy et al., 2017), and Bakchar deposit (Rudmin

et al., 2019). Depleted values below 0.5 and those greater than two
are enriched

The high content of Ni+Co and the low content of
As+Cu+Mo+Pb+V+Zn mean that both Kef en Nsour and
Djebel Dahar ooidal ironstone are within the hydrogenous
fields of the binary diagram of trace elements. (Nicholson,
1992).

4.3.3 Rare earth elements

The total REE+Y content ranges between 104 and
362 ppm, with an average of 242 ppm (Table 3). The Kef
en Nsour’s average value of the total REE+Y (264 ppm) is
slightly higher than that of Djebel Dahar’s (220 ppm). The
average value of the total REE+Y of 19 points analysed in
the nucleus (244 ppm) is almost the same as the points in the
concentric layers (221 ppm).

The patterns of REE values of Ain Babouche ooidal
ironstones normalised against post-Archean Australian
shale (PAAS) (Taylor and McLennan, 1985) show a slight
enrichment in HREE and MREE compared to LREE. The
ores of the two flanks of the synclinal structure (Kef en
Nsour to the NW and Djebel Dahar to the SE) show similar
REE patterns (Figure 10a). In addition, similar REE patterns
are also expressed in the nucleus and in the rim of the ooids
analysed (Figure 10a).

The average > REE-Y values of Djebel Had (967 ppm),
Aswan (631 ppm) (Baioumy et al., 2017), Djebel Ank
(464 ppm) (Garnit et al., 2017), and Bakchar (399 ppm)
(Rudmin et al., 2019) are all higher than the values of Ain
Babouche ironstone (242 ppm).

Figure 12 shows the patterns of REE values normalised
against PAAS (Taylor and McLennan, 1985) of ooidal
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ironstones of Ain Babouche (Algeria), Djebel Had (Algeria,
Diab et al., 2020), Djebel Ank (Tunisia, Garnit et al., 2017),
Aswan (Egypt, Baioumy et al., 2017), and Bakchar (Siberia,
Rudmin et al., 2019). Ironstones of Ain Babouche have the
same REE-Y signature as those of Djebel Ank and Aswan
against PAAS. North African ooidal ironstones (Djebel Had,

Bouchair et al. / JJEES (2025) 16 (4): 352-364

Djebel Ank, and Aswan) are slightly more enriched with
heavy REE, unlike Bakchar ironstones, which are more
enriched with light REE (Figure 10b). The North African
ironstones also stand out from those of Bakchar by the
presence of a positive cerium anomaly, which is absent in
those of Bakchar.

Table 3. Ain Babouche REE of ooidal ironstones determined by LA-ICP-MS analysis (values are the average of the measured points from
the nucleus to the concentric layers for each sample)

Djebel Dahar Kef En Nsour
Element (ppm) STIO4 DDO01 DDO06 ABW9 ABWI1
La 23.59 33.39 9.37 22.13 34.05 18.81 23.72 10.52
Ce 93.13 101.60 29.92 92.77 109.22 61.46 174.43 34.15
Pr 7.58 8.90 3.63 7.54 11.54 6.11 9.66 4.18
Nd 29.83 34.64 14.74 30.10 49.37 24.79 43.94 16.64
Sm 6.99 7.94 4.67 7.77 12.30 6.52 11.34 5.03
Eu 1.95 1.97 1.42 2.11 3.34 1.79 3.16 1.51
Gd 8.75 7.60 5.86 8.52 14.70 8.04 12.17 7.06
Tb 1.63 1.33 1.21 1.68 2.41 1.24 2.18 1.30
Dy 10.78 8.26 7.70 11.38 16.52 9.32 12.32 9.05
Y 53.81 43.39 35.18 54.30 74.68 46.31 53.05 40.06
Ho 2.29 1.61 1.58 2.35 3.52 1.78 2.23 1.75
Er 7.26 5.65 441 6.59 9.79 5.52 6.56 5.35
Tm 1.06 0.84 0.77 1.06 1.32 0.84 0.94 0.83
Yb 7.11 6.28 478 6.80 9.15 5.66 6.12 5.59
Lu 1.01 0.85 0.75 0.94 1.24 0.75 0.86 0.64
> REE-Y 256.77 264.25 104.99 256.06 353.13 198.94 362.68 143.67
LREE 171.82 196.04 58.01 170.95 234.51 127.53 278.42 79.09
HREE 84.95 68.21 46.97 85.11 118.62 71.42 84.26 64.58
Ce/Ce* 1.58 1.35 1.14 1.62 1.25 1.30 2.55 1.14
Eu/Eu* 1.16 1.18 1.27 1.21 1.16 1.16 1.26 1.18
Y/Y* 0.76 0.84 0.92 0.78 0.81 0.88 0.78 0.78
Y, Ho 0.87 1.00 0.83 0.85 0.78 0.97 0.8 0.85
The cerium anomaly Ce/Ce* = 2 Ce /(La + Pr) was w0 A
calculated according to De Baar et al. (1983). The europium
anomaly was calculated as (Eu/Eu*) = E%lN/(SmN . Gd)* g W e
(Taylor and McLennan, 1985), and the yttrium anomaly as £ Tomnasy
Y/Y* =2Y,/(Dy, + Ho,) (Fazio et al., 2007), where N is the | * ., et
normalised value. The ooidal ironstones of the ATn Babouche
deposit are characterised by a positive cerium anomaly for o
which Ce/Ce* varies from 1.14 to 2.55 and also a slight e
positive europium anomaly where Eu/Eu* is between 1.16 " S
and 1.27. We note the presence of a slight negative yttrium ) % ——Keten Nour
anomaly where Y/Y* shows values between 0.76 and 0.92. é DI Ak T
In the two discrimination diagrams of Bau et al., (2014) # o e
(Ce/Ce* vs Y /Ho, ) and (Ce/Ce* vs Nd), which are generally wl pashan
used for the discrimination between different genetic origins HCE TN IR G YR Dyt g

of ooidal ironstones, the samples from the iron ore of the
Ain Babouche deposit are plotted in the hydrogenous fields
(Figure 13).

Figure 10. a) PAAS-normalized REE-Y of Ain Babouche ooids
nucleus and the concentric layers. b) PAAS-normalized REE-Y of
Ain Babouche iron ooids compared to Djebel Had deposit (Diab et
al., 2020), Djebel Ank deposit (Garnit et al., 2017), Aswan deposit
(Baioumy et al., 2017) and Bakchar deposit (Rudmin et al., 2019).
Normalising factors inspired by Taylor and McLennan (1985).
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4.3.4. Mineralogical and chemical variation in the ooids and their matrix
Maps of chemical element distribution (SEM-EDS) with punctual microanalyses are used in addition to EMPA analysis to

confirm the microscopic observations of polished and thin sections. Iron is present in most of the ooids, granules, and some

areas of the matrix (Figure 11c).
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Figure 11. SEM-EDS maps of chemical element distribution

Al is particularly present in localised zones between
oolitic grains, while Si is present only in quartz grains and in
the grain to the right of Figure 10 a-i. The latter also contains
an intermediate concentration of Mg and Al and is depleted
in P and O (Figure 11b-d-g-h-i). Mn appears only in some
small areas (Figure 1le). The concentration of P IS 0.9%.
This element spreads across almost the entire area with low
concentrations; however, in a small grain, it shows a high
concentration (Figure 11g). Ca concentrations appear only in
the matrix (Figure 11f).

5. Discussion
5.1. Petrography

The petrographic observation of Ain Babouche ooidal
ironstones demonstrates the association of these iron ores
with terrigenous and detrital minerals, including clay,
quartz and apatite. This observation lends support to the
hypothesis that the iron originated from a continental source.
Sedimentary structures, such as metric cross-bedding,
grading, and channelized facies, observed in the compact
ooidal ironstones of Djebel Dahar (Figure 5b), argue for a
relatively agitated shallow marine environment (e.g., Mutrux
et al., 2008). This assertion is further substantiated by the
observed correlation between the nucleus and the rim of the
ooids, with the preponderance of a-type laminations (Figure
6a), suggesting that these ooids have formed in an agitated
marine environment (Purser, 1980). In revanche, the B-type
ooid is present in small quantities (Figure 6c¢), indicating

formation in sheltered marine environments and non-marine
caves (Purser, 1980). The nuclei of ooids are typically
rounded, as Figure 6¢ shows, a consequence of multiple
stages of reworking, and the majority of ooids exhibit a
spherical to ellipsoidal shape, a result of the combined effects
of accretion and corrosion (Scholle & Ulmer, 2003). Oblique
cracks, parallel to the layers of the rim, are probably the
result of compaction and retraction of ooids. The fragmented
oolites indicate intense reworking and attest to an intensely
agitated coastal palacomilicu (Keddar, 1985). The presence
of ooid fragments, sometimes constituting the nucleus of new
ooids in the ironstones of Ain Babouche, indicates intense
reworking and serves as evidence of a shallow, intertidal,
agitated environment. The angular shape of these fragments
indicates that ooids have not been subjected to prolonged
transportation.

Moreover, hydrothermal ooidal ironstones deposits are
characterised by the presence of sulfide minerals, such as
pyrite, chalcopyrite, sphalerite, galena, along with barite
(Rudmin et al., 2019). Interestingly, our mineralogical
examination reveals the absence of these minerals in the Ain
Babouche ooidal ironstone, which allows us to distinguish
it from hydrothermal ooidal ironstone deposits, as well as
the metasomatic iron deposits of Ouenza and Boukhadra,
located 100 km further north of Tebessa. The latter, as
determined through stable isotope analysis and fluid
inclusions (Bouzenoune et al., 1997; Bouzenoune et al., 2006;
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Ait Abdelouahab et al., 2011; Bouzenoune, 2022), originate
from the conversion of carbonate host rocks into iron ore,
occurring at approximately 120 °C, with mineralising fluid
salinities around 22% equivalent NaCl.

5.2. Geochemistry

In the Si-Al discrimination diagram of Choi and Hariya
(1992) (Figure 12a), the Ain Babouche iron ooids samples
plot within the hydrogenous field, which is quite similar to
Djebel Ank (Tunisia), Djebel Had (Algeria), and the Aswan
deposit (Egypt), indicative of the same origin and formation
process. This similarity is well supported in the diagram of
Nicholson (1992) (Figure 12b), where all the Ain Babouche
ironstone samples fall within the field of hydrogenous origin
ores.

The strong positive correlation between CaO and PO
(i.e. 0.98), indicates that they originate from the same mineral
phase, most likely apatite, which was also identified using
SEM observations and elemental analyses (Figures 6f, 9a,
and 10g). Moreover, the positive correlation between SiO,
and Al O, confirms the presence of clay.
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Figure 12. Cross plots between a) Si and Al by Choi and Hariya

(1992); b) (Ni + Co) and (As + Cu + Mo + Pb + V + Zn) (Nicholson,

1992). Ain Babouche values are compared to Djebel Had deposit

(Diab et al., 2020), Djebel Ank deposit (Garnit et al., 2017), Aswan

deposit (Baioumy et al., 2017) and Bakchar deposit (Rudmin et al.,
2019)

Plotting the REEs in the two discrimination diagrams of
Bau et al. (2014): Ce/Ce* vs. Nd and Ce/Ce* vs. YN/HoN
(Figure 13a-b) reflects the hydrogenous origin of the iron in
the studied deposits. The average value of the total REE+Y
of 19 points analysed in the nucleus (244 ppm) is almost
equivalent to the points in the concentric layers (221 ppm),
suggesting no significant geochemical difference between
the two mineralogical phases from which the nucleus is
composed. In both cases, these phases consist of goethite.
This similarity in composition is indicative of the identical
genesis conditions of the ironstones on the two flanks of
the syncline and also reflects the same origin for the two
minerals (goethite) that constitute the nucleus and the cortex
of the ooids.
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Redox reactions likely control variations in cerium as
Ce has two oxidation states, Ce*" and Ce*". However, Ce*"
is almost never present in aqueous solutions unless strongly
complexed in oxidising conditions (De Baar et al., 1983).
The positive cerium anomaly and the negative yttrium
anomaly in the ooidal ironstones of Ain Babouche argue for
environmental conditions rich in oxygen that prevailed in
the Eocene Sea in which they were deposited. Under such
oxidizing conditions, Ce* oxidizes and transforms into
Ce*", which precipitates by being incorporated into different
minerals such as the goethite ooids. It is important to
acknowledge that the majority of authors who examined the
ooidal ironstones of North Africa obtained analogous results
and adopted the same interpretations (Salama et al., 2012;
Garnit et al., 2017; Diab et al., 2020).
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The study of Ain Babouche ooidal ores using SEM
revealed that ooids are devoid of any discernible precursor
carbonate or clay minerals, suggesting that goethite formation
is not attributable to replacement processes. Furthermore,
observations indicated that calcite was exclusively present
as cement between the ooids and the granules, with no
indication of replacement by iron-bearing minerals (Figure
6d). The presence of Al is particularly evident in localised
zones between oolitic grains, suggesting the possibility
of clay minerals. Conversely, Si is present only in quartz
grains and in the grain located to the right of Figure 10a.
The observed concentrations of Mg and Al in certain grains
indicate the presence of clay minerals (Figure 11b-d-g-
h-i). These findings collectively support the hypothesis of
a continental source of iron, characterised by terrigenous
and detrital minerals. The presence of Mn is only observed
in specific areas, which may be indicative of rare grains of
manganese minerals such as cryptomelane and psilomelane,
as reported by Diab et al. (2020) in the Ain Babouche deposit
and by Garnit et al. (2017) in the Djebel Ank deposit (Figure
11e). The presence of elevated phosphorus concentrations in
small grains is indicative of apatite (Figure 11g).
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5.3. Depositional environment

The depositional environment of the North African
Eocene ooidal ironstones is believed to be a shallow intertidal
setting. This interpretation is mainly supported by the
presence of sedimentary structures such as cross-bedding,
the size and shape of grains, and petrographic features such
as the presence of authigenic minerals (El Aref et al., 2006a;
Salama et al., 2012; Garnit et al., 2017; Diab et al., 2020),
and the presence of some microbial structures that develop
in calm water conditions (El Aref et al., 2006b).

The border region between Algeria and Tunisia is
situated on an epineritic platform, where the island of
Kasserine developed from the late Cretaceous to the
Miocene (Chabou-Mostefai et al., 1978; Zaier et al., 1998).
Significant phosphorite deposits, currently being exploited
in Algeria and Tunisia, were formed around this island
during the late Palacocene to Early Eocene in a shallow
intertidal depositional environment (Kechiched et al., 2016;
Dassamiour et al., 2021). The Eocene ironstone deposits
of Ain Babouche (Algeria) and Djebel Ank (Tunisia) were
formed under these palacogeographic conditions. They are
located to the west and south of the island, respectively. The
high phosphate contents in the ironstones at Ain Babouche
likely originate from nearby phosphorite deposits situated
approximately 50 km to the southeast (Djebel Onk phosphate
deposits) and northeast (Kouif and Djebel Dyr phosphate
deposits) of the Ain Babouche ironstone deposit.

The presence of sedimentary structures such as metric
cross-bedding and channelized facies indicates a marine
environment that was likely to be shallow and agitated. The
presence of laminations (alpha type with some beta type)
indicates agitation, as do spherical to ellipsoidal shapes (due
to accretion/corrosion). Ooid fragments sometimes form
the nucleus of new ooids, showing intense reworking and
confirming a shallow, agitated intertidal environment.

5.4. Source of iron

In the genetic models employed in the studies that
addressed the Cenozoic ooidal iron deposits, three primary
sources of iron were suggested: a continental source by
alteration of pre-existing rocks, a hydrothermal source
involving iron-rich fluids, and a mixed source with
continental weathering and hydrothermal contribution
(Young, 1989; Salama et al., 2012; Baioumy et al., 2017,
Garnit et al., 2017; Rudmin et al., 2019; Diab et al., 2020).

The most common conclusion of previous studies is that
the continental source is the most probable. For the Djebel
Ank ironstone deposit, Garnit et al., (2017) posit a continental
source for several reasons, including the relatively high
content of phosphorus (up to 2%) and the low TiO,/Al,O,
ratio (0.2—-0.3). The authors considered that phosphorus and
iron are usually believed to be transported to the basin of
deposition after being leached from a continental source.
Similarly, at the Djebel Had deposits, Diab et al. (2020)
believe that iron is leached from the adjacent metasomatic
continental formations associated with diapirism. However,
they do not give any information on these metasomatic
rocks. The authors approve their conclusion on indirect
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arguments, including mineralogical evidence, such as the
presence of piemontite and pyrochlore in the ironstones, and
geochemical evidence, such as the abundance of As, Zn, and
Ag and the low content of Eu, which rules out a hydrothermal
source of iron.

Many studies have considered a hydrothermal source of
the iron of the ooidal ironstones (Villain, 1902; Schweigart,
1965; Kimberley, 1989; Rudmin et al., 2019). This hypothesis
suggests that the precipitation of iron occurs from Fe-
rich fluid flux or hydrothermal fluid with or without the
intervention of volcanic events. The main arguments
used to support this hypothesis include the concentrations
of trace elements such as Pb, Cu, Zn, As, Bi, Ti, Cr, Mo,
Li, and B that concentrate only in hydrothermal fluids
(Schweigart, 1965); REE such as positive anomalies of Eu;
and some mineralogical evidence, such as the presence of
authigenic minerals. In contrast, several authors (Salama et
al., 2012; Baioumy et al., 2017; Garnit et al., 2017) consider a
hydrogenous source of iron based on trace elements and REE
discrimination diagrams. The dehydration and crystallization
of this gel yields iron hydroxide. In the case of ironstones
from the Ain Babouche deposit, and with reference to the
results obtained in this study, it would appear that most of
the results, and in particular the geochemical data, point to a
hydrogenous origin for the ores from this deposit. Moreover,
a mixed source of iron has been proposed by Baiyoumi et
al. (2014) and Rudmin et al. (2019), combining hydrothermal
and continental sources.

The hypothesis of a continental source for the iron in
the ores from the Ain Babouche deposit is supported by the
deposition of ooids in a shallow, agitated marine environment
near continental margins, alongside the association of
these iron ores with terrigenous and detrital minerals,
including clay and quartz, in addition to their geochemical
characteristics. However, the palacogeography of the Eocene
period does not allow us to identify any rocks likely to have
supplied, through supergene alteration, such large quantities
of iron as would be required to form a deposit of around 10
million tonnes, such as that at Ain Babouche.

On the other hand, the mobilization of iron from ante-
Eocene sedimentary series, dominated by clay and marl by
relatively saline hydrothermal fluids and its introduction
into the marine environment, remains plausible. The
Hamimat Guibeur and Hamimat Meskouta diapirs, located
respectively to the northwest and southeast of the Ain
Babouche deposit (Figure 2), would play a significant role
in providing the heat and salinity, enabling the basinal fluids
to acquire the capacity to dissolve the iron contained in the
ante-Eocene sedimentary series and creating a favourable
geo-tectonic context for the circulation of hydrothermal
fluids (Bouzenoune et al., 1995; Bouzenoune, 2024). It is
also interesting to note that the structure of the Ain Babouche
deposit is strongly compartmentalised by tectonic accidents
in an NW-SE direction (Figure 4) and that the three main
outcrops of diapiric Triassic evaporites are aligned along
one of these strike-slip tectonic accidents with a sinistral
component (Draa Foum Debbane strike-slip fault, Figure
4). This accident was also considered as a portion of a long



362

lineament (Gafsa fault or Khenchela—Tripolitania lineament)
along which the deposits of Ain Babouche and Djebel Ank
are located, as well as other deposits (Nicolini, 1967; Vila,
1992).

idal iron

5.5. Formation of
The formation of the iron ooids that constitute ironstone-
type deposits has been the subject of numerous scientific
studies, and various mechanisms have been proposed to
explain the genesis of these ooids (Sorby, 1856; Hemingway,
1974; Kimberley, 1979; Van Houten and Purucker, 1984;
Harder, 1989; Siehl and Thein, 1989; El Aref et al., 2006b;
Salama et al., 2012; Garnit et al., 2017, Rudmin et al.,
2019). One of the most frequently invoked mechanisms
is that proposed by Sorby (1856), which stipulates the
transformation of carbonate ooids into iron ooids following
the percolation of iron-rich fluids into the surrounding rocks.
This mechanism has also been used to explain the genesis of
the ooids in the Djebel Had deposit, which is part of the Ain
Babouche deposit (Diab et al., 2020). The results obtained
from the study of the Kef en Nsour and Djebel Dahar ores
showed that calcite was observed only as a cement between
the ooids and granules, with no trace of possible replacement
by iron-bearing minerals (Figure 6d). In addition, SEM
observation of the ooids showed no trace of any precursor
carbonate or clay minerals at the expense of the goethite
that may have been formed by replacement. Microchemical
analyses of the ooids showed relatively low Ca and Al
contents (average of 0.26 wt % and 1.65 wt %, respectively),
reflecting the absence of carbonate or clay minerals together
with the non-existence of calcareous 0oids in the surrounding
area indicative of possible precursors replaced by goethite.

