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Availability of subsurface fresh water in coastal cities of the world is a 
growing problem due to sea level intrusion and less seepage. The authors 
have utilized an integrated data dataset in which conventional geophysical 
methods were used to collect primary data for the groundwater resources in 
Karachi and geospatial approaches were used to generate the hydrogeologi-
cal model. It aimed to investigate geological/hydrogeological conditions of 
any aquifer system in the study area. The geophysical survey was planned 
to acquire electrical resistivity data in the outskirts of Karachi. The geo-
physical survey was carried out at twenty-one stations by adopting vertical 
electrical sounding technique with schlumberger configuration. The field 
data were processed in an iterative process to improve the signal to noise 
ratio and obtain smooth field data curves for delineation of the aquifer. The 
authors have interpreted field data to model the geological information and 
determine the hydrogeophysical parameters of respective layers. These pa-
rameters including the number of layers, aquifer resistivity, aquifer litholo-
gy, aquifer thickness and depth to the aquifer, are determined at each field 
station. The acquired dataset of hydrogeophysical parameters was used to 
build a geospatial database. The multi-criteria analysis and decision-making 
process were utilized in GIS-based program to model spatial distribution 
of these parameters. The results identified an aquifer system in the depth 
ranging from 53.3 meters to 143.9 meters. The aquifer in the area is mostly 
sandstone having sufficient thickness which varies from northeast to south 
and southwest due to undulating topography of the area. The maximum 
potential of the groundwater is identified in the south which is suitable for 
water exploration because of low resistivity zone, high aquifer thickness, 
and flow of drainage network. 
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1. Introduction

The massive body of sea is at door-step of the coastal 
towns around the globe. Therefore, the groundwater re-
sources are under threat of advancing saltwater intrusion. 
Where to drill a borehole for pumping groundwater in 
a coastal city? It is a challenging and complicated ques-
tion for town developers, planners, and common public 
living in coastal regions around the world [1,2]. Centuries 
ago, people used “dowsing method” [3]. Geophysical and 
geospatial studies attempt to help in demarcation of the 
groundwater potential zones to fulfill growing needs of 
water supply. The geophysical techniques such as electri-
cal resistivity, induced polarization, and electromagnetic 
induction methods are employed for shallow geological 
mapping and hydrogeological studies around the globe. 
These shallow geophysical methods are found helpful 
within anisotropic medium and to solve water related 
problems such as exploration for promising aquifer, water 
pollution monitoring, water management and environ-
mental preservation [4-6]. Hydrogeophysical delineations 
facilitate obtaining information about aquifer, although 
sometimes uncertainty in interpretation precludes the 
recommendation for drilling [7]. The primary difficulties 
in groundwater modelling can be abridged by interpreta-
tion and careful inversion techniques applied to process 
the resistivity datasets [8,9]. The development of digital 
data modeling and computer solutions has improved the 
reliability of geophysical data interpretation [10,11]. Litera-
ture review suggests that ground resistivity is a function 
of various factors which are lithology type of geological 
layer, mineralogical content and fluid saturation, depth to 
the geological layer, porosity, and permeability of clastic 
rocks [12]. The geological environment and recharge po-
tential in an area also affect the resistivity values therefore 
time series/seasonal analysis of aquifer potential could 
help to improve the hydrogeological investigations.

Geographical information system (GIS) facilitates in 
mapping and modelling of spatial databases. For example, 
the hydrogeophysical database consists of parameters ob-
tained from the geophysical data interpretation [13-15]. GIS-
based mapping techniques are effectively used for spatial 
analysis and decision making. Review of the studies [12,16] 
suggests that the scope of groundwater studies is broad-

ened by undertaking spatial modelling techniques. GIS-
based suitability model for well-location can be created by 
considering multiple data variables such as layer thickness, 
depth to aquifer, and ground resistivity of aquifer [17-20].

The coastal cities of Pakistan including Karachi, That-
ta, Ormara, Pasni, Gwadar, and other small towns are 
facing a serious problem in searching of groundwater 
aquifers. Geoscientists are making their efforts to explore 
and protect groundwater resources in coastal towns [21-23]. 
Karachi is one of the largest cities of Pakistan which is 
further expending in northeastern outskirts. The fast-grow-
ing urbanization projects demand mapping of sweet-wa-
ter aquifers in and around Karachi. Seasonal rainfall is 
the main source of groundwater recharge in Karachi and 
its immediate surroundings. Overall, arid climate in the 
region prevails which limit the recharge potential and 
channel flow down the streams to southwest. It is specu-
lated that the precipitation rate in Karachi has decreased 
from 200 mm/yr to 20 mm/yr, majorly causing shifting 
of monsoon seasonal trends of rain fall system in Karachi 
region [24,25]. Thereby imbalance between the pumping rate 
and recharging rate of aquifers imposes adverse impact on 
quality of groundwater [11]. The present study is designed 
to investigate hydro-geological conditions of aquifers in 
hilly outskirts of Karachi city. The objectives are to find 
the hydrogeological conditions of the subsurface and pos-
sible aquifer systems using electrical resistivity method 
and to classify the region based on spatial analysis of the 
aquifer and to demarcate the best potential zone to get op-
timum groundwater. 

There are several under-developed towns in northeast-
ern edge of Karachi city. Understudy area is located inside 
DHA City Karachi (DCK) which is under-development 
town located to the northeast of Karachi along the mo-
torway section of M-9 (Figure 1a). Khadeji anticline 
exposed clastic rocks composed of sandstone, shale and 
limestone in the study area. Hydrological model indicates 
that the DCK is located in the upper Malir basin, therein 
two small ephemeral streams known as Abdar and Sukkun 
and two larger intermittent streams known as Khadeji and 
Mol are located to the south and north of DCK respective-
ly. These streams drain in Malir river which eventually 
leads to drain in the Arabian sea (Figure 1b). 
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2. Data and Methodology 

This study is based on acquisition of geophysical dataset 
using electrical resistivity method, interpretation of field da-
tasets to obtain the hydrogeophysical parameters, and prepa-
ration of spatial database for GIS-based modelling.

2.1 Geophysical Data 

Geoelectrical resistivity experiments are based on-field 
measurement of ground resistivity by vertical electrical 
sounding (VES) [26,27]. The electrodes are configured in 
co-linear assemblies such as symmetrical Schlumberger 
and Wenner arrays or asymmetric Dipole-Dipole array. 
Direct Current supply is compelled to flow in the subsur-
face, the geological layers resist smooth flow of current, 

thus offering ground resistance for each observation. The 
apparent resistivity is obtained by multiplying ground 
resistance and geometrical factor (function of distance 
between the electrodes) at corresponding observation sta-
tion. 

The geophysical field data as VES was acquired 
at twenty-one stations located in the study area using 
Schlumberger configuration. The VES stations are spatial-
ly distributed over uneven topography of terrain (elevation 
varies between 430-690 ft above mean sea level). Four 
electrodes are connected with Terrameter. The potential 
difference (delta V) was determined between the potential 
electrodes in response to the direct current supply (I) in-
jected into the ground through current electrodes. These 
two parameters are used to derive the ground resistance 

(a) 

 

(b) 

Figure 1. (a). Location of study area and locations of VES points. (b). Hydrological and topographic features in out-
skirts of Karachi. 
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using Ohm’s law. The apparent resistivity (rho-a, also 
known as ground resistivity) is determined by multiplying 
the measured resistance and geometric constant at each 
observation point, as given in Equation (1). 

 (1)

where, the current electrode and potential electrode sepa-
rations are denoted by (AB/2) and (MN/2), respectively. 

The apparent resistivity curves (field data curve) are 
drawn through IPIWIN software. The curves show the 
apparent resistivity versus current electrode separation 
along VES profile. The shape of the field curve as H-type, 
A-type, K-type and Q-type may represent different sub-
terranean conditions [26]. The field data curves are matched 
with master curves in semi-automation process. The ex-
ercise of curve matching attempts to choose a geological 
model at best-fit match. The best model (with the least 
error) of the field and master curves helped to infer the 
characteristics of different geological layers at each VES 
station. The interpretation based on apparent resistivity 
provided thickness of each layer, lithology type, (sand-
stone, shale, Limestone), the thickness of the aquifer etc. 
The interpretation of VES curves helped us to model the 
subsurface geology based on resistivity ranges. The hy-
drogeological conditions such as salinity of groundwater 
increase when resistivity decreases. A community water 
well lies near the study area providing a ground control 
while interpretation of the lithologies down to 450 feet 
depth. The lithological units encountered in the commu-
nity borehole are undertaken as benchmark to infer the 
lithological interpretation of VES curves modelling. The 
community borehole is producing sweet water from the 
sandstone as aquifer. The field visit and site observations 

suggest that the groundwater is being pumped from a 
confined aquifer “possible sandstone” with initial smell 
which indicate the water is not being charged by surface 
stream or tributary channel. The aquifer lithology is inter-
preted as sandstone at all VES stations based on contrast-
ing resistivity measurements. The interpretation of VES 
curves is summarized in geoelectrical sections (graphically 
represent stratified geological layers). This graphical illus-
tration of geo-electric profile is outlined by layered strata 
identified through electrical (resistivity) verses depth 
which are analogous to virtual drilling logs. Thus, the 
geo-electrical investigations are non-destructive drilling 
where each layer is discriminated by corresponding appar-
ent resistivity.

The location of VES points (center of Schlumberger 
array), outer electrode spread (max.), and inferred data for 
each VES station are summarized in Table 1. The values 
of apparent resistivity for aquifer (at each VES) are rang-
ing between 101 ohm-m and 269.5 ohm-m (Table 1).

2.2 Geospatial Data

The interpreted hydrogeophysical parameters for each 
VES station are processed and mapped by the using 
ArcMap, The interpreted hydrogeophysical variables 
(location of VES measurements, depth to the aquifer, 
aquifer resistivity, the yield of the aquifer, and thickness 
of aquifer) are interpolated by Kriging method. The Krig-
ing method is helpful to generate thematic raster layers 
of each variable. Each cell of the raster thematic layer is 
reclassified and multiplied by an assigned weight. The 
weight of each hydrogeophysical parameters is determined 
as knowing its proportional influence on the suitability 
function. The reclassified thematic layers are integrated to 

Table	1. The dataset used for mapping of aquifer extent and building the GIS-based suitability criteria.

VES ID Latitude Longitude
Max. VES 
spread (m)

Aquifer 
resistivity
(ohm-m)

Thickness	
(m)

Yield 
(gpm)

Aquifer 
depth (m)

Interpreted lithologies & 
proposed aquifer 
(underlilned)

VES-1 25.042398 67.460177 300 115 49.5 155 106 Sh, LSt, Sh, Sh, S.St, S.St.

VES-2 25.026230 67.428244 300 101 22.7 70 54.3 Sh, Sh, Sh, S.St, Sh, Sh

VES-5 25.024761 67.464804 300 148 50.3 190 79.4 Sh,S.St, Sh, Sh, Sh, S.St, Sh

VES-7 25.006357 67.440705 300 138 50.1 210 82.3 S.St, Sh, Sh, S.St, Sh, Sh

VES-10 24.996018 67.438758 300 181 36.5 170 53.3 Sh, Sh, Sh, Sh, S.St

VES-12 24.991582 67.449782 300 122 60.5 225 94.6 LSt, LSt, Sh, S.St, Sh

VES-15 24.999768 67.478147 300 153 36.7 160 73.6 S.St, Sh, S.St, Sh, Sh

VES-17 24.986628 67.475659 300 153 65.1 190 76.2 LSt, LSt, Sh, S.St, Sh

VES-18 24.967666 67.455622 300 269.5 84.25 250 143.9 Sh, Sh, Sh, S.St, LSt



5

Earth and Planetary Science | Volume 01 | Issue 01 | April 2022

identify the most suitable area (Equation (2)):
Si = Σ Wi . Xi (2)

Wi= weight of factor map and Xi = criteria class score of fac-
tor map “i” and Si = Suitability index for each pixel in the cell. 

The weighted suitability analysis is done by using para-
metric overlay techniques [2]. For the site suitability analy-
sis, the final map is derived by the following Equation (3):
S = (AEw AER + ARW ARR + AZW AZR+ AGW AGR) (3)
where, S is dimensionless, representing site for new well 
location, AE is the aquifer depth, AR is the aquifer resis-
tivity, AG is aquifer yield, AZ is the aquifer thickness. The 
subscript letter w represents the weight of each factor and 
R is the range of each class. 

3. Results and Discussion 

A correlation between interpreted results at correspond-
ing VES stations such as VES 7, VES 8, VES 9 shows that 
the presence of aquifer does not extend to the east (Figure 
2a). A correlation between interpreted geological layers at 
VES 10, 12, 17, 16 (from east to west) shows the presence 
of aquifer (sandstone) (Figure 2b). The sandstone (aquifer) 
is present at the bottom of lithology log down to 36.5-me-
ter thick package overlain by shale bed at VES-10. In 
VES-12 the sandstone (aquifer) is present at the bottom of 
lithology log down to 60-meter thick. The same geologi-
cal model extends at VES-17, sandstone aquifer is present 
at the bottom of the lithology log. The correlation shows 
thick aquifer bottom of the logs (Figure 2b). However, the 
interpreted aquifer at VES-16 is confined, capped by shale 
and limited by the underlain limestone. 

The correlation of derived lithology log between VES 
10, 12, 15 from east to west (Figure 2c). In VES-10 sand-
stone (aquifer) is present at the bottom up to 36.5-meter 
thick and shale is present on the top of the geoelectrical 
section. In VES-12 sandstone (aquifer) is also present at 
the bottom of lithology log it is very thick package up to 
60-meter thick above aquifer shale and limestone is pres-
ent. In VES-15 we identified two sandstone aquifers bi-
furcated by the shale bed. The aquifer present at VES-15 
is confined aquifer and on the top of lithology log an un-
confined aquifer is present. Figure 2d shows a co-relation 
between VES (1, 5, 8, 18) from North to South, which 
shows how aquifer is increasing towards South. In VES-
1 Sandstone (aquifer) is present at the bottom of lithology 
log up to 105-meter, and there is a thin package present at 
the top of the geoelectrical section in VES-1 shale present 
in between limestone and sandstone (aquifer). Towards 
south at VES-5 two packages of aquifer are present, one 
is present at the top and the other one is present at the bot-
tom of the top sandstone (aquifer) which is about 6-meter 

thick and at the bottom it is 50.3-meter-thick and shale is 
present in between these layers. Aquifer thickness is in-
creasing towards south, where there is another very thick 
aquifer present at the bottom of VES-18 which is about 
84 meters thick. This aquifer layer is one of the thickest 
aquifer of the study area, identified in between VES 5 and 
VES 18. An unconfined aquifer is present at the top of 
VES-5.

ArcMap tools are explored to facilitate in optimum 
site selection for locating potential water zones. which 
is interpolated to determine lateral extension of aquifer 
(Figure 3a). The interpolated maps of apparent resistivity 
are reclassified into five classes. The class one is indi-
cating least suitable area (lowest resistivity), and class at 
rank five is assigned to the most suitable area (relatively 
highest resistivity of sandstone aquifer). The most suitable 
area surrounds VES-18 (which contain the aquifer with 
the highest resistivity) whereas the least suitable sites are 
VES-2 and VES-1 (Figure 3b). The field visits to the study 
area give evidence that the ground water extracted from 
the study area is being pumped from a confined aquifer 
characterized with an initial smell.

The depth to the aquifer map showcases the top of aq-
uifer ranging from 53 meters to 143 meters (Figure 3c). 
The least depth is interpreted at VES-2, 15 & 10, and the 
deepest aquifer is present at VES-18 (Table 1). Figure 3d 
represents the reclassified map of aquifer depth into five 
classes. The value of class one is assigned to the least suit-
able area (deepest depth aquifer) and the most suitable site 
is ranked at five (shallowest aquifer) in the southern side 
of the study area at VES-18. The aquifer thickness map is 
presenting the interpolated thickness ranging from 29 me-
ters to 77 meters (Figure 3e). The aquifer with the highest 
thickness is present at VES-18 and least thick is present at 
VES-2, though these points also contain less depth resis-
tivity and yield values. Figure 3f shows that the class one 
of the least suitable area (least depth) and five indicates 
the most suitable (highest depth). 

