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Abstract

1. Introduction

2. Methodology

Flooding is expressed as the surplus of water in a place 
that is naturally dry (Stephen, 2011). It might be seen as a 
relative spill of water over the banks of surface water bodies 
like rivers. Flooding can also be considered as an outpouring 
of water that comes from a river, reservoirs, lakes, etc, 
and bring about destruction to lives and properties.  (Ojo, 
2007).  It is a condition of partial or whole submergence 
of an area due to spillover from the sporadic and speedy 
buildup of runoff (Onuigbo et al., 2017). It is probably the 
most damaging, common, and frequent natural hazard in the 
world (Al Azzam and Al Kuisi, 2021). A flood happens as 
soon as the water in a river or any water body flows out of 
its boundaries and submerges nearby areas (Stephen, 2011).  
Some of the factors resulting in flood disasters include the 
throwing away of solid wastes in drains and on the floodplain 
(Sarah 2007) cited in Okeleye (2016). James (2000) reported 
that uncontrolled urbanization such as building along flood 
plains, and unrestrained advancement of structures into 
flood plains alongside massive road construction with large-
scale land recovery result in flood disaster. Ajayi (2012) cited 
in Okeleye (2016) stated that raising infrastructures along 
the riverway caused major flooding in Oyo State. Farmers 
are usually challenged and ascertaining the damage caused 
to farmers may not be easy but it is believed to be a problem 
to their livelihood (Alade and Ademola 2013). In Nigeria, 
flooding has brought about an increase in the prices of food 

This study was carried out in Edo State Nigeria as shown 
in Figure 1, comprising Edo South, Central, and North 
Senatorial Districts. Edo state which was created in 1991 out 
of the old Bendel state is one of the Niger Delta States. It 

crops, leading to an inflation upsurge of 2% (Onwuka et 
al., 2015). There is therefore the need for preparedness and 
coping.

World Health Organisation (2007), opined that 
preparedness is activities carried out by individuals or 
communities to enable them to take better actions in the 
case of emergency and disaster conditions. Preparedness is 
seen as actions geared towards enhancing coping potentials. 
Disaster preparedness is a vital constituent of any disaster 
management because it reduces detrimental outcomes 
(Odunola and  Balogun, 2015). Capacity assessment on the 
other hand is the way the capacity of a group or individual 
is evaluated against anticipated goals, where prevailing 
capacities are known for maintenance and capacity gaps are 
set apart for further action (UNDRR, 2017). Coping capacity 
can be influenced by a high incidence of urban poverty. 
Poverty is a major militating factor in Nigeria (Lame and 
Yosoff, 2015; Ike and  Uzokwe 2015). It is against this 
background that this study was carried out to evaluate the 
preparedness and coping capacity of crop farmers in Edo 
State, Nigeria.

Keywords:  Flooding, Crop, Farmers, Preparedness, Coping, Challenges
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Flood occurs when there is an overflow of any area which is not normally covered with water. It has claimed many lives, 
displaced millions, and destroyed crops and farmlands. It is more pronounced in developing nations where the level of 
preparedness and coping capacity are low in comparison with developed ones. It is against this background that this study 
evaluated flood disaster preparedness and capacity assessment among crop farmers in Edo State Nigeria. The sample size 
was determined using the Taro Yammane formula. A total of 400 crop farmers were drawn as the sample size. The study used 
survey research techniques where questionnaires designed on a Likert scale were distributed to the crop farmers obtained 
using a multistage sample technique. Key informant interview was also carried out with the staff of the Edo State Agricultural 
Development Programme. The data obtained were analyzed using mean and standard deviation. The result obtained revealed 
that most of the crop farmers were in their economically productive age, literate, and had poor coping capacity. The findings 
also revealed that though they applied some forms of preparedness measures but were still not better prepared for the disaster. 
They were also faced with challenges concerning coping and preparedness to flood disasters. Therefore, crop farmers in Edo 
State have poor coping capacity and are not effectively prepared against flooding. Government at all levels should intensify 
flood control measures and provide poverty alleviation programs that will be beneficial to crop farmers.
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2.1 Sample Size Determination

2.2 Sampling Techniques

3.1 Demographic Characteristics of the Crop Farmers

2.3 Methods of Data Collection and Analysis
The study drew a sample size of 400 from a total of 91000 

crop farmers in Edo State. The sample size was determined 
using the formula for sample size determination as given by 
Yamane (1967) as 

A multistage sampling technique was used to select 
four hundred (400) crop farmers for this study. Firstly, ten 
(10) agricultural blocks were randomly selected. In each 
agricultural block and with the assistance of the Extension 
Services Department, farming communities/cells were 
identified, from which four (4) communities/cells were 
randomly selected making a total of forty (40) communities/
cells for the study. In each selected community/cell, with the 
assistance of Extension Agents, ten (10) crop farmers were 
randomly selected, bringing the total sampled respondents 
to four hundred (400) for the study.

The gender, age, marital status and educational level of 
the crop farmers are shown in Table 1 below. There were 
71.3% male and 28.8% female which means that most of the 
crop farmers were male. In terms of age, 10.5% were less 
than 30 years, 35.3% were between 31-40 years, 34.8% were 
between 41-50 years 19.5% were over 50 years. This showed 
that most of the crop farmers were in their economically 
productive age. This is beneficial because young age farmers 
could have higher tendencies to cope and prepare for flooding 
than the much-aged ones. As shown in the table, 84.3% were 
married, 11.5% were single, 2.8% were widows/widowers 
and others made up 1.5% indicating that they were mostly 
married persons. This could enhance their preparedness as 
married farmers would have immediate family members that 
can render some needed assistance. The result also revealed 

Questionnaires designed on the Likert scale as well 
as interviews with Staff of the Edo State Agricultural 
Development Programme were used to obtain information 
for this study. The data collected were subjected to 
descriptive statistics such as mean and standard deviation. 
Other descriptive statistical methods that were employed 
were simple frequency, percentages, charts, and graphs 
where necessary.Where 

n = sample size
N = population size (number of crop farmers in Edo State)
e =  acceptable sampling error margin ie 0.05
1 = constant

has a population of 3218332 comprising 1640461 males and 
1577871 females based on the 2006 census. The state covers 
a land mass of about 19638SqKm. Common food crops 
grown in the State include cassava, yam, maize, rice, and 
plantain. The State is divided into three (3) agro-ecological 

zones namely Edo North, Edo Central, and Edo South to 
Edo State Agricultural Development Programme (ADP) 
delineation (Edo State government, 2013;  Erie,  2007) cited 
in Alufohai et al (2015).

Figure 1. Map of Edo State showing the farming communities studied

3. Results
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4.1 Demographic Characteristics of the Crop Farmers

3.2 Coping Capacity of Crop Farmers to Flood Hazard

3.3 Crop Farmers’ Preparedness Measures for Flood Disaster

3.4 Effectiveness of Preparedness Strategies for Flood Disaster

3.5 Constraints to Flood Disaster Preparedness

The result revealed that most of the farmers in the study 
area were males which attests to the fact that there are more 
males in farming in Nigeria (Kasali et al., 2009).  This could 
be attributable to the fact that women have smaller plots of 
land, less access to physical inputs such as fertilizer and 
herbicide, and low labor (Oseni et al., 2013). Women are also 

The mean of the result on the coping capacity of crop 
farmers to flooding, as shown in Table 2 below, revealed 
that the crop farmers agreed to only one item analyzed. 
That is, people living with you have one another’s contacts 
to call should a flood disaster occur. They were however in 
disagreement with other items. Therefore, from the result, 
it can be deduced that the crop farmers had poor coping 
capacity to flood disasters.

The mean of the result on preparedness measures 
of crop farmers for flood disasters as shown in Figure 2 

The mean of the result on how effective the preparedness 
measures applied by the crop farmers as shown in Figure 3 
below revealed that the preparedness measures were slightly 
effective.

The mean of the result on constraints to flood disaster 
preparedness faced by the crop farmers as shown in 
Figure 4 below indicated that the crop farmers expressed 
disagreement only to the size of farmland as a constraint 
to flood preparedness. They were however in agreement 
with other items. Therefore, it can be deduced that the crop 
farmers had some challenges in preparing and coping with 
the flood disaster.

that 33.5% had only primary school education, 49.0% had 
secondary education, 11.5% had tertiary education and 
6.0% had no formal education signifying that most of the 
crop farmers were literate. Being mostly literate connotes 
that accepting innovations that could help in improving 
their capacity and preparedness for flooding would not be 
difficult.

below indicated that the crop farmers agreed with the items 
analyzed. Therefore, it can be inferred that the crop farmers 
applied flood preparedness strategies to ameliorate the 
effects of flooding.

Table 1. Demographic characteristics of the crop farmers

Table 2. Coping capacity of crop farmers to flood hazard

Source: Researcher’s computation, 2021

Source: Field survey, 2021

4. Discussion

Characteristics Components Frequency Percentage 
(%)

Gender

Male 285 71.2

Female 115 28.8

Total 400 100.0

Age

30 or less 42 10.5

31-40 141 35.3

41-50 139 34.8

50 and above 78 19.5

Total 400 100.0

Marital Status

Married 337 84.3

Single 46 11.5

Widow or widower 11 2.8

Others 6 1.5

Total 400 100.0

Educational 
Level

Primary 134 33.5

Secondary 196 49.0

Tertiary 46 11.5

No formal education 24 6.0

Total 400 100.0

N Sum Mean SD

having a different savings food is 
being practiced by you 400 771 1.93 .827

Planning for flood disasters is 
being practiced by you 400 887 2.22 1.041

There is a place where people are 
to meet should flooding occur 400 857 2.14 .911

Ways of how to search for any 
missing person should flooding 
occur  are put in place

400 882 2.20 .797

People living with you have one 
another’s contacts to call should a 
flood disaster occur.

400 1144 2.86 .760

Figure 2. Crop farmers’ preparedness measures to flood disaster

Figure 3. Effectiveness of preparedness strategies to flood disaster

Figure 4. Constraints to flood disaster preparedness
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mostly not opportune to own farms due to cultural biases 
(Fasina, 2013). The finding obtained in this study is coherent 
with those stated by Okeleye et al., (2016); Umar and Muazu, 
(2017). This result showed that most of the crop farmers 
were in their economically productive age of fewer than 50 
years of age which corroborates with the findings of Oronye 
(2012); Oyatayo et al  (2016) Umar and Muazu (2017); Salami 
et al., (2017). Having the majority of the crop farmers at an 
age of less than 50 can be ascribed to farmers’ productivity 
being decreased as they age. Similarly, their level of 
physical involvement and consequentially their agricultural 
productivity would have been detrimentally affected as they 
age (Fasina, 2013). It is worth noting that older farmers are 
more vulnerable to the outcome of disasters like flooding 
as a result of challenges they may have in preparedness 
and recovery. This agrees with the work of  Maltais (2019) 
who reported that throughout the world, floods have sadly 
disturbed many people over the age of  65.  Some had serious 
injuries, others died, and sadly, many could not bear the 
menace.

Most of the crop farmers were married. This is in line 
with Owolabi (2013); Okeleye (2016).  Married farmers 
could benefit from the support they get from their spouses. 
This is in agreement with Fasina (2013) who reported that 
the fact that the majority of their respondents are married 
could infer that couples are involved in cooperative efforts in 
farming activities.  Those married could also have persons 
that could assist if a disaster like flooding occurs thereby 
enhancing their preparedness and coping capacity. This is 
consistent with the report of Owolabi (2013). Most of the 
crop farmers were literate which corroborates with Ahile 
and Andityavyar (2014); Oyatayo et al., (2016). Their level 
of education is encouraging as it will help in embracing 
innovations and developments geared towards enhancing 
their preparedness and coping capacity to flood disasters. 
This is in line with Muttarak and Pothisiri (2013), which 
stated that the educational level of residents could influence 
their level of preparedness for disaster.

the spreading and assimilation of information. During an 
assessment of the adaptive capacity of Nigeria, Adejuwom 
(2005) observed that education was a major determinant of 
adaptive capacity. Accordingly, the study concluded that 
people with lower levels of education have lesser adaptive 
capacity. 

The farmers in this study were aware of flooding and 
the danger it could cause. Yet their coping capacity was 
poor which infers that though their awareness of flooding is 
sufficient enough they lack adequate capacity in other relevant 
areas to effectively cope with flooding. This proposition 
agrees with Boakye et al., (2018). It can be inferred from the 
study that the farmers react to the outcomes of flood disaster 
when it occurs, but cannot cope adequately to ameliorate 
the challenges posed by it thereby affecting crop production 
and their livelihood. This has serious consequences on food 
security in the long run.

4.2 Coping Capacity of Crop Farmers to Flood Hazard

4.3 Crop Farmers’ Preparedness Measures for Flood Disaster

The farmers in this study were in the affirmative that 
they had poor coping capacity which is coherent with the 
outcome of Okeleye et al., (2016) in their study on the impact 
assessment of flood disasters on the livelihoods of farmers in 
selected farming communities in Oke-Ogun region of Oyo 
State, Nigeria. The outcome of the interview also confirms 
that the farmers are faced with poor coping capacity. This 
relatively low coping capacity of the farmers makes them 
vulnerable to the effects of flooding. Better coping capacity 
would have made them to be resilient thereby not discouraged 
with farming. Their discouragement could affect food 
security and aggravate hunger and poverty.  Attaining better 
coping capacity in the study area would not have been a 
difficult task to achieve because of their literacy level as the 
majority had secondary education and above.  Boakye et al 
(2018) opined that one key factor that influences the adaptive 
capacity of any society is the literacy level appraised by the 
level of educational attainment. According to Brooks et al 
(2004), one’s adaptive capacity is largely determined by one’s 
level of education. This is because; high literacy enhances 

The outcome of this study revealed that the crop farmers 
applied flood preparedness strategies to ameliorate the 
menace of flooding in the study area but how effective are 
they is another point of concern. This finding conforms 
with Odunlola and Balogun (2015); Okeleye et al., (2016);  
Akukwe (2019). However, it was contrary to that of Salami 
et al., (2017) who reported that most of their respondents 
never practiced any preparedness measures. Ezemonye and 
Emeribe (2014) affirm that a flood preparedness plan is about 
putting in place a set of appropriate arrangements in advance 
for an effective response to floods. The need for preparedness 
is important because sometimes natural hazards like 
flooding may not be prevented but can be managed through 
preparedness. This conforms to the proposition of Tierney, 
Lindell, and Perry, (2001).  Change in planting season and 
early harvest are among the preparedness strategies that the 
crop farmers were affirmative to. These strategies buttressed 
by interview of staff of Edo State ADP enables the farmers to 
have some harvest at the end of the farming season. This is 
because a change in planting season will enable the farmers 
to either plant early or late as the case may be to manage 
the effects associated with flood disasters.  Likewise in early 
harvest, the farmers can reap before the flood comes. This 
however may not be free from harvesting crops that are not 
adequately matured. These strategies depend on weather 
variability and the use of improved crop varieties that mature 
quickly. To some extent, the application of these strategies 
is based on intuition concerning the observation of weather 
and prediction of flood disasters by the farmers. This is 
in agreement with Akukwe (2019). The use of improved 
varieties to enhance preparedness for flooding was agreed 
upon by the farmers in this study which is similar to the 
findings of Ajibade et al., (2019). This however depends on 
the education level of the farmers. According to Okeleye et 
al. (2016), education enhances the translation of information 
into meaningful usage and it is very essential in taking any 
informed decision.

Early warning is also helping the farmers in this study 
to prepare ahead of flood disasters as affirmed by the crop 
farmers which corroborates with that of Okeleye et al.,(2016). 
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Early warning enables the farmers to have information about 
impending disasters like flooding. The proper application 
of early warning signs will help the farmer to manage the 
flooding should it occur thereby avoiding or minimizing its 
effects. This agrees with Ashraf et al. (2013), which argue 
that effective communication systems and accessibility to 
early warning systems lessen vulnerability as they make 
people respond and prepare for disaster. 

In this study, income diversification was agreed by the 
farmers to be essential in preparedness for flooding should 
it occur. This strategy was also reported in Okeleye et 
al.,(2016); Akukwe (2019). The involvement of the farmers 
in other sources of income away from their farming activities 
will limit the socio-economic impact of the flood on them as 
it helps to cushion the outcome of flooding on the farm or 
crops. According to Gautam and Anderson (2016), livelihood 
diversification has been a commonly adopted strategy for 
coping with shocks in various communities. Similarly, 
Ashraf et al. (2013) argue that involvement in other non-
farming activities will lessen farmers’ vulnerabilities to the 
outcome of disasters like flooding.

The farmers were in the affirmative that assistance 
from cooperative society and the government will enable 
preparedness for flooding as they help to cushion the effects 
and to enhance recovery. According to Arukwe (2019), 
group membership has been adduced to provide social 
capital in terms of shock. The farmers in the study area 
have a cooperative group they belong to, but relief from the 
cooperatives and the government according to the farmers 
has been inadequate.  Furthermore, the Construction of 
a drainage system was also agreed upon by the farmers 
to enhance their preparedness. Properly constructed and 
adequate drainage system aid in conveying overflowing 
water to safe destinations thereby reducing the potential 
of the flood to cause any danger to the farmers. Ibrahim, 
Ndatsu, and Yisa (2020) also reported the use of flood 
diversion trenches as a preparedness measure for flooding 
in their study.

4.4 Effectiveness of Preparedness Strategies for Flood Disaster

4.5 Constraints to Flood Disaster Preparedness

The study revealed that crop farmers were not effectively 
prepared against flooding should it occur.  This is in 
agreement with the proposition of Oruonye (2013); Odunola 
and  Balogun (2015); Oluchi et al (2017). The outcome of 
the interview conducted revealed the high tendency of 
floods to cause damage. This infers that the crop farmers 
were not effectively prepared against flooding in the study 
area. It, therefore, means that farmers in this study area are 
vulnerable to the effects of flooding despite having one form 
of preparedness measures applied. This deduced danger to 
crops and farmers’ livelihood which could affect food security 
and exacerbate poverty and hardship in the study area. The 
poor effectiveness of preparedness to flood disasters in the 
study area indicates inadequate flood management by the 
government, cooperatives, communities, and other relevant 
agencies. It could also infer that the farmers were not 
adequately proactive to avoid being affected by floods thus 
they wait until it is too late for them to do anything. This 
aligns with the findings of Oluchi et al., (2017).

This study also revealed that the farmers in the study area 
were faced with some challenges in preparing and coping 
with flood disasters. This finding is in line with Oruonye 
(2013). The constraints could hinder effective preparedness 
and coping with the flood disaster thereby enhancing the 
farmers’ vulnerability to it and consequently damage to 
crops and the general wellbeing of the crop farmers.  The 
farmers in this study affirmed that poverty is a challenge 
hindering their preparedness for flood disasters. This factor 
was also reported in Kundzewicz (2002); Mondal (2010); 
Lawal et al (2011); Salami et al., (2017). As a result of the 
paucity of funds, the farmers would not be able to spend 
sufficiently on measures that will enable them to prepare 
and bear with the disaster. This agrees with the findings of 
Adegboye  (2011) who opined that insufficient money limits 
the application of flood control measures. Lack of funds 
could also make them farm in highly flood-prone areas 
because of some advantages it may naturally provide which 
they may not be able to afford if they should go to a safer 
place. For instance, good farming potentials and availability 
of water along river banks and close to detention ponds 
made some of their farms in those areas in expectation of 
better yields.  This proposition is consistent with Bariweni 
et al., (2012); Hallagatt et al., (2020). Poverty also affects the 
tendency of the farmers to recover from flood disasters when 
it hits them. They, therefore, find it difficult to recover any 
time flooding occurs. This agrees with Erman et al (2019) 
and Erman et al. (2020).

The farmers agreed that inadequate support from the 
government and relevant authorities was among the challenges 
that affect their capacity to prepare for flooding in the study 
area. This is a serious factor because government at different 
levels has the statutory obligation to put preventive measures 
in place to minimize future flood risks. In a similar study 
in Taraba State, Oruonye (2012) argues that various disaster 
management stakeholders in the state have a weak capacity 
to respond adequately to emergency disaster situations. 
Also, UNDRR (2014) stated that poor involvement of the 
government in preparing vulnerable communities affect their 
preparedness. Similarly, limited inter-agency coordination, 
as well as the absence of political commitment and will to 
embolden preparedness activities, due to the political and 
institutional mindset of post-disaster relief instead of risk 
mitigation strategies, often create hurdles to preparedness 
capacities among the key government stakeholders Perera et 
al (2020).  

Lack of help from cooperatives and non-membership 
of any association was considered by the crop farmers 
as a constraint to flood preparedness in the study area. 
Cooperatives as recommended by Edo State ADP were 
established among the crop farmers to serve as a medium 
of reaching the government and assisting members. The 
farmers were supposed to be members of cooperatives 
available in their communities. But some farmers did not 
join any of the cooperatives at the time the researcher was 
carrying out this study. Others were members but were not 
financially contributing to the cooperatives. These attitudes 



4. Conclusions

Flooding is one form of disaster capable of destroying 
lives, property, and livelihood. Crop farmers like other 
persons are vulnerable to the effects of flooding because it 
affects their crops, farmland, and general well-being. To a 
large extent, preventing floods, particularly in developing 
nations like Nigeria may be difficult to achieve. Therefore, 
preparedness and coping with the menace could be 
considered appropriate management measures.

This study concluded that the crop farmers had poor 
coping capacity which increases their susceptibility to the 
effects of flooding. A better coping capacity would mean 
that the crop farmers in Edo State could be able to absorb the 
shock should the disaster occurs. They applied preparedness 
measures like change in the planting season, diversification 
of income, construction of drainages, early warning, early 
harvest, etc to ameliorate the effects of flooding but were 
still not effectively prepared. This implied that flooding 
continues to be one of the problems the farmers are facing.  
They are however challenged with hindrances like poverty, 
and inadequate support from the government and relevant 
authorities, among others as they prepare and cope. The 
constraints increase the farmers’ susceptibility to flooding 
in the study area and consequently damage crops and their 
general well-being. Therefore, the crop farmers in Edo State 

Recommendations 

1. The crop farmers should be encouraged to practice 
some coping strategies like saving money and farm 
produce to sustain in case a flood occurs in subsequent 
years

2. The crop farmers should belong to the cooperative 
available in their communities and pay their dues 
regularly. This is to enable the cooperatives to render 
some assistance that could help in enhancing their coping 
and preparedness for flooding.

3. The crop farmers should be encouraged to take up 
other sources of income to complement income from 
farming. This is to enable them to cushion the effects of 
flood any time it occurs.

4. Government should provide poverty alleviation 
programs that will be beneficial to crop farmers. This 
is to enable them to overcome the challenges posed by 
poverty to flood disaster preparedness.

5.  Support from the government and other relevant 
agencies should reach the farmers timely anytime a flood 
occurs. This is to enhance quick recovery from flood 
disasters by crop farmers.

6. Relevant government agencies like Nigerian 
Meteorological Agency and Nigerian Hydrological 
Service Agency should provide effective and adequate 
early warning signals to enhance the farmers’ 
preparedness and coping capacity for flooding.

7. Agricultural Extension Officers should be adequately 
motivated to enhance frequent and effective contact with 
the crop farmers. This is to enable the timely passage 
of necessary information needed to improve the farmers 
coping capacity and preparedness for flooding.
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Abstract

1. Introduction

Granitic pegmatites form an intrinsic and genetically 
important part of granitic intrusions in most orogenic belts 
(Cerny et al., 2012a), and as such have their mineralogy 
similar to those of the granites, consisting mainly of 
quartz, feldspar, and muscovite. They are characterized by 
anomalous enrichment in incompatible lithophile elements 
such as Rb, Cs, Li, Be, and Sn and are often associated with 
Nb-Ta-Sn-W mineralizations (Linnen et al., 2012). These 
occasional enrichments in the unusual trace elements will 
also result in the crystallization of equally unusual and rare 
minerals such as beryl, tourmaline, etc. This distinctiveness 
has made the study of pegmatites a subject of interest to many 
authors all over the world, particularly in Nigeria. Beryl, 
the most common beryllium-bearing mineral in the earth’s 
crust, occurs in granite pegmatites and may form at different 
stages of pegmatite consolidation and crystallization, by 
auto-metasomatic processes, and during hydrothermal 
events (Cerny 2002; Wang et al. 2009). 

Pegmatites within the Precambrian Basement Complex 
rocks of Nigeria have been categorized in terms of rare 
elements (e.g. Nb, Ta, Li, W, Sn, Be, B, Cs, Rb) mineralization 
as mineralized and non-mineralized (Adetunji et al, 2016). 
Matheis and Caen-Vachette (1983), while working on the 

pegmatites of the Pan-African reactivation zone, covering 
areas of Egbe, Ijero, and Wamba, distinguished them as 
barren and mineralized. In the Nasarawa area of Central 
Nigeria, Akintola and Adekeye (2008) also categorized the 
pegmatites in the area into two; the simple, barren quartz-
feldspar and the complex rare-metal pegmatites. Jimoh and 
Olatunji (2020), in classifying the Olode groups of pegmatites 
as mineralized and barren, suggested the same parental 
source for the two varieties but believed that the differences, 
particularly in their mineralization potentials, might have 
resulted from their varied degree of fractionation and 
evolutionary trends. The Nigerian pegmatites were formed 
during the time of 562–534 Ma, indicating emplacement 
related to the end of the Pan-African magmatic activity, 
and have been sources of cassiterite and columbite–tantalite 
production (Garba 2003). They occur mostly as dyke-
like intrusions, which vary from a few meters to several 
kilometers in length and a few centimeters to meters in width 
(Okunlola and Akintola 2007).

Mining activities have been going on in various parts 
of Gbayo, (Latitudes 70 11’ to 70 14’ and Longitudes 30 55’ 
to 30 58’ 30) for some time now, taking out various quality 
grades of beryl, including top facet grades from the beryl-
bearing pegmatite dykes. Several tons of high-grade gem 
beryls, particularly aquamarine are being exploited from 
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The Gbayo granitic beryl-bearing pegmatites occur as discontinuous dykes, intruding into the host rock of mica schist. This 
study was aimed at appraising the geochemistry and mineralization potentials of the pegmatites. Systematic geological 
mapping to ascertain the relationships between the pegmatites and their host rocks was undertaken. Fresh pegmatite samples 
were collected for both petrographic and geochemical studies. Analytical results showed high SiO2 (64.88 to 81.94%) and 
Al2O3 (11.54 to 19.11%,), and fair concentrations of Na2O (av. 4.10%) and K2O (av. 3.58%). The relatively high aluminum 
and alkaline compositions have promoted beryl crystallization from the pegmatitic melt. Incompatible elements are fairly 
concentrated in most of the analyzed samples, except for Rb which has the highest and greatest variability, with values 
ranging from 30.10 to 1,528.40ppm which could be indicative of the high degree of melts fractionation, resulting from long 
travel distance of pegmatite-forming melts. The K/Rb ratios for most of the analyzed beryl-bearing pegmatite samples are 
less than 100, with a mean value of 75.11, which is indicative of mineralization. Elevated Be values (>142ppm) were observed 
for some samples, indicating some levels of beryl mineralization. The dominance of Fe chromophore in the pegmatites 
accounts for the manifestations of aquamarine. 
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2. Research Methods

3. Geological Setting

4. Field Relationships

A geological mapping exercise was undertaken in Gbayo 
and the surrounding area to unravel the geology of the area. 
Representative fresh samples of beryl-bearing pegmatites 
were collected from various mines for both petrographical 
and geochemical studies. Ten of the samples were each cut 
into slides, from which the mineralogical contents were 
determined with the aid of the petrological microscope using 
transmitted polarized light. Due to the coarse-grained nature 
of pegmatites’ mineral contents, large enough samples were 
taken to characterize the whole rock geochemistry. Ten 
such samples were individually pulverized and subjected to 
major, trace, and rare elements analysis, using the technique 
of Inductively Coupled Plasma - Mass Spectrometry (ICP-
MS) after fusion with LiBO2, at the ACME Analytical 
Laboratories Ltd, Vancouver, Canada. The detection limits 
for major elements range from 0.002 to 0.04%, and 0.02 to 
1ppm for trace elements. For the elemental determinations, 
0.2gm each of powdered samples and 1.5gm LiBO2 flux 
were mixed in a graphite crucible and subsequently heated to 
10500C for 15 min. The molten samples were then dissolved 
in 5% HNO3. The sample solution was typically introduced 
into the ICP plasma as an aerosol, it is completely dissolved 
and the elements in the aerosol are converted first into gaseous 
atoms and then ionized towards the end of the plasma. They 
are then brought into the mass spectrometer via the interface 
cones. The interface region in the ICP-MS transmits the ions 
traveling in the argon sample stream at atmospheric pressure 
into the low-pressure region of the mass spectrometer. Once 
the ions enter the mass spectrometer, they are separated 
by their mass-to-charge ratio. They are then detected by a 
suitable detector which translates the number of ions striking 
the detector into an electrical signal that can be measured 
and related to the number of atoms of that element in the 
sample via the use of calibration standards.

The Migmatite-Gneiss Complex has a heterogeneous 
assemblage, comprising migmatites, orthogneisses, 
paragneisses, and a series of basic and ultrabasic 
metamorphosed rocks. Petrographic evidence indicates that 
the Pan-African reworking led to the re-crystallization of 
many of the constituent minerals of rocks of the Migmatite-
Gneiss Complex by partial melting with the majority of 
the rock types displaying medium to upper amphibolites 
facies metamorphism. The rocks of the Schist Belts are best 
developed in the western half of Nigeria, west of 80E longitude, 
and are Upper Proterozoic supracrustal assemblages of low 
to medium-grade metasediments-dominated belts (Annor et 
al., 1996). They generally trend North-South and have been 
in-folded into the Migmatite-Gneiss-Quartzite Complex. 
Lithologically, the Schist Belts consist of quartzites, 
amphibolites, pelitic and mica-schists, calc-silicate rocks, 
marbles, phyllites, meta-conglomerate iron formations, and 
subordinate meta-igneous rocks (Elueze, 1992). The Older 
Granites, otherwise known as the Pan-African Granitoids 
are believed to have been emplaced during the Pan-African 
orogeny and occur intricately with the Migmatite-Gneiss 
Complex and the Schist Belts into which they are generally 
intruded (Harper et al., 1973). The Pan-African intrusive 
suite comprises mainly granites and granodiorite, with 
subordinate pegmatite and aplites. Affiliated rocks include 
charnockites, syenites, tonalites, adamellites, quartz 
monzonites, and gabbro. The Undeformed acid and basic 
dykes often observed to crosscut the rocks of the Migmatite-
Gneiss Complex, the Schist Belts and the Older Granites are 
late to post-tectonic Pan-African. They include the felsic 
dykes, such as the muscovite, tourmaline- and beryl-bearing 
pegmatites, and the basic dykes such as dolerite dykes which 
are believed to belong to the terminal stage of the Pan-
African orogenic event in Nigeria (Olarewaju, 1999).

Gbayo and the surrounding areas are underlain by 
crystalline rocks of the southwestern Nigerian Basement 
Complex. The crystalline rocks in Nigeria are divided into 
three main groups; the Basement Complex (Pan-African and 
Older (Precambrian), > 600 Ma), Younger Granites (Jurassic, 
200 – 145 Ma), and Tertiary to Recent volcanic (Fig. 1). The 
Basement Complex of Nigeria, of which the Southwestern 
Nigeria Basement Complex is part, forms a part of the 
African crystalline shield, which occurs within the Pan-
African mobile belt that lies between the West African and 
Congo Cratons, and south of the Tuareg Shield (Black, 1980). 
It has a complex geologic history, resulting from different 
episodes of rock formation spanning the Achaean to Lower 
Proterozoic. Within the Basement Complex, Obaje (2009) 
distinguished four petro-lithological units; the Migmatite-

Although rocks are poorly exposed in major parts of 
Gbayo, field observations have shown that the geology of the 
area is dominated by mica schist, pegmatite, and aplite, with 

the different mines in the area. Metallic minerals such as 
columbite-tantalite and some rock-forming minerals which 
are valuable like feldspar are also included in the mineral 
resources that are being mined for economic purposes in 
the area. The mineralogy and geochemistry of the Gbayo 
beryl-bearing pegmatite dykes were studied to appraise their 
nature of mineralization.

Gneiss Complex, the Schist Belts, the Older Granites, and 
the Undeformed Acid and Basic Dykes.