The spherical shape of ooids is a result of the combined
effect of accretion and corrosion, in addition to the presence
of ooid cracks, ooid fragments, and rounded nuclei, which
are characteristics of multiple stages of reworking. The
concentric laminae provide support for accretionary growth.
Furthermore, the existence of modern analogue like the
ongoing formation of iron ooids on the island of Panarea in
Italy (Di Bella et al., 2019) and the unconsolidated submarine
deposit of iron ooids and pisoids on the volcanic island of
Mahengetang, Indonesia (Heikoop et al., 1996), can provide
physical evidence of the chemical precipitation of iron
around seafloor particles and that can be observed almost
in real time.

Insummary, Whether the source of the iron is continental,
hydrothermal, or mixed, once introduced into the marine
environment, the iron undergoes oxidation from the soluble
and mobile ferrous state (Fe?") to the ferric state (Fe*"),
leading to precipitation. Oxidising conditions, expressed by
the positive cerium anomaly, result from exchanges between
the atmosphere and marine waters, producing an increase
in the quantity of dissolved oxygen and, consequently, the
oxidation of Fe** to Fe** and its precipitation in the form of
a ferrihydrite gel. In the case of the introduction of bivalent
iron (Fe?*) dissolved in the marine environment in the form
of FeCl, from basinal brines and continental supplies, the
iron hydroxide gel (ferrihydrite) that precipitates following
the oxidation of the bivalent iron is transformed into much
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more stable phases such as goethite and hematite (Pedersen
et al., 2005; Benderev et al., 2022). The stable goethite
precipitate directly around seafloor particles in a shallow,
agitated marine environment.

6. Conclusion

This study investigates the petrographic, mineralogical,
and geochemical characteristics of the ooidal ores of the Ain
Babouche deposit. The following conclusions arise:

Sedimentary structures such as cross-bedding, grading,
and channelized facies, as well as the fragmented state of
the ooids whose fragments constitute the nuclei of other,
more recent ooids, argue for a shallow and relatively agitated
marine environment. The geochemistry of the major
elements and the trace elements in the ironstones indicates
the hydrogenous origin of the iron. Two potential sources of
iron have been suggested. The iron could be leached from
a continental source, or the iron could come from basinal
brines. A mixed source is also plausible.

The genesis of the ooids of Ain Babouche was eceded
by the saturation of iron in water, which was achieved by
the fluvial flow of continental origin and/or by leaching
of the ante-Eocene series by basinal brines. Subsequently,
iron (Fe*") oxidizes and precipitates as a low-crystalline
ferrihydrite gel, which is transformed by oxidation into
more stable phases that precipitate around solid particles in a
shallow, agitated marine environment.
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Abstract
The Niger Delta of Nigeria has witnessed several oil spillages arising from oil production and transportation and oil pipeline
vandalism. These activities might have caused continuous and remarkable changes in the structure and function of the
ecosystem with resultant environmental impacts. Thus, this study aims to evaluate the spatio-temporal and seasonal changes
in some physicochemical properties, metals, and total petroleum hydrocarbons contents in crude oil contaminated soils in
part of the Niger Delta of Nigeria. Soil samples were collected from seven locations at a crude oil spillage site in Amukpe.
Soil samples were analysed using standard chemical methods. The order of mean concentrations of the heavy metals in mg
kg in the soil samples for dry seasons in descending orders were Fe (981) > Zn (270) > Pb (>74.1) > Mn (58.71) > Cu (48.2) >
Cr (21.83) > Ni (12.6) > V (3.3) > Cd (0.41) > (0.04), and those of the wet season were Fe (1017) > Zn (230) > Pb (69.9) > Mn
(51.6) > Cu (43) > Cr (19) > Ni (10.7) > Cd (0.83) > As (0.31). The concentrations of metals in this study were higher than their
respective FAO/WHO permissible limits. Heavy metal enrichment factors follow the order Pb>Cd>Zn>Cu>Cr>Ni>Mn>As>V.
The enrichment factor (EF) of Pb, Cu, Cd, Zn, and Cr were greater than 10 indicating anthropogenic origin. The result of
correlation and principal component analysis indicates that there was a strong positive correlation between TPH and metals
which indicate that TPH and metals from the same anthropogenic source, such as oil spillage and associated activities.The
clean-up of the impacted site is recommended in order to restore the soil’s fertility for productive agricultural activities which
are the major source of economic survival of the inhabitants in the study area.

© 2025 Jordan Journal of Earth and Environmental Sciences. All rights reserved

Keywords: Amukpe; Contamination;, Geoaccumulation index; Enrichment factor; Pollution load index

1. Introduction appears that the amount of attention paid to oil spills on a
global scale varies significantly depending on where they
occur. For example, the 1989 Exxon Valdez oil spill (260,000
barrels) is highly referenced, likely because it happened in

The most visible activities in Nigeria’s Niger Delta are
oil exploration and exploitation, which are accompanied
by a growing problem with oil contamination (Ogri,

2001). According to Yakubu (2007), oil pollution can have the United States. Still, there are many spills in developing

catastrophic effects, which is why Nigeria has seen several oil ~ nations that are larger, based on volume spilled and

blowout disasters. Such blowouts and pipeline leakages have sensitivity of impact, than the aforementioned Exxon Valdez

all resulted in pollution of land, freshwater swamps and the ~ ©1l spill, but they are rarely used as benchmarks. Given that

marine environment (Nwachukwu et al., 2010). Currently, their regular sources of sustainable livelihoods—farming

there are eleven oil Corporations operating approximately and fishing—are constantly disrupted, these spills and other
159 oil fields and 1,481 oil wells in the Niger Delta region environmental hazards related to the region’s oil production
have a significant impact on residents’ fundamental right to
exist (Agbogidi et al., 2009). Crude oil inundates the soil, a

key component of agricultural productivity and a significant

of Nigeria (Wegwu et al., 2011). According to available data,
the Niger Delta region of Nigeria is more susceptible to oil
spills than any other place in the world, with an average of
273 oil spills occurringbetween 1983 and 2005, resulting ~ SOUrce of income for the communities that produce it, when it
in around 115,000 barrels of crude oil valued at US$5.64 is accidentally released onshore for a variety of reasons, such
million annually (Agbogidi et al., 2009). Some notable recent 3 malfunctioning production machinery, operational errors,
or deliberate damage to production facilities (Nkwocha and

at Elele Alumini (2014), Nkpoku-Bomu pipeline at Ekporo Duru, 2010; Yakubu, 2007; Odjuvwuederhie et al., 2006).

(2014), Nembe creek pipeline at Elem-Kalabari (2014), Available records indicate that there is inadequate data to
formulate or implement appropriate policies to manage some

oil spills recorded in Nigeria include Assa-Rumekpe pipeline

Bomu-Bonny pipeline at Dere (2013), Amukpe trunk line at TR
Amukpe (2011), and Nun-river Kolo creek at Oporoma (2013) of the challenges of oil spillage, as most towns affected by
(Shell Petroleum Development Company (SPDC), 2014). It crude oil spillage have not received any notable attention

* Corresponding author e-mail: ekyobiiyeke@gmail.com
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(Osuji et al., 2004; NEST, 1991). One such area is Amukpe,
in Sapele Local Government Area of Delta State, the host
community of Shell BP’s oil well No. 25. This area has
witnessed several oil spillages arising from oil production
and transportation, as well as oil pipeline vandalism
(SPDC, 2014). These activities have caused continuous
and remarkable changes in the structure and function of
the ecosystem with resultant environmental impacts. The
desire to provide information on the effects of oil spillage
on soil, food crops, and plant diversity in Amukpe becomes
imperative, as their environment and socio-economic life
have been threatened by the impact of the spillage. Thus,
the aim of this study is to investigate the spatiotemporal
dynamics of some physicochemical properties, metals and
total petroleum hydrocarbons contents in crude oil- impacted
soils from Amukpe in the Niger Delta of Nigeria.

2. Materials and Methods
2.1 Description of Study Area

The study area is Amukpe, located within Longitude
E 5° ‘42> 55.76”and Latitude N 5° 51°38.75”with elevation

Iyeke / JJEES (2025) 16 (4): 265-390

above sea level being llmeters. The area has a tropical
equatorial climate. The area has an average annual rainfall
of 1900 mm, with a temperature range of 23 °C to 37 °C
and a relative humidity range of 75% to 89% (Erhayimwen
et al.,, 2024; Tesi et al., 2020). The vegetation is typical
of the rainforest except for drainage streams where
swampy areas exist (Erhayimwen et al., 2024; Jaboro and
Omonigho, 2019). The rich, silty soil, coupled with salt-
and freshwater bodies, provided the necessary incentives
for the people whose main occupations are farming and
fishing (Obi-Iyeke, 2022). Amukpe is part of the Oben/
Sapele/Amukpe oil and gas field, which is operated by the
Nigerian Petroleum Development Company. Amukpe has a
flow station, a Liquid Treatment Facility, and crude storage
tanks. Amukpe also hosts the commercial farm holding,
which is an integrated farm registered as a company limited
by the Delta State Government, modelled after the Songhai-
Parakou of the Republic of Benin. The crude oil exploration
has resulted in incidents of oil spillage in the study area. The
study area map is shown in Figure 1.
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Figure 1. Map of the study area

2.2 Soil Sample Collection
Soil sampling was done according to the FAO (2006)
method. Eight (8) soil samples were collected from crude
oil-impacted locations in the study area while two (2) soil
samples were collected from a non-impacted area which
served as control samples. Sampling points were geo-
referenced using geographical positioning system (GPS)

to ensure consistency and are shown in Figure 1 and
Table 1. The soil samples were collected at depths 0-15 cm
and 15-30 cm wusing a stainless steel auger after foreign
materials such as roots, gravel, pebbles, leaves and stones
were removed. At each sampling point, three different
samples were collected and pooled together. Thereafter, a
single representative or composite sample was collected by
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quartering and compartmentalization. Sampling was carried
out during the dry season (January) and then the wet season
(June) for two years. Soil samples for metal analysis were
stored in polythene bags, while those for total petroleum
hydrocarbons were stored in aluminum foil and kept in an
ice chest. Samples were correctly labeled and transported to
the laboratory. In the laboratory, the soil samples were air
dried in the dark, sieved through a 2 mm mesh, and stored at
-4 °C until analysis.

Table 1. Sample coordinates in decimal degrees

Sampling ID Latitude Longitude Activities
S1 N 5.864468 E 5.692029 Farmland
S2 N 5.864559 E 5.692442 Farmland
S3 N 5.864057 E 5.693007 Farmland
S4 N 5.863282 E 5.692946 Farmland
S5 N 5.862064 E 5.691922 Farmland
S6 N 5.861775 E 5.691524 Farmland
S7 N 5.862156 E 5.691111 Farmland
S8 N 5.862582 E 5.690637 Farmland

Ctrl 1 N 5.867602 E 5.693558 Farmland
Ctrl 2 N 5.867237 E 5.694246 Farmland

2.3 Physicochemical Characterization of Soil Samples

Physical analysis was conducted on the composite soil
samples, consisting of five random samples from each plot
for the two profile layers (0-15cm and 15-30cm). Control
samples were also collected Skm away from the polluted
site, in the direction opposite to the drainage, with similar
vegetation, using the same procedures. The background
samples were collected 1000 m away from the polluted site.
Particle size analysis was done by the Bouyoucas Method
(1962). Total organic carbon was measured using the wet
oxidation digestion method of Walkley and Black (1959).
The exchangeable cations were extracted by the ammonium
acetate extraction method (He et al., 2005). Available
phosphorus was determined by the molybdenum blue colour
method (Osuji et al., 2006). Nitrogen was determined by the
modified Kjeldahl method (Bakker et al., 2000). A pH meter
(Orion Digital pH / millivoltmeter 611) was used to determine
the pH of the soil, following the procedures of Oluyemi et al.
(2008). Total petroleum hydrocarbon (TPH) was determined
using the method of Mihaly-Cozmuta et al. (2005).

2.4 Heavy metal analysis of the soil samples
Five grams of the air-dried soil sample were digested in
an acid mixture prepared from 20 mL HNO,, 10 mL HCI,
and 2 mL HF. The digest was placed on a hot plate (130
°C) for 2 hours with constant stirring. The filtered solution
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was made up to 100 mL with distilled water. The solution
was analyzed for heavy metals (Fe, Zn, Cr, Cd, Cu, Pb and
Mn) using Flame Atomic Absorption Spectrophotometry
(AAS) (PerkinElmer Analyst 200). Vanadium was analyzed
using a nitrous oxide flame, whereas arsenic was analyzed
by hydride generation AAS. The AAS was fitted with D2
background correction devices. All samples were analyzed
in triplicate.

2.5 Data Analysis

Data collected were subjected to analysis of variance
(ANOVA) and the means were compared using ‘ ‘Duncan’s
new multiple range test (DNMRT) at p < 0.05 levels of
significance. The Pearson correlation coefficient was
used to assess the relationships between the metals in soil
samples from polluted and unpolluted sites, while principal
component analysis was applied to identify the sources of
metals.

2.6 Determination of the extent of pollution
The extent of pollution and ecological risk was evaluated
using variouspollution indices including the contamination/
pollution index, pollution load and geo-accumulation index.

Contamination / pollution index: The contamination/
pollution index was computed using the equation:
Concentration of metals in soil
CPI = M
DPR Target value
Geoaccumulation index (Igeo): The geoaccumulation

index was calculated by the equation:

Cq
1.5B,

Igeo=Log2 2

Enrichment factor (EF): The enrichment factor of metals
in the soil was calculated following the equation:

EF — Cn (test element) . Bn (test element) 3)
" Cn(Reference) ~  Bn(Reference)

Pollution load index: Pollution load index (PLI) was

estimated using the equation:

PLI= YCF1X CF2 X CF3 X CF4 x ...CFn “4)

The definition and values of variables in equations (1) to
(4) are as given in Tesi et a. (2020) and Iwegbue et al. (2018).

3. Results and Discussion
3.1 Soil physicochemical characteristics
Theresults of some physicochemical properties, including
particle size distribution, pH, electrical conductivity, nitrate,
phosphate, and total petroleum hydrocarbon contents in
the crude oil-impacted soils for the two sampling years are
presented in Table 1.
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The pH value for the crude oil-impacted soil ranged from
4.9 to 7.2 across the two sampling years. The results obtained
from this study indicated that the pH values in the crude oil-
impacted soils were acidic to near-neutral in nature, which
corresponds to the typical pH of anaerobic soils in the Niger
Delta. The pH values, reported in this study, were within
the range of 6.0 to 7.5, as set by FAO (2011) for agricultural
soils. The pH recorded in the study also corresponds to pH
value previously reported for Niger Delta soils (Nkwocha
and Duru, 2010; Abii and Nwosu, 2009; Iwegbue et al.,
2009; Iwegbue et al., 2006. pH is an important soil property,
having great effect on solute concentration and sorption/
adsorption of contaminants in soils (Ambo et al., 2013). High
pH value might reduce the mobility of some metal species
down the soil strata, while low pH value usually enhances
metal distribution and transport in soil (Ogboi, 2012; Osuji
and Nwoye, 2007). The pH values in this study agree with
the results obtained by Ideriah et al. (2013) from soil in
the Niger Delta region and with those reported by Wegwu
et al. (2011) in a post-impact assessment of a crude oil-
spilled site four years after the recorded incidence. When
evaluating the movement of most metals, soil pH is crucial
because precipitation as insoluble organic complexes,
carbonates,, and hydroxides,as well asd enhanced sorption
tooxide surfaces,s reduces mobility as the soil pH rises
(Osuji and Udoetok, 2008). As the pH value decreases, the
concentration of soluble metals increases (Abii and Nwosu,
2009). The acidic or alkaline status of the soil determines the
availability of many nutrients for plant growth. pH thus plays
a key role in soil microbial reactions (Edema et al., 2009).

Total organic matter (TOC) in the sampled plots ranged
from 0.37 to 3.8%. The total organic matter at the polluted
site was significantly higher (p <0.05) than that of the control
site. The amount of organic matter in soils affects numerous
chemical and physical processes. It is a key indicator of
the soil as a rooting environment, even though soil organic
carbon is not necessary for plant growth (Tesi et al., 2020).

The electrical conductivity (EC) varied between 17 and
86.1uS ¢cm™.The highest EC value was observed at Site 7
during both sampling periods. The electrical conductivities
of the impacted soils were significantly higher (p < 0.05)
than those of the control sites.

Cation exchange capacity (CEC) in the sampled plots
ranged from 6.80 to 38.4 mg kg'. The cation exchange
capacity at the polluted site was significantly higher (p <
0.05) than that of the control site. Additionally, there was
significant variation in responses to sites and depth. The
higher values of CEC were observed at sites 7, 4, and 1 in
comparison to other sites. A similar range of CEC (9.41-48.31
mg kg-1) was reported by Iwegbue et al. (2013) in the soil
surrounding cassava processing mills in southern Nigeria.
The values of CEC obtained in this study were significantly
higher than those reported in soils from an oil field in the
Niger Delta, Nigeria, by Iwegbue et al. (2006). The soil’s
ability to absorb metals is correlated with its CEC. The more
exchange sites on the soil minerals that are accessible for
metal retention, the higher the CEC value.
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The concentrations of nitrate in the crude oil-impacted
soil were lower than the levels found in the control sites,
ranging from 24.4 to 474 mg kg' for the two sampling
periods. The phosphate concentration in the soil impacted
by crude oil varied from 10.3 to 18.7 mg kg'. There were
no significant spatial and seasonal changes in the levels of
phosphate in these soils. The concentration of nitrates and
phosphates was very low and coupled with the fact that the
spill was an extensive one that has lasted for about 3 years
(in a low oxygen state). Metabolic activities have depleted
the nitrates and phosphates in the soil, which may retard
hydrocarbon degradation. Soil N and P levels were lower at
the two depths in the polluted plots than in the control sites.
The reduction in phosphorus could be attributed to the effect
of the oil spill on the soil, which affected the activity of the
enzyme phosphatase and, therefore, inhibited the release
of phosphorus from the organic materials in the soil. The
acidic/ alkaline status of the soil determines the availability
of many nutrients for plant growth. pH thus plays a key role
in soil microbial reactions (Edema et al., 2009). It has been
noted that contamination from crude oil lowers the soil’s
nutritional content (Nwadinigwe and Onyeidu, 2012). Osuji
and Nwoye (2007) reported that the soil ecosystem is limited
by organic matter, such that the presence of nitrogen-free
substrates (crude oil), N and P become limiting. The low
levels of phosphorus and nitrogen is indicative of a stressed
environment.

Analysis of the soil samples showed that the proportion
of soil particles varied as follows: sand (22.7%-58.3 %),
clay (8.2%-16.5 %), and silt (12.0%-19.6%). The particle
size pattern indicates the dominance of the sand fraction.
The clay fraction of the soil was less than 18%. There is a
significant spatial variation in particle size distribution. The
sand fraction forms the predominant fraction at all sites and
depths, while the clay fraction is low compared to the sand
and silt. The sandy loam nature of the soil may have been
responsible for an extensive vertical and horizontal migration
of oil in the environment. This observation agrees with that
of Akani et al. (2009), who reported that the sandy—loam
nature of soils enhances oil migration in crude oil-polluted
soil. There is no regular trend in particle size distribution
with depth.