The aquifer yield (gallons per minute) is monitored 
from the pumping wells installed in the study area. The ap-
proximate location of pumping wells is correlated with the 
VES stations. The interpolated map of values ranging from 
93 gpm to 237 gpm, which helps to know the spatial distri-
bution of potential volume and flow dynamics of ground-
water in the study area (Figure 3g). The highest yield is 
present at VES-12 & 18 whereas the least yield is encoun-
tered at VES-2. The reclassified map of yield classifies the 
area into five classes (Figure 3h). The most suitable area is 
classified as five and least suitable is classified as class one.

Primarily, the hydrogeological information (aquifer 
yield) and geophysical data (thickness, resistivity, depth) 
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of the aquifer are used to identify the groundwater poten-
tial sites using the geospatial technique. The resultant map 
is prepared by defining the weight of variables. The aq-
uifer yield is given the highest weight (40%) as an indic-
ative of the aquifer pumping potential, the aquifer nature 
is represented by the resistivity, though assigned a weight 
of 30% as an indicator of quality of water either (fresh or 
saline), resistivity decreases with increases salinity of wa-
ter, the thickness of the aquifer assigned a weight of 20%, 
however, relatively least weight i.e. 10% is assigned to 
the depth of aquifer because it is vital to determine cost of 
drilling any well. The suitable sites are mapped by weight-
ed overlay method by assigning weight to respective vari-
ables such as aquifer yield (40%), aquifer resistivity (30%), 
aquifer thickness (20%), and aquifer depth (10%). The 
suitability analysis is done through overlay analysis of the 

spatially distributed variables (Figure 3).
Site suitability analysis depends on inputs variables 

of hydrogeophysical database, which were interpolated, 
reclassified, and integrated for weighted overlay analysis. 
The integration of the data is shown in the suitability map. 
The map classifies the study area into three classes (Figure 
4). The suitability map showcases potential groundwater 
zones in the study area and provides a guide to select a 
site for installation of a water-well. Each pixel of the in-
tegrated raster indicates its suitability value. For instance, 
the pixel with a value of 3 is the most suitable area (shown 
in green). The similar pixel values are grouped to show-
case the lateral extent of most suitable zone. The observa-
tion sites are overlaid to recognize the location of the VES 
point and intended drilling. The most suitable area con-
tains multiple wells in the buffer of VES-18, 12, 17, 10, 7 

7

(a) (b)

(c) (d)
Figure 2. Geoelectrical sections presenting the interpreted lithologies and their geological correlations.
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a) b)

c) d)

   

e) f)

    

g) h)
Figure 3. GIS-based maps of input variables of suitability criteria. a) Aquifer Apparent Resistivity map, b) Reclassified 
Apparent Resistivity map, c) Aquifer Depth map, d) Reclassified Aquifer Depth map, e) Aquifer thickness map, f) Re-

classified Aquifer thickness map, g) Aquifer yield (GPM) map, h) Reclassified Aquifer yield (GPM) map.
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and 5. The least suitable area is in the vicinity of VES-2, 
which may be not good for drilling a water well. 

4. Conclusions 

The geophysical delineations of VES helped to explore 
the hydrogeological conditions of the aquifer in study area. It 
is found that the electrical resistivity methods are significant 
to find the aquifer characteristics. The sandstone layer was 
interpreted as an aquifer however, its thickness varies in its 
lateral extent within in hilly topography of study area. The 
integrated approaches of geophysical and GIS helped to inte-
grate the multiple parameters and classify the region into po-
tential zones. The suitable sites of potential groundwater are 
located in vicinity of VES 18, 12, 17, 10, 7, 5 (central-south) 
of the study area. The most suitable potential zone is recom-
mended for drilling water well in the future. This study may 
help in cutting down the cost of water exploration projects 
and reduces the labor efforts in hunting possible sites for 
drilling a well. The integrated methodological approach of 
this study is recommended to utilize for locating groundwater 
potential zones even in rough and hilly regions. 
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The instability of the wellbore has significant effects on drilling, causing 
delays in operations, increasing costs, and ultimately may result in the 
abandonment of wells. Nowadays, it is possible to stabilize a wellbore by 
changing the drilling mud composition. With the help of rock mechanics 
and knowledge of the mechanical properties of the formation, the optimal 
path for the drilling of the well and the window of the mud is determined. 
Several features of the formation are influential in wellbore design; 
knowing these features is necessary for designing optimal mud weight to 
ensure wellbore stability. In practice, analytical methods for the calculation 
of the optimal mud weight are more convenient than numerical ones 
because the latter needs information on many samples that are usually 
unknown at the commencement of the project. This research investigates 
the wellbore stability in the Kupal carbonate oil field using an analytical 
method with three rock strength criteria of Mogi-Coulomb, Mohr-
Coulomb, and Hoek-Brown failure. The authors conclude that the Mogi-
Coulomb criterion predicts a minimum drilling mud pressure and is more 
conservative. This is due to the use of its intermediate stress.

Keywords:
Drilling mud window
Failure criteria
Minimum and maximum mud pressure
Wellbore stability

1. Introduction 

Underground formations always suffer from vertical 
compression stresses (upper layer weights) and horizontal 
stresses (lateral strain range) loads. The drilling operation 
perturbs the natural stress balance in the rocks and gen-
erates a high risk in terms of pollution, fueling climate 
change, disrupting wildlife, and damaging public lands [1].  
When a well is drilled, the equilibrium of the area in 

which it is drilled is disturbed. The wellbore around it tries 
to restore the balance of the stress field. As a result, stress 
concentrations are created around the wellbore and pene-
trated the formation. In the absence of stability, there will 
be a failure in the wellbore and formation [2]. We need a 
deterrent as a pressure compensator to prevent the break-
downs, which is mainly the fluid (drilling mud) hydrostat-
ic pressure. Zhang et al., (2009) [3] examined five failure 
criteria on various rock specimens to determine the best 
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criterion for the wellbore stability analysis. Accordingly, 
they concluded that the 3D Hoek-Brown and the Mo-
gi-Coulomb criteria are appropriate for wellbore stability 
analysis [3-5]. Al-Ajmi and Zimmerman (2006) [4] proposed 
using the Mogi-Coulomb criterion to predict the brittle 
shear failure of rocks. This criterion was shown to accu-
rately model laboratory failure data on a range of different 
rock types McLean and Addis (1990) [6]. Using this Mogi- 
Coulomb criterion, they developed improved stability 
models for vertical, horizontal, and deviated boreholes [7].  
Chatterjee and Mukhopadhyay (2003) [8] used ANSYS 
finite element software and investigated stress around a 
wellbore to study the effects of fluid pressure during drill-
ing. Hoang et al. (2004) [9] investigated wellbore stability 
in multilateral junctions using the finite element method. 
They showed that the orientation of junction and in situ 
stresses both have a significant impact on well completion 
and stability. Salehi and Hareland (2010) [10] investigate 
wellbore stability in underbalanced drilling concerning 
equivalent circulating density with both Finite Explicit 
and finite-Element codes to cross-check the results [11,12].

In this paper, we have first used the Hoek-Brown, 
Mohr-Coulomb, Mogi-Coulomb, criteria to determine the 
optimum drilling direction and mud pressure for a well-
bore located in the Kupal carbonate oil field. Then the 
finite difference method was used to show the validation 
and accuracy of predicted mud pressure and investigate 
the wellbore stability in different vertical, horizontal, and 
deviated states. The Kupal oil anticline is one of the most 
important structures in the Dezful embayment that is lo-
cated northeast of the Ahvaz city and north of the Marun 
oil field. Recent deposits and Lahbari members of the 
Aghajari formation have formed the surface outcrops, and 
the Asmari formation with seven reservoir layers is the 
main reservoir rock in this oil field.

2. General and Geomechanical Information 
on the Kupal Carbonate Oil Field 

The Kupal field is one of the Iranian oil fields. which is 
located in Khuzestan province and Haftkel city capital of 
Haftgel County. The length of this square is 39 km and its 
width is 4 km. The average crude oil production capacity 
of the Kupal field is equal to 91,000 BPD of crude oil, 
which is made through thirty-two active wells in the As-
mari and Bangestan reservoirs of this field. The Kupal oil 
anticline is a fault-related (detachment fold) and asymmet-
ric fold, in which the middle parts have been distinguished 
as potential zones of dense fracture development due to 
longitudinal curvature. The southwest limb in many parts 
and the northeast limb in the middle parts indicate zones 
with high fracture density, and the axial bending of the 

Kupal anticline is a result of the movement of deep faults. 
In situ stresses, geomechanical, and fluid flow information 
related to the Kupal carbonate reservoir in the wellbore at 
the depth of 3791 m are listed in Tables 1 and 2 [12].

Table	1. In situ stress and geotechnical parameters for 
wellbore stability analysis in the Kupal oil field [12].

Wellbore parameters Value

Overburden Stress (MPa) 96.7

Maximum Horizontal Stress (MPa) 59.4

Minimum Horizontal Stress (MPa) 44.5 

Cohesion (MPa) 27 

Friction Angle (deg.) 40 

Poisson’s ratio 0.3 

Density (gr/cm3) 2.7 

Young’s modulus (GPa) 44 

mi 31 

mb 11 

S 0.036 

D 0

GSI 70

Table	2. Parameters of formation fluid flow [12].

Pore pressure (MPa) 31.1

Permeability (md) 3

Porosity (%) 8

Oil density (gr/cm3) 0.692

Fluid modulus (GPa) 0.63

3. Rock Strength Criteria

Mogi-Coulomb criterion

The Mogi-Coulomb model is an extension of the 
Mohr-coulomb criterion for predicting a failure condition 
in a 3D stress plane in the true triaxial test space. Mogi 
in 1971 carried out a polyaxial experiment and deduced 
that for several rock types the intermediate principal stress 
influences the rock strength. Therefore, while a fracture is 
generated, it will be in the direction of intermediate prin-
cipal stress along a plane [4]. 

Mohr-Coulomb criterion

Mohr-Coulomb criterion model is based on the 2D 
Mohr’s stress circle, which has been in for analyzing rock 
failure. Coulomb concluded that failure will occur along a 
plane due to shear stress acting on the plane. According to 
Coulomb’s failure theory, the required compressive stress 
for failure will be increased linearly by increasing the 
confining stress [13,14].
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Hoek-Brown	failure	criterion

The Hoek-Brown Failure criterion was developed 
to predict the ultimate strength of intact rocks and rock 
masses. Over the years, it has been adapted to specific 
rock masses and modified to fit non-linear models. It gives 
a more practical estimation of rock strength compared to 
the Mohr-Coulomb criterion. It can be used to calculate 
the mud pressures corresponding to the lower and upper 
stable mud weight windows [15,5].

4. Wellbore Stability Analysis by Analytical 
Method 

For this analysis, parameters such as Young’s modulus, 
Poisson’s coefficient, pore pressure, main stresses, con-
stant coefficients of rock material, etc. Are obtained from 
well charts and analysis of laboratory cores that are used 
to calculate the pressure and weight of the well Drilling 
is required. Rock failure is a very complicated process 
that is still not fully understood. To further simplify the 
analysis, it is assumed that the homogeneous and isotropic 
rocks and the pressure profile of the well are assumed to 
be the same. 

To calculate the main stresses, these steps are done us-
ing coding in MATLAB software and predict the pressure, 
and weight of drilling mud in different directions of the 
well to prevent the instability of the wellbore, the results 
are presented in the of form three-dimensional and two-di-
mensional shapes and tables. 

A field study was conducted on a carbonate formation in 
the Kupal carbonate oil reservoirs, in which a well with a 
pressure of 40 MPa and a weight of 42.29 (PCF) was drilled 
successfully and no reports of instability were provided. 

Figure 1 shows the minimum required pressure and 
weight of mud for different wells for the Hoek-Brown, 
Mohr-Coulomb, and Mogi-Coulomb criteria. The results 
are about 3791 (m) deep. In the Hoek-Brown and Mo-
gi-Coulomb criteria, the minimum drilling mud pressure 
increases with increasing azimuth and well deviation, 
because if we continue with drilling operations with the 
same pressure in the vertical section of the well, because 
the vertical stress is more than two horizontal stresses may 
cause the failure to a wellbore. But in the Mohr-Coulomb 
test, this pressure is reduced from a deviation angle of 20 
degrees, which may be due to the tensile strength consid-
ered by this criterion. The Hoek-Brown criterion predicts 
that the single axial compressive strength of the rock, the 
minimum pressure, and the weight of the mud for drilling 
are more than Mohr-Coulomb, with an increase in the an-
gle of deviation close to the Mogi-Coulomb criterion. The 
Mogi-Coulomb criterion estimates the minimum pressure 

fluctuation of more than two other criteria, which indi-
cates that the intermediate stress affects the estimation of 
the minimum pressure and provides a better prediction of 
the pressure of the mud as a result, the minimum pressure 
and mud weight required is affected by the wellbore.

Figure 2 shows the maximum pressure and mud weight 
required for different aspects of the well based on Hoek-
Brown, Mohr-Coulomb, and Mogi-Coulomb criteria. The 
results are about 3791 (m) deep. In all three criteria, the 
maximum pressure and the weight of the drilling mud 
decrease with increasing azimuth and the deviation angle 
of the wellbore, because if the pressure and the weight of 
the mud that is drilled in the vertical part of the wellbore, 
the deviated part of the wellbore are drilled with the same 
amount of pressure and weight mud. Due to the difference 
in the values of minimum and maximum horizontal stress-
es is that the wellbore suffers from tensile failure in the 
direction of the minimum horizontal stress, which causes 
the mud loss and blow out of the well. 

In Figure 3, the minimum drilling mud pressure and the 
angle deviation of wells in the azimuths of 0° and 90° for 
the three criteria of the Mogi-Columbus Mohr-Columbus, 
and Hoek-Brown defects, are shown. The Mogi-Cou-
lomb failure criterion predicts the maximum, minimum 
pressure, while the Mohr-Coulomb criterion advances 
the minimum, minimum pressure and decreases from a 
further 20 degrees to a further angle, which can be due to 
the tensile strength this is a failure criterion. Because the 
value of the lower limit of drilling mud pressure is close 
to and even less than the pore pressure, the closeness of 
the horizontal stress to the minimum horizontal stress is 
minimal. Therefore, in this condition, horizontal drilling 
(sub-equilibrium) is difficult and not recommended. In 
general, if the horizontal tension is at a maximum near 
vertical stress, the drilling mud safety window margin 
is wider and horizontal drilling is better and easier and 
recommended. Conversely, if the horizontal stress is at a 
maximum from the vertical stress and in other words near 
the horizontal stress is minimal, the drilling mud safety 
window margin is smaller and narrower, and the amount 
of the bottom of the drilling mud pressure is close to and 
even lower than the pressure. Drilling is difficult and not 
recommended.

In Figure 4, the maximum drilling mud pressure is 
shown in the wells in the azimuths of 0° and 90° for the 
three criteria of the Mogi-Coulomb, Mohr-Coulomb, and 
Hoek-Brown defects. The Hoek-Brown failure criterion 
predicts the highest maximum pressure in azimuth at 90°, 
and the Mogi-Coulomb criterion predicts the maximum 
peak pressure. The Mohr-Coulomb and Hoek-Brown 
benchmarks are close at 90° azimuth. The Mogi-Coulomb 
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Figure 1. Minimum pressure and weight mud requirements based on azimuth and wellbore angle deviation using a) Hoek-
Brown, b) Mohr-Coulomb and c) Mogi-Coulomb.

criterion in the azimuth 0° to the deviation angle of 30° is 
the maximum, maximum pressure of the mud and from 
this angle, then, predicts the minimum, maximum pres-
sure of the mud. From a deviation angle of 30 degrees, the 
Hoek-Brown criterion predicts the maximum peak pres-
sure. Therefore, the Mogi-Coulomb criterion is better than 
the other two criteria, because, in terms of tensile failure, 
the wellbore is safer. 

Figure 5 shows drilling mud safety window the Hoek-
Brown (a), Mohr-Coulomb (b), and Mogi-Coulomb (c 
and d) criteria are based on the angle of deviation and 
azimuths of 0, 30, 45, 60, and 90 degrees than for the 
Mogi-coulomb criterion separate shows the minimum 
and maximum differential pressure graphs. Based on this 
form, at zero angle of deviation, the pressure range of 
drilling mud is high due to the overcoming of shear fail-
ure due to the vertical deformation and with the deviation 

of the well from the vertical position, this area becomes 
smaller so that the well is deviated from the vertical state, 
the horizontal stresses of the vertical stress and therefore, 
if the minimum pressure is not increased, by increasing 
the angle of the deviation of the well, causing the wellbore 
shear failure, and if the maximum pressure of the mud 
does not decrease, by increasing the angle of the deviation 
of the well, the tensile deflection of the wellbore is in line 
with the minimum horizontal tension, and the loss of mud 
and eventually blow out in the wellbore. 

