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Preface

The scarce freshwater resources in arid areas are under increasing pressure from population
and economic growth, food demand, expanding irrigated agricultural areas, and climate
change. The water deficit is especially drastic in arid areas characterized by low precipitation
and high evaporation rates. In arid areas, groundwater is usually the only natural water
resources and is endangered by excess agricultural extraction and seawater intrusions to
coastal aquifers. Climate change leads to temperature increase and shifts of precipitation
patterns, and likely increases the frequency of flooding and drought seasons. It is important to
understand the impact of climate changes on irrigation, subsurface hydrology, flood risk,
salinization, as well as mitigation approaches to cope with the above-mentioned challenges.
Desalination of seawater is a popular way to supplement insufficient domestic water supply in
urban areas. In recent years, desalination of brackish water and reuse of treated wastewater are
also becoming popular as a non-conventional source of water for mainly for farming activities
along with other feasible purposes. In addition, economical management and associated policy
reforms are critical to induce water conservation and adoption of water-saving and reuse
technologies.

This book entitled Water Resources in Arid Land: Management and Sustainability aims to
address multiple water issues and challenges in arid land discussed above by selecting
excellent studies presented at the 2nd International Conference on Water Resources in Arid
Areas (WRAA2020) held online during November 9–11, 2020. This book consists of 6 parts
with 31 chapters presenting contributions to a wide range of water sciences in arid regions.
The following themes represent the six parts in the book ordered as:

Hydroinformatics
Water Desalination and Purification Technologies
Climate Change and Water Resources
Economics and Management of Wastewater
Urban Water
Subsurface Hydrology.

Hopefully, the most recent innovation, trends, and concerns, practical challenges encoun-
tered, and the solutions adopted in the field of water sciences presented in this book can
enlighten water researchers and authorities in management of water resources in arid land.

Thanks!

Al-Khod, Oman Ali Al-Maktoumi
Al-Khod, Oman Osman Abdalla
Al-Khod, Oman Anvar Kacimov
Al-Khod, Oman Slim Zekri
Al-Khod, Oman Mingjie Chen
Al-Khod, Oman Talal Al-Hosni
New Haven, USA Kaveh Medani
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Statistical Approach for Water Quality
Evaluation of Irrigation Canals in Egypt

Eman A. Hasan, Marwa M. Aly, and A. M. I. Abd El Hamid

Abstract

Surface water quality is a vital issue worldwide due to
increasing population and development plans. The objec-
tive of this study is to develop a statistical approach for
assessing irrigation water canals through monitoring
pollutant concentrations and a water quality index. Water
samples were collected monthly for the two years
2012/2013 and 2013/2014, from fixed locations along
the studied canals in Eastern Delta as a case study. The
statistical approach used in this work includes weighted
arithmetic water quality index (WAWQI), hierarchical
clustering analysis (HCA) and principal component/factor
analysis (PC/FA). The study revealed that according to
the cluster analysis considering WAWQI, 61.11% of the
monitoring locations were grouped under cluster A which
has the best water quality among the cluster groups.
Furthermore, the results of the principal component
analysis identified five principal components which were
responsible for 81.24% of water quality status in the
studied locations. The results obtained from this study can
assess the decision makers in applying water quality
strategy to control the presence of pollutants from
different sources.

Keywords

Water quality index � Cluster analysis � Principal
component analysis � Factor analysis � Eastern Nile
Delta canals

1 Introduction

In developing countries, millions of people die annually
from water-related diseases (WHO, 2017); for this reason,
protection of freshwater resources is an essential aspect. In
Egypt, observing water quality of the Nile system began in
1980 using monitoring network (Abdel-Dayem, 2011). The
purpose of monitoring network is to measure 34 water
quality parameters such as physical, chemical, biological
parameters, heavy metals and nutrients to be compared with
Egyptian standards. Consequently, water quality index
(WQI) is used to reduce the higher number of parameters,
rate the health of a stream with a single number and assist in
the development of water management strategies (Tyagi
et al., 2013; Elshemy, 2016).

Several researchers worldwide assess the water quality of
different canals and rivers using WQI (Goher et al., 2014;
Manju et al., 2014). Meanwhile, Oketola et al. (2013)
reported that hierarchical cluster analysis (HCA), principal
component/factor analysis (PC/FA) and correlation matrix
are used widely worldwide to illustrate the variations in the
water quality as a statistical tool. In Bangladesh, the HCA
and WQI were used to evaluate the water quality of an
industrial area in Dinajpur (Howladar et al., 2017). FA was
used to illustrate the water quality index parameters of the
Nile River in Egypt (Yousry & El Gammal, 2015). In China,
the water quality of the Tiaoxi River was evaluated by HCA
and PCA for physicochemical and microbiological parame-
ters (Vadde et al., 2018).

The research problem is the issue of water quality in the
Eastern Nile Delta to support decision makers in taking the
appropriate action regarding the protection of water resour-
ces. Several researchers assessed water quality of water-
courses using different statistical analyses as mentioned
before, but the objective of this research is to develop a
statistical approach for assessing irrigation water canals
through monitoring pollutant concentrations and water
quality index.
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2 Methodology

2.1 Study Area

The status of water quality for ten canals in the Eastern Delta
region was evaluated. These canals are Tawfiki Rayah,
Mansouria Canal, Sharkawiya Canal, Bahr Mois Canal,
Daffan Canal, Ismailia Canal, Port Said Canal, Suez Canal,
El-Wadi El-Sharky Canal and El-Salam Canal. The research
gets to benefit from the GIS technique; the available data-
base of the canals and drains of Egypt is generating a map
for the study area using the ArcMap software as shown in
Fig. 1. El Salam Canal is the backbone of an agriculture
developing project in Egypt that aims at reclaiming more
than six hundred thousand Feddans in the north-eastern part
of the country. The water sources of El-Salam Canal are
from mixing agricultural drainage water and freshwater from

the River Nile (Damietta Branch) with variable mixing ratio
through the year, up to 1:1.

2.2 Studied Locations and Parameters

Eighteen monitoring locations of water quality along the ten
investigated canals in the Eastern Delta irrigation system are
shown in Table 1. Seventeen water quality parameters were
studied, namely dissolved oxygen (DO), biological oxygen
demand (BOD), chemical oxygen demand (COD), nitrate
(NO3), ammonium (NH4), total phosphorus (TP), total dis-
solved solid (TDS), sulfate (SO4), the power of hydrogen
(pH), boron (B), cadmium (Cd), copper (Cu), iron (Fe),
manganese (Mn), zinc (Zn), lead (Pb) and nickel (Ni).

Monthly water quality parameters for the two years
2012/2013 and 2013/2014 were obtained from the database

Fig. 1 Eastern Delta region and studied locations
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of the Drainage Research Institute and the Central Water
Quality Unit in the Ministry of Water Resources and Irri-
gation (MWRI).

2.3 Statistical Approach

The statistical approach used in this study began with
investigating water quality status using WAWQI and then
applying statistical techniques (HCA and PC/FA).

2.3.1 Investigating Water Quality Status
The objective of this part is to investigate and evaluate the
water quality status of each location along the studied canals
using the WAWQI and taking into consideration the Egyp-
tian guidelines (law 48 for 1982 and ministerial decree in
92/2013).

Over the years, several WQIs have been proposed and
used appropriately by governmental agencies and researcher;
Canadian Council of Ministers of Environment Water
Quality Index—CCMEWQI (CCME, 2001), National San-
itation Foundation Water Quality Index—NSFWQI (Brown
et al., 1972), Oregon Water Quality Index—OWQI

(Dunnette, 1979) and Weighted Arithmetic Water Quality
Index Method—WAWQIM are commonly used (Howladar
et al., 2017).

The average WQI of the studied locations was computed
by weighted arithmetic method, for the above-mentioned
seventeen parameters during the two years. The weighted
arithmetic water quality index (WAWQI) was used as it is
considered a robust method in water quality analysis
(Howladar et al., 2017; Chauhan & Singh, 2010; Chowd-
hury et al., 2012; Rao et al., 2010; Balan et al., 2012). After
Rown et al. (1972), WAWQI was calculated according to
Eq. (1).

WQI ¼
Pn

i¼1 QiWi
Pn

i¼1 Wi
ð1Þ

where
Qi: the quality rating scale
WI: the unit weight
N: number of parameters.
Equation (2) is used to calculate the quality rating scale

(Rown et al., 1972), while for calculating the unit weight for
each parameter Eq. (3) is used.

.

Table 1 Studied locations in the
Eastern Delta irrigation system

No Location
code

Canal name Description

1 EI01 Tawfiki Rayah Downstream of the built-up area of Banha city

2 EI02 Tawfiki Rayah Downstream of the built-up area of Zifta/Mit Ghamr city

3 EI03 Mansouria Canal Downstream of the built-up area of Mansoura city

4 EI04 Sharkawiya Canal Upstream of the built-up area of Damietta city

5 EI05 Sharkawiya Canal Upstream of the drinking water intake of Matariya city

6 EI06 Bahr Mois Canal Upstream of the Zagazig drinking water intake

7 EI07 Bahr Mois Canal Downstream built-up area of Zagazig city and inflow from East
Wadi Irrigation Canal

8 EI08 Bahr Mois Canal Upstream of drainage reuse PS* EH02

9 EI09 Daffan Canal Upstream of drainage reuse PS EH12

10 EI10 Ismailia Canal Ismailia Canal—at km 15

11 EI11 Ismailia Canal Downstream of the built-up area of Bilbais city

12 EI12 Ismailia Canal Upstream the branching and the built-up area of Ismailia city

13 EI13 Port Said Canal Upstream the built-up area and the drinking water of Port Said city

14 EI14 Suez Canal Upstream the built-up area and the drinking water intake of Suez
city

15 EI15 El-Wadi El-Sharky
Canal

Upstream of drainage reuse PS EB03

16 EI18 El-Salam Canal Upstream of drainage reuse PS ESL02

17 EI19 El-Salam Canal Upstream of drainage reuse PS ESL04

18 EI21 El-Salam Canal El-Salam Canal intake from Damietta Branch of the River Nile
*PS pump station

Statistical Approach for Water Quality Evaluation of Irrigation … 5



Qi ¼ 100 Vi� VoÞ=ðSi� Voð Þ½ � ð2Þ
where

Vi: actual measured value of ith parameter in the analyzed
water

Vo: the ideal value of the parameter in pure water, Vo = 0
except pH = 7 and

DO = 0.146 kg/m3 (Tripathy & Sahu, 2005)
Si: the standard value of its parameter of Egyptian quality

guidelines (MWRI, 2013).

Wi ¼ K

Si
ð3Þ

K is proportionally constant and is calculated from
Eq. (4).

K ¼ 1
P ð1=SiÞ ð4Þ

At the end of this part, the rating (status) of water quality
for the studied locations can be obtained after using Table 2.

2.3.2 Hierarchical Cluster Analysis (HCA)
Cluster analysis (CA) is one of the large families of statis-
tical techniques whose main purpose is to categorize sam-
pling locations into distinct groups or clusters according to
some criteria, such that the within-group similarity is max-
imized and among-group similarity is minimized. CA joins
the most similar observations and successively the next most
similar observations (Oketola et al., 2013).

In this study, CA was applied using the monthly values of
the seventeen water quality parameters measured at eighteen
monitoring locations along Eastern Delta canals for the two
years 2012/2013 and 2013/2014 by means of Ward’s
method using squared Euclidean distance for similarity
measurements (Singh et al., 2004). The data used were
checked first to be normally distributed ensuring its validity
to apply the multivariate statistical techniques (HCA and
PC/FA). Kolmogorov–Smirnov and Shapiro–Wilk tests
were used to examine the normality status.

2.3.3 Principal Component/Factor Analysis
(PC/FA)

PCA is a powerful pattern recognition technique that
attempts to explain the variance of a large dataset of inter-
correlated variables with a smaller set independent variable
(principal component) (Simeonov et al., 2003). Factor
analysis (FA) generally helps to reduce and simplify the
outcomes from the PCA.

For the purposes of this paper, PCA has been carried out
upon seventeen parameters for identifying the most signifi-
cant parameters for the assessment of the water quality of the
Eastern Nile Delta canals. Through FA, varimax rotation
was applied to determine the varimax factors (VFs) with
strong positive loading that can account for high variability.

An eigenvalue gives a measure of the significance of
factors with the highest eigenvalues, those are the most
significant. Eigenvalues of 1.0 or greater are considered
significant (Shrestha & Kazama, 2007). Classification of
principal components is thus “strong,” “moderate” and
“weak,” corresponding to absolute loading values of >0.75,
0.75–0.50 and 0.50–0.30, respectively (Liu et al., 2003).

It is worth to mention that the STATISTICA 10 software
program was used to perform the statistical analysis (HCA
and PC/FA) for the water quality parameters.

3 Results and Discussion

3.1 Investigating Water Quality Status

Table 3 shows the descriptive statistics of the measured
parameters at the eighteen studied locations. The basic
statistics are described, namely the mean, median, maxi-
mum, minimum, variance, standard deviation and variance
coefficient of the selected water quality parameters.
Regarding the Egyptian guidelines of law 48/1982 and its
ministerial decree amendment 92/2013, it must be empha-
sized that the mean concentrations of some variables such as
DO, BOD, COD, NO3, NH4, TDS, Cu and Pb are higher

Table 2 Water quality rating
according to WAWQI (Brown
et al., 1972)

WQI value Rating of water quality Grading

0–25 Excellent A

26–50 Good B

51–75 Poor C

76–100 Very poor D

Above 100 Need treatment E
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than the standards; therefore, the water resource needs
extensive monitoring process.

3.2 WAWQI

The method of calculation of WQI assigned unit weights for
the considered parameters of the studied locations in the
Eastern Delta. Table 4 shows an example of WAWQI cal-
culation of the monitoring location (EI14) along the Suez
Canal; the WAWQI for EII4 was 44.8. It is obvious from the
table that the weighted value of copper affected mainly the
calculation of WAWQI at EI14.

The results of WAWQI calculation ranged from 25.73 to
135.9 for all the monitoring locations as shown in Fig. 2. Its
highest value was at location EI18 that represents water
quality of El-Salam Canal after the mixing process of fresh
and drainage water from the Nile River and Farsqur drain,
respectively, resulting in high water salinity according to
Shaban (2017). The lowest WAWQI was at monitoring
location EI15 along El-Wadi El-Sharky Canal upstream of
drainage reuse PS EB03. According to the calculated values
of WAWQI, 30% of the considered locations fall under good
quality, poor quality for another 30% and very poor for 20%
and the rest 20% of the monitoring locations need more
investigation and long-term monitoring to control any source
of pollution in the future.

Figure 2 shows also that the three studied locations,
namely E101, E106 and E118, have the extreme values of
the WAWQI. Table 5 shows the percentages of compatible
measurements with the Egyptian water quality guidelines for
these locations. From these percentages for (DO, BOD,
COD), (NO3, NH4, TDS) and (Cu) measured at EI01, EI06
and EI18, respectively, there was pollution resulted from
domestic, agriculture and industrial activities. Meanwhile, it
is clear that the location E118 has the least percentages of
compatible for the above-mentioned water quality parame-
ters according to its location on El-Salam Canal which is fed
by reused water as previously explained.

