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Abstract

1. Introduction

Morphometry is the measurement and mathematical 
analysis of the configuration of the earth’s surface and the 
shape and dimensions of its landforms, and it has various 
parameters like linear, areal, and relief aspects (Hlaing et al., 
2008). These parameters describe the physical features of the 
watershed in terms of its ruggedness, overall shape, drainage 
qualities, and dissection (Horton, 1932). 

Several studies have been carried out on the morphometric 
analysis of watersheds for different applications using the 
digital elevation model (DEM) in the GIS environment. 
For example, Chandniha, (2014) has applied watershed 
morphometric analysis to prioritize sub-watersheds for soil 
and water conservation measures. Sreedevi, et al. (2013), 
Aher et al. (2014), and Kumar et al. (2018) have also studied 
watershed morphometry to see its influence on hydrology. 
Moreover, Vittala et al. (2004) and Ayele et al. (2017) have 
evaluated drainage morphometry to better understand the 
watershed characteristics in general. Furthermore, the 
morphometric analysis also indicates the responsiveness of 
the watershed to rain events or its susceptibility to floods 
and erosion (Ayele et al., 2017). According to Das (2014), 
it is necessary to understand the topography and drainage 
patterns of an area for the preparation of a comprehensive 
watershed development plan, and therefore understanding 
the morphometry of the watershed has to be taken as a 

benchmark for the analysis of other characteristics of a 
watershed (Samal et al., 2015). To this purpose, a geographic 
information system is a powerful tool in terrain visualization, 
processing, and quantification of topographic attributes 
using DEM to morphometric studies. 

In countries like Ethiopia, where a majority of the 
population depends on traditional agriculture for their 
livelihood and is dominated by rugged topography 
(Woldeamlak, 2003; Temesgen et al., 2017), studying 
the morphometry of the watershed is important for 
understanding the physical landscape and to soil and water 
conservation planning. Watershed hydrological behavior 
could be understood through the analysis of morphometry 
of a watershed, especially in data-scarce areas like the 
Gelana watershed, and this could be a good opportunity for 
conservation planners to visualize the nature of this area. 
However, a few research studies have been undertaken on 
morphometric characterization in Ethiopian watersheds 
(morphometry of a watershed as one cause of flood risk 
(Sitotaw and Hailu, 2018) the implication of drainage 
morphometry (Ayele et al, 2017) the implication of 
morphometry on soil and water conservation (Daniel and 
Getachew, 2019) morphometric analysis for prioritizing 
sub-watersheds and management planning and practices 
(Gadisa et al, 2020).

Keywords: SRTM DEM; Areal parameters; Linear parameters; Shape parameters

Department of Geography and Environmental Studies, Dire Dawa University,Dire Dawa, Ethiopia

Watershed resources analysis and development intervention at the catchment level requires primarily an understanding of the 
physical morphometry, but it has long been emphasized for hydrological analysis of soil and water conservation initiatives. 
This research was carried out to assess the morphometric characteristics of the sub-watersheds of Gelana using a geographic 
information system and remote sensing. The parameters considered were bifurcation ratio (Rb), stream frequency (Fs), 
drainage density (Dd), drainage texture (Dt), Length of overland flow (LoF), Constant of channel maintenance (CCM), 
infiltration number (If), elongation ratio (Re), circulatory ratio (Rc), form factor (Ff), compactness coefficient (Cc), basin 
relief (H), relief ratio (Rh), ruggedness number (Rn), stream power index (SPI), and sediment transport index (STI). Shuttle 
Radar Topographic Mission Digital Elevation Model 30 m resolution was used as input data to generate the value of these 
variables.

The results showed that linear parameters ranged from Rb = 1.4–5.0; Fs = 0.33–0.55; Dd = 0.54–0.851 while shape parameters 
revealed that the sub-watersheds (SWs) as being more elongated (Re = 0.46–0.71; Rc = 0.183–0.37; Cc = 1.62–2.33); LoF= 
0.27–0.425; IF=0.19–0.46; CCM= 1.175–1.85. This reflects the dominance of dendric drainage patterns and high flooding 
susceptibility. In addition, the relief parameter also revealed that 75% of 262 km2 of the seven sub-watersheds are relatively 
gentle relief (Rh<1.146). It can be concluded that sloppy terrain and high surface relief with relatively elongated shapes are 
observed in the northern and northeastern parts of the study sub-watersheds, implying high soil and water conservation 
priority, while the central and southern parts are characterized by a flat topography.
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2.1 Description of the study area

2.2 Input Data and Analytical approach

The study area, the Gelana watershed, is part of the 
Awash River basin and administratively found in the North 
Wollo zone of Amhara National Regional State, Ethiopia. It 
is located between 11°31’30″ and 11°40’00″N, and 39°35’05″ 
and 39°45’50″E (Figure 1) covering an area of 262km2 of land 
inhabited with a total population of 120,250. The elevation of 
the Galena watershed ranges from 1,363 to 3,474 m above 
sea level.

For the analysis of morphometry of the study watershed, 
SRTM DEM (https://EarthExplorer usgs.gov) 30 m resolution 
released on September 2014 was used to delineate and 
generate the numeric characteristics of different parameters. 
Identification of smaller geohydrological units is needed 
for more efficient and better-targeted resource management 
programs (Sharma and Thakur, 2016).  Therefore, the Gelana 
sub-watershed has been classified into seven sub-watersheds 
(SWs) using ArcSWAT in ArcGIS 10.4. After creating a 
shape file of watersheds, the DEM of each catchment was 
masked. Then, sinks (areas of internal drainage, that is, 

areas that do not drain out anywhere), were filled to ensure 
proper delineation of basins and streams (Horton, 1932). If 
the sinks are not filled, a derived drainage network may be 
discontinuous. Moreover, a flow accumulation threshold 
value of 1000 was used and the result stream networks 
were cross-checked with a toposheet (1:50,000 scale) to 
have approachable results and generated streams of seven 
sub-watersheds (Figure 2). The analysis for individual 
sub-watersheds has been achieved through the calculation 
of linear, shape, and relief parameters using the formula 
indicated for each parameter in Table 1.

The purpose of this research is to characterize 
the morphometric features of Gelana sub-watersheds 
in Ethiopia’s Awash River basin using Shuttle Radar 
Topographic Mission Digital Elevation Model (SRTM 
DEM) data on the GIS environment. The findings of this 
study could be utilized as a supplement in the preparation 
of a comprehensive watershed development plan, which 
necessitates a thorough understanding of the topography, 
erosion susceptibility, and drainage patterns of a given area.

2. Material and Methods

Figure 1. Map of the study area: left— Gelana sub-watershed with elevation (m.a.s.l.) information, top right—Ethiopia watersheds, bottom 
right—Awash basin 
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The parameters considered in this study are stream 
order, number of streams, stream length, bifurcation ratio 
(Rb), stream frequency (Fs), drainage density (Dd), drainage 
texture (Dt), length of overland flow (LoF), constant of 
channel maintenance (CCM), infiltration number (If), 
elongation ratio (Re), circulatory ratio (Rc), form factor 
(Ff), compactness coefficient (Cc), basin relief (H), relief 
ratio (Rh), ruggedness number (Rn), slope (S), stream power 
index (SPI), sediment transport index (STI) and land use land 
cover (LU/LC). 

Landsat OLI images of 2018 have been downloaded from 
the US Geological Survey https://earthexplorer.usgs.gov/ 
Web site. A satellite image has been downloaded (website: 
https://earthexplorer.usgs.gov/) for the year 2018. Then, 

the supervised classification has been carried out for Land 
use land cover (LU/LC) by using the ERDAS IMAGINE 
2014 software. The sub-watersheds have been classified 
into five distinct classes’ built-up area, forestland, shrubs, 
cultivated land, and bare lands. The LU/LC processing will 
be undertaken to crosscheck its relation with the drainage 
density of catchments. 

Moreover, the soil texture of the study sub-watersheds 
was obtained from the regional agriculture and rural 
development bureau and compared with the calculated 
drainage density of the study area. Here, the resulting soil 
texture vector map was converted into a raster map to better 
visualize the areal extent of each soil texture type (Figure 4).

Table 1. Description of Morphometric Parameters used for this study

*another parameter **OLI-TRIS-Operational land imager Thermal Infrared Sensor

SN Morphometri c 
Parameters

Definition/
Formula Description References

1 Bifurcation ratio (Rb) Rb = Nu/Nu+1

It is the ratio of the number of streams of the given 
order u to the number of streams of the next higher 
order u+1. It shows the complexity and degree of 
dissection of a drainage watershed. 

Schumm (1956); 
(Strahler, 1964)

2 Stream frequency (Fs) Fs = Nu/A  It is the ratio of the total number of streams in a 
watershed to the watershed area. Horton (1932)

3 Drainage density (Dd) Dd= Lu/A It is the ratio of the total length of streams of all 
orders of a watershed to the area of the watershed Horton (1932)

4 Drainage texture (Dt) Dt = Nu/P
It refers to the relative spacing of drainage lines. It 
is the total number of stream segments of all orders 
(Nu) per perimeter length of that watershed. 

Horton (1945)

5 Compactness Coefficient 
(Cc) Cc = 0.2821P/A0.5 It is the ratio of the perimeter of the basin to the 

circumference of a circle with an equal area. Horton (1945)

6 Form factor (Ff) Ff=A/Lb2
The form factor is the ratio of the watershed area 
(A) to the square of the maximum length of the 
watershed. 

Horton (1932)

7 Elongation ratio (Re) Re=2/Lb*(A/ π)0.5
It is the ratio between the diameters of a circle 
with the same area as that of the watershed to the 
maximum length of the watershed. 

Schumm (1956)

8 Circulatory ratio (Rc)              Rc = 4 * π* A/P2 It is the ratio of the basin area to the area of a circle 
having the same parameter as the basin. Miller (1953)

9 Length of overland flow 
(LoF) LoF=0.5*Dd

It is the length of water flow over the surface of 
the ground before it confines into definite stream 
channels.

Horton (1945)

10 Infiltration Number (IF) IF=Dd*Fs
It helps to predict the permeability of the surface 
of the watershed and higher values of ‘IF’ indicates 
impermeable surface and resistance to soil loss 

Faniran (1968)

11 Constant of Channel 
Maintenance CCM=1/Dd The lower value of CCM indicates higher flood 

potentiality and young geomorphological adjustment. Schumm (1956)

12 Basin relief (H) The difference between the lowest and highest point 
in a watershed

Hadley and Schumm 
(1961)

13 Relief ratio (Rh) Rh = H/Lb
It is a measure of the overall steepness of the drainage 
area and is an indicator of the intensity of erosion 
processes operating on the slopes of the watershed.

Schumm (1956)

14 Ruggedness no. (Rn) Rn = H * Dd
It is the product of the maximum watershed relief and 
its drainage density. Slope steepness and the length of 
the watershed affect it.

Melton (1957)

15 Sediment Transport 
Index (STI)

(Flow Acc./22.13)0.6
  

*(Sin β/0.0806)1.3
It characterizes the process of erosion and deposition 
and reflects the erosive power of overland flow.

16 Stream Power Index (SPI) (Flow Acc. + 1) * 
(tan β)

It is the product of catchment area and slope and 
could be used to describe potential flow erosion and 
related landscape processes. 

Florinsky (2012)

17   Land use land cover
(LU/LC)*

Landsat 8 image 
OLI–TRIS**–2018)

Land use indicates how people are using the land 
while land cover refers to the physical land type. 

https://earthexplorer.
usgs.gov/



3.1 Linear Morphometric Parameters  
Aher et al. (2014) indicated that the 

classification of stream order is important to 
index the size and scale of the basin. Using 
Strahler’s (1957) system of stream order, the 
Gelana watershed has five (5) main streams 
order, with each stream order in each sub-
watershed having a varying number of 
streams (Table 2).

The study watershed has an area of 261 
km2 with which 116 total streams with a total 
stream length of 200 km. This means that 
there are about 0.44 streams in a km2 and 
an average of 0.76 km stream length per km2 
area. Considering the sub-watersheds, SW1 
is the highest in terms of stream length at 64 
km while SW7 has the lowest stream length 
with a total of 11 km (Table 2).

The result showed that five out of seven 
sub-watersheds have a bifurcation ratio 
(Rb) ranging from 3.25 up to 5.0 (Table 1) 
with a mean of 3.6 which fits with Horton’s 
(1945) natural drainage characteristics 
(Rb=3.0–5.0). Lower-order streams have 
a higher bifurcation ratio that reflects 
the high dissection in the upland area. 
Lower bifurcation ratios (Rb<3.0) are the 
characteristics of structurally less disturbed 
watersheds (Ayele et al., 2017) which were 
observed in SW2 and SW1.

Horton (1945) noted that the value of 
stream frequency depends on the total 
number of streams and the corresponding 
basin area. In the present study, stream 
frequency varies from 0.33 to 0.55 (Table 
2). In addition, the stream frequency of sub-
watersheds showed a positive correlation 
with the drainage density values of the 
sub-watersheds indicating the increase in 
streams concerning an increase in drainage 
density.

3. Results and Discussion

Figure 2. Stream orders of Gelana sub-
watersheds.

SW Parameters
Stream Order

Fs Dd Dt
1st 2nd 3rd 4th 5th

1

No. of streams 24 7 2 1 -

0.43 0.81 0.56

Stream Length/km 34 12 11 7 -

Ave. length/km 1.4 0.9 2.2 2.33 -

Basin Length(km) 17.01

Bifurcation ratio 3.42 3.5 2

Mean Rb 2.97

2

No. of streams 7 1 - -

0.36 0.54 0.29

Stream Length/km 7 5 - -

Ave. length/km 1.0 1.0 - -

Basin Length(km) 7.2

Bifurcation ratio 1.4

Mean Rb 1.4

3

No. of streams 10 4 1 -

0.55 0.851 0.34

Stream Length/km 10 5 8

Ave. length/km 1.0 1.25 1.6  

Basin Length(km) 11.08

Bifurcation ratio 2.5 4

Mean Rb 3.25

4

No. of streams 15 2 1

0.45 0.7 0.39

Stream Length/km 14 12 2

Ave. length/km 0.93 1.0 1.0

Basin Length(km) 12.85

Bifurcation ratio 7.5     2 -

Mean Rb 4.75

5

No. of streams 15 4 1 - -

0.5 0.85 0.57

Stream Length/km 18 5 11 - -

Ave. length/km 1.2 0.83 1.37 - -

Basin Length(km) 13.8

Bifurcation ratio 3.75 4 - -

Mean Rb 3.87

6

No. of streams 12 2 1 - -

0.42 0.8 0.32

Stream Length/km 19 7 2 -

Ave. length/km 1.58 1.0 1.0 - -

Basin Length(km) 14.04

Bifurcation ratio 6 2 - -

Mean Rb 4

7

No. of streams 5 1 - -

0.33 0.61 0.13

Stream Length/km 7 4 - -

Ave. length/km 1.4 1.0 - -

Basin Length(km) 10.6       

Bifurcation ratio 5 - - - -

Mean Rb 5

Table 2. Linear morphometric parameters 
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Table 3. Areal morphometric parameters of the Gelana watershed

Drainage density (km/km2) provides a clue about the 
density of vegetation cover, soil, and rock characteristics 
of a watershed. Therefore, the higher the drainage density 
the lesser density of vegetation cover and impermeable soil 
and rock surface which lets the movement of overland flow 
as runoff (Horton, 1945). He also noted that infiltration, 
controlled by permeability, might influence drainage density 
by determining at what distance from a divide there will be 
a sufficient surface flow of water to start gullying erosion. 
Based on this, the sub-watershed with higher drainage 
density (SW3 and SW5–0.85) (Table 2) have shown low forest 
coverage (Figure 3) and manifested with clay, clay loam, and 
sandy clay soil (Figure 4). Thus, these sub-watersheds are 
inherently slow soil permeability, which will have significant 
implications on soil erosion and runoff generation. Ayele et 
al. (2017) noted that an impermeable surface would generate 
high drainage density and efficiently carry away runoff, with 
high peak discharge but low base flow.

Because drainage texture is the relative spacing of 
drainage lines, the lower its value means the far apart of 
drainage lines which are significantly affected by underlying 

lithology, vegetation, soil type, infiltration capacity, and 
relief aspect (Horton, 1945; Smith, 1950).

Smith (1950) has classified a watershed with different 
drainage textures (very coarse (<2), coarse (2–4), moderate 
(4–6), fine (6–8), and very fine (>8). In the present study, 
drainage texture varies from 0.13 (SW7) to 0.57 (SW5) 
reflecting a very coarser drainage texture.

Figure 3. Land use/land cover of Gelana sub-watersheds.

Figure 4. Soil textures of Gelana Sub-watersheds using regional 
agriculture and rural development bureau soil data.

3.2 Areal Morphometric Parameters 
Samal et al. (2015) have revealed that for a perfectly 

circular basin, the value of the form factor is greater than 
0.78. Nevertheless, the highest Form factor in the present 
study is 0.42 for SW2 indicating the elongated shape of 
the sub-watersheds. On the other hand, the value of the 
form factor can also reveal the hydrological behavior of a 
watershed that is the lower the form factor value, the lesser 
the peak flow for a longer duration while the higher the form 
factor, the higher the peak flow for shorter duration (Hlaing 
et al., 2008). Therefore, the smaller numeric value of the 
form factor of Gelana sub-watersheds implies that they are 
relatively elongated and will have a flatter peak flow over an 
extended time that makes flooding less susceptible.

SW A(km2) P(Km) Ff Re Rc LoF IF CCM Cc

1 79 60 0.273 0.551 0.27 0.405 0.348 1.23 1.9

2 22 27 0.42 0.71 0.37 0.27 0.19 1.85 1.62

3 27 43 0.21 0.527 0.183 0.425 0.468 1.175 2.33

4 40 46 0.24 0.553 0.237 0.35 0.31 1.42 2.05

5 40 46 0.2296 0.535 0.237 0.425 0.42 1.176 2.05

6 35 46 0.17 0.467 0.207 0.4 0.342 1.25 2.19

7 18 35 0.15873 1.07 0.184 0.305   0.20 1.63 2.32
A = Watershed Area; P = watershed Perimeter

Strahler (1964) classified Re value into four classes; <0.7–
(elongated), 0.7–0.8 (less elongated), 0.8–0.9 (oval), >0.9 
(circular). In the present study, the value of the elongation 
ratio is lower than 0.7 reflecting the elongated ness of 
Gelana SWs except for SW2–0.71 and SW7–1.07. Elongated 
watersheds are characterized by high spreading out runoff 
over time resulting in smaller peak floods. Strahler (1964) 
and Samal et al. (2015) noted that the Re value approaching 1 
is indicative of very low relief, whereas values in the range of 
0.6–0.8 are generally associated with strong relief and steep 

ground slopes. 

The circularity ratio is the ratio of the basin area to 
the area of a circle having the same perimeter as the basin 
(Miller, 1953). The slope, relief geologic structure of the 
basin, and land use land cover, influences the circularity 
ratio. A low Rc value implies an elongated basin shape while 
a high Rc value indicates a near-circular. In the present study, 
relatively higher Rc was found at WS2 and WS1 with Rc of 
0.37 and 0.27, respectively while the lowest Rc was observed 
at WS3 (0.183) and SW7 (0.184) (Table 3).

Tesfaye Wasihun Abro / JJEES (2023) 14 (1): 1-85



Infiltration number (IF) is a function of drainage density 
and stream frequency (Odiji et al., 2021). Faniran (1968) 
noted that areas with higher IF values are an indication of 
lower infiltration and higher surface runoff. Sub-watersheds 
with relatively higher IF values are SW3 and SW5 indicating 
that the amount of water entering into the soil is low and by 
implication, runoff is high (Table 3). 

Length of overland flow (LoF) refers to the length at 
which rainfall runs over the surface before it drains into a 
stream channel (Horton 1945). The LoF ranges from 0.27km 
to 0.425km in the seven sub-watersheds (Table 3) with 
a mean of 0.36km which implies that the watershed has a 
short flow path. The values of the LoF are small in the entire 
sub-watershed which means that surface runoff will enter 
stream channels rapidly and therefore the areas are highly 
vulnerable to flooding due to reduced water percolation into 
the soil. 

The constant of channel maintenance (CCM) is inversely 
related to drainage density (Schumn, 1956). It depends on the 
rock type, permeability, climatic regime, vegetation cover, 
and relief as well as the duration of erosion. It decreases 
with increasing erodibility (Schumn1956). According to 
Bhagwat et al. (2011), higher values of CCM suggest more 
area is required to produce surface flow, which implies that 
part of water may get lost by evaporation, percolation, etc 
while lower value indicates fewer chances of percolation/
infiltration and hence more surface runoff. The SW3 and SW5 
have low CCM values of 1.175 km/km2 and 1.176 km/km2, 
respectively (Table 3) indicating that these sub-watersheds 
are under the influence of high structural disturbance, low 
permeability; steep to very steep slopes, and high surface 
runoff. On the other hand, SW2 and SW7 have the highest 
CCM values of 1.85km/km2 and 1.65km/km2, respectively, 
and are under very less structural disturbances and fewer 
runoff conditions (Table 3).

3.3 Relief Morphometric Parameters

3.4 Other Characteristics

Relief controls the rate of draining water through a 
watershed and run-off is generally faster in steeper terrain, 
producing discharges that are more peaked and greater 
erosive power (Schumn, 1956). In the present study, total 
relief varies from 602m in SW7 to 1992m SW1 and SW5 
while the relief ratio ranges from 0.099 (SW2) to 0.15 (SW5) 
(Table 4) and that proves the relatively flat terrain of the sub-
watersheds. Ruggedness number combines slope steepness 
and length. Its higher values occur when slopes are not only 
steep but long as well. 

SW1 and SW5 showed higher values of ruggedness 
number than the other sub-watersheds, with SW5 slightly 
higher (1.69) than SW1 (1.61).

The sediment Transport Index (STI) characterizes the 
process of erosion and deposition and reflects the erosive 
power of overland flow (Jaiswal et al, 2015). The STI value 
is higher in SW7—78.16. This may be due to sediments 
emanating from the whole sub-watershed meeting at this 
sub-watershed making higher sediment loads.

Concerning Stream Power Index (SPI), high stream 
power was observed in SW7 (64.9) which may be associated 
with the flow of higher amounts of water from the upper 
areas. The higher the power of stream water, the greater 
the probability of washing down vulnerable topsoil leading 
to land degradation through transporting soil material 
and sediment to the plain areas. Knighton (1999) noted 
that stream power may vary in the downstream direction 
and maximum power lies around the outlet because of the 
large increase in mid-watershed discharge associated with 
a series of large, closely spaced tributaries. In this regard, 
the prevailing variety of geomorphic setting downslope 
has a significant implication for the movement and storage 
of materials in the watershed. Therefore, high SPI values 
represent areas on the landscape where high slopes and flow 
accumulations exist and thus the flows can concentrate with 
higher erosive potential.

The correlation matrix (Table 6) shows that a strong 
positive correlation exists between linear morphometric 
parameters (IF with LoF, Fs, and Dd; Dd with Fs; LoF with 
Fs and Dd).

Horton (1945) noted that high transmissibility (as 
evidenced by infiltration capacity) leads to low drainage 
density, high base flow, and a resultant low magnitude peak 
flow. Besides, in impermeable surfaces, runoff is usually 
accelerated by the development of a greater number of more 
closely spaced channels and thus higher Fs, Dd, and IF 
(Ayele et al., 2017). A positive correlation was also observed 
between Rc and Ff; H and Dt; Rn with Dt and H; STI and SPI 
with Re. Conversely, CCM with LoF and IF; Cc with Rc has 
shown a strong negative correlation. Areas with low CCM 
(i.e limited infiltration) tend to generate more overland flow 
(Steedevi et al., 2013).

Items
Sub watersheds

1 2 3 4 5 6 7

Basin 
Relief (m) 1992 715 713 1877 1992 930 602

Relief ratio 0.116 0.099 0.064 0.146 0.15 0.66 0.056

Ruggedness 
number 1.61 0.386 0.606 1.313 1.69 0.744 0.367

Items
Sub watersheds

1 2 3 4 5 6 7
STI 30.68 60.99 52.97 29.77 31.19 29.4 78.16

SPI 30.6 40.09 26.78 31.58 35.71 14.07 64.91

TWI 1.5715 1.758 1.81 1.54 1.66 1.74 1.8152

Table 4. Relief morphometric Parameters of the Gelana watershed

Table 6. Correlation coefficient between morphometric parameters.

Table 5. Other characteristics of the Gelana watershed.
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4. Conclusions

The results of this study have demonstrated that the 
Gelana watershed has five (5) order streams with a mean 
Rb of 3.6; low drainage density (0.54–0.851 km/km2) and 
coarser drainage texture (0.13–0.57) indicating that the sub-
watersheds have relatively less dissected terrain features and 
permeable surfaces.

Results of shape parameters, on the other hand, showed 
Gelana watershed has an elongated shape (Ff = 0.15–0.42; Re 
= 0.467–0.71 except SW7 which has Re of 1.07; Rc = 0.183–
0.37). The study watershed is characterized by relatively 
low relief demonstrating the dominance of flat terrain in 
the sub-watersheds. Moreover, higher LoF and IF have been 
observed in SW3 and SW5 manifesting a lower probability of 
runoff in these watersheds with a higher Dd–0.851 and 0.85, 
respectively while the lower level of CCM– 1.175 and 1.176 
implying a higher soil erodibility, low vegetation cover, and 
low infiltration. The results of this study provide information 
on drainage morphometry of the Gelana watershed which 
could be a tool for strategic planning, implementation, 
and management of watershed resources. However, the 
morphometric analysis only detects the physical terrain and 
morphology which does not consider human aspects of the 
watershed resources, further research should be conducted 
embedding both natural and human factors-based modeling 
for conservation prioritization.
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Abstract

1. Introduction

Variability assessment of the soil nutrients is considered 
a fundamental step required for sustainable precision 
farming (Ge et al., 2007). The major factor limiting food 
production in most developing countries can be traced to 
the inappropriate and abuse of soils (Ekeleme et al., 2014). 
For instance, in Nigeria, soil properties are faced with 
anthropogenic activities such as the illegal felling of trees, 
and abuse of pesticides and fertilizers, etc. (United Nations, 
2017). Moreover, Adekiya and Agbede (2009) also stated that 
derived Savanna soils are prone to nutrient soil loss which 
led to crop failure, especially maize. Maize (Zea mays) is an 
agroecological staple crop cultivated worldwide (Liu et al., 
2015). Nevertheless, attaining optimum yield of crop such 
as maize in ever-changing environments, require the need 
to assess the soil nutrients such as physical and chemical 
properties using geospatial approaches (Liu et al., 2015). 

Moreover, Remote sensing techniques (RST) are 
becoming acceptable methods and decision-support 
techniques used for modeling and mapping the physical 
and chemical properties of soils especially when precision 
agriculture is desired (Carlson et al., 1994). Additionally, 
multi-criteria assessment using the Analytical hierarchy 
technique (AHT) has been used as a bottom-up approach to 

monitoring changes in soil properties (Marko et al., 2014). 
Besides, many researchers have utilized the Ordinary 
kriging (OK) method to interpolate and predict un-sampled 
points for site-specific studies (Zhang et al., 2010).  For 
example, Martey et al., (2014) utilized Landsat imageries to 
map soil properties using spectral indices such as predicted 
land surface temperature (LST) and predicted soil-adjusted 
vegetation index (SAVI). The research concluded that LST 
and SAVI gave a better qualitative accuracy on soil nutrients.

Despite the widespread use of these geospatial approaches, 
studies on soil properties using multi-criteria evaluation 
coupled with remote sensing and geostatistical modeling are 
still lacking in implementation in Nigeria. Hence, the study 
seeks to integrate the AHT to evaluate spatial changes of soil 
nutrients at the Institute of Agricultural Research and Training 
(IAR&T), Ilora, Oyo State, Nigeria using LST, SAVI, and OK 
interpolation models such as exponential and spherical. More 
specifically, the study is targeted to map variability changes 
in soil nutrients for maize production using geospatial 
approaches. Therefore, the study objectives are:

 1. To assess and interpolate the soil physical and 
chemical nutrients of the study area. 

 2. To produce a maize soil suitability map using PLST, 
PSAVI, and OK interpolation models. 

Keywords: Geospatial approaches: Maize suitability; Ordinary krigging; Soil nutrients: Derived savanna.
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The study focused on the geospatial assessment of the physicochemical properties of soils at the Institute of Agricultural 
Research and Training, Ilora, Oyo State, Nigeria. Using the random survey method, 100 surfaces (0 to 20 cm) samples were 
collected and subjected to standard soil laboratory analyses. The variability of soil nutrients was examined using descriptive 
statistics, while spatial investigation and interpolation were achieved using the Ordinary krigging (OK) method. Cross-
validation accuracy with exponential and spherical models was used as a precision tool for the analyzed soil nutrients. Soil 
nutrient spatial trends were exponentially distributed across the area. Temporal predicted land surface temperature (LST), 
and soil-adjusted vegetation index (SAVI) were estimated through Landsat images of the years 2000 and 2020 using ArcGIS 
10 software. The spectral variables – LST and SAVI were merged with soil nutrients to assess the maize suitability evaluation 
of the area. The LST and SAVI results revealed the qualitative differences in the studied area. The maize suitability showed 
that the studied soils ranged from moderately (85%), marginally (60%), and not suitable (< 40%). To increase the suitability 
of the soils for optimum maize production there is a need to enhance the limiting dominant factors such as undulating 
topography, rainfall, and erosion hazard. Hence, the study recommends the integration of geospatial techniques such as 
remote sensing covariate variables and exponential models as indispensable methods to assist farmers and policymakers in 
sustainable and precision agriculture.
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2. Methods
2.1 The study region

2.2 Assessment of soil properties using remote sensing variables

2.3  Predicted soil-adjusted vegetation index (SAVI)

2.4 Predicted land surface temperature assessment

The study area lies at the transitionally derived savanna 
with mixed rolling topography in Nigeria within Northing 
7048’5 N and 7049’4 N and Easting 3049’0 E and 3044’5 E (Fig. 
1). The relative humidity mean within the study area falls 
between 60 % with 90 days cumulative rainfall (FDALR, 
1990). The soils of the study area originated from basement 
complex parent material (USDA, 1999).

The dependent variables used in this study include 
existing roads, rivers, predicted soil-adjusted vegetation 
index (SAVI), and predicted land surface temperature (LST). 
The remote sensing variables – SAVI and LST were used 
to assess and monitor changes in soil properties through 
the acquired Landsat images of the years 2000 and 2020 
(Gilabert et al., 2002). The Landsat images were obtained 
freely from the United States Geological Survey (USGS) 
repository website. The satellite images were downloaded 
using path 191 and row 055 and georeferenced with World 
Geographic System (WGS) 84 datum (Jiang et al., 2006; 
Jeevalakshmi, 2017). The images were downloaded during 
low cloud cover to avoid seasonal variation and mitigate 
disruption in data sets (Table 1).