To validate these models, the criteria are evaluated on a 
wellbore that has been successfully excavated. 

Figure 5, as mentioned above, shows the minimum 
pressure and mud weight in terms of the deviation angle 
and azimuth at a depth of 3791 (m). The Mogi-Coulomb 
criterion predicts the highest minimum pressure and drill-
ing mud weight, while the Mohr-Coulomb predicts the 
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Figure 2. Maximum pressure and the mud weight requirements based on azimuth and wellbore angle deviation using a) 
Hoek-Brown, b) Mohr-Coulomb and c) Mogi-Coulomb.

Figure 3. Minimum drilling mud pressure is predicted at 0 and 90 degrees azimuths.
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Figure 4. Maximum drilling mud pressure is predicted at 0 and 90 degrees azimuths.

 

 

Figure 5. Safety mud window drilling pressure requirements based on azimuth and wellbore angle deviation using a) 
Hoek-Brown, b) Mohr-Coulomb, c and d) Mogi-Coulomb.
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least. The Hoek-Brown criterion predicts the minimum 
pressure and the weight of the drilling mud more than 
Mohr-Coulomb and less than the Mogi-Coulomb and 
approaches the Mogi-Coulomb scale by increasing the 
angle of the deviation. By using the Mogi-Coulomb cri-
terion, in the vertical state, the minimum pressure of the 
predicted mud weight was 39.33 (MPa) and 28.93 (PCF), 
respectively. This value is 0.492 (PCF) less than the actual 
value, and the reason why it is less than the drilling mud 
pressure that in the field can be applied is that the safety 
pressure is usually considered to be 150 (psi) to 200 (psi) 
higher than the pressure applied to the field, they are. 

The reason for the difference between the Mogi-Coulomb 
criteria with both the Hoek-Brown and the Mohr-Coulomb 
criterion is that the Mogi-Coulomb criterion, considers 
medium and intermediate stresses for determining the tra-
jectory, pressure, and mud weight. Therefore, the predicted 
rock resistance using Mogi-Coulomb is closer to the actual 
field value. As a result, the predicted mud pressure by Mo-
gi-Coulomb to keep the wellbore stability is more than the 
values predicted by the Mohr-Coulomb and Hoek-Brown 
criteria. Thus, the Mogi-Coulomb criterion is more realistic 
and more conservative in the wellbore stability analysis. 
In contrast to the Mohr-Coulomb and Hoek-Brown cri-
teria, only minimum and maximum stresses, as well as 
the Mohr-Coulomb tensile strength and the Hoek-Brown 
criterion, consider single-axial compressive strength of 
rock and assume that moderate stress has no effect on rock 
resistance As a result, the predicted rock resistance is less 
than the actual rock resistance. Therefore, the Mohr-Cou-
lomb and Hoek-Brown criteria predict a minimum pres-
sure drop for the wellbore wall. The Hoek-Brown criterion 
for predicting single-axial compressive strength predicts a 
minimum amount of drilling and weight mud compared to 
the Mohr-Coulomb criterion. In summary, the minimum 
and maximum predicted fluctuation pressure is given by 
three criteria at a depth of 3791 (m) in Tables 3 and 4. 

The safety window and the optimum drilling mud are a 
range of drilling mud pressures that, if the pressure is low, 
shear failure wellbore, and if the pressure is higher than 
this range, the tensile fracture occurs in the wellbore. 

Figure 6 shows the radial and tangential stresses around 
the wellbore. These stresses are not affected in a 6-radius 
wellbore (σƟ – σr = 0). Increasing pressure and hydraulic 
weight of drilling fluid (drilling mud), causes increased ra-
dial stress and decreased tangential stress. Also, decreased 
deferent two stress and this deferent stresses caused more 
stable wellbore.

Table	3.	Comparison of three rock failure criteria in the 
vertical wellbore.

Rock failure 
criteria

Predicted minimum mud 
pressure (MPa)

Predicted maximum 
mud pressure (MPa)

Hoek-Brown 29.43 69.86

Mohr-Coulomb 24.34 55.87

Mogi-Coulomb 39.33 76.24

Table	4.	Comparison of three rock failure criteria in the 
horizontal wellbore.

Rock failure 
criteria

Predicted minimum mud 
pressure (MPa)

Predicted maximum 
mud pressure (MPa)

Hoek-Brown 37.26 38.09

Mohr-Coulomb 24.03 31.56

Mogi-Coulomb 47.27 56.4

Figure 6. The radial and tangential stresses around the 
wellbore.

Figure 7 shows the maximum and minimum pressure 
of drilling mud that takes the shear stress to zero and ap-
plies the main stresses 1, 2, and 3 showing the angle of 
deviation of the well. By increasing the deflection angle, 
the maximum drilling mud pressure decreases. And the 
minimum mud pressure, should be increased by increas-
ing the deflection angle of the well, but due to the prox-
imity of stresses main 2 and 3 to each other minimum 
drilling mud pressure decrease with increasing deflection 
angle and sub-equilibrium drilling from angle deviation 
of 30 degrees to the horizontal position is difficult and not 
recommended; Because the minimum flower pressure is 
close to or smaller than The pressure is porous. Therefore, 
the closer the maximum horizontal stress is to the vertical 
stress, the range of the flower safety window drilling is 
larger and wider, and conversely, the farther the horizontal 
stress is from the maximum vertical stress. In other words, 
if the maximum the closer the horizontal stress is to the 
minimum horizontal stress, the smaller and more limited 
the safety range of the drilling mud. 
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Figure 7. Changing the mud safety window according to 
the angle of deviation of the well by applying stresses.

According to the Mogi-Coulomb standard tables, the 
highest pressure and weight of drilling mud are predicted, 
but according to the drilling mud pressure drilling in this 
field, which was carried out at a pressure of 40 MPa and 
no instability was reported. The Mogi-Coulomb criterion is 
therefore the best failure and more conservative criterion and 
is recommended for drilling operations and this can be due to 
the average and medium stress used in this criterion.

5. Analysis of Wellbore Stability Using Bounda-
ry Elimination Method

Figure 8 shows the model geometry that the dimensions 
of the model are 1.5 × 1.5 m and the border elimination is 
40 40 40 and the radius is 0.1 m.

The next step is to select the model and apply the prop-
erties of the materials. In this model, there are two criteria 
for Mohr-Coulomb failure Hoek-Brown is used to study 
the behavior of the rock and determine the stress around 
the well and the safety factor.

Figure 8. The model geometry that the dimensions of the 
model are 1.5 × 1.5 m and the border elimination is 40 40 

40 and the radius is 0.1 m.

In this model, initially, the vertical stress at a depth of 
3791 meters is equal to 96.7 MPa, which is perpendicular 
to the axis of the well (vertical well) have been. Also, the 
maximum horizontal stress was equal to 59.4 MPa along 
the x-axis, and the minimum horizontal stress equal to it 
was 44.5 MPa along the y-axis. The created well with a 
diameter of 0.2 m is subjected to internal pressure Pw and 

then the stability of the horizontal well in the direction of 
minimum and maximum horizontal stress is analyzed.

Using Examine 2D software, wall displacements, main 
stresses, mean, safety factor and other parameters required 
for well stability analysis can be examined. In this study, the 
wall stability well has been inspected based on safety factors.

Figure 9 shows the safety factor for different pressures 
applied to the inner wall of a vertical well. These images 
were created by applying the Hoek-Brown refractive in-
dex parameters with zero wellbore wall internal pressure.

Shear failure occurs and causes internal collapse due 
to increasing internal pressure. The pressure of 31 MPa is 
stabilized in the wellbore wall which enters the threshold 
of the drilling fluid safety window and until pressure is 
applied 56 MPa reaches the end of this window and at 
a pressure of 57 MPa, small cracks begin to form in the 
wall. Further increase in internal pressure (for example, 
100 MPa) causes tensile failure in the wall and ultimately 
waste drilling fluid and well wall instability occurs. So 
the mud window safety window that failed this criterion 
comes in a pressure range of at least 31 MPa and a maxi-
mum of 56 MPa.

Figure 10 shows the safety factor for different pres-
sures applied to the inner wall of a vertical well. These 
images were created by applying the Mohr-Columbus re-
fractive index parameters with zero wellbore wall internal 
pressure. Shear failure occurs and causes internal collapse 
due to increasing internal pressure; so in Pressure of 25 
MPa stabilized well wall that enters the threshold of the 
drilling fluid safety window and until pressure is applied 
61 MPa reaches the end of this window and at a pressure 
of 62 MPa, small cracks begin to form in the wall.

Further increase in internal pressure (for example, 100 
MPa) causes tensile failure in the wall and ultimately 
wastes drilling fluid, and wellbore wall instability occurs. 
So the mud window safety window failed this criterion. It 
comes in a pressure range of at least 25 MPa and a maxi-
mum of 61 MPa.

Figure 11 shows the safety factor for different pressures 
applied to the inner wall of a horizontal wellbore. These 
images were created by applying the Hoek-Brown refrac-
tive index parameters. At a pressure of 46 MPa, the well-
bore wall is stable, indicating the entrance to the threshold 
of the drilling mud safety window, and at a pressure of 50 
MPa, this window ends Finds. At pressures higher than 
this amount, small cracks are created in the wall and fur-
ther increase the internal pressure it causing tensile failure 
in the wall, which ultimately causes drilling fluid waste 
and instability of the wellbore wall.

The drilling fluid safety window obtained from this 
failure criterion for the model has a compression range of 
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Figure 9. Changes in the safety factor of drilling fluid by applying different internal pressures to the wall  
of the vertical well (Hoek-Brown).

Figure 10. Changes in the safety factor of drilling fluid by applying different internal pressures to the wall  
of the vertical well (Mohr-Coulomb).
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at least 46 to 50 MPa.

Figure 11. Changes in the drilling fluid safety factor by 
applying different internal pressures to the horizontal well 

wall (Hoek-Brown).

Figure 12 shows the safety factor for different pres-
sures applied to the inner wall of a horizontal wellbore. 
These images were created by applying the Mohr-Colum-
bus refractive index parameters. At a pressure of 43 MPa, 
the wellbore wall stabilized, which indicates the entrance 
to the drilling mud safety window threshold, and up to a 
pressure of 57.5 MPa.

The window continues and at higher pressures, small 
cracks appear in the wellbore wall. Further increase of in-
ternal pressure causes tensile failure in the wellbore wall 
and ultimately causes drilling fluid waste and instability 
of the wellbore wall; so the drilling fluid safety window 
obtained from this failure criterion for the model has a 
compression range of at least 43 MPa and a maximum of 
57.5 MPa.

Figure 13 shows the internal wall pressure at a depth 
of 3791 m, 200 psi greater than the pore pressure for both 

criteria was applied and the result was that in the vertical 
well drilled in the direction of vertical stress, the stability 
of the wellbore wall with a safety factor above one were 
observed; But by drilling horizontal wells in the direction 
of minimum and maximum horizontal stresses, well wall 
instability and safety factor below one was observed. 
Horizontal wellbore instability in the direction of maxi-
mum horizontal stress. The instability of the horizontal 
well in the direction of horizontal stress is minimal, which 
is due to the vertical stress in the direction perpendicular 
to the wall.

Finally, the results of the two failure criteria in the ver-
tical and horizontal positions are given in Tables 5 and 6. 
In Table 5, the safety factor for the internal wall pressure 
is 200 psi more than the pore space, in which the vertical 
wellbore wall pressure is stable for both criteria, but in 
the horizontal wellbore, the wellbore wall is unstable. The 
internal wellbore pressure is 200 psi more than the pore 
pressure, in which the vertical wellbore wall is stable for 
both criteria, but in the horizontal wellbore, the wellbore 
wall is unstable. Table 6 shows the drilling mud pressure 
safety factor for both rock failure criteria for vertical and 
horizontal wellbores. The Mohr-Coulomb failure criteri-
on for vertical and horizontal conditions shows that this 
range is more than Hoek-Brown.

Table 6 shows the drilling mud pressure safety window 
range for both failure criteria for vertical and horizontal 
wells. The Mohr-Coulomb failure criterion for vertical 
and horizontal conditions shows that this range is more 
than Hoek-Brown.

By studying Tables 5 and 6, it is clear that the stability 
of the wellbore in the vertical position is better than in the 
horizontal position and vertical drilling will have a higher 
safety factor. In this study, due to the limitations of Exam-
ine 2D software, the stability analysis of sloping wells was 
not prepared and only analyses are made in both vertical 
and horizontal directions. The results from the analytical 
method showed the failure criterion indicated that the ob-
tained results are reliable.

 

Figure 12. Changes in the safety factor of drilling fluid by applying different internal pressures to the horizontal well-
bore wall (Mohr-Coulomb).
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6. Conclusions 

We compared three criteria. Based on the presented 
graphs, the Mogi-Coulomb criterion provides a better 
result than other criteria, which can be due to the applica-
tion of the main intermediate stress σ2. The Mohr-Cou-
lomb criterion predicts, concerning the tensile strength, a 
smaller minimum pressure for the mud when increasing 
the angle deviation of the well. According to the present-
ed diagrams, the effect of the azimuth of the well on the 
lower angles is significant, but with increasing the angle 
of the deviation, its effect is reduced. The angle of devi-
ation plays the most significant role in the stability of the 
wellbore. The lower boundary of the safety of the mud is 

greater than the permeate pressure and the upper bound-
ary exceeds the horizontal maximum tensile, however, 
these change with the angle and azimuth. The mud weight 
caused a higher pressure than the pore pressure and pre-
vented the blowout of the well, but the weak formation 
causes tensile fractures in the wellbore wall and the loss 
of fluidity. To understand why the drilling direction is so 
important it should note that at the depth of interest there 
is a significant difference between the maximum and min-
imum horizontal principal stresses. Thus, the instability of 
the wellbore wall is due to the increase in the difference in 
wellbore stresses. To prevent this issue, increasing the hy-
drostatic pressure of the drilling fluid increases the radial 
stress and decreases the tangential stress, and this reduces 

Figure 13. Safety factor changes in horizontal and vertical wells at an internal pressure of 32.5 MPa.

Table	5. Comparison of the safety factor of two failure criteria in vertical and horizontal wells at an internal pressure of 
32.5 MPa.

Rock failure criteria Mud pressure wellbore (MPa) Safety	factors	for	a	vertical	well Safety factors for horizontal well

Hoek-Brown 32.5 SF > 1 SF < 1

Mohr-Coulomb 32.5 SF > 1 SF < 1

Table	6. Comparison of drilling mud pressure safety window with two failure criteria in vertical and horizontal wells.