Figure 1. Generalized geological map of Nigeria showing the three 
lithological units (After Obaje, 2009).
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5. Petrography

The central portion of the map area is predominantly 
underlain by pegmatites that have intruded the older mica-
schist discordantly, making pegmatites the most prominent 
visible rock type in the area. In most instances they occur 
as low-lying intrusive bodies, while in many others they are 
found as flat-lying veins and dikes, either crosscutting each 
other or with quartz veins. These pegmatites belong to the 
early Precambrian pegmatites, classified by Rahaman (1988) 
as members of the Older Granite suite, believed to have been 
emplaced during the Pan-African orogeny (Harper et al, 
1973). Megascopically, pegmatite is deficient in muscovite 
but mainly contains orthoclase feldspar and quartz with 
schorl and garnet crystals as accessory minerals. Bordering 
the Pan-African pegmatites to the northeast of the map area 
is aplite, which is similar in composition to the pegmatite 

The mineralogy of the beryl-bearing pegmatite dyke is 
simple, consisting of quartz, feldspar, and muscovite with 
beryl and occasional metallic oxides, including columbite-
tantalite ((Fe, Mn)(NB, Ta)2O6), and rarely cassiterite (SnO2). 
The petrographic study of the beryl-bearing pegmatite 
samples reveals they contain plagioclase feldspar (30-
35%), orthoclase feldspar (15-20%), microcline (5-10%), 
quartz (15-20%), muscovite (10-15%), and other accessory 
minerals which may include beryl and columbite-tantalite 
(Fig. 4 and 5). As shown in the photomicrographs, most of 
the quartz crystals display granophyric textures, owing to 
their intergrowth with alkali feldspar, even though their 
outlines are visible due to their slightly different reliefs. The 
polysynthetic twinning in plagioclase distinguishes it from 
tartan or cross-hatched twinning, which is diagnostic of 
microcline, particularly under crossed polar. However, most 
of the feldspar crystals are microperthitic in nature (Fig. 5a 
and 5b), as both the plagioclase and alkali feldspars have 
intergrown together. No twinning is visible in the field of 
alkali feldspar. It is therefore most appropriate to name these 
minerals orthoclase-microperthite. 

Figure 2. Geological map of Gbayo, the study area.

Figure 3. Photograph shows beryl-bearing pegmatite 
generally hosted by the micaceous schist in Picnine mines, 

Gbayo.
Latitude 070 11’ 25.6” N,   Longitude 0030 55’ 39.2” E

Figure 4. Figures 4a&b. Photomicrographs of the beryl-
bearing pegmatite sample from Picnine mines in Gbayo; in 
transmitted light, Pf =Plagioclase feldspar, Kf = Potassium 
feldspar, Q = quartz, Mus = Muscovite, M = Microcline 

(X40).

the schist being the oldest and the host to the other rock types 
in the area (Fig. 2). The mica schist generally served as the 
host rock to the beryl-bearing pegmatites in virtually all the 
mining excavations in the area (Fig. 3). The poor exposure 
of the host mica schist in the area could have resulted from 
its high susceptibility to weathering. Over three-quarters of 
the map, area is underlain by the Precambrian pegmatites, 
ranging from huge intrusive bodies to small pockets of 
pegmatitic intrusions intermittently observed in the area.

but with finer grain sizes. Just like the pegmatites the 
aplites also bear some euhedral crystals of schorl and garnet 
disseminated within the matrix. 

In all the mining excavations observed in the study area, 
pegmatites occur as dykes of varying widths, trending NE-
SW and intruding into the host mica schist. These pegmatite 
dykes are lithologically and chronologically different from 
the Precambrian pegmatites in the central portion of the map 
area. They are the NE-SW trending beryl-bearing pegmatite 
dykes, which are highly rich in muscovite, and have been 
described by Dada (2006) as members of the felsic dykes, 
belonging to the Un-deformed acid and basic dykes. They 
are believed to be late to post-tectonic Pan African, whose 
ages range between 580 and 535 Ma using Rb-Sr studies 
on whole rocks (Matheis and Caen-Vachette, 1983; Dada, 
2006). Adetunji et al. (2016) recently obtained U-Pb zircon 
age of 709 +27/-19 Ma established for the Ede pegmatites 
to represent the oldest Pan African magmatic event so far 
reported in southwestern Nigeria. Ball (1980) believed that 
a conjugate fracture system of the strike-slip faults that is 
believed to have marked the end of the Pan-African tectonic 
event probably controlled the emplacement of the NE-SW 
trending beryl-bearing pegmatite.



Figures 5a and b. Photomicrographs of the beryl-bearing 
pegmatite sample from Otoki mines in Gbayo; (4a) under 
plane-polarized light (ppl) & (4b) under crossed polars 
(xpl), Pf =Plagioclase feldspar, Kf = Potassium feldspar, Q = 

quartz, Mus = Muscovite, M = Microcline (X40).

Figures 6. Photograph shows a miarolitic cavity within the 
NE-SW beryl-bearing pegmatite form which crystals of 

beryl have been evacuated.

Figures 7. Photograph shows a miarolitic cavity within the 
NE-SW beryl-bearing pegmatite form which crystals of 

beryl have been evacuated.

Interesting economic mineralization, consisting of 
huge gem potentials of beryl, particularly aquamarine 
accompanied by metallic minerals such as columbite-
tantalite and cassiterite, is prevalent within the beryl-
pegmatite dykes. Where visible, these pegmatite dykes 
often bear crystals of blue, colorless, and occasionally 
yellow beryl, occurring either within quartz-muscovite 
assemblages along the contacts between these pegmatites 
and the host mica schist, or in miarolitic cavities within the 
pegmatites (Fig. 6). Columnar pale blue beryl crystals with 
simple morphology commonly occur in blocky pegmatite 
units, in close association with quartz, microcline, and 
muscovite, where they reach several centimeters to meters 
in length. In most gem-mineral deposits of southwestern 
Nigeria, tourmaline and beryl which are usually associated 
with other gem minerals alongside other rock-forming 
minerals such as feldspars, quartz, and muscovite, occur in 
miarolitic cavities within granitic pegmatites, and along the 
contacts which these pegmatites make with their host rocks 
(Jimoh, 2018). Beryl mostly occurs as euhedral to subhedral 
crystals of aquamarine (Be3Al2Si6O18) (Fig. 7) and goshenite 
(Be3Al2SiO6) of varied diameters embedded in the beryl-
bearing granitic pegmatite dykes crosscutting the micaceous 
schist in the area. Several tons of gem-quality aquamarine 
crystals have been exploited from the different mines in the 
area (Jimoh, 2018). Although most of the beryl crystals are 
fractured and opaque, a lot of clear and transparent crystals 
were also found, and have been cut into good-quality pieces 
of jewelry. Other economic minerals usually found associated 
with the beryl crystals which are also being exploited include 
metallic minerals such as columbite-tantalite and cassiterite, 
and rock-forming minerals like feldspar and quartz.

6. Geochemistry

The chemical compositions of the analyzed samples of 
the Gbayo beryl-bearing pegmatite dykes, which are the 
direct reflections of their modal compositions, have major 
oxides constituting more than 99% of their entire chemical 
compositions (Table 1). Results from the geochemical 
analysis show high enrichments in SiO2 and Al2O3, fair 
enrichments of the alkali metal oxides, Na2O and K2O, but 
depletion in the remaining major oxides. While SiO2 values 
ranged from 64.88% to 81.94%, with a mean value of 75.05% 
and a standard deviation of ±5.81, the Al2O3 values ranged 
from 11.54% to 19.11%, with an average value of 14.97% and a 
standard deviation of ±2.44 (Table 2). The alkali metal oxides, 
Na2O and K2O are fairly enriched in most of the sampled 
pegmatites with their mean values of 4.10% and 3.58% 
respectively, which could be due to the high feldspar content 
of the pegmatites. The relatively high aluminum and alkaline 
compositions might have promoted beryl crystallization from 
the pegmatitic melt. London and Evensen (2002) observed 
that high aluminum and alkaline compositions are the main 
conditions required for beryl crystallization, especially 
in pegmatites. The aluminum saturation indices (ASI) for 
the sampled pegmatites are greater than one (A/CNK > 1 
and A/NK > 1, where A = Al2O3, CNK= CaO+Na2O+K2O 
and NK = Na2O+K2O), indicating that all the investigated 
rocks are per-aluminous. Their provenances are therefore 
believed to be peraluminous and belong to the Lithium - 
Cesium - Tantalum (LCT) family pegmatites, as Cerny 
(1982) found pegmatites of the LCT family to be of mild to 
extremely per-aluminous parent granitic compositions. The 
highly siliceous and per-aluminous compositions provided 
the silicic and acidic environments necessary for beryl 
formation (Jimoh, 2018). Beryllium saturation levels in melts 
are mostly affected by temperature but also decrease with 
increasing alumina and silica activity (London and Evensen, 
2002), which explains the empirical association of beryl with 
silica-rich peraluminous magmas. Most beryl occurrences, 
particularly economic beryl deposits, are in pegmatites 
derived from peraluminous magmas (Groat et al, 2005). 
Turpin et al. (1990) pointed out that peraluminous granites 
are generally considered to be generated through the partial 
melting of upper crustal rocks, especially during continent-
continent collision events. 

6.1. Major elements
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Table 1. Representative pegmatite compositions from Gbayo.

Sample R01 R02 R03 R04 R05 R06 R07 R08 R09 R10            

Major Oxides (wt%)

SiO2 80.50 81.94 74.89 75.88 65.00 74.71 76.27 64.88 78.38 78.05

Al2O3 12.49 11.54 14.72 14.72 19.01 15.27 14.29 19.11 13.88 14.22

Fe2O3 0.62 0.79 0.64 0.41 0.32 0.65 0.43 0.40 1.08 1.12

MgO 0.08 0.10 0.06 0.02 0.01 0.05 0.02 0.01 0.10 0.10

CaO 0.17 0.17 1.10 0.45 0.04 1.10 0.54 0.04 0.11 0.09

Na2O 2.78 1.86 6.51 5.43 2.68 6.60 5.40 2.74 0.92 0.87

K2O 2.08 2.21 0.44 1.88 12.62 0.42 1.78 12.50 3.44 3.58

TiO2 0.02 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.03

P2O5 0.02 0.03 0.04 0.39 0.19 0.04 0.46 0.19 0.06 0.05

MnO 0.02 0.02 0.73 0.07 0.01 0.70 0.08 0.01 0.03 0.03

Cr2O3 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

LOI 1.2 1.3 0.4 0.7 0.1 0.4 0.7 0.1 1.9 1.8

Sum 99.99 99.94 99.97 99.99 99.99 99.98 99.99 99.99 99.93 99.92

A/NK 2.57 2.84 2.18 2.01 1.24 2.18 1.99 1.25 3.18 3.20

A/CNK 2.48 2.72 1.88 1.90 1.24 1.88 1.85 1.25 3.11 3.12

Trace Elements (ppm)

Ba 20 28 67 17 50 66 15 51 24 26

Be 31 174 33 32 5 32 32 6 142 170

Co 0.5 0.5 0.7 0.1 0.3 0.6 0.3 0.3 0.3 0.5

Cs 13.1 6.5 1.1 4.7 30.8 1 4.5 30.3 22.8 24.3

Ga 23.0 22.1 16.7 18 12.7 16.4 15.9 12.6 37.9 38

Hf 0.4 0.5 2.5 1.6 0.1 3.1 1.4 0.1 1.2 7.4

Nb 38.0 54.9 8.3 17.1 0.4 6.6 14.5 0.4 98.6 85.9

Rb 232.4 213.1 31.9 224.8 1528.4 30.1 197.3 1523.3 661.1 628.8

Sn 10 9 4 3 0.5 3 2 0.5 29 31

Sr 20.4 18.2 177.3 27.3 42 171.1 26.9 41.1 8.9 9.1

Ta 19.3 25.7 5.5 4.8 0.2 3.1 4 0.2 23.5 20.1

Th 2.2 1 4.8 2.6 0.1 3.1 2.3 0.1 1.2 0.6

U 0.7 0.7 2.2 4.9 0.2 2 5.7 0.1 1 2.1

V 4 12 4 4 4 4 4 4 4 15

W 0.6 1.3 0.3 0.3 0.3 0.3 0.3 0.3 2.2 1.8

Zr 4.9 4.8 24.7 17.4 1.3 26.6 15 0.7 12 70.1

K 17267 18345 3652 15606 104759 3486 14776 103763 28555 29718

K/Rb 74.3 86.1 114.5 69.4 68.5 112.8 74.9 68.1 43.2 47.3

Nb/Ta 1.97 2.14 1.51 3.56 2.00 2.13 3.63 2.00 4.19 4.27

Ta/Nb 0.51 0.47 0.66 0.28 0.5 0.47 0.27 0.5 0.24 0.23

Y 0.6 1.3 3.7 0.6 0.1 3.1 0.8 0.1 1.9 1.9

La 0.4 1.5 1.7 1 0.4 0.9 0.7 0.3 1.2 2.6

Ce 1.3 2.1 2.5 1 0.2 2 0.9 0.1 2 2.2

Pr 0.11 0.32 0.26 0.07 0.01 0.2 0.06 0.01 0.28 0.23

Nd 0.7 1 1 0.2 0.2 0.8 0.2 0.3 0.8 0.8

Sm 0.13 0.34 0.32 0.06 0.03 0.29 0.06 0.03 0.3 0.32

Eu 0.01 0.07 0.11 0.01 0.01 0.09 0.02 0.01 0.04 0.05

Gd   0.17 0.33 0.37 0.08 0.03 0.37 0.09 0.03 0.31 0.28

Tb 0.01 0.05 0.09 0.02 0.01 0.08 0.02 0.01 0.06 0.06

Dy 0.08 0.29 0.52 0.07 0.03 0.41 0.14 0.03 0.29 0.35

Ho 0.01 0.05 0.1 0.01 0.01 0.07 0.01 0.01 0.04 0.06

Er 0.02 0.14 0.3 0.04 0.02 0.21 0.05 0.02 0.14 0.14

Tm 0.01 0.02 0.04 0.01 0.01 0.03 0.01 0.01 0.02 0.03

Yb 0.03 0.12 0.32 0.03 0.03 0.22 0.06 0.03 0.11 0.19

Lu 0.01 0.02 0.04 0.01 0.01 0.03 0.01 0.01 0.01 0.03
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Table 2. Statistical summary of major oxide compositions of Gbayo beryl-bearing pegmatites.

Table 3. Statistical correlation coefficients for major oxides of analyzed Gbayo beryl-pegmatite samples.

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed)

It is therefore believed that the Gbayo beryl-bearing 
pegmatite dykes from the study area have resulted from 
the partial melting of un-depleted upper to middle crustal 
materials. Matheis (1987) argued that rare-metal pegmatites of 
Nigeria are products of high-grade metamorphic conditions, 
which were emplaced along a deep-seated continental 
lineament and enhanced by high crustal heat flow and the 
addition of fluid phases. He reinstated that the host rock 
contributed significantly to the individual characteristics of 
each pegmatite occurrence, as demonstrated by the marked 
differences between the pegmatite fields of southwest and 
central Nigeria. The fluids precipitating the beryl-bearing 
pegmatites are probably a mixture of expelled magmatic 
and hydrothermal melts from some plutons and mobilized 
metamorphic fluids from the surrounding metasedimentary 
rocks of the host mica schist.

The inter-oxide associations existing between the major 
oxides of the beryl-bearing pegmatites as expressed by 

Since aluminum is a major component that is usually 
immobile during most geological processes such as 
metamorphic and hydrothermal processes, variation 
diagrams of different element oxides plotted against Al2O3 
may assist in defining the behavior of these oxides in 
geological materials. While Al2O3 is negatively correlated 
with most of the basic oxides, it is positively correlated 
with the alkali metal oxides, confirming the necessity for 
adequate concentrations of aluminum and alkaline for beryl 
crystallization in pegmatites (London and Evensen, 2002). 

The negative correlations between Al2O3 and most of the 
basic oxides are possible indications of cations substitutions 
within the respective mineral crystal lattices within the 
pegmatite. The higher the negative correlation coefficients, 
the greater the ease with which substitutions take place 
between the concerned cations. The Al elements show a 
general negative correlation to other elements that substitute 
for it (Jimoh, 2018). The binary plot of Al2O3 versus MgO 
(Fig. 8C) yielded a negative trend, while that of Al2O3 against 
K2O (Fig. 8D) presented a positive trend.

Pearson correlation coefficients revealed some significant 
levels of positive and negative correlations (Table 3). SiO2 

exhibits strong negative correlations with Al2O3 (-0.99), an 
amphoteric oxide, and K2O (-0.84), an alkali metal oxide, 
while it is positively correlated with the basic oxides; SiO2-
MgO (0.81), SiO2-TiO2 (0.69), SiO2-Fe2O3 (0.62), significant 
in most cases. The weak correlation existing between SiO2 
and CaO (0.11) is an indication of magmatic origin for the 
beryl-bearing pegmatites (Frondel and Collette, 1957). The 
Harker plots of; SiO2 versus MgO (Fig. 8A) yielded a well-
defined positive trend, reflecting the positive correlation 
between the two oxides, while SiO2 versus Al2O3 (Fig. 8B) 
shows a discernible negative trend, confirming an inverse 
correlation between the two oxides. This negative correlation 
between SiO2 and Al2O3, coupled with the high enrichments 
of the pegmatite samples in SiO2 in preference to Al2O3 are 
necessary conditions required for beryl crystallizations in 
pegmatites (London and Evensen, 2002).

Major Oxides Range Mean ± S.D Standard Deviation (S.D)

SiO2 64.88 - 81.94 75.05 ± 5.81
Al2O3 11.54 - 19.11 14.97 ± 2.44
Fe2O3 0.32 - 1.12 0.65 ± 0.28
MgO 0.01 - 0.10 0.05 ± 0.04
CaO 0.04 - 1.10 0.38 ± 0.41
Na2O 0.87 - 6.60 3.58 ± 2.21
K2O 0.42 - 12.62 4.10 ± 4.58
TiO2 0.01 - 0.03 0.02 ± 0.01
P2O5 0.02 - 0.46 0.15 ± 0.16
MnO 0.01 - 0.73 0.17 ± 0.29

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO

SiO2 1

Al2O3 -.99**   1

Fe2O3  .62 -.55 1

MgO .81** -.77**  .91**  1

CaO  .11 -.09 -.13 -.09  1

Na2O -.12  .11 -.54 -.48 .89**  1

K2O -.84**  .82** -.40 -.54 -.61 -.41   1

TiO2 .69* -.67*  .91**   .97** -.19 -.58 -.39   1

P2O5 -.28  .26 -.61 -.71* -.02  .35 .13 -.71*  1

MnO .01  .02 -.01  .01   .94**  .75* -.47 -.06 -.29 1
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Significant positive correlations were established among 
most of the basic oxide pairs; Fe2O3-MgO (0.91), Fe2O3-TiO2 

(0.62), MgO-TiO2 (0.97), and CaO-MnO (.94). The degree of 
positive correlation is indicative of the level of affinity among 
the cations in the respective pair. The binary plots of Fe2O3 
against MgO (Fig. 8E) and that of Fe2O3 versus TiO2 (Fig. 
8F) all yielded visible positive trends, indicating positive 
correlations between the respective basic oxides. The high 
positive correlations among the basic oxides might probably 

be due to the petrogenetic influence of the dominant host 
mica schist on the pegmatites. The Gbayo beryl-bearing 
pegmatite dykes are believed to have crystallized from 
fluid-rich melts resulting from fractional crystallization 
and partial melting of their metamorphic rock. The rare 
metal pegmatites of Nigeria are products of high-grade 
metamorphic conditions (Matheis, 1987), whereby the host 
rocks to the individual pegmatites contributed immensely to 
their occurrences, through partial melting.

Figures 8A-F. Binary plots of; A) SiO2 versus Al2O3, B) SiO2 against MgO,
C) Fe2O3 versus MgO, D) Fe2O3 against TiO2, E) Al2O3 versus MgO, and F) Al2O3 against K2O
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6. Trace elements

Trace element contents of the Gbayo beryl-bearing 
pegmatite dykes vary over several orders of magnitude across 
the analyzed samples with their median values generally 
varying between 0.30ppm (W) and 228.60ppm (Rb) (Table 
4). Incompatible elements are fairly enriched in most of 
the samples, except for Rb which shows high enrichment. 
The highest concentration and greatest variability in 
compositions were observed for Rb, with values ranging 
from 30.10ppm to 1,528.40ppm, a mean and standard 
deviation values of 533.52, and ±571.04 ppm respectively. 
These observed variations in the pegmatites’ composition, 
coupled with the high enrichment, particularly in Rb could 
be indicative of a high degree of melts fractionation and 
evolution, resulting from the long traveling distance of the 
pegmatite forming melt from its parental source (Cerny, 
1992). This indicates weak mineralization of the pegmatites. 
Although Rb is not known to form any ore mineral of its 
own, it is a common constituent of cesium and lithium ore 
minerals such as lepidolite (K(Li, Al)3(Al, Si, Rb)4O10(F, 
OH)2), pollucite ((Cs, Na)2Al2Si4O12.2H2O), tourmaline 
(Na(Mg, Fe)3Al6(BO3)3(Si6O18(OH)4 and beryl (Be3Al2(SiO3)6 

(Jimoh, 2018). Rb, being a trace element may not be observed 
in some of the chemical formulae of these minerals, it is 
however a common substituting element.

and R10 which contain relatively high quantities of Be; 
174ppm, 142ppm, and 170ppm respectively, indicate some 
level of beryl mineralization, and so are most likely to 
contain aquamarine or any other beryl minerals within their 
parent pegmatites. These values, although not exceptional, 
are significant and could be considered encouraging. 
Beryllium is a relatively rare element in the Earth’s crust, 
ranking 47th most abundant. It averages approximately 3 
ppm in the upper crust, which is elevated compared to 60 ppb 
inferred in the primitive mantle (Grew 2002). It can thus be 
inferred that some of the Gbayo pegmatite dykes are highly 
mineralized in terms of beryl, particularly aquamarine and 
goshenite mined from the area. Beryl mineral types that 
occur within the Gbayo beryl-bearing pegmatite dykes 
include aquamarine, goshenite, and very rarely heliodor 
(Be3Al2Si6O18). The relatively high Fe2O3 mean value of 
0.65% in the analyzed pegmatite samples is possibly 
responsible for these occurrences. The chromophores for 
many beryl minerals include Cr ± V in green emerald, Mn 
in pink morganite, Fe3+ in yellow heliodor, and Fe2+ in blue 
aquamarine (Vianna et al. 2002a, b; Mihalynuk and Lett 
2003), although Figueiredo et al. (2008) noted variable Fe3+/
Fe2+ in aquamarine. The depletion of the element, V and 
oxides; Cr2O3 and MnO in the analyzed pegmatite samples, 
with the elements getting below their detection limits of 
the LA-ICP-MS technique in some, are responsible for the 
non-occurrences of emerald and morganite in the Gbayo 
beryl-bearing pegmatite dykes. Cr, V, and Mn generally do 
not occur in sufficient concentrations in granitic rocks, and 
the geological conditions needed to bring Be into contact 
with Cr and/or V are typically absurd. The only dominant 
beryl chromophore within Gbayo beryl-bearing pegmatites 
is Fe, which accounts for the manifestations of aquamarine, 
goshenite, and rarely heliodor beryl types in the pegmatites 
of the area.

The geochemical data presented indicated that Be 
enrichment tends to coincide with enrichments in Ta, Nb, 
Sn, and Zr (Table 1). The primary mineralization of Ta, Nb, 
Sn, Be and Li is usually hosted in quartz-feldspar-muscovite 
pegmatites (Kinnaird, 1984). The Be is best enriched in 
magma through the process of fractional crystallization 
whereby the element behaves incompatibly, and so is not 
taken up in crystallizing rock mineral phases, and is thereby 
enriched in the residual melt fraction. Many high-field 
strength elements such as Ta and Nb, as well as halogens 
(Cl and F) and other small ions are also typically enriched 
in residual melts, and play a role in depressing the solidus 
(London et al., 1996) such that Be enrichments continue to 
take place, even at low temperatures with low percentages 
of remaining melt. In the same vein, beryl mineralization in 
Gbayo beryl-bearing pegmatites is generally associated with 
elevated Ta, Nb, Sn, and Zr contents, indicating tantalite-
columbite, cassiterite, and zircon mineralization, and thus 
can serve as an exploration guide for these minerals. Beus 
(1966) established that ≥ 20ppm Ta concentrations are 
characteristic of columbo-tantalite pegmatites. It is also 
apparent to note that the target commodity deposit types in 
the area include beryl, tantalite-columbite, and cassiterite.

Based on the known mineralogy and geochemistry 

Trace elements like Be, Sr, Ba, Nb, Ga, Zr, Cs, Ta, 
and Sn are fairly distributed in most of the analyzed 
pegmatite samples with mean values of; 65.70ppm, 
54.23ppm, 36.40ppm, 32.47ppm, 21.33ppm, 17.75ppm, 
13.91ppm, 10.64ppm and 9.20ppm respectively. Be, Nb, 
Ta and Sn however show consistent enrichments in some 
pegmatite samples, indicating possible association with 
beryl, tantalite-columbite, and tin mineralization in the 
pegmatites. It is noteworthy that where mineralization 
is present in a pegmatite, there are usually elevated levels 
within the analyzed pegmatite samples of elements related 
to such mineralization. Consequently, samples R02, R09, 

Elements Range Mean ± S.D Median

Ba 15.00 – 67.00 36.40 ± 20.13 27.00

Be 5.00 – 174.00 65.70 ± 67.79 32.00

Co 0.10 – 0.70 0.41 ± 0.18 0.40

Cs 1.00 – 30.80 13.91 ± 12.02 9.80

Ga 12.60 – 38.00 21.33 ± 9.39 17.35

Hf 0.05 – 7.40 1.82 ± 2.21 1.30

Nb 0.40 – 98.60 32.47 ± 35.95 15.80

Rb 30.10 – 1528.40 533.52 ± 571.04 228.60

Sn 0.50 – 31.00 9.20 ± 11.43 3.50

Sr 8.90 – 177.30 54.23 ± 64.23 27.10

Ta 0.20 – 25.70 10.64 ± 10.20 5.15

Th 0.10 – 4.80 1.80 ± 1.49 1.70

U 0.10 – 5.70 1.96 ± 1.93 1.50

V 4.00 – 15.00 5.90 ± 4.07 4.00

W 0.30 – 2.20 0.77 ± 0.73 0.30

Zr 0.70 – 70.10 17.75 ± 20.55 13.50

Table 4. Summary of some trace element compositions of studied Gbayo 
beryl-bearing pegmatites (ppm)
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of the investigated Gbayo beryl-bearing pegmatites, the 
pegmatites can be classified as beryl-columbite pegmatites, 
as defined by Cerny (1991). Beryl represents the most 
abundant Be phase in the earth’s lithosphere. It is the first 
of the truly exotic, rare-element minerals to crystallize in 
the evolutionary sequence of LCT rare-element pegmatites. 
It is a characteristic phase in the relatively less fractionated 
granitic pegmatites of the beryl-columbite subtype, lacking 
Li and Cs minerals, but commonly occurs with Nb-Ta 
oxide minerals, especially with members of the columbite 
group, e.g columbite-tantalite (Cerny, 2000). Such pegmatite 
populations are usually closely connected with their parental 

The binary plots of the individual pair of trace elements 
in the pegmatites highlight compositional variations, and 
mineralization trends, and suggest geochemical tools 
for future geochemical sampling procedures. Each plot 
exhibits well discernible positive trend, signifying positive 
correlations between the element pair. Rb, Cs, and K2O show 
consistent enrichments in the analyzed pegmatite samples 
with their highest values of 1,528.4ppm, 30.8ppm, and 
12.62% respectively. The highest values were observed in 
sample R05, while the lowest respective values of 30.1ppm, 
1.0ppm, and 0.42% were observed in sample R06. Very 
strong positive correlations, therefore, exist among the three 
elements. The binary plots of Rb versus Cs and Rb against 
K2O (Figures 10a and b) both display discernable positive 
trends, showing positive correlations between each element 
pair. The values of the K/Rb ratios for most of the analyzed 
beryl-bearing pegmatites are less than 100 (Table 1) with a 
mean value of 75.11, which is indicative of mineralization 
(Tischendorf 1977). This indicates that the Gbayo beryl-
bearing pegmatites are mineralized to some extent. It is 
remarkable to note that both samples R03 and R06 with K/
Rb ratios greater than 100 are also most depleted in Rb and 
Cs, making them the least fractionated and mineralized 

granitic rocks; the pegmatite dykes are usually situated 
within the granites or in adjacent metamorphic rocks, near 
parent granite. In the case of the Gbayo pegmatites, they 
occur as pegmatite dykes situated within the metamorphic 
rocks of mica schist, adjacent to their parent granitic rocks. 

Very strong positive correlations exist between some 
trace element pairs; Be-Ta (0.87), Be-Nb (0.89), Be-Sn (0.81), 
Nb-Ta (0.89), Nb-Sn (0.96) and Sn-Ta (0.77) (Table 5). These 
are demonstrated by the correlation plots of the element pairs 
(Fig. 9A - F). The high positive correlations between these 
elements reflect their associations in the formation of rare 
metal ores from the pegmatitic melts.

part of the analyzed beryl-bearing pegmatites. It follows 
therefore that the studied Gbayo beryl-bearing pegmatites 
have varied degrees of fractionations and mineralization, 
and this is believed to be dependent on the travel distance 
of the pegmatites from their various parent sources (Cerny, 
1992).

The investigated pegmatite samples are fairly more 
enriched in the light rare earth elements (LREE) than the 
heavy rare earth elements (HREE) (Fig. 11), suggesting 
a lower crust source for the pegmatitic melts. Most of the 
samples exhibit chondrites-normalized REE patterns, which 
virtually display slight LREE-enriched and HREE-depleted 
patterns and generally exhibit fractionated asymmetric 
concave-upward shapes, with well-pronounced negative 
Europium (Eu) anomalies, an indication for granite-related 
pegmatite. The negative Eu anomaly suggests fractionation 
and indicates a late metasomatic effect (Taylor et al., 1986). 
Two of the samples however show no detectable Eu anomaly. 
A few of the samples also exhibit negative Ce anomaly, which 
according to Garba (2003) indicates oxidizing conditions 
during mineralization and interaction between melt-fluids 
and host rocks over great distances.

Table 5. Statistical correlation coefficients for trace elements of analyzed Gbayo beryl-pegmatite samples.

 **. Correlation is significant at the 0.01 level (2-tailed).
   *. Correlation is significant at the 0.05 level (2-tailed).

Ba Be Co Cs Ga Hf Nb Rb Sn Sr Ta Th U V W Zr

Ba 1

Be -.38 1

Co   .55 .18 1

Cs  -.03 .06 -.35 1

Ga -.45 .82** .08 .23 1

Hf .02 .45 .36 -.06 .56 1

Nb -.52 .89** .03 .22 .97** .41 1

Rb .15 -.18 -.42 .93** -.12 -.24 -.11 1

Sn -.39 .81** .10 .31 .99** .58 .96** -.03 1

Sr .85** -.40 .64* -.52 -.42 .13 -.51 -.36 -.41 1

Ta -.51 .87** .21 .02 .81** .20 .89** -.28 .77** -.47 1

Th .28 -.28 .46 -.84** -.21 .12 -.29 -.80** -.26 .73* -.19 1

U -.40 -.14 -.31 -.59 -.10 .24 -.15 -.53 -.16 .02 -.26 .47 1

V -.25 .81** .26 .13 .55 .63 .58 -.04 .57 -.33 .60 -.36 -.12 1

W -.41 .90** .04 .31 .94** .37 .98** .01 .94** -.48 .85** -.37 -.26 .59 1

Zr -.02 .45 .33 -.06 .56 .99** .42 -.24 .59 .10 .20 .12 .27 .63 .38 1
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Figures 9A-F. Binary plots of; A) Be versus Ta, B) Be against Nb, C) Be versus Sn, D) Nb against Ta, E) Nb versus Sn and F) Sn against Ta

Figures 10A and B. Binary plots of; A) Rb versus Cs, B) Rb against K2O.
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7. Conclusions

The studied Gbayo beryl-bearing pegmatite dykes 
comprise a simple mineralogy; feldspar, quartz, and 
muscovite, with beryl and occasionally some metallic oxides 
including tantalite-columbite and cassiterite, as accessory 
minerals. These pegmatite dykes have crystallized from 
fluid-rich melts resulting from fractional crystallization 
(residual pegmatitic melt) and partial melting (anatectic 
pegmatites). The fluids precipitating these minerals are 
probably a mixture of expelled magmatic fluids rich in water 
and some incompatible elements such as Be, Ta, and Nb, 
and mobilized metamorphic fluids from the surrounding 
meta-sedimentary rocks. Beryl represents a characteristic 
accessory mineral in the granitic pegmatites, and commonly 
occurs together with Nb–Ta oxide minerals, mainly 
members of the columbite group. Consequently, the mineral 
association, mineral chemistry, and petrologic features 
place these pegmatites within the beryl and beryl–columbite 
subtypes of the rare-element LCT family of pegmatites in the 
classification of Cerny and Ercit (2005).
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Abstract

1. Introduction

Planning and management have been identified 
as robust strategies in the quest for the attainment of 
sustainable outcomes (Ramirez, 2014). The strategy has 
so far extended to cover many areas of human livelihood 
ranging from transportation to industrialization, as well 
as in the conservation of natural/protected areas with the 
outlook assuming many dimensions. This is the same 
with the planning and the management of conservation 
areas which ensue at different stages from a different 
perspective including public participation in the planning 
and management phases of conservation areas. According to 
(Ribot et al, 2006) participation of the public, the indigenous, 
and local communities in the planning and management 
of conservation areas in the developing world have been 
neglected. This leads to the observation by (Carey, Dudley, 
and Stolton, 2000); as is partly responsible for the illegal 
exploitation, unsustainable human use, and degradation 
of such conservation areas as they are situated in human-
dominated environments (Carey, Dudley, and Stolton, 
2000); thereby, resulting in conflict and crisis between 
host communities and the government agencies (Kurdoglu 
and Cokcaliskan, 2011) responsible for the management. 
Conservation areas are major determinants of sustainability 
for both the built and natural environment and may as 
well offer support in the realization of the sustainable 

development goals particularly (SDG 15) with unlimited 
services to humans and the built environment. 