3.2 Metals and TPH concentrations in the soils

The results of the heavy metal and TPH analyses of the
examined soils for the two sampling years are presented in
Table 2. The results showed that impacted sites generally
had higher concentrations of metals than the control site.
The concentrations of metals in the crude oil-impacted soil
were several times higher than those of the uncontaminated
control sites throughout the different sampling seasons and
periods, except for vanadium. This result indicates that the
crude oil spillage had a significant impact on the environment
due to the presence of metals. The spatial difference in the
concentrations of crude oil-impacted soil is related to the
background concentration of metals, topography, surface
processes, and the magnitude of the crude oil spillage’s
impact.
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In this study, higher concentrations of metals were
observed in the dry season than in the wet season, which may
be influenced by the leaching action of rainwater during the
wet season. Moreover, the elevated levels of metal during
the dry season may be related to the fact that atmospheric
deposition of metal-contaminated dust is highest during
the dry season. This result is similar to that of Nwadinigwe
et al. (2014) and Nwajei (2011), who also reported a higher
concentration of metal during the dry than during the wet
season. In this study, the distribution patterns of metals
followed the order Fe > Zn > Mn > Pb > Cu >Cr>Ni> V > Cd
> As in both seasons.

The concentrations of As ranged from 0.01 to 1.04 mg
kg! at all sites and depths and were lower than the DPR
target value of 1.0 mg kg' for As in soil (DPR, 2018). The
concentration of As found in the impacted sites was higher
than that found in the soils of oil fields in Nigeria (Iwegbue
et al., 2006).

The concentration of Cd ranged from 0.02 to 2.8 mg kg-1
at all sites and depths. The Cd contents found in these oil-
impacted soils were above the DPR target value of 0.8 mg
kg-1 for Cd in soil. The Cd levels found in this study were
comparable to the range of 0.05-3.01 mg kg' (Iwegbue et
al., 2009), < 0.2 mg kg (Osuji and Onojake, 2005), 2.2-11.0
mg kg' (Fatoba et al., 2015), 0.10-0.18 mg kg' (Bada and
Olarinre, 2012), and 0.001-0.20 mg kg (Nwaichi et al., 2016)
previously reported for crude oil-impacted soils in the Niger
Delta of Nigeria.

The concentrations of Pb in the crude oil impacted sites
varied from 24.7 to 723 mg kg'. The concentrations of Pb
decreased with depth during the two sampling periods. There
were significant (P<0.05) spatial and seasonal differences
in the concentrations of Pb in crude oil-impacted sites. The
results of these studies indicated that the topsoil had a higher
concentration of Pb than the subsoil, which may be attributed
to the fact that most anthropogenic activities are typically
restricted to the surface horizons. The concentration of Pb
reported in this study exceeded the permissible limit of 0.35
mg kg set by FAO/WHO (2011). The concentrations of Pb in
the majority of the sites exceeded the 85 mg kg' maximum
allowable concentration of Pb in soil (DPR, 2018). Pb
concentrations in the range of 14.32 to 37.98 were found in soil
contaminated with crude oil at Aboh-Abalagada, Delta State
(Iwegbue et al., 2009). Osuji and Onojake (2004) reported
Pb levels of 10.0 to 10.8 mg kg-1 in soil samples collected 6
months after the Ebocha-8 oil spill in River State. Iwegbue et
al. (2006) reported Pb levels of 2.0 to 58.0 mg kg-1 in soils of
an oil field in Delta State, Nigeria. The concentrations of Pb
in soil profiles collected within a 30m distance of crude oil-
contaminated sites were found to be 0.08 to 0.44 mg kg'. The
concentrations of Pb observed in these sites were higher than
the concentration of Pb previously reported for some crude
oil contaminated sites in the Niger Delta (Iwegbue et al.,
2009; Iwegbue et al., 2006) but were similar to those values
found in rural/urban soils under different land uses (Iwegbue,
2014) and in the vicinity of Shell Petroleum Development
Company operating area (Nwajei, 2009). Pb concentrations
above regulatory control limits call for concern, given the
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toxicity and health effects associated with human exposure to
Pb. Therefore, these sites need remediation to reduce the risk
of human exposure to Pb.

The concentrations of Cr in the crude oil impacted site
range from ND to 34.8 mg kg™'. The concentrations of Cr in the
impacted sites were significantly higher (P < 0.05) than those
in the control sites. Particularly when exposed to moderate
redox settings at a pH close to neutral, chromium exhibits
little mobility. The adsorption of Cr®" diminishes as the pH
rises. Cr®, however, is harmful to biological systems (Hu et
al., 2011). The concentrations of Cr in the crude oil-impacted
sites were higher than the control site which suggests the
impact of the oil spillage. The concentration of Cr reported in
this study was higher than the permissible limit of 0.5 mg kg™!
set by FAO/WHO (2011). The concentrations of Cr observed
in these sites were below the maximum permissible limit
of 100 mg kg specified by the DPR (2018). Iwegbue et al.
(2006) reported Cr levels in the range of 1.0 to 62.0mg kg™ in
the soil of an oil field in the Niger Delta. Similarly, Iwegbue et
al. (2009) found Cr concentrations of 2.19 to 44.07mg kg in
Delta State. Ikhajiagbe et al. (2014) found Cr concentrations,
ranging from 0.09 to 2.19 mg kg in waste oil-polluted sites
in the Benin metropolis. The concentrations of Cr in the
present study correspond to the range reported for the crude
oil impact zone in the Niger Delta (Iwegbue et al., 2006), but
were lower than those reported for waste oil-impacted sites
(Ikhajiagbe et al., 2014).

The concentration of Ni varied between 3.42 and 23.7 mg
kg!. There are no significant seasonal or temporal changes in
the concentrations of Ni in the crude oil-impacted soil. There
is a significant difference (P < 0.05) in the concentrations
of Ni observed between the control sites and those of the
impacted sites. The concentration of Ni obtained in this
study was above the maximum permissible limit set by FAO/
WHO (0.20 mg kg'). The concentration of Ni observed in
the crude oil-impacted sites was below the Department of
Petroleum Resources’” maximum allowable limit of 35 mg
kg-1 for Ni in soil. A wide concentration range of nickel (Ni)
has been reported for crude oil-impacted soils in the Niger
Delta. Iwegbue et al. (2009) found Ni concentrations of
11.87 to 42.25mg kg in crude oil-impacted soils. Osuji and
Onojake (2004) reported Ni concentration in the range of 12.6
to 12.8mg kg' in soil samples collected 6 months after the
Ebocha-8 oil spillage in the Niger Delta.

The concentrations of Cu in the crude oil impacted site
range from 0.01 to 61.1 mg kg'. Higher concentrations of Cu
were observed during the dry season than during the wet
season. The concentration of Cu obtained in this study were
above the maximum permissible limit set by FAO/WHO
(0.20 mg kg™). The concentrations of Cu in the majority of
sites during the first sampling period exceeded the 36 mg kg
T maximum allowable limit for Cu set by the Department of
Petroleum Resources in soil (DPR, 2018). A wide range of Cu
in soils has been reported in the literature. Osuji and Onojake
(2004) reported lower Cu levels in the range of 4.1 to 5.2 mg
kg-1 in soil samples collected six months after the Ebocha—8
oil spillage in the Niger Delta, Nigeria. The concentrations
of Cu found in this study were higher than those previously
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reported for crude oil-impacted sites in the Niger Delta
(Ideriah et al., 2013) but similar to the Cu concentration
reported in soil in the Niger Delta (Aniekan et al., 2014). The
concentrations of Cu in most of the samples were above the
permissible limits of 36 mg kg set by DPR (2018).

The concentrations of V in the crude oil impacted soil
ranged from ND to 7.32 mg kg'. The mean concentration
of manganese at the studied site ranged from 3.23 to 98.7
mg kg! for the two sampling years. There is no guide
specifying the permissible limit of vanadium in soil by the
Nigerian regulatory authorities. However, the concentration
of vanadium observed in these sites was generally higher in
comparison with vanadium concentration observed in farm
land in Ibeno (Nwandinigwe et al., 2014b), crude oil impacted
sites (<0.2mgkg™) in Nigeria (Osuji and Onoyake, 2004) but
was comparable to vanadium levels reported for an oil field
in the Niger Delta (Iwegbue et al., 2006).

High contents of Mn in soils are of concern due to
the high mobility of Mn. It can be easily mobilized and
contaminate water sources, such as surface and groundwater.
Its precipitation and oxidation are more effective at higher
pH values (Lloyd and Solomon, 2002). The concentrations of
Mn in the crude oil impacted site range from 18.5 to 98.7 mg
kg'. The concentration of Mn reported in this study exceeded
the permissible limit of 0.2 mg kg' set by FAO/WHO (2011).
However, the content of Mn in the soils was lower than the
CAV of 850 mg kg'. Nwadinigwe et al. (2014b) reported the
mean concentrations of Mn in soil from farmland in Ibeno,
Nigeria, as 9.66 to 10.37 mg kg™ Iwegbue et al. (2006) reported
Mn concentrations in the range of 12.3 to 539.4 mg kg-1 in
crude oil-impacted soil in Delta State. The concentrations of
Mn observed in these sites were similar to the range reported
for crude oil-impacted soil (2009) and in soil in the vicinity
of Shell Development Company, Delta State (Nwajei, 2009).

The concentration of Zn during the study period varied
from 18.42 to 454 mg kg'. There are significant differences
(P < 0.05) in the spatial and seasonal characteristics of Zn
in the impacted soils. The concentrations of Zn were higher
than during the dry season than in the wet season and also
higher in the first sampling year than in the second sampling
year. Although zinc is essential for humans, animals, and
plants, prolonged exposure to soil contaminated with zinc can
cause a variety of toxicities and health problems, including
anemia (Chibowski, 2000). The concentrations of Zn in all
sites were above the regulatory control limit of Zn in soil,
except for site 8 and control sites. The concentration of Zn
reported in this study was higher than the permissible limit
of 2.0 mg kg set by FAO/WHO (2011) and also higher than
the values (4.47 to 49.55 mg kg™) reported by Iwegbue et al.
(2006) in crude oil contaminated soil at Abalagada in Delta
State and Nwadinigwe et al. (2014b) who reported mean Zn
concentrations of 0.066 mg kg™ in soil samples in farm lands
in Ibeno coastal area, Nigeria.

Fe in the sites varied from 42 to 1583 mg kg' for the
sampling years. The concentration of Fe in the surface
horizon was higher than that of the subsoil (15- 30 cm). There
was a significant reduction in the mean concentration of
Fe during the second sampling year. Iron has no specified
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permissible limit in soil in the legislation of most countries.
The concentration of Fe reported in this study exceeded
the allowable limit of 5.0 mg kg' set by FAO/WHO (2011).
However, the crustal abundance value for Fe is 4.7% (47000
mg kg™). The levels of Fe observed at the crude oil-impacted
sites were far below the crustal abundance values. A wide
concentration range of Fe has been reported in the literature
for contaminated soils. For example, Iwegbue (2014) reported
Fe concentrations of 4388.2 to 31891 mg kg-1 under different
land uses in the Niger Delta. Similarly, Iwegbue et al. (2015)
reported Fe concentrations ranging from 58.0 to 257mg kg!
in soils around asphalt plants in Delta State. Nwadinigwe et
al. (2014b) found mean Fe levels between 12.09 and 15.5 mg
kg-1 in soils of cropland in the Ibeno coastal area, Nigeria.

The
hydrocarbons in an environmental medium is known as total

quantifiable  quantity of petroleum-based
petroleum hydrocarbon, or TPH. It represents a large family of
substances that originated from crude oil (Tse and Nwankwo,
2013). Total petroleum hydrocarbon (TPH) varied from 6.7
to 231 mg kg'. Significant and apparent variability exists
when the concentration of TPH on various sites and profiles
is compared. The concentration of TPH decreased with depth
in all sites. This signifies that higher TPH accumulates in
the topsoil in relation to the subsoil. TPH was significantly
(P<0.05) higher at the polluted sites compared with the
control site within the two sampling years. The high TPH
content in polluted sites confirms the presence of petroleum
pollution. The level of TPH in the dry season was higher than
in the wet season. This difference could be due to the higher
temperature values in the dry season, which resulted in the
melting of the sunken oil, causing it to resurface again at
sites. The significant reduction in the concentration of TPH
and heavy metals, during the second sampling year, may be
attributed to the biodegradation process which is controlled
not only by its speciation, changes in pH and salinity but also
by unknown factors (Essiett et al., 2010). A similar range of
mean TPH (104.5 mg kg ') has been reported in soils impacted
with crude oil in the Niger Delta (Iwegbue et al., 2007).
Higher TPH content (317.43 mg kg') was also observed in
Nigeria from Niger Delta soils (Aniekan et al., 2014); 1276
mg kg observed in crude oil spill site in Kpean community
in Rivers State, Nigeria (Gighi et al., 2012), and 5251.99 mg
kg! recorded in soils impacted with petroleum in Olomoro,
Delta State, Nigeria by Idodo-Umeh and Ogbeibu (2010).
Although the initial concentration of hydrocarbon at the time
of spillage was not known, natural degradation of the spilled
oil by microbes over the period might have also affected the
result of the amount of TPH recorded.y

3.3 Assessment of the extent of pollution

3.3.1 Contamination/Pollution Index

The contamination/pollution index (CPI) indicates the
relationship between the measured concentration of metals
in the soil and the background concentration (Lacutusu,
2002). The computed CPIs are shown in Tables 3 and 4. The
CPI of metals in the crude oil impacted soils indicates that
the majority of the studied metals (Fe, Zn, Cu, Cr, V, Pb, and
Ni) had CPI values greater than 16 in all sites and depths,
indicating excessive pollution, while the CPI for As and Mn
were < 1, indicating slight contamination.
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The CPI values for the metals did not show a remarkable
seasonal difference. However, the CPI value for the metals
during the second sampling year was lower than that obtained
in the first sampling period. A similar range of CPI has been
reported in contaminated environmental media (Etchie et
al., 2011), while higher CPI values have been reported in
polluted sediments (Fagbote and Olanipekun, 2010) and at an
industrial contaminated site in Pakistan (Malik et al., 2010).

3.3.2 Geoaccumulation index (Ige )

The Lco values of the metals in the soils are shown in
Tables 5 and 6 for the first and second sampling years,
respectively. The Igeo sequence was as follows: Zn > Cu >
Cd > Pb > Ni > Cr > Fe > V > As > Mn for both years.
The Igeo of Cu, Cd, Zn, Ni, and Pb falls into Igeo class 7
(i.e.,> 5) in both years, which indicates that the soils were
extremely polluted with Cu, Cd, Zn, Ni, and Pb. However,
the Igeo values of As, V, and Mn fall into Igeo class 1 (i.e., <
0), indicating that the soils were not polluted with As, V, and
Mn at any site or depth in either year.

3.3.3 Enrichment factor

The computed enrichment factors (Er) for the studied
metalsaredisplayedin Tables 7and 8. Heavy metal enrichment
factors follow the order Pb>Cd>Zn>Cu>Cr>Ni>Mn>As>V
for the two sampling years. Generally, the EF of metals was
higher in the dry season than in the wet season. Also, higher
EFS were obtained for the metals in the first sampling year
compared with the second sampling year. As the EF values
increase, the contributions of the anthropogenic origins also
increase. Metal enrichment in these soils may be due to oil
spills and related anthropogenic activities in this area.

3.3.4 Pollution load index (PLI)

PLI provides a comparative means of assessing site
quality, where a value of PLI < 1 denotes perfection; PLI = 1
presents a baseline level of pollutant; and PLI > 1 indicates
deteriorating site quality. The computed PLI for this study
is shown in Tables 9 and 10. The pollution load index in the
first year ranged from 5.72 to 30.8 and 0.00 to 24.8 for dry
and wet seasons, respectively. While the PLI for the second
year ranged from 6.48 to 21.7 and 6.02 to 19.6, corresponding
to the dry and wet seasons, respectively. The PLI of most
sites and depths was more than 1, indicating deteriorating
site quality. The result of the pollution load index (PLI) also
indicates that site 7 with PLI mean value of 30.8 and 23.1 for
dry and wet season, respectively, in the first sampling year
has the highest heavy metal load. In contrast, site 8 with a
PLI mean value of 9.01 and 0.00 for the dry and wet seasons,
respectively, the first sampling year recorded the least metal
load.

3.3.5 Correlation Analysis

The “ ‘Pearson’s correlation coefficients of metals and
TPH studied are shown in Tables 11 and 12. The results of
the correlation analysis showed similar patterns between
the parameters investigated in this study for the first and
second years. In both years, a negative correlation was
observed between pH and metals. This observation indicates
that pH has no effect on metals in the soils. However, there
was a strong positive correlation between TPH and metals
in both years which indicate that TPH and metals originate
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from the same anthropogenic source, such as oil spillage
and associated activities. Also, there was positive strong
correlation between Cu/Pb, Cd/Pb, Mn/Cd, Fe/Pb, Fe/Mn,
Zn/Cd, Zn/Mn, Zn/Fe, Cr/Pb, Cr/Cd, Cr/Mn, Cr/Fe, Cr/Zn,
V/Pb, V/Fe, V/Zn, V/Mn, As/Pb, As/Cu, and As/Mn. The
correlation pattern of these metals in this study, observed in
both years, suggests that they exist in the soils in the Fe and
Mn oxide phases. This result agrees with that of Osam et al.
(2011) who reported a positive correlation between TPH and
metals at an oil-polluted site in Omoko, Nigeria.
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A similar correlation pattern among metals in soils in the Niger Delta, Nigeria, was reported by Aniekan et al. [43].

Table 11. Correlation Analysis First Sampling Year, 2013

Fe VA
Dry season
Pb 1.00 0.60* 0.76** | 0.80** | 0.78** 0.59* 0.44 0.66* 0.55% 0.70** | 0.88%* | -0.72%*
Cu 1.00 0.49 0.33 0.06 0.09 0.05 0.12 -0.08 0.53* 0.52* -0.34
Cd 1.00 0.75%* 0.64* 0.58* 0.38 0.74** 0.32 0.37 0.76*%* | -0.54*
Mn 1.00 0.81** | 0.74** 0.38 0.67* 0.49 0.41 0.84** | -0.53*
Fe 1.00 0.78** 0.60* 0.81** 0.69* 0.36 0.77*%* | -0.56*
Zn 1.00 0.40 0.70** 0.36 -0.05 0.61* -0.52%*
Ni 1.00 0.39 0.13 0.18 0.58* -0.44
Cr 1.00 0.58* 0.34 0.67* -0.30
\% 1.00 0.52* 0.47 -0.44
As 1.00 0.58* -0.44
TPH 1.00 -0.64*
pH 1.00
Wet season
Pb 1.00 0.67* 0.52* 0.49 0.16 0.26 0.33 0.43 0.61* 0.70** | 0.76%* | -0.77**
Cu 1.00 0.36 0.43 -0.17 0.02 -0.07 0.01 0.14 0.48 0.53* -0.46
Cd 1.00 0.73%* -0.22 0.59* 0.32 0.57* 0.46 0.28 0.65* -0.35
Mn 1.00 -0.21 0.57* 0.09 0.61* 0.34 0.40 0.82** -0.30
Fe 1.00 0.14 0.00 0.20 -0.03 -0.02 -0.07 0.01
Zn 1.00 0.44 0.75%* 0.55* -0.04 0.64* -0.05
Ni 1.00 0.40 0.40 0.11 0.36 -0.19
Cr 1.00 0.57* 0.42 0.76* -0.40
\% 1.00 0.47 0.65* -0.59*
As 1.00 0.60* | -0.77**
TPH 1.00 -0.56*
pH 1.00

**Pearson Correlation is significant at the 0.01 level (I-tailed)*Pearson Correlation is significant at the 0.05 level (I-tailed)

Table 12. Correlation Analysis Second Sampling Year, 2014

Fe Zn
Dry season
Pb 1.00 0.49 0.83** | 0.85%* | 0.83** 0.68* 0.37 0.66* 0.53* 0.58* 0.88** | -0.59*
Cu 1.00 0.30 0.51* 0.02 -0.01 -0.20 -0.06 0.08 0.82%* 0.42 -0.17
Cd 1.00 0.57* 0.78** 0.68* 0.41 0.65% 0.15 0.38 0.74%* -0.43
Mn 1.00 0.63* 0.70** 0.06 0.44 0.59* 0.53* 0.84** | -0.64*
Fe 1.00 0.78** 0.56* 0.78** 0.46 0.19 0.75%% | -0.64*
Zn 1.00 0.25 0.69* 0.28 0.07 0.73** | -0.63*
Ni 1.00 0.39 -0.04 0.14 0.47 -0.37
Cr 1.00 0.36 -0.09 0.64* -0.27
v 1.00 0.10 0.31 -0.17
As 1.00 0.52* -0.38
TPH 1.00 -0.64*
pH 1.00
Wet season
Pb 1.00 0.58%* 0.55% 0.70%** 0.47 0.58%* 0.25 0.29 0.45 0.75%* | 0.80%* | -0.78**
Cu 1.00 0.50* 0.47 -0.13 0.04 -0.25 -0.23 -0.12 0.52* 0.40 -0.53*
Cd 1.00 0.85%* 0.44 0.51* -0.02 0.43 0.27 0.37 0.72%* -0.31
Mn 1.00 0.58* 0.68* 0.05 0.61* 0.49 0.39 0.88** | -0.52*
Fe 1.00 0.49 0.68* 0.82%%* 0.43 0.28 0.55% -0.31
Zn 1.00 0.18 0.62* 0.69* 0.13 0.76%* -0.35
Ni 1.00 0.42 0.13 0.20 0.20 -0.10
Cr 1.00 0.54* 0.07 0.55% -0.19
v 1.00 0.22 0.63* -0.41
As 1.00 0.52% | -0.82%*
TPH 1.00 -0.56*
pH 1.00

**Pearson Correlation is significant at the 0.01 level (I-tailed)*Pearson Correlation is significant at the 0.05 level (I-tailed)
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3.5.6 Principal Component Analysis (PCA)

PCA is a reduction method that correlates attributes and
identifies orthogonal linear recombinations of the attributes
that summarize the principal sources of variability in the
data (Kaplunovsky, 2004). PCA was used to determine the
sources of metals in the soil impacted by crude oil. The
factors obtained were rotated using a Varimax-normalized
algorithm, which facilitates easy interpretation of the
principal component loadings and maximization of the
variance explained by the extracted components. The PCA
results for metals in crude oil-impacted soils are displayed
in Figures 2-5.