To perform the SAVI, Dorigo et al., (2007) formula was 
used in ArcGIS 10 ESRI (Environmental software research 
Institute) in equation (1).

The Predicted land surface temperature (LST) variables 
were often used to monitor soil temperature changes 
and serve as an important spectral index that provides 
fundamental information for human survival (Cai et al., 
2018). In this study, two steps were employed to assess the 
PLST. To perform the first step using Landsat 7, the spectral 
index of band 6 was used (Cai et al., 2018):

The RTM6  denotes luminance of radiation; digital numbers 
of band 6 were used to represent the V. Rmaximum = 1.896: 
Rminimum = 1.896". Thereafter, equations (3) and (4) were 
used to convert the PLST (luminance radiation) into kelvin 
and degree Celsius.

Thereafter, Vegetation proportion (VP) data derived 
from the year 2020 in equation (1) were used to support 
the estimation of the PLST for the year 2020. The PLST 
estimation was expressed in equation (5):

The PSAVI min and max was derived from the minimum 
and maximum value of PSAVI. The PSAVI value ranges 
from -1 and 1. Equation (6) was used to assess the VP of the 
study area.

The Landsat 8 Operational land images (OLI) were used 
to perform step 2. The digital numbers (DNs) of bands 10 and 
11 were used to estimate the ( spectral radiance, (LSE) Land 
surface emissivity, and (BT) Brightness temperature (Rasul 
et al., 2015). For the year 2020 PLST, the equations described 
by Jesus and Santana (2017) were used to assess the LSE, BT, 
and of the study area.

BT is measured in Celsius; K1 and K2 are the thermal 
calibrations constant and both are measured in Kelvin.

K1 = 1260.56; K2= 607.66. The K1 and K2 are constant and 
1.239 (μm) spectral ranges were used to represent b.

Where NIR is the Near-infrared representation, RED 
is the visible red, and L is the constant or correction factor 
(Huete, 1988).

Figure 1. Agro-ecological (Nigeria) zones showing the soil 
sampling in the study area.

Table 1. Spectral index used for the present study.

B: denotes Bands, OLI: Operational land image

Landsat 7 ETM+ Landsat 8 OLI/TIR

B-3:Red (0.631 – 0.69um) B-4:  Red (0.636 – 0.673um)

B-4: Near-infrared
(0.77 – 0.90um) B-5: Near-infrared (0.77 – 0.90um)

B-6: Thermal
(10.40 – 12.50 um)

B-10&11: Thermal infrared 1&2 
(10.60 – 11.19um) & (11.50 – 
12.51um)

.............................................. (1)

.............................................................. (3)

................................................ (2)

..................................................................... (4)

................................................. (5)

.................................................................. (6)

....................................................... (8)
..(7)

....................................................... (9)

......................................................... (10)

2.5 Soil Analyses and Spatial mapping
Random and reconnaissance sampling method was 

employed using FAO (2007) soil survey manual. With the 
aid of a soil auger, 100 samples were collected at 0 to 20 
cm soil depths and their coordinate points were tied to each 
sampling point and documented using a global positioning 
system (GPS) device. Afterward, the representative soil 
samples were further subjected to 2 mm diameter sieving 
and air-drying before being taken to routine soil laboratory 
analysis. Particle size distribution was examined using 
the hydrometer method (Bouyoucos, 1962). Soil pH 
was determined using a pH glass meter electrode in 1:2 



S1: Highly (100%); S2: Moderately (85%); S3: Marginally (60%) and N1: Not suitable (<40%). Modified from Oluwatosin and Ogunkunle, (1991).

2.6 Data modeling and Analysis 

2.7 Multi-criteria evaluation 

In the last decades, ordinary krigging (OK) interpolation 
remains one of the unbiased and superior linear spatial 
prediction methods for precision agriculture (Radocaj et al., 
2021). In this study, we subjected the analyzed soil properties 
to the OK method in ArcGIS v.10 extensions geostatistical 
analyst tool to assess the accuracy of the interpolation 
and spatial autocorrelation. The present study employed 
dependent (SAVI and LST) and independent (soil nutrients) 
variables to assess the soil suitability for maize production 
(Fig 2). Furthermore, descriptive and geo-statistics methods 
were used to generate possible correlations. Thereafter, the 
soil properties were spatially interpolated using the Ordinary 
Krigging (OK) method in ArcGIS v.10.5 extension analyst 
geostatistical tool. Accuracy and cross-validation of soil 
properties were examined by semi-variogram modeling 
including the isotropic detection (equations 11 and 12) 
(Wang, 1999; Western et al. 2004).

The utilized AHP and weighted overlay method were 
used as dependent and independent variables for maize soil 
suitability. The independent and dependent variables were 
selected based on the proposed FAO land criteria evaluation 
and supported by Oluwatosin and Ogunkunle (1991), for 
rainfed maize soil suitability (Table 2). Thereafter, the 
AHT and weighted method were performed in ArcGIS 10 
software. The criteria were further subjected to the Random 
inconsistency index (RI) and the consistency ratio was then 
calculated using the principal eigenvalue (Saaty, 2008). 
Afterward, the AHP and the comparison matrix were used 
to classify the soils into suitability classes using the formula 
described by Saaty, (1977) in equations (15) and (16).

Where Z* represents the unknown sample at (x0) 
location, while (x1) represents known soil sampling values, is 
the sampled weighting coefficient and n is the neighborhood 
interpolated locations.

Where z (xi) is the value of the variable,  is the lag, and 
N(h) is the pairs of sample points separated by h. 

Accuracies of the interpolated soil properties, such as 
mean error (ME), root mean square error (RMSE), nugget 
(C0), sill (C +C0), and range (a) were used as indicators 
(Schloeder et al., 2001). The basic spatial parameter used in 
this study enables easy classification and characterization of 
soil properties. The formula described by Schloeder et al., 
(2001) in equations (13) and (14) was used to assess the ME 
and RMSE:

suspensions of water (McLean et al., 1982). Organic carbon 
(OC) was examined by Walkley and Black, (1939) using the 
acid chromic oxidation method. Total nitrogen (TN) was 
examined using the Macro Kjeldahl method (Bremner and 
Mulvaney, 1982). Available phosphorus (P) was determined 
by the Bray-1 method (Nelson and Sommers, 1996). The 
potassium (K) was examined by a flame photometer (Kuo, 
1996). Finally, effective cation exchange capacity (ECEC) 
was determined through the summation method using 
acidity and exchangeable cations (Chapman, 1965).

Where Ci is the reclassified criterion and Wn is the 
weighted number of data.

Where S is the suitability level for land criteria.

....................................................... (11)

........................................... (12)

..................................................... (13)

............................................... (14)

...................................................... (15)

.............................................................. (16)

Suitability ratings (%)
classes                                           

100
Highly

(S1)

85
Moderately

(S2)

60
Marginally

(S3)

< 40
Not suitable

(N1)

RST variables

Slope (%) 2-4 4-8 8-16 16-20

Rainfall at growing season (mm) 700-800 600-700 500-600 <500

PLST index (oC) 22-25 20-22 18-20 16-18

drainage Perfectly Moderately Imperfectly poorly

PSAVI 0.37 – 0.79 0.22 – 0.37 0 – 0.218 -0.30 - 0

Soil variables (0-20cm) I

Total N (%) 0.08-0.15 0.08-0.04 0.02-0.04 <0.02

Avail P (mg/kg) 13-22 6-13 3-6 <3

Potassium  (cmol kg -1) 0.3-0.5 0.2-0.3 0.1-0.2 <0.1

Nutrient retention (n)

ECEC (cmol kg -1) 10-15 5-10 3-5 <3

Organic matter (g/kg) 3 - 4 2-3 1- 2 <1

Texture Sandy clay loam Sandy Loam, Loamy sand Sandy

(%) 15-40 40-60 60-75 75-90

Table 2. Modified maize soil suitability ratings for rainfed.
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Figure 2. Workflow of the study.

3. Results and Discussion
3.1 Maize soils suitability using satellite-based covariates 

Figures (3) and (4) showed that the SAVI and LST 
ranged from -1 (low) to 1 (high) in the study area. The 
observed low SAVI in the year 2020 suggests the presence 
of low vegetation cover and can therefore be traced to an 
increase in anthropogenic activities such as illegal tree 
felling and intensive cattle grazing. Moreover, deforestation 
and indiscriminate grazing are one of the threats faced by 
developing countries such as Nigeria (Nguetnkam and 
Dultz, 2011). Additionally, Staver et al., (2011) stated that 
pastoralism and deforestation tend to result in low soil 
nutrients, especially in the savanna region. Furthermore, Lie 
et al., (2013) pinpointed that SAVI techniques serve as one of 
the efficient spectral vegetation indices used for monitoring 
changes in soil properties, especially in an area with low 
vegetation cover. According to Frederiksen, (1993), SAVI 
is becoming an acceptable technique used in the support of 
crop nutrients assessment. The result of the present study can 
also be found in the study of Wu et al., (2018) who effectively 

correlate SAVI with soil pH and total nitrogen for a site-
specific location using Landsat images.

The LST spatial variation of the study area ranged from 
23.50 to 39.9 0 Celsius (See Fig 4). The sudden increase of 
the LST in the year 2020 could be a result of global climate 
change. It was also noticed that the study area is faced 
with consistent bush burning and deforestation.  Moreover, 
according to Yao et al., (2004) sudden increase in surface 
temperature can lead to low crop yield. Besides, Wang et al. 
(2018) posit that a high increase in surface temperature can 
be regarded as a major environmental threat posed to crop 
farmers, especially in sub-Saharan Africa. The present study 
also coincides with the study carried out by Post et al., (1994) 
who utilized SAVI and LST as environmental covariates 
to study soil surface reflectance of soil properties for site-
specific locations. Additionally, the spectral index random 
relationship observed in the present study is also by Sandholt 
et al., (2002).
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Figure 3. The predicted soil-adjusted vegetation index for the years 2020 and 2000.

Figure 4. The predicted land surface temperature for the years 2020 and 2000.

3.2 Descriptive and correlation analysis of soil properties
Tables (3) and (4), show the description and correlation 

of the physical and chemical soil properties of the study 
area. The study reported by Carvalho et al., (2002) stated 
that when soil properties kurtosis and skewness values of 

soil properties are less than 3, such soil properties can be 
considered to have normal frequency distribution. From the 
results, it was observed that the majority of the soil properties 
had normal frequency distribution.

Sand Silt Clay OC TN Soil pH ECEC P K

(%) (%) (%) (%) (%)   mg kg-1 cmol/kg

Min 85.8 3.0 4.1 1.2 1.1 3.0 3.8 2.0 1.2

Max 92.9 6.8 8.4 1.1 1.4 7.9 6.8 12.9 3.0

Median 88.4 5.4 5.7 1.0 1.3 3.9 7.1 5.8 1.2

Std. dev 3.0 1.6 1.8 1.1 1.8 2.0 1.0 4.9 1.5

Skewness 0.9 0.8 0.7 1.5 4.0 1.9 -2.0 0.4 2.0

Kurtosis 1.3 0.8 1.2 1.2 7.9 1.4 4.0 -0.4 3.2

Table 3. Description of physical and chemical soil properties.

Minimum (Min); Maximum (Max); Standard deviation (Std. dev) 
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Table 4. Soil correlation of the studied properties.

OC TN Sand     Silt Clay

Soil pH ECEC
mg kg-1 (%) P

mg kg-1
K

cmol/kg (%)

Soil pH 1

ECEC 0.63 1

OC 0.31 0.24 1

TN 0.05 0.05 0.12 1

P 0.15 -0.10 0.10 -0.17 1

K 0.55 0.86 0.25 -0.10 -0.21 1

Sand 0.02 0.03 0.00 0.01 0. 48 0.18 1

Silt 0.09 0.02 0.01 0.06 0.29 0.89 -0.86 1

Clay 0.08 0.00 0.01 0.04 0.30 0.88 -0.89 0.53 1

3.3  Spatial modeling of soil properties
In this study, the soil texture ranged from clay to sandy 

clay loam. Oluwatosin and Ogunkunle (2011) opined that 
soil texture within the range of sandy clay loam can be 
classified as suitable for maize production. The fertility soil 
distribution maps of the study area were produced using OK 
interpolated techniques. The soil TN ranged from (< 0.1%) 
very low to (0.2%) low. The low concentration of soil TN 
observed in the study area could be attributed to undulating 
topography or slope etc. Nevertheless, high P was observed 
with pockets of low concentration (Fig 5). The pH of the 
studied soils ranged from 5.6 (moderately acidic) and 7.3 

(Neutral). The high soil OC distribution observed can be 
traced to litter or waste material decomposition in the study 
area (Fig 6). However, the inappropriate use of pesticides and 
fertilizers in the study area could be responsible for the soil 
to be acidic, and this interim with the result of Wang et al., 
(2018). In addition, the vicinities dumping of waste materials 
into seasonal rivers and streams which are sometimes used 
for irrigation could harbor toxic substances and therefore be 
responsible for the soils to moderately acidic. The spatial 
distribution concentration of K and ECEC concentration was 
also documented in the study soils (Fig 7).

Figure 5. Distribution of total nitrogen and phosphorus.
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The ME and RMSE were used to identify the accuracy of 
the soil properties using OK interpolation (Table 5). The ME 
and RMSE values showed that the interpolated soil properties 
had lower nugget effects when a model with exponential. 
According to Robertson, (2008), soil properties with low 
nuggets have been widely used for site-specific agriculture. 
In the present study, a ratio less than 25% (percent) means 
strong spatial variance and those within the ratio of 25 % 
and 75 % means moderate distribution of soil properties, 

therefore, from the interpolated soil analysis, soil pH, K, OC, 
and silt soil texture gave the strong spatial dependency for 
an exponential model, while the spherical model provided 
moderate spatial dependency for TN, P, CEC, clay, and sand. 
However, the moderate spatial dependency can be traced 
to an increase in human activities such as erosion hazards, 
abuse of fertilizer, and global climate change (Cambardella et 
al. 1994). The results of the present study are also following 
the research conducted by Venteris et al., (2014).

Figure 6. Distribution of soil pH and organic carbon.

Figure 7. Distribution of effective cation exchanged capacity and potassium.
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Model ME RMSE Range (m) Nugget (C0) C0/(CO+C) Nugget ratio (%)

Soil pH EX 0.3 0.9 264 0.05 0.21 21

N (%) SP 0.1 0.8 236 12.9 0.30 30

K (cmol/kg), EX 0.2 0.5 269 16.1 0.16 16

P (mg kg-1) SP 0.4 3.3 214 11.66 0.44 44

OC (%) EX 0.4 0.1 267 0.03 0.13 13

CEC (cmol/kg) SP 0.2 1.2 271 0.01 0.50 50

Sand (%) SP 0.3 11 972 0.06 0.58 60

Silt (%) EX 0.1 0.6 254 0.04 0.24 24

Clay (%) SP 0.4 3.9 567 0.09 0.60 60

Table 5. Accuracy and validation of soil properties.

Table 6. Weights criteria using pairwise comparison.

EX: Exponential, SP: Spherical

3.4 Maize soil suitability using AHP and weighted overlay
The dependent and independent layers based on the 

AHT and weighted techniques were used to assess the maize 
suitability using a pairwise comparison matrix (Table 6). 
The present study employed a scale of 0 to 100 % to itemize 
the procedure and a 7.5 % ratio was obtained for consistency. 
The soil fertility distribution and thematic map layers of the 

PLST, PSAVI, existing river, and soil map of the study area 
were coupled together and produced in a raster format. The 
results of the thematic layers were rated in the following 
order: 35 % (soil nutrients), 20 % (LST), 20 % (SAVI), 15 % 
(river), and 10 % (road) to produce the maize soil suitability 
of the area (Fig 8).

Soil nutrients PLST PSAVI River Road Priority Scale

Soil nutrients 2 1 1 0.5 1 35 1

PLST 1 0.5 2 1 0.5 20 2

PSAVI 0.5 1 0.5 1 1 20 3

River 0.5 1 1 0.5 0.5 15 4

Road 1 0.5 1 1 0.5 10 5

Figure 8. Maize soil suitability.

4. Conclusions
5. Data availability statementThe study focused on the variability assessment of 

soil nutrients and its impacts on soil suitability for maize 
production using remote sensing (RS) and geographic 

The data that support the findings of this study are not 
available but can be provided upon reasonable request.

information system (GIS) techniques. The increase and 
awareness of precision agriculture have necessitated the 
integration of GIS, RS, and geo-statistics methods, especially 
in the spatial environment of today. The combined GIS 
and RS techniques through multi-criteria have assisted in 
efficiently mapping the soil nutrients of the area in less time 
and with higher accuracy for maize production. The AHT 
shows that RS variables - LST, SAVI, and the interpolated 
soil properties can help individual or soil users, especially 
farmers to identify suitable land areas for precision farming 
and optimum crop production. The soil fertility distribution 
maps generated showed that the exponential model gave the 
lowest values of ME and RMSE than the spherical model. 
However, the weighted overlay and AHT used helped to 
partition the studied soils into moderately (85%), marginally 
(60%), and not suitable (40%) for maize production. The 
limiting factors were an increase in anthropogenic activities 
(such as abuse of pesticides or fertilizers), an undulating 
slope, an increase in surface temperature, and erosion 
hazard. The present study proved that integration of OK, 
AHT coupled with remotely sensed-based spectral indices 
such as LST and SAVI will help farmers and policy-makers 
for sustainable and precision agriculture.
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Abstract

1. Introduction

Cement is known as an essential plastering material 
in construction in which it is the commonly used binder 
in a mortar and concrete mixtures. Many researchers have 
studied the strength of evolving and hydration process 
of cement along with its production costs [1-5]. Based on 
the understanding of the rheological behavior of cement, 
alternative low-CO2 emission clinker materials were 
proposed [6, 7]. It is found that belite-rich cement gives 
promising results in comparison to Ordinary Portland 
Cement (OPC) as it has good flow properties and stability 
[8,9]. However, strength development at an early age is 
relatively slow. Weathered basalt (WB) was deployed in 
clinker manufacturing to evaluate its performance as an 
alternative binder material. The results indicate that WB 
has low silica, SO3, and chlorine as well as high content of 
MgO and Fe2O3 which gives a better clinker ability and an 
environmental advantage [10]. Moreover, experimental 
investigations into the utilization of natural, waste, and 
by-product industrial materials as partial replacements for 
cement have been conducted. The investigations of these 
materials aimed to produce sustainable production at a low 
cost. For instance, research works on steel slag [11-13], silica 
fume [14,15], and fly ash [16,17] present very good results 
in comparison to the control mixtures i.e. concrete mix with 
100% OPC. 

Because of the aforementioned effort in finding an 
economical and environmental partial replacement for 
cement, Bentonite was introduced to the concrete and 
mortar mixtures [18-21]. Wilbur C. Knight as an absorbent 
and swelling material proposed the material and it has been 
mainly used for the development of oil and gas resources as 
drilling mud [22]. It is a natural pozzolana predominantly 
composed of montmorillonite. Bentonite is classified into 
three categories; sodium bentonite, calcium bentonite, 
and magnesium bentonite. Its influence on the mixtures is 
based on its chemical composition in which its effects on 
the strength of concrete and mortar are changeable. Ahmad 
S. et al. reported that the compressive strength of cement-
bentonite concrete mixtures is lower than that of ordinary 
concrete mixtures [23]. On the other hand, the work of 
Memon S. et al. shows an increase in compressive strength 
in the mixtures containing bentonite compared to the control 
mixtures without bentonite [24]. Nevertheless, there is a 
consensus on the feasibility of bentonite’s contribution to 
improving the workability and impermeability of mixtures 
[25, 26]. 

In most developing countries, like Jordan, natural 
resources are used in construction leading to a reduction 
in the cost and improvement of the quality of construction 
materials. This study is conducted to produce low-cost mortar 
and concrete by replacing the cement in mortar and concrete 
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The reduction of cement content in mortar and concrete mixtures reduces both the amount of CO2 in the environment and 
the cost of production. Therefore, this research utilizes Jordanian bentonite as a pozzolanic material in both mortar and 
concrete sample mixtures. Three types of Jordanian bentonite samples were added to the mortar and concrete mixtures 1: 
natural bentonite 2: heated bentonite at 250 oC, 550 oC, and 750 oC, and 3: calcium-bentonite. Then, 21 mortar mixtures were 
prepared. Bentonite was added to the mortar mixtures in weight proportions of 0% (reference sample), 10%, 20%, 30%, 40%, 
and 50% by cement weight. On the other hand, 9 concrete mixtures were prepared from natural bentonite, heated bentonite, 
and ca-bentonite with proportions of 0% (reference sample), 10%, and 20% partial replacement of cement weight. The tested 
results show that heated bentonite at 750 oC achieved close results to the control sample. Moreover, both natural bentonite 
and Ca- bentonite reduce concrete shrinkage. Concrete permeability was highly reduced by using bentonite, especially Ca-
treated, where permeability was reduced by 60%. Cost and environmental analyses were conducted to evaluate the utilization 
of bentonite. 
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with local bentonite in various proportions. Incorporating 
bentonite in mortar and concrete as a substitute for cement 
can minimize the depletion of natural resources and 
materials used in cement and solve environmental problems 
related to its production process. An investigation of the 
Jordanian natural resource of bentonite was carried out. 
Three bentonite samples were collected from three different 
areas in Jordan to evaluate its potential use in mortar and 
concrete. The locations of the three areas are as follows in 
Table (1):

Samples were taken from different three locations. 
The Ein Al Bayda bentonite and Q’a Al Azraq bentonite 
are located in the Azraq area and belonged to the same 
lithological consequence (Neogene-Quaternary basalt and 
volcanic tuff). However, Al Yamaniyya bentonite belongs 
to different lithological consequences. It is found within 
the Pleistocene sediments close to the shoreline [27]. 
Comprehensive chemical and mineralogical analyses were 
done for each sample. In addition, an analysis of the cost and 
CO2 emissions of the proposed contribution of bentonite was 
conducted.

Thermal Gravimetric Analysis (TGA) was carried out 
to determine the sample losses at different temperatures 
(Isocratic and gradient) of raw Bentonite samples in the open 
atmosphere condition. The mass of the Bentonite sample 
used was 5 grams, Max. The heating range was from ambient 
to 1000°C, at stepwise (Max. Ramp Rate, from Ambient 
to 104°C the ramp rate was 15°C/min, and from 104°C to 
1000°C was 50°C/min). Figure (3) shows the TGA of the air-
dried bentonite sample.

In addition, the X-ray diffraction (XRD) pattern of 
natural Jordanian bentonite is given in Figure (2). The 
spectra indicate that the clay is composed primarily of 
mixed layers of Illite, Montmorillonite, and Kaolinite. The 
other peaks are impurities corresponding to quartz. At 550 
°C, Kaolinite peaks disappeared. This result is in harmony 
with the previous literature review. Deer et al [29] reported 
that Bentonite is a clay rock that consists of minerals mostly 
of montmorillonite. Moreover, it is found that the Jordanian 
Bentonite is composed of mixed layers of smectite/illite or 
Kaolinite with average silica and alumina 28-51 %, and 8.4-
15 %, respectively [30]. The chemical composition of natural 
bentonite is shown in Table (2).

An experimental program was carried out to create 
mortar and concrete mixtures with reduced cement content 
by using a substitution amount of Jordanian bentonite. The 
properties of each material in the study were extensively 
examined to assess their effect on performance in the 
mixtures. Both the materials and the test procedures are 
described below.

2. Methods & Materials:

2.1 Materials
2.1.1 Bentonite:
The bentonite clay was collected from the southern area 

of Al-Azraq (Qa’ Al-Azraq). A comprehensive examination 
of the material was conducted. The raw bentonite sample 
was heat-treated at various temperatures 250 °C, 550 °C, and 
750 °C utilizing Stackable Electric kilns (Olympic Kilns, 
Model - 2831HE/240, USA). Afterward, the heated bentonite 
sample was passed through a 150 µm sieve and then grinded 
and passed through an 80 µm sieve. Then the produced 
powder was submicron in size. The median particle size of 
the grinded sample was 0.51 µm using a laser diffractometer. 
Bentonite contains negatively charged particles that attract 
positively charged compounds and trap them in its porous 
structure. According to the classification scheme of Riddick 
[28], the stability of the bentonite particles is low at pH = 
9.5. The zeta potential is less than 16.6 mV. The electrical 
conductivity is 79 µS/cm. Figure (1) shows particle size 
distribution and SEM-image of grinded bentonite. The SEM 
image shows the needle crystal of Illite.

Figure 1. Particles size distribution and SEM-image of grinded 
bentonite sample. (it was conducted at the University of Jordan)

The areas Coordinate system in the WGS 84

Ein Al-Bayda area
31o 52’ 35” N

36 o 49’ 35” E

Qa’ Al-Azraq area
31o 48’ 22” N

36 o 47’ 35” E

Al-yamaniah – Aqaba
29 o 26’ 58” N

34 o 58’ 26” E

Table 1. The explored bentonite locations in Jordan

Table 2. Chemical composition of the natural bentonite was 
conducted by the XRF technique.

A

SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 P2O5 LOI

49.30 14.50 7.46 2.03 3.63 3.O3 0.68 0.80 13.7



The TGA curve of the bentonite sample shows that up 
to 118 °C, there is a residual humidity (free water) of mass 
loss characterized by a drop in weight of 6.0%. There is a 

significant mass loss until 292°C by 2.0% in the second step. 
At this step, the loss was characterized by crystalline-bound 
water (dehydration) and some low-temperature organic 
volatiles. There is a minor mass loss until 500°C by 0.9%. 
During this step, the total combustion of any carbonaceous 
organic compounds almost occurs which mainly derives 
from plant and animal fossils in the bentonite sample, and 
partial de-hydroxylation occurs. This is followed by a second 
significant drop, which ends at 744°C, characterized by a mass 
loss of 3.1% due to mainly de-hydroxylation and combustion 
of any residual carbonaceous organic compounds as well as 
decomposition of the present bentonite sample and minerals 
such as kaolinite. Finally, a second minor drop, which ends at 
1000°C, is characterized by mass loss of 0.7% due to residual 
de-hydroxylation, calcination, and decomposition of the clays 
and minerals where the actual clay structure (the hydroxyl 
groups) is destroyed and decomposition of carbonates with 
the formation of oxides and carbon dioxide occurs. The 
most notable metal oxide of all formed by these reactions is 
calcium oxide (CaO) which is formed from calcium minerals 
present in clay in the form of calcite (CaCO3). The results are 
in harmony with the previous literature review [31].

To produce Ca-Bentonite, the exchangeable cations Na, 
K, Ca, and Mg in the raw bentonite were exchanged to Ca 
form following Sarikaya and Yildiz [32]. A composite sample 
of raw bentonite was crushed and sieved to pass 150 µm to be 
used to prepare the Ca-bentonite. The raw bentonite sample 
was treated with 3 grams CaCl2 /100 g bentonite. The excess 
CaCl2 was washed out with distilled water. Consequently, 
the obtained Ca-bentonite sample was dried in an oven at 
105 oC. The dried sample was crushed and passed through 
a 150µm sieve and kept to be used in the concrete mixtures. 
Finally, 4 grams of Ca-bentonite was taken and washed three 
times with ethanol until the supernatant liquid electrical 
conductivity become less than 40 µm. The adsorbed Ca-
cations in bentonite were replaced by NH4

+ (Ammonium 
Acetate solution, 1.0 N). Then, the amount of adsorbed Ca-
cations was determined.

2.1.2 Cement
Ordinary Portland Cement (Type II) was used in 

preparing mortar and concrete mixtures. The chemical and 
physical properties of the cement used are shown in Table 
(3).

Figure 3. Thermal gravimetric analysis of bentonite (it was 
conducted at Natural Resources Authority (NRA), Jordan). 

Figure 2. XRD spectra for the bentonite sample (r) randomly powder 
and oriented crystal distribution [(a) at 105ºC, (b) at 550 ºC, and (c) 
with ethylene glycol. (I: Illite, K: Kaolinite, M: Montmorillonite 
and Q: Quartz). (The XRD test was conducted at the Royal 

Scientific Society)
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Table 3. The chemical and physical properties of Ordinary Portland 
Cement (Type II) cement.

Property Test Result Limitations Test Method

% Chloride 
Content (Cl) 0.037 ≤ 0.10 BS EN 196-2 [33]

% Sulfate 
Content (SO3)

2.97 ≤ 3.5 BS EN 196-2 [33]

Setting Time 
(min) 180 ≥ 60 JS 1470-3 [34]

Expansion (mm) 1.00 ≤ 10 JS 1470-3 [34]

Compressive 
strength at 2 
days (MPa)

24.5 ≥ 10 JS 1470-3 [34]

Compressive 
strength at 28 
days (MPa)

50.3 ≥ 42.5 ≤ 62.5 JS 1470-1[35]



2.1.3 Coarse and fine aggregate

2.1.4 Chemical admixture

For concrete mixtures, two sizes of coarse aggregates 
(coarse and medium-coarse) and two sizes of fine aggregate 
(medium-fine and fine) were used, while the latter size was 
used in the preparation of mortar. The physical properties 
of aggregates are shown in Table (4) while the combined 
gradations are shown in Figure (4). Curves indicate the upper 
and lower limits specified in ASTM C 33 [36] for coarse 
aggregate and fine aggregate. Weight aggregates should meet 
the requirements of ASTM C 33. These specifications limit 
the allowable amounts of substances and provide requests for 
aggregate characteristics.

For concrete mixtures, a medium-range superplasticizer 
was used and it was suitable for the components of concrete 
mixture and greatly improve cement dispersion. The 
properties of both admixtures are listed in Table (5).

Table 4. The physical properties of the aggregate.

Table 5. The properties of plasticizer/superplasticizer used in the 
mixtures.

Aggregate Type Bulk Specific 
Gravity (SSD)

Absorption 
(%)

Fineness 
Modulus

 Coarse Aggregate 2.68 1.0 ---

Medium Coarse Aggregate 2.68 1.0 ---

Medium Fine Aggregate 2.66 1.4 ---

Fine Aggregate 2.64 0.34 2.5

Figure 4. Coarse aggregate (C.A. Grading) and Fine aggregate (F.A. 
Grading) combined grading curve (

Figure 5. Molds shapes.

Property Trowlit P ADMIX CF 113

Color Light brown liquid Brown

Specific Gravity 1.02 1.06

Chloride content Null Null

Freezing point 0 °C --

2.2 Experimental procedure
Twenty-one mixtures of mortar were prepared. The 

first mix is designated as a control mix where it is free of 
clay bentonite. The rest of the mixtures were prepared with 
different proportions of three types of bentonite (natural 
bentonite, heated bentonite, and Ca-bentonite). The addition 
of bentonite was introduced as a replacement of 10%, 20%, 
30%, 40%, and 50% by the cement quantity. The bentonite 
was treated with different levels of heat. Three types of 
heated bentonite were introduced into the mixtures 250 
oC, 550 oC, and 750 oC in addition to the natural bentonite. 
Table (6) shows the proportions of materials of the 21 mortar 
mixtures where they are considered according to proportion 
ranges suggested by Jordanian standards [32]. It is shown 
that the components of the mixtures were kept constant as 
those in the control one, except water, which was added for 
each mix to obtain the same workability as the control, mix. 
During the mortar mix design process, the flow table was 
used as a workability indicator for the whole mixture, and it 
was fixed at 70 cm. In this way, it was possible to determine 
the amount of water needed for each mix. 