Historically, local communities and indigenous people 
have been the inhabitants and custodians of conservation 
areas. They adopted local strategies and institutional 
arrangements in protecting the conservation areas which in 
turn resulted in the success and sustainable uses (Berkes et al, 
1989) of such areas. This scenario later sees the government 
taking over the planning, control, and management of the 
conservation areas and converting them into institutionalized 
organs for better planning and management. This eventually 
ushers in the era of the Top-Down decision-making approach 
in the management of conservation areas. In the approach 
stakeholders in both the planning and management phases 
are all relegated (Lockwood, 2010; Brockington and Igoe, 
2006; Webster and Osmaston, 2003), as such, the expected 
conservation goals became difficult to achieve as most of 
the conservation challenges are human-related. Ultimately, 
this leads to the failure of the Top-Down decision-making 
approach in achieving the primary objectives of protection 
and conservation (Ite, 1998; Ite and Adams, 1998; 
Poffenberger, 1990). Furthermore, the Top-Down decision-
making approach was, however, disadvantageous as it fail 
to carry the indigenous and local people along making 
privileged knowledge and information that is relevant to 
sustainable planning and management of the conservation 
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Planning and management are critical stages in environmental/nature conservation in the 21st century for better performance 
and sustainability of the areas. This is important as conservation areas are made up of distinct ecological units of diverse 
nature providing ecological services beneficial to the environment and mankind at large. As such involving and determining 
the extent of community participation in the conservation of such areas is of paramount importance. This study is aimed 
at determining the extent of community participation in the conservation of natural areas. The study employs the mixed 
research design where two-staged sampling techniques were used to collect data to obtain an in-depth understanding of the 
extent of public participation in conservation planning and management. A questionnaire was used to collect quantitative 
data, while an interview was used to collect qualitative data. The Quantitative data collected were analyzed descriptively 
using simple percentages, mean, and inferentially using Pearson Chi-Square (χ2) and Cramer’s V test; while qualitative 
data were transcribed, reported, and discussed concurrently with the quantitative results. The findings reveal that there 
is a significant difference in communication level between conservation managers and the public; understanding of 
conservation area boundaries, conservation area rules, and regulations across the sampled communities. On the other hand, 
public involvement of the communities in decision-making processes indicated that they were excluded, therefore unable to 
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areas scares.

In Nigeria, the historical development of conservation 
areas is traced back to the colonial era when the British 
colonial government designated the first conservation area 
in 1899 (Lowe, 1984) covering an area of 97,125 hectares 
(0.01%), which by 1950 had expanded to 7,332,031 hectares 
(8%) and by 1980, the area of coverage made up of (11%). 
By 1975 a total of 35 game reserves have been established 
with the first National park known as Lake Kainji Game 
Park coming to the limelight in 1979 as well as adding two 
more game reserves coming on board by 1999. At inception, 
the management of the conservation areas was bestowed 
on traditional institutions and local people. This system in 
1900 was changed as the government took over control of the 
conservation areas. Regarding the agencies that oversee the 
activities of the game reserves, the Department of Forestry 
was in charge of running their affairs in 1897, whereas 
laws and policies which restrict activities on game reserves 
first came on board by 1932 with the restriction of hunting 
activities of the traditional and the local people. This trend 
continued with the establishment of laws that protect the 
northern region’s game reserves in 1963. By 1979 Decree 
No.46 of 1979, 1989 National Policy on Environment, 1992 
Environmental Impact Assessment Decree (EIA) Decree 
No.86, and Decree 36 of 1991 was later set up to ensure 
proper management of conservation areas. The National 
Policy on Environment was later revised in 1999. 

However, because some of the conservation areas are 
located in human-dominated areas, collaborating with 
public, indigenous, and local communities in and around the 
conservation areas becomes necessary. Public participation 
is a significant component of the planning process whereby 
involvement of the public particularly the indigenous and 
local communities in conservation area planning and 
management increases their awareness of the importance of 
biodiversity conservation and the tendency of the areas to 
be successfully managed (Gbadegesin and Ayileka, 2000; 
Stolton, 2004; Hyakumura, 2010; Vodouhe et al, 2010). This 
is in line with and anchored closely based on the theory 
of public participation and collaboration. Kurdoglu and 
Cokcaliskan (2011) and Nielsen (2012) emphasize that the 
non-involvement of public/local communities in the planning 
and management process of conservation areas can lead to 
more conflict, thereby leading to more environmental harm 
than good. Meanwhile, collaboration allows joint decision-
making and setting priority in the planning, implementation, 
and evaluation process to resolve conflict, develop and 
advance a shared vision (Koontz, 2006; Selin and Chavez, 
1995); where organizations and stakeholders agree on a 
common way of finding a lasting solution to the identified 
problem via available means and resources (Bockstael et al, 
2016; Pfahl et al, 2015; Nakakaawa et al, 2015; Woodland 
and Hutton, 2012; Ezebilo and Mattsson 2010; World 
Bank, 1999; Gray, 1989). As such this process allows local 
communities, nation-states, and the private sector to have 
equal opportunities in the decision-making process (World 
Bank, 1999). As noted by (O’Riordan 1989; Nursey-Bray 
and Rist 2009; Dixon and Dougherty, 2010; Ezebilo and 

Mattsson 2010; Hyakumura, 2010; Berkes, 2010; Lockwood, 
2010; Vodouhe et al., 2010; Davies and White, 2012; Nielsen, 
2012); collaboration with public/local communities and 
indigenous people in conservation area management yields 
better outcome, successful management, and sustainability 
of the areas, resolve conflicts between local communities 
surrounding the areas and the managers, as well as ensuring 
equitable partnership between the two parties (Berkes, 2009; 
Nursey-Bray and Rist, 2009; Berkes et al, 1991; Parr et al, 
2008; Ezebilo and Mattsson, 2010; Gray, 1989). As such, the 
need for proper planning and management of these areas 
becomes necessary. This paper aims to address the gap 
between theory and practice by assessing the extent of public 
participation in conservation planning and management.

The study was conducted in three conservation areas of 
Bauchi State, Nigeria namely: Yankari Game Reserve, Sumu 
Wildlife Park, and Lame Burra Game Reserve. Bauchi is a 
state in the North Eastern part of Nigeria located between 
Latitude 90 31N and 120 31N and Longitude 80 501E 110 01E as 
shown in Figure 1. It has a total land mass of 49,933.87km2 
equivalent to 5.3% of the country’s total landmass. It is 
bounded by Jigawa and Yobe to the North, Gombe to the 
East, Plateau to the South, Kaduna to the West, and Kano 
to the North-West. The state is among the leading states 
inhabiting a high number of conservation areas with 53 
out of the 1021 conservation areas in the country (Hassan, 
et al, 2015). The conservation areas are under the custody 
of the state government, however, under different state-
owned agencies. Yankari Game Reserve is located in the 
Sudan Savannah vegetation zone, while Sumu Wildlife Park 
and Lame Burra Game Reserve are located in the Guinea 
Savannah vegetation zone.

	 This study adopted a mixed-method research 
design, where both quantitative and qualitative approaches 
were used in collecting relevant data for the study. The 
quantitative data were collected using a questionnaire, 
while the qualitative data were collected through the use 

2. Study Area 

3. Methodology 

Figure 1. Map of Nigeria showing the location of the study area
Source: https://www.nationsonline.org/maps/nigeria-administrative-map.jpg



of interviews in line with the recommendation of the 
research design (Creswell, 2010; 2012). Indicators used in 
the questionnaire were sourced from the literature relating 
to public participation in environmental conservation and 
management.

six communities under study. The 300 sample size represents 
10% of the population size. To overcome the issues of non-
response rate and missing responses, 30% of the sample 
size was increased to the actual sample size in line with the 
recommendation of (Newing, 2011). 
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Table 1. Communities, Population, and Sample Size for the 
Communities.

Table 2. Indicators Used in the Questionnaire.

3.1 Sampling technique and sample size 

3.2 Questionnaire and interview administration 

Two-staged sampling techniques were used to select 
samples. The first stage was stratified sampling, which was 
used to categorize the six communities under study as strata. 
The communities selected for the study are Minamaji and 
Duguri Communities neighboring Yankari Game Reserve, 
Kwange and Yuga Communities neighboring Lame Burra 
Game Reserve, and Sumu and Tafazuwa neighboring Sumu 
Wildlife Park. The second stage involves the use of a simple 
random sampling technique to draw samples from each of 
the strata. 

Sample size always depends on population size. The 
population of the six sampled communities is presented in 
Table 1. However, literature revealed that studies involving 
statistical tests aimed at comparing groups may not necessarily 
take a sample concerning the population, but rather take 
a representative size across all the groups. According to 
Blaikie (2000), the minimum sample size required for a 
statistical test comparing between groups is 50 samples per 
group; while Denscombe (2007) recommended 30 samples 
per group. Therefore, this study adopts the recommendation 
of 50 samples per group, thereby totaling 300 samples for the 

In administering the questionnaire, ethical issues 
raised by Saunders et al (2016) such as the objectivity 
of the researcher, respect for communities’ values, the 
voluntariness of the communities’ members to participate, 
a promise of confidentiality and compliance with data 
management were taken into consideration before gaining 
access into the communities. The first point of the visit 
was the communities’ heads of all communities, consent of 
the heads was obtained before administration. Each of the 
communities’ leaders gives us an appointment that can be 
suitable to invite their members to participate and cooperate 
in responding to the questionnaire, and the meeting point 
is the communities’ leaders’ residence which serves as the 
muster point. 

Respondents were then selected using the simple random 
technique where numbers were assigned to each member 

at the muster point, and a table of random numbers was 
used to select 50 samples in-line with the recommendation 
of (Newing, 2011; Creswell, 2012) that gives each member 
equal opportunity to be selected as sample. For those 
sampled respondents that were not literate, the researcher 
conducted self-administered questionnaires approach, where 
the respondents were asked questions, and their responses 
were entered into the questionnaire by the researcher. 

Similarly, interviews were conducted with a community 
leader and two other stakeholders as shown in Table 3 below. 
Three interviewees were selected because no sample size 
was required but just depends on the level of saturation 
(Newing, 2011). The questions on the questionnaire were 
later modified to take the format of questions and used as an 
interview guide.

The questionnaire comprises two sections namely section 
I comprising of 8 questions relating to demographic profile, 
while section II comprises 5 questions measuring the extent 
of participation of the local communities in the planning and 
management of the conservation areas. Indicators in section 
II were sourced from previous research conducted in the 
field of public participation in environmental conservation 
and collaborative management of nature and conservation as 
presented in Table 2 below. 

Neighboring 
Conservation Area

Sampled 
Communities Population Sample 

Size

Yankari Game 
Reserve

Mainamaji 4,218 50

Duguri 12,108 50

Lame-Burra Game 
Reserve

Yuga 4,983 50

Kwange 4,081 50

Sumu Wildlife Park
Sumu 2,724 50

Tafazuwa 2,317 50

Total 30,431 300

S/N Indicators Source

1 There is regular communication between reserve managers 
and the local community 

Parr et al. (2008),

2 The community members understand the conservation area 
boundary 

Carey, Dudley, and Stolton (2000)

3 The community members understand the conservation area 
rules and regulations 

Carey, Dudley, and Stolton (2000) 

4 The community members are invited to a decision making 
about the conservation area

Berkes (2010), Parr et al. (2008), Mulongoy and Chape (2004), 
Thomas and Middleton (2003). Gbadegesin and Ayileka (2000), 
Berkes et al. (1991), Gray (1989)

5 The community members can influence management 
decision 

Mulongoy and Chape (2004), Parr et al. (2008), Thomas and 
Middleton (2003)



Table 3. Interviewees Profile.

Table 4. Respondents’ Profile.

S/N Interviewee Location 

1 Community Leader 
Duguri community 
neighboring Yankari Game 
Reserve

2 Stakeholder 
Sumu community neighboring 
Sumu Wildlife Park Game 
Reserve

3 Stakeholder Yuga community neighboring 
Lame-Burra Game Reserve

3.3 Data analysis 

4.1 Respondents’ profile

Quantitative data collected for the study were analyzed 
using simple percentages, charts, Chi-Square (χ2), and 
Cramer’s V test; while qualitative data were transcribed and 
reported, and discussed concurrently with the findings of 
quantitative. The implications of the findings were further 
discussed and recommendations were made based on the 
findings of the study.

The study sampled 50 respondents from each of the six 
studied communities. Due to the cultural and traditional 
setting of the communities which are Muslim-dominated, 

the communities’ leaders informed the researcher that the 
members can participate accordingly, but there is a restriction 
concerning the interaction of the researcher with females, in-
line with their cultural and religious background. Therefore, 
all the respondents included in the study are males. The 
findings of the study revealed that the youngest respondent 
is 20 years old while the oldest is 65 years, with a mean age of 
37.6 years as presented in Table 4. From the Table, the majority 
of the respondents were married. This is a typical character 
of African settings particularly in Muslims dominated 
communities where youths are encouraged to marry at an 
early stage to avoid social ills in society. The respondents 
have dependents ranging from 1 to 29 persons, with a mean 
of 9 dependents per person. Respondents’ level of education 
is a typical reflection of a developing nation, particularly in 
a rural setting. For the studied communities, the majority 
constituting 70% attended non-formal education, which 
is Islamic knowledge, followed by a significant number 
that attended primary education, while those that attended 
secondary and tertiary are insignificant. The respondents’ 
occupation is a reflection of their level of education. Due to 
their low level of education, the majority of the respondents 
were engaged in crop production, livestock rearing, and other 
forms of informal activities; with a negligible percentage 
engaged in service. All the communities under study are 
within a radius of 3km. The minimum duration of stay of the 
respondents in their respective communities is 4 years and 
the maximum is 65 years, with a mean of 31.78 years.

Data collected were analyzed and discussed based on 
the respondents’ profiles and six parameters identified for 
assessing the extent of public participation in conservation 
planning and management. The analysis is presented in sub-
sections below.

4. Results

Variable  Option  Frequency  Percentage % 

 Age  
Minimum  =   20 years  
Maximum  =   65 years  
Mean =  37.60 years  

 Marital Status  

Single  30  10%  
Married  252 84%
Divorced  8  2.7%  
Widow  10  3.3%  

 Number of Dependents  
Minimum  =  1 person  
Maximum  =  29 persons  
Mean =  9 persons  

 Highest Qualification  

Non-Formal    210    70%  
Primary 67 22.3%  
Secondary  19  6.3%  
Tertiary  4  1.3%  

 Occupation  

Civil Servant  8    2.7%  
Crop Producer  196 65.3%  
Livestock Rearer  47  15.7%  
Others  49  16.3%  

 Distance from Conservation Area  
Minimum  =  0.2km  
Maximum  =   2.5km  
Mean =  1.12km  

 Duration of stay in their community  
Minimum  =  4 years  
Maximum  =  65 years  
Mean =  31.78 years  
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4.3 Understanding of conservation area boundary 

4.2 Communication between staff and local communities 

Demarcation of conservation area boundaries is 
important in conservation area planning because it is the 
first step towards better environmental protection and 
management. This allows the communities around them to 
understand where their jurisdiction ends so that communities 
do not trespass into the conservation areas. The variation in 
the level of understanding of conservation area boundary 
may not be unconnected to the level at which the public/
local communities are accommodated. Accommodating the 
public/local communities can encourage the community 
members to have a good understanding of the affairs of 
the conservation areas and feel a sense of belonging while 
neglecting the communities can pave the way for unwanted 
or prohibited activities in the conservation areas. 

Analysis of the data collected conservation area boundary 
is presented in Figure 3 below. The result revealed that the 
communities are aware of the boundary of conservation 
areas neighboring them, except for the Kwange community 
neighboring Lame-Burra Game Reserve. This implies that 
most of the communities can operate within the limit of their 
communities without encroaching on the conservation area 
surrounding them. This is a significant achievement from the 
side of the management of the conservation areas. However, 
the situation is discouraging from the side of the Lame-Burra 
Game Reserve. From the result, it can be deduced that some 
communities around Lame-Burra Game Reserve are not 
aware of the boundary of the conservation area. This can 
threaten the conservation area as community members can 
encroach on or carry out unsustainable activities inside the 
conservation area.

Communication is a medium through which information 
is shared between affected parties or from decision-
makers to affected target people. Communication is an 
important tool/technique for effective environmental 
planning. It is a medium through which objectives and 
policies of environmental plans, specifically conservation 
area management plans can be communicated to the 
public, particularly community members surrounding the 
conservation areas. Adequate communication can also build 
trust and understanding between affected parties. 

Results of the study as presented in Figure 2 revealed 
that the level of communication between conservation area 
managers and local communities surrounding them varies 
across the sampled communities, where some communities 
tend to indicate adequate communication while some 
indicated a low level of communication.g

of the conservation area only come to their community if 
their community is selected for any of the non-governmental 
organizations’ projects, but not for the conservation area. 
The respondent further explained that they even engage in 
protecting the conservation area by preventing outsiders from 
carrying out illegal activities because they are aware of some 
of the benefits of the area. Also taking into consideration 
the limited number of staff in charge of protection and 
conservation activities in Lame-Burra Game Reserve.

Further statistical analysis using Pearson Chi-Square 
revealed that there is a statistically significant difference in 
the level of understanding of conservation area boundary 
across the sampled communities, with a Chi-Square value 
(χ2) of 19.070, df = 5, at p< 0.05. Cramer’s V test was also used 

Furthermore, the Pearson Chi-Square statistic test 
revealed that there is a statistically significant difference in 
the level of communication between conservation managers 
of the respective conservation areas and members of local 
communities surrounding them with a Chi-Square Value 
(χ2) = 20.298, df = 5 at p<0.05. Similarly, Cramer’s V test 
with a value of 0.260 at p<0.05 also verified the result of 
the Chi-Square statistics, further indicating a statistically 
significant difference in the level of communication between 
conservation managers and local communities. This implies 
that the level of communication differs significantly across 
the sampled communities.

Findings of the interview with a community leader from 
Duguri around Yankari Game Reserve revealed that the 
communication between the conservation managers and 
the local communities is mainly in the form of extending 
management information or their request to the communities. 
If they notice any activity such as encroachment into the 
conservation area or if their managers chased any hunter in 
the conservation area and were not able to arrest him, they 
approach the communities for either investigation, inquiry, 
or support to arrest the poachers. This is slightly similar to 
the response of an interviewee from the Sumu community 
neighboring Sumu Wildlife Park, where he indicated that 
conservation managers do frequent their community to 
update them with information about the conservation area. 
In contrast, an interviewee from the Yuga community 
around Lame Burra Game Reserve revealed that managers 

Figure 2. Level of communication between staff and local communities.

Figure 3. Extent of understanding of conservation area boundary.

Abdulaziz et al. / JJEES (2023) 14 (2): 103-112107



to validate the Chi-Square test, a value of 0.252 at p<0.05 was 
obtained, which indicates a similar pattern of statistically 
significant difference in understanding conservation area 
boundary across the studied communities. This implies that 
the level of understanding of conservation area boundaries 
differs across the sampled communities neighboring the 
three respective conservation areas under study. 

Interview results revealed that community members 
neighboring Yankari Game Reserve are from time to time 
engaged in clearing and re-marking the boundary so that it can 
be clear to members and non-members of the communities. 
This has made community members around the conservation 
area to be aware of the boundary. The finding is similar 
in Sumu Wildlife Park where the conservation managers 
engage the community members in boundary demarcation, 
and as such, they are aware of the boundary. The finding 
is contrary in Lame Burra Game Reserve, where the 
interviewee indicated that managers do not engage them in 
boundary clearing or boundary demarcation. This according 
to him is difficult for the communities to understand exactly 
the location of the boundary. The communities can only 
show the boundary of the conservation area based on their 
perception. 

Figure 4. Extent of understanding of conservation area rules and 
regulations.

Figure 5. Level of involvement of communities in decision-making.

4.4 Understanding of conservation areas rules and regulations

4.5 Involvement of communities in decision-making  

The result of the study relating to the understanding of 
conservation area rules and regulations is presented in Figure 
4 below. The result revealed that communities neighboring 
Yankari Game Reserve indicated a high level of agreement 
to the understanding of the rules and regulations governing 
it, followed by Sumu Wildlife Park and Lame-Burra Game 
Reserve respectively. Nevertheless, the management of the 
conservation areas needs to speed up in creating awareness 
and educating the communities on the rules and regulations 
governing the conservation areas. This can go a long way in 
achieving conservation goals. 

The key to successful planning and management is 
public participation in the planning and management 
processes. This is through the involvement of communities 
in the decision-making that affect them. The involvement of 
communities in the decision-making process can make the 
communities a sense of belonging and contribute actively 
to the protection activities. However, the findings are 
discouraging as the majority of the communities were not 
involved in decision-making. Therefore, the management of 
the conservation areas needs to re-strategize and give room 
for the participation of local communities in both the planning 
and management processes as required by the National 
Policy on Environment to achieve effective management. 
The findings of the United Nations Environment Programme 
(2007) have identified the participation of local communities 
in decision-making in natural resource management as 
an effective way of achieving successful protection of the 
ecosystem and improving communities’ well-being.

Analysis of the level of involvement of members of local 
communities in decision-making about the conservation 
areas neighboring them is presented in Figure 5 below. 
The result revealed that communities neighboring all three 
respective conservation areas under study are not involved 
in decision-making about the conservation areas. This is not 
encouraging because the communities are neglected when 
it comes to decision-making. This is a clear indication of 
the Top-Down management approach where the public and 
members of communities are set aside in decision-making.

Inferential analysis using the Chi-Square test indicated 
that there is a statistically significant difference in the level 
of understanding of rules and regulations governing the 
conservation areas across the six sampled communities as 
indicated by a Chi-Square value of (χ2) = 33.498, df = 5, 
at p< .05. A follow-up test was conducted using Cramer’s 
V statistics to substantiate the findings of the Chi-Square 
test, where a value of 0.334 at p<0.05 was obtained. This 
further validated the result of the Chi-Square thereby 
indicating a statistically significant difference in the level 

of understanding of conservation area rules and regulations 
across the sampled communities. This implies that the level of 
understanding of the conservation area rules and regulations 
across the sampled communities differs. The results of the 
interview across all the six respective communities under 
study revealed that the community members are aware of 
rules and regulations such as the prohibition of poaching, 
cutting down of trees, grazing, and farming activities inside 
the conservation areas. Interestingly, all the communities are 
aware of the basic rules of prohibited activities inside the 
conservation areas. Understanding these can contribute to 
the sustainability of the conservation areas.

Further statistical analysis reveals that there is no 
significant difference in the level of involvement of 
communities in decision-making across the sampled 
communities, with a Chi-Square value of (χ2) = 9.403, df 
= 5, and p< .05. Similarly, Cramer’s V test with a value 
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Figure 6. Ability of communities to influence management decision. 

of 0.177 at p<0.05 validated the result of the Chi-Square 
indicating no statistically significant difference in the level 
of involvement of local communities in decision-making 
about the conservation areas. This indicates that the level at 
which members of the public, particularly local communities 
are involved in the decision-making process is the same 
across the respective communities. This is an indication that 
the local communities across all the sampled communities 
are neglected by the management when it comes to decision-
making about the conservation areas. 

Interview results have validated the findings of the 
questionnaire, where the respondents across the interviewed 
communities revealed that they were not involved in decision-
making about the conservation areas. A respondent added that 
what some view as involvement in decision-making is just a 
mere notification and seeking the cooperation of members of 
the communities in complying with the instructions.

of the community, as the channel of communication may 
be through community leaders and stakeholders in each 
community, from there, the information can reach other 
members. The channel of communication is important 
because it has been identified by Bockstael et al. (2016) 
to be the main obstacle to successful collaboration itself. 
The disparities in the level of communication between 
members of local communities across communities may 
be also attributed to (i) staff strength/capacity, (ii) size of 
the conservation area, (iii) number of communities around 
the conservation areas, (iv) nature of the terrain where the 
conservation areas are located, (v) accessibility among 
others. This pattern of response is not surprising because, 
Yankari has 224,410 hectares of land, with 281 staff, Lame 
Burra has 205,767 hectares with 47 staff, and Sumu has 8,000 
hectares with 53 staff. Based on the staff strength of the 
conservation areas, Yankari has more capacity to ensure a 
high level of protection and community outreach than Lame-
Burra Game Reserve and Sumu Wildlife Park. Interestingly, 
the findings of the study relate to the findings of Watson et 
al. (2014) where the authors identified the need for adequate 
staffing to perform management activities. 

Yankari Game Reserve has adopted the approach of 
engaging members of local communities surrounding them 
in boundary demarcation. This is more of a technique of 
showing them the boundary. Relating the size of Lame-Burra 
Game Reserve to its staff strength, one can easily understand 
that it is difficult for the managers to adopt the approach of 
Yankari. This implies that communities around Lame Burra 
can be left out in terms of outreach, which can further limit 
their understanding of conservation area boundaries. 

The differences in understanding conservation area rules 
and regulations among the communities as revealed by the 
quantitative results may be due to the level of communication 
between conservation area managers and members of the local 
communities surrounding them. Interestingly, communities 
that indicated adequate communication between them and 
the managers of their respective conservation areas tend 
to understand the conservation area rules and regulations 
well, while those that indicated less communication between 
them and the management of their respective conservation 
areas indicated less understanding of the conservation area 
rules and regulations. Therefore, frequent communication 
between conservation area managers and local communities 
is highly needed for a better understanding of conservation 
area rules and regulations. It is also significant in achieving 
conservation policies. 

The communities have not been involved in decision-
making about the conservation areas. This further proved 
that management of the conservation areas are top-down 
approach, where managers and respective institutions/
authorities decide on the conservation areas. In this 
situation, local communities are completely neglected, 
thereby neglecting local knowledge that may have regional 
and global impacts. The level at which community members 
were neglected when it comes to deciding on the conservation 
area is almost the same across all the communities studied. 
This may serve as a stumbling block to achieving effective 

4.6 Ability of communities to influence management decision 
The ability of local communities to influence 

management decisions of conservation areas neighboring 
them was determined in this study. The perceptions of the 
respondents across all the studied communities tend to 
be similar as they were unable to influence management 
decisions about the management of conservation areas 
neighboring them as in Figure 6 below.

Analysis using Chi-Square statistics revealed that there 
is no statistically significant difference in the ability of the 
communities members in influencing management decisions 
across the sampled communities, with a Chi-Square value 
of (χ2) = 10.949, df = 5, and p< .05. The result was further 
validated by a follow-up test using Cramer’s V statistics, 
where a value of 0.191 at p<0.05, indicating that there is no 
statistically significant difference in communities’ ability to 
influence management decisions about conservation areas 
neighboring them. Similarly, the findings of the interview 
also indicated that members of the communities around the 
three respective communities under study were not able to 
influence management decisions about the conservation 
areas.

The findings of the study indicated differences in 
communication between conservation managers and local 
communities. This may be attributed to the location of the 
communities or the priority given to the communities by 
the respective conservation managers. It may also be since, 
managers cannot communicate directly with all members 

5. Discussion
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management of the conservation areas because, when the 
management of any conservation area takes a decision that 
may affect the local communities, they may in one way 
or another other reacts and their reaction may directly or 
indirectly threaten the well-being of the conservation areas. 
Based on the findings of the study, communities that are in 
good relationships with the management of conservation 
areas near them tend to strengthen their relationship and have 
more interest in the well-being of the conservation areas. 

The findings of this study corroborate with the 
findings of Ribot et al. (2006) and Lockwood (2010) who 
revealed that public, indigenous, and local communities 
in the developing world are neglected in both the planning 
and management process of conservation areas; thereby 
resulting to encroachment and unsustainable practices in 
the conservation areas (Carey, Dudley and Stolton, 2000). 
The contribution of this study is that it revealed that the 
Top-Down approach used by the colonial masters is still 
in practice. This is despite previous studies reporting its 
failure to achieve the primary objective of protection and 
conservation (Ite, 1998; Ite and Adams, 1998; Poffenberger, 
1990). This is a threat to the conservation areas and can 
have negative implication on their performance because 
local knowledge that can promote conservation and enhance 
their performance are not allowed to be contributed. 
The contribution of local knowledge and strategies have 
been identified to have protected conservation areas and 
sustainable use in the past (Berkes, et al. 1989). This implies 
that local knowledge and strategies are vital in improving 
the performance of the conservation areas. Theoretically, 
the participation of the public in conservation planning and 
management is institutionalized and recognized to build 
healthy environmental systems (Olalekan, 2019; Etemire, 
2015; Odemene, 2015; Eneji, 2009; Aribigbola, 2008). Yet, it 
is neglected in practice. 

Therefore, the contribution of this study is to develop a 
framework as in Figure 7 for integrating local communities 
and the public in the management and decision-making about 
conservation areas surrounding them for better relationships, 
health, and well-being of the conservation areas. This is 
vital particularly because previous researchers revealed 
that, community members neighboring conservation areas 
have an interest in the management of conservation areas, 
and that most of them are willing to accept management 
responsibilities if assigned (Hassan, 2019). This is also 
an opportunity for the management to extend the hands 
of collaboration to the local communities around their 
conservation areas for a better and sustainable planning and 
management output. Despite the communities’ interest and 
their willingness to accept management responsibilities, 
there is a need for continuous awareness of the importance of 
the conservation areas. This can go a long way in mitigating 
the negative impacts of human activities on the conservation 
areas, particularly since, most of the negative impacts are 
human-related (Hassan, 2019). 

Effective environmental conservation needs to involve 
environmental managers as well as the public, stakeholders, 
and local communities surrounding conservation areas. 
Involvement of the public, specifically, local communities 
in the planning and management processes of conservation 
areas plays a significant role in achieving conservation goals. 
The study has demonstrated the role of communication in 
understanding conservation area boundaries as well as 
rules and regulations governing the conservation areas, 
particularly in Yankari Game Reserve. However, Yankari 
needs to double its efforts and increase awareness of 
boundaries, rules, and regulations among the communities 
surrounding it. Especially as the conservation area has more 
opportunities when it comes to staff strength, achievement 
of conservation goals and objectives, and implementation of 
the management plan. Communication between managers 
and local communities leads to understanding between the 
two parties and can build trust and confidence. This alone 
can facilitate protection. However, the non-involvement 
of local communities in the decision-making process and 
their inability to influence management decisions indicate 
a lack of collaboration between conservation managers and 
their host communities. This also indicates a Top-Down 
approach to managing the conservation areas. Therefore, the 
conservation managers and agencies involved in planning 
and managing the conservation areas should accommodate 
the public, particularly the local communities surrounding 
the conservation areas in the decision-making process and 
allow them to influence decisions where necessary. This 
is because local knowledge can have a global impact on 
environmental protection and management. 

6. Conclusion

Figure 7. Framework for integrating local communities in 
conservation area management.
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The study made the following recommendations:
i. Policy and decision-makers should re-strategize and 

ensure full inclusion of public/local communities/
indigenous people in the planning and management 
processes of conservation areas 

ii. Traditional and local knowledge/practices should be 
integrated with modern conservation techniques for 
the sustainability of the conservation areas. 

iii. The management of the conservation areas needs to 
collaborate with the local communities around them 

iv. The management of the conservation areas needs 
to encourage the formation of Community-Based 
organizations and ensure the representation of each 
of the CBOs in the decision-making process. This 
is to allow the wider representation of community 
members in the decision-making process

v. Future research should focus on assessing the 
planning and management processes of the 
conservation areas and determining other factors 
that may contribute to effective planning and 
management of the conservation areas. 
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Abstract

1. Introduction

Water is a key component of global socioeconomic 
development (Soular et. al., 2020). Groundwater, the world’s 
largest freshwater reservoir, supports the survival and 
sustainability of human life worldwide. It is the main source 
of drinking water supply (DWS) at 50%, and irrigation at 70% 
(Seibert et al., 2010; Smith et al., 2016; Gleeson et al., 2016; 
Dieter et. al., 2018). The dependence of human activities on 
the availability of groundwater has increased with time and 
development. (Thakur Praveen, 2020). Moreover, it accounts 
for almost half of the world’s drinking water (Unesco, 2009). 
Its unique characteristics, such as its subterranean nature, 
make it a difficult resource to manage, thus contributing to 
the increase of pressure on this resource.  (Les Landes, 2015).