In the first year (dry season), three components or factors
were extracted, accounting for 80.49% of the total variance.
Factor 1 accounted for 57.48% of the total variance and was
heavily dominated by Cd, Cr, NI, Mn, Zn, Fe, and TPH. The
association of metals in the factor with TPH suggests that
the concentration of these metals in the soil arises from the
crude oil spillage. Additionally, this association indicates
that Cd, Cr, Niand Zn are present in the Fe-Mn oxides phase
in the crude oil , and Zn are present in the Fe-Mn oxide phase
of the crude oil. Furthermore, Zn is present in the Fe-Mn
oxide phase of the crude oil-impacted soil. Factor 2 accounts
for 13.8% of the total variance and has positive loadings in
Pb, Cu and As. The factor indicates that Pb, Cu, and As in
the impacted soil are from a common source. As and Cu
pollution can result from agricultural activities such as
the application of organic manure and pesticides. Factor 3
accounts for 9.21% of the total variance and was dominated
by V. This indicates that the source of V in the crude oil-
impacted soils was different from that of the other metals. In
the wet season of the first sampling year, four components
were extracted, accounting for 83.34% of the total variance.
Factor 1 accounts for 44.94% of the total variance and has
positive loadings for Cd, Cr, Mn, Zn, and TPH. This factor
indicates that Cd, Cr, Mn, and Zn in these soils are associated
with crude oil spillage. Factor 2 accounted for 17.44% of the
total variance with high positive loadings in Pb, Cu, and As.
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Figure 2. The loading plot of PCA of heavy metals for the first year
in the dry season.
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Figure 3. The loading plot of PCA of heavy metals for the first year
in the wet season.
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Figure 4. The loading plot of PCA of heavy metals for the second
year in the dry season.
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Figure 5. The loading plot of PCA of heavy metals for the second
year in the wet season

The sources of Pb, Cu, and As have been previously

described above. Factor 3 accounted for 11.39% of the total

variance and was dominated by Ni and V. The Ni/V ratio has

been used as an indicator for differentiating the origins of

crude oil. Factor 4 accounted for 9.55% of the total variance
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with positive loading in Fe. Factor 4 indicates that the sources
of Fe in the impacted soils were entirely different from those
of the other metals. In the second year, three components
were extracted, accounting for 81.86% of the total variance.
Factor 1 accounted for 53.84% of the total variance and
was heavily dominated by Cd, Pb, Cr, Ni, Mn, Fe, Zn, and
TPH. Again, as discussed earlier, these concentrations
of these metals could possibly be from crude oil spillage
and association with Fe-Mn oxides. Factor 2 accounted
for 17.63% of the total variance and was dominated by Cu
and V with moderate loadings of Mn. Factor 3, accounting
for 10.39% of the total variance, was dominated by V and
moderate loading in Mn. For the second year’s wet season,
three factors were extracted, accounting for 81.25% of the
total variance. Factor 1 accounted for 49.99% of the total
variance and was heavily dominated by Cd, Cr, Zn, Mn,
Fe, V, and TPH, while Factor 2, accounting for 19.89% of
the total variance, was dominated by Pb, Cu, and As. As
mentioned earlier, the metals in factor are associated with
crude oil spillage.

4. Conclusion

Thespatiotemporal dynamics of selected physicochemical
properties, metals, and total petroleum hydrocarbons (TPH)
contents in crude oil-impacted soil in part of the Niger
Delta Region of Nigeria were investigated in this study.
The results showed that impacted sites generally had higher
concentrations of metals than the control site. Additionally,
the results revealed the presence of spatiotemporal variations
in the studied physicochemical properties, as well as the
contents of metals and total petroleum hydrocarbons in the
impacted soil. The concentrations of metals in this study were
higher than their respective FAO/WHO permissible limits.
The pollution indices indicated that the soil in the study area
is polluted with metals as a result of the anthropogenic impact
of crude oil exploration and exploitation. The clean-up of the
impacted site is recommended in order to restore the soil’s
fertility for productive agricultural activities, which are the
major source of economic survival of the inhabitants in the
study area.
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Abstract
In one of the world’s most water-scarce regions, the Amman-Zarqa Basin, specifically North-East Mafraq, Jordan, is a
crucial groundwater resource. In this regard, this study focuses on the hydrogeochemical properties of groundwater within
this area and its suitability for drinking and domestic use. Careful collection and analysis of groundwater samples in terms
of physicochemical parameters like pH, total dissolved solids (TDS), electrical conductivity (EC) and major ions of nitrate
(NO3-), sulphate (SO42), bicarbonate (HCO3-), chloride (Cl-), magnesium (Mg2+), calcium (Ca2+), potassium (K +), and
sodium (Na +) were done. Our results show that groundwater quality was highly variable across the study area, which is
a function of both natural geologic formations and human activities. However, most of the samples meet the World Health
Organization (WHO) and Water Authority of Jordan (WAJ) drinking water standards, while some are found to be high in
TDS, chloride, and nitrate, and then require treatment before use. Historical data from 1998 indicate that, while overall water
quality has not changed remarkably, there have been increases in some areas of salinity and nitrate, illustrating the ongoing
effect of agricultural practices and groundwater extraction. An important implication from this study is the critical need
for continuous monitoring and management of groundwater resources in Amman-Zarqa Basin, North-East El Mafraq area
to support the sustainability of this resource. The insights provide valuable information to policymakers and stakeholders,
enabling the development of a strategy for protecting and managing groundwater and ensuring its long-term availability to
cater to the growing population and agricultural needs in the region.
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1. Introduction the 1980s, and this trend has accelerated in recent decades

Jordan relies on groundwater to meet the water demands due to rising abstraction to meet the demands of an expanding
of households, businesses, and farms; the country is the human population, increased migration from neighboring
world’s second most water-scarce (UNICEF, 2020; Radaideh,
2022). According to Radded (2005), Jordan extracts around
520 million cubic meters (MCM) of groundwater total.

The agricultural sector consumes about 54% of this water,

countries, and intensified agricultural development (MWI
and BGR, 2017). Jordan relies heavily on groundwater due
to the country’s scarce surface water resources. Water levels
have dropped, total dissolved solids (TDS) have increased,
and groundwater flows westward instead of eastward
because of these restrictions (BGR 2013). Since then, it has
become critically necessary to preserve the region’s current
water resources (MWI, 2017). The goal of this study was
to catalogue the hydrogeochemical characteristics of the

followed by municipal use at 40% and industrial use at 6%
(Radded, 2005). The majority of Jordan’s water comes from
underground basins, which vary in volume and quality.
These basins cover nearly the entire nation and account for
approximately 61% of the country’s total accessible water

supply. Of these twelve basins, two are being underutilised, groundwater in Jordan’s North East El Mafraq, which is part

four are near their equilibrium abstraction limit, and six are
being overextracted (Odeh et al., 2019). The overexploitation
of groundwater resources has led to a decline in water quality
and a reduction in the amount available for use (Jordan,
Geography and Population, 2001). According to the Ministry
of Water and Irrigation (2017), groundwater basins are
heavily pumped from both public and private wells. Reikat
and Al Kharabsheh (2020) note that groundwater levels have
dropped significantly over the last several decades due to
pumping that surpasses the aquifers’ safe yield.

Groundwater levels have been steadily declining since

of the Amman-Zarqa Basin.

2. Description of the study area

The study area is situated in the northern part of the
Amman Zarqa Basin, including 35.67°W, 36.82°E, 32.40°N,
and 31.70°S, with a total area of 3860 km? (95% of the basin
areais in Jordan and 5% is in southern Syria). (USAID, 2000).
Located between an elevation of 1460 m above sea level at
Salkhad city in Jebel Al Arab in Syria and Amman the South
direction (Al Shibli et al., 2017). The four governorates of
Amman, Zarqa, Mafraq, and Balga, which are densely
populated, consider this basin as a main source of water. A

* Corresponding author e-mail: saramahommado205@gmail.com
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particularly north-eastern part of the EL Mafraq basin was
selected, covering an area of approximately 965 km? The
water divisions with the neighboring basins’ boundary can
be roughly determined by (Yarmouk, Azraq-Dulail). The
elevation of this basin ranges from 700 to 1200 meters,
characterized by undulating topography in the west and flat
areas in the east and south. The area covered by this study
was approximately 50 km? out of a total of 985 km?, and
the elevation of the wells in the study area falls within the
specified. The elevation of wells in the study area is within
the elevation rangepproximately 50 km? out of a total of 985
km? The elevation of the wells in the study area ranges from
500 to 1,000 m above sea level. (Fig. 1).A semi-arid climate
is present in this place, which is characterized by hot, dry
summers and mild, wet winters. It has varied topography,
featuring both flat plains and hilly terrains. The Amman-
Zarqa basin is a key element in the larger Jordan Rift Valley
system, which is of great importance in terms of regional
hydrogeology. Agricultural activities represent our study
area of the basin, for which traditional irrigation practices
have a significant impact on the groundwater resources.
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Figure 1. Location map of the study area

3. Hydrogeology of Northern Amman-Zarqa Basin

The Amman—Zarqa basin is one of the primary sources
of fresh groundwater in Jordan. The basin is divided into
three main aquifers (BGR 2013): basalt aquifer, limestone
aquifer (the generally most important aquifer of the basin),
comprised as Amman Wadi Es Sir Aquifer, and sandstone
(Kurnub) aquifer (Figure 2). The later is a regional aquifer
recharges from limited outcrop areas of Baqa and Jerash and
leakage from the upper carbonate aquifers. It is estimated
that the total recharge for this aquifer in the basin is about
8 MCM/year (MWI, 2000). The aquifer is isolated from the
upper Zarqa aquifer by the bluish green shale and marls of
the upper Zarqa formation and capped by the Nau’r marls.

The Amman—Wadi Es Sir Aquifer (B2/A7) is a semi-
confined aquifer with parts of it unconfined (Al-Momani
et al. 2007). It has high permeability and storage capacity,
and is rechargeable annually over a wide geographic
area, particularly in densely populated areas. The aquifer
comprises three formations, Amman Formation (Bl),
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Ghudran Formation (B2), and Wadi Sir Formation (A7).
The three formations are hydraulically connected and
so are considered one aquifer. The B2/A7 unit has a
varying thickness, ranging from approximately 100 m
in the north of Amman to about 500 m in the south (Al-
Momani et al. 2007). The depth of the water table cannot
be determined, and it varies depending on the location as
well as the hydrogeological conditions. The water table
in some areas near the Zarqa River ranges from less than
50 m to greater than 150 m (AlMomani et al., 2007). The
unconfined part of the aquifer with an effective porosity of
10—30 % and the confined part is characterized by a storage
coefficient (Al-Mamani et al. 2007) of about 5x10~. BS is
the top formation of the B2/A7 sequence of formations in the
Amman-Zarqa Basin. Basaltic lava flows have been extruded
onto an eroded surface of older rocks, forming it. This unit
varies in thickness from less than 10 meters to more than 100
meters. However, six lava flows were determined to extend
from North to South to Al Hashmyiha area (MWI, .2000).
The estimated recharge to the whole Basalt aquifer in Jordan
is about 45 MCM/y of fresh water suitable for all types of
usages. From that amount, 28 MCM/y is available within the
Amman-Zarqa Basin in Jordan; the rest is discharged from
this basin into the Azraq Basin. Transmissivity: 2-113,000
m?/d, Storage Coefficient: 0.0001-0.003 (MWI,.2000).

Figure 2. Geological map of the study area ( Margane et al.,2015).

The basin is divided into three main aquifers: basalts aquifer (at

the top); limestone aquifer (in the middle, comprised of as Amman

Wadi Es Sir Aquifer), and sandstone aquifer (Kurnub Aquifer (K),
at the bottom).

4. Materials and Methods

During March and April 2023, eight water samples
were collected from different wells in the study area and
underwent laboratory analysis at the Jordanian Ministry
of Water and Irrigation for physicochemical parameters,
including major and minor elements pH, TDS, and EC, at
a temperature of 25 °C (Tables 1 and 2). Concentrations
of cations (Ca*, Mg™, Na*, K'), anions (HCO,, SO,* CI),
and nitrate (NO,’), in addition to pH, TDS, and EC are also
determined. Figure 3 shows the locations of the wells where
these samples were collected in addition to four samples
investigated by the ministry of water and irrigation (MWI)
during the same period.
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Table 1. The coordination of wells in the study area (WGS84 coordinate system)

Latitude (N) Longitude (E) Elevation m (A.S.L) Aquifer type

1 AL1453 32.306073 36.410086 727 B2/A7
2 AL1558 32.287751 36.391879 693 BS

3 AL1482 32.271608 36.365288 674 B2/A7
4 AL1480 32.277561 36.400323 706 BS

5 AL1481 32.238237 36.362903 615 B2/A7
6 AL3027 32.330888 36.390543 672 B2/A7
7 AL3018 32.304439 36.442042 747 B2/A7
8 AL2447 32.255617 36.369586 648 B2/A7

Data from MWI

9 AL3467 32.345616 36.236409 681 B2/A7
10 AL2457 32.299714 36.481346 757 BS

11 AL3007 32.329178 36.508418 849 B2/A7
12 AL3087 32.287376 36.510215 825 B2/A7

Table 2. Physicochemical characteristics of groundwater samples in the study area in the years 1998-2023.

453

146

AL2447 48.83 31.26 157.37 120.72 18.32 23.71 5.39 93.78 546.49 7.91 858

AL2457 60.17 136.75 133.47 128 27.35 18.6 8.75 133.47 654.21 8.34 1032.74
AL3007 11.26 181.26 105.11 95.46 22.52 53.63 9.65 90.09 622.08 8.16 971.74
AL3018 26.84 98.5 114.74 134.22 2273 19.48 7.58 130.98 568.29 8.42 900.6
AL3027 35.34 152.75 139.07 304.37 70.68 54.72 17.1 153.89 1016.84 8.25 1607.34
AL3087 34.6 167.58 66.38 127.32 22.85 20.68 5.44 121.88 617.01 8.13 950

AL1482 165.99 228.87 306.83 1026.12 148.39 192.4 18.86 428.81 2540.16 8 3968.68
AL1480 68.69 111.9 189.46 237.1 31.02 33.24 13.3 189.46 839.83 7.53 1311.82
AL1481 31.39 193.95 163.68 338.57 48.21 39.24 13.45 225.34 1127.81 7.63 1597.54
AL3467 30.49 115.41 239.53 139.36 47.91 60.97 7.62 103.43 745.8 7.64 1197.63
ALI1558 32.73 115.63 119.99 217.08 57.81 43.63 8.73 103.63 752.68 8.11 1172.65
AL1453 56.83 236.7 183.97 508.56 132.41 70.31 9.37 205.06 1412.01 8.38 2167.81

AL2447 29 112 17 22 5 87 507 7.68 796
AL2457 55 125 122 117 25 17 8 122 598 8.1 944
AL3007 10.5 169 98 89 21 50 9 84 580 7.92 906
AL3018 24.8 91 106 124 21 18 7 121 525 8.17 832
AL3027 31 134 122 267 62 48 15 135 892 8.01 1410
AL3087 31.8 154 61 117 21 19 5 112 567 7.89 873
AL1482 132 182 244 816 118 153 15 341 2020 777 3156
AL1480 62 101 171 214 28 30 12 171 758 7.31 1184
AL1481 28 173 146 302 43 35 12 201 1006 7.41 1425
AL3467 28 106 220 128 44 56 7 95 685 7.42 1100
ALI1558 30 106 110 199 53 40 8 95 690 7.87 1075
AL1453 48.5 202 157 434 113 60 8 175 1205 8.14 1850
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The pH value of the somewhat alkaline groundwater
ranged from 7.53 to 8.42, with an average of 8.04. According
to Detay, the groundwater type in the Za’atri area is highly
mineralised water, as shown by the EC value. Based on the
total dissolved solids (TDS) readings, which ranged from
546.49 to 2540.16 mg/L on average (Table 3), the groundwater
samples were classified as either fresh or brackish. Based on
this classification, 33.3 percent of the groundwater samples
in the research region were brackish water from the Za’atri
and Umm Al-Jamal areas, which is within the permitted
range for TDS according to the Jordanian norm, which is 300
to 1000 mg/L, and according to the WHO guideline, which is
less than 1000 mg/L. Because there are approximately 1,600
water wells in our study area, which leads to higher salt
levels, groundwater is moving from east to west, especially
in the Al Ba’ej area.

Table 3. Classification of samples based on TDS and EC Concentrations

TDS EC WHO Jordan
(mg/L) (nS/cm) Classification Classification
AL2447 | 546.49 858 Freshwater Freshwater
AL2457 | 654.21 | 1032.74 Freshwater Freshwater
AL3007 | 622.08 971.74 Freshwater Freshwater
AL3018 | 568.29 900.6 Freshwater Freshwater
AL3027 | 1016.84 | 1607.34 Brackish Brackish
AL3087 | 617.01 950 Freshwater Freshwater
AL1482 | 2540.16 | 3968.68 Brackish Brackish
AL1480 | 839.83 | 1311.82 Freshwater Freshwater
AL1481 | 1127.81 | 1597.54 Brackish Brackish
AL3467 | 745.8 1197.63 Freshwater Freshwater
AL1558 | 752.68 | 1172.65 Freshwater Freshwater
AL1453 | 1412.01 | 2167.8 Brackish Brackish

5. Spatial Distribution of Major Ions

The concentrations of nitrate, sulfate, bicarbonate,
chloride, magnesium, calcium, potassium, and sodium in the
water samples indicate the sources and types of dissolved
salts in the groundwater. Nitrate in groundwater originates
from both natural sources, such as soil organic matter
and plant residues, and anthropogenic sources, including
fertilizers, animal manure, sewage, and industrial effluents.
The nitrate concentration in the groundwater samples in the
study area ranged from 11 to 166 mg/L, with an average of
50.3 mg/L. The acceptable limit for nitrate, according to the
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Jordanian standard, is 50 mg/L as NO,, and according to
the WHO standards, it is also 50 mg/L as NO,™ (Figure 4-a).

Sulfate is a naturally occurring anion in groundwater
that can originate from the weathering of rocks and minerals
containing sulfur compounds, or from anthropogenic
sources such as industrial waste, mining activities, and
combustion of fossil fuels. The sulfate concentration in the
groundwater samples in the study area ranged from 31.26 to
236.7 mg/L, with an average of 147.55 mg/L. The acceptable
limit for sulfate according to both the Jordanian standard and
the WHO standard is 250 mg/L as SO, (Figure 4-b).

Bicarbonate is anaturally occurring anion in groundwater
that can originate from the dissolution of carbonate rocks
such as limestone and dolomite, or from biological processes,
such as photosynthesis and respiration. Bicarbonate is the
main component of alkalinity, which is the capacity of water
to neutralize acids.