For each mortar mix, six prisms (40X40X160 mm) and 
six briquettes (25X25 mm central area) were prepared for 
sample casting, Figure (5). The samples were prepared to 
examine the compressive strength, tensile strength, and 
flexure strength of each mix. The mortar mixtures were 
performed according to BS EN 196-1 [33]. A standard mixer 
was used in the mixing process. Afterward, the mortar was 
filled in the molds and compacted by a Jolting table, and then 
covered with glass plates and kept in standard conditions 
(21±2 °C and 50±10% R.H.) to the next day. After 24 hours 
from casting, samples were taken out from the molds and 
stored for curing in a water tank under standard temperature 
(21±2) °C. For each test mix, samples of 6 molds were casted; 
three of them for the 7 days of age tests and the remaining 
three for the 28 days of age tests.

a. Compressive and flexural mold

b. Tensile Mold
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On the other hand, five sets of concrete mixtures were 
prepared plus the control mix. Each set was developed with 
two proportions of bentonite, 10%, and 20% by the cement’s 
mass as a partial replacement. One set was mixed with natural 
bentonite while another one was prepared with Ca-bentonite. 
The rest of the concrete mixtures were prepared with heated 
bentonite of 250 oC, 550 oC, and 750 oC, respectively. Table 
(7) shows the concrete mixture proportions. The mixtures 
were designed by the Jordanian standard JS 1652 parts 
1&2 [34]. For each concrete mix and after the completion 
of mixing, concrete fresh properties including temperature, 
slump, density, air content, and setting time respectively 
were tested. Thereafter, each concrete mix was cast in six 

cubes (150X150X150 mm) for compressive strength, three 
cylinders (150X300 mm) for splitting tensile strength, three 
prisms (100X100X500 mm) for flexural strength, three 
prisms (70X70X250 mm) for shrinkage, and three molds 
(200X200X120 mm) for permeability tests according to EN 
12390-8 [40]. Molds were covered with plastic sheets and 
kept in standard conditions (21±2 °C and 50±10% R.H.) to 
the next day. After 24 hours from casting, samples were 
taken out from molds and stored for curing in a water tank 
at standard temperature (21±2) °C until the testing date. The 
whole strength tests were performed according to JS 1652 
parts 3, 5, and 6 [39].

Table 6. Mortar-Bentonite Mixtures Proportions.

Table 7. Concrete-Bentonite Mixtures Proportions.

Mix Designation Fine Aggregate (g) Cement (g) Water (g) Bentonite (g) Type of Bentonite

M1 1350 550 280 0 -

M2 1350 495 320 55 Natural Bentonite

M3 1350 440 360 110 Natural Bentonite

M4 1350 385 400 165 Natural Bentonite

M5 1350 330 440 220 Natural Bentonite

M6 1350 275 480 275 Natural Bentonite

A2 1350 495 320 55 Heated at 250 oC

A3 1350 440 360 110 Heated at 250 oC

A4 1350 385 400 165 Heated at 250 oC

A5 1350 330 440 220 Heated at 250 oC

A6 1350 275 440 275 Heated at 250 oC

B2 1350 495 290 55 Heated at 250 oC

B3 1350 440 320 110 Heated at 250 oC

B4 1350 385 330 165 Heated at 250 oC

B5 1350 330 345 220 Heated at 250 oC

B6 1350 275 360 275 Heated at 250 oC

C2 1350 495 280 55 Heated at 750 oC

C3 1350 440 290 110 Heated at 750 oC

C4 1350 385 320 165 Heated at 750 oC

C5 1350 330 340 220 Heated at 750 oC

C6 1350 275 360 275 Heated at 750 oC

Mix 
Designation Type of Bentonite Coarse Aggregate 

(kg/m3)
Fine Aggregate

(kg/m3)
Cement
(kg/m3)

Water
(kg/m3)

Bentonite
(kg/m3)

Superplasticizer
(L/100 kg cement)

AC - 1230 589 315 200 0 0

BC Natural Bentonite 1230 589 283 200 32 1. 

CC Natural Bentonite 1230 589 252 200 63 1.7

DC Heated at 250 oC 1230 589 283 200 32 0.4

EC Heated at 250 oC 1230 589 252 200 63 0.8

FC Heated at 550 oC 1230 589 283 200 32 0

GC Heated at 550 oC 1230 589 252 200 63 0.6

HC Heated at 750 oC 1230 589 283 200 32 0

JC Heated at 750 oC 1230 589 252 200 63 0.4

KC Ca-bentonite 1230 589 283 200 32 1.2

LC Ca-bentonite 1230 589 252 200 63 2

2.3 Statistical analysis
The normality test for the results of all tested hypotheses 

was conducted for both mortar and concrete mixtures. The 

normality test results of all measurements were found to be 
normally distributed, and therefore, the arithmetic mean and 
standard deviation were calculated.
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3. Results and discussion
3.1 Tests of mortar mixtures

3.2 Tests of concrete mixtures

Figure (6) shows the mean value of the compressive 
strength of the mixtures at 7 days of age compared to the 
mixtures at 28 days of age which are found to be significantly 
different at p<0.01. That is consistent with the fact that 
compressive strength develops with time. In addition, Figure 
(6) shows the mean value of the compressive strength of the 
control mix (0 % of bentonite) compared to the mean value 
of various proportions of bentonite which are found to be 
significantly different at p<0.01. As it is explained, bentonite 
was added to the mix in an increment of 10%. Reducing 
cement content reduces compressive strength. In contrast, 
compressive strength develops with time. The reduction 
in strength is referred to as the increase in water content. 
This interpretation is in line with the finding of Jiang J. et 
al., whom they indicated that the water content of cement-
bentonite mixtures becomes larger as the proportion of 
bentonite increases [41]. However, the water content does 
not influence the stability of the mixture. According to the 
results shown, the mean values of the compressive strength 
of the mixtures of heated bentonite compared to the natural 
bentonite mixtures are found to be significantly different at 
p<0.01 and exhibit relatively higher strength which points 
out to the efficiency of the heat treatment of bentonite [23].

Results of the tests conducted to find the concrete 
fresh properties are shown in Table (8) where the mean 
values were calculated for each test. These results include 
immediate temperatures at the end of mixing, slump cone, 
fresh density, air content, and initial setting time. Table 
(8) includes the testing standard for each test. Temperature 
results were almost the same for all mixtures due to the 
standard condition in the lab and fresh densities also were 
the same. While for slump cone tests, values varied from 3 

The results of tensile strength have the same behavior 
observed for the flexural strength of mortar mixtures at 7 
and 28 days of age. Figure (8) shows the mean value of the 
tensile strength of the mixtures at 7 days of age compared 
to the mixtures at 28 days of age which are also found to 
be significantly different at p<0.01. And that is consistent 
with the fact that also the tensile strength develops with time. 
Furthermore, Figure (8) shows the mean value of the tensile 
strength of the control mix compared to the mean value of 
various proportions of 10% and 20% of heated bentonite 
at 550 and 750 °C which are found to be not significantly 
different at p<0.01. These promising outcomes point out the 
effect of the heat treatment conducted on the material [23]. 
While the mean values of the tensile strength of the 30%, 
40%, and 50% mixtures of natural and heated bentonite 
at 250 oC compared to the control mix are found to be 
significantly different at p<0.01, and exhibit relatively higher 
tensile strength. 

Herein, it is seen that treated bentonite has better results 
than natural. The development of the strength of the cement-
bentonite mixtures is slower at an early age which is due 
to the slow gain of strength for the pozzolana materials in 
general [20]. Nevertheless, the mixtures with 10% and 20% 
of heated bentonite at 750 °C show development of tensile 
strength at 28 days by 27 and 32% of their strength at 7 days. 
In addition, their tensile strengths are 92 and 87% of the 
tensile strength of the control mixture.

In general, the results of flexural strength have the same 
behavior that was observed for the compressive strength 
of mortar mixtures at 7 and 28 days. Figure (7) shows the 
mean value of the flexural strength of the mixtures at 7 days 
of age compared to the mixtures at 28 days of age which 
are also found to be significantly different at p<0.01. That 
is consistent with the fact that flexural strength develops 
with time. Furthermore, Figure (7) shows the mean value 
of the flexural strength of the control mix (0% of bentonite) 
compared to the mean value of various proportions of 10% 
and 20% of heated bentonite at 550 and 750 °C which have 
not significantly found difference at p<0.01 with values 
between 87% to 95% of the control mix’s flexural strength. 
These promising outcomes point out the effect of the heat 
treatment conducted on the material [23]. While the mean 
values of the flexural strength of the 30%, 40%, and 50% 
mixtures of natural and heated bentonite at 250 oC compared 
to the control mix are found to be significantly different at 
p<0.01, and exhibit relatively higher flexural strength.

Figure 6. Compressive strength of mortar mixtures at 7 and 28 days.

Figure 8. Tensile strength of mortar mixtures at 7 and 28 days

Figure 7. Flexural strength of mortar mixtures at 7 and 28 days
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cm to 18 cm depending on the type and amount of bentonite 
used. For example, the lowest slump values were obtained 
for 20% replacement of cement by natural bentonite and 
Ca-bentonite. This is referred to a specific area of bentonite, 
that is higher than the specific surface area of cement. Thus, 
the workability of the cement-bentonite mixtures reduces 
as the bentonite content increases. This finding is in line 
with the study of [24]. However, the results show that the 
heat treatment of bentonite can improve workability. This is 
indicated in the results of mix HC and JC which have heated 

According to the results shown in Figure (10), the mean 
value of the 10% and 20% proportions of natural bentonite, 
heated bentonite, and Ca-bentonite concrete flexural 
strength and splitting tensile strength compared to the mean 
value of the control mix which is found to be significantly 
different at p<0.01. Thief increases in the flexural and 
splitting tensile strength can be noticed in all tests of the 
mixtures with the heat-treated bentonite and Ca-bentonite. In 
contradiction, the replacement of natural bentonite reduces 
the strength compared to the control mixtures. This behavior 
can be attributed to the structure and the physicochemical 
properties that could be affected by thermal treatment 
[47,48]. The flexural strength increased up to 20% with an 
addition of 10% of heated bentonite at 750 ͦC. On the other 
hand, the maximum increase of splitting tensile strength is 
about 25% for the mix with 10% heated bentonite at 750 ͦC 
in comparison to the control mixture. The findings of these 
experiments are in line with the conclusion of Xianggyang 
Man et al. [49].

As it is mentioned before, the mechanical properties of 
the mixtures were examined through different experiments. 
For the compressive strength test, specimens were tested 
at 7- and 28-days of age, Figure (9). While for flexure and 
splitting tensile strength tests, specimens were tested at 28 
days of age, Figure (10). The mean of the three specimens of 
each test at each age was calculated. 

Figure (9) shows the mean value of the compressive 
strength of the concrete mixtures at 7 days of age compared 
to the mixtures at 28 days of age are found to be significantly 
different at p<0.01. And that is consistent with the fact that 
compressive strength develops with time. Also, Figure (9) 
shows the mean value of the concrete compressive strength of 
the control mix compared to the mean value of 10% and 20% 
proportions of bentonite are found to be significantly different 
at p<0.01. Reducing cement content reduces compressive 
strength. In contrast, compressive strength develops with 
time. The mean values of the compressive strength of the 
mixtures with 10% and 20% of heated bentonite and Ca-
bentonite are compared to the natural bentonite mixtures 
which are found to be not significantly different at p<0.01. 
Even though the results show that compressive strength is 
developed in all mixtures, it is developed for the mix with 
10% of heated bentonite at 750 ͦ C and Ca-bentonite by about 
28%. On the other hand, it is almost developed by 25% of 
the mixture with 20% of heated bentonite at 750 ͦ C and Ca-
bentonite. This is in line with the previous conclusion, that 
increasing the bentonite affects the development of strength 
at an early age, which is due to the slow pozzolanic reaction. 
Thus, it is expected that the compressive strength of the 
cement-bentonite mixture will increase with time because of 
the continuous reactions.

bentonite at 750 ͦ C. Air content outcomes varied from 1.4% 
to a maximum of 2.4%, the highest values obtained at 20% 
replacement of cement with natural and Ca-bentonite. These 
results again point out the advantage of the heat treatment 
of bentonite, which gives very good results in comparison 
with the control mix. From the initial setting time, it can be 
seen that the initial setting time was increased in mixtures 
containing bentonite and superplasticizer in comparison 
with the control mix, which is expected out of the known 
behavior of pozzolana material [14, 20, and 21].

Figure 9. Compressive strength of concrete mixtures at 7 and 28 
days.

Mix Designation Temperature
( Cͦ)

Slump
(mm)

Fresh Density
(kg/m3)

Air Content
(%)

Initial Setting Time
(hr)

Standards ASTM C 1064 [42] JS 1651-2 [43] JS 1651-6 [44] JS 1651-7 [45] ASTM C 403 [46]

AC 20.3 18 2380 1.5 4:00

BC 20.5 9 2360 2 5:00

CC 20.6 3 2340 2.4 5:30

DC 21.0 15 2380 1.7 4:30

EC 20.5 9 2390 1.6 5:00

FC 20.7 16 2390 1.6 4:30

GC 22.0 12 2380 1.5 5:00

HC 21.8 17 2370 1.6 4:30

JC 21.2 18 2390 1.4 5:00

KC 20.3 12 2390 1.5 5:30

LC 20.9 3 2400 2.3 5:30

Table 8. Concrete Mixtures Fresh Properties
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Figure (11) shows the results of the shrinkage and water 
permeability tests of concrete mixtures at 28 days of the age 
of the 10% and 20% proportions of natural bentonite, heated 
bentonite, and Ca-bentonite and the control mix. The mean 
values of the 10% and 20% proportions of natural bentonite, 
heated bentonite, and Ca-bentonite maintain shrinkage and 
impermeability compared to the mean value of the control 
mix which is found to be significantly different at p<0.01. 
The concrete shrinkage in all cement-bentonite mixtures 
is reduced especially for the mixtures with natural and Ca-
bentonite. The recorded shrinkage of the control mixture at 
28 days is 296-μ strain, whereas it drops to 226 and 206 μ 
strain for the mixture of 10% and 20% of the Ca-bentonite, 
respectively. However, the shrinkage of the heat-treated 
bentonite at 750 ͦC with replacement of 10% and 20% is 287 

and 267 μ strain, respectively. The behavior of the heat-
treated bentonite can be explained by the thermal gravimetric 
analysis, Figure (3). It is indicated that the weight losses of 
bentonite at 250 oC, 550 oC, and 750 ͦC are 92.6%, 91.2%, 
and 88.1%, respectively. Thus, the free water of the bentonite 
is reduced by increasing the heating of the bentonite and so 
the shrinkage increases. Nevertheless, the TGA tests and the 
mechanical experiments of the cement-bentonite mixtures 
point to the stability and durability of the heated bentonite 
at 750 ͦC. Salman Afzal et al. [50] examined the effect of the 
partial replacement of cement by bentonite on autogenous 
shrinkage. The findings of their work are in high agreement 
with the outcomes of the experiment that was attained in 
this study. They concluded that the presence of bentonite 
enhances the relative humidity and then improves concrete 
shrinkage. 

The results of the permeability tests show an improvement 
where the maximum reduction is noticed in the mixture of 
20% of the Ca-bentonite (24.4 mm). These results describe 
the characteristics of bentonite, which is known as a filling 
material. In addition, that improvement in impermeability is 
attributed to the chemical composition of the used bentonite, 
which is mainly composed of SiO2 and Al2O3 (63.8%). 
That chemical characteristic helps increase the rate of the 
hydration process, and thus refine the pores, which lead to 
enhancing the impermeability [25, 26]. 

Figure 10. Flexural and splitting tensile strengths of concrete 
mixtures at 28 days

Figure 11. Shrinkage and permeability of concrete mixtures at 28 days

The manufacturing of cement involves the sintering of 
blended ingredients (limestone, sand, and clay) at 1480 °C in 
a rotary kiln. The high temperature needed for the production 
process makes it an energy-intensive process. The production 
of one ton of cement requires 5-6 GJ of energy from fuel. 
This amount of energy is obtained from the burning of 175 
m3 of natural gas, 263 m3 of LPG, or 6 tons of heavy fuel 

oil. In addition, the process requires 100-200 KW/ton of 
electricity for the motors that derive the rotary kiln and mills. 
On the other hand, calcination of bentonite requires firing at 
550 °C, hence replacing part of the cement with bentonite 
in any proportion will lead to a great reduction in fuel and 
electricity consumption. Tables (9 and 10) show the effects 
of replacing the cement with bentonite. The calculations are 
based on data obtained from a cement factory, in Amman. 

4. Cost analysis 
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The following conclusions can be drawn from the 
experimental results obtained: Bentonite addition decreased 
mortar strength in comparison with the control mix without 
bentonite due to the increase in water need, but it still can be 
used for producing low-strength products with lower cost.

The mortar mixtures containing heated bentonite at 750 
°C achieved good results close to those results achieved by 
OPC alone. The bentonite particles seem to act as a pore-
reducing or filling material.

The Scientific Research Support Fund funded this study. 
The authors would like to express their gratitude to the 
Royal Scientific Society, The University of Jordan, Al-Balqa 
Applied University, and the Ministry of Energy and Mineral 

5. Conclusion

Acknowledgments

The Mixtures Energy consumption Energy reduction

Cement % Bentonite % HFO ton Electricity KW Fuel Electricity

Case 1 100 0 6 130 - -

Case 2 90 10 5.68 123 5% 5%

Case 3 80 20 5.36 116 11% 11%

Case 4 70 30 5.04 109 16% 16%

Case 5 60 40 4.72 102 21% 22%

Case 6 50 50 4.4 95 27% 27%

Table 9. Shows the effect of replacing cement with bentonite up to 50% on the consumption of heavy fuel oil and consumption of electricity.

Table 10. Shows the effect of using bentonite as a substitute for part of the cement on liquid propane gas (LPG) consumption.

The Mixtures Energy consumption Energy reduction

Cement % Bentonite % Fuel LPG Electricity KW Fuel Electricity

Case 1 100 0 263 130 - -

Case 2 90 10 249.7 123 5% 5%

Case 3 80 20 236.4 116 10% 11%

Case 4 70 30 223.1 109 15% 16%

Case 5 60 40 209.8 102 20% 22%

Case 6 50 50 196.5 95 25% 27%

It is evident from the data shown in Tables (9 and 10) that 
replacing cement with bentonite reduces the consumption of 
heavy fuel oil by 5% to 27%, and the LPG by 5% to 25% 
depending on the percentage quantity of bentonite. The 
percentage reduction in electrical power follows the same 
trend. The reduction in fuel quantity (whether it is heavy fuel 
oil, LPG, or any other fossil fuel) with a reduction in electric 
power consumption has a great reflection on the total cost 
of cement. 

In addition, cement manufacturing releases CO2 in the 
atmosphere both directly when calcium carbonate is heated, 
producing lime and carbon dioxide [51], and indirectly 
through the use of energy. The cement industry produces 
about 5% of global man-made CO2 emissions of which 50% 
is from the chemical process and 40% from burning fuel 
[52]. The amount of CO2 emitted by the cement industry is 
nearly 900 kg of CO2 for every 1000 kg of cement produced 
[53]. In comparison with Ordinary Portland Cement (OPC), 
heat-treated bentonite at 550 ºC produces only 16% CO2 from 
burning fuel instead of 40%. The heating of bentonite does 
not produce any CO2 by itself. Therefore, the total amount 
of CO2 emitted by 1000 kg of bentonite produced at 550 ºC 
is 144 kg, and at 750 ºC is 193 kg. Heat-treated bentonite 
partially applies for replacing cement in concrete mixtures to 
reduce CO2. It also has consumed a lower energy requirement 
in production compared to OPC cement.

For concrete mixtures, natural and Ca-treated bentonite 
increase fresh concrete viscosity and as a result increase its 
cohesion and consistency. This property can be very useful 
in the field of self-compaction concrete instead of viscosity 
modifier admixtures where this is mandatory. Using 
natural bentonite instead of a viscosity modifier can reduce 
production costs.

Both flexural and compressive strength was increased by 
20% and 25% respectively for most of the bentonite-concrete 
mixtures. These results can be used for producing products 
where these properties are more critical.

Both natural and Ca-treated bentonite reduce concrete 
shrinkage at an early age due to its expansion nature. Ca-
bentonite behavior was slightly better than natural bentonite 
at the early ages of concrete.

Concrete permeability was highly reduced by using 
bentonite especially Ca treated where permeability was 
reduced by 60%. This is an excellent indication for using this 
material in producing more durable concrete structures or 
concrete components such as curbstone, concrete pipes, or 
even tiles and bricks.

In conclusion, Jordanian clay bentonite has the potential 
to become an alternative for producing more durable concrete 
structures or concrete components such as curbstone, 
concrete pipes, or even tiles and bricks. Furthermore, 
bentonite particles seem to act as a pore-reducing or filling 
material. Consequently, it decreases concrete permeability. 
More investigations shall be conducted on dry mortar 
products and applications using treated bentonite like cement 
plaster, grout, and repair mortar.
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Abstract

1. Introduction

2. Stratigraphy

The present paper is one of a series of studies of 
planktic and benthic foraminiferal assemblages from the 
Maastrichtian-Paleogene succession of the Al Ain area. The 
current work presents a review of the complete record of the 
foraminiferal content of the Late Eocene of the upper part of 
Mazyad Member of the Dammam Formation of the eastern 
limb of Jabal Hafit (the upper part of Tle5 of Hunting, 1979), 
in the Al Ain, UAE (Fig. 1). This succession is composed 
of different lithologies, from base to top: shale, marl, 
phosphatica limestone, shale, marl, glauconitic limestone, 
marl in the top, separated by a conglomeratic limestone as 
an unconformity (P15/P16).  This late Eocene succession 
is compared with the synchronous outcrops in Al Ain-Al 
Buraimi area, west of the Northern Oman Mountains, which 
are located at the border line between the western limb of 
Jabal Malaqet, UAE (Anan, 1995) and J. Qatar, to the east of 
J. Malaqet in the Sultanate of Oman (Abdelghany, 2002). The 
previous studies of the planktic faunal content of the study 
area by Cherif and El Deeb (1984), Cherif et al. (1992), and 
Anan et al. (1992) are also pertinent to the present study.

Five marly samples (nos. 17, 19, 20-22, Fig. 2) were 
collected from about 100 m thick vertical succession of the 
Late Eocene sediments of the eastern limb of Jabal Hafit 
anticline (Lat. 24º 06’ - 24º 09’ N, Long. 55 º 46’-55 º 49’ 
E) along Al Ain-Mazyad asphalted road, which consists 

mainly of marl, as a part of the Middle-Late Eocene Mazyad 
Member of the Dammam Formation, which consists of 
alternated lithologies of shales and marls. These rocks 
are intercalated by phosphatic limestone and glauconitic 
limestone beds (Fig. 3). Thirty two planktic foraminiferal 
species are identified and recorded from the Late Eocene 
(Priabonian) succession of the study area, and twenty-five 
species of them are illustrated in three Plates (1-3). Some 
differences in the definition of the Late Eocene biozonation 
from Al Ain area (around the border line between east UAE 
and west Oman) were made by Cherif and El Deeb (1984) as 
Globorotalia c. cerroazulensis Zone, followed by Cherif et 
al. (1992) as Turborotalia c. cerroazulensis Zone, Anan et al. 
(1992) as Globigerinatheka semiinvoluta and Turborotalia 
c. cerroazulensis Zones, Anan (1995) as Cribrohantkenina 
inflata Zone and C. inflata or younger, and Abdelghany 
(2002) as Turborotalia cunialensis/Cribrohantkenina inflata 
Concurrent-Range Zone. The disappearance of the spinose 
genera Morozovella and Truncorotaloides has been taken by 
many authors (Toumarkine and Luterbacher, 1985; Haggag, 
1990; Anan et al., 1992 ) to mark the Middle/Upper Eocene 
boundary in the tropical and Mediterranean regions. 

The Late Eocene planktic foraminiferal content was 
subdivided early into two zones (Bipartite) by some authors 
(Stainforth et al., 1975; Toumarkine and Luterbacher, 1985; 
Keller, 1985): the lower Globigerinatheka semiinvoluta 
Zone (P 15) and the upper Turborotalia cerroazulensis 
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Thirty two planktic foraminiferal species belonging to seven genera: Catapsydrax (two species), Subbotina (8 species), 
Globigerinatheka (4 species), Cribrohantkenina (1 species), Hantkenina (3 species), Dentoglobigerina (3 species), 
Pseudohastigerina (1 species), Turborotalia (9 species), Chiloguembelina (1 species) of the time interval corresponding to 
the Late Eocene (Priabonian) from the top part of Mazyad Member of the Dammam Formation from the eastern limb of 
Jabal Hafit anticline, Al Ain area, United Arab Emirates (UAE) are identified and twenty five of them are illustrated. The 
taxonomic consideration, biostratigraphic position, and probable phylogeny of these species are presented. The number of the 
Late Eocene planktic foraminifera species in the current study yields a higher number (32 species) than others in or outside 
the Al Ain area, UAE. Three planktic foraminiferal biozones (Tripartite) are recognized in the current study, according 
to the modern biozonation (after Berggren and Pearson, 2005, and Wade et al., 2011), from base to top: Globigerinatheka 
semiinvoluta Zone (E14), G. index Zone (E15), and Hantkenina alabamensis Zone (E16). The temporal distribution is also 
compared with the same stratigraphic horizon in the surrounding areas in Al Ain (UAE and Oman border), and some other 
Tethyan localities. The identified species are recognized in different localities in the Tethys: the Atlantic Ocean (USA, 
Mexico, Trinidad), the Northern Tethys (Spain, France, Italy, Caucasus), and the Southern Tethys (Tanzania, Libya, Egypt, 
Syria, UAE, Oman, Pakistan, India, Indian Ocean, Pacific Ocean, New Zealand, Australia).  
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3. Systematic Paleontology 

The taxonomy followed in this study is that of Pearson 
et al. (2006). Thirty two Late Eocene planktic foraminiferal 
species are identified from the upper part of Mazyad 
Member, Dammam Formation of Jabal Hafit, and twenty 
five of them are illustrated in Plates 1-3. The stratigraphic 
ranges of the identified species are presented in Fig. 3. 

Remarks: This Eocene species has 4 globular chambers 
in the final whorl with slightly inflated bulla extending over 
the umbilicus. It is recorded and illustrated in Al Ain area 
herein, for the first time. It was recorded in the Atlantic 
Ocean, the Northern Tethys (Spain), and the Southern Tethys 
(Tanzania, Libya, Egypt, Syria, India, New Zealand, and in 
the Pacific Ocean).

Remarks: This Middle-Late Eocene species have strongly 
embracing final chamber and a low slit-like aperture with a 
thick lip. Olsson et al. (2006) suggested that it evolved from 
the long-range Eocene S. linaperta. It is recorded in Al Ain 
area before (Anan et al., 1992; Anan, 1995). It was recorded 
in the Atlantic Ocean, the Northern Tethys (Spain, Italy, 
Caucasica), and the Southern Tethys (Egypt, New Zealand, 
Indian Ocean, and New Zealand, Fig. 5).

Remarks: This Middle-Late Eocene species is 
characterized by its obligate bulla with a uniform continuous 
lip bordering the infralaminal apertures. Olsson et al. (2006) 
suggested that this species probably evolved from the Early-
Late Eocene C. unicavus in the Late Eocene. It is recorded in 
Al Ain area before (Anan et al., 1992). It was also recorded 
in the Atlantic Ocean, the Northern Tethys (Spain, France), 
and the Southern Tethys (Tanzania, Libya, Egypt, UAE, 
Pakistan, India, Indian Ocean, and Pacific Ocean (Table 1).

Order: Foraminifera Eichwald, 1830
Suborder: Globigerinina Delage and Hérouard, 1896

Superfamily: Globigerinacea Carpenter, Parker and Jones, 
1862

Family: Globigerinidae Carpenter, Parker and Jones 1862
Genus: Catapsydrax Bolli, Loeblich and Tappan, 1957

Type species: Globigerina dissimilis Cushman and 
Bermúdez, 1937

Catapsydrax dissimilis (Cushman and Bermúdez, 1937)
1937 Globigerinita dissimilis Cushman and Bermúdez, p. 

25, pl. 3, figs. 4-6.
1957 Catapsydrax dissimilis; Bolli et al., 36, pl. 7, fig. 6.

1970 Globigerinita dissimilis; Samanta, p. 35, pl. 6, fig. 1.
1992 Catapsydrax dissimilis; Anan et al., p. 239, fig. 11.13.
1997 Catapsydrax dissimilis; Pearson and Chaisson, p. 57, 

pl. 2, fig. 12.
2000 Catapsydrax dissimilis; Sztràkos, p. 143, pl. 21, figs. 

15,16.
2006 Catapsydrax dissimilis; Olsson et al., p. 71, pl. 5.3, 

figs. 18-20.
2021 Catapsydrax dissimilis; Salama et al., p. 12, fig. 7. K.

Catapsydrax unicavus Bolli, Loeblich and Tappan, 1957
(Pl. 1, fig. 1)

1957 Catapsydrax unicavus Bolli et al., p. 37, pl. 7, fig. 9.
1969 Globigerinita unicava; Samanta, p. 332, pl. 1, fig. 4.
2006 Catapsydrax unicavus; Olsson et al., p. 75, pl. 5.3, 

figs. 1-17.
2006 Catapsydrax unicavus; Hernitz Kučenjak et al., p. 30, 

pl. 1, fig. 10.
2015 Catapsydrax unicavus; Molina, p. 172, fig. 5.

2015 Catapsydrax unicavus; Pearson and Wade, p. 8, fig. 4. 
1-5.

2021 Catapsydrax unicavus; Salama et al., p. 12, fig. 7. M.

Genus Subbotina Brotzen and Pozaryska, 1961
Type species Globigerina triloculinoides Plummer, 1926

Subbotina angiporoides (Hornibrook, 1965)
1965 Globigerina angiporoides Hornibrook, p. 835, figs. 1, 

2.
1968 Globigerina angiporoides; Srinivasan, p. 147, pl. 15, 

fig. 9.
1969 Globigerina angiporoides; Samanta, pl. 330, pl. 3, fig. 

1.
1975 Globigerina angiporoides; Toumarkine and Bolli, p. 

182, pl. 5, figs. 5-7.
1971 Globigerina (Subbotina) a. angiporoides; Jenkins, pl. 

20, figs. 588-594.
1992 Subbotina angiporoides; Anan et al., p. 239, fig. 10.10.
2006 Subbotina angiporoides; Olsson et al., p. 126, pl. 6.6, 

figs. 1-13.
2021Subbotina angiporoides; Salama et al., p. 14, fig. 8. D.