The Mostaganem Plateau is characterized by scarcity 
or even the absence of surface water. The main source of 
drinking water supply for human, agricultural, and industrial 
consumption is groundwater. This resource is limited and 
has experienced qualitative and quantitative degradation in 
recent decades due to anthropogenic (over-exploitation and 

pollution) and natural constraints (type of climate and global 
warming) (Bahir and Ouhamdouch, 2020; Boufekane and 
Saighi, 2019).

For several years, the Plateau aquifer has experienced 
a significant decline in the groundwater level of its main 
aquifer, consisting of Calabrian sandstones. This is due to 
a large demographic increase and an extension of irrigated 
perimeters leading to strong demand for water (Bentahar and 
Mesbah, 2007).

 The water level decline of the aquifer implies the digging of 
even deeper boreholes. (ANRH, Sogreah consultants, 2006). 
In this context, hydrogeological studies have been carried 
out on the Mostaganem Plateau: (Perrodon, 1957), (Bonnet, 
1967), (CGG, 1968), (Gauchez, 1981), the explanatory notice 
of the hydrogeological map of the Mostaganem Plateau at 
scale 1/10 000th (1978), (Gauchez.1981), (Baiche, 1994), 
(Saibi, 2000), (Sogreah, 2006), (Bentahar, 2007). 

Several new approaches that were established to address 
groundwater depletion worldwide to enrich the future 
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overexploitation of the Mostaganem aquifer has considerably reduced its groundwater resources. Based on this fact, the 
objective of our work is to study the modifications, the evolution, and the impact of the withdrawals of the aquifer in two 
aspects: magnitude and causes; by modeling groundwater with the Visual Modflow program. The setting was carried out in 
a steady state, which was calibrated and validated on Gauchez’s piezometric maps, then in a transient state.

To predict the possible drop in groundwater levels for the upcoming years, three prospective scenarios were considered. In 
scenario 1, operating flows of drinking water supply and irrigation will remain constant from 2010 to 2035, the only variable 
is time, We notice that over 25 years the groundwater level of the slick for scenario-1 will continue to decline, especially in 
the central part where we note a fall of 5m and 7.5m. In scenario 2, half of the boreholes intended for the supply of drinking 
water on the Mostaganem plateau are at a standstill as of 2014, the launch of the Mostaganem, Arzew, Oran (MAO) project 
commissioning of the Chelif Dam is launched and the flow rates for irrigation are kept constant, after simulation, in the 
central part of the Mostaganem Plateau, we note a marked improvement in the drawdowns, which pass from 2.5 meters and 
5 meters has drawdowns from 1 meter to 2.5 meters As, for scenario 3, an increase in the population of 2.51% is observed 
each year. In addition, the flows of drinking water supply and irrigation will be multiplied by 2.51% from 2010 to 2035, The 
drawdowns for scenario-3 (Figure 20), give worrying values, especially in the south of the Mostaganem plateau.

 In the three scenarios, there is a continuous depletion of the groundwater resource due to significant withdrawals compared 
to the recharge of the aquifer. These simulations suggest that current sampling rates cannot be sustained over the long term.  
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2. Study area

The Plateau of Mostaganem is in northwest Algeria, 
in the Wilaya of Mostaganem, 363 km west of the capital 
Algiers. Bounded in the north by the lower Chelif Plain and 
the Dahra mountains, in the west by the Mediterranean Sea, 
in the south by the Bordjias Plain, and in the west by the 
Mina Plain (Figure 1). The study region is located between 
coordinates the coordinates are X1= 246 000 m, X2= 304 000 
m, and Y1= 274 00 m Y2= 304 000 m ( Projected Coordinate 
System: North_Algeria

Projection: Lambert_Conformal_Conic).

To determine the elevation of our study area, Four 
Shuttle Radar Topography images with a 30-meter resolution 
are obtained from the SRTM (2011). Its satellite images are 
downloaded from the UGSS (2014) in Geotif format.   

The study area consists of 11 municipalities: Mostaganem 
(main city), Ain Tedles, Bouguirat, Sirat, Souaflia, Mesra, 
Ain Sidi Sheriff, Mansourah, Touahria, and Sayada. And 
represents 0.029% of the total area of Algeria. (National 
Statistics Office, NSO, 2008). 

During the French colonization, vine cultivation was 
introduced on the Plateau. After the independence of the 
country, it was replaced by irrigated markets for gardening, 
citrus fruit, and cereal crops (Marc Cote, 1996).

The Plateau of Mostaganem is a first-rate agricultural 
and tourist area, it is tabular with an area of 700 km2. This 
plateau drops steadily towards the west towards the plain of 
Habra and the Gulf of Arzew. (Gauchez, 1981). It has a series 
of parallel wrinkles and depressions-oriented southwest and 
northeast. (Baiche, 1994). 

The altitude of the Plateau is situated between 110 m (in 
the west) and 470 m (in the east) with an average of 200 m 
which decreases gradually to 100 m at the level of the Macta. 
(Bentahar, 2007). 

In the north, the plateau regularly overlooks the lower 
Chelif Valley, showing a series of cliffs whose heights 
vary from 150 m to 200 m. To the northeast, it comes up 
against the Cretaceous spur of the Djebel Diss (Dahra) 
which culminates at an altitude of 400 m. To the South-East, 
it is bordered by a line of relief materialized by the strong 
buttresses of Akboube and Ennaro which separates it from 
the plain of Relizane. (Bellal S, & al., 2019).

The hydrography of the Mostaganem plateau is very 
modest. It is limited to two small permanent rivers (wadis). 
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trajectory have been adopted (Bhat & al., 2019; Kaur & al., 
2020). In the early 2000s, faced with the challenges of water 
management marked by water stress, the Algerian public 
authorities, initiated a series of major hydraulic infrastructure 
construction projects. In Algeria, 50% of the drinking water 
supply comes from underground resources and 33% comes 
from surface water. The average supply of a citizen is 180 
liters/day (Algerian water supply, ADE, 2019). Among these 
new approaches, Algeria has opted for the desalination of 
seawater. The country has 21 desalination stations according 
to the Ministry of Water Resources (MRE, 2019), which 
allows supplying 6 million inhabitants with drinking water, 
with a volume of 1.34 million m3/day (ADE, 2019). The only 
and best solution to guarantee the supply of drinking water 
in the long term is to move towards the use of unconventional 
waters, including seawater desalination since most of the 
population lives near and along the coastline. (Berraki, 2021). 

To decrease the exploitation of the Plateau aquifer, two 
measures were opted for by the Ministry of Water Resources. 
The construction of a desalination station was commissioned 
in 2010, providing 200,000m3/day of drinking water (ADE, 
2019). The large MAO project consists of a water-dam-
transfer structuring project from the Chelif dam (50 million 
meters cubic of retention) and a treatment station with a 
capacity of 600,000 m3/day, and a pumping station, which 
supplies Mostaganem, Arzew, and Oran with drinking water. 
It allows the transfer of 45 million m3/year for the benefit of 
the wilaya of Mostaganem. (ANBT, 2010). 

Following this program, half of the boreholes intended 
for the supply of drinking water on the Mostaganem plateau 
are at a standstill as of 2014, according to the Mostaganem 
water supply department (DHW, 2015). Even with these 
important decisions, the level of the aquifer remains at 
risk; this is due to the large number of boreholes intended 
for irrigation that was not deemed useful to stop or reduce 
pumping, and the very large number of illegal boreholes for 
personal use. Despite the construction of new dams and the 
use of desalination, Algeria will record a water deficit of 1 
billion m3 by the year 2025 (Remini, 2010.)

Therefore, to better understand the role of current and 
future water use in different sectors (irrigation, drinking, 
and industry), the impact of climate change (Döll, 2009), 
population growth, and the policy interventions on 
groundwater availability in a quantitative manner, it is 
necessary to use advanced methods, such as geospatial 
technology and three-dimensional numerical modeling of 
groundwater.

The objective of this work is to study the functioning 
and evolution of groundwater, and the impact of abstractions 
on the sandstone aquifer of Calabrian, by implementing a 
management model using the Visual Modflow program. 

This modeling will make it possible to advance the 
understanding of the modeled system operation and to 
predict future situations of the system according to different 
solicitations (predictive mode; changing input variables) 
or even to evaluate the system response to different usage 
scenarios (management mode; variations in boundary 

parameters and conditions). (Villeneuve and al., 1998).

The proposed conceptual model for the Mostaganem 
Plateau Aquifer System takes into account precipitation 
infiltration, saturated zone flows, drinking water abstraction 
(DWA), irrigation, and industry needs.

To characterize and understand the structure of the 
Plateau Calabrian aquifer, we used multi-source data 
(geological, topographical, geophysical, hydrodynamic), and 
we created a GIS database built under ArcGIS, which will be 
used for the implementation of the model.



The first, the Sefra wadi, 11 km long, originates in the region 
of the “seven wells”, and becomes perennial at the entrance 
of the town of Mostaganem where it receives the overflow 
of sources captured from Kheir eddine (ex Pélissier), before 
flowing into the sea. The second, the Kheire Wadi 6 km long, 
is a tributary of the Chelif. It is fed by the sources of Ain 
Soltane and Ain Hallouf (Gauchez,1981).

the Astian formed of limestone sandstone with a maximum 
thickness of 100 m. The Quaternary is represented by the 
transgressive and discordant Calabrian on the deposits of 
the Mio-Pliocene. It is formed by limestone sandstones. 
The Calabrian covers the whole plateau of Mostaganem.
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Figure 1. The geographical location of the Mostaganem Plateau.

Figure 2. Geological map of the Mostaganem Plateau.2.1 Geological and Hydrogeological Characteristics

2.2 Climatology characteristics
At the level of the Mostaganem plateau (Figure 2), there 

are two types of formations:
The Mostaganem plateau is characterized by a semi-arid 

to temperate winter climate and rainfall ranging between 
350 mm and 600mm (1962-2017). Eight metrological 
stations were selected for this study. Rainfall data were 
provided by the National Water Resources Agency (ANRH) 
of Algiers. Temperature data are obtained from the National 
Meteorological Office (ONM), Dar El Beida, Algiers. A 
meteorological station is located near the Mostaganem city, 
and seven rainfall stations (cultivated dunes, Ain Tadles, 
Hassi-Mameche, Khierdine, Ferme Assorain, Oued-Keir, 
Fornaka), are distributed through the entire Plateau (Figure 
3). The Mostaganem station (04-06-12) and the Ferme 
Assorain station (11-16-17) present the longest and most 
complete series of monthly rains (1968-2017). The duration 
of observations varies from 49 years for the Mostaganem 
station (04-06-12) to 33 years for the Hassi Mameche station 
(04-06-03). The data contains gaps in observations, which 
required their filling by the method of least squares (Table 1).

- Allochthonous formations are the oldest, we can define the 
Trias which consists of white gypsum located South of 
the Mostaganem plateau. The tablecloths are in the north 
of Mostaganem (Karouba, Djebel Diss), where appears 
a whole set of land belonging to the tablecloths of the 
Numidian age, extends into the region of Mina. diapirism 
occurs east of Ain Nouissy.

- Indigenous formations are predominant, they include: the 
Lower Miocene corresponds to a blue marl level; the upper 
Miocene is characterized by blue marl interposed by levels 
of sandstone with calcareous-clay cement, cinerites 0.20 
m thick, (Perrodon, 1957). These blue marls are very well 
exposed at the level of the Akboube State Forest, where 
they extend widely on the axis of this anticline under 
quaternary deposits. The Pliocene is almost everywhere 
on the borders of the Mostaganem plateau. It consists of 
ancient marl or sandy horizon of 200 to 500 m thick, and 

Station Name Code X Y Data type Frequency Period Deficiency 
rate (%)

Annual 
average1

Standard 
deviation

Mostaganem 04-06-12 264800 296250

Evapotranspiration Monthly 1968-2017. 422

Temperature Monthly 1962-2010 0 18 0.68

Rain Monthly

1906-1926
1935-1938
1942-1961
1968-2017

0
0
0

0.5 388

Cultivated 
dunes 04 06 11 274000 288300 Rain Monthly 1970-2010 3.12 336

Ain Tadles 04 06 06 283100 302600 Rain Monthly 1942-1961
1968-2009 3.04

 Hassi-Mameche 04 06 03 263050 287600 Rain Monthly 1928-1961 8.83

Khierdine 04 06 02 272100 300750 Rain Monthly 1969-2009 1.66 358

Assorain Farm 11 16 17 281250 291850 Rain Monthly 1968-2009 1.82 337

Oued-Keir 01-36-06 291500 297600 Rain Monthly 1970-2009 2.99 346

Fornara 11 16 06 250800 278500 Rain Monthly 1967-2009 1.59 268

Table 1. Climate data available at Mostaganem Plateau.

Units: Rain and Evapotranspiration in mm; Temperature in °C.
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Precipitation on the Mostaganem plateau varies in time 
and space; we note an irregularity of rainfall from one year to 
another and from one station to another (Figure. 3). Thus, the 
height of precipitation is greater in the northern part of the 
plateau (04-06-12 = 592 mm for 1971, 04-06-02 = 556 mm 
for 1979, 04-06-06 = 575 mm for 1971) than in the southern 
part (11-16-06 = 486 mm for 1969, 04-06-11 = 402 mm for 
the year 1971,11-16-17 = 494mm for 1971). Over 49 years, the 
rainy months extend from September to April, and the driest 
months from July to August.

 Real Evapotranspiration (ETR) is the amount of water 
evaporated or transpired by soil, plants, and open water in 
a watershed (Laborde, 2003). The ETR is calculated by the 
empirical formula based on the Turc method.

At the station of Mostaganem (Figure 5) period 1968-
2017, the maximums rainfall, recorded during the year 1974 
with 657mm. The minimum is observed during 1981 with 
171mm.

The Thornthwaite method was adopted to estimate the 
different terms of the hydrological balance equation that 
was established over 49 years (1968-2017), whose formula is 
written as follows:g

The study of the flow deficit at the scale of the study area 
resulted in an evaluation of the real evapotranspiration (ETR) 
estimated by the Turk method at 422 mm. The infiltrated 
water layer determined by the Sogeta-Sogreah method was 
estimated at 19 mm. Runoff reaches 23mm (1968-2017).

With: 
P: average annual precipitation (mm)
ETR: actual annual evapotranspiration (mm)
A: average annual runoff (mm)
I: average annual infiltration (m)

Precipitation and Temperatures (Figure 5), used in our 
calculation will be those relating to the Mostaganem  04-06-
12 station (period 1969-2017).

ETR = actual annual evapotranspiration in mm 
P = annual precipitation in mm 
L = the evaporating power. 
L2 = (300+25T+ 0.05T3)2.
T = average annual temperature in °C.

The year 1981 is the driest in the entire Mostaganem 
Plateau with minimum precipitation of 85 mm at station 11-
06-06 located in the south of the study area.

Evapotranspiration (ET) is the amount of water 
transferred to the atmosphere by evaporation at ground 
level and the level of precipitation interception and by 
transpiration of plants. Potential evapotranspiration (ETP) is 
the amount of water that would evaporate or transpire from 
a watershed if the water available for evapotranspiration was 
not a limiting factor (Laborde, 2003). Evapotranspiration is 
measured by the Thornthwaite method:

The mean ETP values (Figure 4) range from 23.18mm in 
January to 152.25mm in July.

With:
ETP: potential evapotranspiration in mm
T: average monthly temperature of the month in °C                                                                

: The annual heat indexes    
a= 0.492+1.79×10-2×I-7.71×10-5×I2+6.75×10-7×I3

Were
i = (T/5)1.514 monthly heat index

 (1)ETP = 1.6 (10T/I)a

 (2)

 (3)

Figure 3. Annual rainfall distribution through rainfall stations on 
the Mostaganem Plateau over the period 1968-2017. Figure 5. Interannual variation of the ETR at the level of the 

Mostaganem Plateau. 
(Period 1968-2017)

Figure 4. Change in monthly ETP averages at the Mostaganem 
plateau (1968-2017).

2.3 Hydrogeological characteristics
The Mostaganem Plateau has an impermeable marly 

substrate, topped with sandy-past sandstone or sandy-clay 
sandstone that contains the main aquifer (Figure 6). The 
sand overcomes all this, with facies and thickness varying 
according to their location, where it is possible to show the 
presence of a sandy limestone crust associated or not with red 
soil. Calabrian is the main aquifer with varying thicknesses. 
Thus, it can reach a power of 100 to 120 m in topographical 
depressions while on the bulges of the base, the formation 
will be 20 to 30 m. In general, the thickness of this series 
decreases from ENE to WSW. The Miocene and Lower 



Pliocene formations constitute the impermeable substratum 
of the main aquifer. The Miocene is essentially represented 
by blue marl, sometimes including gypsum levels. The 
Quaternary is transgressive and discordant in earlier series. 

With k the hydraulic conductivity (L/T), h the hydraulic 
load (L), Ss the specific storage coefficient (L-1), W the 
volumetric flow per unit volume representing the term well 
or source (T-1), and the time (T).

Modeling is initiated by trial and error to obtain the best 
set of calculated piezometric concerning the observed values.

The sandstone aquifer of Calabrian has been the subject 
of several piezometric companies: during the year 1970 by 
the Office of Hydraulic Inventory and Research of the ANRH 
of Algiers, and a piezometric campaign of June 1990 by 
(Baiche, 1994) in the framework of a Magister supported at 
the University of Oran. The ANRH of ORAN carried out the 
last piezometric surveys, on one hand, during the years 1995 
and 1996-1997, which covered 12 piezometers, and on the 
other hand, during the hydrological years 1998-1999, 1999-
2000, 2010, 2011, 2012 and which covered 17 piezometers 
and whose main role is to control the Mostaganem Plateau 
aquifer.

The variations in the groundwater level during periods 
of high and low water are small (Figure 7). They are 1 to 2m 
in areas where the aquifer is less than 10m deep and 0.5m 
on the rest of the Plateau. The aquifer is fed exclusively by 
the infiltration of precipitation water. Sources account for 
85% of the flow of natural outfalls. They are located on the 
periphery of the Plateau where the impermeable substrate 
collapses. The piezometric surface emphasizes the general 
conformity of the layer with the surface of the ground. 
(DEMRH, 1971).

(4)
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Figure 6. Well log stratigraphy at Mostaganem plateau (Saibi, 2008).

Figure 7. Piezometric map of the Mostaganem Plateau 1970.

3. Materials and Methods

For modeling an aquifer system, the first step is to assign 
boundary conditions and calculation parameters (EL Arbi 
Toto et. al., 2009). This phase was accomplished through the 
literature review of available data.

The software used is Visual Modflow 2011.1, which 
simulates groundwater flows and contaminant transport in 
both steady and transient conditions. The Visual Modflow 
includes several modules: Modflow-2000: developed by 
USGS (Pallok, 1989) to simulate underground flows. 
Modpath:  a program used to simulate particle flow lines 
downstream or upstream of a reference point. MT3D: 
program modeling the transport of solutions or contaminants 
in the aquifer.

Conceptual modeling using the Modflow 2000 code, 
which resolves the partial derivative diffusivity equation of 
groundwater flow in a porous media by the finite difference 
method, 

The modeled study area corresponds to the Calabrian 
sandstone aquifer of the Mostaganem Plateau, with an area 
of 700 km2, and the coordinates are X1= 246 000 m, X2= 304 
000 m, and Y1= 274 00 m Y2= 304 000 m. The first step in 
building the model consists of defining the number of layers 
and defining the mesh of the study area (Figure 8). 

The discretization of the space in regular square 
meshes presents a great facility both in the use and in the 
implementation of the models. (Ledoux E, 2003). The study 
area was discretized in a single layer regularly in a square 
mesh of 500×500m aside, for a total of 2520 active meshes.

3.1 Model implementation 

3.2 Delimitation of the study area extension 
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Figure 8. Discretization of the Calabrian aquifer of the Mostaganem 
Plateau.

Figure 9. Map representing the boundary conditions of the 
Calabrian aquifer of the Mostaganem Plateau.

Figure 10. Spatial distribution of the permeability of callage after 
calibration in steady-state 1970.

The relationship between the modeled domain and the 
external environment is described through three types of 
boundary conditions. The first is the imposed load condition 
(Dirichlet condition): the piezometric height is known along 
the boundary. The second is the Required flow condition 
(Neumann condition): when the exchanged flow rates are 
known. the tightness limits (tight limits) or limits through 
which the flow rate is negligible are considered zero flow 
limits. The third concerns the Mixed load and flow condition 
(Fourier or Cauchy condition): the flows are dependent on 
the piezometric height. This is the case for rivers draining or 
feeding the aquifer. These types of boundary conditions can 
simulate flows between the groundwater and surface waters 
(Dassargues, 1995).

The boundary conditions concern the rules for the 
exchange of flows between the modeled domain and the 
external environment (Ledoux, 2003):

A steady state is a condition that characterizes an aquifer 
before a variation is introduced. (Bandani E & al., 2011). 
The steady-state piezometry of the Mostaganem Plateau 
aquifer is established using data from the 1970 piezometric 
campaign (Gauchez, 1971), minimizing the gap between 
calculated and observed piezometry. The parameters used 
are the permeability, the recharge, and the thickness of the 
aquifer.

Adjustments were made to the permeability to best 
match the simulated piezometric map to that observed one 
(Table 2).

 At the end of the calibration, a map of the spatial 
distribution of the permeabilities was drawn up across the 
Calabrian aquifer (Figure 10). Five zones of permeability are 
shown, the values are between 1×10-4 and 1.5×10-4 on most 
of the central part of the Plateau and the extreme southwest 
of the Plateau. South of Ain Tedles is a V-shaped zone 
(boreholes F41, F42, F43) whose tip points towards the center 
of the Plateau and whose permeability value is the highest 
of the order of 6×10-4 to 7.5×10-4, another zone lying to the 
east of the city of Mostaganem (boreholes F66, F67), and at 
the eastern end (borehole F85) of the Plateau. These values 
are explained by the presence of lumachellic sandstones 
and limestones. These zones of low permeability values 
are progressively surrounded by ranges of intermediate 
permeability values in the range of 4.5×10-4 to 6×10-4 and 
then values in the range of 3×10-4 to 4.5×10-4.

- in the North limit with no flux, (Figure 9) constituted 
by the marls and clays of the Miocene of Djebel Bel 
Hacel.

- in the North-East, an imposed load limit. 
- in the East and South-East, zero-flow limits.
- in the South, a limit to be imposed is the exit of the 

piezometry towards the plain of the Bordjias; 
- in the South-West, there is also an imposed load limit, 

which is the exit of the aquifer towards the plain of the 
Bordjias. 

-The western limits are a zero-flow limit except for the 
area of the city of Mostaganem, where an imposed 
charge flow was been imposed.

3.3 Boundary conditions 

3.4 Results and discussion
3.4.1 Simulation and calibration in steady-state

Table 2. Permeability Adjusting in steady state.

Borehole N˚ Initial K (m/s) K modified (m/s)

F111 0.125×10-4 1×10-4

F56 0.125×10-4 1×10-4

F41 0.125×10-4 6×10-4

F42 1.5×10-4 6×10-4

F43 0.125×10-4 6×10-4

F85 3×10-4 6×10-4

F92 3×10-4 4.5×10-4

F20 3×10-4 6×10-4

F21 4×10-4 4.5×10-4

F65 6×10-4 6×10-4
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Figure 11. Spatial distribution of the thicknesses of the Mostaganem 
Plateau aquifer.

Figure 13. Simulated and observed groundwater head maps of the 
Calabrian aquifer of Mostaganem Plateau for the steady state of 

1970.

Figure 12. Comparison of calculated and observed heads in steady 
state.

The calibration of the model in a transient state was 
developed considering the arrangement of piezometric 
chronicles and samples in the aquifer. The transient state 
extends from 1st September 2010 to 31 December 2010. The 
simulated piezometry in 2010 is presented in (Figure 14), it 
is calculated from the piezometry observed by the ANRH 
(National Water Resources Agency). A new parameter is 
included in the setting, namely the storage coefficient.

     The recharge of the aquifer is constituted by the flow 
calculated in the form of effective rainfall infiltration rates 
determined by the hydrological balance sheets and by the 
flows imposed on the lateral limits of the modeled domain 
(Kessasra, 2015). The average infiltration is calculated from 
the rain and temperature archives recorded in the stations 
distributed on the Mostaganem Plateau.

The thickness of the aquifer is calculated using the 
drilling logs over the Mostaganem Plateau. The study is 
complemented by geophysical analysis and geological 
sections. A thickness distribution map was made using all of 
its data (Figure 11). The maximum thickness of the aquifer 
is 125 m in the eastern part of the plateau, while the entire 
central part is between 50 and 75 meters thick, up to 100 
meters thick, and it is in this part of the Plateau where most 
of the drilling is concentrated, especially those intended for 
the supply of drinking water.

The setting in steady-state, as shown in (Figure 13), is 
considered optimal. It is satisfactory because the calculated 
hydraulic loads correspond overall to the piezometric 
measurements made in the Calabrian sandstone aquifer of the 
Plateau de Mostaganem. The shape of the isopiezes appears 
to be like the measured isopiezes, the same piezometric 
tendencies have been largely reproduced throughout the 
Plateau. However, isopiezes seem to be shifted in the South-
West probably due to a poor estimation of the permeability 
set due to the lack of measurements in this Plateau area and 
the lack of pumping tests carried out. 

On the Mostaganem plateau, the simulated piezometry 
has a flow direction identical to that observed, it is done from 
the central part towards the south, the east, and the west. 
In the east part, the flow has a divergent aspect, it is done 
towards the east and the west. In the southern part of the 
plateau, the groundwater level passes from 180m to 100m 
and the flow goes south, towards the plain of the Bordjias. 
In the southwest, the groundwater level goes from 80m to 
20m, and the flow is towards the plain of the Macta. In the 
western part of the plateau, the general flow direction goes 
from the city of Mostaganem where the groundwater level 
passes from 180m to 120m.

The simulated head is well correlated with the observed 
head (Figure 12), with a correlation coefficient of 0.99. 
Statistical analysis of the calibration results of the model 
mentioned in Table 3 gives acceptable values. The residue is 
between 0.56 m and 18.85 m. The average absolute value of 
the residues is 0.978 m for a groundwater level between 84.3 
m and 285 m. The square root of the quadratic mean error 
(RMS) is 6,264 m.

3.4.2 Transient state

Table 3. Statistical indices of the results of the model calibration.

Number of points 38

Minimum residue -0.338

Maximum Residue -14.105

Average absolute error (m) 0 978

RMS (m) 6 264

Standard RMS % 3 163

Correlation coefficient 0.99
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The general appearance of the simulated piezometry 
between 1970 and 2010 is similar, especially in its western 
part towards the city of Mostaganem. Piezometry is 
also similar between the two simulation periods in the 
southwestern part of the Mostaganem Plateau south of the 
town of Stidia, where the flow goes south towards the Macta 
Plain, and near the towns of Blad Touahria and Ain Sidi 
sheriff. The general shape of the piezometry is also similar 
between the two simulation periods. The flow is towards 
the plain of the Bordjias. The difference between these 
two maps (1970 and 2010) is observed in the eastern part 
of the Mostaganem Plateau where the 240m isopieze curve 
becomes concentric on the 2010 map.

The general flow direction observed on the piezometric 
maps is identical for both simulation periods. We have also 
monitored the drawdowns of the aquifer by way of drilling 
(Table 4). We find that over 10 years, the groundwater level 

has dropped considerably. The largest drop is observed at 
the P19 borehole in the Blad Touahria region south of the 
Mostaganem Plateau, at 9m. The other major drawdown is at 
the level of the P06 piezometer in the Kheir-Eddine region, 
which is 1.22m. We note that the major drawbacks are in 
the edge areas of the Mostaganem Plateau where the depth 
of the aquifer is shallow and where exploitation is intense, 
especially in the central part of the Plateau.

3.5 Results and Discussion

Figure 14. Simulated groundwater head of Calabrian aquifer for 
transient state period 2010.

Table 4. Changes in the piezometric levels of the Mostaganem Plateau aquifer 
(ANRH Relizane-2010)

Piezometer No Name 1998 1999 2000 2010

P 07 Mostaganem 237 80 237 80 237 80 235.89

P 19 Blad touahria 157.41 156 97 156 98 147.14

P 01 Douar louiza 73.88 73.65 73.65 73.28

P 04 Douar benattia 172 80 172 80 172-01 170.85

P 05 Sidi fellag 131.83 131.83 131.55 131 95

P 06 Kheir - eddine 160 78 160 78 160.79 162.17

P 12 Ennaro 223.62 223.61 223.61 220.25

P 13 Bled fernaka 273 83 273 83 272.39 270.12

P 14 Ain soltane 198.11 198.11 197.61 194.81

P 15 Sour kelmitou 201.72 201.72 201-08 199.58

P 16 Douar medjahri 171.24 170.36 170.35 169 96

KD2 Kheir-eddine 2 145.03 145 59 145 59 154 53

P2 251.38 251.24 251.24 264 57

BT1 Blad touahria 107.07 107.15 106 92 /

Modflow allows the calculation of detailed water 
balances in system inputs and outputs of the system on all 
model elements or by area. These balance aquifers, in the 
form of scales, make it possible to determine the storage 
capacity of the aquifer and the share of recharge by the rains 
and the external borders (Kessasra, 2015).

The transient water balance is shown in Table 5, it 
highlights the supply and output terms following the 
hydrogeological functioning of the Mostaganem Plateau 
aquifer. In terms of inputs, the aquifer is fed by direct 
infiltration of precipitation, which represents 24% of the 
groundwater input. The rest of the inflows come from the 
external and lateral limits of the systems called boundary 
zone inflows, which represent 28.37%. 

The main exit points of the model are represented by 
the water withdrawals by DWS (drinking water supply), 
agricultural and industrial catchments that represent 57.6%, 
and the exits in the southern parts towards the plain of the 
Borgias and the Macta plain 38%, the sources 3.44%. The 
storage capacity of the Mostaganem plateau aquifer is an 
important term, it is 34 570 m3/day, and the destocking of the 
aquifer represents 0.82%.

3.5.1 Aquifer Water Balance
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To predict the possible decrease in the groundwater 
level for the following years on the Calabrian aquifer of 
the Mostaganem Plateau, the schematic conceptual model 
revealed a consistent behavior of the flows to predict the 
possible decrease in the groundwater level for the following 
years of the Calabrian aquifer of the Mostaganem Plateau. 
The schematic conceptual model revealed a coherent 
behavior of the underground flows. During the summer, the 
decrease in the recharge of precipitation and the increase in 
the withdrawals cause a lowering of the piezometric surface 
over the entire Mostaganem Plateau.

Three scenarios have been constructed to assess the 
impact of the changes, which would be due to the exploitation 
of groundwater at the drilling level, to consider rational 
management of the groundwater.

We notice that over 25 years the groundwater level of 
the slick for scenario-1 will continue to decline, especially in 
the central part where we note a fall of 5m and 7.5m. South 
of the town of Stidia in the southwest part of the Plateau, the 
lowering of the aquifer is 12.5 m. The maximum value of 
the blowdown recorded is between 17.5 m and 20 m, and it 
is mainly at the level of the boreholes which overexploit the 
aquifer (Figure 15).

The drawdown for scenario-1 is very important: at 
borehole P01 with 10.25 m in 2035, borehole P15 with a 5.75 
m drop, borehole P16 in the central part of the Plateau shows 
a 2.81 m drop, and borehole P05 with a 1.01 m drop (Figure 
16).

Figure 15. Simulated Piezometric map of Calabrian Aquifer 
scenario-1.

Figure 16. Drawdown map of Calabrian Aquifer Scenario-1.
Scenario 1: the operating flows for DWS and irrigation 

will be constant from 2010 until 2035. The only 
variable is time.

Scenario 2: half of the boreholes intended for the supply 
of drinking water on the Mostaganem plateau are at a 
standstill as of 2014, the launch of the MAO project, 
which supplies some municipalities of the Plateau de 
Mostaganem by the transfer of water from the Chelif 
Dam. Irrigation flow rates are kept constant from 2010 
to 2035.

Scenario 3: An increase in the population of 2.51% 
is observed each year (according to the National 
Statistics Office), the flows of drinking water supply 
and irrigation will be multiplied by 2.51% from 2010 
to 2035.

Nine municipalities in the Mostaganem Plateau were 
connected in 2014 to the drinking water supply network 
from the Mostaganem-Arzew-Oran water transfer complex 
(MAO) and the Sonactel seawater desalination station 
(DHW Mostaganem). This operation affected the douars 
belonging to the municipalities: Mostaganem, Ain Tedèlès, 
Sidi Belattar, Oued El Kheir, Bouguirat, Hassi Mameche, 
Stidia, and Mesra, with a total population of 37 338. 