3.3 HCA

Since HCA requires the examined data to be normally dis-
tributed, Kolmogorov–Smirnov and Shapiro–Wilk tests
were used to check the normality status of the seventeen
water quality parameters. The results showed that COD,
BOD, Fe, B, TP and NO3 were normally distributed while
other studied parameters were transformed to be normally
distributed. Then, all the seventeen water quality parameters
were used for clustering process.

The relationships between the monitoring locations were
resulted from the cluster analyses and were presented in the
dendrogram plot, Fig. 3. It is obvious that the whole studied

Table 3 Descriptive statistics for
water quality parameters
measured at Eastern Delta
locations

Parameters Mean* Median Min Max Variance Std
dev

Var
coef

Standard
values**

DO 6.490 5.990 3.240 8.020 2.020 1.420 21.879 6

BOD 9.093 6.583 6.000 17.250 16.180 4.022 44.233 6

COD 11.725 8.833 7.833 21.500 23.850 4.883 41.647 10

pH 7.858 7.870 7.770 7.930 0.00 0.041 0.525 6.5–8.5

NO3 5.284 4.130 1.820 12.770 13.300 3.647 69.022 2

NH4 1.777 1.590 0.950 4.770 0.850 0.920 51.791 0.500

TP 0.316 0.230 0.050 0.640 0.040 0.207 65.484 2

TDS 535 435 306 1172 751 274 51 500

SO4 1.829 1.520 1.190 3.310 0.50 0.704 38.504 200

B 0.117 0.124 0.062 0.171 0.00 0.034 29.475 0.5

Cd 0.0004 0.000 0.000*** 0.001 0.000 0.001 123.201 0.001

Cu 0.094 0.054 0.000 0.560 0.020 0.128 136.207 0.010

Fe 0.014 0.016 0.000 0.029 0.000 0.008 57.967 0.5

Mn 0.001 0.000 0.000 0.006 0.000 0.002 199.018 0.2

Zn 0.000 0.000 0.000 0.001 0.000 0.000 282.290 0.01

Ni 0.0001 0.000 0.000 0.001 0.000 0.0002 412.311 0.02

Pb 0.024 0.000 0.000 0.168 0.000 0.054 228.754 0.01
*All the parameters are in milligrams per liter except pH
**Law 48/1982 amended in 2013
***Number approximately equal to zero
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Table 4 Calculation of WAWQI
at monitoring location EI14 along
Suez Canal

Parameters *Actual measured
values (Vi)

**Standard
values (Si)

Unit
weight
(Wi)

Quality
rating (Qi)

Weighted values
(QiWi)

DO 4.480 6 0.0001 117.674 0.014

BOD 6.000 6 0.0001 100.000 0.012

COD 8.000 10 0.0004 80.000 0.006

pH 7.840 6.5–8.5 0.0015 168.000 0.016

NO3 12.770 2 0.0004 638.500 0.234

NH4 1.530 0.5 0.0000 306.000 0.449

TP 0.540 2 0.0000 27.000 0.010

TDS 946.000 500 0.0015 189.200 0.000

SO4 2.820 200 0.7340 1.410 0.000

B 0.092 0.5 0.0734 18.400 0.027

Cd 0.000 0.001 0.0015 0.000 0.000

Cu 0.060 0.01 0.0037 600.000 44.034

Fe 0.014 0.500 0.073 2.800 0.004

Mn 0.000 0.200 0.037 0.000 0.000

Zn 0.000 0.010 0.073 0.000 0.000

Ni 0.000 0.020 0.0001 0.000 0.000

Pb 0.000 0.010 0.0001 0.000 0.000

WAWQI = 44.88
*All the parameters are in milligrams per liter except pH, multiply all parameters except pH by 10–2 to
convert and follow S.I units (kg/m3)
**Law 48 for 1982 and ministerial decree in 92/2013
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Table 5 Percentages of
compatible measurements for
water quality parameters
measured at EI01, EI06 and EI18

Parameters *Egyptian water quality guidelines Percentage of compatible
measurements

EI01 EI06 EI18

DO 6 0 0 0

BOD 6 84 75 17

COD 10 67 59 17

pH 6.5–8.5 100 100 100

NO3 2 17 0 0

NH4 0.50 59 100 0

TP 2 100 100 100

TDS 500 38.89 82 0

SO4 200 100 100 100

B 0.50 100 100 100

Cd 0.001 100 100 100

Cu 0.01 12 17.50 0

Fe 0.50 100 100 100

Mn 0.20 100 100 100

Zn 0.01 100 100 100

Ni 0.02 100 100 100

Pb 0.01 100 100 100
*Law 48 for 1982 and ministerial decree in 92/2013

A 

A1 A2 

B 
C 

Fig. 3 Dendrogram shows the
relationship between monitoring
locations in Eastern Delta
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locations formed three main groups of the cluster. Table 6
shows that cluster A groups 61.11% of the studied locations
whereas cluster B represents 16.67% of locations and finally
cluster C includes 22.22% of the total locations.

Figures 4 and 5 show the classifications of different
studied locations according to their WAWQI and cluster
group, and cluster group A has the best water quality among
the cluster groups as it has the lowest value of the WAWQI.
This result can assess the decision maker in management of
water quality in the Eastern Delta.

3.4 PC/FA

According to PC/FA, five principal factors were detected to
be responsible of 81.24 of the total variances in the water
quality data. Table 7 shows that each of the five factors has
eigenvalue greater than 1, and Factor1 (PC 1) is the most
significant variables which explain 37.25% of the total
variance and was strongly loaded with DO, NO3, TP, TDS
and SO4, moderately loaded with BOD and COD and

weakly loaded with B and Cu, while Factor2 (PC 2) contains
18.56% of the total variance which was strongly loaded with
Cd and Cu, moderately loaded with BOD, COD and Pb and
weakly loaded with DO, TP and Ni. Factor3 (PC 3) accounts
11.25% of the total variance and was strongly loaded with
Zn and Ni and moderately loaded with B and Pb. Factor4
(PC 4) possesses 7.95 of the total variances and was strongly
loaded with NH4, moderately loaded with pH and weakly
loaded with Cd, BOD and COD. Finally, Factor5 (PC 5)
represents 6.23% of the total variance, weakly loaded with
Fe, BOD and COD as shown in Table 8. The previous
analysis proves the presence of organic contamination and
wastewater from domestic, agricultural and industrial
sources.

4 Conclusion

In this research, a comprehensive statistical approach was
applied to classify, evaluate and identify the significant
parameters in water quality of irrigation canals in Eastern

Table 6 Cluster analysis of
monitoring locations

Group Location code Cluster Cluster
percentage

Water quality status

A1 EI01, EI10, EI13, EI15, EI21 Cluster A 61.11 Poor

A2 EI02, EI06, EI07, EI05, EI14, EI11

B EI03, EI08, EI12 Cluster B 16.67 Very poor

C EI04, EI18, EI09, EI19 Cluster C 22.22 Very poor

Fig. 4 Weighted arithmetic
water quality index of cluster
groups
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Delta of Nile River taking into consideration the Egyptian
guidelines of law 48/1982 and ministerial decree in 92/2013.
The study revealed that the calculated WAWQI varied along
the studied canals, according to the effect of each pollutant to
the index calculation. This variation is due to organic pol-
lution, nutrients and sometimes heavy metal concentration.
According to the HCA, 61.11% of the studied locations were

grouped under cluster A which has the best water quality
among the cluster groups. Furthermore, the results of the
PC/FA proved the presence of five principal components
responsible for 81.24% of the variation in water quality. The
results obtained from this study can assess the decision
makers in applying water quality strategy to control the
presence of pollutants from different sources.

Fig. 5 Water quality clustering in Eastern Delta

Table 7 Eigenvalues and
variance percentage

Principal
components

Eigenvalue % total
variance

Cumulative
eigenvalue

Cumulative
percentage

1 6.3321 37.2479 6.3321 37.2479

2 3.1555 18.5618 9.4876 55.8097

3 1.9129 11.2523 11.4005 67.0620

4 1.3509 7.9461 12.7514 75.0081

5 1.0592 6.2305 13.8106 81.2386

Statistical Approach for Water Quality Evaluation of Irrigation … 11
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Eutrophication Status and Control
of Egyptian Northern Lakes

Eman A. Hasan

Abstract

Four coastal lakes fringe the north coast of the Nile Delta,
Egypt: Manzala, Maruit, Edku and Burullus. These lakes
receive huge amounts of direct and indirect drainage:
agriculture, industrial and domestic. Eutrophication of
these lakes can have significant negative ecological,
social and economic impacts on human. The objective of
this paper is to quantify and classify the Carlson trophic
state index of the Egyptian northern lakes. Also, control
actions to reduce deterioration of northern lakes will be
recommended. Data of water quality variables of different
lakes are taken from the formal reports of the Egyptian
Environmental Affairs Agency (EEAA) Web site. The
calculation and classification of Carlson trophic state
index (CTSI) are made for the period from 2011 until
2015 according to Carlson method, United States Envi-
ronmental Protection Agency (USEPA) classification and
other variables associated with trophic levels in lakes.
These variables are total phosphorus, total nitrogen,
chlorophyll-a and Secchi depth. The study revealed that
northern lakes suffer from different degrees of eutroph-
ication. Regression analysis results showed that Carlson
trophic state index trend is increasing which indicates
deteriorating water quality in Lake Maruit, Burullus and
Bardawil, declining or improving in Lake Edku and Lake
Manzala.

Keywords

Carlson trophic state index � Eutrophication �
Northern lakes � Regression analysis

1 Introduction

Carlson’s trophic state index (CTSI) is a common method
for characterizing a lake’s trophic state or overall health.
This method uses Secchi’s disk transparency, chlorophyll-a
and phosphorus measurements (Carlson, 1977). The average
values of CTSI of these three parameters will be considered
in determining Carlson’s trophic state index.

Eutrophication was recognized as a pollution problem in
European and North American lakes and reservoirs in the
mid-twentieth century. Since then, it has become more
widespread. Surveys showed that 53% of lakes in Europe,
48% in North America and 41% in South America are found
in eutrophic state (Colin et al., 2007).

The productivity of Kaw Lake, Oklahoma, USA, was
evaluated through the interaction of nutrient concentration,
mainly total phosphorous, chlorophyll-a and Secchi disk
transparency as defined in Carlson trophic state index for the
year 2013–2015. The results showed that the lake is
eutrophic to hyper-eutrophic (Alemayehu & Francine,
2016).

Eutrophication problem in the Egyptian lakes (except
Bardawil Lake) is attributed mainly to the large volumes of
wastewaters discharged through land-based effluents to
coastal lakes that are connected directly or indirectly to the
Mediterranean coastal area. These effluents are loaded by
variable amounts of nutrient salts, which promote intensive
phytoplankton growth.

In this regard, the Egyptian government has taken action
through preparing a comprehensive database for environ-
mental parameters. This was done by implementing the
periodic monitoring program of water quality of Egyptian
lakes, starting with northern lakes (Maruit—Edku—Burullus
—Manzala—Bardawil) with four seasons of field campaigns
during each year (EEAA, 2015).

The research problem studied in this work is the deteri-
oration of Egyptian northern lake's status as a result of
dumping huge amounts of untreated wastewater into lakes
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leading to a loss in fish production. Several researchers
tackled different aspects for each lake regarding its
eutrophication. Water classification of Lake Manzala was
studied through calculation of the TSI and the spatial dis-
tribution of eutrophication condition in Lake Environment
(Donia & Hussein, 2004).

The eutrophication profile of Lake Burullus was estab-
lished using a remote sensing approach (Farag & El-Gamal,
2012). They estimated and mapped the reflectance response
of chlorophyll-a and transparency. They proved that there
was a change in the eutrophic profile of Lake Burullus due to
changing the environmental factors affecting the lake. Seri-
ous eutrophication levels were assessed in Lake Maruit
(Ahmed & Kaiser, 2014). Chlorophyll spatial distribution
and corresponding water surface temperatures in polluted
water were extracted from 1986 to 2012 satellite images.
Their results showed that surface areas exhibiting algal
bloom were 29.2 km2 and surface water temperatures were
22 °C in 1986 and in 2012 increased to 32.5 km2 and 24 °C.

This work differs from predecessor works that used only
one or two parameters in their studies and were limited to
study only one lake. The objective of this paper is to
quantify and classify the recent trophic state index of the
Egyptian northern lakes. Also, control actions to reduce
deterioration of northern lakes will be recommended.

2 Methodology

2.1 Study Area

The study area of this work covers the Egyptian northern
lakes that extend along the Mediterranean coastal region of
Egypt for about 970 km, from Sallum in the west to Rafah in
the east. These natural lakes are Maruit—Edku—Burullus—
Manzala and Bardawil as in Fig. 1. The northern lakes
receive drainage water from different drainage systems in the
Nile Delta. Lake Maruit receives drainage water from
El-Qalaa drain, El Umouim drain, and east and west treat-
ment plants of Alexandria and Nubaria canal. Meanwhile,
Lake Manzala accommodates the drainage water of the east
Delta (except few sub-catchments) through Baher El-Baker
and Baher Hadous drain systems (Abdel Ghaffer, 2006).

The drainage water in Lake Burullus is from El Burullus
and El Nasser drains in the eastern side of the lake, drains 7,
8, 9 and 11 in the southern side of the lake, Brimbal canal in
the western extremity of the lake and Gharbya drain as
shown in Fig. 1.

Two drains, namely El-Khairy and Barzik, convey water
to Lake Edku, while Lake Bardawil does not receive any
drainage water. The water sources of El-Khairy Drain are
from three drainage waters coming from El-Bousely, Edku
and Damanhour sub-drains.

2.2 Data Sources and Collection

Data of water quality variables of different lakes are taken
from the formal reports of the Egyptian Environmental
Affairs Agency (EEAA) Web site. The total number of
monitoring and sampling points along the northern lakes is
fifty-four points, ten points for Maruit, nine points for Edku,
eleven points along Manzala and twelve points for each of
Lake Burullus and Bardawil, Fig. 1. Water samples were
taken from these monitoring points four times per year during
the period from 2011 to 2015 for water quality analysis.

In this work, measures of water quality parameters
including chlorophyll-a, total phosphorus, total nitrogen and
Secchi depth of five Egyptian lakes along five years (2011–
2015) are used in classification of trophic state of Egyptian
lakes. Table 1 shows the statistical indices of water quality
parameters used in this research.