Rock failure criteria
Drilling	mud	pressure	safety	window	in	vertical	well	
(MPa)

Drilling mud pressure safety window in horizontal well 
(MPa)

Hoek-Brown 31-56 46-50

Mohr-Coulomb 25-61 43-57.5
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the difference between the tangential and radial stresses of 
the wellbore and makes the wellbore more stable. By drill-
ing a wellbore, the stress regime is perturbed around the 
wellbore wall, and the highest concentration of stress and 
displacement will occur. To control such occurrences the 
bottom hole pressure should be optimized and so designed 
to prevent the instability resulting from stress concentra-
tion and wellbore displacement and sand production.
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Ninety-seven Campanian-Paleogene smaller agglutinated benthic 
foraminiferal species belonging to thirty-five genera from ten countries 
in the Southern Tethys (Algeria, Egypt, Palestine, Jordan, Iraq, Qatar, 
UAE, Iran, Pakistan, India) have been studied. The modern taxonomical 
consideration of the species is used. Eighty-nine of the recorded species 
were previously noted in the literature, while eight of them are believed 
here as new: Haplophragmoides iranica, Pseudogaudryinella iraqensis, 
Arenobulimina beitjebrinensis, A. jerusalemensis, Textulariella sinaensis, 
Dorothia iranica, Clavulinoides iranica, and Textularia salahii. Forty 
species of them are recorded from Egypt (about 41%), twenty-seven from 
Pakistan (~ 28%), ten from UAE (~ 10.5%), six from Qatar (~ 6%), four 
from each of Algeria and Iran (~ 4%), three from Jordan (~ 3%), two from 
each of Palestine and Iran (~ 2%), and only one from each of Iraq and 
India (~ 1%). Most of the Southern Tethyan recorded species are endemic 
to their original description, while five of them are also recorded in some 
Northern Tethyan countries (Spain, France, Italy, Hungary and Slovenia): 
Bathysiphon saidi, Haplophragmoides desertorum, Spiroplectinella 
esnaensis, Siphogaudryina africana and Textularia crookshanki. The 
Southern Tethyan assemblage indicates an open marine environment, which 
represents middle-outer neritic environment (100-200 m depth), and shows 
an affinity with Midway-Type Fauna (MTF) of the United States Gulf 
Coastal area.
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Paleogene
Southern and Northern Tethys

1. Introduction

An attempt has been made to bring together many 
scattered data in the literature under a unifying theme for 
the holotypes and paratypes of ninety-seven agglutinated 
foraminiferal species of the Order Astrorhizida Lankester 

in ten countries in the Southern Tethys (Algeria, Egypt, 
Palestine, Jordan, Iraq, Qatar, UAE, Iran, Pakistan, In-
dia, Figures 1-2). All the recorded species were erected 
from the Campanian-Early Paleogene time, and one from 
Recent. Some species of them are also recorded in other 
countries in both the Southern Tethys (i.e. Tunisia, Libya) 
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and Northern Tethys (i.e. Spain, France, Italy, Hungary, 
Slovenia). Eight species of them are believed here as new: 
Haplophragmoides iranica, Pseudogaudryinella iraqen-
sis, Arenobulimina beitjebrinensis, A. jerusalemensis, 
Textulariella sinaensis, Dorothia iranica, Clavulinoides 
iranica and Textularia salahii.

2.	Previous	Studies

Many studies have been made to erect, illustrate and 
describe the ninety-seven agglutinated benthic foraminif-
eral species belonging to thirty-five genera are recorded in 
this study, which related to ten countries in the Southern 
Tethys, which done by many authors from these countries. 
Four species of them from Algeria by Ten Dam & Sigal [1],  
forty species from Egypt by many authors: Omara [2], 
Nakkady [3,4], LeRoy [5], Said & Kenawy [6], Anan [7-13], El-
Dawy [14], Ali [15], two species from Palestine by Anan (this 
study), three species from Jordan by Futyan [16], one spe-
cies from Iraq by Anan (this study), six species from Qatar 
by Hewaidy & Al-Hitmi [17,18], ten species from UAE by 
Anan [19-21,13], four species from Iran by Anan (this study), 
twenty-seven from Pakistan by Haque [22-24], and Anan [13], 
and one species from India by Habibnia & Mannikeri [25].

3. Systematic Paleontology

The taxonomy of Kaminski [26] (2014) is followed in 
this study for ninety-seven agglutinated foraminiferal ben-
thic specie were erected from ten countries in the South-
ern Tethys. The new taxonomic considerations are used 
for many recorded species. These species are illustrated in 
Plates 1 and 2.

Order Astrorhizida Lankester, 1885;
Suborder Astrorhizina Lankester, 1885;
Superfamily Astrorhizoidea Brady, 1881;
Family Rhabdamminidae Brady, 1884;
Genus Bathysiphon Sars, 1872;
1) Bathysiphon paleocenica El-Dawy [14], p. 42, pl. 1, 

Figure 1 - (Pl. 1, Figure 1).
2) Bathysiphon saidi (Anan) [8] - Anan [27], p. 19, pl. 1, 

Figure 2. (= Rhabdammina saidi Anan [8], p. 218, Figure 
8.1) - (Pl. 1, Figure 2).

Suborder Hemisphaeramminiae Loeblich & Tappan, 
1961;

Family Saccamminidae Brady, 1884;
Genus Orbulinoides Saidova, 1975;
3) Orbulinoides arabica Anan [10], p. 531, Figure 4.1 - 

(Pl. 1, Figure 3).

Suborder Ammodiscina Mikhalevich, 1980;

Superfamily Ammodiscoidea Reuss, 1862;
Family Ammodiscidae Reuss, 1862;
Genus Ammovertella Cushman, 1928;
Type species Ammodiscus (Psammophis) invertus 

Schellwien, 1898;
4) Ammovertella qatarica Hewaidy	& Al-Hitmi	 [18],  

p. 12, Figure 5.1, 5.2 - (Pl. 1, Figure 4).

Genus Repmanina Suleymanov, 1966;
5) Repmanina mazeni Anan [20], p. 85, pl. 1, Figure 

4. (= Repmanina sp. Anan [28], p. 244, Figure 4.7) - (Pl. 1, 
Figure 5).

Order Schlumbergerinida Mikhalevich, 1980;
Suborder Schlumbergerinina Mikhalevich, 1980;
Superfamily Rzehakinoidea Cushman, 1933;
Family Rzehakinidae Cushman, 1933;
Genus Rzehakina Cushman, 1928;
6) Rzehakina khatiyahi Hewaidy	& Al-Hitmi	 [18],  

p. 13, Figure, 5.3, 5.4 - (Pl. 1, Figure 6).
 
Family Miliamminidae Saidova, 1981;
Genus Miliammina Heron-Allen & Earland, 1930;
7) Miliammina kenawyi Anan [8], p. 218, Figure 8.2 - 

(Pl. 1, Figure 7).

Genus Agglutinella El-Nakhal, 1983;
8) Agglutinella reinemundi (Haque	[23], 1960) - Anan [20], 

p. 55, pl. 1, Figure 10 (= Triloculina reinemundi Haque [23], 
p. 19, pl. 2, Figure 5) - (Pl. 1, Figure 8). 

9) Agglutinella sori (Haque	 [23]) - Anan, 2021a [20], p. 
55, pl. 1, Figure 11 (Triloculina sori Haque [23], p. 20, pl. 5, 
Figure 9) - (Pl. 1, Figure 9).

 
Genus Dentostomina Cushman, 1933;
10) Dentostomina ammobicarinata (Haque	 [23]) -  

Anan [20], p. 44, pl. 1, Figure 5 (= Triloculina ammobicari-
nata Haque [23], pl. 6, Figure 6) - (Pl. 1, Figure 10).

11) Dentostomina ammoirregularis (Haque	 [23]) - 
Anan [20], p. 44, pl. 1, Figure 6 (= Triloculina ammoirregu-
laris Haque [23], pl. 6, Figure 4) - (Pl. 1, Figure 11).

12) Dentostomina gapperi (Haque	 [22]) - Anan [20], p. 
44, pl. 1, Figure 7 (= Quinqueloculina gapperi Haque [22], 
p. 54, pl. 32, Figure 11) - (Pl. 1, Figure 12).

Family Ammomassilinidae Mikhalevich & Kaminski, 
2008;

Genus Ammomassilina Cushman, 1933;
13) Ammomassilina misrensis Anan [21] – Anan [21], p. 

88, pl. 1, Figure 22 (= Ammomassilina sp. Anan [8], p. 219, 
Figure 8.5) - (Pl. 1, Figure 13).
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Order Lituolida Lankester, 1885;
Suborder Lituolina Lankester, 1885;
Superfamily Lituoloidea de Blainville, 1827;
Family Haplophragmoididae Maync, 1952;
Genus Asanospira Takayanagi, 1960;
14) Asanospira diyabi	Hewaidy	& Al-Hitmi	[18], p. 13, 

Figure 5.5, 5.6 - (Pl. 1, Figure 14).
15) Asanospira jalehaensis	Hewaidy	& Al-Hitmi	 [18], 

p. 13, Figure 5.7, 5.8 - (Pl. 1, Figure 15).

Suborder Hormosinina Mikhalevich, 1980;
Superfamily Hormosinoidea Haeckel, 1894;
Family Glaucoamminidae Saidova, 1981;
Genus Psammolingulina Silvestri, 1904;
16) Psammolingulina bahri Anan [21] - Anan [21], p. 85, 

pl. 1, Figure 4 (= Psammolingulina sp. Anan [28], p. 244, 
Figure 4.8) - (Pl. 1, Figure 16).

Suborder Lituolina Lankester, 1885;
Superfamily Lituoloidea de Blainville, 1827;
Family Haplophragmoididae Maync, 1952;
Genus Haplophragmoides Cushman, 1910;
17) Haplophragmoides desertorum LeRoy	 [5], p. 36, 

pl. 1, Figures 21, 22 - (Pl. 1, Figure 17).
18) Haplophragmoides iranica Anan, n. sp. (= Haplo-

phragmoides sp., Salahi [29], p. 316, pl. 5, Figure 13).
Holotype: The illustrated specimen in Pl. 1, Figure 18; 

Pl. 2, Figure 1.
Dimension: Diameter 0.17 mm.
Depository: The geological Museum of Ferdowsi Uni-

versity of Mashhad, Iran.
Etymology: After the Islamic Republic of Iran.
Type locality: Khangiran Formation, Kopet-Dagh Ba-

sin, NE Iran.
Age: Middle Eocene.
Diagnosis: This species has closed coiled planispiral 

test, composed of three coils, the last coil composed of 
about 10 number of chambers in the last-formed coil, wall 
arenaceous and fine in texture, sutures distinct and de-
pressed, periphery broadly rounded, aperture at the ventral 
border or on the lower portion of the apertural face of the 
chamber. 

Remarks: This species differs from H. desertorum 
LeRoy in its three coiled whorls than one, tight than wide 
umbilicus, and higher diameter test.

Family Lituolidae de Blainville, 1827;
Genus Ammobaculites Cushman, 1910;
19) Ammobaculites bhallai	Habibnia	&	Mannikeri	 [25], 

p. 3, pl. 1, Figures 2-4 - (Pl. 1, Figure 19).
20) Ammobaculites khargaensis Nakkady [4], p. 456, 

pl. 6, Figure 1 - (Pl. 1, Figure 20).
21) Ammobaculites schwageri Said & Kenawy [6], p. 

121, pl. 1, Figure 8 - (Pl. 1, Figure 21).

Subfamily Flabellammininae Podobina, 1978;
Genus Triplasia Reuss, 1854;
22) Triplasia palmate Hewaidy	& Al-Hitmi	[18], p. 14, 

Figure 5.9, 5.10 - (Pl. 1, Figure 22).

Suborder Spiroplectamminina Mikhalevich, 1992;
Superfamily Spiroplectamminoidea Cushman, 1927;
Family Spiroplectamminidae Cushman, 1927;
Genus Spiroplectinella Kisel’man, 1927;
23) Spiroplectinella esnaensis (LeRoy	 [5]) - Aubert & 

Berggren [30], p. 409, pl. 1, Figure 6 (= Spiroplectammina 
esnaensis LeRoy [5], p. 50, pl. 1, Figures 11, 12) - (Pl. 1, 
Figure 23).

24) Spiroplectinella hamdani (Anan [19] - Anan [27], p. 
79, pl. 1, Figure 2 (= Spiroplectammina hamdani Anan [7], 
p. 652, pl. 1, Figure 14) - (Pl. 1, Figure 24).

25) Spiroplectinella henryi (LeRoy	 [5]) - Hewaidy et 
al. [31], p. 20, pl. 3, Figure 20 (= Spiroplectammina henryi 
LeRoy [5], p. 50, pl. 2, Figure 15) - (Pl. 1, Figure 25).

26) Spiroplectinella knebeli (LeRoy	 [5]) - Anan [27], p. 
80 (= Spiroplectammina knebeli LeRoy [5], p. 51, pl. 2, 
Figures 10, 11) - (Pl. 1, Figure 26).

27) Spiroplectinella paracarinata Said & Kenawy [6] -  
Anan [12], p. 20, pl. 1, Figure 1 (= Spiroplectammina para-
carinata Said & Kenawy [6], p. 122, pl. 1, Figure 13). (Pl. 
1, Figure 27).

28) Spiroplectinella ushbali (Haque	 [23]) - Anan [13], p. 
10, pl. 1, Figure 1 (= Textularia ushbali Haque [23], p. 18, 
pl. 3, Figure 7) - (Pl. 1, Figure 28).

Suborder Trochamminina Saidova, 1981;
Superfamily Trochamminoidea Schwager, 1877;
Family Trochamminidae Schwager, 1877;
Genus Trochammina Parker & Jones, 1859;
29) Trochammina dohaensis Hewaidy	& Al-Hitmi	[18], 

p. 14, Figure 5.11, 5.12 - (Pl. 1, Figure 29).

Suborder Verneuilinina Mikhalevich & Kaminski, 
2004;

Superfamily Vernuilinoidea Cushman, 1911;
Family Prolixopplectidae Loeblich &Tappan, 1985;
Genus Plectina Marsson, 1878;
30) Plectina emiratensis Anan [10], p. 534, Figure 4.2 - 

(Pl. 1, Figure 30).

Family Tritaxiidae Plotnikova, 1979;
Genus Tritaxia Reuss, 1860;
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31) Tritaxia barakai Said & Kenawy [6], p. 123, pl. 1, 
Figure 18 - (Pl. 1, Figure 31).

32) Tritaxia elongata (Haque	[22]) – Anan [32], p. 31, pl. 
1, Figure 1 (= Clavulinoides lakiensis elongata Haque [22], 
p. 45, pl. 21, Figure 13) - (Pl. 1, Figure 32).

33) Tritaxia limbata (Haque	 [22]) – Anan [32], p. 31, pl. 
1, Figure 2 (= Clavulinoides lakiensis limbata Haque [22],  
p. 45, pl. 21, Figure 8) - (Pl. 1, Figure 33).

Family Reophacellidae Mikhalevich & Kaminski, 
2004;

Genus Gaudryina d’Orbigny, 1839;
34) Gaudryina aissana Ten	Dam & Sigal [1], p. 31, pl. 

2, Figure 2 - (Pl. 1, Figure 34).
35) Gaudryina ameeri Anan [12], p. 63, pl. 1, Figure 7 - 

(Pl. 1, Figure 35). 
36) Gaudryina arabica Anan [13], p. 28, pl. 1, Figure 11 - 

(Pl. 1, Figure 36).
37) Gaudryina ennakhali Anan [13], p. 28, pl. 1, Figure 

10 - (Pl. 1, Figure 37).
38) Gaudryina limbata Said & Kenawy [6], p. 123, pl. 

1, Figure 23 - (Pl. 1, Figure 38).
39) Gaudryina nitida Haque	 [22] - Anan [13], p. 10, pl. 1, 

Figure 2 (= Gaudryina pyramidata Cushman nitida Haque [22], 
p. 41, pl. 9, Figure 2) - (Pl. 1, Figure 39).

40) Gaudryina osmani Anan [13], p. 28, pl. 1, Figure 14 - 
(Pl. 1, Figure 40).

41) Gaudryina rectiangulata Ten	Dam & Sigal [1], p. 
31, pl. 2, Figure 3 - (Pl. 1, Figure 41). 

42) Gaudryina speijeri Anan [12], p. 66, pl. 1, Figure 10 - 
(Pl. 1, Figure 42).

43) Gaudryina salimi Anan [13], p. 28, pl. 1, Figure 12 - 
(Pl. 1, Figure 43).

44) Gaudryina textulariformis Nakkady [4], p. 457, pl. 
6, Figure 3 - (Pl. 1, Figure 44).

 
Genus Pseudogaudryinella Cushman, 1936;
45) Pseudogaudryinella iraqensis Anan, n. sp. (= Tritax-

ia whitei of Jaff & Lawa [33], p. 14, pl. 2, Figures 14, 15).
Holotype: Illustrated specimen in Pl. 1, Figure 45; Pl. 2, 

Figure 2.
Dimension: Length 0.45 mm, width 0.17 mm.
Depositary: Department of Geology, University of Su-

laimani, Iraq.
Etymology: After the Iraq Republic.
Type locality: Shiranish Formation, Kurdistan region, 

Northeast Iraq.
Age: Campanian.
Diagnosis: Test elongate, early stage triserial triangu-

lar in section, followed by biserial, and finally uniserial 
rounded in section, aperture terminal in the last chamber 

and rounded. 
Remarks: This species belongs to the genus Pseu-

dogaudryinella and differs from the genus Tritaxia in hav-
ing a biserial stage intercalated between the triserial and 
uniserial ones, and differs from the genus Gaudryina in 
becoming uniserial in adult.