The project will provide 24/7 drinking water to 
populations to meet a quota of 150 l/day per capita, whereas 
previously these populations were supplied by tanks from 
wells. The annual volume of the MAO transfer is 155 Hm3 
of which 45 Hm3 for the northern part of the Mostaganem 
plateau. After the MAO transfer has been put into operation, 
the 60 AEP boreholes that fed the town of Mostaganem and 
some neighboring municipalities will be shut down, leaving 
the plateau aquifer at rest. It is from this state that the 2nd 
scenario was envisaged. 

Scenario-2 simulation results showed a marked 
improvement in the downturn compared to scenario-1. 
East of the town of Ain Tedles, which lies northeast of 
the Mostaganem Plateau, the drawdown varies between 5 
and 7.5m and is up to about 12.5m to 15m for Scenario-1. 
However, we note a clear improvement for Scenario-2, where 
significant drawdown values have improved to arrive at 
drawdowns ranging from 2.5m to 5m.

3.5.2 Description of Scenarios

Table 5. Water balance of the Mostaganem Plateau aquifer in the 
transient state.

Mostaganem Plateau Inbound (m3/day) Outflow (m3/day)

Storage 34570 737.85

Border contribution 25558 34321

Pumping 0 51867

Drains 0 3105.2

Refill 29934 0

Total 90062 90031
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In the central part of the Mostaganem Plateau, we note 
a marked improvement in the drawdowns, which pass from 
2.5 meters and 5 meters have drawdowns from 1 meter to 2.5 
meters (Figure 17). 

For Scenario-2 (Figure 18), there is a clear improvement 
compared to Scenario-1, for drilling P3 where there is 
a stabilization of the groundwater level throughout the 
simulation period, with a clear improvement in the lowering, 
the same is true for drilling P16. On the other hand, the 
lowering of the aquifer is significant in the southern part 
of the Plateau at drilling P01 with a value of 16.31m and at 
drilling P06 (Kheireddine-2) with 2.9m.

The general shape of the piezometry during scenario-3 
(Figure 19) is modified in the northeastern part of the 
Mostaganem Plateau, east of the city Ain-Tedles. The 
piezometric curves become concentric with the 2010 
simulated map where the curves were parallel at this 
location. On the rest of the Plateau, the general appearance of 
the piezometry is like the simulated map of 2010 with some 
less marked deformations.

The drawdowns for scenario-3 (Figure 20), give worrying 
values, especially in the south of the town of Stidia which are 
of the order between, 21 m to 25 m especially the boreholes 
P02 and P01. On the rest of the Plateau, the drawdowns reach 
5 meters. On the other hand, in the northeast part of the 
Plateau, the drawbacks vary between 6 and 25 m.

62.50% is the withdrawal from the Plateau aquifer for 
scenario-3, which indicates a strong increase in the volume 
was withdrawn (Table 7).

49.20% represents the abstraction at the level of the 
Plateau aquifer after half of the drilling for DWF has stopped, 
so we note an improvement in the volume taken (Table 6). 

Figure 18. Drawdown map of Calabrian aquifer Scenario-2.

Figure 20. Drawdown map of Calabrian aquifer Scenario-3.

Figure 19. Simulated piezometric map of Calabrian aquifer 
scenario-3.

Table 6. Water balance of the Mostaganem Plateau aquifer resulting 
from scenario-2, 

(Period 2010-2035). Table 7. Water balance of the Mostaganem Plateau aquifer resulting 
from scenario-3.

(Period 2010-2035)Mostaganem Plateau Inbound (m3/day) Outflow (m3/day)

Storage 23651 1190.2

Border contribution  25137 35653

Pumping 0 38723

Drains 0 3110.5

Refill 29934 0

Total 78723 78677

Mostaganem Plateau Inbound (m3/day) Outflow (m3/day)

Storage 43293 1126.1

Border contribution  25670 32928

Pumping 0 61773

Drains 0 3040.6

Refill 29934 0

Total 98897 98868

Figure 17. Simulated Piezometric map of Calabrian aquifer 
scenario-2.
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The three scenarios were combined in a single graph 
(Figure 21 and Table 8) for each of the boreholes to compare 
them. We see the first group of boreholes with the same 
pattern, P16, P15, and P14, the groundwater level of these 
three boreholes drops during the period 2010 to 2013. In 
2014 we notice an improvement in the groundwater level for 
scenario-2 and 3, while for scenario-1 the groundwater level 
continues to drop until the end of the simulation. These three 
boreholes are in the central and eastern parts of the plateau, 
where the thickness of the aquifer is significant.

The P05 and P04 boreholes are in the western part. 
After a drop in the groundwater level, drilling P05 shows 
stabilization of the groundwater level for scenarios-2, while 

(Table 9) shows the results from the transient scenarios 
through the variations in the groundwater level on the 
Plateau: at borehole P01 in the south-west, borehole P15 in 
the far north-east and south of the town of Ain Tedles, and 
borehole BT1 in the south of the Plateau. Figures.6 and 7 
illustrate the piezometric mapping of the different scenarios 
chosen in this study. 

(Figures 19, 20, and 21) show the different drawdowns 
observed during the three scenarios envisaged for the 
Mostaganem Plateau aquifer. 

the continuous level decreases for scenarios-1 and 2. The 
groundwater level curves of scenarios-1 and 2 overlap for 
P04 and show a slight drop from the beginning to the end of 
the simulation. 

P01 is located southwest of the plateau where the aquifer 
thickness is small. We notice a decrease in its groundwater 
level for all three scenarios. The P19 and P13 boreholes have 
identical graphs with a stable groundwater level during the 
simulation for scenario-1, while a decrease in piezometric 
levels is observed for scenarios-2 and 3. The P12 borehole 
reacts well to scenario-2, whereas we note a decrease in the 
level during scenarios-1 and 3.

Table 8. Drilling down to the level of the Mostaganem Plateau boreholes for the three scenarios

3.5.3 Comparison of the three Scenarios

Figure 21. Comparison with the three scenarios on the Mostaganem plateau.

P3 P19 P16 P15 P14 P13 P12 P05 P04 P01 KD2 BT1

Scenario-1 0.01 0.02 2.81 5.75 0.06 -0.02 0.37 1.01 0.02 10.25 1.05 0.69

Scenario-2 0,003 260 0 414 1 5,033 0,016 347 0 117 0 408 0 0,018 16,312 2,085

Scenario-3 0,006 274 0 440 1 695 7 0,030 347 0 173 0 538 0 0,030 840 21 326 1 188 2

-0.003 255 0 369 -1 945 1 -0.027 370 0 -0.202 -0.471 0,010 11,588 280 0 498 1
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Table 9. Variations in simulated groundwater levels of the Calabrian Tablecloth of the Mostaganem Plateau

P3 F19 F16 P15 P14 F13 P12 P05 P04 P01 BT1

Scenario-1 214.78 141.20 187.82 201.49 208.96 289.60 237.71 121.74 169.84 73.84 108.90

Scenario-2 214.79 140.96 189.21 202.21 209.00 289.23 237.97 122.34 169.85 67.68 107.50

Scenario-3 214.78 140 .6 187.98 198.23 208 99 289.26 237.67 121.99 169.82 57.99 107.38

In these difficult water conditions (lowering of the 
groundwater level, overexploitation of the aquifer), all 
economic and environmental activities of the Plateau are 
affected. Drinking water supply (DWF) is disrupted and 
agricultural production is reduced.

Modeling in hydrogeology advances the understanding 
of the functioning of the modeled system and predicts 
future the state of the aquifer according to different 
solicitations (predictive mode, modification of variations 
of input variables) or to evaluate the response of the system 
to different scenarios of use of the system (management 
mode; variations in boundary parameters and conditions) 
(Villeneuve & al., 1998).

Transient state modeling may be useful in determining 
the location of operational boreholes and piezometers for 
groundwater monitoring. The transient state simulations 
are used to model time-dependent problems where large 
volumes of water are released from the aquifer.

The Mostaganem Plateau has discontinuous data over 
time and a piezometric monitoring network that is well 
distributed over the entire plateau, but certainly with an 
insufficient number, which can lead to gaps and uncertainties 
in forecasts.

For all scenarios, there is a sharp piezometric decline 
over the whole of the Plateau de Mostaganem, until 2035. 
The Calabrian aquifer is continuously overexploited, and this 
has been for many years. This continuous depletion of the 
underground resource is due to greater withdrawals compared 
to the total recharge of the aquifer, and consequently, the 
volume stored continues to decrease. These simulations, 
therefore, suggest that current sampling rates cannot be 
maintained in the long term, especially with the current 
drought that the country and North Africa in general, are 
experiencing.

Based on the results of these scenarios, it is so important 
for sustainable management of the Mostaganem Plateau 
aquifer to set up a follow-up of the withdrawals (DWS, 
AEA, and AEI), to limit as far as possible the carrying out of 
new catchments in this aquifer and above all to control and 
sometimes penalize illegal drilling.
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Abstract

1. Introduction

2. Material and Methods
The use of heavy mineral assemblages to identify and 

describe sediment source areas has become familiar. In 
provenance studies, the variation of the chemical composition 
of a single mineral species is a very important technique 
(Morton, 1985), because the weathering, diagenesis, and 
sedimentation do not affect these minerals (Morton and 
Hallsworth, 1999).

The data of heavy minerals (especially chromite) in 
sedimentary rocks are commonly used as indicators of 
the petrological characteristics of the parent rocks. Many 
petrological studies point out the relations between the 
chromite spinel group (that includes chromite, chromit-
spinel, and spinel) chemistry, rock type, and provenance 
(Lee, 1999).

Chromite is used as a guide in petrological studies. 
Some chemical ratios of oxides in chromite are considered 
important parameters, such as Mg# (Mg/Mg + Fe2+), Cr# (Cr/
Cr + Al), and TiO2.

The chemistry of chromite is important for classifying 
mantle-derived peridotites in terms of the origin and the 
tectonic setting. Chromite from stratiform deposits has (Cr#: 
0.6 to 0.8), (Mg# 0.2 to 0.8). On the other hand, chromite 
from podiform deposits may have (Cr#: 0.15-0.85; Mg# (0.4-
0.8) (Steele et al., 1977; Al-Juboury et al. 2009).

The present research deals with the geochemistry of 
chromite from the Gercus Formation (Middle Eocene) in the 
north of Iraq (Fig. 1) and it discusses the use of chromite 

mineral chemistry to make inferences regarding provenance 
and tectonic setting.

Nine samples were collected from Gercus Formation 
from three sections: three samples from the Dohuk section, 
four samples from the Badi section, and two samples from 
the Shaqlawa section. The mineralogy of the samples has 
been revealed optically and by electron probe microanalysis 
(EPMA) and back-scattered electron imaging. 

The analysis was conducted in the labs of the US Geological 
Survey. To diagnose and describe the chromite grains, A 
binocular microscope was used, with a fully automated 
JEOL JXA-8900 five-spectrometer electron microprobe 
that uses wavelength-dispersive X-ray spectroscopy and 
quantitative electron microprobe to determine the main and 
minor elements. The points of analysis were defined using 
optical and back-scattered electron imaging. Analyses were 
performed using a 1 to 20-micrometer diameter probe spot 
and a 15 keV (silicates and carbonates) or 20 keV (oxides) 
accelerating voltage, 10, 20, or 30 nA probe current and the 
counting times were 10 to 120 seconds. 

Standard reference materials, both natural and synthetic 
were used. The analyses were corrected for electron beam/
matrix effects, experimental drift, and dead time using the 
JEOL JXA-8900 electron microprobe’s Phi-Rho-Z (CITZAF; 
(Armstrong, 1995) method. Based on a comparison of 
measured and published compositions of standard reference 
materials, the relative accuracy of the analyses was 1-2% for 
major oxides and 5-10% for minor oxides concentrations.

Keywords: Detrital chromite, the Gercus Formation, Provenance, Tectonic setting.
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The current research dealt with the mineralogical and geochemical characteristics of the detrital chromite mineral in the 
sandstone from the Gercus Formation (Middle Eocene). Three sections of the north of Iraq were selected to identify the nature 
and type of the source rocks and the tectonic setting. Detrital chromite is found in high concentrations in fine sandstone with 
glossy black color. Based on the geochemical analysis, it is evident that the mineral contains 33.35% - 6.534% Al2O3, 65.36% 
- 33.27% Cr2O3, 16.44% - 6.49% MgO, 22.37% - 10.806% FeO, 0.0 - 9.012% Fe2O3, and 0.014% - 0.9% TiO2, therefore, it can 
be classified as Al-chromite. Additionally and according to the ternary plot of Cr3+, Al3+, and Fe3+, it is concluded that the 
origin of the chromite in question is compatible with Alpine-type peridotites chromite (which contains harzburgitic mantle 
peridotites) and it was developed primarily in a supra-subduction zone environment.
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3. Geological Setting

The Gercus Formation is made up of clastic, carbonate, 
and evaporate sequences. It consists of sandstone, mudstones, 
conglomerates, siltstone, and marls with a gypsum lens and 
little thin micritic carbonate beds. These beds were deposited 
in a range of sedimentary environments, such as arid to 
semiarid (dry) alluvial fans, ephemeral streams, interdunes, 
and lakes, aeolian dunes (Hussain and Aghwan, 2015; 
Awad and Ahmed Alsultan, 2020) Dohuk Dam, Brifca, and 
Shaqlawa. Moreover, this Formation can be regarded as part 
of Megasequence AP 10 ( Arabian Plate10)  (Sharland. et al., 
2001) and it is regarded as a Middle-Late Eocene sequence, 
which is part of the Megasequence Middle Paleocene–
Eocene (Jassim and Goff, 2006). 

The deposition of the Gercus Formation during the 
period of renewed uplift of the eastern margin (Zagros 
margin) of the Arabian Plate at the end of the Early Eocene 
(Aqrawi et al., 2010). As it was deposited in the period of the 
final phase of the subduction and the closing of the remains 
of the New Tethys Ocean, it was deposited in a basin located 
to the southwest of the Balambo-Tanjero zone (Jassim and 
Goff, 2006).

The area studied is located in the northern part of Iraq, 
in high folded zones according to tectonic divisions of Iraq 
(Fouad, 2015) (Fig.1). Three sections were chosen and these 
sections are represented by Dohuk (near Dohuk dam), Badi 
and Shaqlawa.

oxide and silicate-carbonate grains in the sample. 

Most chromite grains exhibit weak deformations such 
as polygonal or angular crystal appearances and ductile 
deformations (such as elongated worm-like shapes) and cluster 
to form chromite bands or disseminated varieties (plate1-B 
and C). In the Dohuk section, sandstone beds (0.2 to 6.0 m 
thick) are often moderately to well sorted, with sedimentary 
structures such as wind lamination, massive bedding, and 
cross-bedded strata with high-angle inclination. Sometimes 
the sandstones are badly sorted and pebbly. The mineral 
assemblage mainly comprises dolomite, quartz, serpentine, 
and altered Fe-oxides. EPMA- revealed amphibole, chlorite, 
chromite, and feldspar. In the Badi section, reddish brown, 
red-orange, pale yellow, and dark grey sandstones (0.2-1.0 
m thick) with peat were distinguished. Good bedded or 
lenticular beds can be observed in the sandstones, especially 
where they are interbedded with conglomerates and can be 
followed laterally several hundred meters. Some of the sand 
sheets are made up of fine -to medium-grained, well-sorted 
sandstones with a parallel lamination and low-angle tabular 
cross-bedding. Both types of bedded sandstone have local 
burrows and pebble lineation with ventifacts. The sand sheet 
consists of medium to coarse-grained sandstones that have 
been inadequately sorted in other circumstances. These 
sandstones can be found as thick beds with scattered mud 
pebbles and wind-worn clast (gravels) or as tabular cross-
bedding that is laterally persistent. 

The mineral assemblage of the Badi section consists 
mainly of dolomite, quartz, serpentine, altered Fe oxides, 
and rare titanite -EPMA- documented the presence of 
chlorite, chromite, and feldspar. In the Shaqlawa section, the 
sandstone thickness ranges from 0.2 to 4.0 m. Moreover, the 
fresh surfaces are normally pink to light reddish brown, and 
even dark brown peat. However, weathered surfaces are often 
pale. These sandstone beds are usually fine- to medium-
grained, well-sorted, massive, laminated, and commonly 
cross-bedded. Some sandstone beds are massive and 
structureless rock, sheet-like beds with parallel laminations 
and are typical in laminated sandstone in addition to that 
low-angle cross-bedding is occasionally observed. The 
mineral assemblage consists of Calcite, calcite cement, 
dolomite, quartz, altered serpentine EPMA: amphibole, 
chlorite, chromite, and feldspar.

Al-Jubory et al. / JJEES (2023) 14 (2): 126-134127

Figure 1. Tectonic map of Iraq (Fouad, 2015) and location of the 
studied sections. 

4. Result and Discussions

According to previous petrological and chemical 
research (AL-Rawi, 1982; Dhannoun et al. 1988), dolomite 
and serpentinite were the primary sources of the Gercus 
sediments. The chromite grains are glossy black under the 
reflected light, with sharp edges and conchoidal fracture 
(plate 1-A). Scanning electron microscope (SEM) and back-
scattered electron (BSE) images show the typical millimeter-
scale oxide (chromite, magnetite, and ilmenite) detrital 
layers separated by detrital silicate and carbonate grains 
(plate1-B), while the enlargement of a typical oxide layer 
demonstrates the predominance of angularity in both the 

The structural formula for representative analyses was 
recalculated based on 32 oxygen and determined in atoms per 
formula unit (a.p.f.u.) as shown in Tables 1, 2, and 3. Excel 
spreadsheets from GabbroSoft (http://www.gabbrosoft.org/
spreadsheets ) were used to calculate mineral formulas. Fe+2 
and Fe+3 were determined stoichiometrically. The analysis 
indicates that the chromite contains 33.35% - 6.534% Al2O3, 
65.36% - 33.27% Cr2O3, 16.44% - 6.49% MgO, 22.37% - 
10.806% FeO, 0.0 - 9.012% Fe2O3 and 0.014% - 0.9% TiO2. 
MnO and ZnO are typically present in only minor abundance, 
generally ˂ 0.5%. Titanium (Ti4+), which occurs in magma, 
can enter the spinel structure by coupling with Fe2+ and 
replacing two Fe3+ in the octahedral site (Ghosh and Konar, 
2011). According to the nomenclature of Stevens (1944), the 

4.1 Petrography and Field Description 

4.2 Mineral chemistry of Chromites
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Plate 1. A- Magnified photomicrograph of chromite grain with shiny black under reflected light; B- Scanning electron microscope (SEM) 
of enlargement of a typical oxide layer (sample GD4); C- SEM-BSE images of typical habits of the oxides; chromite (Chr), magnetite 

(Mag) and ilmenite (Ilm); sample GD3. D- SEM-BSE images for Chromite (Chr) illustrating alteration along a crack and on the edges, 
dolomite (Dol), rim (R), and core (C).

studied chromite is classified as Al-chromite (Fig.2). Basaltic 
melts or metasomatic processes are the primary sources of 
Al-rich chromite (Franz and Wirth, 2000; Daczko et al., 
2012). Zoning has not been observed, except the analysis 
of one grain of the sample (GD3) that shows compositional 
zonation were chromite (Chr) illustrating alteration along 

a crack and on the edges. EPMA analysis of Rim wt% 
(Al2O3 = 16.2, Cr2O3 = 53.1, FeO total = 20.5) and Core wt% 
(Al2O3 = 0.67, Cr2O3 = 47.2, FeO total = 44.5) shows that the 
alteration fluids were iron-rich and preferentially removed 
Al, dolomite (Dol) grains surrounding the chromite show 
evidence of pressure dissolution (plate1-D).

Figure 2. (Fe3+, Al, Cr) diagram shows a type of detrital chromite 
from the Gercus Formation, The fields from (Stevens, 1944).
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Table 1. Chemical composition of detrital chromite from Dohuk section, Gercus Formation.

Dohuk sectionSection

GD4GD3GD1Sample no

2 143214321Spots

0.000.000.000.000.000.000.000.000.010.01SiO2%

0.040.060.040.070.040.050.010.060.310.04TiO2%

14.4418.4710.5018.799.176.538.4822.4211.8724.87Al2O3%

57.4550.1558.1852.3365.3663.9161.7946.5752.7542.39Cr2O3%

0.002.112.840.350.000.072.202.436.445.10Fe2O3%

14.9715.7718.1617.0014.0915.5918.0416.8018.7214.87%FeO

0.560.370.660.330.725.450.450.320.420.27%MnO

11.5112.069.6211.659.667.089.8312.129.7813.85%MgO

0.010.010.080.020.070.050.060.060.050.02%CaO

0.190.140.200.150.401.290.130.210.140.12%ZnO

99.2299.13100.27100.7099.50100.03100.98100.99100.49101.54TOTAL

apfu

0.000.000.000.000.000.000.000.000.000.00Si

0.010.010.010.010.010.010.000.010.060.01Ti

4.405.523.275.552.892.112.646.493.677.03Al

11.7510.0612.1510.3613.8313.8512.929.0410.948.03Cr

0.000.000.000.000.000.000.000.000.000.00V

0.000.400.560.070.000.020.440.451.270.92Fe+3

3.243.344.013.563.153.573.993.454.102.98Fe+2

0.120.080.150.070.161.270.100.070.090.05Mn

4.444.563.794.353.852.903.874.443.824.95Mg

0.000.000.020.010.020.010.020.020.010.01Ca

0.040.030.040.030.080.260.020.040.030.02Zn

24.0024.0024.0024.0024.0024.0024.0024.0024.0024.00TOTAL

0.580.580.490.550.550.450.490.560.480.62#Mg

0.000.030.040.00-0.000.030.030.080.06Fe3+#

0.730.650.790.650.830.870.830.580.750.53#Cr
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Shaqlawa sectionSection.

GS4GS3Sample no

3214321Spots

0.000.000.000.000.000.000.00SiO2%

0.100.150.750.150.050.900.15TiO2%

20.9621.7424.3412.3820.6020.969.56Al2O3%

44.8642.7634.6254.5850.3644.7760.84Cr2O3%

5.916.479.015.110.964.561.48Fe2O3%

14.1914.4219.2315.9410.8114.9415.66FeO%

0.310.320.330.340.200.310.33MnO%

13.5713.3110.6811.5515.5613.5811.41MgO%

0.020.100.150.110.040.030.05CaO%

0.100.130.140.080.050.120.04ZnO%

100.0299.4099.25100.2498.63100.1799.52TOTAL

apfu

0.000.000.000.000.000.000.00Si

0.020.030.140.030.010.170.03Ti

6.106.357.183.785.996.092.97Al

8.768.386.8511.179.828.7312.68Cr

0.000.000.000.000.000.000.00V

1.101.211.700.990.180.850.29Fe+3

2.932.994.023.452.233.083.45Fe+2

0.060.070.070.070.040.060.07Mn

5.004.923.984.465.724.994.48Mg

0.010.030.040.030.010.010.01Ca

0.020.020.030.020.010.020.01Zn

24.0024.0024.0024.0024.0024.0024.00TOTAL

0.630.620.500.560.720.620.57Mg#

0.070.080.110.060.010.050.02Fe3+#

0.590.570.490.750.620.590.81Cr#

Table 3. Chemical composition of detrital chromite from Shaqlawa section, Gercus Formation.

The chemical composition of chromite gives information 
on the types of source rocks in various tectonic settings (Lee, 
1999). Chromite spinels form under a variety of settings, 
either from partial melting of upper-mantle peridotite or 
from mafic and ultramafic magmas. As a result, they are 
significant indicators of the host rock’s original composition 
(Roeder, 1994). The geochemistry of chromite in mantle 
peridotites provides information about the residual mantle 
like its melting degree and melting condition, as well as 
the nature and the extent of melt/rock interaction, thus this 
information can be used to determine whether the mantle 
sequence was formed at Mid-Ocean Ridge (MOR) setting, 
at a Supra-Subduction Zone (SSZ), or those that were formed 
due to multiple tectonic settings. The important chemical 
parameters, which are used to determine the provenance of 
chromite are Cr #, Mg#, Fe3+#, and Ti content (Al-Juboury et 
al., 2009).  Cr # [Cr/(Cr + Al)] ranges between  0.4 and 0.87; 
Mg# [Mg/(Mg + Fe2+)] ranges from 0.34 to 0.72; Fe3+# [Fe3+/
(Cr + Al + Fe3+)] ranging from 0.00 - 0.11 and Ti content 
ranging from 0.00 - 0.17. The TiO2 content of chromite is also 
a very useful tool to elucidate the paleotectonic setting, low 
Ti, and Fe3+ of chromite point to peridotites origin. This issue 

can be supported by using the ternary plot of Cr3+, Al3+, and 
Fe3+ (Fig. 3), which indicates that all samples are compatible 
with Alpine-type peridotites chromite.

4.3 Chromite provenance and paleotectonic setting

Figure 3. Ternary diagram of Cr3+, Al3+, and Fe3+ for detrital chromite 
of Gercus samples. The fields of Alpine-type peridotite, stratiform 

and Alaskan-type complexes are from (Cookenboo et al. 1997).
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The high refractory nature of chromite (Cr # = 0.4 - 0.87) 
is more typical of supra-subduction zone chromite than 
chromite generated during the petrogenesis of mid-ocean 
ridge basalts (Dick and Bullen, 1984; Batanova and Sobolev, 
2000). This conforms with the plotting of TiO2 vs. Al2O3, 
which shows that the majority of samples fall in the field of 
supra-subduction zone peridotite (SSZ peridotite) (Fig. 4). 
Through using the discrimination plot of (Pober and Faupl, 
1988) (Fig. 5), it is evident that the samples fall within the 
range of harzburgite, which is more common than lherzolite. 

The Cr# of chromite from on-land Alpine-type peridotites 
ranges between 0.08 - 0.95. Peridotites that are predominate 
around the harzburgite-lherzolite boundary have Cr# = 0.5 
(Values greater than 0.5 are harzburgites).

 Ophiolitic harzburgites have similar characteristics to 
fore-arc peridotites, which belong to ocean-floor peridotites 
(Arai, 1994). When using Cr# - Mg# diagram (Fig. 6), 
the samples plot within the forearc peridotite field with a 
minor boninite signature. We primarily describe chromite 
chemistry to Tethyan ophiolites as chromites are Al- 
chromite (with intermediate Cr# 0.4 to 0.9) more related 
to the podiform Alpine-type and they can be compared to 
other chromites from Iraqi and Turkish ophiolitic complexes, 
(chromites from Iraq’s Zagros ophiolitic complexes (Buda 
and Al-Hashimi, 1977), as well as those from Turkey’s 
Ortakale region (Tiiysiiz, 1993). The Zagros ophiolite 
peridotites have high Cr# spinel compositions, which 
mostly plot in the fore-arc field (Moghadam and Stern, 
2011). The serpentinized peridotites and related chromites 
from north of Iraq according to (Al-Jawadi, 1980) are 
chemically, mineralogically, and texturally closer to Alpine-
type peridotites. They are rich with Al in general and more 
similar to those of podiform alpine-type. This supports 
the interpretation of the current research findings. The 
subduction of the Neo-Tethyan oceanic crust beneath the 
Iranian and Turkish microcontinents is part of the history of 
the Alpine Orogeny in the north of Iraq. Subduction in this 
area lasted for most of the Cretaceous and Tertiary periods 
and the continental plate collision between the Arabian 
passive margin and the active edges of Turkey and Iran 
consumed the Neo-Tethyan oceanic crust completely (Buday 
and Jassim, 1987).

Figure 4. TiO2 vs. Al2O3 relationship showing the tectonic setting 
for detrital chromite of the Gercus Formation (after Kamenetsky 

et al., 2001).

Figure 6. Cr-number vs. Mg-number diagram. Individual data fields 
are the composition of chromites from back-arc and fore-arc basin 

peridotites (Dick and Bullen, 1984).Figure 5. Cr# - Mg# diagram showing the discrimination fields of 
chromite derived from the two major peridotite subtypes (Pober and 

Faupl, 1988).
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5. Conclusion
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Abstract

et al., 2016;  Cirelli et al, 2012). Furthermore, some studies 
show that there is a possibility for the transport of pathogens 
through the leaf, stem, cracks, or flaws in the skin (Serrano et 
al., 2014; Tournas, 2005). Soil salinization related to irrigation 
with wastewater is still a concern (Bedbabis et al., 2014). In 
arid and semiarid areas, salinization is a common problem. 
Around the world, 0.3–1.5 million hectares of arable land are 
abandoned each year as a result of salinization (Harper et al., 
2021). Therefore, scientific researchers suggested measures 
to mitigate problems related to TWW irrigation (Nogueira et 
al., 2013; Cirelli et al, 2012)

The entire world cultivates and consumes potatoes and 
their production exceeded 370 million tons per year (FAO, 
2019). In Jordan, potatoes were the second area planted 
vegetable after tomatoes in 2019 with a total production of 
379 thousand tons (Suleiman, 2022). Potatoes production 
is concentrated in Jordan Valley, where the irrigation water 
is from King Talal Dam (KTD). Some potential sources 
of contaminants affecting the water quality of KTD, 
contaminants include discharges from the Samra wastewater 
treatment plant (WWTP) and Wadi Rmemeen (Al-Taani et 
al., 2018). Although the fact that potatoes are eaten cooked, 
and subsequently safe, high microbiological irrigation water 
quality is required because the high and constant humidity 
beneath the potato crop canopy is conducive to pathogen 
growth (Adams and Stevenson, 1990). Jordan standard 
(893/2021) for TWW use for irrigation includes root and 
tuber crops under the same category as other vegetables that 
are eaten cooked. 

Keywords: Treated wastewater, Blended water, Escherichia coli, Pathogens, Salinization, Potatoes, Jordan.
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 In this study, the effects of irrigation with treated wastewater (TWW) on the physical, chemical, microbiological, and yield of 
potatoes were investigated. Potatoes (Solanum tuberosum) were irrigated by drip irrigation system using conventional irrigation 
water (CIW), TWW, and blended irrigation water (BIW). The concentration of all chemical and microbial characteristics of 
irrigation water was falling within the limits of Jordanian standards (JS893/2021), except for turbidity and boron. Pathogen 
indicators, Salmonella, and Helminth eggs were not found in TWW. The TWW-irrigated plots were significantly higher than 
BIW and CIW in electrical conductivity, organic carbon, total nitrogen, and sodium adsorption ratio (SAR). Soil iron, total 
Coliform, and Escherichia coli (E,coli) contents increased significantly within TWW-irrigated plots. Potatoes’ fresh yield 
weight irrigated with TWW was significantly higher compared to the CIW. Treated wastewater and BIW treatments tended 
to have more considerable fruit weight and size than CIW. The E. coli was not significantly different on the surface of potato 
fruits, while total Coliform increased significantly for fruits within the TWW-irrigated plots.
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1. Introduction
Jordan has one of the lowest water availability rates in 

the world. Since 1964, the Jordanian individual’s share of 
annual water use has decreased from 3,600 to less than 100 
m3/capita, which is less than 10% of the estimated worldwide 
water poverty level of 1,000 m3/capita (MWI, 2019). Jordan’s 
Ministry of Water and Irrigation adopted National Strategic 
Plan (2016-2025) that incorporates blended irrigation water 
(BIW) with treated wastewater (TWW) a water source 
added to the water budget for unrestricted reuse utilization 
for agricultural irrigation. Agriculture uses 52% of the total 
conventional water in the country; 29% of the irrigation water 
comes from TWW (MWI, 2020).

Using TWW for agriculture irrigation could be associated 
with potential problems such as health hazards, salinity 
build-up, and toxicity hazards (Hashem and Qi, 2021; Qiu 
et al., 2015). To safeguard public health and make TWW 
use in agriculture safe, the Jordan Standards and Metrology 
Organization (JSMO) developed and issued the Jordanian 
Standards 893/2021 (JSMO, 2021), based on WHO guidelines 
(WHO, 2006). These standards prohibit the use of TWW for 
irrigating vegetables that are eaten raw (uncooked). 

Although wastewater contains nutrients important for soil 
productivity, it may contain toxic materials that may influence 
soil health and crop yield, besides pathogens (Ahmad et al., 
2016). Several studies evaluated the positive and negative 
impact of TWW-irrigation on soil quality and yield, 
(Chaganti et al., 2021; Jahany and Rezapour, 2020; Paudel et 
al., 2018; Urbano et al., 2017; Akhtar et al., 2012; Gharaibeh 



2. Materials and Methods
2.1. Study area and experimental conditions

 2.2. Water analyses

2.3. Soil analyses

 The experiment was conducted on a farm located in Deir 
Alla (32.233615°N, 35.603982°E) at an elevation of -224 m 
below sea level. Summers in Deir-Alla are hot and dry, and 
winters are mild and wet (Kool, 2016), with an annual mean 
temperature of 23.6°C. The temperature in summer is around 
40°C and rarely drops below 20°C in winter. The average 
total annual rainfall is 285 mm (Kool, 2016; Tarawneh and 
Kadıo˘glu, 2003).