Bicarbonate can affect the pH, hardness, and corrosion
potential of water. The bicarbonate concentration in the
groundwater samples in the study area ranged from 66.4 to
236.7 mg/L, with an average of 159.97 mg/L (Figure 4-c).
There is no specific limit for bicarbonate in drinking water
according to the Jordanian standard or the WHO standard,
but it is generally recommended to keep it below 500 mg/L
to avoid scaling and corrosion problems.
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Chloride is a naturally occurring anion in groundwater
that can originate from the dissolution of halite and other
salt minerals, as well as from anthropogenic sources such
as seawater intrusion, irrigation return flows, sewage,
and industrial effluents. The chloride concentration in the
groundwater samples in the study area ranged from 95.46 to
1026.12 mg/L, with an average of 281.41 mg/L. The acceptable
limit for chloride, according to the Jordanian standard, is
250 mg/L as CI;, and according to the WHO standard, is 250
mg/L as Cl- or 600 mg/L as NaCl (Figure 5-a).

Magnesium is a naturally occurring cation in groundwater
that can originate from the dissolution of dolomite and other
magnesium-bearing minerals, or from anthropogenic sources
such as fertilizers, detergents, and industrial wastes. The
magnesium concentration in the groundwater samples in the
study area ranged from 18.32 to 148.4 mg/L, with an average
of 54.2mg/L. There is no specific limit for magnesium in
drinking water according to the Jordanian standard or the
WHO guideline, but it is generally recommended to keep it
below 150 mg/L to avoid adverse effects (Figure 5-b).

Calcium is a naturally occurring cation in groundwater
that can originate from the dissolution of calcite and other
calcium-bearing minerals, as well as from anthropogenic
sources such as fertilizers, lime, and cement. The calcium
concentration in the groundwater samples in the study area
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ranged from 18.60 to 192.4 mg/L, with an average of 54.2
mg/L. There is no specific limit for calcium in drinking water
according to the Jordanian standard or the WHO guideline.
Still, it is generally recommended to keep it below 200 mg/L
to avoid adverse effects. Potassium is a naturally occurring
cation in groundwater that can originate from weathering
of feldspar and other potassium-bearing minerals, or from
anthropogenic sources such as fertilizers, detergents, and
industrial wastes (Figure 5-c).

The potassium concentration in the groundwater samples
in the study area ranged from 5.39 to 18.9 mg/L, with an
average of 10.44 mg/L. There is no specific limit for potassium
in drinking water according to the Jordanian standard or the
WHO guideline, but it is generally recommended to keep it
below 50 mg/L (Figure 5-d). Sodium is a naturally occurring
cation in groundwater that can originate from the dissolution
of halite and other

sodium-bearing minerals, or anthropogenic sources
such as seawater intrusion, irrigation return flows, sewage,
and industrial effluents. The sodium concentration in the
groundwater samples in the study area ranged from 84 to 341
mg/L, with an average of 144.92 mg/L. The acceptable limit
for sodium according to the Jordanian standard is 200 mg/L
as Na', and according to the WHO guideline is 200 mg/L as
Na* or 500 mg/L as NaCl (Figure 5-¢).
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Groundwater samples exhibit a wide range of values,
indicating high variability in their hydrogeochemical
characteristics. These samples can be categorized into three
primary groups based on their dominant anions and cations:
the Chloride Group (Cl- dominant), the Bicarbonate Group
(HCO,  Dominant), and Sodium Group (Na“ Dominant). The
Chloride group is the most prevalent, with six samples having
Classicism, the dominant anion, and the sodium group is
the most common among the cations, with nine samples
showing Na* as the dominant cation. The Chloride group has
the highest salinity, with an average TDS of 810 mg/L. The
Bicarbonate group has the highest alkalinity, with an average
HCO, concentration of 153 mg/L. The Magnesium group is
noted for its hardness, with an average Mg*? concentration of
44 mg/L. The groundwater can be classified into three types
based on the combination of dominant anions and cations:
Saline Water (Cl"and Na®), Carbonate Water (HCO, and
Ca'), and Sulfate Water (SO, and Mg").

6. Statistical analysis

Through statistical analysis, we can sift through vast
amounts of data and draw conclusions about broader patterns.
This analysis aims to determine the relationship between
the water quality measures. All eleven of the observed
parameters have their calculated correlation matrices
presented in Table 4. We measured eleven parameters: NO,
SO, HCO, Cl, Mg, Ca, K, Na, TDS, pH, and EC. Almost all
of the parameters exhibit unidirectional variation, except
for pH, which exhibits bidirectional variation, as shown
in Table 4. Overall, there are strong positive correlations
(r > 0.9) between all the parameters, except for pH, which
exhibits a slight negative correlation (r < -0.3) with the other
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parameters. The strongest relationships are observed when
there is a relationship between total dissolved solids (TDS)
and electrical conductivity (EC), between chloride (CI)
and TDS, between CI- and EC, between calcium (Ca*?) and
CI', between Ca*? and TDS, between Ca™? and EC, between
magnesium (Mg*?) and CI, between Mg™ and TDS, between
Mg and EC, between sodium (Na*) and ClI, between Na* and
TDS, and between Na'" and EC. The evaporite minerals halite
(NaCl) and gypsum (CaSO.) have the and most significant
impact on these parameters because their concentration
in groundwater increases, as seen in these correlations.
The weakest correlations were observed between pH and
nitrate (NOs), sulphate (SO4?), and magnesium (Mg™),
among others. These metrics appear to be loosely associated
according to the correlations, and their content in water
samples may originate from several sources or be the result
of distinct processes. To illustrate, pH is primarily controlled
by the carbonate equilibrium and the partial pressure of
carbon dioxide; NOs™ is primarily produced by organic matter
decomposition and agricultural fertilisers; SO4 is obtained
mainly from the dissolution of gypsum and the oxidation of
sulphide minerals; and Mg* is primarily derived from the
dissolution of dolomite. Parameters such as K and CI-, K" and
Ca™,NO-and SO,?, SO, and bicarbonate (HCO,), and so on
exhibit moderate correlations with each other (0.7 <r<0.9). A
closer examination of the correlations between these factors
and their concentrations in water samples reveals that they
are relatively interconnected and share a common source of
influence. So, K* and Cl are produced by silicate weathering
and halite dissolution; dolomite dissolution and ion exchange
by fertilisers and organic matter oxidation; NOs~ and SO4 by
gypsum dissolution and sulphide oxidation; and so on.

Table 4. Correlation coefficient matrix of water quality parameters

parameters No, Mg*
S0,? 1
HCO;
CL 0.20056 | 1
Mg* 0.67233 | 0.07215 1
Ca® 0.83488 | 0.54906 | 0.6469 1
0.61947 | 0.61045 | 0.5774 0.8927 1
K 0.75784 | 0.49082 | 0.7166 0.8989 | 0.80784 1
Na* 0.47752 | 0.41648 | 0.4337 0.6516 | 0.50863 | 0.59075 1
DS 0.85207 | 0.52422 | 0.6288 0.9424 | 0.72589 | 0.7979 | 0.69522 1
0.81689 | 0.59469 | 0.6761 0.9936 | 0.88853 | 0.91859 | 0.67591 | 0.9431 1
PH -0.1021 | 0.20099 | -0.4894 | -0.017 0.15615 | -0.0681 | -0.1905 -0.153 -0.058 1
EC 0.83349 | 0.57229 | 0.6879 0.9925 | 0.89231 | 0.93353 | 0.67067 | 0.9333 0.998 -0.0381 1

7. Groundwater quality assessment

The data obtained by hydrogeochemical analyses of 12
groundwater samples of the study area were evaluated in
terms of their suitability for drinking and domestic uses.

7.1 Portability of groundwater for drinking and domestic uses
The physical and chemical parameters of the analytical
results of groundwater were compared with the standard
guideline values recommended by the World Health
Organisation (WHO 2011) and the Water Authority of Jordan
(WAJ 2002). for drinking and domestic purposes (Table 5).
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Table 5. Guidelines of the WHO and WAJ standards of water for drinking and domestic purposes

WHO (2011)

WAJ (2002)

Guideline value Highest permissible limit Maximum desirable Maximum permissible
Parameters (the maximun} (highes‘t permissible limit (Maximu{n limit (the highest
desirable limit for limit for domestic desirable limit for permissible limit for
drinking purposes purposes drinking purposes domestic purpose
SO,? mg/L 250 400 250 400
HCO, mg/L N/A N/A N/A N/A
Cr mg/L 250 600 250 600
NO; mg/L 50 50 50 50
Mg* mg/L N/A N/A N/A 150
Ca® mg/L N/A N/A N/A 200
Na* mg/L 200 200 200 200
K* mg/L N/A N/A N/A N/A
TDS mg/L 1000 N/A 1000 1500
IEC uS/cm N/A N/A N/A N/A
PH Unitless 6.5-9.5 7.0-8.5 6.5-9.5 7.0-8.5

The groundwater quality in the study area varies
according to different parameters and standards. While the
pH is within the safe range of 6.5-8.5 for both WHO and
WA standards, some samples have high concentrations of
TDS, SO,?, CI, NO,, Na*, Ca™, and Mg™ that exceed the
desirable or permissible limits for drinking water quality.
The most common parameters that exceed both standards are
TDS, Cl~and Na*, affecting more than a third of the samples.
NO," is another parameter that exceeds both standards,
affecting about a quarter of the samples, and poses serious
health risks such as methemoglobinemia, gastric cancer,
goiter, birth malformations, and hypertension.

Evaluation of water quality index WQI is a critical way
to assess the quality of water because it helps to understand
water quality issues by integrating complex data. For
computing WQI, each of the 11 parameters (pH, TDS, CI,
NO,, SO, HCO,", Ca, Mg™, Na" K ,and EC ) is assigned
a weight (wi) according to its relative importance in the
overall quality of water for drinking purposes.

The relative weight (Wi) for each parameter is computed
according to Tiwari & Mishra (1985). The calculated relative
weight value of each parameter is presented (Table 6).

wi = 0))

T, wi

Table 6. Relative weights of chemical parameters

Parameter W'eight Standards R.elative .
(wi) (WHO, JS286) weight (Wi)

K 1 6.5-8.5 0.022
Na~ 2 1000 0.044
Ca™ 3 250 0.067
Mg* 3 50 0.067
80, 4 250 0.089
Ph 4 200 0.089
DS 5 150 0.111
cr 5 200 0.111
NO; 5 200 0.111
HCO; 5 50 0.111

The maximum weight of 4 is assigned to pH due to its
major importance in quality assessment. The minimum
weight of 1 is given to K' as it plays an insignificant role in
the water quality assessment. Other parameters are assigned
weights between 2 and 5 depending on their importance in
water quality determination.

The quality rating scale (qi) for each parameter was
obtained by using the following equation

@

where qi is the quality rating, Ci is the concentration

_ci
QL—Si*].OO

of each chemical parameter in each water sample in mg/L,
and JISM standard for each chemical parameter is in mg/L.
Finally, the calculated water quality index determined the SI
for each chemical parameter

©)
@

Where Sli is the sub-index of the i parameter; qi is the

SI =wi*qi
wQl =Y SIi

rating based on the concentration of the i parameter. The
WQI for each sample is shown in Table 7.

Table 7. Water Quality Index (WQI) value of groundwater in the study

area

1)) WQI
AL1453 66.67
AL1480 39.72
AL1481 53.33
ALI1482 119.64
ALI1558 35.63
AL2447 25.81
AL2457 30.94
AL3007 36.42
AL3018 26.89
AL3027 48.12
AL3087 38.1
AL3467 35.28
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WQI classifies the waters into five categories (Excellent,
Good, Poor, etc.) as shown in Table 8.

Table 8. Classification of WQI range and category of water

WQI Range Category of water
0-50 Excellent
51-100 Good
101-175 Fair
176-300 Poor
<300 Very poor

The average WQI of 46.38 for all samples indicates that
the groundwater quality in the research area is excellent.
But the fact that water quality varies geographically
means that this average can be misleading. Water quality
index (WQI) values ranging from 119.64 for the sample
taken at Al 1482 indicate that the water quality is fair and
might require substantial treatment prior to use. The high
quantity of TDS in this sample is primarily responsible for
the high WQI result (Table 9). According to the statistics,
75% of the samples scored an Excellent on the Water Quality
Index (WQI), meaning they don’t need any treatment to be
suitable for consumption or other uses. Water quality that is
satisfactory but may benefit from treatment is indicated by
16.67% of the samples classified as Good. The water may
require substantial treatment before consumption, as just
8.33% of the samples are classified as fair, suggesting slight
contamination. The samples are not usable because they are
not in the poor or very poor categories, which means they are
not highly or seriously polluted.

Table 9. Water Quality Index (WQI) Classification of the study area

ID Category
AL1453 Good
AL1480 Excellent
AL1481 Good
AL1482 Fair
AL1558 Excellent
AL2447 Excellent
AL2457 Excellent
AL3007 Excellent
AL3018 Excellent
AL3027 Excellent
AL3087 Excellent
AL3467 Excellent

8. Conclusion

The Amman-Zarqa Basin can be a great source of
fascination, considering that it is characterized by many
diverse geological formations, which primarily affect
groundwater quality. Groundwater in this region is highly
varied in its chemical composition, reflecting the diverse
rock types and human activities present. The water quality
in general complies with the standards for drinking and
domestic use as defined by the World Health Organization
(WHO) and the Water Authority of Jordan (WAJ). Yet,
in certain areas, some elevated concentrations of total
dissolved solids (TDS), chloride (CI), and nitrate (NO;
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) can be observed, which may potentially occur as a result
of agricultural activity and groundwater overabstraction.
Salinity variation between different points is notable. With
high agricultural activities in Za’atri and Umm Al-Jamal, the
salinity is high.

¢ ‘It’s probably related to growers using fertilizers and
overpumping the water table, concentrating salt in the water.
The hydrochemical facies of the groundwater samples are
observed to be different, with bicarbonate—calcium and
chloride—sodium varieties. Such an outcome indicates that
both natural geological formations and human activities
influence water chemistry. Overall, the current groundwater
quality remains relatively stable compared to data from
1998. Nevertheless, a few increases in TDS and nitrate
levels in certain parts of the basin show continuing effects
from agricultural practices and groundwater pumping. The
sustainability of groundwater resources in the Amman-
Zarqa Basin must be ensured through continuous monitoring
and good management.

This study provides policymakers and stakeholders
with valuable insights for planning effective groundwater
management and protection strategies. In essence, the
groundwater in the Amman Zarqa Basin is suitable for use,
but management is required to address areas with a higher
level of contamination, as well as to ensure the future
sustainability of this valuable natural resource.
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Abstract
The research aims to investigate the most significant cartographic problems related to contour lines, which many map
designers encounter. A sample of contour maps with scientific and technical issues in their representation was taken from
research published in the Iraqi Academy Journal. These issues were identified, and the best scientific solutions were proposed
based on cartographic principles for designing this type of map. The study concluded that the main problems faced by
researchers in contour map design are variation in the resolution of the digital elevation model, excessive curvature of contour
lines, shading of contour lines, inappropriate colors used for contour lines, and the scale of the contour map. The study
recommended solutions for these problems, such as improving contour line accuracy by considering pixel size and using
automatic generalization, and selecting an appropriate vertical interval that matches the characteristics of the area, such as
2 meters for flat terrain.
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Abstract
Debre Tabor area, located on the Northwestern Ethiopian plateau and composed of Cenozoic volcanic rocks with minor
intertrappean sediments. To understand the petrogenesis of these rocks, we conducted field investigations, petrographic
studies, and geochemical analyses. The main volcanic products include basalt, trachyte, Ignimbrite, rhyolite, phonolite, and
pyroclastic fall and flow deposit. Basalt rocks in the study area occur as a flat-lying topography, and under petrographic
microscope view, they exhibit porphyritic and trachytic textures with phenocrysts of olivine, pyroxene, Fe-Ti Oxides, and P
gioclase. Rhyolite rocks found by forming huge domes and show porphyritic and glomeroporphyritic texture with phenocrysts
of sanidine, biotite and plagioclase minerals. The phonolite rock unit exhibit phenocryst of alkali feldspar, feldesphathoids
(nepheline) and neason. The trachyte rock unit is formed by a volcanic plug. Debre Tabor volcanic rocks were formed from
evolved magma as compared to a primary magma (with Ni: 400—500 ppm, Cr: > 1000 ppm and MgO: 10-15 wt.%, Hess,
1992). In chondrite and primitive mantle normalized REE patterns, both basaltic and felsic rocks exhibit enrichment of LREE
(with a (La/YDb)N ratio ranging from 12.37 to 16.11), likely due to crustal contamination and an enriched mantle source of
magma. In this pattern basaltic rocks show depleted trend of HREE, due to garnet or deep mantle source of magma. But felsic
rocks show flat trend of HREE due to mafic crustal rock contamination effect. From the ratio of Ce/Pb versus MgO and Ce/
Pb versus Nb/U, data points for Debre Tabor volcanic rocks fall outside of the mantle value (Ce/Pb; 25 + 5; Nb/U =47 + 10)
and plotted in the field of crustal/ lithospheric values, which give a strong indication for the crustal contamination effect of
mantle-derived magma. All mafic rock samples in the study area have low Rb/Nb (0.5-0.97) and La/Nb (0.72-0.97) ratios
and chondrite, primitive mantle normalized incompatible trace element patterns for basaltic rock that overlap with OIB,
which confirms that the source of magma in the study area is from deep mantle with lower degree of partial melting. The
geochemical analysis (positive correlation of Hf vs. La) shows that the basaltic rocks in the study area are co-genetic with
felsic rocks and evolved through fractional crystallization and crustal contamination effects.

© 2025 Jordan Journal of Earth and Environmental Sciences. All rights reserved

Keywords: Crustal contamination; Crystal fractionation; Geochemistry and Petrogenesis, Magma evolution

1. Introduction Corti, 2009; Natalie et al., 2017). According to Hofmann et
al. (1997), the majority of the Ethiopian flood basalts formed
a vast volcanic plateau 30 million years ago. Volcan-ism

The Ethiopian volcanic series can be divided into two
main categories, based on their general lithological grouping:

(I) Continental Flood Basalt (CFB), which is often covered by =~ W3S mostly restricted along rifting regions following this
formation, and several sizable shield volcanoes formed on the

volcanic plateau’s surface (Mohr & Zanettin, 1988).

shield basalts and spans large swaths of the Balad’s highland
northwest and southeast plateaus in the Ter-tiary period, and
(IT) Rift volcanism, which is still actively occurring. One of Along the Ethiopian and Afar rifts, volcanic activity is
the world’s largest continental flood basalts (CFBs) is the occurring today (Chazot & Bertrand, 2003). An area of
Ethiopian CFB, which is among the youngest, least de-formed,  gyer 600 000 km?2 is covered by the Ethiopian flood basalts,
and best-preserved uppermost volcanic rocks (Kieffer et al., 4150 known as the trapseries, which are composed of a layer of
2004). One of the best instances of plume-related magmatism  pagaltic and felsic volcanic rocks. In certain places, the layer
in an area of active extension is the volcanic province g g thick as 2 km (Pik et al., 1999).

(Stewart et al., 1996, and references therein). It is a typical

model to investigate how continen-tal crustal materials, sub- Transitional to tholeiitic, basaltic lava flows make up the

continental lithospheric mantle, and mantle plume contributed majority of the Northern Ethiopian platean, which is situated

to the formation of plateau basalts (e.g. Courtillot et al., 1999). along the western flanks of the Afar Depression and the

The Continental Flood Basalts (CFB) and the ensuing shield main Ethiopian Rift (MER) (Fig. 1a) (Mohr and Zanettin,

basalts have been the subject of studies on the Ethiopian 1988). Basalt makes up the majority of the volcanic rocks

plateau (e.g., Hofmann et al., 1997; Yirgu, 1997; Pik et al that cover the vast Ethiopian and Somalian plateau, which are
1998, 1999: Kieffer et al, 2004; Beccaluva et al., 2009: part of the trap series (Abbate and Sagri, 1980). According to

* Corresponding author e-mail: yaregalbayih081@gmail.com
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Hofmann et al. (1997), the continental flood basalts (CFB)
found on the Ethiopian Plateaus in the south and north are
among the youngest, least deformed volcanic rocks developed
during the Oligocene time. Paleosoils are found at the base
of the plateau’s dominant basaltic lava flows (Pik et al.,
1998). Plagioclase, clinopyroxene, and occasionally olivine
phenocrysts characterize the mineralogical composition of the
flood basalts, which often exhibit aphyric to sparsely phyric
textures (Kieffer et al., 2004).