2.3 Data Analysis

To fulfill the objective of this research, Carlson trophic state
index (CTSI) for the Egyptian northern lakes is calculated
according to Carlson (1977) as explained in the following
equations:

TSIðSDÞ ¼ 60� 14:41 ln ðSDÞ ð1Þ

TSIðChl-aÞ ¼ 9:81 ln þ 30:6 ð2Þ

TSIðTPÞ ¼ 14:42 lnðTPÞþ 4:15 ð3Þ

Average CTSIð Þ ¼ TSIðSDÞþTSIðChl-aÞþTSIðTPÞð Þ
3

� �
ð4Þ

where
ln = natural log
SD is the Secchi depth (m)
Chl-a is the chlorophyll-a average concentration (lg L−1)
TP is the total phosphorus average concentration

(lg L−1).
Classification of trophic state is carried out according to

average CTSI, United States Environmental Protection
Agency (USEPA 1974) and the variables associated with
trophic levels in lakes. These variables are total phosphorus,
total nitrogen, chlorophyll-a and Secchi depth (Vollenweider
& Kerekes, 1980).

Three trophic state categories are used to describe lakes as
they grow progressively greener: oligotrophic, mesotrophic
and eutrophic (Brown & Simpson, 2011). These categories
reflect a lake’s nutrient and clarity levels. The CTSI index
ranges from zero to 100, and lakes with CTSI values less
than 40 are usually classified as oligotrophic. CTSI values
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Fig. 1 Northern lakes of Egypt and sampling point's locations modified after Shreadah et al. (2012)
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greater than 50 are generally defined as eutrophic lakes.
Mesotrophic lakes have CTSI values between 40 and 50.

Carlson classified lakes and reservoirs into oligotrophic
(low productive), mesotrophic (moderately productive),
eutrophic (very productive and fertile) and hyper-eutrophic
(extremely productive) based on nutrient enrichment and
algal productivity (Carlson, 1977).

Regression analysis of CTSI is performed to detect the
deterioration trend of each lake. Regression analysis of the
measured water quality variables is also performed to char-
acterize the relation between clarity, Chl-a and TP of each
lake under study.

3 Results and Discussion

3.1 Trophic State Index

Figure 2 shows the average Carlson trophic state index
(CTSI) for the northern lakes and illustrates that Lake Bar-
dawil has the smallest value of average CTSI in the range
from 20 to 40 (oligotrophic). Then, lakes Edku and Maruit
have nearly the same trend with a value from 60 to 70
(eutrophic) and finally Manzala and Lake Burullus lie in the
range from 70 to 85 (hyper-eutrophic eutrophic).

Table 1 Statistical indices of water quality parameters used in the classification of trophic state of lakes

Northern
lakes/WQP

Chlorophyll-a (lg/L) Total phosphorus (lg/L) Total nitrogen (lg/L) Secchi depth (m)

Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max.

Burullus 15.62 73.46 508.07 126.49 44,067 889.77 2510 4672.77 7330 0.17 0.27 0.48

Manzala 15.82 42.97 135.76 144.29 440.67 901 2090 4896.66 9100 0.17 0.37 0.76

Edku 80.18 195.57 416.95 126.94 548.58 889.77 2359 5096.05 9400 0.05 0.14 0.25

Maruit 10.65 35.8 66.12 126.49 548.58 889.77 4300 7105 17,660 0.15 0.40 0.67
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Fig. 2 Average Carlson trophic
state index (CTSI) for Egyptian
northern lakes
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3.2 Total Nitrogen and Total Phosphorus

Figure 3 shows the range and the mean value of the total
nitrogen of the Egyptian northern lakes. Lake Maruit has the
highest mean value of about (7000 lg/L) as it received huge
quantities of wastewater from east and west treatment plants
in Alexandria, while the lowest mean value of total nitrogen
is in Lake Bardawil of less than (2000 lg/L). Lake Edku and
Lake Burullus have equal mean values of total nitrogen.
However, all mean values of total nitrogen are above 1900,
the limit value of the eutrophic state of lakes (Vollenweider
& Kerekes, 1980) except Lake Bardawil.

According to USEPA classification, all northern lakes,
except Lake Bardawil, are of eutrophic state as total phos-
phorus is more than 20 lg/L as shown in Fig. 4, while lake
Bardawil is of oligotrophic state. Lake Edku has the widest
range of TP and the highest mean value of 500 lg/L among
all northern lakes, while Lake Bardawil has the narrowest
range of TP and the lowest mean value of less than
200 lg/L.

The N/P value is calculated for the five lakes for the
period from 2011 to 2015 as in Table 2, and there is a
variation of these values at different dates for each lake.
Consequently, it is difficult to determine whether nitrogen or
phosphorus is the limiting nutrient of lakes (Smith &

Shapiro, 1980; Donia & Hussein, 2004) or decide that the
studied lakes are nutrient-balanced lakes (City of Maitland,
2006).

3.3 Regression Analysis

The objective of regression analysis here is to determine the
trend of water quality of Egyptian northern lakes and to
investigate if lake water quality is improving, deteriorating
or stable. Regression results showed that CTSI is increasing
in Lake Maruit, Burullus and Bardawil, indicating deterio-
rating water quality. Meanwhile, it is declining (improving)
in Lake Edku and in Lake Manzala as shown in Fig. 5. For
Lake Edku, CTSI values had a fluctuating trend, the lowest
value of 60.93 in the year 2013 and the highest value of
66.15 in the year 2012. For Lake Manzala, the CTSI ranges
between 74 and 84. CTSI values had a decreasing trend in
the period from 2011 to 2013 and are followed by an
increasing trend in the period from 2013 to 2015.

Regression analysis was carried out on the collected data
to characterize the relation between total phosphorus as a
nutrient and each of water clarity (SD) and chlorophyll-a
(Chl-a) concentration of each lake. The relation of
chlorophyll-a (Chl-a) and water transparency (SD) for each

Fig. 3 Total nitrogen of the
Egyptian northern lakes
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Fig. 4 Total phosphorus of the
Egyptian northern lakes

Table 2 (N/P) of northern lakes Date N/P_Maruit N/P_Edku N/P_Burullus N/P_Manzala N/P_Bardawil

February 2011 23.72 15.97 13.80 13.80 34.92

May 2011 8.05 9.81 8.28 8.28 28.34

August 2011 16.11 7.02 6.16 6.16 32.10

November 2011 19.85 5.89 9.19 9.19 113.05

February 2012 37.24 3.66 11.64 7.18 70.25

May 2012 10.49 4.15 8.68 10.33 10.94

August 2012 12.37 8.08 9.57 9.18 19.62

November 2012 12.36 8.61 36.18 15.54 15.08

February 2013 10.80 8.23 12.34 14.00 25.27

May 2013 15.30 7.87 32.44 12.24 32.51

August 2013 12.64 7.53 9.92 12.08 29.27

November 2013 10.01 5.78 9.46 5.21 20.93

February 2014 13.11 9.99 9.94 11.94 52.48

May 2014 15.57 7.29 20.34 13.46 48.33

August 2014 19.33 6.53 11.46 9.14 22.42

November 2014 13.88 9.69 14.57 10.23 57.54

February 2015 10.94 78.98 10.30 8.12 52.89

May 2015 0.32 4.73 1.46 6.03 200.37
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lake was also estimated. These relationships are presented in
Table 3 and can be used in a future work for water quality
management scenarios.

3.4 Controlling Eutrophication of Northern
Lakes

Based on the results of this work, Lake Edku has the highest
value of phosphorus concentrations. This problem can be
solved by pollutant reduction of El-Khairy and Barzik drains
before entering the lake using “bio-filter” in the upstream.

The TSI (TP) value of 60 is used as the cutoff between
eutrophic and Hypertrophy Lake (Ossman & Badr, 2010).
TSI analysis is used to determine the necessary phosphorus
reduction targets for the lake. By substituting in Eq. (3) with
TSI (TP) of 60, we get the value of TP equal to 48.09
(lg L−1), and then the reduction in lake total phosphorus
concentration (X) can be calculated from Eq. (5).

TP ¼
Xn
n¼0

X � TP � Qð Þ=
Xn
n¼0

Q

 !
ð5Þ

where
TP: Total phosphorus concentration (lg/L)
Q: Drainage water discharge flow rate (m3/day)

X: Required load reduction [0.0, 1.0]
n: No. of point sources (two point sources, El-Khairy and

Barzik drains).
Research results showed that Lake Maruit, Manzala and

Burullus suffer from different degrees of high nitrogen
concentration values. In-lake wetland treatment can be used
for Lake Manzala and Burullus. For Lake Maruit, treatment
of drainage water from El-Qalaa drain is a recommended
solution. Treatment can be achieved by using
in-stream/drain aeration to increase the level of dissolved
oxygen in El-Qalaa drain (EEAA 2009).

4 Conclusion and Recommendations

This work studied the Egyptian northern lake’s status
regarding water quality and eutrophication state. The
research results revealed that the Carlson trophic state index
trend is increasing, indicating deteriorating water quality in
Lake Maruit, Burullus and Bardawil, and declining (im-
proving) in Lake Edku and Lake Manzala.

According to USEPA and Carlson classification, Lake
Bardawil is of oligotrophic state. Based on the Carlson TSI
values of the northern lakes, Lake Maruit and Edku are of
eutrophic status while Lake Manzala and Burullus are of
hyper-eutrophic. According to USEPA classification, all
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northern lakes except Lake Bardawil are of eutrophic state.
Finally, for eutrophication control of the Egyptian northern
lakes, it is recommended to reduce or treat pollutants from
their sources before reaching lakes using drain bio-film or to
apply in-lake wetland treatment.
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An Integrated System Dynamics Model
to Predict the Effects of Management
Scenarios on Economic Assessment of Water
and Soil Resources in Hableh-Rud River
Basin, Iran
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Abstract

System dynamics modeling facilitates the integrated and
sustainable management of soil and water resources by
enhancing the understanding of watershed systems. The
Hableh-Rud river basin, an important watershed of Iran
located across Tehran and Semnan provinces, was chosen
for the present research. Reference diagrams were created
to represent causal relationships and feedbacks based on
which the conceptual model for the integrated manage-
ment of soil and water resources of the Hableh-Rud river
basin was developed. The conceptual model was then
converted into a model of stocks and flows and run in the
Vensim software. The model is comprised of by the
biophysical and the economic subsystems. The main
components of the physical subsystem include water
balance, groundwater, erosion, sedimentation and water
quality. In the economic subsystem, total costs and
benefits were taken into account. Model verification was
carried out through extreme condition tests and behavior
reproduction tests. Having the Nash–Sutcliffe and R2

coefficients with greater values than 0.62 and 0.63,
respectively, model tested. Different scenarios including
vegetation management, climate, water resources man-
agement and cropping patterns were simulated, and the
outputs of each scenario were compared to the outputs of

the existing condition. The results of scenario analyses for
a 30-year period reveal that payment for 50% of the
ecosystem services by the government to expand alter-
native jobs and reduce damage to natural resources was
determined as the best scenario. Scenario of payment for
25% of the ecosystem services by the government to
expand alternative jobs and reduce damage to natural
resources was chosen as the next best scenario. After
evaluating the vegetation management scenarios, it was
determined that farm management actions were consid-
ered as the best vegetation scenario. The research
indicates that the system dynamic model, as an integrated
approach for management of water resources in a basin, is
pragmatic.

Keywords

Integrated water resources management � System
dynamics � The economic situation � Hableh-Rud
river basin

1 Introduction

Water and soil are important resources that play a vital role
in fulfilling basic human needs and are essential for sus-
tainable agricultural development. Management of water and
soil resources in an integrated manner is crucial for sus-
tainable economic development. In many developing coun-
tries, population growth has led to overexploitation of water
and soil resources (Brooks & Tayaa, 2002; Savenije & Zaag,
2008).

System dynamics (SD) is an effective approach to study,
analyze, model and improve dynamic socioeconomic and
management systems using a feedback perspective (Barlas &
Yasarcan, 2006). In 1960, Forrester and his colleague pro-
posed SD modeling at the Sloan School of Management at
the Massachusetts Institute of Technology, which refers to a
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set of conceptual and numerical methods used to understand
the structure and behavior of complex systems.

There are several software applications such as Stella,
Dynamo, Vensim and Powersim to develop and simulate the
SD model. They explain a set of graphical themes with their
mathematical operators for easy representation of system
structure and computer code development (Wang et al.,
2011). SD is an integrated management approach which is
capable of simulating complex water resources systems and
also facilitates collaborative learning. This simulation is
useful to reveal unknown outcomes of decision-making
processes. It works toward facilitating system behavior
learning at present and future temporal scales (Wolsten-
holme, 1990). SD behavior is a function of time and
dynamic system modeling attempts to describe and under-
stand the system through quantitative and qualitative mod-
els. Moreover, the simulation can be used to select those
policies that should be implemented. SD focuses on causal
linkages between different components and finally studies
whole system behavior over time (Sterman, 2000). SD
modeling denotes to a set of numerical and conceptual
methods generally used to understand the structure and
behavior of complex systems. This methodology has four
key principles: feedback control theory, understanding the
decision-making process, use of mathematical models to
simulate complex processes and the use of computer-based
technologies to develop simulation. Such modeling is com-
monly used to understand systems and social learning, but
can be used in decision-making processes as well (Keli et al.,
2013).

As for environmental and natural resource management,
this methodology has been cited in many studies as envi-
ronmental management (Vanden Belt, 2004; Stave, 2008,
2010; Jin et al., 2019; Cao et al., 2019), water resources
management (Elmahdi et al., 2007; Fiorillo et al., 2007;
Winz et al., 2009; Beall et al., 2011; Wang et al., 2011;
Hassanzadeh et al., 2012; Liu et al., 2015; Sun et al., 2016;
Bakhshianlamouki et al., 2019), flood management (Ahmad
& Simonovic, 2000; Phonphotona & Pharino, 2019 Pagano
et al., 2019; Perrone et al., 2020), drought management
(Keyes & Palmer, 1993; Adl & Parvizian, 2009; Gies et al.,
2014; Connell et al., 2019), ecological modeling (Chang
et al., 2008; Settle et al., 2002; Baron et al., 2002;
Mavrommati et al., 2013; Cordier et al., 2017; Lu et al.,
2019), and erosion and nutrient management (Yeh et al.,
2006; Xuan et al., 2012; Findlay et al., 2015; Zhang et al.,
2018).

The Hableh-Rud is a permanent river passing through
Garmsar city at Semnan Province. The Hableh-Rud river
basin has significant natural, socia, and economic value,
such as soil fertility, medicinal plant species, natural
rangelands, water resources and irrigation for the city of
Garmsar. It is fraught with natural and anthropogenic issues

in soil and water resources including low water quality and
increased salinity, soil salinity and land degradation, loss of
soil fertility in lowlands, overgrazing, decreased water
resources, conversion of rangelands to inefficient rainfed
farming, deforestation, urbanization and industrial develop-
ment (Keshtkar, 2013). The purpose of this research is to
economically evaluate the water and soil resources for the
Hableh-Rud river basin using a comprehensive SD
approach. Therefore, this research is of a practical nature
with a focus on achieving benefits that increase the system
understanding of watershed development planning. This
approach can also assist policy makers to manage
watersheds.