  A randomized complete block design (RCBD) with 
three replicates, was used to examine treatments: (i) CIW; (ii) 
BIW (50% CIW blended with 50% TWW); (iii) TWW. Three 
separate tanks and three irrigation pumps were used. Each 
block was distributed in a random order so that they would 
not be next to each other. Potato tubers (Solanum tuberosum) 
cv. (Florice) was planted in clay loam soil, in January 2021. 
Every row was irrigated using drip irrigation covered with 
plastic mulch.

Temporary plastic tunnels were used, at the time of 
rainfall, to prevent rainwater from entering the treatment 
plots. Each plot contained three rows, each 7 m long. The 
plants were spaced 40 cm apart and rows were separated 
by 130 cm. Each row had an irrigation line, and 6 liters hr-1 
discharge emitters. Potatoes were harvested in April 2021. 
TWW was sourced from the secondary stage of the Kufranjah-
wastewater treatment plant (KWWTP). The KWWTP plant 
comprises preliminary treatment (screening, grit removal), 
activated sludge, tertiary treatment, and sludge treatment.

 In this study, the fertilizer requirement for potatoes was 
divided into three applications throughout the growing season. 
In the first growth stage, nitrogen-phosphorus-potassium 
granular (NPK 18-18-5) was applied at the planting date. 
In the second stage, phosphorus is required at higher levels, 
so fertilizer (NPK, 12-61-0) is applied while supplying low 
nitrogen levels to sustain vegetative growth. In the maturity 
stage, NPK 13-0-46 was applied. The fungicide (Ultimatrix 
52.5%WG) was used to control the early blight of potatoes.

 For each irrigation event, the irrigation depth was applied 
and recorded. Farmer’s experience was the decisive factor 
in the timing and amount of irrigation to meet crop water 
requirements.

FSC402).

Total suspended solids (TSS) were measured using the 
filtration method, then drying the filtered sample at 105°C. 
Total nitrogen (TN as N) was measured using the Kje1dahl 
method. Ion chromatography (Dionex DX-120) was used to 
analyze chloride, nitrate, phosphate, and sulfate. Potassium 
and sodium were determined by a flame photometer 
(Jenway Clinical PFP7). Calcium was measured by 
ethylenediaminetetraacetic acid (EDTA) titrimetric method, 
and magnesium was measured by the difference between 
calcium and hardness (APHA, 2005). 

 HCO3 was determined using the titration method. 
Equation (1) was used to calculate the sodium adsorption ratio 
(SAR), as described by Lesch and Suarez (2009); Inductively 
Coupled Plasma (ICP-OES - Perkin Elmer, Model 2000 DV) 
was used to measure heavy metals.

The BOD-5Day method was used to determine biological 
oxygen demand (BOD5), and the Closed Reflux, Titrimetric 
Method was used to measure chemical oxygen demand 
(COD) (APHA, 2005).

 For microbiological analysis, water samples were 
collected in sterilized glass bottles with sodium thiosulphate. 
The samples were kept cold in an icebox below (10°C) 
during the transport period. The multiple tube fermentation 
method (MTF) was used to count E. coli and total Coliforms 
(APHA, 2005). The modified-Bailenger method was used to 
count Helminth eggs (Ayres et al., 1996). Salmonellae were 
measured as described by APHA (2005) and (Collee et al., 
1989).

During the experiment (January, February, and March 
2021), water samples were collected from the holding tank 
in clean plastic bottles. Water sampling was conducted 
whenever the tanks are filled. According to the American 
Public Health Organization’s standards (APHA, 2005), 
electrical conductivity (EC) was immediately measured using 
a conductivity meter (Jenway Conductivity Meters); pH using 
a pH-meter (Mettler Toledo, model FP20 Meter); dissolved 
oxygen (DO) was measured using a dissolved oxygen meter 
(Lovibond SD 400 Optical); A turbidity (TUR) meter (Mettler 
Toledo FSC402) was used to measure TUR (Mettler Toledo 

   Potatoes were harvested in April 2021, after 104 days of 
planting. Soil samples were collected from each plot, between 
the plants (emitters) for each depth of 0-20 cm, 21-40 cm, 
and 41-60 cm. Three soil samples were homogenized as 
composite samples from each plot for each depth. The air-
dried soil samples were crushed and sieved using a 2-mm 
screen.

 The soil texture was determined using the pipette method 
(Gee and Bauder, 1986); The oven-dry reference mass was 
used to calculate field capacity using the gravimetric method; 
the bulk density of the soil was determined using the core 
technique (Blake and Hartge, 1986). Equation(2) was used 
to calculate porosity. According to Richards (1954), the 
saturation paste extract and soil suspension was prepared.

ECe (dS m−1) and pH were measured (1 soil: 1 water) as 
described by Richards (1954) and Jackson (1958), respectively. 
Sodium was measured directly by flame photometer according 
to Richard (1954). The sodium adsorption ratio (SAR) was 
calculated according to equation (1); Kjeldahl digestion was 
used to measure total nitrogen, then by distillation of steam 
(Jackson, 1958); the hot water technique was used to measure 

This study aimed to investigate the effects of TWW used 
for agriculture irrigation on soil chemical, physical, and 
microbial properties, and potatoes’ yield.
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3. Results and discussion 
3.1. Irrigation water characteristics

2.5. Statistical analyses

2.4. Yield and microbiological characteristics

Chemical and biological analyses were done to assess CIW 
and TWW (Table 1). Most of the average characteristics of 
TWW and CIW used for irrigation (in mg L−1) were within the 
limits of FAO recommended concentrations (Pescod, 1992), 
and the technical regulation of reclaimed domestic wastewater 
use, number 893/2021 in Jordan (JSMO, 2021). The turbidity 
of TWW (25 NTU) was higher than the maximum limits for 
irrigation (10 NTU). High TUR and TSS in TWW could cause 
emitter clogging, particularly if micro-irrigation is used (Li et 
al., 2013; Pescod, 1992). The electrical conductivity (EC) of 
TWW (2.06 dSm−1) was 3.27 times higher than CIW electrical 
conductivity (0.63 dSm−1). In general, TWW salinity is 1.5 – 2 
times higher than freshwater salinity, according to Chen et al. 
(2013).

Boron (B) content of CIW (2.08 mg L−1) was 4.73 times 
higher than TWW (0.44 mg L−1) and exceeded the maximum 
limits for irrigation in JS893/2021(JSMO, 2021) (1.0 mg 
L−1) and FAO (Ayers and Westcot, 1985) (2 mg L−1). Boron 
(B) is often found in high concentrations in association with 
saline soils and saline well water (Hilal et al., 2011). Higher 
B concentration can be interpreted as caused by distillation 
units of groundwater wells for CIW. The reverse osmosis 
(RO) membrane desalination process is an efficient and 
reliable technology for the production of drinking water from 
brackish water. However, RO membranes reject the B (Jung 
et al., 2020).  

Potatoes are moderately sensitive to B (1.0 to 2.0 mg L−1) 
(Pescod, 1992). The B is significant for improving potato 
tuber yield and quality by increasing the immunity of potato 
plants to early blight and thus reducing the usage of fungicides 
in crop production (Marschner, 2011).

Table (1) indicates that TWW contains higher amounts 
of total nitrogen (T-N), phosphorous (P-PO4), and potassium 
(K), as compared with the CIW, which are necessary for plant 
growth and development. In Jordan, wastewater can supply 
about 75% of the fertilizer needs of typical farms (Carr et 
al., 2011). Heavy metals including micronutrients (Fe, Mn, 
Cu, and Zn), nickel (Ni), chromium (Cr), cadmium (Cd), and 
lead (Pb) were measured in irrigation water and were within 
acceptable values. 

On the other hand, microbial pollution is one of the 
significant issues, which is directly related to the health 
risks of using TWW for agricultural irrigation. In terms 
of total Coliforms, E. coli, Salmonella, and Helminth 
eggs, the microbiology quality of water was assessed. No 
microorganisms were detected in the CIW, while the mean 
concentrations of E. coli in TWW (5.7×104 MPN 100 ml−1) 
were greater than the limit (100 MPN 100 ml−1) required for 
irrigating vegetables according to JS 893/2021. Salmonella 
and Helminth eggs were absent in TWW (Table 1). These 
findings agreed with several studies that found no Salmonella 
in municipal TWW (Lonigro et al., 2016; Cirelli et al., 2012). 
The presence and/or concentrations of the most important 
pathogens in water cannot be accurately predicted by only 

boron (B) (Gupta, 1993). 

  The Walkley-Black method was used to determine 
organic carbon (Walkley and Black, 1934). Organic matter 
(OM) % =Total Organic Carbon (TOC) % × 1.729. The 
DTPA method (Lindsey and Norvell, 1978) was used to 
determine micronutrients such as manganese (Mn), iron 
(Fe), copper (Cu), and zinc (Zn), using atomic absorption 
spectrophotometer (AAS) (Perkin Elmer, model AA 300). E. 
coli and total Coliforms were analyzed by the multiple tube 
method according to Turco (1994). The MPN table was used 
to calculate the most probable number (MPN) according to 
Cochran (1950). The results were expressed in MPN/g.

Linear Regression JMP model (SAS, 2015)

 Treatment effects were determined using analysis of 
variance (ANOVA). When the F ratio was significant, the 
Tukey-Kramer HSD was used to compare the mean values of 
all parameters at a 0.05 probability level. Statistical analyses 
were performed with the program JMP software (Version 12, 
2015, SAS Institute Cary, NC, USA) (SAS, 2015). Deviation 
from the mean is presented in the tables of water quality as 
standard deviation. The relationship between potatoes number 
and their weight in each treatment was estimated using the 

Potatoes were harvested after four days of the last 
irrigation event, from the middle rows of each treatment. 
Potatoes were collected, weighed, and enumerated for every 
plant.

For microbial analysis, composite samples (six medium-
sized fruits, around 500 g) were collected from the middle 
rows of each treatment. Gloves were changed to prevent 
contamination between plots. To detect E.coli/total Coliform, 
500 ml sterile of 0.1% buffered peptone water (BPW) 
aliquots were added to a nylon bag containing the vegetable 
sample, as described by Seow et al. (2012). To suspend the 
microorganisms from the surface of the fruits, the sample was 
rubbed and shaken for 2 minutes in a nylon bag to catch the 
microorganisms present on the surface of the fruit. For each 
appropriate dilution (1: 10 of the rinse fluid was prepared 
using BPW), the sample (0.1 ml) was spread on chromogenic 
agar (Brilliance E. coli/Coliform; Oxoid), following a 24-hour 
incubation time at 37°C. Pink and violet colonies have been 
counted. Results were reported as colony-forming units per 
gram (cfu/g).

Salmonellae were measured by suspending the 
microorganisms from the surface of the fruits as described 
above (Seow et al., 2012). Then, filtering the sample through 
a 47 mm and 0.45 um (HA membrane filter, Millipore Corp), 
as described by APHA (2005). The filter membrane was then 
thoroughly blended with 100 ml of sterilized BPW (0.1 %), 
and then the sample was selectively enriched. The 0.1 ml of 
samples were streaked after enrichment and Biochemical and 
serological tests were used to confirm the isolates (colonies), 
according to Collee et al. (1989). The results were reported as 
colony-forming units per gram (cfu/g).

Helminth eggs were detected by preparing homogenate 
BPW as described above, then, the modified-Bailenger 
method was used to count Helminth eggs (Ayres et al., 1996).
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coliform indicators (Pachepsky et al., 2016).  

The absence of Salmonella could indicate that the 
treated water eco-environment is harsher, more complex, 
and more dynamic. Numerous environmental conditions 
influence Salmonella’s ability to survive and persist in water 
(Wanjugi and Harwood, 2013). In addition, the removal of 
suspended solids in WWTP aids in the control of pathogenic 
organisms and viruses and makes disinfection more effective. 

Because disinfectants such as chlorine and ozone react with 
organic compounds, thus pathogens become protected from 
disinfectants (Winward et al., 2008). These results reflect 
the treatment effectiveness of Kufranja WWTP or the low 
prevalence of Salmonella infections in the community. These 
results agreed with the findings reported by Karpiscak et al. 
(2001), which indicated that the much higher turbidity of 
wastewater the lesser effectiveness of treatment systems to 
remove some microbial indicators and pathogens.

Parameters Conventional irrigation water (CIW) Treated wastewater  (TWW) Jordanian Standards
(JS 893/2021/Class 1)

ECw (dSm−1) 0.63 ±0.05 2.06 ±0.53 2.3

pH 7.69 ±0.12 7.60 ±0.16 6-9

Cl-(mg L−1) 97.82 ±2.67 202.91 ±88.76 400

SO4
-2 (mg L−1) 58.62 ±4.87 79.89 ±16.88 500

HCO-
3(mg L−1) 57.96 ±4.76 351.89 ±134.89 400

P-PO4
-3 (mg L−1) 0.00 ±0.01 18.69 ±11.40 30

N-NO3
-(mg L−1) 3.52 ±2.60 12.02 ±3.18 30

K+ (mg L−1) 6.11 ±1.26 47.44 ±10.52 N/A

B-H3BO3(mg L−1) 2.08 ±0.15 0.44 ±0.07 1.0

Ca (mg L−1) 20.57 ±1.72 91.67 ±19.52 230

Mg+2 (mg L−1) 23.97 ±3.49 37.57 ±8.57 100

Na+ (mg L−1) 74.22 ±10.87 200.56 ±27.02 230

SAR 2.39 ±0.78 4.46 ±0.29 9.0

T-N (mg L−1) - - 9.92 ±1.60 N/A

TSS (mg L−1) - - 41.70 ±12.80 50

TUR (NTU) - - 25 ±27.00 10

BOD5 (mg L−1) - - 25.44 ±4.44 30

COD (mg L−1) - - 59.92 ±9.01 100

DO (mg L−1) - - 4.09 ±3.58 >2

Cu+2 (ppm) < 0.008      - < 0.008 0.2

Fe+3 (ppm) < 0.013      - 0.06 ±0.00 5.0

Zn+2 (ppm) < 0.017      - < 0.017      - 5.0

Mn+2  (ppm) < 0.017      - < 0.017      - 0.2

Cd+2 (ppm) < 0.009      - < 0.009      - 0.01

Cr+2 (ppm) < 0.005      - < 0.005      - 0.1

Ni+2 (ppm) < 0.01       - < 0.01      - 0.2

Pb+2 (ppm) < 0.008      - < 0.008      - 0.2

TC (MPN100mL−1) < 1.1      - >1600000       - N/A

E. coli (MPN 100mL−1) < 1.1      - 57333 ±38911 100

Salmonella (MPN L−1)          ND        - ND      - N/A

Nematode Eggs         ND ND                           - ≤ 1

Table 1. Characteristics of irrigation water in the study.

ECw: electrical conductivity water; SAR: sodium adsorption ratio; BOD5: biochemical oxygen demand at 5 days; COD: chemical oxygen demand; TSS: total 
solid suspended; TIN: total inorganic nitrogen; DO: dissolved oxygen; NTU: N nephelometric turbidity units; TUR: turbidity; MPN: most probable number; CFU: 
colony-forming unit; ND: not detected.

  The soil texture is primarily clay loam, silty loam, and 
clay loam at 0-20, 20-40, and 40-60 cm depths, respectively 
(Table 2). The clay loam soil has high field capacity, medium 
till ability, fair internal drainage, and low wind erodibility 
(Finkel, 2019). Deep, well-drained sandy loam soils to loam 
soils have the best characteristics for high-quality potato 

farming (Martins et al., 2018; Lambeth, 1953).

 The results of soil porosity and bulk density after 
harvesting the crop are presented in Table (3). As expected, 
for a short period of TWW application, both soil porosity and 
bulk density were much more resistant to soil alteration by 
treated wastewater irrigation. 

3.2. Soil characteristics
3.2.1. Soil physical characteristics
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(*) Means with the same letters in the same column are not significantly 
different at the 0.05 probability level according to the Tukey-Kramer HSD test.

 (*) Means with the same letters in the same column (are not significantly different at the 0.05 probability level, according to the Tukey-Kramer HSD test.

  The impact of TWW irrigation on the soil’s chemical 
properties is mainly reflected by the electrical conductivity 
(ECe) (Table 4). Soil salinity is undoubtedly a fundamental 
factor for soil suitability for crop production. Soil contains 
both organic and inorganic chemicals that contribute to 
salinity stress, such as CaSO4, MgCl2, NaCl, Na2SO4, MgSO4, 
Na2CO3, and KCl (Strawn et al., 2020; Munns and Tester, 
2008).

The results showed that soil ECe was significantly higher 
for treatment irrigated with TWW compared to treatments 
irrigated with BIW and CIW by 27% and 69%, respectively 
(Table 4). In addition, ECe for treatment irrigated using BIW 
was significantly higher than that for treatments irrigated 
using CIW by 33%. The significant increase in soil ECe in 
the TWW-irrigated plots (Table 4) resulted from the high 
concentration of salts in the TWW (2.06 dS m−1) compared 
with CIW (0.63 dS m−1). These results agreed with the 
findings of Kaboosi (2017) and Qadir et al. (2000).

The pH of the soil samples ranged between 7.73 and 
7.86 (Table 4). The results showed no significant differences 
between treatments. Urbano et al. (2015) reported the same 
finding for five cycles of lettuce fields irrigated using TWW. 
These findings could indicate that the soil has a buffering 

effect, thus, the pH value is steady, particularly in clay or 
organic-rich soil (Masto et al., 2009).

Organic matter (OM) constitutes a significant part of the 
soil, and its content is routinely used to assess soil fertility 
(Mugo et al., 2020; Giusquiani et al., 1995). The SOM 
improves soil fertility, increasing water-holding capacity, and 
improving soil structure, plant productivity, and microbial 
activity (Masmoudi et al., 2020; Marinari et al., 2000). Soil 
OM plays a key role in global warming. As a result, sewage 
irrigation became one source of soil organic carbon in 
cropland, contributing to global carbon circulation (Rattan et 
al., 2005). 

The results showed that TOC was significantly higher for 
TWW-irrigated plots compared with treatments irrigated with 
CIW by 38% (Table 4). Organic matter of  TWW resulted 
in a significant increase in TOC in the TWW-irrigated plots. 
These results agreed with the previous findings reported by 
Bedbabis et al. (2014) and Rattan et al. (2005). Trost et al. 
(2013) reported a rise of 11% to 35% in soil organic carbon 
in semiarid regions, regardless of irrigation water type. The 
results showed that soil TN (Table 4), at the top layer (0-
20 cm) was significantly higher for treatment irrigated with 
TWW compared with treatments irrigated with BIW and CIW 
by 15.7% and 29.6%, respectively. Whereas no significant 
difference in TN for the deeper depths (20-60 cm) between 
treatments. These results agreed with the findings reported by 
Guo et al. (2017) and Becerra-Castro et al. (2015). 

 The SAR was significantly higher with TWW-irrigated 
plots compared with treatments irrigated with CIW by 61% 
(Table 4). However, the results were below the level for soil 
to be classified as sodic. These results agreed with the findings 
reported by Bedbabis et al. (2014), Hentati et al. (2014), Sou 
et al. (2013), and Al-Hamaiedeh and Bino (2010). Petousi 
et al. (2019) studied the impacts of secondary using TWW 
irrigation, and their results revealed no significant differences 
in soil properties compared with control, except for SAR and 
the EC, which were slightly higher in TWW soil samples. 
Most of these studies attributed the high SAR to the salinity 
of TWW, limited rainfall, high evaporation rates, and lack of 
drainage infrastructure all contributing factors.

3.2.2. Soil chemical characteristics.

Table 2. Soil texture characteristics.

Table 3. Soil’s porosity and bulk density characteristics after 
harvesting. (*).

Table 4. Some soil chemical characteristics (*).

Soil separates 
Soil depth (cm)

0 -20 21-40 41-60

Sand (%) 22.0 22.9 33.9

Silt (%) 42.3 53.2 35.2

Clay (%) 35.7 24.0 30.9

Texture Clay loam Silty loam Clay loam 

Treatments Porosity (%) Bulk density (mg m3−1)

TWW 52.6 a 1.23 a

BIW 51.7 a 1.28 a

CIW 51.7 a 1.30 a

Treatments Soil depth(cm) ECe (dSm−1) pH TOC (%) T-N (%) SAR

TWW 0-20 1.15 a 7.82 a 1.34 a 0.140 a 4.7 a

BIW 0.71 b 7.77 a 1.16 ab 0.121 b 4.5 a

CIW 0.51 c 7.86 a 0.98 b 0.108 c 3.2 b

TWW 20-40 1.37 a 7.82 a 1.86 a 0.33 a 9.49 a

BIW 1.11 b 7.81a 1.47 ab 0.12 a 7.15 b

CIW 0.82 c 7.80 a 1.34 b 0.075 a 6.38 b

TWW 40-60 1.85 a 7.74 a 1.24 a 0.18 a 15.45 a

BIW 1.61 b 7.73 a 0.80 a 0.101 a 10.25 b

CIW 1.25 c 7.79 a 0.80 a 0.06 a 8.78 b



Soil micronutrients are important to plant growth, 
plants need small amounts of them (Marschner, 2011). 
They are generally higher in the topsoil and decrease with 
soil depth. The most important soil micronutrients include 
boron (B), iron (Fe), copper (Cu), zinc (Zn), and manganese 
(Mn). Micronutrients can be a problem in case of their 
high concentration in the soil over time and phytotoxic 
bioaccumulation (Atafar et al., 2010). 

Soil B was significantly higher for treatment irrigated 
with CIW compared with treatments irrigated with TWW 
and BIW by 54% and 35% (Table 5), respectively. The 
higher concentration of B in the CIW (2.08 mg L−1) causes 
a significant increase in soil B compared to TWW (0.44 mg 
L−1). Irrigation water is a key cause of excessive levels of soil 
B (Zaman et al., 2018), but some of the excess B could be 
leached by rainfall and/or irrigation. However, because B is 
adsorbed on soil particles, leaching could be problematic, 
and much higher water is needed. Soils in arid regions may 
have naturally toxic levels of B (García-Sánchez et al., 2020), 
making TWW use more difficult 

The Fe concentrations were significantly higher with 
TWW-irrigated plots in the soil surface layer compared 
with treatments irrigated with CIW by 36.2% (Table 5). 
The higher concentration of Fe in the TWW (0.06 mg L−1) 
caused a significant increase in Fe in the TWW-irrigated plots 
compared to CIW (<0.013 mg L−1). The Mn concentrations 
were significantly higher with TWW-irrigated plots in the 
soil’s deeper layer (40-6 cm) compared with treatments 
irrigated with CIW by 75%. (Table 5), while no significant 
differences were observed in the upper layers (Table 5). These 
results could be influenced by fertilizer applications made 
before the experiment. According to Wuana and Okieimen 
(2011), heavy metal traces could be found in N, P, and K 
fertilizer compounds. 

The TWW irrigated soil (Zn and Cu) content was almost 
the same within all irrigation treatments. These results differ 
from other studies that showed soil heavy metal concentrations 
increased with TWW irrigation. Khaskhoussy et al. (2015) 
reported that TWW irrigation increased copper concentration 
in the soil. In another study, Fe and Zn increased a two-to 
eight-fold accumulation in the soil surface after two years of 
irrigation using TWW (Salgado-Méndez et al., 2019). On the 
other hand, several studies showed significantly increased 

Pathogens are the main health concern and the most 
common threat to wastewater reuse in agriculture, both 
for workers and consumers. However, other sources of 
contamination, such as stray animals and birds, have the 
potential to contaminate the irrigated soil with E. coli, as 
reported by Fonseca et al., (2020) and Venglovsky et al. 
(2006). The most microbial reliable indicator for water reuse 
in irrigation, is the E. coli count, and the most important 
indicator that shows the potential presence of harmful bacteria 
causing diseases (Price and Wildeboer, 2017; Pescod, 1992). 

The E. coli was not detected, while the total Coliform was 
7 MPN g−1 in the soil before the beginning of the experiment. 
García-Orenes et al. (2007) reported that the decrease in soil 
water content under semiarid conditions could be the main 
factor in the decrease of Coliform. After harvesting, total 
Coliform and E. coli were significantly higher in TWW 
irrigated plots compared to CIW plots, where total Coliform 
and E. coli increased from 16 to 803 and from 1.8 to 120 
(MPN g−1) (Table 6), respectively. These results agreed with 
the findings reported by Petousi et al. (2019), Farhadkhani 
et al. (2018), Al-Rashidi et al. (2013), and Gerba and Smith 
(2005).

(1) Yield: Several crops have been successfully irrigated 
with TWW (Maaß and Grundmann, 2018; Hanjra et al., 2012), 
with crop yields increasing from 10% to 30% (Lazarova and 
Bahri, 2004). The marketable yield of tomatoes in the TWW 
application was 1.21 times greater than the value of the FW 
application, according to Demir and Sahin (2017).

heavy metals concentration in clayey soil irrigated with TWW 
compared with sandy soils (Alnaimy et al., 2021; Kinuthia 
et al., 2020; Hidri et al., 2014; Klay et al., 2010). Diverging 
findings can be interpreted, that heavy metal levels in domestic 
wastewater in Jordan that are used for irrigation of crops were 
within the recommended levels by the world standards as 
reported by Othman et al., (2021), as well as Jordan is not 
an industrial country, and industrial wastewater is treated 
separately. Furthermore, the low loading rate during irrigation 
with such water contributes to the slow accumulation of heavy 
metals (Abdelrahman et al., 2011; Mohammad and Mazahreh, 
2003). Nevertheless, the long-term use of this reused water 
could increase the risk of contaminating soil and crops with 
several toxic heavy metals.

3.2.3. Soil microbial characteristics.

3.2.4. Yield and microbiological characteristics.

Table 5. Soil chemical characteristics after harvesting (*).

(*)Means with the same letters in the same column (depth) are not significantly different at the 0.05 probability level, according to the Tukey-Kramer HSD test. 

Treatments Soil depth (cm) B (ppm) Cu (ppm) Fe (ppm) Zn (ppm) Mn (ppm) Ni (ppm)

TWW 0-20 2.02 b 3.96 a 7.57 a 6.58 a 5.43 a 2.14 ab

BIW 2.2 b 3.39 a 6.61 a b 5.38 a 5.51 a 2.70 a

CIW 2.85 a 2.64 a 5.56 b 4.49 a 5.02 a 1.91b

TWW 20-40 1.51 b 1.75 a 5.85 a 4.0 a 4.33 a 3.17 a

BIW 1.80 b 1.39 a 6.40 a 2.9 a 4.40 a 2.91 a

CIW 2.4 a 1.54 a 5.80 a 3.2 a 2.80 a 2.25 a

TWW 40-60 0.62 b 1.22 a 5.75 a 4.13 a 4.65 a 2.70 a

BIW 0.75 b 1.10 a 6.65 a 2.70 a 5.00 a 1.65 a

CIW 1.14 a 0.67 a 6.25 a 3.65 a 2.65 b 2.13 a

Alkhaza’leh et al. / JJEES (2023) 14 (2): 135-145140



In this study, potato harvesting started after four days 
of stopping irrigation. The results showed that potato yield 
increased significantly for treatment irrigated with TWW 
(30.7 tons ha−1) compared with treatments irrigated with CIW 
(25.7 tons ha−1) by 19.5% (Table 7). Potatoes yield in TWW 
irrigated plots was higher than that in BIW irrigated plots by 
6%, even though it was not significantly different. In addition, 
potatoes yield in BIW-irrigated plots was higher than that in 
CIW - irrigated plots by 12.7%. These results agreed with the 
findings of potatoes experiments reported by Abdul Mojid 
and Wyseure (2014), Marofi et al. (2013), and Zavadil (2009)

 In this study, the results showed that the number of 
potatoes increased significantly for treatment irrigated with 
BIW compared with treatments irrigated with TWW and CIW 
by 6% and 21.9%, respectively (Table 7). The relationship 
between the increase in the number of potatoes for each 
treatment, and the increase in their total weight, was estimated 
using the Linear Regression JMP model. The results showed 
that the increase in total weight (kg) was significantly higher 
for treatment irrigated with TWW compared with treatments 
irrigated with BIW and CIW (Figure 1).

On the other hand, it is natural that the lower the number 
of fruits per plant, the greater the weight per fruit. Figure 2 
shows the relationship between the decrease in the number of 
potatoes per plant and the increase in weight per fruit for each 
treatment. The results showed the average increase in weight 
per fruit was significantly higher for treatment irrigated with 
TWW compared with treatments irrigated with BIW and 
CIW. 

These results agreed with the findings reported by several 
authors (Pedrero et al., 2018; Nicolás et al., 2016; Pedrero 

et al., 2012). Pedrero et al. (2018) found that the size of 
nectarine fruit increased as the number of fruits per plant 
decreased, using TWW. In addition, the irrigation with TWW 
significantly reduced the number of nectarine fruits per tree 
compared to freshwater. However, the increase in the size 
of the fruits compensated for the reduction in the number of 
fruits.(*) Means with the same letters in the same column are not significantly 

different at the 0.05 probability level according to the Tukey-Kramer HSD test.

 (*) Means with the same letters in the same column are not significantly 
different at the 0.05 probability level, according to the Tukey-Kramer HSD test.

Table 6. Soil microbial characteristics after harvesting (*).

Table 7. Impact of irrigation water quality on potatoes yield (*)

Treatments Total coliform (MPNg−1) E. coli (MPNg−1)

TWW 803 a 120  a

BIW 190 b 26 b

CIW 16 c 1.8 c

Treatments Yield (ton ha−1) Yield (fruits ha−1)

TWW 30.70 a 117,600 ab

BIW 28.96 ab 124,800 a

CIW 25.70 b 102,400 b

Figure 1. The relationship between the increase in the number of 
potatoes and the increase in their total weight for each treatment. 

Significant at a level of P<0.05.

Figure 2. The relationship between the decrease in the number 
of potatoes per plant and the increase in weight per fruit for each 

treatment. Significant at a level of P< 0.05.

 (2) Microbiological quality
 Crops irrigated with TWW may carry pathogens such 

as parasitic, viral, and bacterial diseases to consumers 
(Domenech et al., 2018; Spanakos et al., 2015; WHO, 2006). 
Farhadkhani et al. (2018) reported that the irrigation method 
and plant type could be the most significant factors in crop 
microbial contamination.

Microbiologically, the harvested potatoes were analyzed. 
Total Coliforms were significantly higher on the surface of 
potato tubers in the TWW irrigated plots compared with 
BIW and CIW, (560, 70, and 30 cfu g−1, respectively) (Table 
8). No significant increase in E. coli was observed between 
treatments. These results agreed with those reported by 
Battilani et al. (2014); they observed no significant increase 
in E. coli for potatoes irrigated with TWW. 

 Pathogen indicators, such as Salmonella and Helminth 
eggs, were not found (Table 8). Lonigro et al. (2016) reported 
the same results. Chen et al. (2013) reported that there is 
limited evidence of the spread of the disease using TWW 
for agricultural irrigation. In contrast, E. coli recorded a 
significant increase for radishes under the drip and furrow 
system, but Salmonella was absent (Bastos and Mara, 1995). 
The presence of E. coli in the CIW irrigated plots could be 
attributed to different sources of contamination, such as 
roaming animals, and birds (Venglovsky et al., 2006). The 
contrast in the different studies’ results could be because of the 
difference in the TWW quality, environment, or management 
method.

The successful measures reduce the potential microbial 
contaminations by reduction of the exposure of workers to 
wastewater. Some of the measures, such as drip irrigation and 
stopping irrigation before harvest, could play a significant role 
in the successful use of TWW for irrigation. A period without 
irrigation before harvest (1-2 weeks) can allow the die-off of 
bacteria and viruses to improve the quality of irrigated crops 
to levels seen in crops irrigated with fresh water, as reported 
by Vaz da Costa Vargas et al. (1996). However, this option is 
workable for some crops such as potatoes, and unworkable for 
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4. Conclusions
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Abstract

1. Introduction

Peridotites in the ophiolite complex generally involve 
serpentinized harzburgites, lherzolite, dunite, and existing 
pyroxenite (Snow and Dick, 1995). These peridotites represent 
the bottom category of the ophiolite; these comprise sub-
continental or orogenic Alpine ultramafic rocks (Menzies 
and Dupuy, 1991) and slivers of ancient oceanic lithosphere 
obducted onto the continental or oceanic crust (Beccaluva et 
al., 1984; Nicolas and Boudier, 2003). Moreover, the oceanic 
origin represents mantle rocks that were extracted along 
normal and transform faults (Bonatti et al., 1981). Igneous 
oceanic crust is a second part of this complex formed at 
divergent plate boundaries and consists of gabbro rocks, 
pillow lava, and diabasic dykes (Klein, 2004; Jassim and 
Goff, 2006). Ophiolite complexes’ classification normally 
depends on their geochemical features, interior structures, 
and regional tectonics (Pearce et al., 1984; Shervais, 2001; 
Pearce, 2008). A new classification of ophiolite complexes 
proposed by Dilek and Furnes (2011) implies subduction-
related ophiolite complexes which involve volcanic arc and 
supra subduction zone, and subduction-unrelated ophiolite 
complexes which involve mid-oceanic ridge (MOR), plume 
(P-type), and continental margin (CM). 