In Northern Ethiopia, the flood basalts are composed of
high-Ti theoliites (HT1, HT2) in the southeast and generally
low-Ti (LT) in the northwest (Pik et al., 1998). The Eastern
section features the first high-Ti lava (HT1), while the Lalibela
area, which is nearer the Afar depression, exposes the second
high-Ti (HT2) series. Higher amounts of incompatible elements
and extensive fractionation of REE are present in both the HT2
and HT1. In comparison to the HT1 basalts, the HT2 basalts
are more magnesian and contain olivine and clinopyroxene
phenocrysts. Although the flood basalt episode is dominated by
basalts, it also includes substantial amounts of felsic lava flows
and pyroclastic materials in the upper portions of the series,
either interbedded in or covering the flood basalt (Ayalew and
Yirgu, 2003). The Lima Limo rhyolites are interbedded with
the low-Ti flood basalts in the Northwestern section of the
plateau. In contrast, the Wegel Tena rhyolites are outcropped
over the high-Ti basalts close to the Eastern Afar border. The
plateau ignimbrites have a similar phenocryst assemblage of
orthoclase, quartz, sanidine, and clinopyroxene, and their
textures range from porphyritic to glassy (Ayalew & Yirgu,
2003).

The geochemistry of trace elements indicate that the
majority of melts beneath the rift originate from the mantle,
possibly from depths of 40-80 km, which correlates with
the change from spinel to garnet peridotite (Latin et al.,
1993). According to Peccerillo et al. (2003), the MER’s
mafic rocks have a porphyritic texture with phenocrysts of
olivine, clinopyroxene, and Plagioclase. These rocks include
hydrovolcanic lapilli, strombolian scoria, and lavas. On the
other hand, felsic volcanic products dominate the Northern
MER. According to Peccerillo et al. (2007), zoned magma
chambers are responsible for the predominance of acidic
volcanic products over mafic ones. Rhyolitic melt builds up
at the top of these chambers, while mafic melts erupt when
fractures reach the chamber’s deeper layers. Silicic centers
and a younger phase of basaltic volcanism are characteristics
of Quaternary magmatism in the MER. While the silicic rocks
are peralkaline, the basaltic lavas are slightly alkaline (Trua et
al., 1999; Peccerillo et al., 2003). The plume, asthenosphere,
and lithosphere are hypothesized to contribute to the partial
melting of the mantle that produces mafic magmas (Gibson et
al., 2000).

The majority of earlier research conducted on the volcanic
plateau in Northern Ethiopia was limited to regional scale
(e.g., Ayalew and Yirgu, 2003, Desta et al., 2014; Natali et
al., 2016; Pik et al., 1998, 1999) and lacked a comprehensive
study on the felsic volcanic rocks. In this study, petrographic
and geochemical ‘ ‘data’s investigated to get information about
the origin of felsic rocks and magma evolution processes.
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Figure 1. Map of the Northern part of the Ethiopian plateau showing

the extent of the flood volcanism and the location and ages of the

major shield volcanoes after Hofmann et al. (1997), Kieffer et

al. (2004), and Ukstins et al. (2002). The dashed line shows the

boundary between the LT and HT provinces as defined by Pik et
al. (1999).

2. Sampling and Analytical Techniques
Sampling

In order to cover the complete volcanic succession,
geological surveys and sampling were carried out using
road and river cuttings that clearly display the volcanic
rocks. Several lithological units were systematically mapped
and described for various analytical investigations. The
representative rock samples were taken from phonolite,
rhyolite, trachyte, and basalt rocks, taking into account
differences in texture, color, and weathering severity. Forty-
five rock samples, each weighing between 0.75 and 1 kg,
were gathered, labeled, and put in a plastic bag for various
laboratory examinations.

Sample analysis

Nineteen representative rock samples - eight basalts, four
rhyolites, four phonolites, and three trachytes were chosen,
and each sample was split in half: one half was used for
major and trace element chemistry, while the other half was
used for thin section preparation. Thin sections were made in
the Geological Survey of Ethiopia’s (GSE) laboratory. The
preparation process involves removing worn portions of the
rock surface and using a diamond blade to cut each sample to
the appropriate size.

Using a transmitted light microscope at Bahir Dar
University's School of Earth Sciences, a thorough thin section
description was completed, including rock name, mineral
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identification, modal proportion, and textural descriptions.
Geochemical investigations of bulk rocks were conducted
at the Australia Laboratory Service (ALS) in Ireland. In a
steel jaw crusher, materials were first cleaned, dried, and
crushed into coarse chips that passed through a 70% 6
mm or fine rock chips that passed through 85% of a 2 mm.
The samples were broken down using lithium metaborate,
and the major and trace element contents were ascertained
using a combination of Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) and Inductively Coupled Plasma
Atomic Emission Spectrometry (ICP-AES). Furthermore,
a thermal decomposition furnace was used to calculate the
loss on ignition (LOI) for each sample (1.0g) heated to 800°C
for one hour. At last, all of the evaluated data were arranged
and interpreted using several computer programs, including
Microsoft Excel, ArcGIS, and GCDKkit 4.1.

3. Results and Discussion
3.1 Results

3.1.1 Geology

Various volcanic rocks and their weathering derivatives
comprise the majority of the research region (Figure 3b).
These include unwelded tuff, phonolite, ignimbrite, trachyte,
rhyolite, and basalt. In the area around Debre Tabor Town,
basaltic rock was abundantly exposed and covered a flat
terrain. It is black to dark grey, fine-grained, and aphyric
to porphyritic. The phenocryst contains plagioclase, olivine,
and pyroxenes. In the northwest of Debre Tabor town, a
plug volcanic feature has exposed trachyte (figure B). On
the outside of the plug, it is light gray and has an aphanitic
texture; nevertheless, in the middle of the plug, phenocrysts
of plagioclase and alkali feldspars were seen to have a
coarse-grained structure. The loosely to more compacted
form of tuff'is its defining feature. Ignimbrite is found on top
of tuffaceous rock, which has a range of clast sizes. Greenish
to grey in color, the phonolite unit has a greasy sheen. Alkali
feldspar and feldspatoids (nepheline) phenocrysts are present
in this poorly to strongly porphyritic material. Several
rhyolitic domes (figure A) were created when viscous
magma rose effusively onto the surface and subsequently
accumulated around the vent.

Figure 2. A and B: Rhyolitic dome and trachyte plug at Magere
Mariam church and Amora Gedel, respectively.
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Figure 3. (a) Geological map of Ethiopia (modified after Merla et al.
1973), (b) simplified geological map of the study area

3.1.2 Petrography

The porphyritic texture of basaltic rock can be seen under
a petrographic microscope to display euhedral to subhedral
phenocrysts of pyroxene, olivine, and plagioclase (Figure
4A & B). The phenocryst assemblage is composed of 2-4
Vol.% pyroxene (augite), 5-7 Vol.% euhedral plagioclase lath,
and approximately 3—4% olivine. Furthermore, the ground
mass is composed of opaque, lath-shaped plagioclase,
pyroxene (augite), and volcanic glass material. Rhyolite
has 84 vol.% ground mass with a porphyritic structure and
16 vol.% phenocyst. The crystals are plagioclase, quartz,
and subhedral alkali-feldspar. 6 Vol.% sanidine, 4-6 Vol.%
plagioclase, 1-2 Vol.% opaque, and 1 Vol.% biotite are
the phenocrysts. Quartz, plagioclase, and sanidine make
up the groundmass. Trachyte is composed of 86 vol.%
groundmass and 14 vol.% phenocrysts (figure 5 C & D). The
phenocryst phases consist of <1 Vol.% Na-rich pyroxene,
2-3 Vol.% plagioclase, and 10-12 Vol.% massive euhedral
to subhedral crystals of alkali feldspar (sanidine). Alkali
feldspar (sanidine), Na-rich pyroxene, opaque, hornblende,
biotite, and small amounts of volcanic glass are also found
in the groundmass. Phonolite makes up 85 vol.% of ground
mass and 13-20% of the phenocryst. 5-8 Vol.% lath-shaped
alkali feldspar (sanidine), 7-9 Vol.% nepheline, 1-2 Vol.%
sodic (Na-rich) pyroxene, and 2-3 Vol.% nosean make up
the euhedral to subhedral phenocrysts. The groundmass
consisted of nepheline, sanidine, opaque minerals, and
pyroxene, high in sodium.
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3.1.3 Geochemical results

The geochemical results in Table 1 show that all volcanic  low compared to those of a primary magma (with Ni: 400—
rock samples in the study area are characterized by low Ni 500 ppm, Cr: > 1000 ppm, and MgO: 10-15 wt. %, Hess,
(0.35-178 ppm) and Cr (7.54-350 ppm) contents, as well as  1992). This confirms that all volcanic rocks in the study area
low MgO contents (0.03-9.5 wt.%). These values are very are not primary magma, instead all are fractionated.

Table 1. Major (wt. %) element © ‘data’s of volcanic rock in the Debre Tabor area

Samples Sio, Fe O, FeOt CaO MgO Na,O K,0 h |
DT1 433 16.4 12.85 11.565 9.86 5.47 3.37 1.72 343 0.21 1.25 0.14
DT2 42.2 14.95 13.2 11.88 10.43 8.06 3.11 1.12 3.66 0.18 1.3 0.19
DT3 46.25 15.54 12.77 9.57 9.07 6.31 3.27 1.62 3.41 0.21 1.26 0.14
DT4 43.8 15.01 12.25 10.05 9.16 9.5 3.85 1.61 2.65 0.17 0.93 0.12
DTS5 47.1 16.5 12.63 7.55 8.54 5.36 4.01 1.74 3.32 0.201 1.23 0.13
DT6 43.2 15.1 13.4 11.56 8.54 7.76 4.55 1.54 242 0.21 1.09 0.1
DT7 44.1 15.02 12.01 10.02 9.07 6.41 3.77 1.72 3.4 0.41 1.46 0.24
DT8 45 14.22 11.03 9.85 9.76 5.47 3.47 1.42 3.53 0.31 1.35 0.24
DT9 58.1 23.4 3.41 2.93 0.87 0.29 8.62 6.01 0.39 0.31 0.03 0.02
DT10 59.5 21.73 432 2.03 0.45 0.17 9.06 6.45 0.32 0.31 0.13 0.02
DT11 62.1 19.2 2.21 1.97 0.22 0.03 6.72 5.8 0.42 0.01 0.67 0.01
DT12 57 19.76 3.21 1.98 1.02 0.25 7.03 6.58 0.57 0.09 0.27 0.03
DT13 55.3 20.34 378 3.57 1.54 0.5 8.53 5.03 0.54 0.06 0.34 0.02
DT14 68.3 15.05 2.43 2.187 0.33 0.15 6.56 5.17 0.42 0.11 0.06 0.01
DT15 56.4 22.2 3.52 3.168 0.91 0.4 8.17 5.84 0.43 0.3 0.02 0.01
DT16 61.8 19.55 2.32 2.088 0.29 0.06 6.12 572 0.51 0.01 0.66 0.01
DT17 71.1 14.91 1.64 1.476 0.6 0.3 5.59 5.19 0.6 0.02 0.11 0.02
DT18 67.5 16 2.45 2.23 0.43 0.25 6.45 5.05 0.45 0.11 0.05 0.01
DT19 66.1 16.97 2.46 2.35 0.41 0.15 5.43 4.12 0.39 0.12 0.03 0.01
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Table 2. Trace element  ‘data’s of Debre Tabor volcanic rock

Sample
DT1 19 295 30 33 11 26 116 0.29 43.4 695 1225 2.95
DT2 21 273 210 44 115 39 101 0.27 23.9 695 1615 2.65
DT3 19.2 298 33 33.6 11.02 25.2 115 0.29 43.21 687 1226 2.94
DT4 22 228 310 47 178 50 96 0.39 323 551 1060 4.92
DTS5 18.37 271 29.7 32.82 11.3 26 118 0.28 44.1 691 1223 295
DT6 18.77 289 54.7 35.82 12.3 37 117 0.47 45.01 581 1013 3.45
DT7 17.02 268 53 36.6 10.02 35.2 99 0.28 39.21 677 1226 291
DT8 17 275 34 353 11.5 86 115 0.39 45.4 690 1235 2.85
DT9 1.3 14.23 9.4 1.5 1.2 1 192 1.33 199.5 17 21.3 334
DT10 1.2 12.23 7.54 0.45 0.35 1 189 1.04 199.8 19 21 34.4
DT11 1 25 9.7 0.9 2 2 75 0.23 128 116 87 17.3
DT12 1.13 26.3 9.82 1.03 2.01 2 72 0.21 124 113 89 16.5
DT13 1.04 16 11.02 1.09 1.2 1 193 1.34 193 14.9 23 313
DT14 4 9 10 1 1 1 81 0.43 109.5 366 51.2 15.8
DT15 1 15 10 1 1 1 194 1.35 199 15.6 22.3 323
DTI16 1 26 10 1 2 2 80 0.26 126.5 115 89 16.15
DT17 2 8 30 1 1 1 36 0.61 94.4 367 173.5 11.4
DT18 3 9.83 10 1.3 1 1.2 78 0.4 98.7 364 51 13
DT19 32 9.87 10 1.4 1 1.2 77 0.3 83.45 302 433 12

Table 3. Trace element * ‘data’s of Debre Tabor volcanic rock

RETE
DT1 46.2 95.5 11.5 50.7 9.97 3.56 9.33 1.19 6.57 1.19 3.39 2.49 0.39
DT2 36.1 75.4 9.52 443 9.54 3.22 7.89 1.1 5.5 1.02 2.61 1.92 0.26
DT3 457 95.2 11.03 49.9 9.97 3.2 9.22 1.17 5.54 1.05 3.43 2.53 0.43
DT4 45.9 86.7 9.71 40.3 7.66 273 6.65 0.93 5.33 0.94 2.38 1.9 0.32
DT5 47.1 95.7 11.3 50.3 9.96 3.21 9.34 1.19 6.58 1.01 273 1.93 0.25
DT6 47.1 95.7 11.3 50.3 9.96 3.21 9.34 1.19 6.58 1.01 273 1.93 0.25
DT7 45.7 95.2 11.03 49.9 9.97 3.2 9.22 1.17 5.54 1.05 343 2.53 0.43
DT8 46.2 95.5 11.5 50.7 9.97 3.56 9.33 1.19 6.57 1.19 3.39 2.49 0.39
DT9 98.7 174 23.1 60.01 6.58 1.05 5.85 1.02 7.21 1.43 4.78 5.67 0.83
DT10 102 194 23.1 59 6.57 1.03 5.87 1.03 8.54 1.32 4.01 5.07 0.76
DTI11 98.3 164 16.4 54.1 7.85 1.32 5.6 0.98 577 1.32 3.44 3.97 0.65
DTI12 94.1 163 15.4 52.4 6.85 1.54 5.06 0.91 4.99 1.34 3.47 4.2 0.68
DT13 96.45 178 227 60.06 7.04 1.14 5.48 0.8 6.97 1.53 5.01 5.76 0.87
DT14 92.4 173 18.7 65.4 10.05 2.06 7.61 1.19 7.68 1.5 4.72 5.38 0.87
DT15 96.73 197 233 61.6 7.58 1.06 5.84 1 7.03 1.48 493 5.77 0.86
DT16 97.8 163 16.6 53.6 7.84 1.38 5.5 0.91 5.67 1.1 3.51 4.05 0.68
DT17 81.4 139 17.2 63.3 11.45 2.58 8.58 1.36 8.77 1.58 4.67 4.87 0.72
DT18 87 166 17.3 64 10.3 2.7 6.71 1.19 7.58 1.6 4.87 5.39 0.88
DT19 83.3 153 13.2 60.02 83 2.34 6.72 1.18 6.98 1.7 4.93 5.41 0.88
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Figure 6. Total alkalis-silica (TAS) classification after Le Bas et al.
1986 for Debre Tabor volcanic rock.
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All volcanic rock samples in the research area were
plotted in the alkaline field using the total alkalis-silica
(TAS) categorization following Le Bas et al. (1986) Figure 6.

In Debre Tabor volcanic rocks, the concentration of
FeOt, CaO, TiO,, and P,O, declines as the weight percentage
of SiO, increases from basalt to rhyolite (Figures 7 B,
C, E, and F). Figure 7A and D show that while the SiO,
concentration in weight percentage rises from basalt to
phonolite, the concentration of Al,O, and K,O falls from
phonolite to trachyte and from trachyte to trhyolite.

The mafic and felsic rocks of the study area (Figure 8 A
and B) exhibit highly enriched lighter rare earth elements
(LREE) and depletion of heavy rare earth elements (HREE)
in basaltic rock samples, according to the chondrite and
primitive mantle normalized incompatible trace element
patterns (Boynton, 1984;McDonough and Sun, 1995).
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primitive mantle normalized abundance pattern (Boynton, 1984,
and Mc Donough and Sun 1995) for Debre Tabor volcanic rocks

4. Discussion
4.1. Fractional crystallization and crustal contamination
According to petrographic analysis, the main phenocryst
phases for volcanic rocks in the study area are olivine,
clinopyroxene, nepheline, opaque minerals, biotite, feldspars
(including sanidine), and nosean. Figure 4 shows that
olivine, clinopyroxene, plagioclase, and opaques are found
as phenocryst phases in thin sections of basaltic rocks, but
they are absent from felsic rocks, indicating that magma
fractionation took place in the study area.

The geochemical results (Tables 1 & 2) indicate that the
volcanic rocks in the study area have low concentrations of
Ni (1 - 178 ppm), Cr (10 - 310 ppm), and MgO (0.03 - 9.5
wt.%), which is very low when compared to a primary
magma (with Ni: 400-500 ppm, Cr: > 1000 ppm, and MgO:
10-15 wt. %, Hess, 1992). This result indicates that all the
volcanic rocks in the study area are fractionated, and that the
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concentrations of MgO (wt.%), Ni, and Cr (ppm) decrease
from basaltic rocks to felsic rocks as a result of olivine and
clinopyroxene fractionation.

The concentration of FeOt, CaO, TiO,, and PO, in weight
percentage decreases with increasing SiO, concentration
from basalt to rhyolite, according to variation diagrams of
major elements versus SiO, in weight percentage (Figures
7 B, C, E, and F). This pattern indicates the fractionation
(removal) of olivine or clinopyroxene, Ca-rich plagioclase,
Fe-Ti Oxide, and apatite, respectively, in mafic rocks.
The concentration of Al,O, and K,O in weight percentage
increases from basalt to phonolite and then decreases from
phonolite to trachyte and from trachyte to rhyolite (Figures 7
A & D) with increasing SiO, concentration. The data points
for felsic, intermediate, and mafic rocks exhibit a positive
correlation (the same orientation) (Figures 7 B, C, E, and
F), confirming the co-genetic nature of these rocks. The
fractional crystallization process was responsible for the
evolution of magma from mafic to felsic.

The lighter rare earth elements (LREE) exhibit
enrichment as a result of crustal contamination and magma
derivation from enriched mantle sources in chondrite and
primitive mantle normalized incompatible trace element
patterns (Boynton, 1984 and Mc Donough and Sun, 1995)
(Figures 8 A & B). In these patterns, the heavy rare earth
elements (HREE) exhibit a depleted trend in basaltic rock
samples due to garnet mineral fractionation, but a flat
trend in felsic rock samples due to the mafic crustal rock
contamination effect of magma. A negative anomaly in Eu
suggests the fractionation of feldspar from the magma.

In felsic rock samples, the primitive mantle normalized
incompatible trace element pattern (figure 8C) reveals a
significant negative anomaly in the concentrations of P,
Eu, Ba, and Sr. Fractional removal of apatite and garnet
causes depletion in P and Eu, while fractionation of feldspar
(sanidine and/or plagioclase) in mafic rocks causes depletion
in Ba and Sr.

The Ce/Pb versus MgO weight percentage (Figure 9) and
Ce/Pb versus Nb/U ratios (Figure 10) are beneficial because
the OIB mantle value range is well established (Ce/Pb = 25
+ 5; Nb/U =47 + 10; Hofmann et al., 1986). The data points
for the Debre Tabor basaltic rocks in figures 9 and 10 below
are shown in the field of crustal/lithospheric values and fall
outside of the mantle value (Ce/Pb; 25 + 5; Nb/U = 47 £ 10).
This provides clear evidence of the crustal contamination
effect of mantle-derived magma.