Genus Siphogaudryina Cushman, 1935;
46) Siphogaudryina africana	 (LeRoy	 [5]) - Anan [11], 

p. 272, pl. 1, Figure 7 (= Gaudryina africana LeRoy [5], p. 
30, pl. 1, Figures 7, 8) - (Pl. 1, Figure 46). 

47) Siphogaudryina daviesi (Haque	 [22]) - Anan [32], p. 
31, pl. 1, Figure 3 (= Gaudryina daviesi Haque [22], p. 37, 
pl. 31, Figure 14) - (Pl. 1, Figure 47).

48) Siphogaudryina elongata (Haque	[22]) – Anan [34], p. 
272, pl. 1, Figure 9 (= Gaudryina laevigata Franke elon-
gata Haque [22], p. 35, pl. 9, Figure 5) - (Pl. 1, Figure 48).

49) Siphogaudryina elegantissima (Said & Kenawy [6]) - 
Anan [24], p. 3, pl. 1, Figure 3 (= Gaudryina elegantissima 
Said & Kenawy [6], p. 123, pl. 1, Figure 21) - (Pl. 1, Figure 
49).

50) Siphogaudryina nammalensis (Haque	[22]) - Anan [34], p. 
273, pl. 1, Figure 11 (= Gaudryina (Siphogaudryina) car-
inata Franke nammalensis Haque [22], p. 40, pl. 3, Figure 2) - 
(Pl. 1, Figure 50).

51) Siphogaudryina nekhlensis (Said & Kenawy [6]) -  
Anan [12], p. 20, pl. 1, Figure 4 (= Gaudryina nekhlensis 
Said & Kenawy [6], p. 124, pl. 1, Figure 24) - (Pl. 1, Figure 
51).

52) Siphogaudryina strougoi Anan [9], p. 141, Figure 
2.1 - (Pl. 1, Figure 52).

53) Siphogaudryina tellburmaensis (Futyan [16]) - 
Anan [35], p. 3, pl. 1, Figure 3 (= Gaudryina tellburmaensis 
Futyan [16], p. 521, pl. 81, Figures 1, 2) - (Pl. 1, Figure 53).

Genus Verneuilina d’Orbigny, 1839;
54) Verneuilina aegyptiaca Said & Kenawy [6], p. 122, 

pl. 1, Figure 16 - (Pl. 1, Figure 54).
55) Verneuilina laevigata Haque	[22], p. 34, pl. 21, Fig-

ures 9, 12 - (Pl. 1, Figure 55). 
56) Verneuilina luxorensis Nakkady [3], p. 683, pl. 89, 

Figure 6.7 - (Pl. 1, Figure 56).

Order Loftusiida Kaminski & Mikhalevich, 2004;
Suborder Ataxophragmiina Fursenko, 1958;
Superfamily Ataxophragmiacea Schwager, 1877;
Family Ataxophragmiidae Schwager, 1877;
Genus Arenobulimina Cushman, 1927;
57) Arenobulimina aegyptiaca Said & Kenawy [6], p. 

126, pl. 1, Figure 42 - (Pl. 1, Figure 57).
58) Arenobulimina beitjebrinensis Anan, n. sp. (= 



26

Earth and Planetary Science | Volume 01 | Issue 01 | April 2022

Arenobulimina sp. A. Almogi-Labin et al. [36], p. 578, pl. 2, 
Figure 5). 

Holotype: Illustrated specimen in Pl. 1, Figure 58; Pl. 2, 
Figure 3.

Diameter: Length 0.25 mm, width 0.20 mm.
Etymology: After the type locality. 
Type locality: Beit Jebrin, Palestine (Figure 3).
Stratigraphic level and age: Gansserina gansseri Zone, 

Late Maastrichtian. 
Diagnosis: Test arenaceous, conical, trochospirally en-

rolled, tapering initial part with four-five chambers, later 
four chambers in the last whorl, chambers inflated, sutures 
distinct depressed, aperture an interiomarginal loop.

Remarks: This species differs from usually four making 
up at last whorl, tapering initial part, distinct loop-shaped 
aperture, older stratigraphic level. It is recorded, so far, 
from Palestine.

59) Arenobulimina jerusalemensis Anan, n. sp. (= Arenob-
ulimina sp. B. Almogi-Labin et al. [36], p. 578, pl. 2, Figure 4). 

Holotype: Illustrated specimen in Pl. 1, Figure 59; Pl. 2, 
Figure 4. 

Diameter: Length 0.50 mm, width 0.50 mm. 
Etymology: After the type locality, Palestine.
Type locality: southwest Jerusalem.
Stratigraphic level and age: Gansserina gansseri - Aba-

thomphalus mayaroensis Zones, Late Maastrichtian .
Diagnosis: Low trochospiral test, four chambers in the 

last whorl, distinct inflated chambers, sutures depressed, 
aperture an interiomarginal loop.

Remarks: It differs from A. beitjebrinensis in its shorter 
length test, and younger stratigraphic level.

Family Textulariellidae Grönhagen & Luterbacher, 
1966;

Genus Textulariella Cushman, 1927;
60) Textulariella sinaensis Anan, n. sp. (= Textulariel-

la sp. Said & Kenawy [6], p. 127, pl. 1, Figure 43. 
Holotype: Illustrated specimen in Pl. 1, Figure 60; Pl. 2, 

Figure 5. 
Diameter: Length 0.4 mm, breadth 0.4 mm.
Depository: USNM P. 3988.
Etymology: After the Sinai Peninsula, Egypt.
Type locality: Giddi section, northern Saini, Egypt 

(Figure 3). 
Stratigraphic level and age: Danian.
Diagnosis: Test very fine arenaceous and smoothly 

finished, more or less cylindrical in shape, initial part tro-
chospiral coil, but biserial in the later part and increasing 
rapidly as added, sutures slightly limbate, aperture a low 
opening at the middle of the final chamber.

Remarks: This Danian species has cylindrical test, 
which differs from the conical and tapering sharply early 

stage of the Maastrichtian-Danian T. cretosa. 
Order Textulariida Delage & Hérouard, 1896, emended 

by Kaminski, 2004;
Suborder Textulariina Delage & Hérouard, 1896;
Superfamily Eggerelloidea Cushman, 1937;
Family Eggerellidae Cushman, 1937;
Genus Dorothia Plummer, 1931;
61) Dorothia iranica Anan, n. sp. (= Tritaxilina sp., 

Salahi [29], p. 316, pl. 5, Figure 7).
Holotype: The figured specimen in Pl. 1, Figure 61; Pl. 

2, Figure 6.
Dimension: Length 0.8 mm, width 0.3 mm.
Depositary: The geological Museum of Ferdowsi Uni-

versity of Mashhad, Iran.
Etymology: After the Islamic Republic of Iran.
Type locality: Khangiran Formation, Kopet-Dagh Ba-

sin, NE Iran.
Age: Early Eocene.
Diagnosis: The genus Tritaxilina has fusiform test, 

early portion triserial, roughly triangular in transverse 
section, the angles much rounded; later portion biserial 
or finally uniserial, circular in section, apical end some-
what pointed, apertural end truncate or broadly rounded; 
chambers numerous; the wall thick, of fine arenaceous 
material; sutures distinct, depressed; aperture in the young 
as in Verneuilina, in the adult becoming terminal and cen-
tral with a border of inwardly projecting teeth. The genus 
Dorothia has triserial early portion followed by biserial 
chambers, without uniserial end portion.

Remarks: This species differs from Dorothia bulletta 
(Carsey) by its more elongated test, more depressed sutures 
and more large numbers of the inflated biserial chambers.

62) Dorothia nammalensis	Haque	[22], 1956 – Anan [13],  
p. 11, pl. 1, Figure 9 (= Dorothia pupoides (d’Orbigny) 
nammalensis Haque [22], p. 53, pl. 32, Figure 4) - (Pl. 1, 
Figure 62).

63) Dorothia sinaensis Said & Kenawy [6], p. 128, pl. 
2, Figure 1 - (Pl. 2, Figure 63).

Genus Marssonella Cushman, 1933;
64) Marssonella hafitensis Anan [10], p. 535, Figure 4.3 - 

(Pl. 1, Figure 64).
65) Marssonella nammalensis	Haque	[22] - Anan [13], p. 11, 

pl. 1, Figure 10 (= Marssonella oxycona (Reuss) nammalen-
sis Haque [22], p. 50, pl. 3, Figure 4) - (Pl. 1, Figure 65).

Genus Eggerella Cushman, 1935;
66) Eggerella maqfiensis	LeRoy	 [5], p. 28, pl. 1, Fig-

ures 1, 2 - (Pl. 1, Figure 66).

Genus Clavulinoides Cushman, 1937;
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67) Clavulinoides algerianus	Ten	Dam	&	Sigal	 [1],  
p. 33, pl. 2, Figure 11- (Pl. 1, Figure 67). 

68) Clavulinoides iranica Anan, n. sp. (= Heterosto-
mella austinana of Salah [29], p. 314, pl. 4, Figure 25). 

Holotype: The illustrated specimen in Pl. 1 Figure 68; 
Pl. 2, Figure 7.

Dimension: Length 1.10 mm, width 0.45 mm.
Depository: The geological Museum of Ferdowsi Uni-

versity 0f Mashhad, Iran.
Etymology: After the Islamic Republic of Iran.
Type locality: Khangiran Formation, Kopet-Dagh Ba-

sin, NE Iran.
Age: Middle Eocene.
Diagnosis: The genus Clavulinoides has triserially 

early chambers arranged and later abruptly becoming un-
iserial, while the genus Heterostomella has triserial early 
stage followed by biserial chamber arranged. The species 
C. iranica has curved triangle test in cross section and dis-
coidal last chamber.

Remarks: This species is characterized by its curved 
test than other most species of the genus which have near-
ly rectilinear tests.

69) Clavulinoides lakiensis Haque	 [22], p. 43, pl. 21, 
Figure 7; p. 54, pl. 32, Figure 1 - (Pl. 1, Figure 69).

70) Clavulinoides spatha	Haque	 [22] – Anan [13], p. 12, 
pl. 1, Figure 18 (= Clavulinoides lakiensis spatha Haque [22], 
p. 44, pl. 21, Figure 6) - (Pl. 2, Figure 70).

Genus Pseudoclavulina Cushman, 1937;
71) Pseudoclavulina barnardi (Futyan [16]) - Anan [13], 

p. 3, pl. 1, Figure 7 (= Clavulina barnardi Futyan [16], p. 
522, pl. 81, Figure 3 (non Figure 4) - (Pl. 1, Figure 71). 

72) Pseudoclavulina farafraensis	LeRoy	 [5], p. 44, pl. 
2, Figure 9 - (Pl. 1, Figure 72). 

73) Pseudoclavulina futyani Anan [11], p. 87, pl. 1, 
Figure 16 (= Clavulina barnardi Futyan [16], p. 522, pl. 81, 
Figure 4 (non Figure 3) - (Pl. 1, Figure 73).

74) Pseudoclavulina globulifera Ten	Dam	&	Sigal	[1], 
p. 32, pl. 2, Figures 5-7 - (Pl. 1, Figure 74). 

75) Pseudoclavulina hewaidyi Anan [11], p. 248, pl. 1, 
Figure 1 - (Pl. 1, Figure 75).

76) Pseudoclavulina maqfiensis	LeRoy	[5], p. 44, pl. 2, 
Figures 16, 17 - (Pl. 1, Figure 76).

77) Pseudoclavulina pseudoarenata Said & Kenawy [6], 
p. 125, pl. 1, Figure 33 - (Pl. 1, Figure 77).

78) Pseudoclavulina youssefi Anan [20], p. 88, pl. 1, 
Figure 18 (= Tritaxia sp. Ali [15], pl. 3, Figure 14) - (Pl. 1, 
Figure 78).

Genus Valvoreussella Hofker, 1957;
79) Valvoreussella karreri (Said & Kenawy [6]) -  

Hewaidy & Al-Hitmi [17], p. 481, pl. 6, Figures 7, 8 (= Verneu-

ilina karreri Said & Kenawy [6], p. 122, pl. 1, Figure 17) -  
(Pl. 1, Figure 79).

Family Valvulinidae Berthelin, 1880;
Genus Clavulina d’Orbigny, 1826;
80) Clavulina paxilliformis Haque	 [22], p. 49, pl. 12, 

Figures 6, 8 - (Pl. 1 Figure 80).
81) Clavulina pseudoparisensis Anan [7], p. 239, pl. 1, 

Figures 6, 7 - (Pl. 1, Figure 81).
82) Clavulina symmetrica	Haque	[22] - Anan [13], p. 12, 

pl. 1, Figure 19 (= Clavulina paxilliformis symmetrica 
Haque [22], p. 50, pl. 24, Figure 6) - (Pl. 1, Figure 82).

Genus Valvulina d’Orbigny, 1826;
83) Valvulina elongata Haque	[22], p. 47, pl. 21, Figure 

11 (= Valvulina nammalensis Haque [22], (non 10) - (Pl. 1, 
Figure 83). 

84) Valvulina nammalensis	Haque	 [22], p. 47, pl. 21, 
Figure 10 (non Figure 11) - (Pl. 1, Figure 84).

Superfamily Textulariodea Ehrenberg, 1838;
Family Thomasinellidae Loeblich & Tappan, 1984;
Genus Thomasinella Sclumberger, 1893;
85) Thomasinella aegyptia Omara [2], p. 885, pl. 101, 

Figure 1 - (Pl. 1, Figure 85).
86) Thomasinella fragmentaria Omara [2], p. 884, 

text-Figure 1.6 - (Pl. 1, Figure 86).

Family Textulariidae Ehrenberg, 1838;
Genus Bigenerina d’Orbigny, 1826;
87) Bigenerina khirthari Haque	 [23], p. 18, pl. 3, Fig-

ure 4 - (Pl. 1, Figure 87).
88) Bigenerina metingensis Haque	 [24], p. 18, pl. 2, 

Figures 13, 14 - (Pl. 2, Figure 88).
89) Bigenerina nodosa	Haque	[22], p. 33, pl. 3, Figures 

7, 8 - (Pl. 2, Figure 89).

Genus Textularia Defrance, 1824;
90) Textularia crookshanki Haque	 [22], p. 32, pl. 9, 

Figure 9 - (Pl. 2, Figure 90).
91) Textularia fahmyi Anan [8], p. 218, Figure 8.3 - (Pl. 

2, Figure 91).
92) Textularia farafraensis	LeRoy	[5], p. 51, pl. 2, Fig-

ures 3, 4 - (Pl. 2, Figure 92).
93) Textularia haquei Anan [35], p. 3, pl. 1, Figure 6 (= Tex-

tularia sp. Haque [22], p. 32, pl. 9, Figures 10, 11) - (Pl. 2, Figure 
93).

94) Textularia nilotica (Schwager [37]) - LeRoy [5], p. 52, 
pl. 2, Figures 1, 2 (= Plecanium niloticum Schwager [37],  
p. 115, pl. 26, Figure 14) - (Pl. 2, Figure 94).

95) Textularia punjabensis	Haque	[22], p. 31, pl. 9, Fig-
ure 12 - (Pl. 2, Figure 95). 
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96) Textularia salahii Anan, n. sp. Pl. 2, Figure 34 (= 
Textularia sp. Salahi [29], p. 316, pl. 5, Figures 9, 10). 

Holotype: The illustrated specimen in Pl. 1, Figure 96; 
Pl. 2, Figure 8.

Dimension: Length and width of the top specimen: 0.30 mm.
Type locality: Kopet-Dagh Basin, NE Iran.
Age: Middle Eocene.
Etymology: After prof. Amir Salahi, Ferdowsi Univer-

sity of Mashhad, Iran. 

Diagnosis: Test medium, length equal the top part of 
the last biserial inflated chambers, expanding uniformly, 
periphery broadly round, sutures depressed and nearly 
straight, wall moderately smooth. 

Remarks: This species differs from the other species 
of Textularia by its smaller size, not elongated test, three 
additional biserial chambers. 

97) Textularia schwageri	LeRoy	 [5], p. 51, pl. 2, Fig-
ures 5, 6 - (Pl. 1, Figure 97).

Figure 1. The geographic distribution of the recorded benthic foraminiferal species in the ten countries in the Southern 
Tethys (Algeria, Egypt, Palestine, Jordan, Iraq, Qatar, UAE, Iran, Pakistan and India).

Figure 2. The open sea water between the ten countries in the Southern Tethys during the Paleocene (after Morsi et al. [48], 
with some modification).
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Figure 3. Location map of Giddi and 
Nekhl sections (Sinai, Egypt), and Beit 
Jebrin and Jerusalem (Palestine) (after 

Said & Kenawy [6]).