Zagros Suture Zone encompasses the Penjween-Walash 
Subzone that consists of volcano-sedimentary sequences 
created in the Cretaceous ocean spreading of the Neo-Tethys 
and is strongly affected by magmatism (Buday and Jassim, 

1987). During Paleocene-Eocene, the final closure of Neo-
Tethys, Paleocene arc volcanic and syn-tectonic essential 
intrusions created (Aswad, 1999), thus the area represents 
the residues of the Neo-Tethys which during Miocene-
Pliocene thrust over the Arabian Plate, such as Pleistocene 
Al-Lajjoun Basaltic flows, central Jordan (El-Hasan and 
Al-Malabeh, 2008), and Precambrian Magmatic  Rocks (Al-
Malabeh et al., 2004) besides elsic dike swarms in Aqaba 
complex (Al-Fugha et al., 2013). The Penjween-Walash 
Subzone is divided into three thrust sheets, the upper Qandil, 
the middle Walash, and the lower Napurdan (Jassim and 
Goff, 2006; Aswad et al., 2011; Mohammad et al., 2014; Ali 
et al., 2016). This subzone forms an almost unbroken swath 
over the Iraqi-Iranian borders. Qandil thrust sheet includes 
basic igneous massifs consisting of Hasanbag, Pushtashan, 
Bulfat, Mawat, and Penjween (Ali et al., 2019), the study 
area is located within this thrust sheet. Penjween igneous 
complex is located to the south-west of Penjween town, about 
50 kilometers to the east of Sulaimani city between latitudes 
(35° 36´ 16.4¨- 35° 37´ 15.6¨ N) and longitudes (45° 54´ 40.4¨-
45° 55´ 54¨ E), (Figure 1).

Gabbros are part of the crustal portion in an ophiolite 
complex and consist of (from bottom to top) layered 
gabbros, isotropic and then foliated gabbros formed by slow 
crystallized basaltic melt injection from the fundamental 
rising mantle (Kakar et al., 2013). According to Al-Hassan 
and Hubbard (1985); Al-Hassan (1987), the gabbroic rocks of 
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The Penjween Ophiolite Complex is part of the Zagros Suture Zone (ZSZ) and is located within the Penjween-Walash 
Subzone northeast of Iraq. It is an incomplete sequence that consists of two main igneous bodies: the ultramafic body and 
the gabbroic body. The Penjween layered metagabbros show wide variation in grain size and are composed of saussuritized 
plagioclase, and amphibole with relict pyroxene. The chondrite-normalized REE patterns in Penjween metagabbroic rocks 
exhibit LREE depletion and flat MREE and HREE patterns, with patterns that are nearly flat in general, and these patterns 
are similar to rocks generated in Island Arc Tholeiite (IAT) and subduction-related environments. The depletion in High 
Field Strength Elements (HFSEs) with enrichment in Large Ion Lithophile Elements (LILEs) and the strong negative Nb 
anomaly is typical of magmas formed in the supra subduction zone. The La/Nb and La/Ba ratios indicate that metagabbroic 
rocks originated in the asthenosphere mantle, while the La/Yb and Dy/Yb ratios imply shallow source partial melting of 
spinel-peridotite. The variable Sr/Nd and Ba/Th ratios with nearly constant Th/Yb and La/Sm ratios, indicate that fluids 
from slab dehydration modified the ancient mantle. Penjween ophiolite metagabbros are classified as Island Arc Tholeiite 
(IAT) because it contains very low to low-TiO2 (0.11-0.69%). In conclusion, the low and very low Ti concentration strongly 
suggests that the metgabbroic rocks of the Penjween Ophiolite Complex are linked to Island Arc Tholeiite, which has a link 
to the supra subduction zone.
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2. General Geology

3. Materials and Methods

The Penjween Ophiolite Complex is situated to the south-
west of Penjween town about 50 kilometers east of Sulaimani 
City northeast of Iraq (Figure 1a). The area is part of the 
Zagros Suture Zone (ZSZ) and the complex is located within 
Penjween-Walash Subzone (Jassim and Goff, 2006). The ZSZ 
is subdivided into two allochthonous thrust sheets; lower and 
upper allochthonous (Aswad, 1999). The Penjween-Walash 
Subzone (i.e. upper allochthonous) represents the ophiolitic 
complexes and Albian-Cenomenian Gemo-Qandil sequence 
(Aswad and Elias, 1988; Aziz, 2008; Aswad et al., 2011; Aziz 
et al., 2011). The Walash-Naopurdan sequence (Paleocene-
Eocene) represents the lower allochthon which is separated 
from the upper allochthon by a thrust fault (Aswad, 1999).

The Penjween Ophiolite Complex is an elongated body 
that covers about 35 km2 inside the Iraqi territories towards 
northwest-southeast parallel with the general tectonic trend 
of the ZSZ, while the large remnant parts of this complex are 
located within and adjacent to Iranian territories (Mahmood, 
1978). The sequence of Penjween ophiolite is incomplete 
(Jassim and Goff, 2006). It consists of ultramafic rocks 
mainly peridotite with subordinate pyroxenites followed by 
gabbros and minor occurrences of diorites, granodiorites, 
and pegmatites (Mahmood, 1978), that is in contact with a 
volcano-sedimentary sequence (i.e. Gimo Group) (Jassim 
and Goff, 2006). The group is thrust over Merga Red Beds 
(Miocene molasse) in the west. The ultramafic body form 
about 70% of the complex and consists of relatively fresh 
dunite (Jassim and Al-Hassan, 1977). The gabbro body 
represents the second largest exposure in the area (18 km2 
in extent in Iraq) sharply overlies the ultrabasic body and is 
layered and laminated (Jassim and Al-Hassan, 1977). 

Twenty-one samples from the meta gabbroic rocks were 
collected from two different locations within the Penjween 
Ophiolite Complex. The current study employed a variety 
of analytical techniques, starting with the use of a polarized 
microscope for petrographic study and ending with chemical 
analysis. Five samples among the least weathered were 
selected to represent the freshest rocks prepared for chemical 
analysis. Before that the samples were ground in a swing 
mill and then the Loss on Ignition (LOI) was determined in 
the laboratories of the University of Mosul, Department of 
Geology. The geochemistry of whole rocks (major, trace, and 
rare earth elements) was analyzed in the ACME Analytical 
Laboratories, Canada, Vancouver done by 6000 ELAN ICP-
MS. To prepare the samples for analysis, 0.25 mg of rock 
powder is digested using a multi-acid digestion (H2O2-HF-
HClO4-HNO3), then heated on a hot plate, cooled, and finally 

the Penjween ophiolite formed as a result of partial melting 
of the upper mantle, leaving depleted dunite rocks. In 
Albian-Cenomanian, the gabbros of Penjween were intruded 
on during the ocean spreading process (Jassim and Goff, 
2006). In this study, we discuss the petrogenesis and tectonic 
environment of the Penjween ophiolite meta gabbroic rocks 
based on their field observations, petrography, and chemical 
compositions.

dissolved in 5% hydrochloric acid. The standards used in 
the analysis are OREAS 24P and OREAS 45P (For more 
information on analytical accuracy and precision, see Tables 
1 and 2 .). Since this ICP-MS analysis measures iron as FeOt 
as it does not distinguish between ferric and ferrous oxides, 
it had to be measured and separated by ECIL CE 3021 
Spectrophotometer at the Department of Geology, University 
of Mosul using the method of (Jeffery and Hutchison, 1981).
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4. Results 
4.1 Petrology and Petrography

Gabbro forms the second largest exposure in the area. 
It consists of a solid body extending to about 3 km of the 
upper and western edge of the mountain chain and southwest 
of Penjween village. These gabbros become a narrow sector 
in the northwest direction (Figure 1b). Gabbros are bordered 
by peridotite bodies as perpendicular and sharp contact and 
they are linked with the sandstones and conglomerates of the 
Merga Red Bed Group by a thrust fault near Kani Mangah 
village while they are in contact with Qandil metamorphic 
rock group in the southeastern direction.  Depending on 
field observations and a previous study by Al-Hassan (1982) 
three types of gabbroic rocks are recognized in Penjween 
ophiolite; marginal gabbro, layered gabbro, and gabbro 
pegmatite (Figure 1b). Most gabbros in the field had suffered 
deformation in the form of fracturing and jointing (Figure 
2b).

The metagabbros consist of saussuritized plagioclase, 
amphibole with relict pyroxene, chlorite, and opaque 
minerals. Some gabbros have been deformed, showing 
granular and porphyroclastic textures (Figure 2c, d). Also, 
these rocks show a schistosity texture (Figure 2e), those 
occurring along shear zones and western contact zone are 
severely crushed and foliated so much so that they impart 
schistosity to the rocks (Mahmood, 1978). The schistosity 
texture of Penjween metagabbros represents the thrusting 
movement and emplacement (Al-Hassan, 1982). Metagabbro 
also exhibits an ophitic and subophitic texture, with large 
crystals of amphibole completely or partially surrounding 
plagioclase (Figure 2f). The composition of plagioclase is 
An70-73 refers to the labradorite. Plagioclase shows wide 
variation in grain size due to granulation (Figure 2d). In 
sheared and schistose rocks, Williams et al. (1954) believed 
that many of the feldspars are granulated. The deformed 
plagioclase are characterized by fractured surface, wavy 
extinction, bent lamellae and well developed secondary  
twin (Figure 2e). The saussuritization process has partially 
changed the plagioclase grains into epidote (Figure 3a). A 
primary amphiboles have subhedral to anhedral grains, 
pleochroism that is primarily green to brown, and a cross-
basal section that reveals two sets of cleavage (Figure 3b). 
Some amphibole grains have partially or completely altered 
to chlorite (Figure 3c). Primary amphibole shows kink bands 
due to deformation process along the shear zones (Figure 
3d). The pyroxenes are mainly augite (extinction angle 42ᴏ). 
The minerals and textures are typical of metagabbros, which 
can form during low grade metamorphism from gabbros 
(Koyi et al., 2010; Hassan and Ridha, 2018).



Figure 1. (a) Simplified geological map of the Zagros Suture Zone (ZSZ) showing the position of the study area; (b) Geological-topographic 
map of Penjween Ophiolite Complex, northeast Iraq, from (Al-Hassan, 1982) showing samples locations.
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Table 1. Major and trace element composition for the Penjween ophiolite metagabbroic rocks, as well as accuracy, precision, and detection 
limits.

* Mg# =100 x Mg/(Mg+Fe+2).
R. N31 : Repeated N31.
45P** : Calculated OREAS45P, 45P* : Published OREAS45P.

24P** : Calculated OREAS24P, 24P* : Published OREAS24P.
MDL: Method Detection Limit.

Analytical accuracy and precisionSample No.
Elements

MDL**24P*24P**45P*45PR.N31N12N13N14N15N31
------45.5946.6448.3550.4451.06SiO2

0.0021.651.831.611.730.250.690.640.110.120.25TiO2

0.0414.7014.4712.9012.8810.2615.7914.7316.6613.0310.73Al2O3

0.039.399.6823.4324.728.068.648.644.895.977.77FeO
5.244.131.200.750.32Fe2O3

0.00030.140.140.170.170.160.190.180.140.160.17MnO
0.036.736.850.320.3213.238.039.4211.9913.3113.53MgO
0.038.098.160.420.4212.1312.6312.6113.8112.8612.24CaO

0.0033.363.150.110.111.350.690.490.520.521.38Na2O
0.020.870.840.430.420.330.020.020.050.020.33K2O

0.0020.320.310.100.110.020.0020.0020.0020.0020.02P2O5

------2.502.502.302.802.20LOI
------99.99100.0199.99100.01100.01Total
------51.6957.5978.1678.1174.93#Mg*

0.10144.1141.0380.3038524554.7178.7136.7142.5246.9Ni
1.001821961061108957114.061.0254325563Cr
0.1019.2020.0064.9067.1048.2064.667.243.853.248.0Sc
1.00156.00158.00263.00267.00266.0012031229157195266V
1.00266.00285.00289.00296.00101.006.0020.02.002.00101Ba
0.1020.9022.4023.0024.603.700.600.400.700.203.40Rb
1.00382.00403.0034.0032.6088.0068.053.054.040.089.0Sr
0.100.800.802.202.000.280.10<0.10<0.10<0.10<0.30Cs
0.20138.40141.00154.30154.006.103.001.200.701.005.80Zr
0.1020.5021.3012.9013.007.303.103.702.502.507.40Y
0.0419.4721.0020.2721.600.430.090.060.070.060.44Nb
0.0219.3919.4322.0522.508.5314.6713.619.688.038.65Ga
0.0248.6952.00703.30749.0014.13349854.585.0357.4214.41Cu
0.20116.40119.00140.50141.0051.7071.575.443.738.353.0Zn
0.022.802.9023.1422.000.950.921.172.520.691.03Pb
0.051.471.502.042.100.450.130.120.180.090.46Mo
0.2048.1044.00121.70120.0066.2072.581.451.656.667.2Co
0.202.001.2012.8012.000.500.900.600.20<0.700.70As
0.020.160.150.210.200.050.150.090.070.080.07Cd
0.020.090.090.810.820.200.050.030.070.050.18Sb
0.100.400.501.001.1095.3053.939.741.034.895.6W
0.108.408.7015.9014.708.501.401.101.301.608.70Li
0.023.333.603.764.120.300.110.060.040.050.25Hf
0.102.802.8510.009.800.100.090.090.090.090.10Th
0.101.101.041.301.200.230.100.10<0.10<0.10<0.30Ta



Table 2. REE elements composition (in ppm) of the Penjween ophiolite metagabbroic rocks, as well as accuracy, precision, and detection 
limits.

R. N31 : Repeated N31.
45P** : Calculated OREAS45P, 45P* : Published OREAS45P.

24P** : Calculated OREAS24P, 24P* : Published OREAS24P.
MDL: Method Detection Limit

Analytical accuracy and precisionSample No.
REEs

MDL24P**24P* 45P**45P* R. N31N12N13N14N15N31

0.1017.9017.4025.1024.800.600.200.300.100.200.50La

0.0238.2537.6051.2648.901.360.260.560.140.161.30Ce

0.104.804.705.806.000.14<0.100.20<0.10<0.100.20Pr

0.1021.0022.0023.2023.21.200.300.600.200.201.10Nd

0.104.604.704.004.240.400.100.200.100.100.40Sm

0.101.501.601.101.100.200.100.10<0.10<0.100.20Eu

0.105.305.303.403.800.900.300.500.300.300.80Gd

0.100.700.810.500.590.20<0.100.10<0.10<0.100.20Tb

0.104.604.603.603.601.200.600.700.500.501.20Dy

0.100.800.800.600.650.260.100.10<0.100.100.30Ho

0.102.202.201.701.701.000.400.500.300.401.00Er

0.100.300.300.200.240.10<0.10<0.10<0.10<0.100.10Tm

0.101.701.831.501.600.900.400.500.400.401.00Yb

0.100.200.250.300.240.20<0.10<0.10<0.10<0.100.20Lu

Ratios

N12N13N14N15N31SamplesN12N13N14N15N31Samples

1.501.401.251.251.20Dy/Yb0.360.430.180.360.36(La/Yb)N

226.788.3327020080.91Sr/Nd0.620.830.620.620.66(Gd/Yb)N

66.67222.222.222.21010Ba/Th0.670.500.501.000.45La/Nb

0.230.180.230.230.10Th/Yb0.030.020.050.100.005La/Ba

2.001.501.002.001.25La/Sm0.500.600.250.500.50La/Yb

4.2 Major Oxides
The MgO-CaO-Al2O3 diagram (Colleman, 1977) has 

been used to differentiate between ultramafic and mafic 
cumulate rocks. Based on that the metagabbroic rocks of 
Penjween ophiolite are classified as mafic cumulate rocks 
(Figure 4a). The TAS diagram (Cox et al., 1979) shows that 
the Penjween ophiolite metagabbroic rocks are sub alkaline 
character (Figure 4b). On the AFM diagram, the Penjween 
ophiolite metagabbros exhibit the nature of tholeiitic igneous 
rocks (Figure 4c). The Penjween metagabbro rocks are 
classified largely as low-K rocks (Figure 4d). Generally, the 

Penjween metagabbros have a low content of TiO2 (0.11 to 
0.69 wt %), and P2O5 (0.002 to 0.02 wt %), K2O (0.02 to 0.33 
wt %) and Na2O (0.49 to 1.38 wt %), with modest variations 
in SiO2 (45.59 to 51.06 wt %), while the Al2O3, FeO, Fe2O3, 
MgO, and CaO have wide ranges and high concentrations, 
these ranges are 10.73 to 16.66 wt %, 4.89 to 8.64 wt %, 0.32 
to 5.24 wt %, 8.03 to 13.53 wt %, and 12.24 to 13.81 wt % 
respectively (Table 1). Moreover, the metagabbros have very 
low total alkali concentrations, where Na2O+K2O values are 
between 0.51 to 1.7 wt% with the K2O value much lower than 
Na2O.

Al-Taweel et al. / JJEES (2023) 14 (2): 146-157149



Figure 2. Field photos and photomicrographs showing: (a) Panoramic view of the studied gabbro; (b) Metagabbro fracturing and jointing, 
sample N11; (c) Granular textures in metagabbro , sample N10; (d) Porphyroclastic texture in metagabbro and the plagioclase show wide 
variation in grain size due to granulation, sample N14; (e) Metaga bbro show schistosity texture and secondary twin lamellae in plagioclase, 

sample N12; (f) Ophitic and subophitic texture, sample N10; [Plg: Plagioclase; Amph: Amphibole; Opq: Opaque].
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Figure 3. Photomicrographs showing: (a)  Saussuritization process has partially changed the plagioclase grains into epidote, sample N5; (b) 
Amphibole has two sets of cleavage (56/124°), sample N6; (c) Alteration of amphibole into chlorite, sample N4; (d) Amphibole  with kink 

bands, sample N4, [Plg: Plagioclase; Amph: Amphibole; Epi: Epidote; Opq: Opaque].

Figure 4.  Geochemical classifications of the Penjween metagabbroic rocks: (a) CaO-Al2O3-MgO diagram for the Penjween ophiolite 
metagabbroic rocks (Colleman, 1977); (b) TAS plot of the gabbros (Cox et al., 1979); (c) AFM diagram (Irvin and Baragar, 1971) of 

metagabbros from Penjween Ophiolite Complex indicating their tholeiitic affinity; (d) SiO2 vs. K2O diagram (Le Maitre, 2002).
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4.3 Trace and Rare Earth Elements (REEs)
Both Large Ion Lithophile Elements (LILE) and the High 

Field Strength Elements (HFSE) have variable amounts in 
the Penjween metagabbros, like Ba (2-101 ppm), Sr (40-
89 ppm), Rb (0.2-3.4 ppm), Pb (0.69-2.52 ppm), Zr (0.7-5.8 
ppm), Nb (0.06-0.4 ppm), and Y (2.5-7.4 ppm) (Table 1). 
LIL elements (Ba, Rb, Sr, and K) are thus probable to have 
been remobilized during alteration and metamorphism to 
greenschist facies (Staudigel, 2003).

The REEs in the Penjween metagabbro rocks are 
generally characterized by relatively parallel REE patterns 
with enrichment of HREE and depletion in light rare earth 
elements (LREE) [(La/Yb)N= 0.36-0.43]. These ratios 
indicate the enrichment of these rocks in HREE and MREE 
compared to LREE (Figure 5a). The spider diagram (multi 
elements) exhibits depletion in HFSEs like Zr, Nb, Y, and Hf 
with enrichment in LILEs like Sr, Ba, Rb, and Pb  (Figure 
5b).  The depletion in Nb and LREE refers to a source 
originating from the lower crust (Taylor and McLennan, 
1985), it is characteristic of magmas formed in the supra-
subduction mantle wedge (Duclaux et al., 2006). Pearce et al. 
(1984) assumed that the eclectic enrichment of Ba and Sr in 
comparison to Zr, and Y shown by tholeiitic rocks is typical 
of a supra-subduction zone (SSZ) setting where tholeiitic and 
boninitic magma mixing happens.

Figure 5. (a) Chondrite-normalized REE patterns of metagabbroic 
rocks from Penjween ophiolite (Sun and McDonough, 1989); (b) 
Primitive mantle-normalized spider diagram of metagabbroic rocks 

of Penjween ophiolite (Sun and McDonough, 1989).

5. Discussion
5.1 Petrogenesis
Magmatic rocks derived from primary magma typically 

have a high Mg number (Mg#  >65) (Winter, 2001; Al Smadi 
et al., 2018). The samples from the Penjween metagabbro 
have a high Mg# (68.1), indicating that the metagabbros 
are the result of primary magma crystallization. REEs and 
HFSEs are immobile during the weathering and alteration 
processes (Zhang et al., 2015). As a result, magma origins are 
determined largely using the ratios and contents of HFSEs 
and LREEs (Zhao and Zhou, 2007). Most metagabbros 
fall in the astheno sphere mantle origin in the La/Nb-La/
Ba diagram (Figure 6a). The La/Yb ratios have a range of 
0.25-0.6, and the Dy/Yb ratios of the metagabbroic rocks 
are concentrated in a limited range of 1.2-1.5, reflecting 
shallow source partial melting of spinel-peridotite (Figure 
6b) (Thirlwall et al., 1994). Penjween metagabbro mantle 
metasomatism was also revealed by the La/Sm against Ba/
Th diagram (Labanieh et al., 2012) and the Th/Yb against 
Sr/Nd diagram (Woodhead et al., 1998). As seen in figures 
(6c, d) the Penjween metagabbros deviate from the sediment 
melting trend while being consistent with slab dehydration, 
suggesting that fluids from slab dehydration modified the 
mantle. The depletion in HFSEs like Zr, Nb, Hf, and Pb 
refers to the separating of LILE such as Sr, Ba, Rb, and 
HFSEs during subducting slab dehydration (Shawna et al., 
2003). Moreover, the depletion of HFS elements may result 
from fractionation and metamorphism processes (John et 
al., 2004). In summary, the Penjween metagabbro formed 
as a result of partial melting of the mantle spinel peridotite 
that has been metasomatized by fluids dehydrated from a 
subducted slab (Wang et al., 2019).

The relation between Y and Cr  (Figure 7a) proves that 
the amount of Cr varies with a nearly constant in Y; which 
is a characteristic of a mantle source depleted (Shinjo et al., 
2000). The relationship between Ni and Cr is significant in 
determining ferromagnesian mineral fractionation (Leeman, 
1976). Figure (7b) shows that clinopyroxene is the main 
ferromagnesian phase existing in Penjween metagabbros, 
based on the positive trend between Ni-Cr and the absence of 
olivine in all samples. This indicates that it was derived from 
a previous fractionated origin or a melt that was extensively 
fractionated mostly by removing olivine (Wilson, 2001). 
On Ti against Ti/Cr and Ti against Al2O3/TiO2 (Figure 7c, 
d), the crystallization trends of the main phases parallel the 
trends of plagioclase and clinopyroxene. As a result, these 
minerals are the major crystalline phases, as Al-Hassan 
(1982) demonstrated in the Penjween gabbroic rocks.
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Figure 6. (a) La/Ba vs. La/Nb diagram (Saunders et al., 1992); (b) La/Yb vs.Dy/Yb diagram (Jung et al., 2006); (c) La/Sm vs. Ba/Th for the 
Penjween metagabbros (Labanieh et al., 2012); (d) Th/Yb vs. Sr/Nb for the Penjween metagabbros (Woodhead et al., 1998).

Figure 7. (a) Cr vs. Y diagram shows a depleted mantle source (Shinjo et al., 2000); (b) Ni vs. Cr; (c) Ti vs. Cr/Ti diagram (Pearce and Flower, 
1977); (d) Ti vs. Al2O3/TiO2 diagram (Pearce and Flower, 1977).
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5.2 Tectonic Setting
In general, all studied metagabbros of the Penjween 

ophiolite are geochemically related and have a tholeiitic 
character. Zr-Nb-Th diagram classifies these metagabbros 
as Island Arc Tholeiite (IAT) (Figure 8a). Therefore, maybe 
these metagabbroic rocks have been created in the extensional 
environment (low pressure) by fractional crystallization 
directly in the supra-subduction zone or above a subduction 
zone (Kakar et al., 2013). The AFM diagram shows the 
Penjween metagabbro rocks occur into the arc-related mafic 
cumulate rock (Figure 8b), this is confirmed that these 
rocks are created from fractionation of the primary magma 
via depleted mantle in the magma chamber (Sarifakioglu 
et al., 2009). All these indicate that Penjween ophiolite 
metagabbroic rocks are created in a supra-subduction zone 
environment (Beard, 1986). 

The al2O3-TiO2 diagram shows these metagabbros are 
located in the arc-related magma setting (Figure 9a), whereas 
all metagabbroic rocks show that the magma is related to 
subduction on the Zr-Th-Nb diagram (Figure 7a).  Figures 
(9b, c) show that metagabbroic rocks are generally low-
Ti and very low-Ti Island Arc Tholeiitic (IAT), indicating 
that they are generated in a subduction zone. Penjween 
ophiolite metagabbros contain very low to low-TiO2 (0.11-

The IAT nature of the metagabbroic rocks from the 
Penjween ophiolite is further evidenced by their REE and 
spider diagrams (Figure 5a, b). Generally, the chondrite-
normalized REE patterns in Penjween metagabbroic rocks 
exhibit LREE depletion and flat MREE and HREE patterns, 
with patterns that are nearly flat in general, and these patterns 
are similar to rocks generated in IAT and subduction-related 
environments (Shamim et al., 2005). The features exhibited 
on the spider diagram show enrichments of Sr and Ba and 
the relative depletion of Y, Zr, and Hf these patterns as well 
as HFSEs variances in the tholeiitic rocks represent the SSZ 
setting (Pearce et al., 1984). The depletion in HFSEs with 
enrichment in LILEs and the strong negative Nb anomaly 
(Figure 5b) are typical of a magma formed in the supra-
subduction zone (Whattam et al., 2004).

0.69%) concentrations and were probably derived from 
IAT magmas, which are formed in supra-subduction zone 
environments (Beccaluva et al., 1989). In conclusion, the 
low and very low Ti concentration strongly suggests that the 
metagabbroic rocks of the Penjween Ophiolite Complex are 
linked to Island Arc Tholeiite, which has a link to the supra 
subduction zone, as Mirza (2008) demonstrated in the Mawat 
gabbros.

Figure 8. Tectonomagmatic diagrams of the Penjween ophiolite metagabbroic rocks: (a) Zr-Nb-Th diagram (Wood, 1980); (b) AFM 
compositions of metagabbros in Penjween ophiolite. The non-cumulate and cumulate rocks are from Beard (1986).

Figure 9. Tectonomagmatic diagrams of the Penjween ophiolite metagabbroic rocks: (a) Al2O3 vs. TiO2 diagram (Muller and Groves, 1997); 
(b) MgO vs. TiO2 diagram (Laurent and Hebert, 1989); (c) Ti vs. V petrogenetic discrimination diagram (Shervais, 1982)
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6. Conclusion
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Abstract

1. Introduction

2.  Methods and Materials:

Soil erosion is related to human activities and natural 
problems, such as irresponsible land-use practices, 
inappropriate soil conservation methods, overgrazing, 
severe rainstorms, significant slope...etc.  It also affects the 
degradation and desertification of the lands on the slopes of 
sloping hills, (Mhiret et al. 2018., Andualem et al. 2020). It 
equally affects the storage, filtering, and cleaning of water. 
(Zhu et al. 2014., Addis and Klik. 2015). Water erosion in the 
world is intensified because of different climatic conditions 
and land use impacting various natural conditions, (Garc ı́a 
et al. 2021). 

The MCDA method depends on multiple factors for 
effective decision-making for natural resource management, 
land-use planning, and identification of environmental 
hazards. (Aher et al. 2013). The analytic hierarchy process 
(AHP) is considered one of the most important methods 
that are relied upon in making important decisions due to 
the efficiency of its use. Also, this method includes multiple 
levels of spatial decision-making, where the factors related to 
the suitability of the site are weighted to prepare a pairwise 
comparison matrix that depends on the relative importance 
scale. (Al Raisi et al.2014, Chaudhary et al.2016., Yasser et 
al.2013., Al-Sababhah 2022). The AHP is studied extensively 
and used in applications where problems related to multiple 
criteria decision-making are fateful. Many researchers have 
widely used the AHP method to make critical decisions 
regarding soil erosion, which saved time and effort in 

In Jordan, as everywhere in the world, soil erosion 
is the result of various natural and human factors and has 
many environmental impacts with social, economic, and 
environmental consequences.

preparing these environmental studies. (Saaty 2008., 
Aikhuele et al, 2014., Ribeiro, 1996). 

Finally, erosion is a natural and/or anthropogenic 
phenomenon affecting all regions of the world; it is very 
accentuated, especially in regions with arid and semi-arid 
climates like the Mediterranean zone, of which Jordan is 
a part.  In the current study, the MCDA method was used 
to analyze a series of criteria to be ranked from the most 
preferable to the least preferable using a structured approach.  
Often the result of the MCDA is several weights related to 
the various alternatives. The weights express the importance 
of the different alternatives to each other. The selected 
factors that govern the fit of the site are weighted using AHP 
assisted by a pairwise comparison matrix that uses a relative 
importance scale.

Keywords: Soil Erosion, GIS, Jordan, AHP, MCDA. SPI.
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This study aimed to create maps of areas at risk of soil erosion by integration between GIS and the analytic hierarchy process 
on hillside slopes, northwest of Jordan.   For that, it relied on five factors, which included soil erosion contributing ones; thus, 
slope degree, land use/land cover, soil texture, rainfall, and stream power index (SPI) were integrated into ArcGIS 10.4.1 
tools for identifying the areas affected by the risk of soil erosion. Multi-criteria decision analysis (MCDA) method is used to 
create maps risk of soil erosion. The results of the study showed, based on the erosion risk map classified into five risk levels, 
including very high, high, medium, low, and very low, that the areas with high and very high erosion risk represented about 
8.5% and 16.3%, respectively.  The areas with low and very low soil erosion risk formed about 36.6% and 8.9%, respectively, 
of the total area of the study area. The findings of this study will help decision-makers to plan and carry out effective soil and 
soil conservation practices in 

Areas were highly vulnerable to soil erosion.
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2.1 Study area: 
The study area is located in the northwestern district of 

Jordan and geographically lies between 35°88’ E and 35°54’ 
E longitude and 32°26’ N and 32°66’N latitude covering an 
area of 1077.6 km² from the total area of Jordan. The study 
area can be subdivided into five drainage basins including 
Al-Arab, Ziqlab, Al-Rayan, Al-taybeh, and Kufr Anja 
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Figure 1. (a) Study Area Location, (b) Elevation (m), (c) Hydrological Properties, (d) Temperature (C°), (e) Rainfall (mm), (f) Climate 
Regions, (g) Soil Units, (h) Geology Texture.

valleys. Figure 1a.  In terms of geomorphology, the study 
area watershed is a complex relief. Indeed, all the rivers have 
their source in the high mountains on the east bank of the 
northern Jordan Valley at elevations reaching 1226 m. It ends 
up below sea level in the Jordan River at elevation (- 332) 
m. Figure 1b. In the northern Jordan Valley sub-catchment, 
six slope classes are identified, and calculated in degrees. 
Drainage basins for the study area are considered permanent 
water sources to supply the northern regions of Jordan for 
agricultural and other domestic purposes. Hydrologically, 
there are three main dams and 177 groundwater wells 
in the study area. Figure 1c. Climatologically, the long-

term temperature analysis showed that the area’s average 
temperature was approximately 19.6°C, with a mean annual 
minimum and maximum temperature between 14.6 °C and 
23 °C, respectively. Figure 1d. Also, the long-term analysis 
observed a regional rainfall average of 431 mm per year (i.e., 
approximately 245 mm minimum to 580 mm maximum). 
Figure 1e. Finally, the study area can be subdivided into 
three climate regions, including the semi-arid, semi-humid, 
and humid regions. Figure 1f. The study area also includes 
12 soil units according to the USDA classification. Figure 1g. 
Also, chert-limestone and sand-limestone dominated about 
53% of the area of the study area. Figure 1h.
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Also, the study area includes the parts of the eastern 
bank of the Jordan River, which are: The first is ZOR, 
which is the narrow range of the flood plain of the Jordan 
River. The second section is Katar which occurs as a thin 
stream running along the channel of the Jordan River; its 
characteristics are generally moderate to high salinity, 
difficulty in leaching salts, very low permeability, and high 
erosivity along margins. The third section is Gor, which 
extends along the eastern edge of the Jordanian river, is 

highly suitable for irrigation, and is already intensively used 
for irrigated production of orchard crops and horticultural 
crops. The fourth part is the escarpments of Jordan Valley; 
the escarpments are in calcareous rocks, very steep, 
rocky slopes with rock faces. The major limitations to 
agrarian culture in this area are the very steep slopes and the 
stony, often shallow soils that occupy the upper part of the 
area.  Figure 2.