Pearce (2008) states that volcanic rocks impacted by the
crustal contamination effect will have data points above the
MORB-OIB array in Nb/Yb versus Th/YDb plots, or that
crustal input through contamination produces oblique trends
to MORB-OIB that extend into the volcanic arc array. The
existence of crustal contamination during the development
of volcanic rocks in the research area is shown by data
points of basaltic rocks that fall above the MORB—OIB array
(Figure 11) below.



414

2
I
Legend
& Basalt
o |
-
8
Fe
3 Mantle vahue (20-30)
(8]
[=]
o~
14 o
o b S
e o
n
L T T T T T
4 6 8 10 12 14 16
MgO (wt %)

Figure 9. The ratio of Ce/Pb against MgO (wt.%) for Debre Tabor
basaltic rocks. The shaded region indicates Ce/Pb ratio of the mantle
value (25+5) after Hofmann et al. (1986)

f=]
L H
1
1 &1 Legend
! 1 I Basalt
! i
o | 1 '
g I :
I i
I i
e LI ]
“ Ty
PR Ce/Pb=2525
0
I~
@
O
= e —— (R S e
9 =
| 8 il
8 ) &z Tl
o " 21
e - 2
O @ 2 :
! |
| = |
s | l
1 I I I ¥ I I
10 20 30 40 50 60 70 80
Nb /U

Figure 10. The ratio of Ce/Pb versus Nb/U for Debre Tabor basaltic
rocks. The shaded region indicates the ratios of Ce/Pb (25+5) and
Nb/U (47£10) for the mantle value after Hofmann et al. (1986)

o
S
o -
(=] £ -
L ’ S
- 06
o P
s £ &
o E .
F e & @‘6\_
o P
- ’ (0 s
L &© o ¥
e - F ﬁgﬂ
= 8 L\
= - E
= E
L EMORB
=
=+
NMORB
g 1 \\\\I\II 1 \IIII\II \\\HIII 1 | N
0.1 1.0 10.0 100.0 1000.0
Legend
@ Basalt & Rhyolite Nb/Yb
% Phonolite * Trachyte
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crustal contamination (modified from Pearce 2008).
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According to Dostal et al. (2017), the positive trends of
incompatible trace elements (La vs. Hf) in both felsic and
mafic rocks support the idea that both come from similar
sources and effectively rule out melting of unrelated crustal
rocks. Fessic volcanic rocks were formed from basaltic
magma by a fractional crystallization process, according to
the observed linear arrays of (Hf vs. La) (Figure 12) in the
mafic and felsic rocks of the Debre Tabor volcanic rocks.
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Figure 12. Variations of La vs. Hf (ppm) after (Dostal et al., 2017)
for Debre Tabor volcanic rocks, showing the genetic relationship
between the mafic and felsic rocks

4.2 Magma types

Hagos et al. (2010) state that the HT basalts have
significantly greater TiO, levels (2.6—4.4 weight percent)
than the LT basalts, which have the lowest TiO, values (1.99—
2.56%). In the research area, the TiO, concentration of the
basaltic rock sample ranges from 2.42 to 3.66, confirming
that the volcanic rocks are classified as HT basalts. Ti/Y
and Nb/Y ratios in high-Ti basalts range from over 450 to
0.4, respectively (Pik et al., 1998). Data points for the study
area’s basaltic rock fall within the high-Ti basalt (HT) field,
as shown in Figure 13 below.
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Figure 13. Nb/Y versus Ti/Y diagram of Debre Tabor volcanic
rocks for the identification of low-Ti (LT) and high-Ti (HT) basalts
(the figure is modified after Pik et al., 1998).
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4.3 Degree of partial melting

Following the classification of total alkalis-silica (TAS)
by Le Bas et al. (1986), all volcanic rock samples in the study
area were plotted in the alkaline field (Figure 6). Figures 8A
and B, which depict the pattern of chondrite and primitive
mantle normalized rare earth elements (REEs) for basaltic
rocks in the research area, demonstrate a reduction in heavy
rare earth elements (HREEs). The alkaline field in the TAS
diagram and the heavy rare earth element depletion patterns
so indicate that the magma in the studied area originated from
the deep mantle with a reduced degree of partial melting.

Pearce (2008) asserts that the Nb/Yb against TiO2/Yb
plot can be used to determine the magma’s origins. The point
data for basaltic rocks in the research area (Figure 14A) fall
within the OIB array’s field, indicating that the deep mantle,
which had a low degree of partial melting, was the source of
the magma in the study area. To differentiate between garnet
peridotite and spinel melting, the ratios of La/Sm and Sm/Yb
are beneficial (Lassiter and DePaolo, 1997).

Consequently, the Debre Tabor volcanic rocks are plotted
in the primitive mantle value (Figure 14B) and have high La/
Sm (2.65-5.99) and Sm/YDb (2.52-4.97) ratios. In general,
a smaller degree of partial melting of garnet peridotite
produced the magma in the research location.
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Figure 14. A & B. Nb/YDb versus TiO2/Yb diagram (Pearce, 2008)
and Ratios of La/Sm versus Sm/Yb for Debre Tabor volcanic rocks
with primitive mantle (PM) and depleted mantle (DM) compositions

(Ayalew et al. 2006).

4.4 Comparison with N - MORB and OIB

4.4.1 Mantle source composition

Pyroxene and olivine were found as phenocrysts in
basaltic rocks, as shown by petrographic views of thin
sections (Figure 4). This phenocryst provided support
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for the mantle source of magma in the research area. The
composition of volcanic rocks that are created by the
fractional crystallization of magma from the mantle should
continuously shift from mafic to intermediate to felsic
rocks (Kessel et al., 1998). The research area’s volcanic
rocks exhibit a consistent compositional shift from mafic to
intermediate to felsic, confirming the mantle as the source
of the magma.

Very high LILE/HFSE ratios (such as Rb/Nb and La/Nb)
are characteristic of magmacreated by the partial melting of
crustal rock (Pearce et al., 1984). However, the ratio of this
element in Debre Tabor volcanic rock is extremely low (0.72
— 0.97), confirming that the volcanic rocks in the research
area originated from the mantle.

Figures 15A and B, which represent the chondrite and
primitive mantle normalized incompatible trace element
patterns for basaltic rocks in the study, demonstrate
a depletion of heavier rare earth elements (HREE) in
comparison to N-MORB and a high enrichment of lighter
rare earth elements (e.g., the (La/Yb)N ratio ranges from
12.37 to 16.11) (after Sun and McDonough, 2016). The
deep mantle is the source of magma in the research area, as
confirmed by the normalized patterns (Figures 15A and B)
for the basaltic rocks in the area overlaid on OIB (following
Sun and McDonough, 2016). Because of the enriched mantle
source, fractional crystallization, and crustal contamination
effects on the magma, there is a high enrichment in lighter
rare earth elements.
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5. Conclusion and Recommendation
5.1. Conclusion
Based on field observations, petrography, and whole-
rock geochemical studies (major and trace elements), the
geology of the study area is mainly composed of basalt,
ignimbrite, rhyolite, phonolite, trachyte flows, pyroclastic
flow and fall deposits.

Debre Tabor volcanic rocks were not formed by
solidification of primary magma; instead, it was formed from
evolved magma, which was affected by crustal contamination
and crystal fractionation evolutionary process. The LREE
and highly incompatible trace element enrichment in felsic
rocks is due to crystal fractionation, an enriched mantle
source, and the effect of magma contamination on the crust.

The geochemical analysis (major and trace element
analysis) shows that the mafic and felsic rock units in the
Debre Tabor area have a co-genetic origin and formed by
partial melting of deep mantle rock which is garnet peridotite
with lower degree of partial melting. The Rb/Nb and La/Nb
depleted character of the mafic lavas reflects the dominant
contribution from the mantle plume during the genesis of
volcanic rocks in the study area.

Basaltic rocks in the study area are grouped under high-
Ti basalt, but the point data for felsic rocks fall under the
low-Ti field.

5.2. Recommendations

For a better understanding of the properties of the magma
source, age determinations, and geochemical processes
involved in producing the rock suites of the Debre Tabor area,
isotope geochemistry, mineral chemistry, and whole-rock
studies should be conducted. Near Magere Mariam Church,
there are also iron resources, and qualified businesses should
be announced for exploration.
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Abstract

Wetlands are essential ecosystems that provide vital services but are vulnerable to degradation. Hulu Sungai Utara (HSU))
Regency, South Kalimantan, hosts extensive tropical peatland wetlands spanning over 64,821 hectares. These wetlands are
significant but face considerable shrinkage due to reduced water flow and land conversion. This study examined spatiotemporal
changes in wetland cover in HSU from 2000 to 2024 using Landsat 7 ETM+ and Landsat 8 OLI data on Google Earth Engine
(GEE). We used NDWI, NDVI, and MNDWTI indices along with Machine Learning algorithms—Random Forest (RF) and
Support Vector Machine (SVM)—for classification into water, vegetation, built-up, and barren land. RF achieved higher
accuracy (97.33% overall accuracy, 96% average kappa), effectively mapping transitions. Results reveal a long-term decline
in wetlands (loss of 71.4 km?), driven by development, climate change, and human activity. Notably, a significant regeneration
trend appeared over the past 15 years, with gains exceeding losses in this recent period. This highlights the potential of GEE-
based geospatial technology for data-driven tropical wetland conservation, suggesting positive effects from recent initiatives.
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1. Introduction

A wetland is an environment where land meets water,
often partially adjacent to a body of water. These systems
can contribute significantly to the surrounding environment,
including being important to unique species of plants and
animals that live there (Mahdavi et al., 2018). A wetland is
a rich source of food, raw materials, and water resources for
people. The area also strengthens water sources, replenishes
groundwater, and controls soil erosion. For this reason,
wetland is called “Kidney of the Earth” (Zhang et al.,
2023). A wetland is an area that contains water, has hydric
soils, and supports certain vegetation that is adapted to wet
environments. Additionally, the land is also waterlogged
during certain seasons of the year (Mirmazloumi et al., 2021).
Over the last few decades, wetlands in tropical countries
such as Indonesia have experienced severe degradation. This
decline is attributed to several factors, including population
growth, infrastructure development, pollution, resource
overexploitation, climate change, and poor governance.
The facts show the importance of wetland risk assessment
and monitoring using modern geospatial technologies and
analytical methods (Aslam et al., 2024).

Remote sensing (RS), combined with wetland science, is
being used more effectively than ever to accurately measure
wetland quality and changes over time. Wetland mapping
using Earth observation data captures information about the
Earth’s surface at low to very high resolution (Awawdeh et al.,
2023). Additionally, the application of earth observation data
is essential for managing natural resources at the regional,
national, and international levels. Wetland monitoring is

challenging, specifically at large scales, due to the diverse
and fragmented wetland ecosystems and the spectral
similarities among different wetland types (Abdelmajeed
et al., 2023). To collect wetland cover information from
Landsat, the image will be categorized, tagged, and entered
into a GIS to undergo the the image interpretation process.
Moreover, the spatiotemporal dynamics of the Hulu Sungai
Utara Regency wetland in South Kalimantan are monitored
using remote sensing images at a the spatiotemporal scale
(Wu et al., 2020; Nurlina et al., 2024). Actual annual
wetland areas can be mapped at the regional level using
multitemporal Landsat 8-OLI and 7-ETM+ water change
data collected from 2000 to 2024. This process is performed
using several satellite-derived applications for land cover,
including the Normalized Difference Water Index (NDWI),
Normalized Difference Vegetation Index (NDVI), and
Modified Normalized Difference Water Index (MNDWTI)
(Ashok et al., 2021).

NDVI in wetland mapping is utilized for drought
monitoring, assessing plant cover, monitoring vegetation, and
evaluating agricultural drought. However, remote sensing
tools operating in near-infrared (NIR), shortwave infrared
(SWIR), and thermal infrared (TIR) bands can identify
water stress (Shashikant et al., 2021). Non-dimensional index
known as NDVI uses the difference between visible and
NIR reflectance to determine vegetation cover. A frequently
used index to track vegetation dynamics at regional and
global levels is NDVI. Following this discussion, vegetation
density is estimated using NDVI measurements (Ashok et
al., 2021). Using NDWI allows monitoring of vegetation

* Corresponding author e-mail: nurlina_abdullah@ulm.ac.id



419

moisture content by focusing on a specific area of the
spectrum. This index is often applied to check the evaluation
of drought conditions through the analysis of vegetation
(Shashikant et al., 2021). Landsat TM Bands 2 and 4 are
used to extract water features for NDWI. The index uses
two improved Random Forest (RF) classifiers with Landsat
8 OLI to classify possible water bodies (Ichsan Ali et al.,
2019). MNDWI is used to define landscape patterns, water
bodies, and ecological study. Therefore, to assess how
drainage systems and flooded areas have changed over the
past decades. Drainage system studies and MNDWTI analysis
are used to find the upward trend in flooded areas over a
predetermined period (Rashid, 2023).

Machine learning is a practical method for simulating
complex ecological events using multivariate geographic
data. Algorithms such as Support Vector Machine (SVM),
RF, and artificial neural networks have been highly effective
in mapping wetlands and detecting change across various
areas globally. This model enables the forecasting of wetland
hazards in the context of potential future environmental
changes, utilizing RF categorization on Google Earth
Engine (GEE) and Landsat image collections. GEE is a cloud
platform for viewing, computing, and analyzing planetary-
scale satellite imagery. This platform has been utilized in
numerous studies, including land cover analysis, urban
expansion, vegetation change, and disaster monitoring, as
well as wetland change (Yan et al., 2022). The main focus
of GEE is to develop highly interactive online algorithms,
applying big data analysis expertise to remote sensing with
a significant impact that enables data-driven science based
on global challenges, including large geospatial datasets.
Moreover, the platform deliverables are designed to analyze
and store vast datasets at the petabyte level (Ashok et al.,
2021).

Prior studies have demonstrated the efficacy of remote
sensing and machine learning techniques for wetland
monitoring and change detection in various regions globally
and within Indonesia (Long et al., 2021; Waleed et al., 2023).
Previous research utilized time series remote sensing data
and the extreme gradient boosting (XGBoost) method to
generate land use maps of the Yellow River Delta (YRD) in
China from 2000 to 2020 (Zhu et al., 2024). This method
proved to be effective, with land use classification achieving
an accuracy of 90.45% based on Landsat time series data
and the XGB method. Other research explored the use of
ten machine learning algorithms available on Google Earth
Engine (GEE) for multi-temporal land use mapping in the
Segara Anakan coastal wetland area, using Landsat imagery
from 1978, 1991, 2001, and 2014. The results show that
the CART (Classification and Regression Tree) algorithm
achieved the highest accuracy of 96.98% (Overall Accuracy)
using K-Fold Cross Validation (K=10), demonstrating the
effectiveness of GEE and machine learning for multi-
temporal land use mapping (Farda, 2017).

However, a comprehensive spatiotemporal analysis
focusing specifically on the extensive and vulnerable
tropical peatland wetlands of Hulu Sungai Utara Regency,
South Kalimantan, using a combined approach of multiple
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spectral indices (NDVI, NDWI, MNDWI) and advanced
machine learning classifiers (Random Forest and Support
Vector Machine) over a long-term period (2000-2024)
implemented on the Google Earth Engine platform has not
been previously conducted. This research fills a critical gap
by providing a detailed, multi-decadal assessment of wetland
dynamics in this ecologically significant area, leveraging
the computational power of GEE to process large volumes
of Landsat data and offering novel insights into the patterns
and drivers of change, including the identification of recent
regeneration trends. The main objective is to develop and
analyze various Landsat 7 and 8 time series methods to map
wet areas using GEE. Based on NDVI, NDWI, and MNDWI,
the proposed algorithm can accurately record changes
in wetland cover. This study examines the spatial and
temporal changes of a selected wetland from 2000 to 2024,
both quantitatively and qualitatively. The results can serve
as the basis for a deeper understanding of how thewetland
regime has changed over the years. The objectives include
(1) Evaluating wetland areas based on Landsat images based
on NDVI, NDWI, and MNDWTI, (ii) Identifying the presence
of permanent water bodies during the S-year interval from
2000 to 2024, (iii) Performing image classification using
guided classification RF and SVM.

2. Methodology
2.1 Study Area

The study area was located in the Peat Hydrology Unit
(PHU), Hulu Sungai Utara Regency, South Kalimantan
Province, Indonesia. Wetland cover in this area had an area
of 648 km? with coordinates 2° 26°26.81 “S 115° 11’12.44”
E (Figure 1), which was a wetland in South Kalimantan
where most of the soil was peat and swamp land. Following
the description, the area was located about 79 km from
Banjarbaru City.

The primary issue with this wetland was the gradual
reduction in size resulting from changes in sedimentation
and infrastructure development. Therefore, this study aimed
to understand the intensity of wetland cover change, focusing
on the temporal and spatial changes of Hulu Sungai Utara
Regency wetlands between 2000 and 2024 using histograms
of surface water events. Understanding the relevance of
water levels at the study site during this time was aided by an
examination of worldwide surface water events and seasonal
water changes, facilitated by an analysis of global surface
water events and seasonal water fluctuations.
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Figure 1. Map of the Study Area at Hulu Sungai Utara Regency,
Indonesia
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2.2 Data Collection

Multi-temporal satellite imagery was acquired to record
changes in Hulu Sungai Utara Regency over the past 24 years,
from 2000 to 2024. Landsat 7 ETM+ and 8 (OLI) missions
provided this imagery, which had a temporal frequency of 16
days and a spatial resolution of 30 m. Specifically, Landsat 7
Enhanced Thematic Mapper Plus (ETM+) data for the years
2000 to 2010, and Landsat 8 Operational Land Imager (OLI)
data for 2015-2024 were used (Aslam et al., 2024). NDVI,
NDWI, and MNDWI time series from 2000 to 2024 were
calibrated using 5-year gaps, utilizing Landsat 7 and 8
Collection 2 Tier 1 Raw Scenes. Table 1 shows the details of
Bands 1 to 7 with their original spatial resolution using GEE.
This platform included Landsat-specific processing methods
to calculate sensor radiance, TOA reflectance, surface
reflectance (SR), cloud score, and cloud-free composite.
GEE also provided an algorithm to create a simple composite
of the Landsat image, namely ee.Algorithms.Landsat.
simple Composite(). The algorithm combined composites
of multiple Landsat images to produce a clean image by
minimizing the effects of disturbances such as clouds and
cloud shadows. Moreover, cloud computing technology
was used in this platform to process Landsat data (https://
earthengine.google.org/). This process enabled parallel
computing and processing of large data in the study area.

Table 1. Landsat data description
ID Description

Landsat 7, Collection 2,
Tier 1 Raw Scenes

Landsat 8, Collection 2,
Tier 1 Raw Scenes

LANDSAT/LE07/C02/T1

LANDSAT/LC08/C02/T1

2.3 Spectral Water Index Calculation
NDVI has been widely used to analyze changes in
vegetation cover over time and space (Andini et al., 2024).
By applying the Red and NIR bands, the vegetation index
determines the balance between energy absorbed and
released by Earth objects (Hashim et al., 2019). In addition,
NDVI was calculated based on the surface reflectance bands
of 7 and 8 in the following Equation.
(NIR-RED)

NDVI =
(NIR+RED)

Q)

Where NIR and RED represented the reflectance of
bands 4 & 3 on Landsat 7 and bands 5 & 4 on Landsat 8,
respectively. Following this discussion, vegetation changed
over time with the application of atmospheric correction.

NDWTI is used in Landsat image analysis to identify open
water features using NIR and visible green (GREEN) spectral
bands (Laonamsai et al., 2023). The model value was a useful
indicator of plant water stress because it was closely related to
the moisture content of plants sensitive to built-up land. This
study primarily focused on the reflectance characteristics of
dry and green vegetation. During the analysis, water bodies
were extracted from a satellite image using the reflectance
index, which varied from -1 to +1. The surface reflectance
of NIR and SWIR bands of Landsats 7 and 8 was used to
calculate NDWI (Ashok et al., 2021). Additionally, the index
calculated based on the surface reflectance bands of Landsat
7 and 8 was shown in the following Equation.
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(GREEN—NIR) 2)

NDWI =
(GREEN+NIR)

Where GREEN and NIR represented the reflectance
of band 2 & 4 on Landsat 7 and band 3 & 5 on Landsat 8,
respectively.