2 Material and Methods

2.1 Study Area

Doab Samsami Watershed is located between 35° 1′ to 36°
10′ latitudes and 51° 39′ to 53° 8′ longitudes, occupying an
area of 12,662 km2 in Semnan and Tehran Provinces, north
of Iran (Fig. 1). This watershed is one of the major
sub-basins of central Iran. Altitude in the study area ranges
from 739 to 4053 m above sea level. Based on the Iranian
meteorological organization report, the average annual
rainfall in the study area is 211 mm. The average annual
temperature is 7.8 °C. The Hableh-Rud River, which origi-
nates from the Alborz Mountains, flows north to south, is
bound by mountains and eventually empties into the
Garmsar Plain. The catchment area is dominated by degra-
ded rangelands, and intense salinity outbreaks occur in the
southern parts of the catchment. The Hableh-Rud River
supplies water for the municipal consumption of Garmsar
city with a population of over 84,000, as well as for the
industry and farmlands of the Garmsar Plain (about
5.2 km2). Basin formations are generally of the Cenozoic
era. It contains parts of the Quaternary and Tertiary periods.
The most effective factors on the Hableh-Rud river catch-
ment's problems are overgrazing, intensive farming on the
Garmsar Plain and urban development due to population
growth in the city of Garmsar.

3 Problem Definition

Physical and socioeconomic subsystems were used to con-
struct an integrated water and soil management model in the
Hableh-Rud river basin. The method of quantifying the
variables of these subsystems is described in the following.
Curve number method was used to calculate runoff. The
Long-Term Hydrological Impact Assessment (L-THIA)
Model has been used to assess water quality (Youa et al.,
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2012). The actual evapotranspiration was estimated annually
using the torque equation (Eslamian et al., 2018). EPM
model was used to predict erosion (Yeh et al., 2006). The
socioeconomic subsystem includes population, total cost and
total income. The costs of soil erosion, sediment production,
water pollution and the implementation and maintenance of
management scenarios were considered. Total income
includes income from existing activities and income from
executing management scenarios.

3.1 Model Development

This study purposes to develop a system dynamics simula-
tion model using Vensim software, which can evaluate
economic impacts of water and soil resources for
Hableh-Rud river basin. SD model configuration is further
partitioned into two subsystems: physical and socioeco-
nomic. The cause–effect diagram shows subsystem rela-
tionships. This diagram performs certain scenario analysis
following SD model formulation and validation. The SD
modeling approach uses causal loop diagrams to show a
system’s feedback structure. A causal loop diagram is sim-
ilar to a network chart, showing cause–effect relations
among system variables (represented as nodes) using causal
links (displayed as oriented arcs). Cause–effect variable pairs
positively related are represented by a plus sign added to the
link; otherwise, a minus sign results. A causal loop diagram
generally comprises several positive–negative-feedback-
loop structures with closed circulation configurations.
A positive feedback loop could trigger an embedded system
variable growth process over time, possibly leading to

system loss of control and collapse. A negative feedback by
contrast seeks a goal and responds through achieving a
stable state. Figure 2 shows the cause and effect of the water
and soil resource management model. Management scenar-
ios are proposed to improve the physical, economic and
social status of the watershed and aim to improve the per-
formance of the model components.

3.2 Preparing a Stock and Flow
Diagram and Model Performance

After defining the feedback loops, a conceptual model was
developed which was quantified as flowcharts. In the next
step, the model was implemented by SD approach and the
results were examined. The method of quantifying economic
variables is presented in Tables 1, 2, 3 and 4. Nutrition
replacement cost method was used to estimate the costs of
soil erosion. In this method, the cost of purchasing the fer-
tilizer needed to maintain and restore soil productivity is
calculated. Urea fertilizer contains 46% nitrogen, super-
phosphate fertilizer contains 24% pure phosphorus without
oxygen, potassium sulfate fertilizer contains 42% potassium,
and magnesium sulfate fertilizer contains 16% magnesium.
Fertilizers were calculated at retail prices in Iran. The costs
of filling Namrood Dam and waterways were calculated to
estimate the outlet sediment costs. How to calculate the
dredging cost of the sediment produced in Namrood Dam
and Hableh-Rud river basin is presented in Table 2. Infor-
mation on average yield, crop prices and costs is needed to
calculate gross income and agricultural expenditure
(Table 3).

Fig. 1 Location map of the study
area
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3.3 Model Validation Tests

Model verification was carried out through extreme condi-
tion tests and behavior reproduction tests. Limit condition
test shows the logical performance of the model under limit
condition. In this study, R2 and Nash–Sutcliffe tests were
used to evaluate the model behavior (Sterman, 2000).

3.4 Scenario Planning for Integrated
Management of Soil and Water Resources

In this study, different scenarios of vegetation management,
climate, water resources management and cropping patterns
were simulated and the outputs of each scenario were
compared to the outputs of the existing condition (Table 5).

The effects of management activities on the physical, eco-
nomic, social and ecological status of water and soil
resources were analyzed using these scenarios.

4 Results and Discussion

4.1 Feedback Loops in Soil and Water Resources
Management

SD mostly communicates feedback loop systems by means
of causal loop diagrams (Figs. 3, 4, 5, 6, 7 and 8). The core
building blocks of CLDs are variables and the direct causal
relationships between them. These relationships are either
positive or negative. The meaning of the terms positive and
negative does not correspond to their everyday meaning
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Fig. 2 Causal diagram of conceptual model

Table 1 Average concentration of minerals in soil (Fageria, 2009)

Element Average concentration (g/kg)

Nitrogen 33

Phosphorus 23

Potassium 3

Table 2 Estimation of dredging cost of sediment production in Namrood Dam and Hableh-Rud river basin (Vice-Presidency for Strategic
Planning and Supervision, 2017)

Sediment type Dredging costs (Iranian Rial/m3)

Namrood Dam 90,050

Hableh-Rud river basin 35,470
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(Gohari et al., 2013). Feedback loops in the model included
population–economic, economic quality and quantity of
water, water balance–population, economic–erosion and
water balance–economic. The population–economy loop
shows population changes related to the economy (Fig. 3).
As population grows, drinking water demand increases; as a
result, more water becomes contaminated and therefore a
higher cost is required for water purification, which reduces
the revenue generated from the basin. As a result, these
interactions affect and slow down population growth. This
loop follows the “limits to growth” archetype.

The water balance–population loop considers the factors
contributing to growth and decline of population in relation
to water balance (Fig. 4). Population has a negative effect on
water resources and consequently on water balance in this
model. However, water balance has a positive effect on
population. This means that as water resources increase, so
does the population. In another loop, population has a neg-
ative impact on groundwater resources. Increasing ground-
water resources increases water balance, which inevitably
increases population. Nevertheless, the realities in the
Hableh-Rud river basin indicate that the water balance has
declined due to the competitive and multilateral use (drink-
ing, industry and agriculture) of the basin. It follows the
archetype of “tragedy of the commons.”

Inappropriate changes in land use pattern and degradation
of natural resources increase runoff which consequently

decreases water quality in economic quality and quantity of
water loop. Decreasing water quality increases total cost (by
increasing soil nutrient loss), followed by a reduction in total
revenue. It is assumed that the lower the total revenue, the
greater the change in land use will lead to destruction of
natural resources. Implementation of management scenarios
and improvement of land use patterns can mitigate these
detrimental effects (Fig. 5). It follows the archetype of
“tragedy of the commons.”

In the economic–erosion loop, inappropriate land use
changes increase erosion and sedimentation, which have a
positive effect on total cost through the loss of soil nutrient
depletion costs and dredging costs. The total cost also has
a negative effect on the total revenue of the basin (Fig. 6).
Implementation of the proposed management scenarios to
improve land use patterns will lessen damages and
increase basin income. This loop follows the “escalation”
archetype.

Water balance–economic loop considers changing land
use patterns causes changes to surface and groundwater
resources, which disrupts the water balance (Fig. 7). It
causes changes to the population and the economy of the
watershed (Woodruff & Halland, 2008). The watershed
economy also has an impact on land use change. Applying
management scenarios to modify the land use pattern leads
to positive changes. It follows the archetype of “tragedy of
the commons.”

Table 3 Average yield and
prices of agricultural products in
Hableh-Rud river basin (Ministry
of Agriculture Jihad, 2017)

Crop name Yield
(kg/ha)

Water requirement (m3/
ha)

Price per kg (Iranian Rial)

Wheat 1756 2235 11,550

Potato 16,905 6125 3600

Barley 1440 1775 9200

Sheathed corn 43,461 6510 9600

Alfalfa forage 14,500 7180 9500

Tomato 32,598 4260 8000

Rangeland forage
production

87.57 – 5250

Apple 16,000 5845 15,000

Peach 14,000 6240 20,000

Walnuts 6000 7450 210,000

Pomegranate 20,000 5680 20,000

Table 4 Average price of water
in Hableh-Rud river basin
(Tehran Regional Water Board,
2017)

Type of use Price (Iranian Rials/m3)

Drinking water 4915

Industrial water 1037

Agricultural water 1152
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4.2 Stock and Flow Diagram (SFD)

The SFD of the physical and socioeconomic subsystems is
shown in Figs. 6 and 7, respectively. Stock variables of the
system include available surface water, available ground-
water, total nitrate–nitrite, total phosphorus, water balance,
population, erosion, sedimentation and income (Figs. 8 and
9). These stock variables increase or decrease in response to

changes in inflow and outflow rate variables. This diagram
was drawn in the Vensim software environment.

4.3 Results of Model Validation Tests

Model verification was carried out through extreme condi-
tion tests and behavior reproduction tests. Having the Nash–

Table 5 Scenarios of vegetation
management, climate, water
resources management and
cropping patterns for integrated
management of soil and water
resources

Number Scenario Implementation area

1 Rangeland restoration Entire catchment is potentially suitable, not in the natural
resources rehabilitation areas including bunch seeding,
contour furrowing, grazing exclusion, seeding, drill
seeding

2 Natural resources rehabilitation
areas

Entire catchment is potentially suitable for riparian
restoration, tree plantation and saxaul plantation

3 Farm management activities Only in areas currently under dry farm including
terracing, forage growing, orchard development and
agroforestry

4 Management of agricultural
cropping pattern

The agricultural cropping pattern will change to the ideal
cropping pattern based on the land use planning model

5 Unsuitable management of
agricultural water

Decrease 20% of agricultural water efficiency

6 Agricultural water management Increase 20% of agricultural water efficiency

7 Climate change Decrease 10% of precipitation and increase 1 degree in
temperature

8 Pay 25% of the proceeds from
ecosystem services to stakeholders

25% of ecosystem services are paid to stakeholders in
order to motivate better rangeland management by the
government to expand alternative jobs and reduce
damage to natural resources

9 Pay 50% of the proceeds from
ecosystem services to stakeholders

50% of ecosystem services are paid to stakeholders in
order to motivate better rangeland management by the
government to expand alternative jobs and reduce
damage to natural resources
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Fig. 3 Population–economy
loop of Hableh-Rud river basin
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Fig. 5 Economic quality and quantity of water loop of Hableh-Rud river basin
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Fig. 6 Economic erosion loop of Hableh-Rud river basin
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Sutcliffe and R2 coefficients with greater values than 0.62
and 0.63, respectively, the system dynamic model satisfac-
torily simulates all variables (Table 6).

4.4 Results of Implementation of Scenarios

After evaluating the model validation, the proposed scenar-
ios were tested. These scenarios were assumed to be
implemented over a 10-year period from 2015. Their effects

were also evaluated over a 30-year period. Figure 10 shows
the spatial distribution of the proposed management activi-
ties in the Hableh-Rud river basin. Table 7 and Figs. 11 and
12 show that if the economic concerns of the watershed
stakeholders are important, the scenario of paying 50% of
the proceeds from ecosystem services to stakeholders is best
applied.

Rangeland ecosystem service payment scenarios improve
the economic status of the basin more than the other pro-
posed scenarios. This scenario can be expanding alternative
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Fig. 7 Water balance–economic loop of Hableh-Rud river basin

Fig. 8 Stock and flow diagram of the socioeconomic subsystem
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jobs and reduce damage to natural resources. Management
of agricultural water efficiency ranked second for improving
economic situation. Gohari et al. (2013) emphasized the
importance of managing agricultural water efficiency and
management of agricultural cropping pattern in their
research. Yeh et al. (2006) also noted the role of crop pattern
management in reducing erosion and sedimentation. Inap-
propriate agricultural water management scenario was
identified as the worst scenario.

5 Conclusion

Minimizing the cost of soil and water resources will require
considering the full range of options for management of the
upstream of the basin. However, the complexities and
uncertainties of watershed problems seriously constrain

efforts to utilize traditional economic incentives to reach
cost-efficiency goals. Thus, considering watershed economic
issues is of critical importance for watershed decision
makers. The economic aspects of soil and water resources
management practices need to be quantified and better
understood by decision makers if we are to see such prac-
tices become integral parts of resource development projects.
Economic analysis of watershed management actions
requires a comprehensive evaluation of many resources both
at the site of implementation and at downstream sites. By
integrating the simulation discipline and the feedback con-
trol theory into a dynamic consideration of soil and water
resources, this paper proposes a system dynamics
(SD) model for strategic capacity planning in watershed
management. The SD model captures physical stocks and
flows apparent in real-world soil and water resources net-
works and includes the feedback mechanisms which regulate

Fig. 9 Stock and flow diagram of the physical subsystem

Table 6 Values of Nash–Sutcliffe and R2 coefficients for model variables in Hableh-Rud river basin

Variable Test

Water discharge Nitrate–nitrite Phosphorus Sedimentation Groundwater

R2 0.68 0.63 0.7 0.7 0.89

Nash–Sutcliffe 0.67 0.62 0.62 0.79 0.86
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these flows. The CLD developed in this study provides a
good view of the Hableh-Rud river basin problem as well as
different drivers of the system and their consistent relations.
The objective was to test the proposed scenarios that address
the issues of vegetation management, agricultural patterns,

economic of watershed, unsuitable management of agricul-
tural water and climate change.

From an economic perspective, paying 50% of the
ecosystem services by the government to expand alternative
jobs and reduce damage to natural resources was determined
as the best scenario. Scenarios of paying 25% of ecosystem
services by the government to expand alternative jobs and
reduce damage to natural resources and farm management
activities were chosen as the next best scenarios, respec-
tively. This demonstrates the economic importance of pre-
serving natural ecosystems in many ways. If even part of this
revenue is given to stakeholders to protect rangelands, it will
help the watershed economy. Rangeland protection
improves water quality, erosion, sedimentation and stability
of natural ecosystems. Inappropriate management of agri-
cultural water inflicts the highest economic loss to the cur-
rent condition. After evaluating the vegetation management
scenarios, it was determined that farm management actions
were considered as the best scenario. The agroforestry,
orchard development, forage growing and terracing activities
have a high income which has made this scenario a better
choice. Farm-related activities are in a good position for
offering direct economic benefit to the stockholders. There
will have to be a lot of costs for soil and water resource
management if the conditions in the Hableh River Basin
continue to exist. The Hableh-Rud river basin can pay for
soil and water resource management, or it can pay more to
continue this situation. No single solution will fix the
Hableh-Rud river basin’s soil and water problems. The
research indicates that the SD model, as an integrated
approach for management of soil and water resources of the
basin, is a pragmatic and beneficial approach which helps
stakeholders enhance their understanding of the causal
relationships and feedbacks in the system.