Subbotina corpulenta (Subbotina, 1953)
1953 Globigerina corpulenta Subbotina, p. 101, pl. 9, figs. 

5-7.
1970 Globigerina corpulenta; Samanta, p. 32, pl. 7, figs. 

9,10.
1992 Globigerina corpulenta; Anan et al., p. 239, pl. 10, fig. 

15.
1995 Globigerina corpulenta; Anan, p. 8, pl. 1, fig.11.

2006 Subbotina corpulenta; Olsson et al., p. 75, pl. 6.7, figs. 
1-14.

2006 Subbotina corpulenta; Hernitz Kučenjak et al., p. 30, 
pl. 1, fig. 7.

2015 Subbotina corpulenta; Molina, p. 172, fig. 5.
2015 Subbotina corpulenta; Pearson and Wade, p. 13, fig. 

10. 3, 4.
2021 Subbotina corpulenta; Salama et al., p. 14, fig. 8. G.
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Zone (P16/17), while it was subdivided it into three 
zones (Tripartite) by others (Blow, 1969; Berggren and 
Miller, 1988; Coccioni et al, 1988; Anan, 1995): the lower 
Globigerinatheka semiinvoluta Zone (P15), the middle 
Cribrohantkenina inflata Zone (P16), and the upper 
Turborotalia cerroazulensis Zone (P17), which was based 
on the stratigraphic range of the C. inflata between G. 
semiinvoluta and T. cunialensis. The tripartite subdivisions 
are currently used by different authors (Fig. 4). On the 
other hand, Haggag (1990) introduced the Globigerina 
pseudoampliapertura Zone as an interval from the last 
occurrence of Truncorotaloides rohri to the first appearance 
of Globigerinatheka semiinvoluta and was assigned to the 
Late Eocene in the Egyptian stratigraphy. Three planktic 
foraminiferal conventional biozones are recognized in 
the studied section, from base to top: Globigerinatheka 
semiinvoluta Zone (E14), Globigerinatheka index Zone (E15) 
and Hantkenina alabamensis Zone (E16) of the worldwide 
standard zonation of Berggren and Pearson (2005), Pearson 
et al. (2006), Wade et al. (2011) and Molina (2015).



Remarks: The Subbotina corpulenta Middle-Late Eocene 
species has a larger-size test with 4 globular chambers in 
the final whorl. Stainforth et al. (1975) considered that S. 
corpulenta is a half way between S. eocaena and S. gortanii, 
while it may probably evolve from S. eocaena by Haggag and 
Luterbacher (1991), or from S. hagni by Olsson et al. (2006). 
It is recorded only in E14 in this study. It was recorded in 
the Atlantic Ocean, the Northern Tethys (Spain, France), and 
the Southern Tethys (Tanzania, Egypt, UAE, Oman, India, 
Indian Ocean, and Pacific Ocean).

was also recorded in the Atlantic Ocean, the Northern Tethys 
(Spain, France, Italy, Caucasus), and the Southern Tethys 
(Tanzania, Libya, Egypt, UAE, Oman, India, and Indian 
Ocean).

Remarks: The Middle-Late Eocene Subbotina 
jacksonensis specie is characterized by its much-embracing 
chambers, with a reduced final chamber projecting and 
covering the umbilicus. It was originally recorded from the 
USA, the Northern Tethys (Spain), and the Southern Tethys 
(Egypt). It is recorded and illustrated here, for the first time, 
from Al Ain area.g

Remarks: Subbotina linaperta from the Eocene was 
considered by several authors (e.g. Stainforth et al., 1975; 
Bolli and Saunders, 1985; Haggag and Luterbacher, 1991) 
as the basic stock, from which all Eocene Globigerina 
groups or lineage have been differentiated. Olsson et al. 
(2006) considered S. linaperta belongs to a group of tightly 
coiled subbotinids with a coarse, symmetrical cancellate 
wall texture which include S. velascoensis, S. patagonica, 
S. angiporoides, S. utilisindex. It appears that Early-Late 
Eocene S. linaperta is derived from Early-Middle Eocene 
S. patagonica by flattening of chambers and rotation 
of the aperture to a more extraumbilical position. This 
cosmopolitan species was recorded in Al Ain area, UAE as a 
part of the Southern Tethys (Tanzania, Libya, Egypt, Oman, 
Pakistan, India, Indian Ocean, New Zealand, Pacific Ocean), 
and recorded also in the Northern Tethys (Spain, France, 
Italy, and the Caucasus).

Remarks: Subbotina eocaena recorded here from 
Middle-Late Eocene is characterized by its 3½-4 globular 
embracing chambers in the last whorl, with an embracing 
aperture bordered by a thin irregular lip. It is recorded from 
many localities in the Atlantic Ocean, the Northern Tethys 
(Spain, France, Italy, Caucasus) and the Southern Tethys 
(Tanzania, Libya, Egypt, UAE, Oman, India, Indian Ocean). 

Remarks: The Middle-Late Eocene Subbotina gortanii 
species is characterized by its trochospiral loosely coiled test, 
4 globular loosely embracing chambers in the final whorl 
with a large umbilicus enclosed by surrounding chambers. It 

Subbotina eocaena (Guembel, 1868)
1868 Globigerina eocaena Guembel, p. 662, pl. 2, fig. 109.

1953 Globigerina pseudoeocaena var. pseudoeocaena 
Subbotina, p. 81, pl.5, figs.1, 2.

1953 Globigerina pseudoeocaena var. compacta Subbotina, 
p. 81, pl. 5, fig. 3.

1953 Globigerina pseudoeocaena var. trilobata  Subbotina, 
p. 84, pl. 5, fig. 5.

1969 Globigerina eocaena; Samanta, pl. 330, text- fig. 1.
1975 Globigerina eocaena; Toumarkine and Bolli, p. 180, 

pl. 4, figs. 1, 2.
1992 Globigerina eocaena; Anan et al., p. 239, pl. 10, fig.11.
1992 Globigerina eocaena; Haggag, p. 106, pl. 2, figs. 5,6.
1992 Subbotina eocaena; Cherif et al., p. 46, pl. 1, fig. 36.

1995 Globigerina eocaena; Anan, p. 8, pl. 1, fig. 10.
2000 Subbotina eocaena; Sztràkos, p. 124, pl. 22, fig. 8.

2002 Subbotina eocaena; Abdelghany, p. 214, pl. 1, fig. 7.
2006 Subbotina eocaena; Olsson et al., p. 138, pl. 6.9, figs. 

1-16.
2015 Subbotina eocaena; Molina, p. 172, fig. 5.

2015 Subbotina eocaena; Pearson and Wade, p. 13, fig. 10. 
5-8.

2020 Subbotina eocaena; Anan, p. 497. 
2021 Subbotina eocaena; Salama et al., p. 12, fig. 7. T.

Subbotina jacksonensis (Bandy, 1949)
(Pl. 1, fig. 3)

1949 Globigerina rotundata jacksonensis Bandy, p. 121, pl. 
23, fig. 6.

2006 Subbotina jacksonensis; Olsson et al., p. 146, pl. 6.13, 
figs. 1-20.

2020 Subbotina jacksonensis; Anan, p. 498, pl. 1, fig. 4.

 Subbotina linaperta (Finlay, 1939)
(Pl. 1, fig. 4)

1939 Globigerina linaperta Finlay, p. 125, pl. 23, figs. 54-
57.

1968 Subbotina linaperta; Srinivasan, p. 149, pl. 16, figs. 7, 
10, 11.

1970 Globigerina linaperta; Samanta, p. 33, pl. 6, figs. 19, 
20.

1971 Globigerina (Subbotina) linaperta; Jenkins, p. 162, pl. 
18, figs. 551-554.

1975 Globigerina linaperta; Toumarkine and Bolli, p. 182, 
pl. 5, figs. 1, 2.

1990 Subbotina linaperta; Premoli Silva and Spezzaferri, p. 
312, pl. 2, fig. 2.

1992 Globigerina linaperta; Haggag, p. 106, pl. 2, fig. 4.
2000 Subbotina linaperta; Sztràkos, P. 143.

2002 Subbotina linaperta; Abdelghany, p. 214, pl. 1, figs. 
10-11.

2006 Subbotina linaperta; Olsson et al., p. 149, pl. 6.14, figs. 
1-16.

2015 Subbotina linaperta; Molina, p. 172, fig. 5.
2020 Subbotina linaperta; Anan, p. 498, pl. 1, fig. 5.

2021 Subbotina linaperta; Salama et al., p. 12, fig. 7. W.
Subbotina gortanii (Borsetti, 1959)

(Pl. 1, fig. 2)
1959 Catapsydrax gortanii Borsetti, p. 205, pl. 1, fig. 1.
1969 Globigerina g. gortanii; Blow, p. 320, pl. 17, fig. 1.
1970 Globigerina gortanii; Samanta, p. 32, pl. 7,   figs. 

11,12.
1995 Globigerina gortanii; Anan, p. 8, pl. 1, fig. 12.

2002 Subbotina gortanii; Abdelghany, p. 214, pl. 1, fig. 8.
2006 Subbotina gortanii; Olsson et al., p. 138, pl. 6.10, figs. 

1-17. 
2015 Subbotina gortanii; Molina, p. 172, fig. 5.

2015 Subbotina gortanii; Pearson & Wade, p. 8, fig. 11. 1-8.
2020 Subbotina gortanii; Anan, p. 498, pl. 1, fig. 2.
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Subbotina utilisindex (Jenkins and Orr, 1973)
(Pl. 1, fig. 5)

1973 Globigerina utilisindex Jenkins and Orr, p. 1089, pl. 
10, figs. 6-8.

2000 Subbotina linaperta utilisindex; Sztràkos, p. 143.
2006 Subbotina utilisindex; Olsson et al., p. 161, pl. 6.6, 

figs. 14-20.
2021 Subbotina utilisindex; Salama et al., p. 14, fig. 8. P.

2000 Globigerinatheka i. index; Sztràkos, p. 143, pl. 23, fig. 
3.

2006 Globigerinatheka index; Premoli Silva et al., p. 183, 
pl. 7.5, figs. 1-20.

2013 Globigerinatheka index; Strougo, et al., p. 128, fig. 12. 
L.

2015 Globigerinatheka index; Molina, p. 172, fig. 5.9.

Subbotina yeguaensis (Weinzierl and Applin, 1929)
(Pl. 1, fig. 6)

1929 Globigerina yeguaensis Weinzierl and Applin, p. 409, 
pl. 43, fig. 1.

1968 Subbotina yeguaensis; Srinivasan, p. 149, pl. 16, figs. 
1-4.

1969 Globigerina yeguaensis; Samanta, p. 332, pl. 3, fig. 7.
1992 Globigerina yeguaensis; Anan et al., p. 239, fig. 10.18.
1992 Globigerina yeguaensis; Haggag, p. 106, pl. 2, figs. 7, 

8.
1995 Globigerina yeguaensis; Anan, p. 8, pl. 1, fig. 13.

2006 Globigerina yeguaensis; Olsson et al., p. 162, pl. 6.18, 
figs. 1-16.

2015 Globigerina yeguaensis; Molina, p. 172, fig. 5.
2021 Globigerina yeguaensis; Salama et al., p. 12, fig. 7. Y.

Globigerinatheka luterbacheri Bolli, 1972
(Pl. 1, fig. 8)

1972 Globigerinatheka subconglobata luterbacheri Bolli, p. 
132, pl. 7, fig. 13.

1988 Globigerinatheka luterbacheri; Coccioni et al., p. 75, 
pl. 1, fig. 13.

1990 Globigerinatheka luterbacheri; Premoli Silva and 
Spezzaferri, p. 312, pl. 2, fig. 7.

1992 Globigerinatheka subconglobata luterbacheri; Anan 
et al., p. 239, fig. 10.1.

2006 Globigerinatheka luterbacheri; Premoli Silva et al., p. 
191, pl. 7.4, figs. 9,10,13.16.

2015 Globigerinatheka luterbacheri; Molina, p. 172, fig. 5.

Globigerinatheka semiinvoluta (Keijzer, 1945)
(Pl. 1, fig. 9)

1945, Globigerinoides semi-involutus Keijzer, p. 206, pl. 4, 
fig. 58.

1957 Globigerapsis semiinvoluta; Bolli et al., p. 34, pl. 6, 
fig. 7.

1975 Globigerinatheka semiinvoluta; Toumarkine and Bolli, 
p. 184, pl. 6, figs. 15-24.

1985 Globigerinatheka semiinvoluta; Keller, p. 886, fig. 
4.16.-

1988 Globigerinatheka semiinvoluta; Coccioni et al., p. 75, 
pl. 1, fig. 10.-

1990 Globigerinatheka semiinvoluta; Premoli Silva and 
Spezzaferri, p. 312, pl. 2, fig. 4.

1992 Globigerinatheka semiinvoluta; Anan et al., p. 239, 
fig. 10.9.

1996 Globigerinatheka semiinvoluta; Haggag and Bolli, p. 
368, fig. 3.15-22.

2000 Globigerinatheka semiinvoluta; Sztràkos, p. 144.

Genus Globigerinatheka Brönnimann, 1952
Type species Globigerinatheka barri Brönnimann, 1952

Globigerinatheka index (Finlay, 1939)
(Pl. 1, fig. 7)

1939 Globigerinoides index Finlay, p. 125, pl. 14, figs. 85-
88.

1968 Glopigerapsis index; Srinivasan, p. 149, pl. 16, figs. 
8,9,12.

1985 Globigerinatheka index; Keller, p. 886, fig. 4.15.
1988 Globigerinatheka index; Coccioni et al., p. 75, pl. 1, 

figs. 11, 12.
1990 Globigerinatheka index; Premoli Silva and 

Spezzaferri, p. 311, pl. 1, fig. 8.
1992 Globigerinatheka i. index; Anan et al., p. 239, fig. 

10.6.
1992 Globigerinatheka i. index; Haggag, p. 108, pl. 3, fig. 

12.
1995 Globigerinatheka i. index; Anan, p. 8, pl. 1, fig. 4.

Remarks: This Late Eocene species is characterized by 
its trilobate test, spinose wall, final chamber comprising 
about half of the test, and umbilical-extraumbilical slit-like 
aperture. It is recorded and illustrated, for the first time, in 
the current study. It was recorded in the Northern Tethys 
(France) and also the Southern Tethys (Egypt, Indian Ocean, 
and Pacific Ocean).

Remarks: The Globigerinatheka index species recorded 
from Middle-Late Eocene is characterized by its three 
inflated chambers in the last whorl and the last one making 
almost one-half of the test size, and secondary aperture at 
the base of the last chamber above the sutures of the previous 
chambers usually without bullae. G. index is one of the three 
members of the genus Globigerinatheka in the Late Eocene 
besides G. luterbacheri and G. tropicalis. It is evolved from 
the Middle Eocene G. subconglobata according to Premoli 
Silva et al. (2006). It was recorded in the Atlantic Ocean, the 
Northern Tethys (Spain, France, Italy, Caucasus), and also 
the Southern Tethys (Tanzania, Libya, Egypt, UAE, India, 
Indian Ocean, New Zealand, and the Pacific Ocean).

Remarks: The Middle-Late Eocene species is 
characterized by its robust wall and nearly globular large 
test with numerous secondary apertures mostly without 
bullae. It is recorded only in E14 only. It was recorded in the 
Atlantic Ocean, the Northern Tethys (Spain, Italy), and also 
the Southern Tethys (Egypt, UAE, Indian Ocean and Pacific 
Ocean).

Remarks: The Subbotina yeguaensis Eocene species is 
characterized by its smaller ultimate chamber size than its 
penultimate chamber size. Haggag and Luterbacher (1991) 
considered D. tripartita (Koch) as being developed from S. 
yeguaensis with many transitional forms, while Olsson et al. 
(2006) noted that S. yeguaensis arose in the Early Eocene 
possibly from S. eocaena (Guembel). It was recorded in 
the Atlantic Ocean, the Northern Tethys (Spain, Caucasus), 
and the Southern Tethys (Tanzania, Libya, Egypt, UAE, 
Pakistan, India, Indian Ocean, New Zealand, and the Pacific 
Ocean).
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2006 Globigerinatheka semiinvoluta; Premoli Silva et al., p. 
197, pl. 7.9, figs. 1-15.

2013 Globigerinatheka semiinvoluta; Strougo et al., p. 128, 
fig. 12. M.

2015 Globigerinatheka semiinvoluta; Molina, p. 172, fig. 
5.10,11.

2021 Globigerinatheka semiinvoluta; Salama et al., p. 14, 
fig. 8. V1-V3.

 Globigerinatheka tropicalis (Blow and Banner, 1962)
1962 Globigerinoides tropicalis Blow and Banner, p. 124, 

pl. 15, figs. D-F.
1970 Globigerapsis tropicalis; Samanta, p. 35, pl. 6, figs. 

21-23.
1972 Globigerinatheka index tropicalis; Bolli, p. 127, text-

figs. 58-59.
1990 Globigerinatheka tropicalis; Premoli Silva and 

Spezzaferri, p. 311, pl. 1, fig. 9.
1992 Globigerinatheka index tropicalis; Anan et al., p. 239, 

fig. 10.8.
2000 Globigerinatheka index tropicalis; Sztràkos, p. 143.
2006 Globigerinoides tropicalis; Premoli Silva et al., p. 

204, pl. 7.3, figs. 9-16.
2015 Globigerinatheka index tropicalis; Molina, p. 172, fig. 

5.
2013 Globigerinatheka tropicalis; Strougo et al., p. 128, fig. 

12. I.
2020 Globigerinatheka tropicalis; Anan, p. 498, pl. 1, fig. 9.

Genus Hantkenina Cushman, 1924
Type species Hantkenina alabamensis Cushman, 1924

Hantkenina alabamensis Cushman, 1924
(Pl. 2, fig. 11)

1924 Hantkenina alabamensis Cushman, p. 3, pl. 1, figs. 
1-6.

1968 Hantkenina alabamensis; Srinivasan, p. 145, pl. 13, 
figs. 5, 6, 9.

1970 Hantkenina alabamensis; Samanta, p. 37, pl. 7, fig. 8.
1975 Hantkenina alabamensis; Toumarkine and Bolli, p. 

174, pl. 1, figs. 10-13.
1975 Hantkenina alabamensis; Martinez-Gallego and 

Molina, p. 180.
1985 Hantkenina alabamensis; Keller, p. 886, fig. 3. 9,10.
1988 Hantkenina alabamensis; Coccioni, p. 85, pl. 1, figs. 

1-9.
1990 Hantkenina alabamensis; Premoli Silva and 

Spezzaferri, p. 311, pl. 1, figs. 4-6.
1992 Hantkenina alabamensis; Anan et al., p. 239, fig. 8.6.
1992 Hantkenina alabamensis; Haggag, p. 106, pl. 2, fig. 3.

1995 Hantkenina alabamensis; Anan, p. 8, pl. 1, fig. 16.

Family Hantkeninidae Cushman, 1927
Genus Cribrohantkenina Thalmann, 1942

Type species Hantkenina (Cribrohantkenina) bermudezi 
Thalmann, 1942

Cribrohantkenina inflata (Howe, 1928)
(Pl. 2, fig. 10)

1928 Hantkenina inflata Howe, p. 14, pl. 14, fig. 2.
1969 Cribrohantkenina inflata; Samanta, p. 337, pl. 1, fig. 

11.

1975 Cribrohantkenina inflata; Martinez-Gallego and 
Molina, p. 178, pl. 1, fig. 2.

1988 Cribrohantkenina inflata; Coccioni, p. 87, pl. 2, figs. 
9-12; pl. 3, figs. 1-8 .

1990 Cribrohantkenina inflata; Premoli Silva and 
Spezzaferri, p. 311, pl. 1, fig. 7.

1992 Cribrohantkenina inflata; Anan et al., p. 236, fig. 8.8.
1992 Cribrohantkenina inflata; Cherif et al., p. 46, pl. 1, fig. 

32.
1995 Cribrohantkenina inflata; Anan, p. 8, pl. 1, figs. 14, 

15.
1997 Cribrohantkenina inflata; Pearson and Chaisson, p. 

57, pl. 2, fig. 9.
2002 Cribrohantkenina inflata; Abdelghany, p. 215, pl. 2, 

figs. 3-6.
2006 Cribrohantkenina inflata; Coxall and Pearson, p. 226, 

pl. 8.3, figs. 1-14.
2006 Cribrohantkenina inflata; Hernitz Kučenjak et al., p. 

32, pl. 2, fig. 7.
2015 Cribrohantkenina inflata; Molina, p. 173, fig. 6.2.

2015 Cribrohantkenina inflata; Pearson and Wade, p. 20, 
fig. 22. 1-3; fig. 23. 1-21.

2018 Cribrohantkenina inflata; Anan, p. 124, fig. 5a.

Remarks: Globigerinatheka semiinvoluta early Late 
Eocene [E14] species is characterized by its globular 
test, inflated enveloping last chamber, and large circular 
height secondary apertures. It is recorded in the upper 
part of the Mazyad Member of the Dammam Formation. 
G.  semiinvoluta was recorded in the Atlantic Ocean, the 
Northern Tethys (Spain, France, Italy, Caucasus) and in the 
Southern Tethys (Tanzania, Libya, Egypt, UAE, Indian and 
Pacific Oceans).

Remarks: The genus Cribrohantkenina is regarded as a 
monotypic genus. Blow (1969), Toumarkine and Luterbacher 
(1985), Anan (1995, 2018), Coxall and Pearson (2006), 
and Pearson and Wade (2015) consider this genus to have 
evolved from the genus Hantkenina Cushman (1924). The 
Late Eocene species C. inflata is distinguished from all other 
hantkeninids by the presence of one or more areal secondary 
circular apertures with lips in the final adult chamber. It was 
recorded in the low-mid latitudes: the Atlantic Ocean, the 
Northern Tethys (Spain, Italy), and also the Southern Tethys 
(Egypt, UAE, India, Indian Ocean). Anan (1995) presented 
a map (Fig. 6) showing the distribution of C. inflata in six 
localities in the world (between 40º N-20ºS): the Atlantic 
Ocean, the Northern Tethys (Spain, Italy, Caucasus), the 
Southern Tethys (UAE, Oman, and India).

Remarks: The Middle-Late Eocene Globigerinatheka 
tropicalis species is characterized mainly by its mainly 
sub-circular secondary apertures with rims. Blow (1969) 
considered it to be largely restricted to cooler water, but 
Bolli (1972) extends its distribution to mid-latitudes. Anan 
(1995) noted the presence of keels (T. cunialensis), accessory 
apertures (Globigerinatheka members), and tubular spines 
(Hantkenina members), which predominant in tropical 
warm-temperature regions. He suggested that in the Late 
Eocene time, the UAE had been in the tropical belt. This 
species was recorded in the Atlantic Ocean, the Northern 
Tethys (Spain, France, Italy, Caucasus), and the Southern 
Tethys (Tanzania, Libya, Egypt, UAE, India, Indian Ocean, 
New Zealand, and the Pacific Ocean).
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1997 Hantkenina alabamensis; Pearson and Chaisson, p. 61, 
pl. 1, fig. 8.

2000 Hantkenina alabamensis; Sztràkos, p. 143.
2006 Hantkenina alabamensis; Coxall and Pearson, p. 230, 

pl. 8.4, figs. 1-14.
2015 Hantkenina alabamensis; Pearson and Wade, p. 22, 

fig. 24.1-6.
2015 Hantkenina alabamensis; Molina, p. 172, fig. 5.
2018 Hantkenina alabamensis; Anan, p. 125, fig. 5b.

2020 Hantkenina alabamensis; Anan, p. 499, pl. 1, fig. 11.

Family Globoquadrinidae Blow, 1979
Genus Dentoglobigerina Blow, 1979

Type species Globigerina galavisi Bermúdez, 1961
Dentoglobigerina galavisi (Bermúdez, 1961)

(Pl. 2, fig. 14)
1961 Globigerina galavisi Bermúdez, p. 1183, pl. 4, fig. 3.
1975 Globigerina galavisi; Toumarkine and Bolli, p. 72.
2006 Dentoglobigerina galavisi; Olsson et al., p. 403, pl. 

13.1, figs. 1-16.
2006 Dentoglobigerina galavisi; Hernitz Kučenjak et al., p. 

30, pl. 1, fig. 11.
2015 Dentoglobigerina galavisi; Molina, p. 172, fig. 5.

2015 Dentoglobigerina galavisi; Pearson and Wade, p. 17, 
fig. 15.1-8.

2021 Dentoglobigerina galavisi; Salama et al., p. 12, fig. 7. 
N.

Dentoglobigerina pseudovenezuelana (Blow and Banner, 
1962)

(Pl. 2, fig. 15)
1962 Globigerina yeguaensis pseudovenezuelana Blow and 

Banner, p. 100, pl. 11, figs. J-L.
1992 Globigerina pseudovenezuelana; Anan et al., p. 239, 

fig. 11.1.
2006 Dentoglobigerina pseudovenezuelana; Olsson et al., p. 

404, pl. 13.2, figs. 1-16.
2008 Dentoglobigerina pseudovenezuelana; Wade and 

Pearson, p. 249, fig. 5.
2015 Dentoglobigerina pseudovenezuelana; Molina, p. 172, 

fig. 5.
2015 Dentoglobigerina pseudovenezuelana; Pearson and 

Wade, p. 18, fig. 17.1-6.
2021 Dentoglobigerina pseudovenezuelana; Salama et al., 

p. 12, fig. 7. O.

 Dentoglobigerina tripartita (Koch, 1926)
(Pl. 2, fig. 16)

1926 Globigerina bulloides var. tripartita Koch, p. 742, fig. 
21.

1975 Globigerina tripartita; Toumarkine and Bolli, p. 180, 
pl. 4, figs. 3,4.

Hantkenina compressa Parr, 1947
(Pl. 2, fig. 12)

1947 Hantkenina compressa Parr, p. 46, text-figs. 1-7.
2006 Hantkenina compressa; Coxall and Pearson, p. 233, pl. 

8.6, figs. 1-21.
2015 Hantkenina compressa; Molina, p. 173, fig. 6.
2018 Hantkenina compressa; Anan, p. 127, fig. 5d.

2020 Hantkenina compressa; Anan, p. 499.

Hantkenina primitiva Cushman and Jarvis, 1929
(Pl. 2, fig. 13)

1929 Hantkenina alabamensis Cushman var. primitiva 
Cushman and Jarvis, p. 16, pl. 3, figs. 2, 3.

1969 Hantkenina primitiva; Samanta, p. 340, pl. 1, fig. 9.
1992 Hantkenina primitiva; Anan et al., p. 236, fig. 8.7.

2006 Hantkenina primitiva; Coxall and Pearson, p. 250, pl. 
8.12, figs. 1-20.

2015 Hantkenina primitiva; Molina, p. 173, fig. 6.
2015 Hantkenina primitiva; Pearson and Wade, p. 23, fig. 

25. 5-9.
2018 Hantkenina primitiva; Anan, p. 127, fig. 5f.

Remarks: Coxall et al. (2003) revealed that the Middle-
Late genus Hantkenina was evolved gradually from 
the clavata species Clavigerinella eocenica (Nuttall), 
and contrary to the long-held view it is related to the 
genus Pseudohastigerina (Banner and Blow). The genus 
Hantkenina  Cushman (1924) is characterized by having 
tubulospine on some or all of the chambers in the adult 
whorls. The cosmopolitan Middle-Late Eocene species 
H. alabamensis is the most advanced representative of the 
genus. It was recorded in the low-mid latitudes: the Atlantic 
Ocean, the Northern Tethys (Spain, France, Italy, Caucasus) 
and also the Southern Tethys (Tanzania, Libya, Egypt, Syria, 
UAE, India, Indian Ocean, and New Zealand).

added. Coxall and Pearson (2006) noted that this species 
might have evolved from H. compressa at the base of Middle 
Eocene E13 (Morozovella crassata Zone). It was recorded in 
the Atlantic Ocean, the Northern Tethys (Spain, Italy) and the 
Southern Tethys (Tanzania, Libya, Egypt, UAE and India).

Remarks: Dentoglobigerina galavisi Middle-Late 
Eocene species is characterized by 3½ nearly globular 
chambers in the final whorl with a small umbilicus enclosed 
by surrounding chambers. It is recorded and illustrated in 
the study section, for the first time, in UAE. It was recorded 
in the Atlantic Ocean, the Northern Tethys (Spain, Italy, 
Caucasus) and also the Southern Tethys (Tanzania, Libya, 
Egypt, Syria, UAE, Indian Ocean and Pacific Ocean).

Remarks: Dentoglobigerina pseudovenezuelana Late 
Eocene species is characterized by its embracing 3¼ 
chambers in the last whorl, which led to a compact subcircular 
test. Olsson et al. (2006) regarded that this species evolved 
from D. galavisi. It was recorded in the Northern Tethys 
(Spain, Caucasus) and also the Southern Tethys (Tanzania, 
Egypt and UAE).

Remarks: The Hantkenina compressa Middle-Late 
Eocene species is characterized by its more laterally 
compressed chambers than H. alabamensis. The final 
2-3 chambers are in contact with the posterior wall of the 
adjacent chambers. Coxall and Pearson (2006) noted that 
this species is intermediate in morphology between Middle 
Eocene H. dumblei  and Middle-Late Eocene H. alabamensis 
and overlaps stratigraphically with them both, and the 
morphospecies of the latter species and H. compressa seem 
to be linked by a continuous gradation of morphology. It was 
recorded in the Atlantic Ocean, the Northern Tethys (Spain, 
Italy) and also the Southern Tethys (Tanzania, Egypt, UAE 
and Australia).

Remarks: Hantkenina primitiva Middle-Late Eocene 
species has 5-6 compressed polygonal chambers extending 
into hollow tubulospine and increasing steadily in size as 
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1992 Globigerina tripartita; Anan et al., p. 239, fig. 11. 5.
1992 Globigerina tripartita; Haggag, p. 104, pl. 1, fig. 16.

2000 Subbotina tripartita; Sztràkos, p. 143.
2006 Globigerina tripartita; Hernitz Kučenjak et al., p. 36, 

pl. 4, fig. 4.
2006 Dentoglobigerina tripartita; Olsson et al., p. 408, pl. 

13.3, figs. 1-16.
2015 Dentoglobigerina tripartita; Molina, p. 172, fig. 5.

2021 Dentoglobigerina tripartita; Salama et al., p. 12, fig. 
7. Q.

Turbrotalia cerroazulensis (Cole, 1928)
(Pl. 2, fig. 18)

1928 Globigerina cerro-azulensis Cole, p. 217, pl. 32, figs. 
11-13.

1970 Globigerina cerro-azulensis; Samanta, p. 36, pl. 6, 
figs. 24,25.

1970 Globorotalia c. cerroazulensis; Toumarkine and Bolli, 
p. 144, pl. 1, figs. 19-24.

1979 Globorotalia (Turborotalia) cerroazulensis; Blow, p. 
1054, pl. 242, figs. 1-7.

1985 Globorotalia c. cerroazulensis; Toumarkine and 
Luterbacher, p. 137, figs. 34.3-4. 

1985 Globorotalia cerroazulensis; Keller, p. 886, fig. 9-11.
1992 Globorotalia c. cerroazulensis; Anan et al., p. 236, fig. 