Figure 4. The paleogeographic distribution of the benthic foraminiferal species 
from the Southern Tethyan: Mali, Nigeria, Tunisia, Libya, Egypt, Jordan, Iraq, 

UAE, Pakistan, which also recorded in different localities of European Northern 
Tethys: Spain, Gulf of Biscay, France, Italy, Hungary, Slovenia (after Anan [42]).
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Plate 1

Figure 1. Bathysiphon paleocenica El-Dawy [14] × 10, 2. B. saidi [9] × 10, 3. Orbulinoides arabica Anan [10] × 30, 4. 
Ammovertella qatarica Hewaidy & Al-Hitmi [18] × 20, 5. Repmanina mazeni (Anan) [20] × 15, 6. Rzehakina khatiyahi 

Hewaidy & Al-Hitmi [18] × 10, 7. Miliammina kenawyi Anan [9] × 15, 8. Agglutinella reinemundi (Haque [23]) × 80, 9. A. sori 
(Haque [23]) × 35, 10. Dentostomina ammobicarinata (Haque [23]) × 15, 11. D. ammoirregularis (Haque [23]) × 20, 12. D. 

gapperi (Haque [22]) × 35, 13. Ammomassilina misrensis Anan [21] × 20, 14. Asanospira diyabi Hewaidy & Al-Hitmi [18] × 
10, 15. A. jalehaensis Hewaidy & Al-Hitmi [18] × 17, 16. Psammolingulina bahri Anan [20] × 15, 17. Haplophrag-moides 

desertorum LeRoy [5] × 30, 18. H. iranica Anan (n. sp.) × 35, 19. Ammobaculites bhallai Habibnia & Mannikeri [25] × 
15, 20. A. khargaensis Nakkady [4] × 60, 21. A. schwageri Said & Kenawy [6] × 20, 22. Triplasia palmate Hewaidy & 

Al-Hitmi, [18] × 10, 23. Spiroplectinella esnaensis (LeRoy [5]) × 20, 24. S. hamdani (Anan [19]) × 15, 25. S. henryi (LeRoy [5]) × 18, 26. S. 
knebeli (LeRoy [5]) × 16, 27. S. paracarinata Said & Kenawy [6] × 40, 28. S. ushbali (Haque [23]) × 30, 29. Trochammina 
dohaensis Hewaidy & Al-Hitmi [18] × 15, 30. Plectina emiratensis Anan [10] × 20, 31. Tritaxia barakai Said & Kenawy [6] × 15, 
32. T. elongata (Haque [22]) × 20, 33. T. limbata (Haque [22]) × 40, 34. Gaudryina aissana Ten Dam & Sigal [1] × 20, 35. G. 
ameeri Anan [12] × 20, 36. G. arabica Anan [23] × 35, 37. G. ennakhali Anan [23] × 75, 38. G. limbata Said & Kenawy [6] × 50, 
39. G. nitida (Haque [22]) × 40, 40. G. osmani Anan [23] × 35, 41. G. rectiangulata Ten Dam & Sigal [1] × 25, 42. G. spei-
jeri Anan [12] × 20, 43. G. salimi Anan [23] x, 44. G. textulariformis Nakkadyi [4] × 50, 45. Pseudogaudryinella iraqensis 

Anan (n. sp.) × 10, 46. Siphogaudryina africana (LeRoy [5]) × 10, 47. S. daviesi (Haque [22]) × 20, 48. S. elongata  
(Haque [22]) × 25, 49. S. elegantissima (Said & Kenawy [6]) × 40, 50. S. nammalensis (Haque [22]) × 30, 51. S. nekhlensis 

(Said & Kenawy [6]) × 15, 52. S. strougoi Anan [9] × 10, 53. S. tellburmaensis (Futyan [16]) × 25, 54. Verneuilina aegyptia-
ca Said & Kenawy [6] × 30, 55. V. laevigata Haque [22] × 35, 56. V, luxorensis Nakkady [3] × 30, 57. Arenobulimina ae-

gyptiaca Said & Kenawy [6] × 15, 58. A. beitjebrinensis Anan (n. sp.) × 30, 59. A. jerusalemensis Anan (n. sp.) × 30, 60. 
Textulariella sinaensis Anan (n. sp.) × 20, 61. Dorothia iranica Anan (n. sp.) × 50, 62. D. nammalensis Haque [22] × 35, 
63. D. sinaensis Said & Kenawy [6] × 30, 64. Marssonella hafitensis Anan [10] × 30, 65. M. nammalensis Haque [6] × 50, 

66. Eggerella maqfiensis LeRoy [5] × 30, 67. Clavulinoides algerianus Ten Dam & Sigal [1] × 35, 68. C. iranica Anan (n. 
sp.) × 35, 69. lakiensis Haque [22] × 35, 70. C. spatha Haque [22] × 40, 71. Pseudoclavulina barnardi (Futyan [16] × 35, 72. 
P. farafraensis LeRoy [5] × 20, 73. P. futyani Anan [20] × 10, 74. P. globulifera Ten Dam & Sigal [1] × 35, 75. P. hewaidyi 
Anan [11] × 20, 76. P. maqfiensis LeRoy [5] × 40, 77. P. pseudoarenata Said & Kenawy [6] × 40, 78. P. youssefi Anan [20] × 
20, 79. Valvoreussella karreri (Said & Kenawy [6]) × 30, 80. Clavulina paxilliformis Haque [22] × 15, 81. C. pseudopari-

sensis Anan [7] × 10, 82. C. symmetrica Haque [6] × 45, 83. Valvulina elongata Haque [22] × 20, 84. V. nammalensis  
Haque [22] × 35, 85. Thomasinella aegyptia Omara [2] × 8, 86. T. fragmentaria Omara [2] × 10, 87. Bigenerina khirthari 

Haque [24] × 30, 88. B. metingensis Haque [22] × 50, 89. B. nodosa Haque [22] × 45, 90. Textularia crookshanki Haque [22] × 
45, 91. T. fahmyi Anan [8] × 20, 92. T. farafraensis LeRoy [5] × 30, 93. T. haquei Anan [35] × 22, 94. T. nilotica  

(Schwager [37]) × 20, 95. T. punjabensis Haque [22] × 35, 96. T. salahii Anan (n. sp.) × 60, 97. T. schwageri LeRoy [5] × 35.
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4. Paleogeography

The ninety-seven agglutinated benthic foraminiferal 
species were originally identified from ten countries in the 
Southern Tethys, as well as some of them were record-
ed also in some localities in the Southern and Northern 
Tethys. Many authors (i.e. Said & Kenawy [6], Haque [22], 
Keller [38], Rögl [39], Rosenbaum et al. [40], Meulenkamp & 
Sissingh [41], Anan [32,42]). The Tethys had been connected 
from west with Atlantic Ocean to east with the Pacific 
with the Pacific Ocean via the Mediterranean Sea during 
the Campanian-Paleogene time. Anan [42] has recorded 
many Southern Tethyan benthic foraminiferal species (Tu-
nisia, Libya, Mali, Nigeria, Egypt, Jordan, Iraq, UAE, Qatar, 
Pakistan), which also recorded in different countries in the 
Northern Tethys in Europe (Spain, Gulf of Biscay, France, 
Italy, Hungary, Slovenia (Figure 4). 

5.	Paleoenvironment

Miller et al. [43] noted that certain hydrographic proper-
ties (low oxygen, high CO3, low pH, and corrosive waters) 
favor the development of agglutinated assemblages. Loe-
blich & Tappan [44] noted that the foraminiferal Suborder 
Astrorhizina reinstated for the typical monothalamous 
agglutinated taxa whose cementing material is solely or-
ganic, and the Family Haplophragmoididae reinstated for 
multilocular agglutinated taxa with organic cement. Anan [27]  

noted that most of the recorded species from the Mid-
dle-Upper Eocene of Jabal Hafit, UAE (e.g. Bathysiphon 
saidi and Miliammina kenawyi) are endemic to the trop-
ical-subtropical regions. Jones [45] noted that the modern 
smaller agglutinating foraminifera occur in all marine 
environments, from marginal to deep, and some are toler-
ant of hyposalinity as well as normal marine salinity, and/
or of hypoxia or dysoxia and appear better able than their 
calcareous benthic counterparts to tolerate conditions of 
high fresh-water flux, and of high sediment and organic 
carbon flux, and associated lowered oxygen availabili-
ty. Moreover, the genera: Gaudryina, Siphogaudryina, 
Verneuilina in the Subfamily Verneuilininae is restricted 
to deep marine environments. Orabi [46] noted that the 
agglutinated tests are weakly held by organic material, 
which potentially oxidized within the surface layer of sed-
iments. The recorded species represent middle-outer ner-
itic environment (100-200 m) and show an affinity with 
Midway-Type Fauna (MTF), and the deeper water species 
have smooth tests, while the shallow water specimens 
have coarser grained.

6. Conclusions
The present study deals with the recording of nine-

ty-seven identified species belonging to thirty-five ag-
glutinated genera in ten localities of the Southern Tethys: 
Algeria, Egypt, Palestine, Jordan, Iraq, Qatar, UAE, Iran, 

Plate 2 (n. sp.)

Figure 1. Haplophragmoides iranica Anan (n. sp.) × 40, 2. Pseudogaudryinella iraqensis Anan (n. sp.) × 20, 3. Are-
nobulimina beitjebrinensis Anan (n. sp.) × 70, 4. A. jerusalemensis Anan (n. sp.) × 65, 5. Textulariella sinaensis Anan 
(n. sp.) × 30, 6. Dorothia iranica Anan (n. sp.) × 120, 7. Clavulinoides iranica Anan (n. sp.) × 80, 8. Textularia salahii 

Anan (n. sp.) × 150.
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Pakistan and India. Most of these species are confined, so 
far, on their mentioned localities. Forty species of them 
are recorded from Egypt (about 41.5%), twenty-seven 
from Pakistan (~ 28%), ten from UAE (~ 10.5%), six from 
Qatar (~ 6%), four from Algeria (4.5%), three from Jordan 
(~ 3%), two from Palestine and Iran (~ 2%), and only one 
from each of Iraq and India (~ 1%). Seven species of them 
are believed here as new: Four species from Iran Hap-
lophragmoides iranica, Dorothia iranica, Clavulinoides 
iranica and Textularia salahii; two species from Palestine 
Arenobulimina beitjebrinensis and A. jerusalemensis; one 
species from Iraq Pseudogaudryinella iraqensis and one 
species from Egypt Textulariella sinaensis. The recorded 
species represent middle-outer neritic environment (100-
200 m) in an open marine basin and show an affinity with 
Midway-Type Fauna (MTF) of the United States Gulf 
Coastal area.
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1. Introduction

Over the past two decades, pollution of aquatic sedi-
ments has become a worldwide environmental concern [1]. 
Heavy metals in deposition persist in the environments, 
which poses a risk, not only to benthic but also to aquatic 
biota, as metals in sediments can be discharged into the 
aquatic overlying waters through both chemical and bio-
logical processes [2,3]. The characteristics and behavior of 
coastal habitats are diverse and changing. There are sandy 
beaches, which can be considered as the geographical 
area where the marine and terrestrial ecological systems 
interact. Such settings are critical for the survival of a 
wide range of plants and animals, as well as a wide range 
of economic activities. In recent years, there has been an 
increase in global concern about the effects on coastal 
habitats [4-6]. Pollution from industrial activities such as 
discharges of urban sewage, fishing activities, and the 
combustion of fossil fuels via the dumping of solid waste 
has extensively affected the environments throughout 
the land-linked coastline [6-8]. As a result of their highly 
toxicity, prolonged occurrence, slow rate of degradation, 
and simple accumulation by marine biota, heavy metals 
in sediments have received scientific attention and public 
concern recently [3,9]. Metals including Pb, Cd, Zn, Cr, 
Cu, and Ni are predominantly mobilized by human activity, 
while other metals like Al, Fe, Co, and Mn are of lithogenic 
origin [10]. Natural radiation has been a part of human life 
throughout history. Its principal mechanisms are cosmogenic 
and cosmic gamma radiation, terrestrial gamma radiation 
from naturally occurring radionuclides in soils, sediments, 
and rocks, and naturally occurring radioactive constituents 
in our food and inhaled air [5,11,12]. Uranium and thorium are 
found in fairly low abundances in rocks, soils, and sediments [5]. 
Thorium is a strikingly abundant element in the Earth’s crust, 
almost three times more abundant than uranium [13]. Felsic 
rocks (e.g. granite) have been found to have higher U and Th 
content than mafic rocks like basalt and andesites [5,14].

Heavy metals in coastal sediments are the result of 
natural processes and/or anthropogenic activities. The 
background values for heavy metals are determined by 
natural processes such as atmospheric input, Aeolian pro-
cesses, and crustal movements [3]. Industrialization and 
agricultural practices are linked to anthropogenic heavy 
metals inputs. The major anthropogenic inputs are from 
sources including atmospheric deposits, waste disposal, 
waste combustion, urban effluents, traffic emissions, ferti-
lizer application, and long-term application of wastewater 
to farmland [4]. To investigate the source of heavy metals 
in terrestrial and littoral environments, several factors 
need to be examined, such as grain size, mineral compo-

sition, and the sedimentary environment. Metals that have 
leached into sediments from anthropogenic sources, on 
the other hand, are more commonly present in relatively 
more bioavailable forms [15,16]. Soil erosion, natural weath-
ering of the Earth’s crust, mining, industrial effluents, ur-
ban runoff, sewage discharge, and pest or disease-control 
agents are all sources of heavy metals in today’s crops [17,18].  
Therefore, the purposes of the present study were: (i) to 
determine the spatial distribution of selected heavy met-
als contents along the Southern part of the Cameroonian 
coast; (ii) to assess heavy metal contamination levels and 
potential ecological risk in the study area based on the 
geo-accumulation index and potential ecological risk; (iii) 
to definite the possible source of pollutants using multi-
variate statistical analyses.

2. Materials and Methods

2.1 Study Area 

The area under study is located in the southern part 
of the Cameroonian coast, near the mouth of the Sanaga 
River located on the Atlantic Ocean coast, ranging from 
2°20’ to 3°40’ N and 9°40’ to 10°20’ E in southwestern 
(SW) Cameroon (Figure 1). The wet season lasts from 
March to November, and the dry season lasts from De-
cember to February. The soils in this area are ferralitic 
and hydromorphic [19]. The main activities in this area 
are artisanal fishing and agriculture. The geology of the 
Cameroonian coast is dominated by sedimentary strata 
associated with the Douala Basin. From the Upper Cre-
taceous to the Tertiary, marine transgression has sculpted 
these strata [20,21]. The Douala sub-basin is located in the 
Gulf of Guinea between the Cameroon Volcanic Line and 
the Rio Muni basin in Cameroon. According to Nguene 
et al. [22] and Lawrence et al. [23], three major events in ge-
odynamics and sedimentary history can be distinguished: 
(i) the early Cretaceous extensional rift to drift phase; (ii) 
the transition from rift to drift highlighted by the accentu-
ation of transformed directions caused by a series of cross 
faults; and (iii) the late Cretaceous and Tertiary passive 
margin wedge. The Cameroonian coast is unconformably 
underlain by the Precambrian basement and begins with 
a marl and fossiliferous limestone marine series of lower 
Turonian-Campanian age and is continued by a Campani-
an-Paleocene continental series to date [24]. Also known as 
the Dizangue series, it is composed of small conglomer-
ates at the base, and fine and coarse sandstones at the top. 
The series also contains interbedded clay, kaolinite, and 
ferruginous sandstone [20,25]. In the Sanaga upstream basin, 
there is a succession of fine, black and beige sandstones and 
Middle Cretaceous arkosic conglomeratic sandstones [6].
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2.2 Sample Collection and Analysis

The sediments were sampled at three sites, for a total 
of 20 samples collected, selected according to the type of 
slope, surroundings and sampling of the sediments and 
water along the coastal shoreline. The three sites are Yoyo 
II, Kribi and Campo. Sampling was collected in Febru-
ary 2022, at the designated locations, with the use of a 
trowel. This one is used to scrape off the top layer 10-15 
cm) of sediment to prevent contamination. Polyethylene 
bags have been used to pack and carry the samples to the 
laboratory. About 2 kg of each sample was collected. The 
samples were then air-dried, ground, and then sieved. The 
ground samples, 0.2 g (ground, sieved with a 0.080 mm) 
have been prepared and mixed with 1.5 g of LiBO2. The 
mixture was then dissolved in 100 mL of 5% HNO3. The 
metal concentration intensity of Fe, Mn, Cr, V, Ni, Th, U 

and Co was determined in air/acetylene fire by inductively 
coupled plasma mass spectrometry (ICP-MS) from ALS 
(Australian Laboratory Services), Vancouver, Canada. An-
alytical doubts ranged from 0.1 to 0.5% for trace metals. The 
detection limits vary from 0.05 × 10–6 mg/g to 4.0 × 10–6 mg/g  
according to the element.