Fig. 10 Map of the spatial distribution of the vegetation management
activities in the Hableh-Rud river basin

Table 7 Results of ranking of
the proposed scenarios based on
economic assessment of water
and soil resources in Hableh-Rud
river basin

Number Scenario Scenario
rank

1 Current condition 8

2 Rangeland restoration 6

3 Natural resources rehabilitation areas 7

4 Farm management activities 5

5 Management of agricultural cropping pattern 4

6 Unsuitable management of agricultural water 10

7 Agricultural water management efficiency 3

8 Climate change 9

9 Pay 25% of the proceeds from ecosystem services to stakeholders by the
government to expand alternative jobs and reduce damage to natural resources

2

10 Pay 50% of the proceeds from ecosystem services to stakeholders by the
government to expand alternative jobs and reduce damage to natural resources

1
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Seasonal Variation for Trace Metals
Contamination of Groundwater Using GIS
Technology in Pissurlem, Sonshi, Cudnem,
Velguem, Surla Watersheds, North Goa
District, Goa State, India

E. Kuppusamy and S. M. Hussain

Abstract

Groundwater quality and availability is one of the most
important environmental and sustainability issues of the
twenty-first century. Over the last few years, trace
elements have increased in groundwater by human
activities, such as agriculture, mining, fossil fuel burning
and industrial effluent. The present study is focused on the
pollution of groundwater by heavy metals. Seasonal
variations of groundwater quality studies have been
performed in Pissurlem, Sonshi, Cudnem, Velguem and
Surla Watersheds, which are the primary watersheds of
Mandovi and Cudnem rivers in Goa State. A maximum of
98 samples has been obtained at a rate of 49 samples per
season (summer and winter). Trace elements are mea-
sured using the atomic absorption spectrophotometer
(AAS). Measured groundwater traces of metals results
were brought to the GIS to create spatial maps.
Aluminum, barium, boron, copper, manganese, selenium,
zinc, cadmium, lead, nickel, arsenic and chromium spatial
maps shows that all groundwater levels in the study area
were within the allowable limit. Iron spatial maps show
all groundwater Fe research areas within the limit quality
except in and around Kumbharwada, Vagheri and Mor-
lem Colony sites (4.62 km2/summer and 5.96 km2/win-
ter) for WHO 2011 norm. The study area is situated in the
lower part of the Cudnem River with the Mandovi river
portion. Research region for groundwater Trace metals
contamination within the limits except iron for the WHO
2011 standard. Trace elements in groundwater are
characterized as chemical components dissolved in very
small quantities in water. The levels of aluminum,
barium, boron, copper, manganese, selenium, zinc, cad-
mium, lead, nickel, arsenic and chromium are well within
the permissible limits. All the water samples are favorable
for drinking in both of the seasons. Iron levels in

groundwater are distinguished by a favorable quality for
drinking in all samples, except for three test sites, such as
Kumbharwada (S. No. 17), Vagheri (S. No. 22) and
Morlem Colony (S. No. 40) in both seasons. The entire
study area is widely distributed for the occurrence of iron
ore and falls in the active mining belt.

Keywords

Trace metals � Mandovi River � Spatial map �
Groundwater � Contour values

1 Introduction

Trace metals in groundwater are defined as chemical com-
ponents dissolved in water in very small quantities, always
or almost always, with concentrations of less than one mg/L
(U.S.G.S., 1993; Marcovecchio et al., 2007; Momodu &
Anyakora, 2010). While present in a limited amount, but
optimal intake, it is necessary for the proper functioning of
the human body. Abundance or lack, or both, can pose a risk
to health. The heavy metal element of groundwater is
becoming one of the major concerns due to its adverse
effects on human physiology. Excessive trace metal can also
be found in groundwater near polluted sources posing seri-
ous health risks (Vadiati et al., 2016; Haritash & Garg, 2016;
Modassir et al., 2015).

Trace metals derive mainly from source rocks due to
weathering and are generally harmless to species at moderate
levels of contamination; but, once their concentration
increases, they are significantly harmful to human and other
living organisms. Over the last few years, trace metals have
risen in groundwater as they have become polluted by
human activities, such as farming, fossil fuel burning and
industrial effluent. It is clear that trace elements are entering
aquatic environments either from point sources or from
nonpoint sources. Trace elements enter groundwater from
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organic, anthropogenic and mining activities (Mahato et al.,
2014; Verma & Singh, 2013; Adaikpoh et al., 2005; Goyal
et al., 2008).

1.1 Study Area Details

The study area (Fig. 1) is situated in the northeastern part
of the Goa State located between 15° 26′ 47.142″ N
to 15° 36′ 21.911″ N and 73° 57′ 8.676″ E to
74° 7′ 29.228″ E. The total geographical area of the study
area is 185.48 km2. The present study area includes the
watersheds in Pissurlem, Sonshi, Cudnem, Velguem and
Surla, which are the major watersheds of the Mandovi River.
The research area is shown in Fig. 1.

1.2 Mandovi River

The Mandovi River is the lifeline of the state, as its water-
shed covers about 42% of the total area of the state, and its
water is widely used for drinking, transport, agriculture,
fisheries, etc. It has five major tributaries, Mhadei, Khan-
depar, Valvati, Mapusa and the Sinquerim River.

The Mandovi River is one of the important rivers of the
Goa State, which rises in the Parwar Ghats of Sattari Taluk

at an altitude of 888 mts. southwest. The Mandovi River
forms several islands in Bardez and Tiswadi Taluks, and
enters the Arabian Sea through the Bay of Aguada, near
Panaji, after a length of about 70 km. The length of the
estuary is 3.2 km, it narrows down to 0.25 km in the
downstream, and it is the biggest drainage basin in Goa.

Administratively, Goa State is divided into two districts,
the North Goa District and the South Goa District. North
Goa consists of six talukas such as (1) Tiswadi, (2) Bardez,
(3) Pernem, (4) Bicholim, (5) Sattari and (6) Ponda. South
Goa is subdivided into five talukas, such as (1) Sanguem,
(2) Canacona, (3) Quepem, (4) Salcete and (5) Marmugao. It
is situated to the west of the state of Karnataka and to the
southwest of the state of Maharashtra, 100 km long in the
west of the sea.

The state of Goa is divided into three physiological units.
The major geomorphological characteristics are the coastal
plains, the southern undulating regions and theWesternGhats.

1.3 Physicochemical Analysis of Groundwater

The water quality analysis of groundwater samples has been
carried out the trace elements such as aluminum (Al3+),
copper (Cu2+), iron (Fe2+), manganese (Mn2+), selenium
(Se2+), zinc (Zn2+), cadmium (Cd2+), lead (Pb2+), nickel

Fig. 1 Study area with groundwater sample locations
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(Ni2+), arsenic (As2+), chromium (Cr2+) and their analyzed
winter–summer seasons. The results of statistical parameters
for trace elements are shown in Table 1. The data were used
to understand the spatial distribution of ions and to classify
those not permitted for drinking purposes in the study area.

2 Results and Discussion

Groundwater contamination is one of the most significant
environmental issues in the world today, where substantial
heavy metal exposure is of major concern due to its high
hazard, even at low levels of fixation (Panigrahy et al., 2015;
Kumar et al., 2014; Tiwari & Sing, 2014). The trace element
concentration in groundwater was therefore calculated for
Pissurlem, Sonshi, Cudnem, Velguem and Surla Watersheds.

2.1 Aluminum (Al)

Aluminum is one of the most accommodating metallic ele-
ments on earth crust and is widely distributed in soil and

rock. It enters the groundwater from the soil, weathering
rock-forming minerals, industrial waste and anthropogenic
activities. The source of aluminum is derived geologically
from leaching of deposit and decomposition of various
minerals. The aluminum concentration of more than
0.07 mg/L makes the water unsuitable for drinking purpose
because it causes severe health problems.

According to WHO (2011) guidelines, the aluminum
concentration <0.07 mg/L is classified as a desirable limit.
Based on the above, all the samples are under a desirable
category in the study area. In the winter season, groundwater
aluminum values start from 0.010 to 0.017 mg/L. In the
summer season, groundwater aluminum values are from
0.011 to 0.019 mg/L. These values are characterized by
desirable nature for drinking purpose of all the samples in
both the seasons.

The spatial distribution maps of aluminum during both
the seasons are shown in Figs. 2 and 3. The aluminum
spatial maps show that in all the study area, groundwater
aluminum concentration is within the limit value as per
WHO 2011 standards. But small changes occur in contour
values in the summer season.

Table 1 Result of the statistical
parameters

Parameters Seasons Mean Median Minimum Maximum Std. dev.

Aluminum (Al) Winter 0.012 0.012 0.010 0.017 0.002

Summer 0.013 0.014 0.011 0.019 0.002

Copper (Cu) Winter 0.008 0.008 0.007 0.009 0.001

Summer 0.009 0.009 0.008 0.010 0.001

Iron (Fe) Winter 0.086 0.060 0.045 1.000 0.145

Summer 0.100 0.070 0.050 1.130 0.164

Manganese (Mn) Winter 0.026 0.026 0.021 0.029 0.002

Summer 0.029 0.029 0.024 0.033 0.002

Selenium (Se) Winter 0.004 0.005 0.004 0.005 0.000

Summer 0.005 0.005 0.005 0.006 0.000

Zinc (Zn) Winter 0.005 0.005 0.004 0.005 0.000

Summer 0.005 0.005 0.005 0.006 0.000

Cadmium (Cd) Winter 0.002 0.002 0.002 0.003 0.000

Summer 0.003 0.003 0.002 0.003 0.001

Lead (Pb) Winter 0.005 0.005 0.004 0.005 0.000

Summer 0.005 0.005 0.005 0.006 0.001

Nickel (Ni) Winter 0.008 0.009 0.005 0.010 0.001

Summer 0.010 0.010 0.006 0.011 0.001

Arsenic (As) Winter 0.002 0.002 0.001 0.002 0.000

Summer 0.002 0.002 0.002 0.002 0.000

Chromium (Cr) Winter 0.028 0.028 0.024 0.030 0.001

Summer 0.032 0.032 0.028 0.035 0.001
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2.2 Copper (Cu)

Copper is a common trace metal on the earth and is broadly
disseminated in rock-forming minerals. It enters the

groundwater from weathering rock-forming minerals,
industrial waste and corrosive effect copper pipes. Copper is
necessary for human health. But excess amount of copper is
found to be the cause of liver and kidney injury in humans.

Fig. 3 Summer season Al spatial
map

Fig. 2 Winter season Al spatial
map
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Kids who are less than one year are widely affected. It has a
toxic effect on human health if the concentration is below the
desirable limit. The diseases of anemia, diarrhea, etc., can be
caused due to Cu deficiency (Abdullah Khan & Ahmad,
2010).

According to WHO (2011) guidelines, copper
concentration <2 mg/L is classified as a desirable limit.
Based on the above, all the samples are under a desirable
category in the study area. During the winter season,
groundwater copper values start from 0.007 to 0.009 mg/L
and in the summer season groundwater copper values are
from 0.008 to 0.010 mg/L. These values are characterized by
a desirable nature for drinking purpose of all the samples in
both the seasons.

The spatial distributionmaps of copper during both seasons
are shown in Figs. 4 and 5. The copper spatial maps show that
in all the study area, groundwater copper concentration is
within the limit value as per WHO 2011 standards. But small
changes occur in contour values in the summer season.

2.3 Iron (Fe)

Iron occurs chiefly in all stage of rock forms (igneous,
metamorphic and sedimentary) origin. Iron is also a part of
our life style, and iron is necessary for human health. Iron is
a necessary component for nutritional requirement for most
of the organisms. It enters the groundwater from weathering

rock-forming minerals, industrial waste products and cor-
rosive copper pipes. It affects target organs which are the
liver, cardiovascular system and kidneys. Its deficiency
causes anemia. The entire study area is widely distributed for
iron ore and potential belt for iron ore mining.

A maximum permissible Fe concentration is 0.3 mg/L for
drinking purpose (WHO, 2011). Based on this, the results of
the samples are under the desirable category in the study
area. In the winter season, groundwater iron values start
from 0.05 to 1.00 mg/L. During summer season, ground-
water iron values are from 0.05 to 1.13 mg/L. These values
are characterized by a desirable nature for drinking use of all
the samples except three sample locations which are
Kumbharwada (S. No. 17), Vagheri (S. No. 22) and Morlem
Colony (S. No. 40) in both the seasons.

The spatial distribution maps of Fe during both the sea-
sons are shown in Figs. 6 and 7. The iron spatial maps show
that in all the study area groundwater Fe is within the lim-
iting value except in and around the Kumbharwada, Vagheri
and Morlem Colony locations (4.62 and 5.96 km2) as per
WHO 2011 standards. But small changes occur in contour
values in the summer season.

2.4 Manganese (Mn)

Manganese is one of the generous metals on the earth and is
broadly disseminated in the form of oxides and hydroxides.

Fig. 4 Winter season Cu spatial
map
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The atmosphere is the main source of manganese, so rain-
water carries the manganese to reach the earth’s surface.
Another form of the source in earth’s crust is dust particles
of industrial discharge, volcanic ash, smoke of the burning

of garbage waste and soil erosion. The manganese concen-
tration of more than 0.04 mg/L makes the water unsuitable
for drinking use because it causes severe health problems.
However, slight rise in its level may be accounted for by the

Fig. 5 Summer season Cu
spatial map

Fig. 6 Winter season Fe spatial
map
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influence of domestic waste, natural geological rocks and
industrial effluent. Sometimes, water containing manganese
is not suitable for domestic purpose. Manganese is an
essential nutrient for humans; Mn deficiency can disrupt the
central nervous system and reproductive functions (McNeely
et al., 1979).

A maximum amount of Mn concentration of 0.4 mg/L is
permissible for drinking purpose (WHO, 2011). Based on
this, it is found that the samples are under a desirable cate-
gory in the study area. In the winter season, groundwater Mn
values start from 0.02 to 0.03 mg/L. During summer season,
groundwater Mn values are from 0.02 to 0.03 mg/L. These
values are characterized by a desirable nature for drinking
use of all the samples in both the seasons.

The spatial distribution maps of Mn during both the
seasons are shown in Figs. 8 and 9. The Mn spatial maps
show that in all the study area groundwater Mn is within the
limit as per WHO 2011 standards. But small changes occur
in contour values in the summer season.

2.5 Selenium (Se)

Selenium is a minor trace metal in water. The main sources
of selenium in the groundwater are from erosion of natural
deposits, discharge from mines and petroleum refineries.
Selenium is an important nutrient food for fish, birds and
animals. Selenium generally is similar to sulfur in its

chemical behavior (Lakin, 1973). The selenium concentra-
tion more than 0.01 mg/L makes the water unsuitable for
drinking use because it causes severe health problems like
hair loss, nail inflammation, vomiting, irritability, garlic
breath odor, etc.