Figure 2. Vertical profile showing the distribution of the parts of the eastern bank of the Jordan Valley according to the change in elevation: 
(a) the northern part, (b) the middle part, (c) the southern part, (d) a map of the parts of the eastern bank of the Jordan River

2.2 Study Data:

2.3 Measurement of Stream Power Index (SPI):

2.4 The Analytic hierarchy process (AHP) Method:

This work is also based on two remote sensing datasets 
that were obtained: (i) Landsat-8 surface reflectance data 
freely available from the United States Geological Survey 
((USGS (http://www.usgs.gov/)) during the period 2017-
2021; and (ii) ASTER GDEM (https://asterweb.jpl.nasa.
gov/gdem.asp) data freely available from NASA. As for 
the soil texture data, it was obtained from the soil survey 

The SPI index is one of the most important factors 
controlling slope erosion processes. Since the erosive power 
of running water directly influences river cutting and 
slope toe erosion, (Nefeslioglu et al. 2008., Al-Sababhah 
2018) the areas with high stream power indices have an 
excessive potential for erosion because it represents the 
potential energy procurable to entrain sediment, (Kakembo 
et al. 2009). Assuming that discharge is associated with the 
specific catchment area, the erosive power of water flow can 
be measured by the stream power index) SPI (, (Moore et al. 
1991), as follows:

The AHP continues to be one of the most popular 
analytical techniques for complex decision-making 
problems and is widely used due to its flexibility and ease to 
use. An AHP hierarchy can have many levels to characterize 
a decision condition. The selected factors governing the 
suitability of the site’s suitability are weighted using the AHP 
which is aided by a pairwise comparison matrix that uses a 

By following these steps: Launch the Raster Calculator 
by clicking on click on Spatial Analyst Tools -Map Algebra 
- Raster Calculator, and Enter the formula, the result looks 
exactly like the formula above, Output Raster, thumb‐drive\
terrain\spi, and click ok to run the calculation. For more 
details, please refer to the website: https://www.wrc.umn.
edu/randpe/agandwq/tsp/lidar

where, As represents the specific catchment area in 
meters and σ is the slope gradient in degrees. Also, ArcGis 
can be used to measure SPI by the equation:

records of the Jordanian Ministry of Agriculture for the 
period from 1993 – 2020. The spline interpolation method 
in GIS has been selected because it is the most appropriate 
one for studies involving a small number of cases. Also, the 
long-term (1990-2021) climatic data used in this assessment 
constitute the monthly and annual rates of rainfall rates for 
11 climatic stations. Table 1.

Table 1. Table 1. List of Climatic stations used in this study.

Ele (m)Long (E)Lat (N)Climate StationEle (m)Long (E)Lat (N)Climate Station

36032°32’35°42’Taybeh19032°16’35°39’Kufr Anjah

31032°30’35°40’Dir Abi Saeed56032°19’35°38’Wahadna

33032°35’35°42’Kufr Asad97032°25’35°47’Ruhaba

(-230)32°23’35°35’Rayan57032°32’35°48’Kufryouba

(-228 )32°39’35°37’Baqura80032°28’35°47’Mazar

56032°33’35°51’Irbid

 (1)

 (2)
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Figure 3. Overall procedures used for erosion risk mapping using MCDA in ArcGIS 10.4.1.

scale of relative importance, (Al Raisi et al. 2014, Chaudhary 
et al. 2016, Yasser et al. 2013., Al-Adamat et al.2010). This 
method consists of a weighting of the factors adopted by a 
comparison. In pairs of factors that control erosion in this 
area, (Tairi et al. 2013) the main factors considered in this 
study are slope, land use/land cover, soil texture, rainfall, and 

SPI. The AHP process may be subdivided into three steps 
Including standardization, weight assignment, and weighted 
linear combination. Figure 3 indicates the overall procedures 
employed to create a model that enables us to identify zones 
of erosion risk.

Different methods to determine the risk zones of soil 
erosion, which calculate the amount of erosion and require a 
lot of data and criteria (Wischmeier and Smith, 1978), can be 
applied to characterize the erosion phenomenon in the study 
area. The MCDA is used to analyze a series of alternatives or 
objectives to rank them from the most preferable to the least 
preferable using a structured approach. The result of MCDA 
is often a set of weights linked to the various alternatives. The 
weights indicate the preference of the alternatives relative 
to each other. They may also be seen as an advantage or 
disadvantage when changing from one alternative to another. 
The choice of methodologies for calculating these weights 
varies from text to text. Several authors (Stewart and Scott 
1995., Joubert et al. 1997., Jankowski et al. 2001., Ayalew 
and Yamagishi 2005., Kourgialas and Karatzas., 2011) have 
used the methods highlighted by Malczewski (1999) when 
calculating weights in MCDA. The AHP developed by Saaty 

(1977,1984), is the simplest of the multicriteria methods. It is 
based on the synthesis and aggregation of weights assigned 
to the criteria of the different levels of the hierarchy. The 
weights and ranks of each parameter were assigned after the 
pair-wise comparison using the rating scale. Table 2.

2.4.1 Multi-criteria decisional analysis mapping (MCDA):

Table 2. Scale of comparisons of criteria (Saaty 1984).

Important Verbal definition of the importance
of one factor over the other Scale

More Important

Extremely 9

Very strongly 7

strongly 5

Moderately 3

Equally important 1

Equally Important

Moderately 1/3

Strongly 1/5

Very Strongly 1/7

Less Important Extremely 1/9



The application of AHP requires the development of 
a pairwise comparison matrix between the five factors 
affecting soil erosion, and this depends on the importance 
of each factor in the occurrence of erosion. The pairwise 
comparison of each pair of elements in each level is made 
to corresponding elements in the above level, depending 
on their importance. Where the comparisons can then be 
represented by multiple square matrices, (Chen 2006), as 
follows:

After the pairwise comparisons have been completed, 
a weight value is assigned to the element with a higher 
importance in the pair. As for the lesser important element 
in the pair, a reciprocal of the value will be assigned to it. 
Normalization followed by averaging the weights is then 
done to obtain the relative weight for each of the elements 
in the hierarchical model, (Kasperczyk and Knickel 2006). 
Based on equation (4), we arrive at the matrix. Table 4.

Then, the pairwise comparison matrix will be normalized 
by dividing each element in the matrix by the sum of its 
columns, (Bunruamkaew 2012) to get the following matrix. 
Table 5.

Matrices that have reciprocal properties can be 
expressed., (Saaty 1980), by the following equation,

where C consistency ratio, each matrix of order n as the 
matrix. Table 3 shows a multiple square matrix.

2.4.2 Pair-wise comparison matrix:

 (3)

 (4)

Table 3. Multiple Square Matrix.

Table 5. Decision matrix.

Table 6. Comparison matrix of the five factors adopted.

Table 4. The representation of matrices that have reciprocal 
properties.

Factors Slope Land Use/
Land Cover

Soil 
Texture Rainfall SPI

Slope C11 C12 C13 C14 C15
Land Use/
Land Cover C21 C22 C23 C24 C25

Soil Texture C31 C32 C33 C34 C35
Rainfall C41 C42 C43 C44 C45
SPI C51 C52 C53 C54 C55

  Factors Slope Land Use/
Land Cover

Soil 
Texture Rainfall SPI

Slope 1/C11 1/C12 1/C13 1/C14 1/C15
Land Use/
Land Cover 1/C21 1/C22 1/C23 1/C24 1/C25

Soil 
Texture 1/C31 1/C32 1/C33 1/C34 1/C35

Rainfall 1/C41 1/C42 1/C43 1/C44 1/C45
SPI 1/C51 1/C52 1/C53 1/C54 1/C55

Factors Slope Land Use/Land Cover Soil Texture Rainfall SPI
Slope C10/10 C10/5 C10/3.33 C10/2.5 C10/2
Land Use/Land Cover C5/10 C5/5 C10/5 C10/3.33 C10/2.5
Soil Texture C3.33/10 C5/10 C3.33/3.33 C10/5 C10/3.33
Rainfall C2.5/10 C3.33/10 C5/10 C2.5/2.5 C10/5
SPI C2/10 C2.5/10 C3.33/10 C5/10 C2/2

researcher’s vision and referring to previous studies 
within the same field, pair-wise comparisons, and ranking of 
factors were done. Table 6. Analyzing

soil erosion areas, the slope was considered the most 
Weights of all factors in the hierarchical model based on the 
influential factor (highly sensitive to erosion), whereas SPI 
was considered less sensitive to contributing soil erosion. The 
values in each cell represent the scale of relative importance 
for the given paired factors. The diagonal has a value of “1” 
throughout because the diagonal represents factors being 

These verbal judgments are based on a good expert 
knowledge of the field and the importance of each factor in 
the phenomenon of erosion. To calculate the weights of each 
factor, we will need to convert each value in the table of the 

compared to itself with a scale of “1” (equal importance). On 
the lower diagonal, the scale values are infractions because 
the factors are being paired in the reverse order and the 
scale of relative importance is given as the reciprocal of the 
upper diagonal pair-wise comparisons. Hence, to identify 
the erosion Hotspot areas in the north Jordan Valley basin, 
factors are ranked as follows: slope first; land use second; 
soil texture third; rainfall fourth; and SPI fifth. For more 
details, refer to Andualem 2020).

comparison matrix in Table 6, to a percentage of the sum per 
column. Then the weight of each factor is the average of each 
row of the standardized matrix multiplied by 100%, Table 7.

Factors Slope Land Use/Land Cover Soil Texture Rainfall SPI

Slope 1 2 3 4 5

Land Use/Land Cover 0.50 1 2 3 4

Soil Texture 0.33 0.50 1 2 3

Rainfall 0.25 0.33 0.50 1 2

SPI 0.20 0.25 0.33 0.50 1

Sum 2.28 4.08 6.83 11 15
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In the AHP, the pair-wise comparisons in a judgment 
matrix are considered to be adequately consistent if the 
corresponding consistency ratio (CR) is less than 10% (Saaty 
1980). First, the consistency index (CI) needs to be estimated. 
This is done by adding the columns in the judgment matrix 

As an important step for the study, field visits were made 
to different areas within the study area to verify the accuracy 
of the results in determining the sites most affected by the 
risk of soil erosion in the field, in addition to the accuracy of 
the selection and the importance of (GIS and RS) as effective 
tools in evaluating soil erosion sites and thus matching the 
results reached using (GIS and RS) with the field reality. 
Figure 4 shows the sites of the field verification visits.

Then, the CI value is calculated by using the formula:

Next, the consistency ratio CR is calculated by using the 
formula:

where RI refers to the mean of an Index of Consistency, 
the matrix Order and CI refer to the Index of Consistency as 
expressed.

A randomly generated pairwise comparison matrix is 
used to obtain the random consistency index, RI. The values 
of 𝑹𝑰 for matrices of order 1 to 15 (1 to 10 elements in one 
level). Table 9, (Saaty 2016., Satty 1984). The RI value in this 
study was 1.12.

If 𝜆 max is the most massive value of the matrix of its 
own, the matrix can be determined easily; “n” is the matrix 
sequence. The CR is a ratio of the random index to the matrix 

consistency index.

The value is from 0 to 1. A CR of 0.1 or less is considered 
a respectable level, and over 0.1 implies a revision is required 
because the individual factor ratings are not being handled 
uniformly (Malczewski 1999). When these approximations 
are applied to the previous judgment matrix, it can be verified 
that the following are derived: 𝜆𝑚𝑎𝑥 = 5.11; CI = 0.02, and 
CR =0.014. Once the weighting is done, the different factors 
adopted and the coherence ratio value is acceptable CR = 
0.01, the superposition of the 5 input factors adopted will be 
carried out under ArcGIS software 10.4.1 according to the 
following equation:

Risk of Erosion = (0.42 * Slope) + (0.26 * Land Use/Land 
Cover) + (0.16 * Soil Txt) + (0.10 * Rainfall) + (0.06 * SPI)

where  is calculated using the formula:

and multiplying the resulting vector by the vector of priorities 
(i.e., the approximated eigenvector) obtained earlier. This 
yields an approximation of the maximum Eigenvalue, 
denoted by 𝜆𝑚𝑎𝑥. Table 8 refers to the consistency matrix 
used to calculate the consistency ratio.

2.4.3 Consistency analysis:

2.4.4 Field Study:

 (5)

 (6)

 (7)

.(8)

Table 7. Standardized Matrix of Erosion Factors.

Table 8. Consistency measurement matrix.

Table 9. Random indices for matrices of comparisons (Saaty 1984).

Slope Land Use/Land Cover Soil Txt Rainfall SPI Total Average Weight %

Slope 0.44 0.49 0.44 0.38 0.33 2.08 0.42 41.64

Land Use/Land Cover 0.22 0.25 0.29 0.29 0.27 1.31 0.26 26.18

Soil Txt 0.15 0.12 0.15 0.19 0.20 0.81 0.16 16.10

Rainfall 0.11 0.08 0.07 0.10 0.13 0.49 0.10 9.84

SPI 0.09 0.06 0.05 0.05 0.07 0.31 0.06 6.23

Total 1 1 1 1 1 5 1 100

Factors Slope Land Use/Land Cover Soil Txt Rainfall SPI Total Average Weight % Consistency  Measure

Slope 0.44 0.49 0.44 0.38 0.33 2.08 0.42 41.40 5.11

Land Use/
Land Cover 0.22 0.25 0.29 0.29 0.27 1.32 0.26 26.30 5.10

Soil Txt 0.15 0.12 0.15 0.19 0.20 0.81 0.16 16.10 5.06

Rainfall 0.11 0.08 0.07 0.10 0.13 0.49 0.10 9.80 5.02

SPI 0.09 0.06 0.05 0.05 0.07 0.32 0.06 6.40 5.03

Total 1 1 1 1 1 5.02 1 100 Average 5.06=

CI=0.02                                                                  RI = 1.12                                                           CR=1.45

Size 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.11 1.24 1.32 1.41 1.45 1.49
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3. Results and discussion:

After the factors of soil erosion are compared with 
each other by developing a comparison matrix, they are 
also compared regarding the importance of one concerning 
another and accordingly given a rating as per the Saaty scale. 
The present study was conducted to determine the zones of 
a Northern Jordan valley that contribute to a large amount of 
soil erosion.

Figure 4. The sites of the field verification visits are shown in 
numbers. (a, b, c, d, e, f) represent the sites of soil erosion types in 

Figure 11.

3.1 Soil erosion contributing factors:

3.2 Reclassification of Soil erosion contributing factors:

To estimate the spatial distribution of soil erosion-hazard 
areas in the Northern Jordan Valley, five factors are used: 
Slope, land use/land cover, soil texture, rainfall, and SPI.

The model applied in this study allows for determining 
the zones sensitive to soil erosion in the study area. Based on 
the sensitivity classes of the factors that control soil erosion, 
we have established the reclassification maps of the risk of 
soil erosion in the northern Jordan Valley.

The slope gradient is a crucial factor that affects soil 
erosion from the land surface. The slope is one of the most 
important topographical features that cause soil degradation, 
(Andualem 2020). The slope ranges from (0 to 58.2°) in 
Northern Jordan Valley (Figure 5a).

The slope map was reclassified into five major slope 
classes depending on the Food and Agriculture Organization 
(FAO) slope classification and susceptibility to erosion, 
Areas that are found on flat and gentle slopes were taken 
as very low and low susceptible to erosion, and vice versa, 
Figure 6a.

Land use and land cover changes are also considered as 
one of the major factors which cause soil erosion in an area, 
thus leading to land degradation. The northern Jordan Valley 
basins have five major types of land use and land cover. The 
land use and land cover types were reclassified according 
to their susceptibility to erosion where agricultural and bare 
land areas were considered very highly vulnerable to erosion, 
due to the soil structure disturbance. At the same time, water 
and urban areas were considered very lowly vulnerable to 
erosion. Figure 6b.

The susceptibility of soil texture to erosion was 
reclassified based on the characteristics of soil concerning 
soil erosion, where silt clay was considered very highly 
vulnerable to erosion, while clay loam was considered as low 
vulnerable to erosion, Figure 6c.

The classified rainfall map was prepared based on areas 
with high rainfall values assigned to very high and high 
susceptibility to erosion. Figure 6d.

Areas with high SPI values are considered highly erosive, 
whereas areas with low SPI values are classified as low, and 
susceptible to erosion. Figure 6e.

land use/cover changes were considered significant 
factors in soil erosion in the study region. Land/cover was 
one of the critical factors influencing surface flux, and decay 
in land use, (Sinshaw et al. 2021). In this regard, nine types of 
land use/land cover were recognized in the study area. Land 
use/land cover classes were investigated and computed as 
presented in Figure 5b.

Soil is an important element in conserving soil watershed 
moisture. The soil characteristics also control surface water 
in an aquifer system and are directly linked to absorption, 
percolation, and permeability levels. Soil texture affects the 
water content and drainage ability of soils. This is because 
texture controls the nature of soil pores, thus increasing 
the possibility of soil erosion, (Burke et al. 1999, Hook and 
Burke 2000). The soil texture of the study area showed about 
six major soil texture classes. Figure 5c.

The effect of rainfall characteristics as a major 
determining factor is crucial to deal with observed 
variability in soil erosion, (Ran et al. 2012). Among storm 
characteristics, rainfall intensity is a very important factor. 
The close relationship between water erosion and rainfall 
intensity is due to the impact of raindrops on the soil surface 
in high-intensity storms which causes increased soil particle 
detachment and higher rainfall intensity results in higher rates 
of infiltration excess runoff, and a much greater transport of 
suspended sediment load, (Van Dijk et al. 2002., Falkland 
1993., Al-Sababhah and Alomari 2020). The rainfall ranges 
from (243 mm to 569 mm).  Figure 5d.

Soil erosion by water is directly linked to slope 
morphology in the areas (Danielson 2013). SPI determines 
the erosive water flowing capacity, assuming the flow 
is proportional to the catchment area and the pitch. The 
potential energy for sediment is also an indicator (Kakembo 
et al. 2009). The highest focus on soil erosion has been the 
higher range of SPIs based on ‘researchers’ and ‘experts’ 
expertise. The SPI ranges from (-13.8 to 11.4). Figure 5e.

3.1.1 Slope:

3.2.1 Slope:

3.2.2 Land Use / Land Cover:

3.2.3 Soil Texture:

3.2.4 Rainfall:

3.2.5 Stream Power Index (SPI):

3.1.2 Land use / Cover:

3.1.3 Soil Texture:

3.1.4 Rainfall:

3.1.5 Stream Power Index (SPI):
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Figure 5. Soil erosion contributing factors: (a) Slope(Degree), (b) Land Use/Land Cover, (c) Soil Texture, (d) Rainfall (mm), (e) SPI.
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Figure 6. Classified soil erosion contributing factors: (a) Slope(Degree), (b) Land Use/Land Cover, (c) Soil Texture, (d) Rainfall (mm), (e) 
SPI.
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3.3 Weighting of soil erosion contributing factors:
All soil erosion contributing factors were classified into 

five categories representing the degree of risk scale of that 
category on the possibility of soil erosion within the same 
factor. A standard scale of 1-9 according to the Saaty (1984) 
system was used to determine the degree of impact, with a 
value of 9 indicating a higher degree of risk.

Referring to the above, these verbal judgments are based 
on a good expert knowledge of the field and each factor’s 

The risk classes were assigned to the five selected 
factors. Then the AHP pair-wise comparison matrix was 
constructed based on the preferences of each factor relative 
to the others. As input, it takes pair-wise comparisons of the 
factors and produces their relative weights as output. All soil 

importance in the erosion phenomenon. To calculate the 
weights of each factor, we will need to convert each value in 
the table of the comparison matrix in Table 6, to a percentage 
of the sum per column. Table 8. Then the weight of each 
factor is the average of each row of the standardized matrix. 
Table 7 indicates the weights of the factors, the percentage 
of weights for each factor, the levels of erosion risk, and the 
classification of factors. Table 10.

erosion contributing factors were classified into five levels 
that represent the degree of risk scale of that category on the 
possibility of soil erosion to create a weighting map for the 
five factors. Figure 7.

Table 10. Classification and Weighting of Factors.

Percentage (%)Total WeightWeighting RateProposed WeightRisk LevelDomainFactor

41.42.080.332Very low0-5

Slope

0.382.5Low5-10

0.443.33Moderate10-15

0.495High15-20

0.4410Very high20-58.2

26.31.320.272Very lowAgricultural and Bare Land

Land Use/Land Cover

0.292.5LowForests

0.293.33ModeratePastures

0.255HighTree Crops

0.2210Very highWater and Urban Areas

16.10.810.202Very lowClay Loam

Soil Texture

0.192.5LowSandy Clay

0.153.33ModerateSandy Silt Clay Loam

0.125HighSilty Clay

0.1510Very highSilt Clay Loam

9.80.490.132Very low243-315

Rainfall

0.102.5Low315-368

0.073.33Moderate368-420

0.085High420-488

0.1110Very high488-569

6.40.320.072Very low(- 13. 6)-(- 6. 9)

SPI

0.052.5Low(- 6. 9)-(- 1. 75)

0.053.33Moderate(- 1. 75)-0.34

0.065High0.34-3.40

0.0910Very high3.40-11.4

100 %5.02Total
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Figure 7. Weighted soil erosion contributing factors: (a) Slope(Degree), (b) Land Use/Land Cover, (c) Soil Texture, (d) Rainfall (mm), (e) 
SPI.  
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Figure 8. Risk levels for soil erosion contributing factors: (a) Slope(Degree), (b) Land Use/Land Cover, (c) Soil Texture, (d) Rainfall (mm), 
(e) SPI.

3.4 Risk levels for soil erosion contributing factors:
Soil erosion risk areas are classified into five risk levels 

according to the severity of erosion. The spatial distribution 
of each class of soil erosion risk in percent was developed by 
the AHP method. Figure 8.
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Areas found on flat and less than 10 degrees, were taken 
as having very low and low, susceptibility to erosion. About 
30 % of the area lay in very low erosion risk; on the other 
hand, about 11.4 % lay in very high erosion. Figure 8 a. Areas 
that are found in agricultural and bare land were found as 
very highly susceptible to erosion. Their area constituted 
9.7%. As for the areas covered by water and urban areas, 
which represent areas with a very low risk of erosion, they 
constituted a percentage of 11.44%. However, it can be 
considered that pastures with moderate impact on the risk 
of erosion constituted the highest percentage of the area at 
around 43.1 %. Figure 8 b. Northern-Jordan valley basin is 
dominated by Silty Clay with an area coverage of 441.2 km2 
or about 40.9% of the total area, which constitute areas of 
high risk of erosion, while the areas covered by clay loam 

A final soil erosion map was created for the Northern-
Jordan Valley basin to show the spatial distribution of erosion 
hazard sites. In addition to developing the soil erosion maps 
which are laid in erosion, potential areas have been identified 

to notify the respective officials at all levels of decision-
makers and planners for providing sustainable soil and water 
conservation practices. Figure 9.

have an area of 32.7 km2 with a percentage of 3% of the total 
area and represent areas of very low risk of soil erosion. 
Figure 8 c. Areas with high rainfall/rainfall erosivity values 
were assigned to very high and high risk of erosion. About 
117.6 km2 and 340.7 km2 area were found in a very high and 
high erosive area, respectively, while, about 124.5 km2 area 
was found in a very low erosive area, Figure 8 d. Finally, 
areas with high SPI values were considered highly erosive, 
whereas areas with low SPI values were classified with low 
susceptibility to erosion. As seen from the spatial distribution 
map of SPI, 15.5 % and 2.9 % of the area have been found in 
high and very high susceptibility to soil erosion. Figure 8 e. 
Table 11 shows the distribution of risk levels for soil erosion 
contributing factors.

Table 11. Distribution of risk levels for soil erosion contributing factors.

Percentage (%)Area (Km)Risk LevelDomainFactors

33355.6Very low0-5

Slope

26.7287.2Low5-10

18.3196.7Moderate10-15

10.7115.6High15-20

11.37122.5Very high20-58.2

9.7105Very highAgricultural and Bare Land

Land Use/Land Cover

16.3175.6HighForests

43.1464.5ModeratePastures

19.4209.2LowTree Crops

11.44123.3Very lowWater and Urban Areas

332.7Very lowClay Loam

Soil Texture

26.5285.8LowSandy Clay

26.4284.3ModerateSandy Silt Clay Loam

40.9441.2HighSilty Clay

3.133.6Very highSilt Clay Loam

11.6124.5Very low243-315

Rainfall

13.9150.3Low315-368

32344.5Moderate368-420

31.6340.7High420-488

10.9117.6Very high488-569

28301.3Very low(- 13. 6)-(- 6. 9)

SPI

20.4219.9Low(- 6. 9)-(- 1. 75)

33.2358.1Moderate(- 1. 75)-0.34

15.5167.5High0.34-3.40

2.930.9Very high3.40-11.4
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Where, the areas with high and very high erosion risk in 
the northern Jordan Valley basin are about 8.5% and 16.3%, 
respectively. As for the areas with low and very low soil 
erosion risk, they form about 36.6% and 8.9%, respectively, 
of the total area of ​​the study area, Table 12

Figure 9. Soil erosion hazard map for the study area.

Figure 10. Soil erosion risk map for sub-basins.

Table 12. Distribution of risk levels for soil erosion in the Northern-
Jordan Valley.

Table 13. Distribution of risk levels for sub-basins.

Risk level Area (km2) percentage (%)

Very High 91.6 8.5

High 175.6 16.3

Moderate 319.8 29.7

Low 394.8 36.6

very Low 95.8 8.9

Total 1077.6 100

3.5 Risk levels for sub-basins: 
Likewise, the analysis for soil erosion was conducted 

for the sub-basins, including Al-Arab, Ziqlab, Al-Rayan, 
al-taybeh, Kufer Anja, and the areas located on the eastern 
bank of the Jordan River. Figure 10.

In the analysis of soil erosion, it has been found that the 
Arab basin has a high and very high erosion area of about 69.8 
km2, with a percentage of about 6.5% of the total area. Hence, 
that catchment can be considered the most topographically-
complex basin in the study area, resulting in more steep 
morpho-metric characteristics.  Also, it has been found 
that this catchment has the highest slope ratio even though 
it is the largest watershed, which is considered a hazardous 
indication since it means that soil erosion could reach great 
volume over a small area. The low and very low area of soil 
erosion, was in the lands of the eastern bank of the Jordan 
River, covering about 191.3 km2. This is related to the spread 
of favored plain areas to cash crop production and intensive 
agriculture which can lead to low-erosion soil. Table 13.

Percentage (%)Area (Km2)Risk LevelBasin

9.4027.4Very high

Arab

14.542.4High

29.886.95Moderate

40.3117.6Low

617.2Very low

100291.55Total

13.58.1Very high

Taybeh

19.011.4High

28.717.2Moderate

34.520.7Low

42.6Very low

10060Total

9.5413.6Very high

Ziglab

18.426.2High

29.942.6Moderate

35.350.3Low

7.09.92Very low

100142.62Total

11.116.2Very high

Rayan

21.431.3High

3144.9Moderate

29.543Low

7.310.6Very low

100146Total

9.210.2Very high

Kufr Anja

25.928.8High

33.437.1Moderate

27.730.8Low

3.84.2Very low

100111.1Total

4.715.5Very high

East Bank of the 
Jordan River

(Gor,Zor, Katar, 
and escarpment)

11.637.8High

25.081.7Moderate

41.2134.4Low

17.456.93Very low

100326.33Total
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3.6 Field study:
Fieldwork is used while investigating soil erosion areas.  

Also, field visits are an important tool for investigating 
spatial scale, the scenarios of interaction between the various 
environmental factors, and the surfaces they act upon to 
cause soil erosion. The types of soil erosion were distributed 
within the study area and were limited in the field visits to six 
types as their locator in Figure 3: The first type is Raindrop 
or splashes erosion due to the impact of falling raindrops 
on the soil surface leading to the destruction of the crumb 
structure, also known as the raindrop or splash erosion. 
Figure 11a. The second type of sheet erosion is the uniform 
removal of soil in thin layers from the land surface caused 
by water. Land areas with loose, shallow topsoil overlying 
compact soil are most prone to sheet erosion. Figure 11b. The 
third type of rill soil erosion is a form of water erosion in 
which the erosion takes place through numerous narrow and 

more or not-so-straight channels called streamlets, or head 
cuts. Rill is the most common form of erosion, which you 
can also observe during heavy rain. Figure 11c. The fourth 
type of gully erosion occurs due to the runoff of surface 
water causing the removal of soil with drainage lines. When 
started once, gullies will move by headward erosion or even 
by slumping of side walls unless and un-till proper steps will 
be taken to stabilize the disturbance. Figure 11d. The fifth 
type of stream bank erosion is nothing but washing away 
from the banks of a stream or a river. It is different from the 
erosion of the bed of a watercourse, which is referred to as 
scouring. This type of erosion is also termed Stream Bank 
Erosion. Figure 11e. The sixth type of soil flow frosion is 
the movement of water-saturated soils towards the lowest 
slopes, and it is active in wet regions where it transports 
large quantities of soil during sufficient amounts of rainfall. 
Figure 11f.

Figure 11. The types of soil erosion: (a) raindrop or splash erosion, (b) sheet soil erosion, (c) rill soil erosion, (d) gully soil erosion, (e) stream 
bank soil erosion, (f) soil flow erosion.
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Overall, the area most susceptible to soil erosion has a 
low potential for agriculture and forestry unless soil erosion 
and soil maintenance were installed to make maximum 
use of the dominant environmental system in the study 
area. The potential for grazing and browsing is constantly 
decreasing due to active soil erosion processes, specifically 
with deforestation and fires, apart from stream channels 
and slopes, where high and very high soil erosion occurs. 

Soil erosion is more evident in the semi-humid and humid 
regions with rainfall of more than 350 mm, the degree of a 
steep slope, and mostly silty loam and silty clay loam, as well 
as in the regions of agriculture, forests, and poor pastures 
where the thickness of the soil is more than 25 cm to allow 
rainwater saturation and increase the possibility of soil 
erosion, Table 14.

Table 14. Data of soil erosion sites selected in Figure 11.

Sites
Variables a b c d e f

Coordinates 35 ͦ 42΄E
32 ͦ 32΄N

35 ͦ 39΄E
32 ͦ 31΄N

35 ͦ 42΄E
32 ͦ 18΄N

35 ͦ 49΄E
32 ͦ 33΄N

35 ͦ 39΄E
32 ͦ 17΄N

35 ͦ 37΄E
32 ͦ 23΄N

Basin Taybeh Ziglab KufrAnja Arab KufrAnja Rayan

Climate Region(Iar-DM) Semi-Humid Semi-Humid Semi-Humid Semi-Humid Semi-Arid Semi-Humid

Rainfall(mm) 427 426 490 463 350 453

SPI Value 3.5 4.03 6.4 1.6 5.2 4.1

Temperature (C ͦ ) 18.8 19.2 17.8 18.4 21.4 20.1

Elevation (m) 330 43 700 520 410 453

Slope(Deg) 10.6 6.2 34.4 22.9 39.8 35.2

Soil Texture Silty Clay Loam Silty Clay Silty Clay Loam Silty Clay Silty Clay Silty Clay

Soil Depth (cm) 72 80 30 120 25 140

Land Use/Land Cover Pasture Tree Crops Forest Pasture Forest Pasture

Erosion Type Raindrop Sheet Rill Gully Stream Bank Soil Flow

Erosion Class Very High Very High Very High High Very High Very High

4. Conclusion

The application of the Analytical Hierarchy Process 
(AHP), integrated into Geographic Information Systems 
(GIS) is one of the most important methods for creating soil 
erosion risk maps. On the one hand, assessing and analyzing 
soil erosion risk areas in different regions of the world, 
especially where soil erosion is a dominant phenomenon 
that has economic, social, and environmental effects. On 
the other hand, the method used provides a strong database 
for decision-makers to simulate scenarios of erosion in the 
region and to plan erosion control interventions. To achieve 
this goal, the study relied on five factors, slope, land use/land 
cover, soil texture, rainfall, and SPI for the northern Jordan 
Valley basin.  It was found that the areas with a very high and 
high risk of soil erosion are about 24.8%, and those with low 
and very low risk of erosion form about 45.5 % of the total 
area of ​​the study area.
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