9.6.
1992 Turbrotalia c. cerroazulensis; Haggag, p. 106, pl. 2, 

Genus Turborotalia Cushman and Bermúdez, 1949
Type species Globorotalia centralis Cushman and 

Bermúdez, 1937
Turbrotalia ampliapertura (Bolli, 1957)

(Pl. 2, fig. 17)
1957 Globigerina ampliapertura Bolli, p. 108, pl. 22, figs. 

4-6.
1968 Globigerina ampliapertura; Srinivasan, p. 147, pl. 16, 

figs. 5, 6.
1970 Globigerina ampliapertura; Samanta, p. 31, pl. 6, figs. 

9,10, pl.7, figs. 1, 2.
1975 Globigerina ampliapertura; Toumarkine and Bolli, p. 

180, pl. 4, figs. 17, 18.
1985 Globigerina ampliapertura; Keller, p. 886, fig. 3. 

14,15.
1992 Globigerina ampliapertura; Cherif et al., p. 46, pl. 1, 

fig. 34.
1992 Globigerina ampliapertura; Anan et al., p. 239, fig. 

11. 9.
1990 “Globigerina” ampliapertura; Premoli Silva and 

Spezzaferri, p. 312, pl. 2, fig. 1.
2006 Turbrotalia ampliapertura; Pearson et al., p. 441, pl. 

15.2, figs. 1-20.
2006 Turbrotalia ampliapertura; Hernitz Kučenjak et al., p. 

32, pl. 2, figs. 10.
2008 Turbrotalia ampliapertura; Wade and Pearson, p. 249, 

fig. 5.
2015 Turbrotalia ampliapertura; Pearson and Wade, p. 23, 

fig. 27. 1-6.
2021 Turbrotalia ampliapertura; Salama et al., p. 10, fig. 6. 

M, p. 14, fig. 8. B.

Family Hedbergellidae Loeblich and Tappan, 1961
Genus Pseudohastigerina Banner and Blow, 1959

Type species Nonion micrus Cole, 1927
Pseudohastigerina micra (Cole, 1927)

1927 Nonion micrus Cole, p. 22, pl. 5, fig. 12.
1957 Hastigerina micra; Bolli, p. 161, pl. 35, fig. 2.

1959 Pseudohastigerina micrus; Banner and Blow, p. 19, 
fig. 4.1-9.

1969 Pseudohastigerina micrus; Samanta, p. 342, pl. 1, fig. 
6.

1975 Pseudohastigerina micrus; Toumarkine and Bolli, p. 
174, pl. 1, figs. 1, 2.

1975 Pseudohastigerina micrus; Martinez-Gallego and 
Molina, p. 181, pl. 2, fig. 1.

1985 Pseudohastigerina micrus; Keller, p. 886, fig. 3.3,4.
1988 Pseudohastigerina micrus; Coccioni et al., p. 75, pl. 1, 

figs. 14, 15.
1992 Pseudohastigerina micrus; Anan et al., p. 242, fig. 8,9.
1992 Pseudohastigerina micrus; Haggag, p. 106, pl. 2, figs. 

1,2 .
2000 Pseudohastigerina micrus; Sztràkos, p. 143.

2002 Pseudohastigerina micrus; Abdelghany, p. 214. pl. 2, 
figs. 1,2.

2006 Pseudohastigerina micrus; Hernitz Kučenjak et al., p. 
30, pl. 1, fig. 5.

2008 Pseudohastigerina micrus; Olsson and Hemleben, p. 
422, pl. 14.3, figs. 11-24.

2008 Pseudohastigerina micrus; Wade and Pearson, p. 249, 
fig. 5.

2015 Pseudohastigerina micrus; Molina, p. 172, fig. 5, p. 
173, fig. 6.4.

2015 Pseudohastigerina micra; Pearson and Wade, p. 23, 
fig. 26. 1-7.

2020 Pseudohastigerina micra; Anan, p. 500.
2021 Pseudohastigerina micra; Salama et al., p. 12, fig. 7. 

Z2.

Remarks: Dentoglobigerina tripartita Middle-Late 
Eocene species is characterized by its compact test with 
3 chambers increasing rapidly in size in the last whorl, 
the final chamber hangs over the umbilicus. Olsson et al. 
(2006) regarded that this species evolved from D. galavisi. 
It was recorded in the Northern Tethys (Spain, France, 
Italy, Caucasus) and also Southern Tethys (Tanzania, Libya, 
Egypt, Syria, UAE, India, Indian and Pacific Oceans).

Remarks: This Turbrotalia ampliapertura Late Eocene 
species is characterized by its high trochospiral test with 
normally four globular chambers in the last whorl, with a 
high arched wide umbilical-extraumbilical aperture. Pearson 
et al. (2006) regarded this species evolved from Middle-Late 
Eocene T. increbescens (Bandy). It was recorded in the 
Atlantic Ocean, the Northern Tethys (Italy, Caucasus) and 
the Southern Tethys (Tanzania, Libya, Egypt, Syria, UAE, 
India, Indian Ocean, New Zealand and Pacific Ocean).

and Ponton). This cosmopolitan species was recorded in the 
many Tethyan localities, i.e.. USA, Mexico, Trinidad, Spain, 
France, Italy, Egypt, Syria, UAE and India.

Remarks: This Eocene species is characterized by its 
planispiral compressed test with 6-7 globular chambers, 
an equatorial symmetrical circular aperture bordered by 
a narrow lip. Olsson and Hemleben (2006) considered it 
evolved from Early-Middle Eocene P. wilcoxensis (Cushman 
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fig. 12.
1995 Turbrotalia c. cerroazulensis; Anan, p. 8, pl. 1, fig. 7.

2000 Turbrotalia c. cerroazulensis; Sztràkos, p. 142.
2006 Turbrotalia cerroazulensis; Pearson et al., p. 442, pl. 

15.3, figs. 1-20.
2006 Turbrotalia cerroazulensis; Hernitz Kučenjak et al., p. 

32, pl. 2, figs. 4,5.
2008 Turbrotalia cerroazulensis; Wade and Pearson, p. 249, 

fig. 5.
2015 Turbrotalia cerroazulensis; Molina, p. 172, fig. 5.

2013 Turbrotalia cerroazulensis; Strougo et al., p. 128, fig. 
12. D.

2015 Turbrotalia cerroazulensis; Pearson and Wade, p. 24, 
fig. 28. 1-4.

2020 Turbrotalia cerroazulensis; Anan, p. 500, pl. 2, fig. 
20.

2021 Turbrotalia cerroazulensis; Salama et al., p. 10, fig. 6. 
H1, H2.

Turbrotalia cunialensis (Toumarkine and Bolli, 1970)
(Pl. 3, fig. 21)

1970 Globorotalia cerroazulensis cunialensis Toumarkine 
and Bolli, p. 144, pl. 1, figs. 37-39.

1985 Globorotalia cerroazulensis cunialensis; Keller, p. 
886, fig. 4.1-4.

1988 Turbrotalia cunialensis; Coccioni et al., p. 75, pl. 1, 
figs. 7-9.

1992 Turbrotalia cerroazulensis cunialensis; Anan et al., p. 
236, fig. 9. 8.

1995 Turbrotalia cerroazulensis cunialensis; Anan, p. 8, pl. 
1, fig. 1.

2000 Turbrotalia cerroazulensis cunialensis; Sztràkos, p. 
142.

2002 Turbrotalia cunialensis; Abdelghany, p. 214, pl. 1, 
figs. 3, 4.

2006 Turbrotalia cunialensis; Pearson et al., p. 450, pl. 15.4, 
figs. 13-17.

2015 Turbrotalia cunialensis; Molina, p. 173, fig. 6.
2015 Turbrotalia cunialensis; Pearson and Wade, p. 25, fig. 

29. 1-11.
2021 Turbrotalia cunialensis; Salama et al., p. 10, fig. 6. J.

2021 Turbrotalia cocoaensis; Salama et al., p. 10, fig. 6. I1, 
I2.g

Turbrotalia cocoaensis (Cushman, 1928)
(Pl. 3, fig. 19)

1928 Globorotalia cocoaensis Cushman, p. 75, pl. 10, fig. 3.
1975 Globorotalia cerroazulensis cocoaensis; Toumarkine 

and Bolli, p. 176, pl. 2, figs. 16-18.
1985 Globorotalia cerroazulensis cocoaensis; Keller, p. 

886, fig. 4.5-7.
1992 Turbrotalia cerroazulensis cocoaensis; Anan et al., p. 

236, fig. 9.7.
1995 Turbrotalia cerroazulensis cocoaensis; Anan, p. 8, pl. 

1, fig. 2.
1997 Turbrotalia cocoaensis; Pearson and Chaisson, p. 65.
2000 Turbrotalia cerroazulensis cocoaensis; Sztràkos, p. 

142.
2002 Turbrotalia cocoaensis; Abdelghany, p. 214, pl. 1, figs. 

1, 2.
2006 Turbrotalia cocoaensis; Hernitz Kučenjak et al., p. 32, 

pl. 2, figs. 1, 2.
2006 Turbrotalia cocoaensis; Pearson et al., p. 446, pl. 15.4, 

figs. 1-12.
2008 Turbrotalia cocoaensis; Wade and Pearson, p. 249, 

fig. 5.
2015 Turbrotalia cocoaensis; Molina, p. 172, fig. 5, p. 173, 

fig. 6.3.
2015 Turbrotalia cocoaensis; Pearson and Wade, p. 24, fig. 

28. 5-13.

Turbrotalia sp.
(Pl. 3, fig. 20)

Transition specimen between Turbrotalia cocoaensis 
(Cushman) and Turbrotalia cunialensis (Toumarkine and 

Bolli), Globigerinatheka index Zone (E15), Late Eocene, J. 
Hafit, UAE.

Turbrotalia increbescens (Bandy, 1949)
(Pl. 3, fig. 22)

1949 Globigerina increbescens Bandy, p. 120, pl. 23, fig. 3.
1962 Globorotalia (Turborotalia) increbescens; Blow 
and Banner, p. 118, pl. 13, figs. T-V. 1968 Turbrotalia 

increbescens; Srinivasan, p. 146, pl. 14, figs. 5-7.

Remarks: Toumarkine and Bolli (1970) introduced a 
Middle-Late Eocene Turbrotalia cerroazulensis lineage 
to include a series of six subspecies, and four of them are 
recorded in the Late Eocene: T. pomeroli, T. cerroazulensis, 
T. cocoaensis and T. cunialensis, while the other two 
subspecies T. frontosa and T. possagnoensis normally exist 
at a lower stratigraphic level than Late Eocene. The Middle-
Late Eocene T. cerroazulensis species is characterized by 
its moderate trochospiral test, conical shape in side view, 
flat spiral side, and a broad arched aperture. Pearson et al. 
(2006) considered this species evolved from the Middle-Late 
Eocene T. pomeroli. It was recorded in the Atlantic Ocean, 
the Northern Tethys (Spain, France, Italy, Caucasus) and also 
the Southern Tethys (Tanzania, Libya, Egypt, Syria, UAE, 
India, Indian Ocean, New Zealand and Pacific Ocean).

Remarks: This Turbrotalia cocoaensis Middle-Late 
Eocene species is characterized by its low to moderate 
trochospiral biconvex test with 4-5 chambers in the last 
whorl. It distinguished from T. cerroazulensis by having a 
distinctly acute periphery to the final chamber as seen in the 
side view and evolved from it. It was recorded in the Atlantic 
Ocean, the Northern Tethys (Spain, France, Italy, Caucasus) 
and also the Southern Tethys (Tanzania, Libya, Egypt, Syria, 
UAE, India, Indian and Pacific Oceans).

Remarks: The Late Eocene Turbrotalia sp. resembles T. 
cocoaensis with acute periphery in the last final chamber but 
without a keel, on one hand, and resemble T. cunialensis in 
having weak raised keel in the first two chambers, on the 
other hand. It is recorded and illustrated, for the first time, in 
the current study.

Remarks: Turbrotalia cunialensis Late Eocene species is 
characterized by its strongly compressed biconvex test with 
keel around periphery. It distinguished from T. cocoaensis by 
having a distinctly keel around periphery, and evolved from 
it. It was recorded in the Atlantic Ocean, the Northern Tethys 
(France, Italy) and also the Southern Tethys (Tanzania, 
Egypt, UAE, Oman, India and Indian Ocean).
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1970 Globorotalia (Turborotalia) increbescens; Samanta, p. 
36, pl. 6, fig. 26, 27. 

1985 Globorotalia increbescens; Keller, p. 886, fig. 3. 16.
1992 Globorotalia (Turborotalia) increbescens; Cherif et 

al., p. 50, pl. 3, fig. 2.
2000 Turbrotalia increbescens; Sztràkos, p. 142.

2006 Turbrotalia increbescens; Pearson et al., p. 453, pl. 
15.6, figs. 1-15.

2006 Turbrotalia increbescens; Hernitz Kučenjak et al., p. 
32, pl. 2, figs. 11.

2015 Turbrotalia increbescens; Pearson and Wade, p. 25, 
fig. 27. 7-8.

2021 Turbrotalia increbescens; Salama et al., p. 10, fig. 6. 
L.

Turborotalia pseudoampliapertura (Blow and Banner, 
1962)

(Pl. 3, fig. 24)
1962 Globigerina pseudoampliapertura Blow and Banner, 

p. 95, pl. 12, figs. A-C.
1968 Globigerina ampliapertura pseudoampliapertura; 

Srinivasan, p. 147, pl. 17, figs. 4-6.
1969 Globigerina pseudoampliapertura; Samanta, p. 331, 

pl. 1, fig. 13.
1990 Turborotalia pseudoampliapertura; Premoli Silva and 

Spezzaferri, p. 312, pl. 2, figs. 3,5.
1992 Turborotalia pseudoampliapertura; Anan et al., p. 

236, fig. 9.10.
1995 Turborotalia p. pseudoampliapertura; Haggag and 

Luterbacher, p. 41, pl. 3, figs. 5-8. 
1995 Turborotalia pseudoampliapertura; Anan, p. 8, pl. 1, 

fig. 6.
2013 Turborotalia pseudoampliapertura; Strougo et al., p. 

128, fig. 12. F-G.

Turborotalia sinaiensis Haggag and Luterbacher, 1995
(Pl. 3, fig. 25)

1995 Turborotalia pseudoampliapertura sinaiensis Haggag 
and Luterbacher, p. 41, pl. 3, figs. 1-4.

2013 Turborotalia sinaiensis; Strougo et al., p. 128, fig. 12. 
H.

Turborotalia pomeroli (Toumarkine and Bolli, 1970)
(Plate 3, figure 23)

1970 Globorotalia cerroazulensis pomeroli Toumarkine and 
Bolli, p. 140, pl. 1, figs. 10-18.

1988 Turborotalia pomeroli; Coccioni et al., p. 75, pl. 1, 
figs. 1-3.

1992 Globorotalia (Turborotalia) cerroazulensis pomeroli; 
Cherif et al., p. 50, pl. 3, fig. 1.

1992 Turborotalia cerroazulensis pomeroli; Haggag, p. 106, 
pl. 2, fig. 12.

1995 Turborotalia cerroazulensis pomeroli; Anan, p. 8, pl. 
1, fig. 8.

2000 Turborotalia cerroazulensis pomeroli; Sztràkos, p. 
142, pl. 23, fig. 14.

2006 Turborotalia cerroazulensis pomeroli; Pearson et al., 
p. 454, pl. 15.7, figs. 10-20.

2006 Turborotalia cerroazulensis pomeroli; Hernitz 
Kučenjak et al., p. 32, pl. 2, fig. 8.

2013 Turborotalia cerroazulensis pomeroli; Strougo et al., 
p. 128, fig. 12. C.

2015 Turborotalia cerroazulensis pomeroli; Molina, p. 172, 
fig. 5.

2020 Turborotalia pomeroli; Anan, p. 500, pl. 2, fig. 21.
2021 Turbrotalia pomeroli; Salama et al., p. 10, fig. 6. K.

Remarks: Turbrotalia increbescens Middle-Late Eocene 
species is characterized by its highly trochospiral test 
including 4 globular chambers in the last whorl with a rounded 
periphery, a broad arched aperture in an intra-extraumbilical 
position. It differs from T. cerroazulensis by having a round 
periphery, fewer and fewer chambers, and more globular 
test shape. Pearson et al. (2006) regarded that this species 
is intermediate in morphology between T. pomeroli and T. 
ampliapertura and evolved from T. pomeroli in the Middle 
Eocene. It was recorded in the Atlantic Ocean, the Northern 
Tethys (Spain, France, Caucasus), and the Southern Tethys 
(Tanzania, Libya, Egypt, Syria, UAE, India, Indian Ocean, 
New Zealand and Pacific Ocean).

Remarks: Turborotalia pseudoampliapertura Middle-
Late Eocene species is characterized by its moderate 
trochospiral test with 4 globular chambers increasing 
moderately in size, a broader arched aperture in umbilical-
extraumbilical position than T. pomeroli. Haggag and 
Luterbacher (1991) introduced in a younger part of the 
Middle –Late Eocene a Turborotalia pseudoampliapertura 
lineage, which includes T. pomeroli, T. nukhulensis, 
T. pseudoampliapertura, T. sinaiensis. The members 
of T. pseudoampliapertura lineage flourish those of T. 
cerroazulensis lineage become rare or disappear. Haggag 
and Luterbacher (1995) regarded that this species evolved 
from their T. nukhulensis in the late Middle Eocene and 
was ancestral to their T. sinaiensis. Two only members of 
T. pseudoampliapertura lineage are recorded in the study 
section: T. pseudoampliapertura T. sinaiensis, while T. 
nukhulensis was recorded in Jabal Malaqet section, Al 
Ain area, UAE (Anan, 1995). T. pseudoampliapertura 
was used by Haggag (1992) as a zonal marker for her ‘T. 
pseudoampliapertura Zone’, which she considered as to be 
located between the Truncorotaloides rohri Zone (P14=E13) 
and Globigerinatheka semiinvoluta Zone (P15=E14). T. 
pseudoampliapertura was recorded, so far, in the Southern 
Tethys (Libya, Egypt, UAE, India, Indian Ocean and New 
Zealand).

Tethys (Tanzania, Libya, Egypt, Syria, UAE, India and 
Pacific Ocean).

Remarks: The Turbrotalia pomeroli Middle-Late Eocene 
species is characterized by its moderate trochospiral test 
with 4 globular chambers increasing moderately in size, a 
broad arched aperture in umbilical-extraumbilical position. 
Pearson et al. (2006) regarded that this species evolved from 
T. frontosa in the Middle Eocene and was ancestral to T. 
cerroazulensis and T. increbescens. It was recorded in the 
Northern Tethys (Spain, France, Italy) and the Southern 

Remarks: Turborotalia sinaiensis Middle-Late Eocene 
species is characterized by its moderate trochospiral test 
with 4 globular chambers increasing moderately in size, a 
more broad arched aperture in umbilical-extraumbilical 
position than T. pseudoampliapertura. Haggag and 
Luterbacher (1995) regarded that this species evolved from 
T. pseudoampliapertura in the late Middle Eocene. T. 
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Family Chiloguembelinidae Reiss, 1963
Genus Chiloguembelina Loeblich and Tappan, 1956

Type species Guembelina midwayensis Cushman, 1940
Chiloguembelina cubensis (Palmer, 1934)

1934 Guembelina cubensis Palmer, p. 74, figs. 1-6.
1957 Chiloguembelina cubensis; Beckmann, p. 89, pl. 21, 

fig. 21.
1968 Chiloguembelina cubensis; Srinivasan, p. 142, pl. 13, 

fig. 1.
1985 Chiloguembelina cubensis; Keller, p. 886, fig. 3.8.

1992 Chiloguembelina cubensis; Anan et al., p. 236, fig. 8.1.
1992 Chiloguembelina cubensis; Cherif et al., p. 46, pl. 1, 

fig. 32.
2006 Chiloguembelina cubensis; Hernitz Kučenjak et al., p. 

36, pl. 4, fig. 11.
2015 Chiloguembelina cubensis; Molina, p. 172, fig. 5.

2015 Chiloguembelina cubensis; Pearson and Wade, p. 25, 
fig. 30. 3.

2021 Chiloguembelina cubensis; Salama et al., p. 10, fig. 6. 
B.

Remarks: The Chiloguembelina cubensis Middle-Late 
Eocene species is characterized by its biserial elongate test, 
surface texture distinctly costate in rows or striae aligned 
with the long axis of the test. It was recorded in the Northern 
Tethys (Spain) and the Southern Tethys (Tanzania, Egypt, 
Syria, UAE, India, New Zealand and Pacific Ocean).

The biozone Gt. semiinvoluta (E14) has yielded: 
Catapsydrax dissimilis, C. unicavus, Subbotina angiporoides, 
S. corpulenta, S. eocaena, S. gortanii, S. jacksonensis, S. 
linaperta, S. utilisindex, S. yeguaensis, Globigerinatheka 
index, Gt. luterbacheri, Gt. semiinvoluta, Gt. tropicalis, 
Hantkenina alabamensis, H. compressa, Dentoglobigerina 
galavisi, D. pseudovenezuelana, D. tripartita, Turborotalia 
ampliapertura, T. cerroazulensis, T. cocoaensis, T. pomeroli, 
T. increbescens, T. pseudoampliapertura, T. sinaiensis, 
Pseudohastigerina micra. The biozone G. index Zone (E15) 
has yielded all the previous species, except Globigerinatheka 
semiinvoluta, G. luterbacheri, G. tropicalis and 
Subbotina corpulenta, but added Hantkenina primitiva, 
Cribrohantkenina inflata and Chiloguembelina cubensis. 
The biozone H. alabamensis Zone (E16) has yielded: 
Catapsydrax dissimilis, C. unicavus, Pseudohastigerina 
micra, T. pseudoampliapertura, T. cunialensis and 
Hantkenina alabamensis.

tripartita, Turborotalia ampliapertura, T. cerroazulensis, 
T. cocoaensis, T. cunialensis, T. increbescens, T. pomeroli, 
T. pseudoampliapertura, Pseudohastigerina micra, and 
Chiloguembelina cubensis. Haq and Aubry (1980) noted that 
North Africa and the Middle East formed important parts 
of the Tethyan link between the Atlantic and the Pacific 
Ocean during the Early Cenozoic. The paleogeographic map 
of Mintz (1981) shows that the ancestral Tethyan Ocean in 
the Paleogene time is connected with the ancestral Indian, 
Atlantic, and Pacific Oceans (Fig. 5).  Adams et al. (1983) 
noted that the continuous marine Paleogene connection 
between the area occupied by the present-day Mediterranean 
and the Indian Ocean had been lost by mid-Burdigalian 
(early Oligocene) times when a land bridge connected S.W. 
Asia to Arabia. Anan (1994) presented a map showing 
the paleogeographic distribution of some diagnostic Late 
Eocene planktic foraminiferal species from their original 
description, i.e.. Cribrohantkenina inflata and Turborotalia 
cunialensis (Fig. 6), which are restricted in the tropical-
subtropical provinces (Lat. 45º N- 30º S). Anan (1995) noted 
that the almost identical planktic foraminifera are barren 
in the cross-bedded nummulitic limestones succession, 
which represents the topmost Eocene rocks of both J. Hafit 
and J, Malaqet in Al Ain area, UAE. These rocks overlie a 
succession of gypsiferous calcareous marls (with limestone 
intercalations) with abundant planktic foraminifera, among 
them Globigerinatheka index, Cribrohantkenina inflata, 
Turborotalia cunialensis, and Hantkenina alabamensis. 
Rögl (1999) noted that by the end of the Eocene the Tethyan 
Ocean had already vanished (the new Indian Ocean was 
born), and the western end of the Tethys was reduced to the 
Mediterranean Sea. The existence of marked differences 
between the number of recorded planktic foraminiferal 
species in the closest or farest localities concerning Jabal 
Hafit may be due to one or more of these parameters: the 
differences in the paleoenvironment conditions (depth, 
temperature, salinity, nutrients, dissolved oxygen), scarce of 
detailed or documented studies, the deficiency of available 
works of literature, and/or due to less homogeneity in the 
species concept between different authors.

sinaiensis is recorded and illustrated, for the first time, in the 
study section, after its occurrence in Sinai of Egypt.

4. Paleogeography

5. Paleoenvironment

Based on the paleogeographic distribution of the 
Late Eocene faunal content of the study section, a brief 
account is given: Twenty-five of thirty two identified 
planktic foraminiferal species have wide geographic 
distribution around the world (Fig. 5). Some of them have 
been recorded in five or more localities, i.e. Catapsydrax 
dissimilis, C. unicavus, Subbotina angiporoides, S. 
corpulenta, S. eocaena, S. gortanii, S. linaperta, S. 
yeguaensis, Globigerinatheka index, G. semiinvoluta, 
G. tropicalis, Cribrohantkenina inflata, Hantkenina 
alabamensis, H. primitiva, Dentoglobigerina galavisi, D. 

The planktic foraminiferal Late Eocene species in 
the current study are rich and diversified in the marly 
samples of the study section of Jabal Hafit, and represent 
a middle-upper neritic environment. The following is 
a brief account of the relevant paleoenvironment and 
interpretation of the study area: Anan (1995) noted that 
in the Late Eocene in the UAE and surrounding areas had 
been located in the tropical and warm temperature region 
based on many faunal environmental elements, i.e. tubular 
spines in the hantkeninids and accessory apertures in the 
Globigerinatheka spp. The current study yields many 
Hantkeninids (H. alabamensis, H. compressa, H. primitiva) 
and Globigerinatheka species (G. index, G. luterbacheri, 
G. semiinvoluta), and also Cribrohantkenina inflata with 
its accessory apertures and tubular spines (Plates 1, 2). 
These elements proved that J. Hafit had been located in the 
tropical and warm temperature region in the Late Eocene 
time. Bodiselitsch et al. (2004) noted that the Late Eocene 
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is a period of major changes, with a sharp temperature drop 
of about 2 oC near the Eocene/Oligocene boundary. Anan 
(2009) noted that an intraformational conglomeratic bed 
separates P15 and P16 (= E14 and E15) at Mazyad Member 
of the Dammam Formation within the Late Eocene (Fig. 3), 
which represents sea level lowering (about 39 Ma), which 
had not been presented in the Vail et al (1977), but in Keller 
et al. (1987) (Fig. 7). Anan (2018) noted that the presence 
of accessory apertures and tubulospine in the Hantkeninids 
planktic foraminiferal species are suggested by many 
authors (i.e. Coccioni 1988; Anan, 1994; Coxall and Pearson, 
2006) to be restricted in the mid to low latitude, in the open 
ocean and shelf paleoenvironments and tropical-subtropical 
warm-temperate regions. Anan (2020) noted that the two 
intraformational conglomeratic beds in the Middle and Late 
Eocene of Jabal Hafit, UAE (Fig. 8), were documented by 
Keller et al. (1987) as (PHe and PHd, respectively), and 
represented a minimal reworking and accumulating in the 
low-energy environment in a short distance of transportation 
on a slight steepening paleoslope from a positive localized 
source area during the time of a marked fall in the eustatic 
sea level lowering with active tectonics.

• Many attempts were done on the biozonation of 
the Late Eocene: two zones (Bipartite) by some 
authors (i. e. Stainforth et al, 1975): the lower 
Globigerinatheka semiinvoluta Zone (P15) and 
the upper Turborotalia cerroazulensis Zone (P16), 
while it is subdivided to three zones (Tripartite) by 
others (i. e. Berggren and Miller, 1988): the lower 
Globigerinatheka semiinvoluta Zone (P15), the 
middle Cribrohantkenina inflata Zone (P16), and 
the upper Turborotalia cerroazulensis Zone (P17). 
Three planktic foraminiferal biozones (Tripartite), 
but with another planktic foraminiferal species, are 
recognized in the current study, according to the 
modern biozonation (after Berggren and Pearson, 
2005; Pearson et al., 2006 and Wade et al., 2011), 
from base to top: Globigerinatheka semiinvoluta 
Zone (E14), G. index Zone (E15), and Hantkenina 
alabamensis Zone (E16).

• The recognized taxa have been correlated with 
those in Al Ain area: J. Malaqet, UAE, and J. Qatar, 
Oman (24 km northeast of Al Ain city) (Fig. 1), as 
well as other Late Eocene succession in some of the 
Northern and the Southern Tethys localities (i.e. the 
Atlantic Ocean, Spain, France, Italy, Carpathica, 
Caucasus, Tanzania, Libya, Egypt, Syria, India, 
Indian Ocean, New Zealand, Pacific Ocean, Fig. 5).

• The number of the Late Eocene planktic 
foraminifera species in the current study yields a 
higher number (32 species) than others in or outside 
Al Ain area, UAE: 31 species in Egypt, 26 species in 

each of the Atlantic Ocean and Spain, 23 species in 
the Indian Ocean, 21 species in India, 20 species in 
Italy (Table 1). The existence of marked differences 
between the numbers of recorded species in 
different localities is most probably indicated by the 
differences in the paleoenvironmental conditions, 
land barriers, deficiency of the available literature, 
or misidentifying the species. 

• The uncloses number of the Late Eocene faunal 
assemblages between J. Malaqet (18 species) and J. 
Qatar (8 species) and J. Hafit (32 species), in spit 
that all sections are located in the same basin at Al 
Jaw Plain (Fig. 1) may due to not detailed study for 
those sections by different authors.  

• Some species are recorded in more than 15 
localities in the world: Subbotina linaperta, S. 
eocaena, Pseudohastigerina micra,  Hantkenina 
alabamensis, Dentoglobigerina tripartita, 
Turborotalia cerroazulensis, T. cocoaensis, while 
the lowest record is T. sinaensis and T. sp. in J. Hafit. 
The record of some species in a wide localities 
emphasizes the interpretations that were presented 
by different authors (e.g. Mintz, 1981; Adams et al., 
1983) about the extended realms of Tethys  Indo-
Pacific with the Atlantic during the Late Eocene 
time.

• The presence of keels, accessory apertures, and 
tubular spines in some identified species reflect 
some aspect of the paleoenvironment, which 
suggests that the Late Eocene time in the Al Ain 
area, UAE had been in the subtropical-tropical belt 
during that period, in the open ocean and shelf  
paleoenvironments.

• The intraformational conglomeratic bed within 
the Late Eocene of Jabal Hafit, looks-like a “head-
like “ rock (Fig. 9) caused by minimal reworking 
and accumulation in a low-energy environment 
associated with a short distance of transportation 
on a slight steepening paleoslope from a positive 
localized source area during that time accompanied 
with a marked fall in the eustatic sea level and active 
tectonics (Fig. 7, PHd).

6. Discussion and Conclusions
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Figure 1. Location map of the study area at the eastern limb of Jabal 
Hafit, and also J. Malaqet and J. Mundassa, Al Ain area, UAE.