A maximum amount of Se concentration of 0.01 mg/L is
permissible for drinking purpose (WHO, 2011). Based on
this, the results of the samples are under the desirable cat-
egory in the study area. During winter season, groundwater
Se values start from 0.004 to 0.005 mg/L. In the summer
season, groundwater Se values are from 0.005 to
0.006 mg/L. Those values are characterized by a desirable
nature for drinking use of all the samples in both the seasons.

The spatial distribution maps of Se during both the sea-
sons are shown in Figs. 10 and 11. The Se spatial maps
show that in all the study area groundwater Se is within the
limit as per WHO 2011 standards. But small changes occur
in contour values in the summer season.

2.6 Zinc (Zn)

Zinc is an essential element for human health and agricul-
ture; it plays an important role in protein synthesis and
carbohydrate metabolism (Tylor & Demayo, 1980). The
main source of zinc is industrial wastewater, fertilizers,
pesticides and herbicides used for agricultural purposes. Zinc
is relatively pre-toxic up to 3 mg/L in drinking water

Fig. 7 Summer season Fe spatial
map
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(McNeely et al., 1979). Zinc concentration more than
3 mg/L makes the water unsuitable for drinking use because
it causes severe health problems like stomach pain, vomit-
ing, fever and diarrhea.

A maximum permissible zinc concentration of 3 mg/L for
drinking purpose is permissible (WHO, 2011). Based on
this, the samples are under the desirable category in the
study area. During winter season, groundwater Zn values

Fig. 8 Winter season Mn spatial
map

Fig. 9 Summer season Mn
spatial map
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start from 0.004 to 0.005 mg/L. In the summer season,
groundwater Zn values are from 0.004 to 0.005 mg/L. That
values are characterized by desirable nature for drinking
purpose of all the samples in both the seasons.

The spatial distribution maps of Zn during both the sea-
sons are shown in Figs. 12 and 13. High concentration
contour is clustered in NNE to NW direction, because of the
flow of rivers in this direction (Valvati River and Cudnem

Fig. 10 Winter season Se spatial
map

Fig. 11 Summer season Se
spatial map
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River). The Zn spatial maps show that in all the study area
groundwater Zn is within the limit as per WHO 2011 stan-
dards. But small changes occur in contour values in the
summer season.

2.7 Cadmium (Cd)

Cadmium is a common trace metal on the earth. Cd is found
in very low concentrations in most rocks; other sources of

Fig. 12 Winter season Zn spatial
map

Fig. 13 Summer season Zn
spatial map
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cadmium in groundwater come from burning fossil fuels and
applying fertilizer, etc. Cd is found in basaltic rock
(0.15 ppm) (Krasukopf & Bird, 1994), but is not essential
for plants, animals and humans. Long-term exposure (over
years or decades) to cadmium in drinking water may cause
kidney damage (WHO, 2011) and can also lead to anemia,
cardio vascular disease and hypertension (Mielke et al.,
1991; Robards & Worsfold, 1991). Cadmium’s effect on the
cardio vascular system can be explained by relating nutri-
tional cadmium to hypertension (Schroeder, 1965).

A maximum cadmium concentration of 0.003 mg/L for
drinking purpose is permissible (WHO, 2011). Based on this,
the samples are under the desirable category in the study area.
During winter season, groundwater cadmium values start
from 0.002 to 0.0029 mg/L. In the summer season, ground-
water cadmium values are from 0.002 to 0.003 mg/L. These
values are characterized by a desirable nature for drinking
purpose of all the samples in both the seasons.

The spatial distribution maps of cadmium during both the
seasons are shown in Figs. 14 and 15. Higher concentration
contour is clustered in the adjoining portion of Cudnem
River. The cadmium spatial maps show that in all the study
area groundwater cadmium is within the limit as per WHO
2011 standards. But small changes occur in contour values
in the summer season.

2.8 Lead (Pb)

A naturally occurring toxic trace metal is lead. A very
meager amount of lead occurs in natural resources such as
soil, biological materials, water, plants and animals. The
main source of lead contamination is due to transport
burning and fossil fuel (Smirjakova et al., 2005). The lead
concentration more than 0.01 mg/L makes the water
unsuitable for drinking use because it causes severe health
problems. Lead and its compounds are known to target the
organs such as bones, brain, blood pressure and kidney
damage, cardiovascular system and biosynthesis of hemo-
globin (Homady et al., 2002; Massadeh et al., 2004.

A maximum lead concentration of 0.01 mg/L for drink-
ing purpose is permissible (WHO, 2011). Based on this, the
samples are under the desirable category in the study area.
During winter season, groundwater lead values start from
0.0041 to 0.0049 mg/L. In the summer season, groundwater
lead values are from 0.005 to 0.006 mg/L. These values are
characterized by a desirable nature for drinking purpose of
all the samples in both the seasons.

The spatial distribution maps of lead during both the
seasons are shown in Figs. 16 and 17. The carbonate-bound
fraction has significant values of Pb in the lower part of the
Cudnem River with a portion of the Mandovi River. The Pb

Fig. 14 Winter season Cd spatial
map
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Fig. 15 Summer season Cd
spatial map

Fig. 16 Winter season Pb spatial
map
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spatial maps show that in all the study area groundwater Pb
is within the limit as per WHO 2011 standards. But small
changes occur in contour values in the summer season.

2.9 Nickel (Ni)

Nickel is one of the common trace metals on the earth and is
broadly disseminated in sandstone and shale. The element
accumulates in sediments of biological cycles. It enters the
groundwater from power plants and metal industrial waste. It
enters the groundwater from the nickel–cadmium batteries’
wastewater and fly ashes. Nickel is a dietary metal required
for many organisms. But excess amount of nickel is found to
be carcinogenic in humans. It has very sensitive toxic effect
of human beings. A higher nickel concentration is harmful to
human health as this may lead to lung cancer (McNeely
et al., 1979).

A maximum nickel concentration of 0.07 mg/L for
drinking purpose is permissible (WHO, 2011). Based on
this, the samples are under the desirable category in the
study area. During winter season, groundwater nickel values
start from 0.005 to 0.0095 mg/L. In the summer season,
groundwater nickel values are from 0.006 to 0.011 mg/L.
That values are characterized by desirable nature for drink-
ing purpose of all the samples in both the seasons.

The spatial distribution maps of nickel during both the
seasons are shown in Figs. 18 and 19. The significant values
of nickel are in the lower part of the Cudnem River with a

portion of the Mandovi River. The nickel spatial maps show
that in all the study area groundwater nickel is within the
limit as per WHO 2011 standards. But small changes occur
in contour values in the summer season.

2.10 Arsenic (As)

Arsenic is one of the naturally occurred trace elements on the
earth. It does not have any smell and is a tasteless element
but available in inorganic form. It enters the groundwater
from soil, rocks and anthropogenic process. But, the excess
amount of arsenic is found to cause cancer and neural dis-
orders. A high arsenic concentration is harmful to human
health as this may be carcinogenic and lead to anemia,
leucopenia, eosinophilia and systemic health effects
(Tchounwou et al., 1999; ATSDR, 2000; Yedjou et al.,
2006). Recently, arsenic trioxide has been approved by the
Food and Drug Administration as an anticancer agent in the
treatment of acute promyelocytic leukemia (Rousselot et al.,
1999).

A maximum arsenic concentration of 0.01 mg/L for
drinking purpose is permissible (WHO, 2011). Based on
this, the samples are under the desirable category in the
study area. During winter season, groundwater arsenic val-
ues start from 0.001 to 0.002 mg/L. In the summer season,
groundwater arsenic values are from 0.002 to 0.0022 mg/L.
These values are characterized by a desirable nature for
drinking purpose of all the samples in both the seasons.

Fig. 17 Summer season Pb
spatial map
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The spatial distribution maps of arsenic during both the
seasons are shown in Figs. 20 and 21. The significant values
of arsenic are recorded in the lower part of the Cudnem
River meeting with a portion of the Mandovi River portion.

The arsenic spatial maps show that in all the study area
groundwater arsenic is within the limit as per WHO 2011
standards. But small changes occur in contour values in the
summer season.

Fig. 18 Winter season Ni spatial
map

Fig. 19 Summer season Ni
spatial map
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Fig. 21 Summer season As
spatial map

Fig. 20 Winter season As spatial
map
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2.11 Chromium (Cr)

Chromium is one of the naturally occurred trace elements on
the earth but occurs only in combined state. Traces of
chromium are present in water. It enters the groundwater
from metal refinery industries and alloy industries. Cr+3

form is an essential trace metal for human. Another stage of
Cr+6 enters the water from wastewater of paint industry. It
plays an important role in the removal of glucose from
blood with the help of insulin. But, the excess amount of
arsenic is found to cause cancer in the respiratory system.
Chromium is present in small quantities in nature. It is
present largely in rocks of silica type. The toxicity of
chromium depends on its physicochemical shape; hexava-
lent salts are considered the most dangerous (Elhoussine,
2009).

A maximum chromium concentration of 0.05 mg/L for
drinking purpose is permissible (WHO, 2011). Based on
this, the samples are under the desirable category in the
study area. During the winter season, groundwater chro-
mium values start from 0.02 to 0.03 mg/L. In the summer
season, groundwater chromium values are from 0.028 to
0.035 mg/L. These values are characterized by a desirable
nature for drinking purpose of all the samples in both the
seasons.

The spatial distribution maps of chromium during both
the seasons are shown in Figs. 22 and 23. The significant
values of chromium are recorded in the lower part of the
Cudnem River meeting with a portion of the Mandovi River
portion. The chromium spatial maps show that in all the
study area groundwater chromium is within the limit as per
WHO 2011 standards. But small changes occur in contour
values in the summer season.

3 Conclusion

Trace metals in groundwater are characterized as chemical
components dissolved in very small quantities in water. The
levels of aluminum, barium, boron, copper, manganese,
selenium, zinc, cadmium, lead, nickel, arsenic and chro-
mium are well within the permissible limits and character-
ized by the favorable quality for drinking in both seasons for
all the samples studied.

Iron levels in groundwater are distinguished by a favor-
able quality for the drinking of all samples, except for three
test sites, such as Kumbharwada (S. No. 17), Vagheri (S.
No. 22) and Morlem Colony (S. No. 40) in both seasons.
The entire study area is widely distributed for the occurrence
of iron ore and falls in the active mining belt.

Fig. 22 Winter season Cr spatial
map
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The Impact of Different Design Approaches
on Fine Sediment Transport in Gezira
Scheme, Sudan

Awad M. Ali, Ishraga S. Osman, Hozaifa Khalid, Maab Albager,
and Amal Ibrahim

Abstract

This study aims to understand the mechanism of cohesive
sediment transport in irrigation canals when adopting
different design approaches. This was achieved
through developing a mathematical model to design
unlined irrigation canals using three design approaches:
regime theory, tractive force and maximum permissible
velocity. The latter was modified by the authors to
overcome some of its limitations. The model, named
ICDesign, was developed using C Sharp language to
design the irrigation canals and generate cross sections
and a longitudinal profile. Then it was applied to design
Zananda Major Canal in the Gezira scheme, Sudan, as a
case study. HEC-RAS model was used to simulate the
sediment transport based on different design approaches.
It was found that the design obtained from the modified
maximum permissible velocity gives the least amount
and distribution of sediment accumulation along the
canal. Thus, it was concluded that the developed software
can be used in the design of a variety of irrigation canals.
The extent of the applicability and use of the software
shall be determined in the future studies.

Keywords

Irrigation canals � Gezira scheme � Sediment deposition� HEC-RAS �Maximum permissible velocity � Tractive
force

1 Introduction

Various techniques are used to deliver water from a source
(river and reservoir) to an irrigation scheme such as sprin-
klers, drops, fallows and canals. Each system is based on
different principles and theories, and the mobility of water
through irrigation canals by gravity remains complex. Par-
ticularly, unlined canals are composed of natural materials
which are erodible. Furthermore, the design of the canals
should prevent the sediments from deposition throughout the
canal which leads, when it happens, to serious problems on
the entire system. The procedure for designing an irrigation
system is not that obvious to be managed manually. So, a
mathematical model will clarify the design process.

There are a large number of irrigation schemes in Africa,
but the Gezira scheme is by far the most enormous one in the
continent covering approximately an area of 880,000 ha. It
accounts for 50% of Sudan’s irrigated area and consumes
35% of its current allocation of the Nile water which rep-
resents 6.0–7.0 billion m3/year (Ahmed, 1984). The scheme
has an irrigation network which consists of a series of earth
canals minimized in capacity and geometry. Two main
canals Gezira and Managil downstream the Sennar dam start
to irrigate the Gezira scheme gravitationally and designed to
carry up to 168 and 186 m3/s, respectively (Osman et al.,
2011).

The water demand pattern could be forecasted if the canal
design is based on a comprehensive assessment of the
operation (Vanoni, 1975). Different studies have been car-
ried out in the early years focusing on the sediment transport
in the irrigation systems. It was demonstrated that every year
Gezira system receives about 6 Mm3 of silt, and most of it is
fine silt and clay. The percentages of silt distribution along
the main, major, minor canals and field are 4%, 23%, 35%
and 38%, respectively (Gismalla, 2009). Both proper design
and management of the irrigation system lead to a possible
reduction in sediment accumulation problem (Paudel, 2010).
Therefore, it was stated that during the design stage,
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controlling the sediment problem could be achieved by
maintaining the continuity in sediment transport in the irri-
gation canals (Osman et al., 2017).

This study has been carried out taking the Gezira scheme
as a study case. It is concerned with developing a software
that assists in designing unlined irrigation canals with dif-
ferent design approaches. Moreover, the study aims to
understand the mechanism of cohesive sediment transport in
irrigation canals when adopting different design approaches.
The software was applied in a selected major canal in the
Gezira scheme, and the sediment transport was simulated
using HEC-RAS model. The paper shows the differences in
amount and distribution of the sediment deposition along the
canal corresponding to each design theory.

2 Materials and Method

2.1 Study Area

In the Gezira scheme, the amount of sediment deposited in the
main canals is considerably low when compared to the major
and minor canals. The minor canals irrigate the field only during
the first 12 h of the day and store water for the remaining 12 h;
this process is called night storage system (NSS). Thus, the
minor canals were designed using Manning equation. As a
result, our study focuses on the major canals and the siltation in
the first major canal that takes the water by gravity from the
Gezira Main Canal called Zananda Major Canal. Figure 1
shows the Gezira scheme and the location of the study area
illustrating its 3 reaches, 2 intermediate structures and 9 minor
canals. The location of the offtake is at 14° 01′ 42″ N,
33° 32′ 33″ E with a total canal length of about 17 km and total
command area of about 8520 ha (Osman, 2015).