The statistical descriptions of heavy metals were ob-
tained from the PAST program (version 1.72). Box and 
whisker plots of sediment quantification were drawn for 
the three sites to show the variation in the heavy metal 
concentrations investigated. Furthermore, the heavy metal 
data from the three sites were subject to agglomerative hi-
erarchical analysis (AHC) and principal component anal-
ysis (PCA) to build a correlation matrix, and to identify if 
a significant variation between the different treatments ex-
ists. The PCA was carried out with the statistical software 

Figure 1. Investigated area and sampling location: a) location of the study area and in Cameroon; b) Location of sam-
pling area and station along the southern part of the Cameroonian coast.
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package XLSTAT, version 14.

2.3 Assessment Methods of Sediment Pollution

2.3.1 Geoaccumulation Index (Igeo)

Popular measure to determine the extent of metal dep-
osition in sediments is the geoaccumulation index (Igeo) 
Chen et al. [26] and Singovszka and Blintova [27]. The Igeo 
takes into account both the impact of human activities and 
the background concentration of the area. The index is ex-
pressed mathematically as follows:
Igeo = log2 (Ci/k x Bi)                                 (1)
where Ci denotes the content of element (i) in the selected 
materials, Bi denotes the geochemical content of element 
(i), and k is a factor that accounts for probable lithogenic 
effect variation in background data. Factor k normally has 
a value of 1.5. There are six classes on the Igeo scale, var-
ying from unpolluted to very strongly polluted (Table 1).

2.3.2 Contamination Factor (CF), Degree of Con-
tamination	(DC)	and	Pollution	Load	Index	(PLI)

The CF is the calculated ratio resulting from the fol-
lowing equation [28]: 
CF = (Cmetal /Cbackground)      (2)

Cmetal is the concentration of pollutants in the deposits 
and Cbackground refers to the background metal concentra-
tions. We classified the CF into four groups to measure the 
contamination level (Table 1).

The degree of contamination (DC) is the sum of all 
contamination factors for a given site [29]. The DC can be 
calculated using the equation:

DC =∑ CFi
n

i=1

1 2 3 ……

RI = Σ Eri
n

1

 (3)

in which CF is the single contamination factor and n is 
the element amount present. DC < n, would denote a low 
degree of contamination; n ≤ DC < 2n, moderate degree 
of contamination; 2n ≤ DC < 4n, considerable degree of 
contamination and DC > 4n, very high degree of contami-
nation. For this studied heavy metals n = 8.

The pollution load index (PLI) is a combined approach of 
factors in the studied area [30]. The PLI could indicate tempo-
ral and spatial variance, as well as each element’s contribu-
tion to overall pollution [28]. The pollution load index (PLI) is 
calculated using an equation from Tomlinson et al. [28].

DC =∑ CFi
n

i=1

1 2 3 ……

RI = Σ Eri
n

1

 (4)        

n is the number of metals, while CF refers to the con-
tamination factor. The pollution loading index was inter-
preted by Tomlinson et al. [28] and Suresh et al. [31]. The 
PLI is categorized into three ranks as described in Table 1.

2.3.3 Ecological Risk Assessment

For the current study, a prospective ecological risk 
factor (Ei

r) and a possible ecological risk index (RI) were 
used to estimate the ecological risk. The ecological risk 
potential is determined using Håkanson [29] technique. 
The RI was created in order to quantify the extent of trace 
metals contamination in sediments, as well as their toxici-
ty and environmental impact.
Er

i = Tr x CF (5)

DC =∑ CFi
n

i=1

1 2 3 ……

RI = Σ Eri
n

1
 (6)

RI denotes the sum of all risk factors for heavy metals 
in the selected sediment, (Eri) is the potential monomial 
environmental risk factor proposed by Håkanson [29] and 
Suresh et al. [31]; Tr is the toxic response factor proposed 
by Håkanson [29] for three metals Mn (1), Cr (2), and Ni (5), 

Table	1. Classes of pollution indices and contamination levels used in the study.

I-geo	value	;	classes Pollution	level Er classes Er	level

I-geo ≤ 0 ; 0 Unpolluted Er < 40 Low potential ecological risk

I-geo = 0-1 ; 1 Unpolluted to moderately polluted Er = 40-80 Moderate potential ecological risk

I-geo = 1-2 ; 2 Moderately polluted Er = 80-160 Significant potential ecological risk

I-geo = 2-3 ; 3 Moderately to strongly polluted Er = 160-320 High potential ecological risk

I-geo = 3-4 ; 4  Strongly polluted Er > 320 Very high potential ecological risk

I-geo = 4-5 ; 5 Strongly to very strongly polluted

RI classes Risk level CF classes Contamination level

RI <150 Low ecological risk CF < 1 Low contamination

RI = 150-300 Moderate ecological risk CF = 1-3 Moderate contamination

RI = 300-600 Significant ecological risk CF = 3-6 Considerable contamination

RI > 600 High ecological risk CF > 6 High contamination
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and CF is the contamination factor determined by Equa-
tion (2). The expressions and values used for the ecologi-
cal risk assessment interpretation are presented in Table 1.

2.4	Multivariate	Statistical	Analyses

The statistical analysis was carried out with Microsoft 
Excel version 16, whereas Surfer 16 was used to plot the 
maps. Heavy metals in sediment for each individual habitat 
were performed in a one-way ANOVA with equal probabil-
ity replication at the 0.05 level (Duncan’s test) by using the 
program COSTAT 6.3. In this study, multivariate statistical 
analysis was carried out using Pearson correlation, cluster 
analysis, and principal component analysis (PCA).

3. Results and Discussion

3.1	Distribution	of	Heavy	Metals	and	Radionuclides

The distribution of heavy metals (Fe, Mn, Cr, V, Ni, 
Co) and radionuclides (Th and U) observed in the beach 
sand along the Southern part of the Cameroonian coast is 
presented in (Table 2). The mean concentration (mg/kg) 
of these elements were found in the following decreasing 
order as Fe (4755.92-116,450.1) > Mn (77.45-3407.8) >  
Cr (547.36-957.88) > V (5-318) > Th (0.46-161) > Ni 
(4-22) > U (0.21-21.9) > Co (1-18) (Table 2). Howev-
er, all metals are higher than the average Shales values [32]  
except Ni and Co which have lower values (Table 2). 
Metal concentrations in sediments vary due to changes in 
bedrock composition, sediment texture, sediment trans-
port, mineral sorting, and anthropogenic activities [5,33]. 
Activities such as runoff from agricultural land, exposure 
of the Atlantic Ocean to substantial releases of pollutants 
from industrial processes, and untreated domestic sewage 
from residential areas may have raised the concentration 
of these metals in this coastal area [25]. The highest con-
centration of Fe is most likely to be caused by natural 
processes such as leaching of source rocks, transported 
from the continent and transported directly from the ocean 
by rivers and wave movements [6,25]. Similarly, increas-
ing Fe concentrations could have been caused by urban 
and industrial waste, as well as corrosion of underwater 
structures [34,35]. Manganese has been found in a variety 
of amounts as a natural trace element in crude oils, which 
has been used to improve fuel oil combustion [36]. The 
average amounts found in this study are attributed to the 
presence of mangrove vegetation [6,37]. The amounts of 
Cr could be linked to the pollution load resulting from 
diverse agricultural wastes [5]. The occurrence of Cr in 
this study could be attributed to the combustion of plastic 
trash, anthropogenic waste dumping, and tourism-related 
sludge dredging. Vanadium is found in carbon-rich materi-

als like crude oil, coal, oil shale and oil sands. Because V 
is generally relatively soluble, weathering is an essential 
way for it to be distributed in the environment. It’s found 
in algae, plants, invertebrates, fish, and a variety of other 
species. Furthermore, human activities such as marketplaces 
and garages would be responsible for the high values of V in 
sands [6,38]. Natural weathering and rock leaching can cause 
Ni to reach the environment [39]. Fishing, tourist activities, 
and rock leaching could all contribute to the moderate Ni 
concentration. Cobalt is rarely found naturally in the envi-
ronment. It is usually manufactured as by-product of nick-
el and copper mining. When Co particles are not attached 
to soil or sediment particles, however, plant and animal 
uptake is stronger, and buildup in plants and animals is 
possible. Furthermore, the significant concentration of Co 
could be related to the presence of iron and manganese 
oxyhydroxide in sediments because Co is considered a 
low mobility element in sediments and has a strong affin-
ity with iron and manganese oxyhydroxide. Thorium is a 
radioactive element and can be found in low concentra-
tions in most rocks and soils. This element circulates very 
little in nature due to its high insolubility when it is in the 
oxide form [5,40]. In addition to Th, U is radioactive, but 
it is not especially rare. It can occur in minor quantities 
in rocks and sediments, in both water and air, in varying 
concentrations that are generally very low. However, due 
to its solubility in water, which determines its mobility in 
the environment as well as its toxicity, U is unlikely to be 
found in fish or vegetable products [5,12,41]. In this study, 
high concentrations of U in the sediments would be due to 
anthropogenic activities such as the use of coal, and phos-
phate fertilizers in agricultural production.

3.2	Geoaccumulation	 Indices	of	Heavy	Metals	
and Radionuclides

The geoaccumulation index (Igeo) of the different met-
als (Fe, Mn, V, Ni, Co) and radionuclides (Th and U) of 
the sediment samples from Yoyo II, Kribi and Campo are 
given in Appendix 1. The station of Yoyo II shows that 
most of the metals contained in the samples have values 
of Igeo < 0, while Cr and Th have values of Igeo > 0 (Ap-
pendix 1; Table 1). The results obtained show that, the 
sediments of Yoyo II are mostly unpolluted in Fe, Mn, V, 
Ni, Co and U, and moderately to strongly polluted in Cr 
and Th (Table 1; Figure 2). The results are similar to those 
of Chougong et al. [5] on the alluvial sediments of the Lobé 
river in Cameroon. The results obtained in the Kribi and 
Campo sediment samples are similar for both heavy met-
als and radionuclides (Th and U). Sediments from these 
two sites have values of Igeo < 0 in most samples, except 
for Cr which has values of Igeo > 0 in all samples from 
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both sites (Appendix 1; Table 1). The sediments of the 
Kribi and Campo site are all unpolluted in Fe, Mn, V, Ni, 
Co, Th and U. Moreover, these same samples show that 
the sediments of Kribi and Campo location are moderately 
to strongly polluted in Cr (Table 1; Figure 2). 

These results corroborate those obtained on beach sed-
iments along the Littoral zone of Cameroon [6]. Moreover, 
these results are far from those obtained on the sediments 

of the various beaches of Limbé which shows that, the sed-
iments are polluted in Co, Ni, Cu and Cd on the one hand, 
and on the other hand unpolluted in Zn, Cr, Fe and Mn [25]. 
The unpolluted nature of sediments in these different sites 
would be due to the fact that the various anthropogenic activ-
ities carried out in these areas do not contribute significantly 
to the contamination of the sediments. High Cr Igeo values 
suggest that sediment retains more Cr than other metals [5,42].

Table	2. Descriptive statistical of heavy metals and radionuclides concentration (mg/kg).

ID Fe Mn Cr V Ni Co Th U Station

Yo1 21471.58 309.8 615.78 37 9 5 8.9 1.46

Yoyo II

Yo2 40355.38 1084.3 684.2 102 14 7 51.7 7.66

Yo3 99314.8 2943.1 752.62 272 19 15 150 19.2

Yo5 28115.88 542.15 821.04 53 11 5 30 4.2

Yo6 116450.1 3407.8 684.2 318 22 18 161 21.9

PYo0 16645.72 154.9 752.62 23 9 4 2.9 0.8

Min 16645.72 154.9 615.78 23 9 4 2.9 0.8

Max 116450.1 3407.8 821.04 318 22 18 161 21.9

Mean 53725.58 1407.01 718.41 134.17 14 9 67.42 9.20

SD 43040.91 1413.26 71.756 128.23 5.44 5.97 70.44 9.16

Lje 12169.56 154.9 684.2 15 7 3 3.1 0.61

Kribi

Lji 46230.34 1471.55 684.2 156 19 10 40.6 7.11

Lo2 45181.24 697.05 615.78 72 14 10 8 1.82

Lo1 17065.36 232.35 752.62 22 7 2 2.4 0.62

Lb 19862.96 309.8 752.62 24 9 4 4.3 0.9

EB2 31822.7 542.15 615.78 60 12 6 6.9 1.42

Eb1 31053.36 232.35 889.46 59 14 6 4.4 1.25

Min 12169.56 154.9 615.78 15 7 2 2.4 0.61

Max 46230.34 1471.55 889.46 156 19 10 40.6 7.11

Mean 29055.07 520.02 713.52 58.29 11.71 5.86 9.96 1.96

SD 13416.81 461.93 95.60 48.49 4.39 3.18 13.66 2.31

CD 23709.66 309.8 957.88 30 11 5 3.9 0.87

Campo

CE 41894.06 1084.3 752.62 84 14 8 12.5 2.67

CRL 48258.6 929.4 684.2 91 17 8 9.9 2.51

CB1 4755.92 77.45 547.36 5 4 1 0.46 0.21

CB2 24199.24 309.8 684.2 30 10 5 2.1 0.74

CV1 27486.42 542.15 821.04 52 10 6 12.6 2.07

CV2 20282.6 309.8 547.36 28 9 4 10.2 1.15

Min 4755.92 77.45 547.36 5 4 1 0.46 0.21

Max 48258.6 1084.3 957.88 91 17 8 12.6 2.67

Mean 27226.64 508.96 713.52 45.71 10.71 5.29 7.38 1.46

SD 14330.80 368.35 147.05 31.68 4.07 2.43 5.09 0.95

Average Shale 47,200 850 90 130 68 19 12 3.7 -

Average shale, after Turekian and Wedepohl [5].
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3.3 Contamination Factor (CF), Degree of Contamination 
(DC)	and	Pollution	Load	Index	(PLI)

The contamination factor (CF) was determined using 
Equation (3). In this study, CF is classified into four class-
es for the sediment samples from Yoyo II (Table 1; Ap-
pendix 2; Figure 3). In the Yoyo II, Fe, V, Ni, and Co have 
values of CF < 1, as well as some samples containing Mn, 
Th, and U. These values suggest that the sediments would 
be low contamination (Table 1; Figure 3). Uranium, Th, 
and Mn have samples that mostly fall into the class where 
CF values vary from 1 to 3 and 3 to 6, meaning that, the 
sediments are moderate to considerably contaminated. 
Chromium has values of CF > 6 in all the samples. This is 
also observed in two samples containing Th. These values 
indicate a high rate of contamination (Table 1; Figure 3). 
The locality of Kribi and Campo shows that, in most of 
the samples studied, all the metals have values of CF < 1, 
meaning that these sediments are weakly contaminated, 
except Cr which has values of CF > 6, meaning that, the 
sediments of Kribi and Campo are strongly contaminated 
with Cr (Appendix 2; Table 1; Figure 3). The low, mod-
erate and considerable contamination of the sediments 
of the studied samples by these metals would be caused 

by the impact of external discontinuous sources such as 
agricultural runoff, and other anthropogenic contributions 
such as household waste dumping, tourism and fishing ac-
tivities. This outcome is consistent with that obtained by 
Ekoa Bessa et al. [39,25,6] in sediments from the Moloundou 
swamp, sediments from the coastal areas of Limbé in the 
northern part of the coastline, and investigated sediments 
along the coastal zone of Cameroon, respectively. The 
same result was obtained by Mandeng et al. [12] in sedi-
ments of the Abiete-Toko gold district, Southern Cam-
eroon. Moreover, the high Cr contamination is thought 
to be due to emissions from industry such as sludge 
combustion and tanneries, and anthropogenic activities 
such as the frequent use of phosphate fertilizers on soils. 
The degree of contamination (DC) values range between 
(9.48-37.13) for the Yoyo II station; (8.84-17.62) for the 
Kribi station and (6.52-13.56) for the Campo station. DC 
values obtained in the studied sediments show that these 
sediments have a moderate, considerable and high degree 
of contamination (8 ≤ DC < 32 and DC > 32). The results 
from each station are presented and observed in (Appendix 
2; Figure 4). These results confirm those obtained on the 
CF, this could be due to the anthropogenic inputs, indus-
trial activities, soil leaching and agricultural runoff.