Figure 4. Stratigraphic ranges of the Late Eocene taxa: 
Globigerinatheka semiinvoluta (…. points), Cribrohantkenina 
inflata (- - - dashed line ), and Turborotalia cerroazulensis 
cunialensis (----- solid line) as recorded by some authors (after 

Anan, 1995).

Figure 5. The geographic distribution of the identified planktic 
foraminiferal species in the study section (North and South 
America, Atlantic Ocean), Northern Tethys (Europe), Southern 

Tethys (North Africa, South Asia, Australia, New Zealand).

Figure 2. The schematic diagram of the upper part of Tle5 of 
Hunting, 1979 (= Mazyad Member of the Dammam Formation, 
after Hamdan and Bahr, 1992), which represents the Late Eocene 
succession of the studied section, sample nos. 17-22 (bed nos. 10-

12), around Al Ain-Mazyad road, Al Ain area, UAE. 

Figure 3. Stratigraphic ranges of the recorded Late Eocene 
planktonic foraminiferal species (E14-E16) of the upper Mazyad 
Member succession in the eastern limb of Jabal Hafit, Al Ain area, 

UAE.
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Figure 6. Geographic distribution of the occurrence of some 
diagnostic Late Eocene planktic foraminiferal species: 
Ci=Cribrohantkenina inflata, Tc=Turborotalia cunialensis. Ci 1: 
Cushman (1925), Ci 2: Samanta (1969), Ci 3: Martinez-Gallego 
and Molina (1975), Ci 4: Toumarkine (1978), Ci 5: Coccioni (1988), 
Ci 6 (Anan et al., 1992), Tc 1: Toumarkine and Bolli (1970), Tc 2: 
Toumarkine (1978), Tc 3: Keller (1985), Tc 4: Coccioni et al. (1988), 

Tc 5: Anan et al. (1992).

Figure 7. Global Paleogene hiatuses: PHc (the Eocene/Oligocene 
boundary), PHd (within the Late Eocene, between early (E14) and 

middle Late Eocene (E15) (after Keller et al., 1987).

Figure 8. The thick intraformational conglomeratic bed (arrows, 
nearly vertical) at the top part of Ain Al Faydha Member (Tle4), 
followed by the Mazyad Member (Tle5) of the Dammam Formation 
(nearly at the Middle/Late Eocene boundary) in the eastern limb of 

Jabal Hafit (at the ground).

Figure 9. A diagnostic “head-like” rock consistutes a part of an 
intraformational conglomeratic limestone bed, which located 
between E14 and E15 in the studied section of J. Hafit, UAE (besides 

Al Ain-Mazyad asphalted road).
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Plate 1. Fig. 1. Catapsydrax unicavus Bolli, Loeblich and Tappan, 1957, sample 19; 2. Subbotina gortanii (Borsetti, 1959), s. 19; 
3. Subbotina jacksonensis (Bandy, 1949), s. 19; 4. S. linaperta (Finlay, 1939), s. 20; 5. S. utilisindex (Jenkins and Orr, 1973), s. 20; 6. S. 

yeguaensis (Weinzierl and Applin, 1929), s. 19; 7. Globigerinatheka index (Finlay, 1939), s. 21; 8. G. luterbacheri Bolli, 1972, s. 17; 9. G. 
semiinvoluta (Keijzer, 1945), s. 17.
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Plate 2. Fig. 10. Cribrohantkenina inflata (Howe, 1928), s. 20; 11. Hantkenina alabamensis Cushman, 1924, s. 20; 12. H. compressa 
Parr, 1947, s. 19; 13. H. primitive Cushman and Jarvis, 1929, s. 20; 14. Dentoglobigerina galavisi (Bermúdez, 1961), s. 17; 15. D. 

pseudovenezuelana (Blow and Banner, 1962), s. 19; 16. D. tripartita (Koch, 1926), s. 20; 17. Turbrotalia ampliapertura (Bolli, 1957), s. 
19; 18. T. cerroazulensis (Cole, 1928), s. s. 19.
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Plate 3. Fig. 19. Turbrotalia cocoaensis (Cushman, 1928), s. 20; 20. T. sp., Transitional specimen between Turbrotalia cocoaensis 
and T. cunialensis, s. 20;  21. T. cunialensis (Toumarkine and Bolli, 1970), s. 22; 22. T. increbescens (Bandy, 1949), s. s.19; 23. T. 

pomeroli (Toumarkine and Bolli, 1970), s. 19; 24. T. pseudoampliapertura (Blow and Banner, 1962), s. s.20; 25. T. sinaiensis Haggag and 
Luterbacher, 1995, s. 17.
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Table 1. Paleogeographic distribution of the Late Eocene planktic foraminifera in the United Arab Emirates (UAE): Jabal Hafit: H1 (The 
current study), H2 (Anan et al., 1992), H3 (Cherif et al., 1992), Malaqet, M (Anan, 1995); Oman, Q=Qatar section (Abdelghany, 2002), 

and other Northern and Southern Tethyan localities: A= Atlantic Ocean (Cushman, 1925; Brönnimann, 1952; Stainforth et al, 1975; 
Keller, 1985; Pearson et al., 2006), Northern Tethys: S= Spain (Molina et al., 2006, Molina, 2015), F= France (Sztràkos, 2000), Y= Italy 

(Toumarkine and Bolli, 1975; Coccioni, 1988; Coccioni et al., 1988); CC= Carpathica, Caucasus (Samuel, 1972) Southern Tethys: T= 
Tanzania (Wade and Pearson, 2008); L= Libya (El Khoudary and Helmdach, 1981; Imam, 1999); E= Egypt (Abdel-Kireem, 1983; Haggag, 

1992; Haggag and Luterbacher, 1995; Haggag and Bolli, 1996; Shahin, 1998); R= Syria (Hernitz Kučenjak et al., 2006), UAE=United 
Arab Emirates (H1. The current study, H2. Anan et al., 1992, H3. Cherif et al., 1992, M=Malaqet),  O= Oman, Jabal Qatar (Abdelghany, 
2002); P= Pakistan (Haque, 1956; Warraich et al., 2000; Warraich and Ogasawara, 2001); I= India (Samanta, 1969, 1970, Mukhopadhyay, 
2005); IO= Indian Ocean (Premoli Silva and Spezzaferri, 1990), NA= New Zealand (Srinivasan, 1968, Jenkins, 1971) and Australia (Parr, 

1947), PO= Pacific Ocean (Pearson et al., 2006). Θ = illustrated species, x = recorded species, - = not recorded species.

Sp.
No.

Late Eocene
planktic foraminiferal species

A
O S F Y C

C T L E R UAE O P I I
O

N
A

P
O

H
1

H
2

H
3 M Q

1 Catapsydrax dissimilis x x x - - x x x - x x - - - x x x - x

2 unicavus x x - - - x x x x Θ - - - - - x - x x

3 Subbotina angiporoides x x - x x - - x - x x - x - - - x x -

4 corpulenta x x x - - x - x - x x - x x - x x - x

5 eocaena x x x x x x x x - x x x x x - x - x -

6 gortanii x x x x x x x x - Θ x - x x - x x - -

7 jacksonensis x x - - - - - x - Θ - - - - - - - - -

8 linaperta x x x x x x x  x - Θ x x x x x x x x x

9 utilisindex - - x - - - -  x - Θ - - - - - - x - x

10 yeguaensis x x - - x x x x - Θ x - x - x x x x x

11 Globigerinatheka index x x x x x x x  x - Θ - - x - - x x x x

12 luterbacheri x x - x - -  x - Θ x - - - - - x - x

13 semiinvoluta x x x x x x x  x - Θ x - - - - - x - x

14 tropicalis x x x x x x x x - x x - - - - x x x x

15 Cribrohantkenina inflata   x x - x x x - x x Θ x x x - - x x - -

16 Hantkenina alabamensis   x x x x x x x x x Θ x x x - - x x x -

17 compressa   x x - x - x - x -  Θ - - - - - - - x -

18 primitiva   x x - x x x x x - Θ x - - - - x - - -

19  Dentoglobigerina galavisi   x x - x x x x x x Θ - - - - - - x - x

20 pseudovenezuelana - x - - x x - x - Θ x - - - - - - - -

21 tripartita   x x x x x x x x x Θ x x x - - x x - x

22 Pseudohastigerina micra   x x x x x x x x x x x x x - x x x x x

23 Turborotalia ampliapertura   x - - x x x x x - Θ x - x - - x x x x

24 cerroazulensis   x x x x x x x x x Θ x x x - - x x x x

25 cocoaensis   x x x x x x x x x Θ x x x x - x x - x

26 .sp   - - - - - - - - - Θ - - - - - - - - -

27 cunialensis   x - x x - x - x - Θ x - x x - x x - -

28 increbescens x x x - x x x x x Θ - x - - - x x x x

29 pomeroli   - x x x - x x x x Θ x x x - - - x - x

30 pseudoampliapertura - - - - - - x x - Θ x - x - - x x x -

31 sinaiensis   - - - - - - - x - Θ - - - - - - - - -

32 Chiloguembelina  cubensis   x x - - - - - x x x x x x - - x - x x
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Abstract

1. Introduction

2. Materials and Methods 

Shale (mostly calcareous) represents one of the 
main lithofacies in the succession of Devonian-early 
Carboniferous Kaista and Ora formations from extreme 
northern Iraq intercalated with sandstones, siltstones, and 
limestone (dominantly dolomitic). The studied succession 
is hydrocarbon-promising in the northern part of Iraq (Al-
Hadidy, 2007; Aqrawi et al., 2010; Abdula et al., 2020) and 
prospective in the western desert near Jordan, Saudi Arabia, 
and Syria. 

A combination of the mineralogical and chemical 
composition of siliciclastic rocks (sandstones and shales) 
commonly is used as a tool to determine the paleoenvironmental 
conditions and provenance history of these rocks (Armstrong-
Altrin et al., 2004; Jafarzadeh and Hosseini-Barzi, 2008; Dostal 
and Keppie, 2009; Armstrong-Altrin, 2009; Armstrong-Altrin 
et al., 2015, Khazaei et al., 2018, Akkoca et al., 2019 ) and 
to evaluate weathering processes and paleogeography (Absar 
et al., 2009; Ranjan and Banerjee, 2009; Zimmermann and 
Spalletti, 2009; Armstrong-Altrin et al., 2013; Tobia and 
Mustafa, 2019; Akkoca and Karatas, 2019).

The middle Paleozoic shale of the Kaista and Ora 

Shale samples were collected from the Middle Paleozoic 
Kaista and Ora formations of the Ora type section, 
northernmost Iraq, representing various mineralogical and 
geochemical characteristics to achieve the goals of the present 
study.

These samples were studied as follows:

formations did not get enough attention in the geologic studies 
of the study area. Most of the studies were focused on the 
middle Paleozoic sequence in terms of sequence stratigraphy 
(Al-Juboury et al, 2012), facies and depositional environment 
(Al-Juboury and Al-Hadidy, 2008), palynostratigraphy 
(Sherwani et al., 2010), oil and gas generation based on 
palynology (Abdula et al., 2020).

The present work aims to address the paleoenvironmental 
conditions, including paleoclimate, paleosalinity, paleoredox 
conditions, transgressive system tract, paleoproductivity, and 
hydrothermal activity of the middle Paleozoic (Devonian-
Carboniferous) shales in the Kaista and Ora formations.

Keywords: Geochemistry, Northern Iraq, Kaista and Ora shales, Late Devonian-Early Carboniferous, Paleoenvironmental conditions, 
Anoxic event.
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The shale units of the Late Devonian to Early Carboniferous successions of the Kaista and Ora formations from extreme 
northern Iraq have been studied for their geochemical and mineralogical features to reconstruct paleoenvironmental conditions. 
The Chemical Index of Alteration (CIA; high values ~93-99), high, Plagioclase Index of Alteration (PIA ~92– 98), and the 
A-CN-K plot indicate the studied shales have undergone intense weathering at the source area. Also, high kaolinite content 
and predominance of kaolinite over illite in the studied shale support this conclusion. The Rb/K and Sr/Ba ratios of the Kaista 
and Ora formations indicate freshwater to brackish water during deposition. Geochemical investigations, using redox-sensitive 
trace elements ratios such as V/ (V + Ni), Th/U, and U index suggest deposition of the Ora black shales under anoxic marine 
conditions, thus recording an ocean anoxic event in the region. Geochemical variations in the concentrations of some major and 
trace elements and their elemental ratios such as an increase in the Rb, K2O, Th, K/Al, and TOC values and a decrease in the 
Zr/Al, Ti/Al, Mo, P, Zn, and Zr, from the Kiasta upward to the Ora Formation indicate the transgressive systems tract (TST) 
of the Kaista-Ora sequence. Paleo-productivity indicators (P content, P/Ti, and P/Al ratios) suggest lower productivity and the 
paleoredox conditions in the Ora shales play an important role in the preservation of organic matter. The ternary diagram of 
Co–Zn–Ni, Co/Zn, U/Th, and Ba/Sr ratios indicates that there was hydrothermal activity in the basin during the deposition. 
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2.1. X-ray diffraction (XRD)
Twenty-one samples from the Kaista (5 samples) and 



3. Geological Setting and Paleogeography

Iraq lies in the border area between the major Phanerozoic 
units of the Middle East, i.e., between the Arabian part of the 
African Platform (Nubio-Arabian) and the Asian branches 
of the Alpine tectonic belt. The platform part of the Iraqi 
territory is divided into two basic units, i.e., a stable and an 
unstable shelf (Fig. 1). The stable shelf is characterized by 
a relatively thin sedimentary cover and a lack of significant 
folding. The unstable shelf has a thick and folded sedimentary 
cover and the intensity of the folding increases toward the 
northeast (Buday,1980).

The Devonian-Early Carboniferous time was interpreted 

Al-Juboury et al. / JJEES (2023) 14 (1): 50-6351

2.2. Scanning electron microscopy (SEM)

2.3. X-ray fluorescence (XRF)

2.4. Total organic carbon (TOC) content

Ora (16 samples) were selected and analyzed by XRD to 
identify the mineralogical composition. The investigation was 
carried out on bulk rock samples at the Premier Laboratory 
in Houston, Texas, USA., using a Bruker D8 Advance XRD 
instrument. Quantification of mineral phases in the bulk 
diffraction pattern is accomplished using the TOPAS software 
package.

as a period of extension and compression that resulted from 
the Hercynian orogeny and development of the intracratonic 
basin (Tectonic Megasequence AP4; Sharland et al., 2001). 
At that time, widespread marine shales and limestones were 
deposited in intracratonic basins throughout the central part of 
the Arabian Plate in Iraq, Syria, and Turkey (Jassim and Goff, 
2006). The wide shelf sea of this basin was located between 
tropical and subtropical regions of the southern hemisphere 
and their areal extent changed in response to succeeding 
transgressions and regressions (Beydoun, 1991).

The middle Paleozoic (Late Devonian-Early 
Carboniferous) sedimentary succession of Iraq is represented 
by the Kaista, Ora, and Harur formations. They extend from 
the western part of Iraq to the Ora area of northernmost Iraq 
(Fig. 1). This succession is composed of siliciclastic-carbonate 
facies and was considered to be deposited in a subsiding basin 
with a wide geographic distribution reflecting epicontinental 
or epeiric seas setting in a homoclinic ramp in a transgressive 
system tract (TST) (Al-Hadidy, 2007; Al-Juboury and Al-
Hadidy; 2008, 2009; Al-Juboury et al., 2012).

The Kaista Formation is about 70 m thick (Fig. 2). It 
consists of heterogeneous clastics of sandstones intercalated 
with siltstones and calcareous shale and represents the 
transition between the continental-fluvial deposition of 
Pirispiki Formation and those of shallow-marine deposits 
of the Ora Formation. The depositional environment of the 
Kaista Formation is interpreted to be a mixed fluvial-marine 
system (Al-Juboury and Al-Hadidy, 2008). 

The Ora Formation is more than 220 m thick and 
characterized by its shale lithofacies that intercalate with 
subordinate sandstones, siltstones, and dolomitic units (Fig. 
2). It represents the transition between the mixed (fluvial-
marine) clastics of the Kaista Formation and the carbonates 
of the Harur Formation. The black micaceous and calcareous 
shales of the Ora Formation were deposited in a subtidal shelf 
environment Sharland et al. (2001). The Harur Formation 
represents the termination of the overall transgressive Late 
Devonian-Early Carboniferous sequence, in which the facies 
are dominantly carbonates, alternated with dolomitic shale and 
thin sandstones. These carbonates are commonly dolomitized 
and are similar to other Paleozoic carbonates in the geologic 
record (Wilson, 1975). The Harur Formation was deposited 
in a shallow-marine environment and is a continuation of the 
ramp setting of the Ora Formation.

The studied formations are recorded in wells Akkas- 1, 
Key Hole KH 5/1, and Khleisia-1 with a thickness ranging 
from 45-104 m for the Kaista Formation and from 100–300 m 
for the Ora Formation (Al-Hadidy, 2001; Gaddo and Parker, 
1959; Al-Haba et al. 1991, 1994). These formations crop out 
in the Kaista and Harur areas, near the Khabour Valley, and 
in the Geli Sinat and Derashish areas northwest of Shiranish, 
Amadia district of extreme northern Iraq (Fig. 1).

Eight samples were selected for SEM analysis to identify 
the clay minerals’ main detrital and diagenetic elements, as 
well as mica, feldspar, quartz, and carbonate minerals. The 
analysis was conducted using a Camscan MV 2300 SEM 
with a calibrated energy dispersive X-ray analysis system on 
gold-coated samples at the Institut für Geowissenschaften-
Geologie, University of Bonn, Germany.

The Geochemical analysis of major and trace elements 
for 21 shale samples (5 and 16 from the Kaista and Ora 
formations respectively) was done using the portable Bruker 
Tracer 5i Energy-Dispersive X-Ray Fluorescence (ED-
XRF) instrument. Analyses were performed at the Premier 
Laboratory in Houston, Texas, USA.

Twenty-one samples of shales from the Kaista (5 
samples) and Ora (16 samples) were analyzed for their Total 
Organic Carbon using the LECO C230 instrument, which 
requires decarbonization of the rock sample by treatment with 
hydrochloric acid (HCl). This is accomplished by soaking 
weighted samples for two hours in concentrated HCl. The 
acid is then removed by rinsing the samples with water and 
flushing them through filtration equipment. The filter is then 
removed, placed into a LECO crucible, and dried in a low-
temperature oven (110oC) for 4 hours. Samples were weighed 
after this process to obtain a percent carbonate value based on 
weight loss. The Leco instrument is calibrated with a standard 
of known carbon values. Furthermore, the standard is analyzed 
as an unknown for every 10 samples to check the variation 
and calibration of the analysis. Random and selected reruns 
are done to verify the data. The acceptable standard deviation 
for TOC is a 3% variation from the established value.



Figure 1. A- Structural provinces of Iraq modified after Jassim and Goff (2006) showing the location of wells referred to in the text. The 
location of map C- is indicated by the black box. B- Inset map shows countries neighboring Iraq; the location of map A is indicated by the 
red box. C- Geological map of northern Iraq modified after Sissakian (2000) showing the location of the Ora type section.
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Figure 2. Lithological section of the studied formations at Ora type section of northernmost Iraq with sample locations and geochemical 
parameters indicative of transgressive system tract (TST), see Tables 2 and 3 for values and ratios.

4. Results

Mineral compositions of the shale samples from XRD 
analyses have revealed that they consist mainly of clay minerals 
represented by mixed layered Illite/smectite (I/S), followed by 
varying amounts of illite/mica (I/M), pyrophyllite, kaolinite, 
and chlorite (Fig. 3). Other non-clay minerals include quartz, 
feldspars (k-feldspar and plagioclase), calcite, Fe-dolomite 
(ankerite), goethite, rutile, and a few pyrite (Table 1).

The main carbonate mineral phases are calcite and a few 
Fe-rich dolomites (ankerite). In general, the studied shales 
are carbonate-rich. CaCO3 ranged from 1.5-16.8 wt% in the 
Kaista shale, and 5.8-34.8 wt% in the Ora shale (Table 2).

abundances of SiO2 (53.02%), Al2O3 (18.18%), Fe2O3 (7.06 
%), K2O (4.216%), CaO (2.69%), MgO (2.25%), TiO2 
(1.21%), Na2O (0.17), P2O5 (0.11%) and MnO (0.05%). 
In contrast, the major element oxide concentrations of 
shales from Ora are characterized by narrow compositional 
variations and are enriched in the absolute abundances of SiO2 
(52.01%), Al2O3 (20.36%), Fe2O3 (8.45 %), K2O (2.98%), 
MgO (1.59 %), CaO (1.39 %), TiO2 (1.39%), Na2O (0.77%), 
P2O5 (0.12%) and MnO (0.05%). 

The EFs (enrichment factors) averages of the major 
elements relative to the average shale (AS), K, Ca, Mg, and 
Na in the Kaista shale and are more enriched than those of the 
Ora shale, while Fe, A, and Na are more enriched in the Ora 
shale (Fig. 5A).

SEM study shows that shale is composed mainly of 
hexagonal degraded kaolinite plates (Fig. 4A-B). Illite 
is commonly found in the form of fibers or platy illite as 
intergrown on kaolinite grains and mica (Fig. 4A-B). Illite/
smectite (I/S) is present in the form of interlocked fibers (Fig. 
4C). Fractures and vugs/pores are commonly present in the 
studied samples (Fig. 4A-D). Carbonates are dominated by 
calcite and/or dolomite and occur as fine grains and/or lumps 
either filling fractures and pore space or distributed randomly 
throughout the matrix (Fig. 4B). 

The concentrations of the trace elements are presented 
in table-2. On average, the elemental content of shale from 
Kaista, is phosphorus (P: 596), barium (Ba: 552 ppm), and 
sulfur (S: 1439. ppm. In contrast, their corresponding average 
values in Ora shale are 493 ppm, 509 ppm, and 6959 ppm 
respectively. The concentrations of these elements are 
significantly higher than Mo, Co, and Zn, whose average 
concentration values from the Kaista and Ora shale are 21, 7, 
128 ppm, and 7, ~3, 51 ppm, respectively. 

Based on the enrichment factor averages, the Ora shales 
are enriched in Pb, Ga, V, Cr, and Ni, compared with Kaista 
shales, which are relatively enriched in U, Th Mo, Zr, Ba, Rb, 
Sr, Zn, Cu, and Co (Fig. 5B).

The major and trace element analysis results of the shale 
from the middle Paleozoic (Kaista and Ora) formations are 
presented in Tables 2 and 3 respectively.

The average concentration of major element oxides 
of shale samples from Kiasta is enriched in the absolute 

4.1. Mineralogical study 
4.1.1. XRD analysis

4.1.2. SEM study
4.2. 2. Trace elements

4.2. Elemental Geochemistry

4.2. 1. Major elements
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Figure 3. Representative X-ray diffractograms of the main clay and non-clay minerals components in the studied 
shales. K=Kaolinite; I/S= Illite/Smectite; I=Illite; I/M=Illite/Mica; Ch=Chlorite, Qz= Quartz; C= Calcite; F= 
Feldspar; R=Rutile; G=Goethite.
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Figure 4. Scanning electron microscopic (SEM) images of the Kaista and Ora shales illustrate; (A and B) Degraded kaolinite plates (K), 
the fine illite fibers growing up from kaolinite (illitization of kaolinite “white arrows”), common pores (p) and fracture (f) in between 
kaolinite plates. Note the authigenic illite fibers (dashed white arrows) attached to the surface of detrital mica flake and scattered carbonate 
grains and/or lumps in the upper right side of image A. A- image is from the Ora shale (sample Ora 6) and B image from the Kaista shale 
(sample Kaista 3). C- Mixed layers I/S interlocked fibers (arrows) are present in between kaolinite plates (K) and mica flakes (M), note also 
fine carbonate grains distributed throughout the image. Image C is from the Kaista shale (sample Kaista 4). D- Degraded kaolinite plates 
(K) and common carbonate grains distributed throughout the image. This image is from the Kaista shale (sample Kaista 3). E- Cabonate 
grains, quartz and plagioclase fill the pore space of clayey matrix. F- Enlarged view of area outline in E showing quartz overgrowths (Q-o) 
associated with plagioclase-feldspar (Pf). E image is from the Kaista shale (sample Kaista 5).
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Figure 5. EFs diagram of the selected major (A) and trace (B) 
elements in the Kaista and Ora formations. A horizontal line
(EF = 1) denotes an element enrichment or depletion.

Figure 6. A‐CN‐K [Al2O3 – (CaO*+Na2O) – K2O; all in molar 
proportions] ternary plot for the Kaista and Ora shales (After Nesbitt 
and Young, 1982; Fedo et al., 1996)

4.3. TOC content
The TOC values in the studied shale samples of the Kaista 

and Ora formations ranged from 0.10 to 0.57 (avg. = 0.320) 
and 0.39 to 5.00 (avg. = 1.57), respectively (Table 2). 

It’s worth noting that the Ora shale has a higher TOC 
concentration than the Kaista shale.

5. Discussion

The chemical index of alteration (CIA= [Al2O3/( Al2O3 + 
CaO* + Na2O + K2O)] × 100) proposed by Nesbitt and Young 
(1982) is widely used as a proxy for paleoclimate change as 
well as to assess the degree of weathering of the parent rock 
(Wang et al., 2020).

Generally, CIA ranges from 50 to 100, reflecting different 
climatic conditions: cold and dry climate (CIA = 50–60), 
warm and humid climate (CIA = 60–80), and hot and humid 
climate (CIA = 80–100) (Nesbitt and Young, 1982, 1989). 
The CIA values of the Ora and Kaista formations range from 
92.9 to 99.5, and from 96.74 to 99.5, respectively (Table 2), 
indicating a hot and humid climate during their deposition. 
The CIA values of the present study are higher than the 
average NASC (North American Shale Composite) value of 
57 (Gromet et al., 1984) and typical shale values (PAAS: 70 – 
75; Taylor and McLennan, 1985), indicating intense chemical 
weathering at the source rocks.

The degree of chemical weathering of sediments and 
sedimentary rocks can also be estimated using the Plagioclase 
Index of Alteration [PIA: Fedo et al., 1995; PIA = [(Al2O3 
- K2O)/ (Al2O3+Na2O+CaO*-K2O)] × 100 (molecular 
proportions)]. The PIA values of Ora and Kaista shale (PIA: 
92.4 – 99.3 and 96.2 -99.3 respectively) are consistent with 
CIA values, which further supports that these shales have 
undergone intense weathering at the source area.

In the A-CN-K diagram (Fedo et al., 1996; Fig. 6), all 
the studied samples fall above the K-feldspar-plagioclase line, 
and most of them are parallel to the A–K join and close to the 
muscovite point. This weathering trend indicates a high loss of 
Ca, Na, and K in the shale samples, as they tend to plot close 
to the A apex, suggesting that most feldspars have converted 
to clay minerals. This could be reflected by the type of clay 
minerals, whereas intense chemical weathering under humid 
conditions results in a kaolinite-rich composition of sediments 
(Chamley, 1989). Thus, the high content of degraded kaolinite 
(Fig. 4) and the predominance of kaolinite over illite in the 
studied shale samples are likely a result of intense chemical 
weathering and may correlate with the Hangenberg climatic 
event at the Devonian/Tournaisian boundary (Misch et al., 
2018).

The paleosalinity levels during the deposition of 
sediments were measured by ratios of Rb/K (Campbell and 
Williams,1965 ) and Sr/Ba (Zhen et al., 2020, Li et al., 2020). 
Ratios of Rb/K ≤ 0.004 infer freshwater column, 0.004 ≤ 
0.006 designates a fresh to the brackish water environment, 
and >0.006 values suggest fully marine water conditions. 
According to (Li et al. 2020, and Zhen et al., 2020), ratios of Sr/
Ba more than 1 show saline water conditions, from 1.0 to 0.6 
represent brackish environments, and less than 0.6 indicates 
freshwater conditions. In addition, the Sr/Ba ratio can be used 
to distinguish between marine and lake environments, in lake 
deposits less than 0.6, and ranging from 0.8 to 1.0 in marine 
sediment conditions. The Rb/K ratios of the Kaista and Ora 
formations shale (0.003 to 0.005; average: 0.004) and (0.000 
to 0.006; average: 0.005), respectively are characteristic 
of freshwater to brackish water conditions, while the Sr/Ba 
ratios of the samples from the Kaista and Ora formations 
vary from (0.04 to 0.56), with an average of 0.26 and from 
(0.03 to 0.53) with an average of 0.22 respectively, indicating 
a freshwater environment during deposition. The relatively 
moderate TOC content of the Ora shale may be attributed 
to water stratification, resulting from the freshwater influx, 
which diminishes oxygen exchange with the atmosphere and 
further intensifies reducing conditions favorable for organic 
matter preservation (Li et al., 2017).

5.1. Paleoenvironmental condition
5.1.1. Paleoclimate and paleosalinity
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Redox-sensitive trace elements such as V, Ni, U, and 
Mo in the sediments have been used extensively to infer 
paleo-redox conditions of water because these elements 
are insoluble in reducing environments and are enriched 
under anoxic conditions more than oxic conditions (Hatch 
and Leventhal, 1992; Jones and Manning, 1994; Algeo and 
Maynard, 2004; Tribovillard et al., 2006). The V/(V+Ni) ratio 
is also widely used for paleo-redox reconstruction and tends to 
indicate consistently lower oxygen regimes than other paleo-
redox indicators (Rimmer, 2004). Hatch and Leventhal (1992) 
suggested that V/(V+Ni) ratios are between 0.46–0.60 for 
dysoxic environments, 0.54–0.82 for anoxic environments, 
and up to 0.84 for euxinic environments. In this study, the V/
(V+Ni) ratios of Kaista and Ora shale vary from 0.64-0.91 
(avg. = 0.80), and 0.77-0.90 (avg. = 0.83) respectively (Table 
3). These values coherently indicate deposition under anoxic 
conditions. 

Another elemental value such as the Th/U ratio is also used 
to evaluate paleo-redox conditions. The geochemical properties 
of Th and U are quite different in oxidizing environments but 
are similar in reducing environments (Wignall and Twitchett, 
1996). These researchers recommended that Th/U ratios 
between 0 and 2 indicate a reducing environment, from 2 to 7 
in the oxic environment and > 8 implies a strongly oxidizing 
environment. Th/U ratios of Kaista and Ora shale are 0.17–
1.02 (avg. = 0.66) and 0.00 –2.13 (avg. = 0.84), (Table 3), 
respectively also suggesting anoxic conditions. Similarly, 
some researchers used the U index [δU = U∕¬0.5 × (Th∕3 + 
U)] to reconstruct the depositional condition, where its value 
is more than 1 refers to a reducing environment and less than 1 
indicates an oxidizing environment (Steiner et al2001 .). The 
δU values of the Kaista and Ora shale range from 1.49 to 1.89 
(avg. = 1.65) and from 1.17 to 2 (avg. = 1.61) respectively 
also suggesting an anoxic condition.

The organic matter accumulation of the marine shale 
has been influenced by several factors, such as primary 
productivity, redox condition, palaeoclimate, palaeosalinity, 
and paleogeography (Fu et al., 2009; Wang et al, 2010; Zeng 
et al., 2015). 