2.2 Data Measurement

Osman (2015) performed field measurements in 2011 from
June to October in order to handle the problem of sediment
occurrence, because the largest amount of sediment depos-
ited in the scheme takes place during this period. Figure 2
demonstrates the 14 monitoring points and measurement
locations, one at the offtake of Gezira Main Canal, 3 along
the Zananda Major Canal and 10 points at the lateral offtakes
of the minor canals. Therefore, the required data to be used
for the simulation using HEC-RAS model has been mea-
sured as follows:

1. Flow data: The water levels were measured manually on
daily basis by using staff gauges and automatic moni-
toring instruments. Then, the discharges were computed.

2. Sediment data: The sediment concentrations were mea-
sured on daily basis, and the sediment load was com-
puted based on the discharge and sediment
concentrations.

3. Cross sections: Bathymetric surveys were carried along
the canal every 200 m before and after the flood season
in July and October in 2011.

2.3 Simulation Using HEC-RAS Model

2.3.1 General
The HEC-RAS modeling system was developed as a part of
the Hydrologic Engineering Center’s “Next Generation”
(NexGen) of hydrologic engineering software. The NexGen
project encompasses several aspects of hydrologic engi-
neering, including: rainfall–runoff analysis (HEC-HMS);
river hydraulics (HEC-RAS); reservoir system simulation
(HEC-ResSim); flood damage analysis (HEC-FDA and
HEC-FIA); and real-time river forecasting for reservoir
operations (CWMS) (Brunner & CIWER-HEC, 2016).

2.3.2 Data Entering
The HEC-RAS model was set up and calibrated based on the
measured data. The effects of different parameters on the
deposition were investigated to detect the most effective
ones. The main objective of the modeling and simulation of
sediment transport in Gezira scheme is to analyze and
investigate the responses of the system to sediment deposi-
tion under different design approaches. The required data to
simulate the flow and sediment transport in the irrigation
canals is geometric data, quasi-unsteady data of flow and
sediment transport data. The inputs for each section are
detailed below.

(a) Geometric data: In order to simulate the canal, system
schematic for the study area was uploaded. After that,
the cross sections of the actual canal at the beginning of
the simulation period, 1 July 2011, were entered based
on the survey data as illustrated in Fig. 3.

(b) Quasi-unsteady data: The quasi-unsteady hydrody-
namic model simulates the flow series with a sequence
of steady flow computation. HEC-RAS includes several
quasi-unsteady boundary conditions, and for Zananda
Major Canal the boundary conditions taken into
account, based on the available information, are flow
series and normal depth for the upstream and down-
stream of the canal, respectively. The flow series input
of the measured flow data from 1 July to 28 October,
during the flood season, was used with its duration of
24 h and computation increment.
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(c) Sediment transport data: Based on the measured data,
sediment load series is taken as sediment transport
boundary condition during the study period.

2.3.3 Sensitivity Analysis
To identify the effect of the diversified input on the model’s
output, an important step should be performed called sen-
sitivity analysis that has two categories, namely the numer-
ical and physical parameters. The numerical sensitivity is
concerned with justifying the parameters that affect the
numerical solution such as computational time step, while
the physical parameter sensitivity considers the sensitivity of
the hydraulic parameters such as Manning’s coefficient.

2.3.4 Calibration of the Model
The model was calibrated based on the most sensitive
parameters as described in the following:

1. The sensitivity analysis shows the optimum value of
Manning coefficient is 0.017 which found within the
range of 0.015–0.025.

2. The model was run out on five different time steps which
are locally far apart from each other [i.e., 24, 12, 6, 3,
1 h]. The result obtained from the simulation for 1 h
computational increment gives the most accurate one. So,
the hydrodynamic model has sensitivity to the compu-
tational increment.

3. After inputting the geometric, quasi-unsteady and sedi-
ment transport data, the sediment transport was simu-
lated. Figure 4 shows the bed and water surface level.

4. The bed level predicted (simulated) by the model and
measured bed levels based on field measurement are
shown in Fig. 5. The measured and computed bed levels
are compared to each other, and it was found that the R2

value is 0.9038.

2.4 Application of Different Design Approaches

2.4.1 General
At the irrigation schemes and throughout the irrigation
season, the canals should meet the various requirements of
irrigation. The design of the irrigation canals should
preferably be based on capacity, command, sediment and/or
erosion, and cost (Depeweg et al., 2014). A design of stable
canals is needed to achieve the balance between the erosion
and deposition that may take place during different phases of
the irrigation season. Chow (1983), Raudkivi (1990), HR

Fig. 1 Study area of Gezira scheme (Osman, 2015)

Fig. 2 Scheme of Zananda Major Canal and measurement locations
(Osman, 2015)
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Wallingford (1992), and Simons and Sentürk (1992) men-
tion four methods for the design of stable canals:

• The regime theory;
• The tractive force;
• The maximum permissible velocity;
• The rational method.

2.4.2 The Regime Theory
If the canals do not change over a period of one or more
typical water years, the canals are described as being in

regime. In order to design regime canals, sets of empirical
equations have been prepared based on observation of canals
and rivers that have achieved the dynamic stability. This
theory assumes that the discharge is the only needed factor
to determine the wetting parameter, while the strength of the
canal banks may also be an important factor. Following are
the equations used for the design using Lacey’s regime
theory:

P ¼ KPQ
1=2 ð1Þ

Fig. 3 Input cross-sectional data on July 1, 2011
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A ¼ KaQ
5=6 ð2Þ

SO ¼ KsQ
�1=6 ð3Þ

where
P = wetted perimeter (m)
Q = discharge (m3/s)
A = cross-sectional area (m2)
S0 = bed slope (cm/km)
Kp, Ka, Ks = constants.
In 1952, an investigation has been made to decide whe-

ther Lacey’s regime theory is applicable or not for designing
the main and major canals in the Gezira canalization system.
Therefore, 39 stable canal reaches have been investigated
assuming that Lacey’s regime theory is applicable. Table 1
summarizes Lacey’s constants and the Manning coefficient
(n) for the design of stable canals in Gezira (Matthew, 1952).

2.4.3 Maximum Permissible Velocity
The maximum permissible velocity theory concerns with
canal design using the maximum velocity that can be
resisted by the canal’s material. Despite the erosion of the
canals, the concept of the theory can be used for designing of
stable canals.

The maximum permissible velocity is a velocity that does
not cause erosion. This velocity is challenging to determine
and is very changeable; it can only be evaluated with

experience and sound judgment. Moreover, the section of
the canal will be designed to generate velocity corresponding
to the maximum velocity that could be resisted by the canal
materials. This velocity would not occur if the canal capacity
is relatively small, which appears in the major canals of the
Gezira scheme. So, the original theory has been modified by
the authors to overcome this limitation of design. The
modification states that “the design of an irrigation canal to
be based on the maximum velocity could be produced by the
canal capacity, but not greater than the maximum velocity
that could be resisted by the canal material.”

Table 2 presents the maximum permissible velocities
depending on the bed material. The United States Bureau of
Reclamation (USBR) has derived from these velocities the
corresponding tractive force values. The design steps,
including the modification, are shown in Annex 1.

2.4.4 Tractive Force
The tractive force is in use for boundary shear stress and
sediment transport relations. It uses the idea of static stability
of a canal in which there is no movement of material (in both
the bed and side slopes). For a given design discharge, the
canal dimensions and bed slope are identified considering
the flow velocity not exceeding a permissible velocity or
boundary shear stress not exceeding its critical value of a
bed and bank material (Paudel, 2009). A flowchart indicat-
ing the design steps is shown in Annex 2.

Fig. 5 Measured and computed
bed profile

Table 1 Different constants for
the design of stable canals in
Gezira

Parameters Main canal 10 reaches Major canal 29 reaches All canals

N 0.021 0.017 0.018

Kp 4.55 5.51 5.26

Ka 2.75 2.6 2.64

Ks 14.57 13.9 14.5

Note: n = Manning roughness, Kp, Ka, Ks = constants
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2.4.5 Rational Method
The rational method includes, among others, the method of
White et al. (1982) and Chang (1985). It is useful for the
design of stable canals with very specific flow conditions.
For canals with large variations in discharge and sediment
load, the method is inadequate to describe accurately the
sediment transport process and the conveyance of the sedi-
ment load through the whole canal network (Depeweg et al.,
2014).

In the design of Zananda Major Canal, the rational
method was not considered since both discharge and sedi-
ment load are highly fluctuated. Therefore, the software to be
developed for the design of Zananda Major Canal will only
adopt the first three design approaches.

2.5 ICDesign Software Development

2.5.1 Introduction
Irrigation Canals Design (ICDesign) software program was
developed during this study using C Sharp language. The
software has the capability to design the irrigation canals
using three methods: regime theory, tractive force for both
cohesive and non-cohesive soil and the modified maximum
permissible velocity.

2.5.2 Input Data
The required data to design irrigation canals differs based on
the design theory. Figures 6, 7, 8 and 9 show the input
windows for ICDesign software highlighting the data needed
for each theory of design.

2.5.3 Outputs
When designing a canal using one of the provided theories,
the outputs are presented in three different forms:

(a) Table tab: This option displays the results in a table
consisting of: discharge; length of reach; wetted

perimeter; cross-sectional area; bed width; depth of
water; side slope; bed slope; and ground level at the
upstream and the downstream with the headloss caused
by the cross-structures as shown in Fig. 10, in addition
to the final velocity in the maximum permissible
velocity methods and design parameters of tractive
force (i.e., unit tractive force on side and bottom Cs,
Cb).

(b) Cross-sectional tab: This option displays the cross
section for each reach of the designed canal as shown in
Fig. 11.

(c) Profile tab: This option displays the longitudinal profile
of the designed canal as shown Fig. 12.

3 Results

In the HEC-RAS model, the calibration was done by the
actual cross section to determine the factors (e.g., Manning’s
n, computational increment, temperature, etc.) that reflect the
real conditions of Zananda Major Canal. Once the factors
were determined, the corresponding total sediment deposi-
tion during the period of study was calculated. Then, the
same factors have been used to simulate the sediment
deposition along the canal when applying the other three
design approaches in addition to the original design which
used earlier in the construction of the canal, but this time to
determine the total sediment deposition corresponding to
each design theory.

Figures 13, 14, 15 and 16 show the cross sections and
profiles when applying the different design approaches in the
HEC-RAS model. These profiles illustrate the distribution of
the sediment along Zananda Major Canal. Finally, the total
sediment deposition—mass bed change—quantities for each
cross section and during the study period are shown in
Fig. 17.

Table 2 Maximum permissible
velocities and the corresponding
tractive force values (Depeweg
et al., 2014)

Material Manning N Clear water Silt-loaded water

V (m/s) s (N/m2) V (m/s) s (N/m2)

Fine sand, colloidal 0.02 0.46 1.30 0.76 3.61

Sandy loam, non-colloidal 0.02 0.53 1.78 0.76 3.61

Silt loam, non-colloidal 0.02 0.61 2.31 0.91 5.29

Alluvial silts, non-colloidal 0.02 0.61 2.31 1.07 7.22

Ordinary firm load 0.02 0.76 3.61 1.07 7.22

Volcanic ash 0.02 0.76 3.61 1.07 7.22

Stiff clay, very colloidal 0.025 1.14 12.51 1.52 22.13

Alluvial silts, colloidal 0.025 1.14 12.51 1.52 22.13
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3.1 Application of the Original Design

See Fig. 13.

3.2 Application of Regime Theory

See Fig. 14.

3.3 Application of the Modified Maximum
Permissible Velocity

See Fig. 15.

3.4 Application of Tractive Force

See Figs. 16 and 17.

Head losses due to hydraulic 
structure

Side slope based on side 
material 

(Rock; Muck and peat soils; 
Stiff clay or earth with concrete 
lining; Earth with stone lining or 

earth for large channels; Firm 
clay or earth for small ditches; 

loose sandy earth; sandy loam or 
porous clay)

The ground level at the 
upstream of first reach 

The type of canal (main; major) 

The name of canal 

To save the data of the new 
canal 

Discharge of each reach of the 
canal 

Length of each reach of the 
canal 

Fig. 6 Regime theory inputs

The water conditions 
(Clear water or silt-loaded 

water)

Bed material to determine an 
initial value of Manning 

coefficient and Maximum 
Permissible Velocity which can 

be edited.

Slope of each reach of the canal 

Fig. 7 Modified maximum permissible velocity inputs

Soil Condition (Moist; dry; wet)

Type of soil (Top soil; Loam; 
Sand; Gravel; Broken rock)

Void Ratio (Loose; fair; well; 
very well)

Bed material (Sandy clays; 
heavy clay soils; clays; lean 

clayey soils)

Canal’s longitudinal slope 

Canal Material  
(Cohesive Soil; non-cohesive)

Fig. 8 Tractive force for cohesive soil inputs
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4 Discussion and Conclusion

The simulation of Zananda Major Canal in HEC-RAS model
showed that the total sediment deposition when applying the
modified maximum permissible velocity is less than the
other sections that were designed based on other design
approaches. Thus, the sediment is reduced by 84.65% if
compared to the current canal. Therefore, this method is
recommended for the design of Zananda Major Canal.

The tractive force method is not applicable for major
canals and especially for cohesive soils. It is widely used for
non-cohesive soils, because the cohesive materials have
different nature and depend on physiochemical properties.
The design using tractive force produced the highest amount
of sediment deposition that is distributed throughout the

whole reach. Furthermore, the canal experienced an over-
bank issue when simulating this method.

Also, regime theory produced sediment deposition along
the canal but lesser than tractive force. Moreover, regime
theory has limitations for the discharge value (Q) corre-
sponding to each value of side slope (z) as noticed throughout
the study. The discharge should be greater than specific value
Qmin for main and major canals as specified in Table 3;
otherwise, another method of design should be adopted.

The original design was considered in the investigation to
study the suitability of the pre-designed section and to
compare its appropriateness with respect to the other theo-
ries. The section was designed using regime theory but with
different factors. The amount of sediment produced is lower
than the two previous designs and almost distributed only in
the first two-thirds of the canal length.

Side particle shape 
(Very angular; moderately 
angular; slightly angular; 

slightly rounded; moderately 
rounded; very rounded) 

Type of the soil in the sides of the 
canal with diameter d50 and/or d25

Type of the soil in the bottom of 
the canal with diameter d50 or d25

Fig. 9 Tractive force for non-cohesive soil inputs

Fig. 10 Outputs, table tab
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The modified maximum permissible velocity comes with
a new concept of design. It aims to overcome some of the
maximum permissible velocity limitations. When the dis-
charge is relatively small as in the major canals of Gezira
scheme, it cannot flow as fast as to reach the permissible

velocity (Vmax) which is the maximum velocity that can be
resisted by the canal material. The modification overcomes
this limitation by using the maximum velocity that could be
produced by a certain discharge (Vnew) which is lesser than
(Vmax) and can also be resisted by the canal material. This

Fig. 11 Outputs, cross-sectional tab

Fig. 12 Outputs, profile tab
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theory produced the least amount of sediment deposition
among the studied theories and concentrated on the one-third
of the canal.