1

than other metals [5,42].

Figure 2. Calculation of geoaccumulation indices of different metals and radionuclides in
the sediment of southern part of the Cameroonian coast

Figure 3. Contamination factors of different metals and radionuclides in the sediment of
southern part of the Cameroonian coast

Figure 2. Calculation of geoaccumulation indices of different metals and radionuclides in the sediment of southern part 
of the Cameroonian coast.
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The pollution load index (PLI) was calculated from 
Equation (4) for the sediment samples in this study, and 
their spatial distribution is shown in Figure 4. Appendix 2 
gives a summary of the calculated values of the selected 
analyzed metals. The PLI values in all sampling stations 
are less than 1 and the sediments are classified as unpol-
luted, except at the Yoyo II station which shows that 50% 
of the samples from this station are contaminated with 
metals to some degree. The PLI in this study is very low 
when compared to other coastal environments reported 
by Ekoa Bessa et al. [25], and Sankarappan et al. [35]. While 

the high values recorded in these sediments are similar to 
those collected in the sediments of Moloundou Swamp, 
eastern Cameroon [39], as well as those of the Lobé River 
in Cameroon [5].

3.4 Assessment of Potential Ecological Risk

Beyond the assessment of heavy metal concentrations, 
an ecological assessment of heavy metals is required to 
understand potential harmful effects. The results of the po-
tential ecological risk factor (Er) and the potential ecolog-
ical risk index (RI) of heavy metals of the three stations 

1

than other metals [5,42].

Figure 2. Calculation of geoaccumulation indices of different metals and radionuclides in
the sediment of southern part of the Cameroonian coast

Figure 3. Contamination factors of different metals and radionuclides in the sediment of
southern part of the Cameroonian coast

Figure 3. Contamination factors of different metals and radionuclides in the sediment of southern part of the Cameroo-
nian coast.

2

Figure 4. Degree of contamination (DC) and pollution load index (PLI) of metals and
radionuclides of southern part of the Cameroonian coast

]

Figure 5. Calculation of potential factor index (Eri) and potential ecological risk index
(RI)in sediments from sampling stations along the southern part of the Cameroonian coast

Figure 4. Degree of contamination (DC) and pollution load index (PLI) of metals and radionuclides of southern part of 
the Cameroonian coast.
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studied along the Southern part of the Cameroonian coast 
are given in Appendix 3 and Figure 5. The Er of the three 
stations (Yoyo II, Kribi and Campo) showed a low poten-
tial ecological risk factor (Er < 40) for the trio Mn, Cr and 
Ni (Table 1, Appendix 3 and Figure 5). The RI of heavy 
metals studied in the sediments of three stations showed a 
low index of ecological risk. In general, in the sediments 
of this southern part of Cameroonian coast, the possible 
ecological evaluation (Er and RI) of heavy metals trends 
to Cr > Mn > Ni. The study region is a low risk zone, ac-
cording to the ecological risk assessment, which could be 
due to anthropogenic activities and which could affect the 
concentration of heavy metals. These results are in agree-
ment with those of several authors, in particular the results 
obtained by El-Amier et al. [18], in the sediments of Med-
iterranean Sea Drain Estuaries in Egypt; those obtained 
by Ekoa Bessa et al. [25], in the beach sediments along the 
Atlantic Ocean (Limbe costal fringes, Cameroon) and 
those obtained by Mandeng et al. [12], in the sediments of 

Abiete-Toko gold district, southern Cameroon.

3.5 Statistical Analysis

A Pearson correlation analysis was realized using COS-
TAT 6.3 software. The correlation coefficient values of 
this study are listed in Table 3. Pearson correlation indi-
cates that the Fe concentration was significantly positive, 
correlated (p < 0.01) with Mn, V, Co (0.98), U (0.94), 
Th (0.93), Ni (0.89). However, several elements such as 
Co, Th and U had significant positive correlations (p < 
0.01) with V (0.96), Mn (0.95), Ni (0.93); Mn (0.96), Co 
(0.87), Ni (0.73) and Mn (0.98), V (0.97), Co (0.89), Ni 
(0.77), respectively. A positive relationship between Co, 
Mn and Ni demonstrated a characteristic natural origin of 
these components in the sediments while good correlation 
between each other could suggest the important activity 
from anthropogenic sources, and that they can be affected 
by possible additions [5].

2

Figure 4. Degree of contamination (DC) and pollution load index (PLI) of metals and
radionuclides of southern part of the Cameroonian coast

]

Figure 5. Calculation of potential factor index (Eri) and potential ecological risk index
(RI)in sediments from sampling stations along the southern part of the Cameroonian coast

Figure 5. Calculation of potential factor index (Eri) and potential ecological risk index (RI) in sediments from sampling 
stations along the southern part of the Cameroonian coast.

Table	3. Pearson correlation.

Elements Fe Mn Cr V Ni Co Th U

Fe 1

Mn 0.98 1

Cr 0.03 –0.02 1

V 0.983 0.99 0.00 1

Ni 0.893 0.85 0.12 0.88 1

Co 0.98 0.95 0.02 0.96 0.93 1

Th 0.93 0.96 0.00 0.96 0.73 0.87 1

U 0.94 0.98 0.01 0.97 0.77 0.89 1.00 1

Correlation is significant at p < 0.05.
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To better comprehend the link between these variables 
and determine their origin, principal components analy-
sis was performed on sediment characteristics and heavy 
metals. The first two main components with eigenvalues 
greater than 1 account for 94.57% of the total variance, as 
illustrated in supplemental Appendix 4 and Figure 6. As 
a result, these two components play an important role in 
explaining heavy metal contaminations and their source in 
the studied area. 
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Figure 6. Scree plot, eigenvalue and variance of principal 
components.

The results revealed that the first main component (F1) 
accounted for 81.83% of total variation, with substantial 
loadings encompassing all of the factors tested (Figure 
7a). The existence of Fe in the same components indicates 
that all elements are positively associated to this group, 
which could imply that these elements have a natural or-
igin. The second principal component (F2) accounted for 
12.27% of total variance (Figure 7a). This group shows an 
absence of anthropogenic and natural activity. Chromium, 
Ni and Co are derived from the terrigenous detrital matter 
carried by runoff and the lithological features of the drain-
age area Wang et al. [43], Chougong et al. [5]. This finding 
suggests that this group is likely to be an anthropogenic 
factor.

Cluster analysis is a technique for gaining valuable 
insight into the grouping of data based on similarity. The 
cluster analysis of the sediments stations by metals and ra-
dionuclides showed very similar tendencies in this study, 
with three separate clusters (C1-C3) (Figure 7b), each 
consisting of similar studies spread throughout these three 
stations. The cluster model indicates that the similarity in-
dex of cluster sampling sites is as follows: C1 to C3. Class 
C1 is composed of samples from the three stations, but it 
is more represented by the samples from Yoyo II and Kribi 
stations. Class C2 mainly represents samples from Campo 
and Kribi stations, while class C3 mostly represents the 
samples from Campo (Figure 7b). Within both class C1, 

the stations have more than 50% similarity, class C2 has 
35% similarity, and class C3 has 15% similarity. These re-
sults show that the different metals obtained are probably 
influenced by anthropogenic factors and natural sources 
such as the weathering and erosion of nearby rocks.
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Figure 7. Statistical analysis of sampling stations accord-
ing to heavy metals and radionuclides of sediment sam-

ples along the Cameroonian coast a) Principal component 
analysis (PCA) b) Similarity dendrogram.

4. Conclusions

Sediment samples along the southern part of the Cam-
eroonian coast have been investigated to infer the distribu-
tion, assessment of pollution and ecological risk of heavy 
metals (Fe, Mn, Cr, V, Ni and Co), and radionuclides (Th 
and U). The results of this study showed that all metals, 
including radionuclides are higher than the average shales 
values, except Ni and Co, which have lower values. More-
over, the spatial distribution of these elements showed that 
Fe, Mn, Cr and V have very high concentrations compared 
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to the others. 
The Igeo values of all metals and radionuclides of the 

study area characterize the sediments unpolluted and mod-
erately polluted, except Cr which presents strongly pollut-
ed. The occurrence of Cr in this study could be attributed 
to the anthropogenic source such as combustion of plastic 
trash, various agricultural wastes, tourism-related sludge 
dredging. In general, the assessment of pollution (CF, 
DC and PLI), in the sediments of the southern part of the 
Cameroonian coast reveals that these sediments are low 
to high contaminated, according to each station. These re-
sults reveal that these sediments are unpolluted. 

The evaluation of the potential ecological risk (Er and 
RI), indicates that this part of the coast of Cameroon is a 
low risk area. Matrix correlation, principal components 
and cluster analysis were employed to confirm the simi-
larity between heavy metals and radionuclides, and to as-
sess the influence of anthropogenic activities on sediment 
quality. Based on these analyses, heavy metals (Fe, Mn, 
Cr, V, Ni, and Co) have common anthropogenic sources, 
while radionuclides (Th and U) have a natural source. 

This study provides information on environmental pol-
lution in the study area by assessing the contamination of 
sediments along the southern of the Cameroonian coast 
which could be useful to the government in limiting the 
spread of harmful contaminants.
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Appendix 
Appendix 1. Geoaccumulation indices for heavy metals (Fe, Mn, Cr, V, Ni, Co) and radionuclides (Th, U).

ID Fe Mn Cr V Ni Co Th U Station

Yo1 –1.72 –2.04 2.19 –2.40 –3.50 –2.51 –1.02 –1.93
 
 
Yoyo II
 
 
 

Yo2 –0.81 –0.23 2.34 –0.93 –2.87 –2.03 1.52 0.46

Yo3 0.49 1.21 2.48 0.48 –2.42 –0.93 3.06 1.79

Yo5 –1.33 –1.23 2.60 –1.88 –3.21 –2.51 0.74 –0.40

Yo6 0.72 1.42 2.34 0.71 –2.21 –0.66 3.16 1.98

PYo0 –2.09 –3.04 2.48 –3.08 –3.50 –2.83 –2.63 –2.79

Lje –2.54 –3.04 2.34 –3.70 –3.87 –3.25 –2.54 –3.19

 Kribi

Lji –0.61 0.21 2.34 –0.32 –2.42 –1.51 1.17 0.36

Lo2 –0.65 –0.87 2.19 –1.44 –2.87 –1.51 –1.17 –1.61

Lo1 –2.05 –2.46 2.48 –3.15 –3.87 –3.83 –2.91 –3.16

Lb –1.83 –2.04 2.48 –3.02 –3.50 –2.83 –2.07 –2.62

EB2 –1.15 –1.23 2.19 –1.70 –3.09 –2.25 –1.38 –1.97

Eb1 –1.19 –2.46 2.72 –1.72 –2.87 –2.25 –2.03 –2.15

CD –1.58 –2.04 2.83 –2.70 –3.21 –2.51 –2.21 –2.67

 
 
Campo 
 
 
 

CE –0.76 –0.23 2.48 –1.22 –2.87 –1.83 –0.53 –1.06

CRL –0.55 –0.46 2.34 –1.10 –2.58 –1.83 –0.86 –1.14

CB1 –3.90 –4.04 2.02 –5.29 –4.67 –4.83 –5.29 –4.72

CB2 –1.55 –2.04 2.34 –2.70 –3.35 –2.51 –3.10 –2.91

CV1 –1.37 –1.23 2.60 –1.91 –3.35 –2.25 –0.51 –1.42

CV2 –1.80 –2.04 2.02 –2.80 –3.50 –2.83 –0.82 –2.27
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Appendix 2. Statistical descriptive of contamination factor (CF), degree of contamination (DC) and pollution load index 
(PLI) in the sediment samples.

ID
CF

DC PLI Station
Fe Mn Cr V Ni Co Th U

Yo1 0.45 0.36 6.84 0.28 0.13 0.26 0.74 0.39 9.48 0.49

Yoyo II

Yo2 0.85 1.28 7.60 0.78 0.21 0.37 4.31 2.07 17.47 1.20

Yo3 2.10 3.46 8.36 2.09 0.28 0.79 12.50 5.19 34.78 2.56

Yo5 0.60 0.64 9.12 0.41 0.16 0.26 2.50 1.14 14.82 0.80

Yo6 2.47 4.01 7.60 2.45 0.32 0.95 13.42 5.92 37.13 2.86

PYo0 0.35 0.18 8.36 0.18 0.13 0.21 0.24 0.22 9.88 0.33

Lje 0.26 0.18 7.60 0.12 0.10 0.16 0.26 0.16 8.84 0.27

 
Kribi
 

Lji 0.98 1.73 7.60 1.20 0.28 0.53 3.38 1.92 17.62 1.40

Lo2 0.96 0.82 6.84 0.55 0.21 0.53 0.67 0.49 11.06 0.76

Lo1 0.36 0.27 8.36 0.17 0.10 0.11 0.20 0.17 9.74 0.29

Lb 0.42 0.36 8.36 0.18 0.13 0.21 0.36 0.24 10.28 0.39

EB2 0.67 0.64 6.84 0.46 0.18 0.32 0.58 0.38 10.07 0.60

Eb1 0.66 0.27 9.88 0.45 0.21 0.32 0.37 0.34 12.49 0.53

CD 0.50 0.36 10.64 0.23 0.16 0.26 0.33 0.24 12.73 0.44

Campo
 

CE 0.89 1.28 8.36 0.65 0.21 0.42 1.04 0.72 13.56 0.89

CRL 1.02 1.09 7.60 0.70 0.25 0.42 0.83 0.68 12.59 0.88

CB1 0.10 0.09 6.08 0.04 0.06 0.05 0.04 0.06 6.52 0.10

CB2 0.51 0.36 7.60 0.23 0.15 0.26 0.18 0.20 9.50 0.38

CV1 0.58 0.64 9.12 0.40 0.15 0.32 1.05 0.56 12.82 0.66

CV2 0.43 0.36 6.08 0.22 0.13 0.21 0.85 0.31 8.60 0.44

Appendix 3. Pollution indices (Er and RI) in the sediment study.

ID Mn Cr Ni RI Station

Yo1 0.36 13.68 0.66 14.71

YOYO II

Yo2 1.28 15.20 1.03 17.51

Yo3 3.47 16.72 1.40 21.58

Yo5 0.64 18.25 0.81 19.69

Yo6 4.01 15.20 1.61 20.83

PYo0 0.18 16.72 0.66 17.57

Lje 0.18 15.20 0.51 15.90

Kribi

Lji 1.73 15.20 1.40 18.33

Lo2 0.82 13.68 1.03 15.53

Lo1 0.27 16.72 0.51 17.51

Lb 0.36 16.72 0.66 17.75

EB2 0.64 13.68 0.88 15.20

Eb1 0.27 19.77 1.03 21.07

CD 0.36 21.29 0.81 22.46

Campo

CE 1.28 16.72 1.03 19.03

CRL 1.09 15.20 1.25 17.55

CB1 0.09 12.16 0.29 12.55

CB2 0.36 15.20 0.74 16.30

CV1 0.64 18.25 0.73 19.62

CV2 0.36 12.16 0.66 13.19
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Appendix 4. Rotated component matrix of heavy metals and radionuclides.

Factor loading F1 F2 F3 F4 F5

Fe 0.387 0.005 0.069 0.458 0.098

Mn 0.387 –0.053 –0.110 –0.010 0.750

Cr 0.011 0.987 –0.143 0.046 0.041

V 0.389 –0.026 –0.035 –0.184 0.255

Ni 0.349 0.135 0.689 –0.553 –0.158

Co 0.379 0.010 0.315 0.610 –0.320

Th 0.373 –0.046 –0.488 –0.124 –0.404

U 0.379 –0.040 –0.388 –0.247 –0.266

Eigenvalue 6.548 1.018 0.353 0.048 0.016

Variability (%) 81.844 12.723 4.413 0.601 0.206

Cumulative (%) 81.844 94.568 98.981 99.582 99.788
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