Fu et al. (2007) proposed that the organic carbon 
preservation in the shale may be influenced dominantly by 
anoxic conditions rather than high primary productivity, and 
such a factor cannot be ruled out.

Phosphorus (P) is an important nutritional element, 
which can greatly control the paleo-productivity of marine 
and lacustrine shales (Tyrrell, 1999). Therefore, P2O5 
concentrations are widely used to analyze variations in paleo-
productivity (Latimer and Filippelli, 2002). To decrease the 
influence of authigenic minerals and organic matter on the 
P dilution effect from terrigenous detritus, other indicators, 
including P/Ti and P/Al, are more effective for assessing paleo-
productivity conditions (Latimer and Filippelli, 2002; Algeo 
et al., 2011). P2O5 content, P/Ti, and P/Al ratios determined 
are shown in Tables (2 and 3). Similar change curves are 
found for each of these indicators, and the maximum values 
of P2O5, P/Ti, and P/Al ratios are found in samples  17, 19, and 
21 for Ora shale (Table 3)

The average values of P2O5 content, P/Ti, and P/Al 
ratios of the Ora shale are 0.11%, 0.1 and 75.64, and those 
of the Kaista shales are 0.12%, 0.12, and 74.18, respectively. 
However, the average value of P/Ti is less than 0.34, which 
indicates lower productivity, whereas values greater than 0.79 
refer to higher productivity, and values between 0.34 and 
0.79 indicate a moderate level of primary productivity (Algeo 
et al., 2011). The P/Ti values are low in Ora shales (<0.34; 
Table 3). In addition, the correlations of P/Ti versus TOC 
in the Ora Formation (r = -0.098) and P/Al versus TOC (r = 
-0.064) exhibit a very weak negative correlation, respectively 
(Table 3), suggesting low primary productivity and that the 
paleoredox conditions in Ora shales play a significant role in 
the preservation of organic matter.

Large amounts of organic material and various types 
of metals were transported from the deep oceanic basin 
and accumulated in the sedimentary environments along 
the continental shelf, resulting in the enrichment of these 
metals in the black shales (Wu et al., 2017). Trace elements 
and rare earth elements are important in the study of ancient 
hydrothermal systems (Choi and Hariya., 1992; Hatch and 
Leventhal, 1992). Submarine hydrothermal activities can be 
identified by using several geochemical indices such as Co–
Zn–Ni, U/Th, and Ba/Sr ratios.

The ternary diagram of Co–Zn–Ni can be used to 

decrease in the same trend of Zr/Al, Ti/Al, Mo, P, Zn, and Zr 
(Fig. 2). This variation of elemental ratios at the transitional 
area from the Kiasta to Ora shale could be related to TST, 
which has been confirmed by Al-Juboury et al. (2012). 
Furthermore, Sharland et al. (2001) considered the Ora shale 
in Northern Iraq to have the maximum flooding surface of 
D30, deposited in a sub-tidal shelf environment.

The transgressive and highstand system tracts are defined 
by different characteristics and can be related to many 
variables, such as anoxic conditions, low detrital input index, 
strong paleo-productivity, and condensed sections. Generally, 
it should be noted that the top of the section of a transgressive 
system tract is due to the existence of a condensed section 
(Hou et al., 2022).

Transgressive systems tracts (TST) are characterized by 
relatively higher levels of organic richness as compared to 
other tracts, so the higher amount of organic matter in shales 
might be due to paleosalinity, dilution, paleoproductivity, 
and redox conditions (Katz, 1995). During the transgressive 
period, the organic matter may increase due to the contribution 
of terrigenous organic matter supplies from the neighboring 
continent and highly productive marine sources by active 
circulation (Hyun et al., 2006).

The transgressive system tracts can be reflected by the 
variations in the concentrations of major and minor elements 
and their ratios. In the present study, it was observed that there 
is an increase in the Rb, K2O, Th, K/Al, and TOC values of 
the major and trace elements and the elemental ratios from the 
Kaista upward to the Ora Formation. Conversely, there is a 

5.1.2. Paleoredox Conditions

5.1.4. Paleo-productivity proxies

5.1.5. Hydrothermal activity

5.1.3. Transgressive system tracts
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discriminate between hydrogenous and hydrothermal deposits 
(Choi and Hariya,1992 ). In this diagram, the studied samples 
of Kaista and Ora shale generally fall into the hydrothermal 
field (Fig. 7). The U/Th ratio can also be used to estimate 
the influence of hydrothermal fluids (Dickson. and Scott, 
1997). Uranium–thorium ratios larger than 1 indicate that 
hydrothermal activity was present during the depositional 
period, whereas U/Th <1 indicates normal seawater 
depositional conditions. In the studied samples of the Kaista 
and Ora formations shale, U/Th values range from 0.98 to 
5.82 (avg.= 2.24) and 0.47 to 3.58 (avg.= 1.67) respectively, 
suggesting input from deep hydrothermal sources.

The Ba/Sr ratios are also used by many researchers to 
indicate hydrothermal activity (Smith and Cronan, 1983; 
Peter and Scott, 1988). Where its ratios range from 5.0 to 20, 
with an average of 11, indicating the influence of submarine 
hydrothermal fluids  (Liu et al., 2021). Ba/Sr ratios of the 
Kaista and Ora formations shale range from 1.79 to 27.11 
(avg.= 9.76) and from 1.89 to 35.01 (avg.= 12.4) (Table 3) 
respectively, depicting that depositional area was affected 
by hydrothermal activity. In addition, the petrographic study 
indicates the presence of quartz overgrowth associated with 
plagioclase (Fig. 4 E-F), which suggests that solutions rich 
in silica were probably derived from hydrothermal activity 
(Zaghloul et al., 2010). Additionally, the presence of 
pyrophyllite in the Ora shales (Table 1) may suggest the effect 
of hydrothermal origin (Swindale and Hughes, 1968). All the 
data sets above might suggest that there was hydrothermal 
activity in the basin during the deposition.

The Late Devonian-Early Carboniferous was interpreted 
as a period of extension and compression with Hercynian 
back-arc rifting, inversion, and uplift formed by subduction of 
the southern margin of Paleo-Tethys (Sharland et al., 2001). 
This is supported by the presence of Devonian-Carboniferous 
volcanic and metamorphics in the Kuh-Sefid area of the 
Sanandaj-Sirjan Zone (Davoudzadeh and Weber-Diefenbach, 
1987). The study area was not so far distance from the 
Sanandaj-Sirjan Zone which suggests that the hydrothermal 
activity in the study area was probably affected by this 
subduction.

Figure 7. Ni-Zn-Co ternary plot for the Kaista and Ora shales, 
distinguishing hydrothermal and hydrogenic sediments (Chen et al., 
2019).

6. Conclusion

The Late Devonian–Early Carboniferous succession 
of the Kaista and Ora formations from northern Iraq is 
composed mainly of calcareous shales intercalated with 
sandstones, siltstones, and limestone (dominantly dolomitic). 
Geochemical and mineralogical investigations of the shale 
units were carried out to constrain paleoclimate, paleosalinity, 
paleo redox conditions, transgressive system tract, 
paleoproductivity, and hydrothermal activity. In addition to 
the kaolinite-rich composition of the studied shale samples, 
chemical indices such as the chemical index of alteration 
(CIA), the plagioclase index of alteration (PIA), and the 
A–CN–K plot indicate intense chemical weathering in the 
source area under humid climate conditions. The Rb/K and 
Ba/Sr ratios suggest that the depositional area experiences 
freshwater to brackish water conditions. Paleo redox trace 
elements proxies such as V/(V+Ni), Th/U ratios, and U index 
indicates deposition under anoxic conditions. The variation 
of some major and trace elements and their elemental ratios 
(Rb, K2O, Th, Mo, P, Zn, Zr, Zr/Al, Ti/Al, and K/Al) in the 
transitional area from Kiasta to Ora shale could be related 
to transgressive systems tracts (TST). The reduced primary 
productivity and paleoredox conditions are responsible for 
the preservation of organic matter in the Ora Formation.  The 
ternary plot of Co–Zn–Ni, U/Th, and Ba/Sr ratios indicate that 
the depositional setting was affected by hydrothermal activity 
probably due to the subduction of the southern margin of 
Paleo-Tethys.
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Abstract

accuracy results, great resolution, high penetration, and 
considered as an over wide used in petroleum exploration 
(Hart, 2004).

Several authors have studied seismic attributes derived 
from seismic data that can be used in seismic-stratigraphic 
interpretation [Taner et al. 1979; Marfurt, 2005; Ali and 
Kadhim, 2019; Nassir et al. 2021; Ali et al. 2021].

Numerous studies have been focusing on the Cretaceous 
succession in Iraq because it is the largest productive reservoir 
which contains about 80% of Iraq’s oil reserves. One of the   
most important carbonate reservoirs in the southeast of Iraq is 
the  Zubair Formation which contains oil in structures of more 
nearest oilfields (Khorshid and Kadhim,  2015)

Albeyati et al., 2021interpreted the 3D seismic reflection 
data for the Kifl oil field to detect the Zubair Formation and 
how the oil is trapped in it. Fadhil (2010) analyzed the 3D 
seismic reflection data for the Kifl oil field to delineate the 
seismic stratigraphy of the Lower Cretaceous Formations. In 
the study area and the regions to its east, a seismic reflection 
survey was conducted by the Iraqi Petroleum Exploration 
Company several times during the years 1979-1984. 

Abdul-Rahman, 1997 studied some of the seismic sections 
of the southern Hamrin region, preparing depth maps for each 
of the Fatha, Injana, and Al-Juraibiformations.In 1990, a 
reinterpretation of previous seismic data was carried out, and 
the Balad structure at the intra-Hartha reflector is an anticline 
(faulted traps) located southeast of the study area where the 
Ba-2, 5, 6, and 7 wells were drilled. Also, two small closures 

Keywords: Seismic stratigraphy, Hydrocarbon indicators, Al-Kifl Formation, Seismic reflection.
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An interpretive study of the two-dimensional seismic data of the Balad area was carried out. The study area is important due 
to its location within the oil field zone and still without exploration wells. A synthetic seismogram with good matching with 
the seismic section was done, to ensure the identification of reflectors and reflectivity type: peak or trough following each 
one through the whole area. Top Al-Hartha and Al-Kifil formation reflectors were picked using the composite line to link the 
seismic sections with each other after enhancing the tie between seismic lines. Time and depth maps were made using velocity 
maps created from the velocity model. The seismic interpretation showed the existence of certain stratigraphic features in 
the studied reflector. Some distribution grabens in the study area are continuous in more two-dimensional seismic lines. By 
calculating the difference in depth values between the Al-Hartha and Al-Kifl formations, an isopach map of the Al-Haritha 
Formation was obtained. The minimum thickness of the Hartha formation is approximately 250 m in the center, While the 
highest thickness of the formation was 650 m in the southwest of the study area. These activity elements provide a reasonable 
explanation for the distribution of hydrocarbons in the area of study.
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1. Introduction
Stratigraphical interpretations of seismic data require 

clarification of the seismic sections and give them the 
geological marker of the component of the earth’s content 
within the known geological basis and principles, including 
good information and the expected geological changes 
in the area. Seismic Stratigraphy is divided into seismic-
sequence (facies) analysis and reflection-character analysis. 
It determines the nature of sedimentary rocks and their fluid 
content from the analysis of seismic data. 

In seismic-sequence analysis, the first step is to separate 
seismic-sequence units, which are also called seismic-facies 
units (Lessenger, 1988). From seismic sections processing 
and identifying the sedimentation situations in the region 
and the available petrophysical studies, we can pick up the 
seismic reflectors as well as the characteristics of rocks and 
fluids in general (Haq et al., 1987). For the first time, an 
interpretation was attempted in terms of seismic stratigraphy 
(not yet formalized at the time) by examining the lateral and 
vertical variations of the reflections and units consisting of 
several reflections in a homogeneous sequence (Ravenne, 
2002). The geophysical studies history regarding hydrocarbon 
accumulations began in the last century when the seismic 
reflection method was used to detect the accumulations of 
hydrocarbons (Berg, 1982).

The seismic method can be looked the most important 
geophysical technique in cost and number of geophysicists 
obligated. The spread of This method compared with other 
geophysical methods is due to many factors such as the 



2. Materials and methods

3. Results and Discussions  

2.1. Description of site and stratigraphy

3.1.Two-Way-Time (2To) maps

2.2. Processing  of seismic data

Based on the geological map of Iraq issued by the General 
Organization for Geological Survey and Mining in 1990, the 
study area is flat land with some simple elevations ranging from 
(48-58 m)and increases in height towards the northeast. This 
area is characterized by agriculture, many orchards, irrigation 
projects, marshes, and swamps, as well as the presence of 
residential areas, and civil and military facilities. Recent and 
Pleistocene sediments represented by alluvial deposits and 
river terraces covered all the studied areas as shown in Figure 
(1). The rocks of these formations generally consist of muddy 
muddy deposits with sand and gravel (Abdul-Rhaman, 1997). 
Balad field is one of the Iraqi oil fields where 9 oil wells 
were drilled according to two-dimensional seismic surveys. 
Figure (2) shows the generalized stratigraphic column of the 
Balad oil field and adjacent area (JAPEX Company, 2006).
In general, the formations of Pliocene to late Jurassic are 
characterized by increased thickness towards the east of the 
region and the Mesopotamia foredeep, while the thickness 
of older formations (late Jurassic to the early Triassic) is 
decreasing towards the northwest part of the region.

Quantity two reflectors were picked in this study which 
represent the Upper Cretaceous age and they are: 

• the First reflector represents the top Hartha 
Formation. 

• the Second reflector represents the top Kifl 
Formation.

The selection of field techniques before implementing the 
seismic reflection surveys leads to improved field recordings, 
in other words, to improve the signal-to-noise ratio. These 
options which are decided by the geophysicist contribute to 
determining the number of controls including the length of 
the seismic trace, the fold of coverage, the distance between 
the traces, and others. It is worth noting that the study area is 
within the survey areas of Baquba– Samarra (BS) and west 
of Tikrit–Makhoul (WTM). The main objective of processing 
seismic information is to convert the recorded seismic 
information into a picture that greatly facilitates the process of 
geological interpretation. A large number of researchers have 
addressed the processing steps [Telford, et al. 1970; Dobrin, 
1976;  McQuillin, et al. 1984; Yilmaz,1987; Al-Sadi, 2017].

Several processing steps were applied to the seismic 
sections studied in the present paper, these steps are True 
Amplitude Recovery (TAR), Common Depth Point gathering 
(CDP Gather), Data Editing, Time-Variant De-convolution 
(TVD), Time-Variant Scaling (TVS), Static Correction, 
Velocity Analyses, Normal-Move-Out (NMO) Correction, 
Mute, CDP Stack and Time-Variant-Filtering (TVF). 
Additional processing was done for each seismic section 
namely, Residual Static Correction, Coherence, Migration in 
tilted areas, Wavelet Process, and 3D-Processing.

Structurally Balad field is divided into two sectors: • The 
first sector is located within the major graben area, which 
includes the wells Ba-1, 3, 4, and 8. • The second sector is 
located outside the major graben area (east shoulder, which 
includes the wells Ba-2, 5, 6, 7 and 9.

(faulted traps) located northwest of an Anticline, separated by 
two saddles where Ba-3well was drilled in the second saddles. 
The presence of the main graben consists of small structural 
faulted traps on both sides of the graben, where the Ba-1, 4, 
and 8 wells were drilled (figure 1-13). All these structural 
features extend in the NW-SE trend.

The current study aims to build the seismic depositional 
models of the Hartha and Kifl Formations in the Balad area. 
Reflection patterns and reflection amplitudes are interpreted 
to determine bed thicknesses and depositional environment.

Figure 1. Surface geology map of the study area and surroundings, 
after (the State Establishment of Geological Survey and mining) 

Figure 2. Generalized stratigraphic column in Balad and adjacent 
area, after (JAPEX Company, 2006).
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Hartha was picked to understand the type of faults 
and their effect on Balad field construction to get the final 
structural and geological models image of traps in the Balad 
field. The continuity of the picked reflector can be described 
as top of Hartha reflector has moderate continuity and Kifl 
reflector has good continuity. Seismic sections show the 
concordance of reflectors to be good, especially at the Tertiary 
Formations. While at the Upper Cretaceous Formations, the 
seismic sections with geophysical and geological models 
show that there is a variation of reflector thicknesses, 
especially in the graben areas, this is due to the presence of 
the structuralandstratigraphicfeatures.

The TWT maps can be described as a major graben area 
(faulted syncline) over the area and have variable widths (4-
4.5km) in the southern part and the east and west shoulders 
of the major graben. The major graben and its shoulders are 
separated to the north and south parts by a Strike-Slip fault-
dominated E-W trend. Thus, the study area is divided into the 
following regions: • The north and south graben areas (faulted 
Synclines) dominated with NW – SE trend. This area contains 
small secondary normal faults formed by elongated narrow 
traps at the right side of the major graben area. 

The east shoulder of the major graben is divided into 
two parts (south and north). The south part is a faulted nose 
confined by the south major graben fault, which represents 
the Balad field trap. The north part is a horst area confined 
by north major graben and other local graben faults. The time 
maps show that the Balad field trap and the horst have one 
axis dominated by NW – SE trend and shifted by the strike-
slip fault.  The west shoulder of the major graben represents 
an open nose dominated by the NW – SE trend and located 
in the northwest part of the area. Figures (3 and 4) represent 
the TWT maps with contour intervals (10ms) for the studied 
reflectors.

Figure 3. Two way time map of top Hartha Formation.

Figure 4. Two-way time map of the top Kifl Formation.

3.2.Velocity maps 
The average velocity is the suitable velocity that is used 

to convert the TWT maps to depth maps. It is considered the 
more accurate velocity type used in seismic methods and can 
be computed directly from a good velocity survey (check shot) 
(McQuilline, et, al 1984). In the study area, there are 6 wells 
(Ba-1, 2, 3, 4, 8, and 9) with average velocity values from 
check shot logs which are used, but (Bd-5, 6, and 7) wells 
don’t have check shot logs, therefore, the TWT time values at 
well locations and depth values from good markers are used 
to obtain average velocity values of the studied reflectors; but 
it’s not enough velocity values to cover all the study area. 
Thus, the stack velocity values provided by the processing 
department and printed on 2D seismic paper sections were 
used. 

First, the average velocity maps are drawn from the 
good data for all studied reflectors. Stack velocity values 
were computed along with the studied reflectors from the 
velocity boxes. The average values of the velocity of each 
neighbor’s group of stack velocities values were taken. Thus, 
the stack velocity maps were drawn and smoothed to all 
studied reflectors, because the stack velocity has values more 
than the average velocity values, the differences in velocity 
values between them were calculated and removed from the 
stack velocities map to get the final velocity maps for studied 
reflectors in the studied area. 

This method offers a good distribution of velocity points 
in the study area. The velocity maps of studied reflectors 
show the following: •The top Hartha velocity values increase 
in the south and there is local closure in the middle of the area 
representing an increase in velocity values. The magnitude of 
velocity values ranges in the top Hartha velocity map from 
(2680 to 2920 m/sec) (figure5). • The top kifl velocity values 
increase in the south and there is local closure in the middle of 
the area representing an increase in velocity values. The range 
velocity values range in Kifl velocity map from (2800-3040 
m/sec) (figure 6).
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Figure 5. Average velocity map of top Hartha Formation.

Figure 6. Average velocity map of top Kifl Formation.

Figure 7. Depth map of top Hartha Formation.

Figure 8. Depth map of top kifl Formation.

3.3. Depth maps 3.4.Isopach map
In seismic methods, the depth map is established by using 

the time map of a given reflector with its velocity map, as 
follows:

By calculating the difference in depth values between the 
Al-Haritha and Al-Kifl formations, an isopach map of the Al-
Haritha Formation was obtained (Fig. 8).

The minimum thickness of the Hartha formation is 
approximately 250 m in the center, While the highest 
thickness was 650 m in the southwest of the study area. The 
average thickness value of the formation is approximately 450 
m for most of the study area.

When a comparison is made between the depth map of 
the Hartha Formation and the isopach map of the formation, it 
becomes clear that the depression in the depth map is accepted 
by the lowest thickness values. the depth of the formation in 

In the seismic reflection method, a map of the top of a 
geologic formation reflects the geologic image below the 
surface. Thus, the depth maps also show the same picture of 
the studied formations, but the difference lies in the closures 
dimensions, number of contour intervals between these maps, 
faults displacements, and difference in the number of minor 
faults located in major graben areas. The structural picture 
can be described as a major graben area (faulted syncline) 
along the study area with the east and west shoulders of major 
graben. 

The major graben has variable dimensions (4-4.5km) in 
width, large displacements of about 400m, large throw of 
about 300m, and heave of about 265m in the left side of the 
south graben at the top Kifl Formation. Figures (7), and (8) 
represent the depth maps with contour intervals (10m) for 
studied formations.

Depth at any point = (velocity × time) at this point.
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the center of the map has the lowest values of about 250 m, 
while the depth values for the same area range from 990 m to 
1040 m. Since this formation represents a reservoir, we expect 
that the presence of oil in the northern, southern, and western 
sections will be more quantitative compared to the central 
and eastern settlements of the study area. This is based on 
the heterogeneity of formation thickness values between the 
different parts of the area. This is based on the heterogeneity 
of formation thickness values between different parts of the 
region. On this basis, the southwestern part can be considered 
more abundant for oil, as the formation thickness reaches 
more than 650 m.

depositional environments.

As further future work the following recommendations 
are important:

Re-interpretation of the northwest and southwest part 
of the studied area, and outside the studied area by using 
available 3D seismic data. Structurally, the area is considered 
a promising hydrocarbon area; therefore, re-interpretation 
gives more details about apparent structural phenomena which 
are maybe closed outside the studied area to the northwest and 
define faults systems more precisely. 

3D interpretation of seismic data to obtain high-resolution 
power for recognition of a stratigraphic feature on the time 
sections and attributes section.

Figure 9. Isopach map of Hartha Formation.

4. Conclusions
The time and depth maps show many nose structures 

located at NW and SW the studied reflectors bearing E-W, 
NE-SW, SE-NW with a general slope towards the southeast. 
These monoclonal structures are a result of the compressional 
tectonic phase in the Middle Cretaceous-Tertiary time. This 
is because of the convergence between Arabian Plate (AP) 
and adjacent plates; however; subduction of AP beneath 
the Eurasian plate event has occurred. Velocity maps show 
an irregular increase in depth due to the inhomogeneity 
of the sedimentary layers as a result of different facies and 
depositional environments.

The study area was affected by three faults, and only one 
of them, which is a normal fault with a small offset reached 
the studied reflectors. Its trend (NW-SE) was shown to be 
parallel to the collision stretching between the Arab and 
Iranian plates, which formed due to tension stresses maybe 
belongs to either the Najd fault system (Precambrian faults) 
or Abo-jir fault which is located to the west of the studied 
area  .This is because of the convergence between Arabian 
Plate (AP) and adjacent plates; however, subduction of AP 
beneath the Eurasian plate event has occurred. Velocity maps 
show an irregular increase in depth due to the inhomogeneity 
of the sedimentary layers as a result of different facies and 

Albeyati1, F.M., Abdula, R. A., Othman, R.S. (2021) Organic 
geochemistry of the Middle to Upper Jurassic source rocks 
succession in Balad-1 Well, Balad Oil Field, Central Iraq. 
Bulletin of the Geological Society of Malaysia 71:125–138

Abdul-Rahman, A. (1997). Estimation geological study of the 
Hartha, Sadi and Khasib reservoirs in the Balad Field, (O.E.C. 
doc.). 89 p.

Ali, K. K., and Kadhim, F. G. (2019). 3D seismic attributes 
interpretation of Zubair Formation in AlAkhadeir area, 
southwestern Karbala, Iraqi Journal of Science 56 (4C):3613-
3524.

Ali, K. K.,  Wanas A. A.,  Mahdi M. E. (2021).  Application 
of Velocity Analysis Picking for 2D Seismic Data Processing in 
West An-Najaf Area. Iraqi Journal of Science 62(2): 555-564

Al-Sadi, H. N. (2017). Seismic hydrocarbon exploration: 2D and 
3D Techniques, springer international publishing, Switzerland. 
331 P.

Berg, O. (1982). Seismic Detection and Evaluation of Detta and 
Turbidite sequences: Their Application to exploration for The 
Subtle trap, American Association of Petroleum Geologists 66 
(9):1271-1288.

           Dobrin, M. (1976). Introduction to Geophysical Prospecting, 
3rd ed., McGraw Hill. Into., International Student Edition. 386 p.

Fadhil, M. (2010). Seismic Reflection Study of Lower Cretaceous 
Rocks in Kifl Oil Field, Iraq, Thesis of Master of Science in 
Geophysics, Geology Department, Baghdad University. 142 p.

Haq, B. U., Hardenbol, J., Vail, P.R. (1987). Chronology of 
fluctuating sea levels since the Triassic. Science 235: 1156-66.

Hart, B. S. (2004). Principle of 2D and 3D seismic interpretation, 
McGill University. 443p.

JAPEX Company. (2006). Japan Petroleum Exploration, The 
G & G Study of the East Baghdad Field, Central Iraq, O.E.C. 
documents. 560 p.

Khorshid, S. Z. and Kadhm, A.D. (2015). Subsurface 
Investigation of Oligocene Geologic Formations Age, East 
Baghdad Oil Field.Iraqi Journal of Science 56(4C): 3441-3451.

Lessenger, A. (1988). Seismic stratigraphy. Annual Review of 
Earth and Planetary Sciences, 16: 319-15

Marfurt, K. J. (2005). Robust estimates of 3D reflector dip and 
azimuth. Geophysics71(4): 29-40

McQuillin, r., Bacon, M., Barclay, W. (1984). An Introduction to 
Seismic Interpretation, Graham and Trotman. 287 p.

Nassir N. A., AL- Banna, A. S., Al-Sharaa, G. H. (2021). The 
Use of Seismic Reflection Data Inversion Technique to Evaluate 
the Petro- Physical Properties of NahrUmr Formation at Kuwait 
and Dujaila Oil Fields – Southern Iraq. Iraqi Journal of Science 
62 (2): 565-577

Ravenne,  Ch. (2002). Stratigraphy and Oil. Oil E & Gas Science 

References

Abed et al. / JJEES (2023) 14 (1): 64-6968



and Technology-Review IFP.  57(3): 211-250

Taner, M.T., Kohler, F., Sheriff, R.E. (1979). Complex trace 
analysis, Geophysics, 44(6): 1041-1063.

Telford, W.M., Geldart, L.P., Sheriff, R.E., Keys, D.A. (1970). 
Applied Geophysics, Cambridge University Press 860 p.

Yilmaz, O. (1987). Seismic data processing, SEG series: 
Investigation Geophysics V.2, 526 p.

Abed et al. / JJEES (2023) 14 (1): 64-6969



JJEES
Jordan Journal of Earth and Environmental Sciences

Chemical Effect on Soil Strength by adding Lime and Natural 
Pozzolana

Dr. Maiasa Mlhem

Abstract

1. Introduction

The soil under different construction, such as roads, 
residential and industrial buildings, irrigation facilities, and 
airports; may not satisfy the engineering requirements. So, 
engineers always try to modify the engineering design such as: 
increasing the thickness of the pavement layers or increasing 
the dimensions of the footing, or changing the type of footing 
from shallow to deep, and this causes a significant increase in 
the cost of the structure as a whole. Recently, engineers and 
researchers concentrate on finding new methods to improve 
the soil properties and approaching the standards values 
which minimize the cost of any other modifying. Therefore, 
soil stabilization science and its applications have attractive 
research and studies.  It provides economic solutions for 
many soil problems. There are the main group of improving 
methods: mechanical methods (soil reinforcement and soil 
mixing), and chemical (soil injection with chemical additives: 
cement, lime, fly ash, silicates, and polymers). Using lime and 
natural pozzolana as additives were main concept for many 
types of research since natural pozzolans used in normal 
proportions typically improve concrete performance and 
durability [Ekolu, et al., 2006], however, a few of research 
investigates the changing of soil properties by using both 
lime and pozzolana under loads. Moreover, the availability 
of natural lime and pozzolana in Syria encourages searching 
and detecting the effect of these additives on soil under 
foundations.

[Tran, et al., 2014] investigated the effects of lime 
treatment on the microstructure and hydraulic conductivity of 
compacted expansive clays that result in increasing hydraulic 
conductivity in lime-treated soil. [Abbasi & Mahdieh, 2018] 
studied Adding lime or pozzolan or both of them to a silty 
sand soil causes an increase in optimum moisture content and 

a decrease in the maximum dry density. 
[Khan, et al., 2020] studied different types of stabilizers to 

improve the strength of soil, and [Harichane, et al., 2011] and 
[Harichane, et al., 2017] studied adding lime (0-4-8)% and 
pozzolana (0-10-20)% on two types of clay soils, they found 
that pozzolana enhances the effect of lime on decreasing 
the plasticity index the classification of soil change from 
CH to MH for both types. [Haas & Ritter, 2018] clarified in 
their research the effect of time on the degree of reaction of 
quicklime and hence the increase of compressive strength. 
[Alrubaye, et al., 2016] studied kaolin clay and mixed (3-5-
7-9)% lime and 4% silica dust. the result was a decrease in 
the maximum density and an increase in shear strength and 
internal friction angle. [Türköz, et al., 2018] concentrated 
on silica dust (1-3-5-10-15-20) % and lime (3%) and found 
decreasing in the plasticity Index of a clay soil from Turkey 
and an increase in maximum dry density. [Kalyane & Patil, 
2020] tried to stabilize black cotton soil from India by using 
lime (5%) and fly ash (5-10-15)%, which reach to increasing 
plasticity limit and unconfined strength and decreasing in 
maximum dry density. Many types of research expressed the 
increasing of bearing capacity with a module (BCR) bearing 
capacity ratio which expresses the proportion between bearing 
capacity after improvement and virgin bearing capacity 
(before improvement or stabilization). All researchers used a 
laboratory model to define this ratio. [Maharaj, et al., 2019] 
studied the bearing capacity ratio of soil after reinforcement 
with geotextile, and concluded that the maximal increase 
in ultimate bearing capacity is ascertained by placing the 
reinforcement at a depth of half the width of footing (B). 
[Keskin & Laman, 2012] investigated the bearing capacity 
of a strip footing resting on sand slopes, and found that the 
bearing capacity of strip footing on a sand slope is significantly 

Keywords: Lime, Pozzolana, Additive, Soil improvement.
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Mostly, clay soil is a common problem encountered by civil engineers on site, because of its complicated structure and different 
geotechnical properties. Therefore, it was necessary to find useful and applicable solutions to solve problems that may be found 
upon designing and constructing. One of the most widespread solutions for soil improvement is soil stabilization by different 
types of additives, which achieves high efficiency and economical results. Many additives were used, including cement, lime, 
silica, fly ash, and others. A lot of natural resources of lime and pozzolana exist in Syria, however, it needs investment plans, 
and due to the lack of studies that discuss using these additives under foundations and then detecting the changing of bearing 
capacity of the soil. In this research, experimental and analytical methods are followed by conducting loading experiments on a 
foundation model located on clay soil, after adding lime to clay soil with percentage 2% up to 8%, which cause a decrease in the 
water content and increases the strength of soil where the maximum was at 4% lime. Then 10% up to 30% of natural pozzolana 
were added alongside 4% of lime, which caused decreasing in both the water content and the strength.
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dependent on the slope angle, and increases with an increase 
in the relative density of sand.  In other research, [Gabr, et 
al. 1998] studied the stress distribution for reinforcement soil 
under square footing (0.33m*0.33m) loaded in a metal box 
(1.37m*1.52m*1.52m). [Tsukada, et al., 2006] used circle 
footing with a diameter (of 40mm) on reinforcement soil 
and studied BCR for spread footing. [Hwang, et al., 2016] 
researched the effect of Micropile on increasing the bearing 
capacity of the soil. Therefore, the goal of this research was 
to study the effect of lime and natural pozzolana on soil 
strength. The research was done experimentally in a physical 
laboratory model.