During this study, MNDWI distinguished between
non-watery and watery areas. This method used shortwave
infrared 1 (SWIRI1) and GREEN spectral bands (Laonamsai
et al., 2023). Xu (2006) formed an algorithm that efficiently
suppressed and even eliminated the effects of noise from the
ground and vegetation, as well as from the water surface.
Therefore, improving the final MNDWI results led to more
precise data extraction from an image containing vegetation,
soil, and built-up land (Sherstobitov et al., 2021). The index
was calculated based on land surface reflectance bands 7 and
8 was conducted using the following Equation.

(GREEN—-SWIR1)

MNDWI =
(GREEN+SWIR1)

©)

Where GREEN and SWIR1 showed the reflectance
of band 2 & 5 on Landsat 7 and band 3 & 6 on Landsat 8§,
respectively.

A total of 648 km?* formed a truncated geometry (the
area under study) in and around Hulu Sungai Utara Regency
wetland, as shown in Figure 1. Based on the difference
between NDVI, NDWI, and MNDWTI values, the wetland
hidden in Landsats 7 and 8 images was cloud-free in late
July and early August. Moreover, Landsat data had gone
through an automatic cloud masking process. The selected
wetland plant image depicted the plants during the budding
phase, encompassing vegetative growth, reproduction, and
maturation. The image was distinguished by having higher
NDVI values than NDWI and MNDWI. This outcome
signified that permanent water bodies had - -1 < NDVI-
NDWI-MNDWI < 0, while pixels covered by vegetation had
a relationship of 0 < NDVI-NDWI-MNDWTI < 1. The result
was used to calculate the area related to vegetation, soil,
built-up areas, and water bodies in summer, specifically from
late July to early August from 2000 to 2024, as indicated by
the algorithm. During the analysis, a process for mapping
wetland areas using GEE was proposed.

2.4 Image Classification

Class information from a multi-band raster image
was extracted using image classification. Supervised
classification methods, such as CART, RF, Naive Bayes,
and SVM, were applied to handle guided classification
using conventional machine learning methods within the
GEE framwwork. In this case, Random Forest and SVM
classifiers were used from 2000 to 2024. The defined classes
were divided into four classification categories, namely
water, vegetation, built-up, and barren land. This process
determined how RF and SVM classifiers performed.

RF was an ensemble learning method that built a large
number of decision trees during training for tasks such as
regression and classification. The class selected by the
majority of the trees was the output of RF for classification
problems. By reducing overfitting and improving prediction
accuracy through feature randomness during tree splitting
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and packing (bootstrap aggregating), RF outperformed
single decision trees. RF was well known for its resistance
to overfitting and its capacity to manage very large datasets
with high dimensionality (Aslam et al., 2024).

The concepts of classification and regression were the
main focus of SVM, which was an implementation of the
supervised learning paradigm. SVM only classified data
linearly at an early stage by creating a hyperplane. Later
in 1992, Vapnik, Boser, and Guyon presented a method for
forming nonlinear classifiersusing Kernel functions (Vapnik
and Cortes first introduced kernels in a 1995 study paper).
Following the occurrence, SVM has become a popular
classification algorithm for supervised learning, i.e., datasets
categorized by class labels and attributes. Unsupervised
learning, or datasets without output features and class labels,
was implemented using SVM clustering (Ghosh et al., 2019).

A land cover map of Hulu Sungai Utara Regency was
created and assessed using Landsat 8 surface reflectance
data by applying eight different combination procedures.
During this process, training was conducted using MODIS
land cover data from the IGBP classification. To train the
sample data, both the RF classifier and SVM were used, and
multiple random seeds were employed to obtain validation
data. After the process, any zero pixels were removed from
the results by filtration, and the data was verified based
on the smiling RF. By specifying land cover category
characteristics as attributes of four classes, RF classifieree.
Classifier.smileRandom Forest(100).train() was applied to
the training data. The output results showed that all eight
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datasets produced land cover maps with moderate to highly
accurate accuracy with a total accuracy of more than 90%.

The Confusion Matrix and its derived accuracy index
were used to evaluate the classification accuracy of each
scenario data set. Each pixel in each polygon was categorized
as a training point when the training dataset consisted of
polygons representing homogeneous regions. Additionally, a
machine learning algorithm was trained using these polygons
(Stehman, 1997). The confusion matrix was a way to review
how well a classification algorithm performed and provided
a better understanding of the classification model and its
errors. The method, sometimes referred to as an error matrix,
was a quantitative method used to describe the accuracy of
image classification. The matrix showed the relationship
between the reference image and the classification result.
The matrix requires ground-truth information, such as
geographic data and the results of manual image digitization.
During this study, the classification of Hulu Sungai Utara
Regency wetland images was performed using GEE and
Landsat 7 and 8 images. Training samples of polygon feature
classes or shapefiles were provided to perform classification.
In addition, the attribute table of the training samples and
the format of the feature class were the same. The “Training
Samples Manager” was used to build a reference dataset to
ensure this process by reading and writing the dataset. A
total evaluation of the classification accuracy was provided
by the Kappa agreement statistic. Table 2 shows the accuracy
statistic ranging from 0 to 1, with 1 signifying 100% accuracy.
The overall research method is described in Figure 2.
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Figure 2. Study Flow Chart

3. Results and Discussion
3.1 Accuracy Assessment
Landsat image data that was classified using a Region of
Interest (ROI) as a reference was applied to determine land
use/cover factors. There were two types of ROI samples used,

namely, testing and training samples. A testing sample was
used as a representative sample for land cover classification
in Google Earth, which was applied to evaluate the
classification accuracy. Meanwhile, the training sample was
used as a representative sample for land cover classification
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(Nurlina et al., 2023). These samples were subsequently used
for validation and a total accuracy test. The hue of pixels
corresponding to vegetation or water bodies in the wetland
was determined based on the samples. Regarding the
process, JavaScript programming on the GEE platform was
used to determine the areas covered by vegetation and water.

Based on Table 2, the RF model had a high average
kappa accuracy of 96% and a total accuracy of 97.33% for
the six years studied (2000, 2005, 2010, 2015, 2020, and
2024). An average user validation accuracy of 87.8% over 6
years showed the condition of land cover class assignment.
RF showed higher classification accuracy than Support
Vector Machine (SVM) in mapping wetland change. On the
GEE platform, RF is efficient for large datasets as it can be
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parallelised, while SVM with complex kernels may be more
computationally intensive. RF tends to be more robust to
noise and outliers than SVM. The advantages of RF are its
ability to handle complex data and its robustness, while SVM
is versatile with kernels but sensitive to noise and requires
careful parameter tuning (Aljanabi & Dedeoglu, 2025;
Thanh Noi & Kappas, 2017). The superior performance of
RF in this study is likely due to its robustness in handling
the complexity of multi-temporal data in dynamic tropical
wetland environments. This outcome characterized the
multitemporal variability of the wetland as well as map, and
track changes over time using extended time series imagery.
Landsat 7 and 8 images were used to extract the land cover
shape of Hulu Sungai Utara Regency. Landsat 7 and 8
imagery spanned from 2015 to 2024, and 2000 to 2010.

Table 2. Comparison accuracy between Landsat 7 and 8 image collections over Wetland of Hulu Sungai Utara Regency (2000-2024).

Random Forest (RF)

Landsat 7

Year
2005

Landsat 8

Year
2020

Year
2010

Total Accuracy 0.98 0.96 0.96 0.99 0.97 0.99
Validation Accuracy 0.96 0.74 0.92 0.89 0.9 0.84
Kappa Coefficient 0.97 0.94 0.94 0.98 0.9 0.98

The main parameters in the accuracy assessment included
total accuracy, i.e., the proportion of training samples that
were correctly classified (70%). Other parameters included
the Kappa coefficient, a measure that considered the chance
of agreement. In addition, validation accuracy consisted
of the proportion of training samples that were correctly
classified (30 %).

3.2 Land Use and Land Cover (LULC)

Using two machine learning algorithms on GEE, RF, and
SVM, land use and land cover (LULC) analysis conducted
in this study revealed important changes in the distribution.
The analysis also found an interesting proportion of
major land cover classes surrounding the wetland in the
ecologically important Hulu Sungai Utara Regency between
2000 and 2024. Following the discussion, two important
physical components that measure the surface of the Earth
were LULC. To distinguish between these components, a
categorization system was necessary. The system provided a
fundamental structuring function by offering tools to name,
classify, and recognize objects on Earth (Nedd et al., 2021).

The results shown in Figure 3 were obtained from RF
classification, which consisted of 4 land cover classes. Land
cover classes consisted of water, vegetation, built-up, and
barren land. Images from Landsat 7 and 8 were captured
in the year 2000-2024, as the RF model showed higher
accuracy than SVM. The results showed a decrease in the
exposed and unvegetated land surface around the wetland,
which was attributed to artificial reforestation initiatives
in the area as well as climate change-related variables. The
climate variables included increased rainfall that promoted
the growth of vegetation cover (Khalaf, 2024; Aslam et al.,
2024).

Machine learning based on the supervised learning
model is called SVM. Statistical learning theory served as
the foundation for SVM, which classified data by identifying
a set of support vectors from a sample (Mohammadi et al.,
2021). Moreover, the results shown in Figure 4 were divided
into the same four classes as RF. The high rainfall pattern
in the multitemporal analysis from 2000 to 2005 led to
a slight increase in water area. The significant decrease
in water area between 2005 and 2010 was offset by an
increase in vegetation area. Additionally, rapid growth led
to substantial changes in vegetation from 2010 and 2015. The
amount of green land decreased as the number of buildings
increased between 2015 and 2020. Due to urbanization
around wetland, there was a reduction in water bodies in
2020-2024. Relating to this discussion, combining studies of
land use and population change led to a more comprehensive
knowledge of interconnected environmental as well as
human factors that impacted the vulnerability of wetland in
the area (Mohammadi et al., 2021).
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3.3 Transition of Wetland
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Figure 5. Transition change in wetland classes

Figure 5 presents a comprehensive wetland change
which found
between wetland and other major land cover classes, such as

detection study, significant transitions
vegetation, built-up land, and barren land, around the Hulu
Sungai Utara Regency wetlands between 2000 and 2024.
Specifically, during this period, 83.4 km? of vegetation cover
and 34.7 km? of bare land changed to wetland. The outcome
signified that wetland shrank significantly into previously
unvegetated bare areas and also former forests or shrublands.
This occurrence might be due to the lowered water table and
low rainfall, which allowed the swamp habitat to not thrive.
Consequently, 111.9 km? of wetland changed to vegetation
cover, and 78.8 km? changed to bare land. Table 3 showed

the conversion of a small area of 17.1 km? from built-up

land to wetland signifying the regeneration of wetland
into pavement zones that were previously built-up land.
However, only 18.5 square kilometers of marsh changed to
built-up land between 2000 and 2024. Table 3 showed the
main transitions from bare surfaces to vegetated surfaces to
wetland, signifying that wetland expansion mostly occurred
on bare, non-vegetated land. Table 4 showed how the area
of wetland change decreased and increased. Relating to the
discussion, the area decreased as the result became negative,
and it increased when the value was positive. Table 3 also
measured the minimal interaction that occurred around Hulu
Sungai Utara Regency between wetland and constructed
impervious surfaces (DeLancey et al., 2022).
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Table 3. LULC Area from 2000 to 2024

Classifier Name 2000 2010
Class km? km?
Water 21.9 3 78.3 12 161.3 25 357 6 90.4 14 60.7 9
RF Vegetation | 505.8 78 486.3 75 422.2 65 4449 69 484.8 75 471.8 73
Builtup 6.8 1 16.7 3 18.3 26.5 4 33.6 12.3 2
Barren Land | 113.5 18 66.7 10 46.2 7 140.9 22 39.2 6 103.3 16

Water 44.8 7 120.5 19 204.8 32 64.3 10 99.6 15 50 8

SUM Vegetation | 509.6 79 445.3 69 347.2 54 391.8 60 3329 51 450.2 69
Builtup 2.6 0 3.8 1 12.6 2 1.1 0 1.9 0 1.8 0

Barren Land 91 14 78.4 12 83.3 13 190.8 29 2137 33 146 23

Classifier Name Area Km? Change
o 2005-  2010-  2015- 2015-
‘lass 2010 2015 2020 2020
Water -56.4 -83 125.6 -54.7 29.7 -8.7 -12.8 19.4 -8.4 4.6
RF Vegetation 19.5 64.1 -22.7 -39.9 13 3.0 9.9 3.5 -6.2 2.0
Builtup -9.9 -1.6 -8.2 -7.1 21.3 -1.5 -0.2 -1.3 -1.1 33
Barren Land 46.8 20.5 -94.7 101.7 -64.1 7.2 3.2 -14.6 15.7 -9.9
Water =757 -84.3 140.5 -35.3 49.6 -11.7 -13.0 21.7 54 77
SUM Vegetation 64.3 98.1 -44.6 58.9 -117.3 9.9 15.1 -6.9 9.1 -18.1
Builtup -1.2 -8.8 11.5 -0.8 0.1 -0.2 -1.4 1.8 -0.1 0.0
Barren Land 12.6 -4.9 -107.5 -22.9 67.7 1.9 -0.8 -16.6 3.5 10.4
Year Classifier Class
Barren Land
— g "—‘/ - =
e
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\
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Figure 6. Trend of Land cover change from 2000 to 2024

Figure 6 shows the long-term trend from 2000 to 2024,
which reveals a net decrease in wetland cover. This visually
demonstrates the movement of area between the barren land,
vegetation, and water classes at each time interval. While
there are areas of wetlands converting to vegetation or bare
land, there is also the reverse process of areas of vegetation
and bare land converting to wetlands. There is a significant
trend of wetland regeneration over the last 15 years

(approximately 2015-2024), where the gains in wetland area
outweigh the losses in this more recent period. The Sankey
diagram visually supports a transition towards the “““Water’
class in the later years (2015, 2020, 2024),

3.4 Wetland Change
According to wetland change analysis compiled in Tables
3 and 4, there was a net decrease in wetland cover over the first
15 years, as the loss of 7.7 sq. km exceeded the increase of 34.3
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sq. km between 2015 and 2024. However, there was a reversal
of the trend, with wetlands increasing by a total of 86.7 km?,
greater than the loss of 63.7 km?2 This reversal demonstrated
that, over the last 15 years, wetland regeneration had outpaced
loss, largely due to increased conservation efforts in the area.
The total wetland loss of 71.4 km? for the 24 years from 2000
to 2024 was greater than the total wetland increase of 237.6

Fitriani et al. / JJEES (2025) 16 (4): 418-432

km?, signifying a long-term decline. This outcome showed
ecological resilience as prominent wetland ecosystems
persisted despite certain losses. Although there was a late
decline in wetland between 2015 and 2024, regenerative
processes outpaced losses in the following 15 years. Figure
7 showed that the long-term trend was an accumulative loss
with some resilience (Amani et al., 2022).
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Figure 7. Wetland change and no change
3.5 Index Results

The dynamics of surface moisture and vegetative vigor
surrounding the Hulu Sungai Utara wetland were illustrated
by spectral water and vegetation indices derived from
multitemporal satellite imagery between 2000 and 2024.
Figure 8 shows the observed NDVI values from 2000 and
2024, with the lowest score being -0.69 and the highest being

+0.87. Since the value of the NDVI parameter was less than
zero, the red color signified no vegetation. Wetland was
added between 2005 and 2010, specifically the larger water
bodies. Due to the long dry season during that time, the
wetland area was reduced between 2015 and 2020.
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Figure 8. Result from NDVI

NDWI high-resolution satellite image data for the period
from 2000 to 2024 was used to identify surface water bodies
in the study area, as shown in Figure 9. During the analysis,
the values ranged on average from -0.77 to +0.67. High plant
water content and low vegetation content were represented
by positive and negative NDWI values. Additionally, levels
drop during the water stress phase, where low vegetation
water content and vegetation fraction cover correlated with
low NDWTI results. NDVI values were greater than NDWI
during the post-harvest wetland planting phase.
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Figure 9. Result from NDWI

The surface water level decreased during the analysis
period as observed from the decrease in the upper range of
MNDWTI values, which ranged from 0.62 in 2015 to 0.99
in 2005 and 2010 as shown in Figure 10. This result was
consistent with the shrinkage observed in change studies of
peatland regions. The lower limit of MNDWI decreased over
time, signifying that even a slight loss of surface moisture
occurred in some wetland areas (Ridwan et al.. 2022).



430 Fitriani et al. / JJEES (2025) 16 (4): 418-432

15°00°E 15150°E T5°00°E 1M5150°E
2 P 2 P
@ MNDWI IN 2060 @ MNDWI IN 2063
W- E e W- E o
_I“/ _I“/
S -~ . S -
» of e »
o HIE °
o o o o
t a8 &
g 2lle g
2 2|8 2
g g
&l . a8 £ Y
/ ; / ‘ R Legend :
/ 4 _‘ ; Value e
i \ i 1099
i K 10 20 i 8§ 10 20 i
I — — K1 » I — — 0 ~ . Low: 054
i < ; <
115°0'0"E 115°15'0"E 115°0'0"E 115°15'0"E
M5°00°E M5150°E M5°00°E M5150°E
e N m N
@ MNDWTI IN 2010 % MNDWI IN 2015
w E b w- E e
o ol (e 2
o ol e o
2 M g
8 alle H
~ RN &
n ol|» o
o R o
2 318 3
& R EN &
115°0'0"E 115°15'0"E 115°0'0"E 115°15'0"E
115°0°0"E 115°15'0"E 115°00"E 115°15'0"E
vy 7 —
N d N e
B @E MNDWI IN 2020 B @E MNDWI IN 2024
= =
» of o »
£ 41K g
o o
o o
& & [& &
w ulle o
5 5| 5
8 HIH H
o ~ o~ o~
) ‘\. T\ High : 0,82
. § 10 20 Y
i = Km P Low: 059
E i N <
115°0'0"E 115°15'0"E 115°0'0"E 115°15'0"E

Figure 10. Result from MNDWI
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Figure 11. Distribution of NDVI, NDWI, and MNDWTI index values for different years (2000, 2005, 2010, 2015, 2020, and 2024)

Figure 11 shows the distribution of NDVI, NDWI, indicates changes in land cover conditions (vegetation,
and MNDWI index values for different years (2000, 2005,  water) in the study area from 2000 to 2024. An increase in the
2010, 2015, 2020, and 2024) in the study area. It is clear that ~median NDVI value or a higher scatter on the positive side
the distribution and median values for each index (NDVI, tends to indicate an increase in vegetation cover or health
NDWI, MNDWI) vary from year to year. This variation in the study area. Conversely, a decrease in NDVI indicates
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degradation of vegetation or land conversion (Jia et al., 2019).
Higher values of these indices are generally associated with
the presence of water or higher humidity. Changes in the
median values and distribution of the MNDWI and NDWI
from year to year may indicate fluctuations in the extent
of waterlogging, soil moisture levels, or other hydrological
changes in the wetland. A shift of the box towards more
negative values could indicate a decrease in surface water
availability or moisture. The NDVI is high, but the NDWI/
MNDWTI is low, indicating vegetated dry conditions, or
vice versa, indicating waterlogging with vegetation less
prominent in the image at the time of acquisition.

4. Conclusion

In conclusion, wetlands serve as essential ecosystems,
providing natural resources, Dbiological habitats, and
ecological buffers. However, the land was also vulnerable
to degradation as a result of overexploitation, infrastructure
expansion, and climate change. The dynamic changes in
wetland cover in Hulu Sungai Utara Regency from 2000
to 2024 were examined both temporally and spatially by
applying NDVI, NDWI, and MNDWTI indices along with
machine learning methods, such as RF and SVM, using data
from Landsat 7 and 8. During this analysis, RF performed
better than other methods, achieving a total accuracy of
97.33% and an average kappa of 96%. Although the long-
term trend still signified a total decline, the results showed a
significant shift in wetlands, including greater regeneration
than loss over the previous 15 years. The need for GEE-based
geospatial technologies to aid data-driven decision-making
in managing and protecting tropical wetland ecosystems is
evident, as recent conservation initiatives are starting to have
a positive impact.

Beyond summarizing changes, this study offers a key
scientific contribution by providing a detailed, quantitative
understanding of long-term wetland dynamics in Hulu
Sungai Utara using a robust GEE-based approach that
combines spectral indices and machine learning. It uniquely
highlights a significant recent regeneration trend amidst
overall decline, offering novel insights into ecosystem
resilience and the effectiveness of conservation efforts The
findings provide essential data and a framework for data-
driven land-use planning, environmental management, and
targeted conservation strategies, which are crucial for the
sustainable future of these vital tropical wetlands.
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