Mlhem / JJEES (2023) 14 (1): 70-7471

2. Materials & Methods:
2.1 Materials:

The soil in the area of Dara’a (locating in the south of 
Syria) causes many problems under foundations for different 
types of buildings where most researchers suggested that 
the reason is due to its high plasticity. Therefore, according 
to the previous papers and research, this paper focuses on 
detecting the changing in the soil properties after adding 
two types of available additives lime and natural pozzolana 
in Syria. Limestone quarry spread in different locations in 
Syria and the expected geological reserve is 8*109 m3, just the 
investment quantity is approximately 200*106 m3 [General 
Establishment]. In addition, Pozzolana spreads in the south 
area, east-south area, and east-north area in Syria, the expected 
geological reserve is 600*106 m3 [14].

Basically, all soil samples have been tested in the soil 
mechanics laboratory to be classified and specified. Fig.1 
illustrates the grain size distribution of soil samples according 
to ASTM D6913 and D7928. Fig. 2 presents the proctor 
tests results to define the maximum dry density according to 
ASTM D698, and fig.3 shows the unconfined compressive 
strength (UCS) results for these types of samples. In addition, 
Atterberg limits have been determined as clarified in Table 1.

Then, both additive lime and natural pozzaolana have 
testes chemically. The lime additive contains 90.2% (CaO). 
Blaine fineness test according to (ASM-C204) shows fineness 
(4500±100) cm2

/gr of natural pozzolana that was used in this 
research. Syrian standards (1998/1887) recommend that active 
silica should not be less than 25% in pozzolana to assure the 

activity of pozzolana as an additive. Chemical analysis for 
pozzolana is as follows in table2:

2.2 Methods:
2.2.1 Soil Samples Tests:

2.2.2 Additive Tests:

Figure 1. Grain Distribution.

Figure 2. Compaction Test.

Figure 3. Unconfined Compressive Strength.

Test ASTM code Result

Moisture (water content) D 2216 10%

Specific Gravity (Gs) D 854 2.753

Grain Size Distribution:
Sieve 
Hydrometer 

D 6913 
D 7928

Gravel (0.73) %, Sand (5.17)%, Silt (29.50)%, Clay (64.60)%

Atterberg Limits D 4318 LL=74.09%, PL=38.10%, Class - CH

Compaction Test D 698 Fig.2

Unconfined Compressive Strength D 2166 Fig.3

Table 1. Physical properties of clay soil

Table 2. Chemical Analysis of Pozzolana.

Oxide SO3 K2O MgO CaO Fe2O3 Al2O3
SiO2 

(active)
SiO2 
(all)

% 0.32 7.47 8.02 8.29 16.04 12.57 44.31 47.29



The laboratory model is a plexiglass box with dimensions 
(30cm*35cm*50cm). It was filled with soil and the model 
of footing is a metal plate, its dimensions: (30cm*8cm). The 
settlement gauge was placed at the top of the plate as shown in 
fig. 4. The loading device was a hydraulic press with a velocity 
of 0.5mm/sec and the maximum settlement was calculated as 
20% of the footing width (for our case = 16mm) [Das, 2011].

• Prepare the laboratory model.
• Adding lime with a percentage of 2%-4%-6%-8% 

then find the best additive percentage of lime.
• Adding Pozzolana with percentages 10%-20%-

30% with the optimum percentage of lime and 
applying load tests until failure.

• Choose the best mixing percentage.

1) Virgin soil without any additions:
After the loading test the maximum load for settlement 
20% of footing width, was Q=4.8kN.
2) Soil with Lime:
Lime was added to the soil with percentages (of 2%, 

4%, 6%, and 8%). Fig. 5 shows the results of loading 
where the maximum load for 2% lime additive was 
8.45kN, for 4% lime additive was 13.5kN, for 6% lime 
additive was 12.4kN and for 8% lime additive was 
11kN.

Fig. 8 shows the results of the unconfined compressive 
strength (UCS) test and it is clear that the best additive ratio is 
4%, which increases the strength of the sample significantly. 
It is the same trend in fig. 9, which presents the stress-strain 
behavior.

To study the effect of lime additives, it is obvious that 
maximum load increase by increasing lime additives until 4% 
then begin to decrease as shown in fig. 6.

Moreover, fig. illustrates the relation between water 
content and lime additives. Lime additives cause decreasing 
in water content.

The samples were disturbed, so an approximate unit 
weight and water content were determined: γ=15kN/m3, 
w=40%. Big Samples were crushed and then water was 
added to the soil sample and kept it 24 hours. Then, quick 
lime was crushed and sieved on sieve No. 40. When samples 
get their water content, the lime, and pozzolana are added 
to the sample and mixed for not less than half an hour until 
reached homogenous, then forming the soil layers inside the 
box and leaving the soil for 24 hours to be as homogenous 
as much, and then begin with loading steps. After finalizing 
the loading, the box is emptied, and repeat the steps to do 
a new experiment are. In each experiment, 80kg of soil was 
used, and 22kg of water to reach the required water content, 
in addition to lime and pozzolana after grinding.  The loading 
process could be divided into three main stages:

2.2.3 Laboratory Model:

2.2.4 Laboratory Methodology:

2.2.5 Loading Test Procedures:

Figure 4. Laboratory Model.

Figure 5. Loading Test Curves for stabilized samples with lime 
additives.

Figure 6. Maximum Load vs Lime additive percentages.

Figure 7. Water Content vs additive percentages.
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After we define the optimum ratio for lime additive as 
4%, we fixed this ratio and begin to add pozzolana with a 
percentage of 10%-20%-30% to explore the effect of lime 
and pozzolana together in changing the soil properties. Fig. 
10 shows the loading results and Fig.11 shows the effect of 
pozzolana additives on the water content in a soil sample.  
Moreover, Fig. 12 shows the results of the UCS test where 
adding pozzolana caused decreasing in UCS compared with a 
mixture of soil and lime only. We notice the same trend in Fig. 
13, which present the stress-strain behavior.

2) Soil with Lime & Pozzolana:

Figure 8. Unconfined Compression Strength. Figure 12. Unconfined Compression Strength.

Figure 13. Stress–Strain Curves.
Figure 9. Stress-Strain Curves.

Figure 10. Loading Test Curves.

Figure 11. Water Content vs. Additives Percentages.

3. Discussion:

According to the results as shown in Fig. 8, we notice that 
UCS tests for soil samples after mixing with different ratios of 
lime match the load test results (Fig.5) and together give that 
the best ratio of additives is 4%. Moreover, Fig.9 presents, at 
the same strain percentage that the maximum value of stress 
increase from 220kPa up to 546kPa when the lime additive is 
0% and 4% respectively, which confirms the great effect of 
lime on increasing the strength of the soil. Upon using natural 
pozzolana it is obvious from Fig.10 to Fig. 13 a decrease in 
the strength of soil samples compared to the strength value 
for soil samples without pozzolana and with lime additives 
only. Table 3 clarifies the differences in maximum loads 
according to pozzolana percentages.  pozzolana may replace 
soil particles and works with lime to improve the soil in case 
the pozzolana additive percentage is more than 30%. We 
could explain this by the lime reaction.

Maximum Load (kN) Soil with Additives 

4.8 Virgin Soil

13.5 Soil+4% Lime

11.7 Soil+4% Lime+10%Pozzolana

11.8 Soil+4% Lime+20%Pozzolana

14.3 Soil+4% Lime+30%Pozzolana

Table 3. Maximum loads after adding Pozzolana

3.1 Lime reaction:
Calcium Oxide reacts with existing water in the voids of 

soil and release heat during and after the reaction so the water 
content of the soil decreases as shown in Fig. 11. The reaction 
occurs according to the following equation:

The previous reaction could continue for many years 
and create a chemical bond between soil particles as cement 
bonds that result from cement hydration. Calcium additives 
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increase soil pH, which causes dissolution of soil components 
(silicates and alumina), after the dissolution, silicates, and 
alumina react with calcium and result hydrate calcium 
alumina CAH and hydrate calcium silicate CSH according to 
following equations:

The compounds that result from the previous equation 
are hard crystal materials and do not dissolve in water so 
it provides soil with strength. A practical consequence of 
the pozzolanic reaction is the gradual hardening of pastes 
containing pozzolanic materials and lime. Strength increases 
as the number of combined lime increases.  However, may be 
pozzolana responsible for low early strength, and as much as 
pozzolana quantity increases as much as strength increases 
[McCarthy & Dyer, 2019].

• Lime affects decreasing the water content and this 
effect increases directly with the percentage of lime. 
On the other hand, the water content decreases by 
approximately 25% of its initial value at the highest 
ratio of additives e.g. lime 8%.

• Lime additive increases UCS of soil and there is 
always an optimum ratio of additives, in our case, 
it was 4%.

• Lime additives enhance the bearing of soil by 
increasing the maximum load of soil. In our research, 
the maximum load increase is 2.8 fold from the 
initial one.

• Pozzolana additives enhance decreasing water 
content.

• Pozzolana decreases the strength compared with the 
effect of lime additives alone.

• The best percentage of Pozzolana additives is 30% 
for our soil samples.

• Moreover, it could be recommended to:
• Studying pozzolana additives ratio greater than 30% 

along with 4% of lime additives.
• Studying pozzolana additives with a lime ratio 

greater than 4%.
• Studying the effect of pozzolana fineness on strength 

of soil with pozzolana and lime.
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Abstract

1. Introduction

The development of the Syrian Arc Fold System (SAFS) in 
the Upper Cretaceous and the movement of the Arabian Plate 
in the Miocene-Recent define the structural deformation of 
Jordan (Abed, 2017). The Syrian Arc Fold System is an “S” 
shape and consists of a sequence of asymmetric anticlines 
and synclines that extend from Egypt’s Sinai Peninsula 
to the Palmyrides in Syria (Fig. 1) (Moustafa, 2013). The 
general trend of the whole folded belt varies from NE (Sinai 
and Naqab) to NNE (central part) and then back to NE 
(Palmyrides in Syria). The entire SAFS started folding in 
the late Turonian when the early Mesozoic extensional stress 
field changed to a compressional stress field with maximum 
shortening oriented WNW-ESE. (Eyal, 2011; Guiraud and 
Bosworth , 1997). 

The Dead Sea Transform Fault (DST) is 1100 km long 
and separates the Arabian and Sinai-Palestine plates (Fig. 
2) (Lu et al., 2020; Hempton, 1987; Garfunkel, 1981). It 
accommodated about 105 km of left-lateral displacement 
(Garfunkel, 1981; Freund et al., 1970; Quennell, 1958). 
The DST connects the Gulf of Aqaba in the south with the 
Karasu Valley in southeast Turkey in the north (Mahmoud 
et al., 2012). Several Pliocene-Quaternary basins are 
conjoined as the Dead Sea Basin and the Ghab Basin (Brew 
et al., 2001). The beginning age of the DST is the Early 
Miocene (Freund et al., 1970), or the Early-Middle Miocene 
with increasing displacement in the Pliocene-Quaternary 
(Steckler and Ten Brink, 1986). Several regional models 

estimated relative motion along the DST at 5 to 10 mm/yr 
(Meghraoui, 2015; Ferry et al., 2011; Chu and Gordon, 1998; 
Joffe and Garfunkel, 1987; Garfunkel, 1981). According to 
space geodetic techniques, the current slip rate across the 
DST is 4.9 + 0.4 mm/yr (Hamiel et al., 2018; Al Tarazi et 
al., 2011). The maximum horizontal axis of compression 
near the DST is NNW-SSE (e.g., Diabat, 2009; Zain Eldeen 
et al., 2002) (Fig. 2). Many inherited structures, such as the 
Syrian Arc, accommodate this stress (Alchalbi et al., 2010; 
Abou Romieh et al., 2009; Badawy and Horváth, 1999; 
Chaimov et al., 1990). The southern part of the DST has 
two structures; the Wadi Araba Fault (WAF) and the Jordan 
Valley Fault (JVF) (Fig. 2) (i.e Beon et al., 2010; Ferry et 
al., 2007). The WAF, with 250 km in length, is a sinistral 
strike-slip fault composed of several segments connected by 
either small-scale thrust edges or pull-apart basins (Ferry et 
al., 2011; Le Beon et al., 2010, 2008; Hofstetter et al., 2007; 
Klinger et al., 2000; Atallah, 1992; Garfunkel, 1981). At the 
northeast corner of the Dead Sea, WAF shows a change in 
direction to the northeast, forming a restraining bend with 
the sinistral sense of movement and merging with two 
geological structures: the Amman Hallabat Structure (AHS) 
and the Shueib Structure (SHS) (Fig. 1) (Al Hseinat et al., 
2020; Mikbel and Zacher, 1981). The two structures were 
formed in an NW-SE compressive framework, producing 
NE-SW folds and reverse faults in the upper Cretaceous and 
superimposed on the Syrian Arc (Al-Awabdeh et al., 2016; 
Diabat, 2009).

Keywords: Kinematic analysis, Amman-Hallabat Structure, Dead Sea Transform, Syrian Arc, Strain axis.
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In this study, a new collection of kinematic data sets relating to the Amman-Hallabat Structure (AHS) is presented. 
Measurements of fault slip were taken over the near field of a structure that was thirty kilometers long and located northeast 
of the Dead Sea. The kinematic study that was carried out as a consequence reveals that strike-slip faulting predominates, 
along with minor episodes of oblique-slip and reverse faulting. Overall, there is a regional coherence in the orientations of 
the extensional and shortening axes associated with both types of faulting over the whole research area. This coherence can 
be seen in the orientations of the extensional and shortening axes. It is suggested that the data set be interpreted as the result 
of sinistrally transpressive kinematics that are more or less continuous, with shortening axes mainly oriented NW–SE to 
NNW–SSE and minor NE-SW and extensional axes predominately oriented NE–SW and minor NW–SE. These kinematic 
axes result from the two stress fields that affect the area, the earlier Syrian Arc Stress and the later Dead Sea Stress. The 
multistage kinematic history of the AHS indicates that the stress fields that generates AHS are kinematically incompatible.
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Figure 1. The Syrian Arc fold system and main structures in Jordan (A). The inset shows the location of the study area, (B) Amman 
-Hallabat Fault (AHF), Shuaib Structure (SHS), and a simplified model shows 3D of AHS and SHS (Modified from Al Hseinat et al., 2020).



Figure 2. Dead Sea Transform fault (DST). Yellow arrows and 
numbers show the direction and amount of movement of the Arabian 
Plate concerning the Africa Plate in mm per year (Modified from 
Gomez et al., 2007). 
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2. Geological Setting
2. 1 Stratigraphy of the area

2.2 Tectonic setting of the area

The Triassic Zarqa Ma’in Group is the oldest rock unit in 
the study area (Fig. 3). It is composed mainly of sandstone, 
sandy limestone, and dolomite (Makhlouf, 2003). The Azab 
Jurassic Group was sub-divided into 7 formations (Abed, 
2017; Andrews, 1992): Hihi claystone, Nimir limestone, 
Silal sandstone, Dahab limestone, Ramla sandstone, Hamam 
sandstone, and Mughanyya limestone. The early Cretaceous, 
Kurnub Sandstone Group, overlies unconformably Triassic 
and Jurassic sediments in the southern and northern areas, 
respectively. It consists of braided-rivers sand deposits 
(Andrews, 1992). The late Cretaceous to the early Paleogene, 
Ajlun, and Belqa groups, consist predominantly of limestone, 
chalk, marls, chert, and phosphate. Ajlun Group was divided 
into five formations; they are from older to younger: Na’ur, 
Fuhies, Hummar, Shueib, and Wadi As Sir formations 
(Masri, 1963; Powell, 1989; Abed, 2017). Whereas Belqa 
Group was divided into five formations, they are from older 
to younger: Wadi Umm Ghudran, Amman Silicified, Al 
Hisa Phosphorite, Muwaqqar Chalk-Marl and Umm Rijam 
Chert-Limestone formations (Powell, 1989). The lower three 

According to Bender (1968), the study area is located 
within the highlands east of the DST and the Amman plateau 
(East Jordanian Plateau). Two main structures represent 
the Syrian arc in  Jordan: The AHS is about 80 km long and 
extends from WAF in the west to Qasr Al Hallabat in the 
east of Jordan (Fig. 1) (Al Hseinat et al.,   2020; Diabat, 2009; 
Mikbel and  Zacher, 1981). The SHS represents a NE-SW 
oblique reverse fault with   sub-parallel folds. This Structure 
was active in the late Cretaceous period. The study of Al-
Awabdeh et al., (2016) proposed a Neogene reactivation of 
local faults in this structure as linked to  the transpression 
 activity of the DST. AHF is a NE–SW to ENE–WSW 
strike-slip fault and sub-parallel to anticlines and synclines 
 (Mikbel and Zacher, 1986). In the eastern part of the studied 
area, the Amman Formation (Santonian-Campanian) on the 
northwestern side of the AHS is downfaulted against Wadi 
As Sir Formation (Turonian) on the southeastern side of the 
AHS. The downthrow of this fault is in the NNW direction 
(Diabat, 2009). Both the late Cretaceous (AHF and faults of 
SHS) are associated with ESE-WNW maximum compressive 
stress. Those structures were inactive during the Neogene 
(Sahawneh and Atallah, 2002; Mikbel and Zacher, 1981). 
Diabat (2009) proposed that they have a Quaternary activity 
and showed a significant similarity between the stress field 
orientation related to the DST. Recently, Al Hseinat et al. 
(2020) supposed that the DSF has combined with the main 
faults of the AHS. They further supposed that these faults 
were reactivated as a restraining bend formed from the DSF 
branches that developed due to the NNW-SSE-trending 
Dead Sea transpressional stress field. Thrust components 
are present on faults with horsetail geometry depending on 
the interaction between the direction of the AHS strands 
and the regional tectonic displacement along the DST. 
These movements are followed by folding and uplifting. 
Consequently, the main faults in the AHS have a horsetail 
structure, with folds and thrusting deformation.

formations are exposed in the study area whereas the upper 
two formations are exposed to the east of the area. The 
Neogene is largely eroded; Lisan and Damya formations 
represent the late Quaternary sediments in the study area 
(Fig. 3).

3. Methodology

The current research focused on the kinematics of the 
AHS, where the structures are spatially continuous and 
bound by the DST and SHS (Fig. 1). Seven stations (S1-
S7) were selected to perform the required measurements 
over a 30-kilometer length between the WAF in the west 
and the Amman area in the east (Fig. 3). The majority of 
the measurements were taken at Cretaceous outcrops. The 
study focuses on carbonate rocks that indicate reliable 
lineations or growth fibers on the fault planes. Due to 
the nature of the outcrop in the region, a relatively small 
number of observations were collected. All data acquired 
for this investigation consist of fault plane-striation pair 
measurements. The sense of movement on the plane was 



determined by shear sense indicators, namely striations, 
and fibers on fault planes, which were observed to be highly 
developed in carbonate rocks (Fig. 4). To eliminate bias in 
the data set, one measurement per fault plane-striation was 
acquired, and only fault planes exhibiting shear indicators 
have been included in the kinematic analysis. To justify the 
relatively small set of data we have gathered, it is important 
to note that the fault-slip data from the quarries analyzed in 
this study are the only coherent data sets identified in the 
carbonate strata of the investigated sites.

In general, the MSM method allows for calculating 
the macro-strain and relative micro-rotation tensors. This 
method allows constraining the fields P (shortening axis) 
and T (extension axis) delimited by each fault. The vectors 
of this tensor are parallel to the kinematic axes P, B (middle 
axis), and T of the fault. In this case, each fault’s P and T 
fields are approximately similar to the corresponding fields 
(P and T) defined by the common macro-strain tensor. 
The axes determined for extension and shortening were 
examined for agreement with the results obtained using the 
P-T axes method (Jena and Pradhan, 2020). T-Tecto Studio 
X5 software (Zalohar, 2020) was used to perform the MSM 
method calculations.

 The Multiple Slip Method (MSM) (Zalohar and 
Vrabec, 2008) was used to calculate the common extension, 
intermediate, and shortening axes of a population of fault 
slip data. The MSM is an updated and modified version of 
the moment tensor summation (MTS) method developed 
by Kostrov (1974), Molnar (1983), and Marrett and 
Allmendinger (1991, 1990) and the finite strain and rotation 
from the fault slip  method of Cladouhos and Allmendinger 
(1993). The MSM method is based on the theory of Linear 
Elastic Fracture Mechanics (LEFM) and the theory of 
scaling of fracture and fault systems. The main goal of the 
MSM method is to give an alternative way to figure out the 
weighting factors in the infinitesimal method of summing 
the moment tensor.

Figure 3. Geological Map and Locations of the measurement 
stations. The stations are  marked by black circles and numbered 
from S1 to S7. (Geological  map modified from Al Hseinat et al., 
2020). 

Figure 4. Fault-plane kinematic indicators. (a) Slickenlines on 
dextral strike-slip fault. (b) grooves on oblique-slip fault. (c) and (d) 
calcite mineral growth fiber on sinistral strike-slip faults. In (a) and 
(b) the arrow indicates the movement of the lost wall.

Figure 5. Fault geometries: Rose diagram of fault orientations 
measured at every station. 

4. Results of kinematic analysis

The number of fault-slip field measurements is 91 (Figs. 
5 and 6), but the data used in the analysis is 77 (Fig. 7); 
the 14 field measurements were discarded since they are 
incompatible with slip deviations and provide inaccurate 
results. So. This research was confined to planes having 
reliable shear indicators, resulting in a somewhat small but 
significant data set. Measurements were taken at quarries 
near the AHS. The NE-SW oriented major direction of all 
fault planes,  as shown in the rose  diagram at  the top of Fig. 6, 
agrees with AHS. This direction is well  presented in the  rose 
diagram of all  reverse faults measured in the stations (Fig. 5c 
and  Fig. 6) and  less illustrated in the rose  diagram of dextral 
and sinistral strike-slip faults  measured in the stations 
(Figs. 5a and b). The  strike-slip  faults are sub-verticals with 
striations pitched between 0° and more than 30° (Fig. 6). The 
large values  of striations  pitch are due to later  deformation 
episodes. The dextral and sinistral faults are largely  similar 
in  directions   (Figs. 5a and b) which suggest the existence 
of many compressive   episodes, with NW-SE and NE-SW 
shortening axes or faults reactivation, or strength anisotropy, 
providing cause for the generation of the dextral and sinistral 
faults.
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Table 1. Results of kinematic analysis (trend and plunge) of the principal axes of strain obtained from SMS calculations. N: number of fault 
measurements.

Rose diagram of all: a-Dextral strike-slip, b- Sinistral 
strike-slip, and c- Reverse faults measured in the whole 
stations. The Rose diagram at the top of the figure presents 
the direction of all fault types in all stations. (Base map from 
Al Hseinat et al. 2020)).

Rotation along the faults is likely to be caused by the tilting 
of the beds at some locations. The oblique-slip solutions 
at several sites demonstrate the deviations from kinematic 
calculations. Normal faulting was not obtained in the studied 
area.

The MSM method was applied to the obtained station 
data. Results are documented in Table 1 and shown in Fig. 
7. The best-determined solutions were obtained from those 
sites where the measurements were divided into fault sets 
(S1, S2, S4, and S5). However, some sites with few data 
measurements (S3, S6, and S7) also give reasonable results. 
The majority of the sites have strike-slip solutions with axes 
of shortening in the NW–SE to NNW–SSE and the NE–SW 
orientations (Fig. 7). Reverse faults present an NNW–SSE 
shortening direction of some of the sites (S2 and S5, Fig. 7). 

The positions of the calculated shortening axes are 
horizontal or close to horizontal (Fig. 8). Analyzing 
kinematic measurements present several shortening axes 
trends within the AHS. The main direction of the shortening 
axis is presented in the rose diagram attached at the top of 
Fig. 8. The dominant direction is NNW-SSE to NW-SE. The 
less important direction of shortening is NE-SW. Analyzing 
both reverse and strike-slip faults present NNW-SSE to NW-
SE direction of shortening, whereas the NE-SW direction is 
a result of only strike-slip fault analysis.

Figure 6. Lower hemisphere projections show measured fault plane-
striation for each station. Red points with arrowheads on striation 
plunge symbols indicate the sense of displacement of hanging wall 
blocks of reverse faults, and blue points with arrows indicate the 
sense of displacement on strike-slip faults. (Base map from Al 
Hseinat et al., 2020).).

Figure 7. P- and T-axes for the measured faults as calculated by 
using the MSM method. Mean orientations for the P (horizontal 
shortening=red arrow), T (horizontal extension=blue arrow), and 
rotation axes (black arrows). The coinciding of black arrows and 
Kinematic axes means pure shear. Otherwise, it means simple shear 
and strain axes rotation with incremental strain. (Base map from Al 
Hseinat et al., 2020).

Location and Number Axis 1 Axis 2 Axis 3

Station N Shortening Intermediate Extension

S1 -a 9 123/14 (NW-SE) 304/76 035/0 (NE-SW)

S1 -b 10 042/21 (NE-SW) 204/68 309/6 (NW-SE)

S2 -a 7 145/0 (NW-SE) 235/14 065/76 (NE-SW)

S2 -b 4 046/0 (NE-SW) 304/90 131/0 (NW-SE)

S3 9 333/9 (NNW-SSE) 109/77 241/9 (NE-SW)

S4 -a 7 326/7 (NW-SE) 213/72 058/17 (NE-SW)

S4 -b 4 051/29 (NE-SW) 196/56 312/17 (NW-SE)

S5 -a 7 336/6 (NW-SE) 066/1 162/83 (NNW-SSE)

S5 -b 4 085/0 (E-W) 175/66 356/24 (N-S)

S6 8 055/30 (NE-SW) 226/59 323/4 (NW-SE)

S7 8 122/22 (NW-SE) 231/38 010/44 (NNE-SSW)
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Figure 8. Shortening (black and red) and stretching axes (white) 
from MSM calculations in the AHS (Table 1). The Rose diagram at 
 the top of the figure presents the main directions of the shortening 

axes for all stations.  (Base map from Al Hseinat et al., 2020).

5. Discussion

The geometry of the measured fault in the different 
stations along the AHS should already be a reflection of 
its kinematics. Then, we have to agree that the AHS must 
have originated as a reverse fault with an important strike-
slip component and has been found in this manner since 
its formation, and it has developed in different stages (Al-
Awabdeh et al., 2016; Diabat, 2009). Zoback (1992) showed 
that mechanical anisotropies at a large-scale fault zone could 
modify the stress axes’ orientation. Therefore, the origin of 
principal strain deviation from fault populations of known 
kinematics mustn’t be considered problematic. The MSM 
method shows a combined NW–SE and NE–SW shortening 
axes and NE–SW stretching axes with local deviations (Fig. 
8). Most of the shear indicators measured in the stations 
agree with this kinematics (Fig. 4). The kinematic structures 
in the studied area are strike-slip and reverse movements. 
Strike-slip and dip-slip kinematic indicators on the fault 
planes suggest that the faults were reactivated later. 

The AHS accommodates the NE–SW trending reverse 
faults and the NE–SW faults with sinistral movement. These 
latter fault trends are due to the inherited structure of the 
Syrian Arc in the AHS which resulted from the E-W to 
ENE-WSW stress field. These transpressive structures are 
probably operated since the upper Cretaceous. The Senonian 
shortening in the western Syrian Arc was NNW-SSE directed 
and changed progressively to NW-SE and nearly WNW-ESE 
in Palestine (Sehim, 1993; Letouzey and Tremolibres, 1980). 
However, the cause of these transpressive structures may be 
a local response to anticlockwise rotation of the horizontal 
NNW–SSE shortening at restraining bends near WAF and 
AHS (Al-Taj et al., 2007).

The calculated kinematic axes correspond to many 
phases of tectonic development that control the AHS’s 
deformations (Fig. 8). The geometry of the reverse faults 
measured in the AHS and adjoining NE-SW folds agrees 
with the NW-SE shortening axis. The NNW-SSE shortening 
axis accommodated the DST deformation and affected the 
geometry of the AHS at a later stage of its initial formation. It 
is suggested that the strain field of the NNW-SSE shortening 
axes in the AHS zone is consistent with sinistral movement 

on the fault. The NW-SE shortening field related to sinistral 
strike-slip faults is presented in the studied area (Fig. 8). As 
has been shown in previous works (Al Hseinat et al., 2020; 
Eyal and Eyal, 2015; Hofstetter et al., 2007; Badawy and 
Horváth, 1999; Eyal, 1996; Chaimov et al., 1990), it agrees 
with the present-day kinematics field of the DST. The results 
of kinematic axes indicate that the Dead Sea stress and the 
Syrian Arc Stress fields are kinematically incompatible.

The acquired observations in the area are in agreement 
with a change in the strain field of the AHS from thrust 
deformation during the Cretaceous to strike-slip and oblique 
reverse faulting in the Neogene. Diabat (2009) proposed a 
possible Quaternary reactivation in the northernmost part of 
AHS.

The stress field based on seismological studies (Palano et 
al., 2013; Hofstetter et al., 2007) showed sinistral movement 
that drives the deformation in the DST. It is compatible with 
strain tensors with the NNW–SSE shortening axis. It is 
suggested that NNW–SSE shortening drives the Quaternary 
reactivation tectonics in AHS.

6. Conclusions

For the AHS, a small but reliable set of fault slip data 
has been acquired. Almost all data can be explained by 
oblique strike-slip and reverse movement dominating the 
majority of the investigated stations near the AHS. With 
the notable exception of an extension in the NW–SE 
direction, there is remarkable coherence in the orientation 
of the NE–SW extension along the investigated strike length 
of the AHS. The majority of calculated shortening axes 
have subhorizontal NW–SE to NW–SE orientations. The 
kinematic axes indicate that the E-W compressional Syrian 
Arc stress field and NW-SE Dead Sea stress field with about 
anticlockwise rotation. The current findings indicate that 
AHS is produced in more or less continuous, sinistrally 
transpressional kinematics in space and time.
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