The ICDesign software gives the users the ability to
design irrigation canals using the modified maximum

permissible velocity as well as regime theory and tractive
force. Thus, it was concluded that the developed software
may be used in the design of a variety of irrigation canals.
The extent of the applicability and use of the software shall
be determined in the future studies.
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Annexes

Annex 1: Modified Maximum Permissible
Velocity Design Steps

The design steps for designing the irrigation canals using the
modified maximum permissible velocity are shown in
Fig. 18.

Annex 2: Tractive Force Design Steps

The design steps and charts used for designing the irrigation
canals using tractive force method are shown in Figs. 19, 20,
21, 22 and 23 and Table 4.

Fig. 17 Total sediment
deposition quantities along
Zananda Major Canal during
flood period of 2011

Table 3 Qmin values for main
and major corresponding to each
side slope for Gezira scheme

Side slope (z:1) Qmin for main (m3/s) Qmin for major (m3/s)

Nearly vertical 1.45 0.11

¼:1 0.62 0.05

½:1 to 1:1 0.65 0.05

1:1 0.85 0.07

1½:1 1.97 0.15

2:1 5.14 0.37

3:1 30.39 2.19

68 A. M. Ali et al.



Fig. 18 Design steps of the
modified maximum permissible
velocity

Table 4 Angle of repose for
cohesive materials (Anon, 2020)

Soil type Dry Moist Wet

Top soil; loose 35–40 – 45

Loam; loose 40–45 – 20–25

Clay/silt; solid – 40–50 –

Clay/silt; firm – 17–19 –

Clay/silt; loose – 20–25 –

Puddle clay – – 15–19

Silt – 19 –

Sandy clay – 15 –

Sand; compact – 35–40 –

Sand; loose 30–35 – 25

Sandy gravel; compact – 40–45 –

Sandy gravel; loose – 35–45 –

Sandy gravel; natural – 25–30 –

Gravel; medium coarse 25–30 – 25–30

Shingle; loose – 40 –

Shale; hard – 19–22 –

Broken rock 35 – 45
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4

20 21

23

20

Fig.19 Design steps of tractive force
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Fig. 20 Maximum unit tractive
force in terms of ϒyS (Depeweg
et al., 2014)

Fig. 21 Recommended
permissible unit tractive force for
canals in non-cohesive material
(Chow, 1959)
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Remote Sensing Approach for Estimating
Evapotranspiration Using Satellite-Based
Energy Balance Models in Al Hamra, Oman

Ahsan Ali, Yaseen Al-Mulla, Yassin Charabi, Ghazi Al-Rawas,
and Malik Al-Wardy

Abstract

The conventional physical- and climatological-based
models estimating actual evapotranspiration (ETa) do
not provide accurate ETa, especially for regional-scale
which is a challenge that needs to be tackled for the
accurate assessment of irrigation practices. In this study,
two energy balance models (1) Surface Energy Balance
Algorithm for Land (SEBAL) and (2) Mapping Evapo-
transpiration at High Resolution with Internalized Cali-
bration (METRIC) were applied in the Al Hamra region
of Oman to estimate ETa using Landsat 8 satellite
imagery. The aim of the study was to estimate ETa
using the SEBAL and METRIC model for the period of
two years and validate the outcome against modified
Penman–Monteith (PM) model. In addition, this study
highlighted procedural differences between METRIC and
SEBAL models. The results showed that METRIC model
estimated ETa successfully with a R2 value of 0.81 as
compared to SEBAL model (R2 = 0.17). Study validated
against PM model showed that the METRIC model
outperformed the SEBAL with MAE and RMSE values
of 0.30 and 0.36 mm as compared to 2.67 and 1.42 mm,
respectively. Study concluded that the SEBAL model
used cumulative daily net radiation, while METRIC used
cumulative reference evapotranspiration to extrapolate
ETa on daily basis. Although METRIC performed well

than SEBAL, the manual selection of hot and cold pixel
in METRIC was a difficult process and it creates
vulnerability of inaccurate estimates of ETa. However,
from this study, we can conclude that the METRIC model
can be useful in providing high spatial and temporal ETa
estimates. Furthermore, the approach used in this paper
can be generalized and pave the way for further
developments of the studied models.

Keywords

Remote sensing � SEBAL � METRIC � Landsat 8 �
Energy balance

1 Introduction

Water scarcity leads to groundwater depletion and decline in
agricultural area reduction as Arab region stands with a
yearly total of 763 m3 per capita renewable water resources
(WWAP, 2019). Agriculture stands as one of the many water
uses including domestic and industrial usage. In the past
40 years, increment in water productivity by agriculture
played an important role to increase in food production
(OECD, 2010). Evapotranspiration (ETa) plays an important
role in the local and global water budget (Chen et al., 2018).
There is a dire need to observe the distribution of ETa on
both temporal and spatial scales as ETa, especially for hot
hyper-arid regions. Many research had already been done in
order to estimate the amount of water required for different
crops. However, accurate estimation of crop water require-
ment is still an immense challenge. Many researchers have
proposed models to estimate ETa for different crops. FAO
Penman–Monteith equation is one most widely used models
requiring many weather parameters (Djaman et al., 2016).
An agro-hydrological simulation model was applied by
Droogers (2000) to access the ETa. Traditional methods like
lysimeters, Bowen ratio (Bowen, 1926), Eddy correlation,
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and scintillometry methods were also used in many studies,
providing point-based ETa estimates (Sun et al., 2011).
Although traditional methods provided an accurate estima-
tion of ETa on the local scale, these models cannot be
applied on the large areas/scale to observe spatial–temporal
distribution of ETa. In this aspect, remote sensing techniques
are vital to provide an accurate estimation of ETa on both
local and regional scales (Ali & Al-Mulla, 2019). Many
studies were carried out in the field of remotely assessed ETa
using algorithms. A review study on the traditional and
remotely sensed algorithm was highlighted providing a
result that each model was designed and applied for a
specific condition and land cover type (Jovanovic & Israel,
2012). In the last 2 decades, many single/multiple source
algorithms were suggested by the different researchers. But
Surface Energy Balance Algorithm for Land (SEBAL) by
Bastiaanssen et al. (1998) and Mapping Evapotranspiration
using Internalized Calibration (METRIC) by Allen et al.
(2005) are the two widely one-source models. SEBAL
model has been widely used and validated in different con-
ditions around the globe, including Idaho (Allen et al.,
2003), southern California (Suleiman et al., 2009) Kimberly,
Idaho (Allen et al., 2011), Turkey (Bastiaanssen, 2000),
Brazil (Santos et al., 2010), Florida (Bhattarai et al., 2017)
and Jordan (Owaneh and Suleiman, 2018). On the other
hand, METRIC model was also validated in Brazil (Oliveira
et al., 2018), Idaho (Allen et al., 2011), Saudi Arabia
(Madugundu et al., 2017), Florida (Bhattarai et al., 2017),
Arizona (French et al., 2015), Brazilian Amazon (Numata
et al., 2017), central Ireland (Spiliotopoulos et al., 2017) and
south Portugal (PÔças et al., 2014).

However, SEBAL and METRIC models have been
applied successfully in many conditions all around the globe.
But very limited studies were done in the hot and hyper-arid
regions like Oman. Hence, there is a dire need to apply
SEBAL and METRIC models in the harsh conditions of
the selected study area to evaluate the ETa estimates of both
models. The results of the model will be validated against
the PM model followed by Allen et al. (1998).

2 Materials and Methods

2.1 Study Area and Satellite Imagery

Omani civilization is greatly influenced by the traditional
agriculture, providing a path to live under harsh conditions
(Al-Marshudi, 2001). Old Aflaj irrigation system that con-
sists of open water channels conveying water from the
mountain to the crop is the main sources of irrigation. For
the study, date palm tree was selected as it stands as one of
the most cultivated crop types in Oman; being the eighth
largest date-producing country in the world (Al-Khayri et al.,

2015). Study area was selected in the region of Al Hamra, Al
Dakhiliyah, in the northeast of Oman. Figure 1 shows the
geographical location of study area.

Landsat 8 (OLI and TIRS) satellite imagery was used as
an input for the SEBAL and METRIC model for the year
2015. Figure 2 shows metrological data was recorded from a
weather station installed near study area.

2.2 Model Description

SEBAL and METRIC models use same surface energy
balance equation (Eq. 1) to estimate ETa flux.

kET ¼ Rn � G� H ð1Þ
where kET is amount of energy (W m−2) that is required

to convert water into vapors either from soil/plant or both.
“Rn” is amount of available net radiation (W m−2) after
reflecting from the sun or atmosphere, G is the amount of
energy (W m−2) that is available on the soil surface after
radiations absorbed the soil from the atmosphere, and H is
the amount of energy (W m−2) that is required to transfer
heat through advection to increase the temperature of a
body.

In SEBAL and METRIC, procedural steps to estimate Rn

and G are the same. Hence, same values of Rn and G were
used by SEBAL and METRIC. Procedural steps for Rn and
G can be found in Bastiaanssen (2000). The difference
between the two models was observed in required calibration
of values of H using Eq. (2)

H ¼ Pair � Cp � dT

Rah
ð2Þ

The difference between the two models occurs in the dT
values as it is the temperature difference between two ref-
erence heights. Both models use a linear equation to esti-
mate dT by selecting two extreme conditions within the
study area that can show two extreme conditions (hot and
cold). The selection of these extreme conditions is the step
differentiating the two models. The hot pixel in SEBAL and
METRIC model is selected from an area with no vegetation.
Cold pixel in SEBAL is recommended to be selected from a
wellirrigated or water body. But in METRIC, cold pixel is
selected from a well-vegetated area.

In Eq. (2), there were two unknowns Rah and H. Hence,
using dT values an iteration process is initialized as recom-
mended by the SEBAL and METRIC model by using an
ideal situation for the first iteration. After the first estimation
of H, a correction factor is introduced providing the correct
values of Rah and H. More details of the iteration process can
be found in Allen et al. (2011). Once the value of H is
calculated, then ET flux is estimated using Eq. (1).
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The values of Rn, G, and H are instantaneous values at the
time of satellite-overpassed, that are used to estiamte the
instantaneous amount of evapotranspiration (ETinst). Hence,
SEBAL and METRIC models use different formulations to
extrapolate instantaneous kET value for the day. SEBAL
model uses evaporative fraction (EF), and METRIC uses
reference evapotranspirative fraction (ETrF) by using
Eqs. (3) and (4), respectively.

EF ¼ Rn � G� H

Rn � G
ð3Þ

ETrF ¼ ETinst

ETr
ð4Þ

METRIC model uses ETrF values that are estimated using
reference evapotranspiration equation as recommended by
Allen et al. (2005). SEBAL and METRIC model suggested
that EF and ETrF values are kept the same throughout the
day. SEBAL model uses EF in cooperation with Eq. (5),
while METRIC model uses Eq. (6) to estimate ETa values.

ETa ¼ ETp24 � EF ð5Þ

Fig. 2 Metrological data recoded from a weather station installed near study area. Here, “Ws” is wind speed (ms−1), “Rs” is cumulative daily solar
radiation (W m−2), “RH” is relative humidity (%), “Temp” is the temperature of air (C°), and “-” shows the satellite imagery acquisition date

Fig. 1 Location of study area in Al Hamra, Al Dakhiliyah, Oman
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ETa ¼ Er 24 � ETrF ð6Þ
Here, ETp24 is cumulative potential evapotranspiration

that is formulated by Bastiaanssen (2000) and ETr_24 is
cumulative reference evapotranspiration followed by Allen
et al. (2005).

2.3 Validation

To validate the application of SEBAL and METRIC, Pen-
man–Monteith (PM) equation was used that is formulated in
Eq. (7). PM model is considered in many researches as a
benchmark in the estimation of crop evapotranspiration
(Costa et al., 2019).

ETo ¼ Kc� 0:408D Rn � Gð Þþ c 900
T þ 273 u2 es � eað Þ

Dþ c 1þ 0:34u2ð Þ ð7Þ

where ETo is reference evapotranspiration (mm day−1),
Rn is net radiation at the crop surface (MJ m−2 day−1), G is
soil heat flux density in (MJ m−2 day−1), T is mean daily air
temperature at 2 m height (°C), u2 is the wind speed at 2 m
height (m s−1), es is saturation vapor pressure [kPa], ea
expresses actual vapor pressure (kPa), es − ea is saturation
vapor pressure deficit (kPa), Δ denotes slope vapor pres-
sure curve (kPa °C−1) and c is psychrometric constant
(kPa °C−1).

3 Results and Discussion

Firstly, satellite imagery was downloaded, and then digital
numbers were converted to both radiance and reflectance
values. Then, the reflectance or radiance values were con-
verted into NDVI, emissivity, albedo, and LST values.
These estimated factors were then used in the calculation of
three basic parameters (Rn, G, and H) used in Eq. (1). As
discussed in the previous sections, SEBAL and METRIC
models use same formulation for Rn and G. Hence, values of
Rn and G as shown in Fig. 3 were kept the same in both
SEBAL and METRIC to see the effect of H on the estima-
tion of ETa by both models.

The study resulted in a strong correlation between land
surface temperature (LST) and Rn. The slope between LST
and Rn was low in the winter as compared to the summer
season. A minimum slope value was observed in the month
of April as the LST values started to increase. The trend
between LST and Rn observed steep slopes, especially in the
month of June as LST values increased while reaching to its
maximum values.

The study also resulted that even Rn and G were kept the
same for both models, values of H for both models were

different from each other. The study resulted that the dif-
ference between SEBAL and METRIC was observed
because of the difference in the estimation of extreme con-
ditions in each model. The selection of these extreme con-
ditions paved the way for the correct estimation of H. For
SEBAL, hot pixel was selected from a bare soil with highest
land surface temperature, while the extreme conditions (hot
and cold pixel) were selected from an area of dense vege-
tation with high NDVI values. On the other hand, in
METRIC, the hot pixel was selected from an area with the
lowest NDVI value and cold pixel was selected with the
dense vegetation, by which more than 90% of the pixel was
selected form the area. Figure 4 shows the NDVI values and
LST values of pixels selected for the study.

Figure 5 clearly shows the difference between METRIC
and SEBAL models. Results from the study showed that the
SEBAL model was overestimating values of H as compared

Fig. 3 Values of Rn and G estimated in study area (W m−2) for
SEBAL and METRIC

Fig. 4 NDVI versus LST values of pixels selected in the study
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to the METRIC model. The difference of H between SEBAL
and METRIC was increasing in hot summer and became
equal at the end of the study period. The overestimation of
SEBAL ranged to a maximum value of 150 W m−2.

The difference between SEBAL and METRIC in the
estimation of H affected the ETa values of both models as
shown in Fig. 6. Results showed that SEBAL and METRIC
models were overestimating at the start of the study period.
But SEBAL model was underestimating ETa values with a
difference of 2 mm d−1 and 2.3 mm d−1 with METRIC and
PM model, respectively. The study resulted that the differ-
ence between SEBAL and METRIC models was observed to
be higher in the month of April as difference in values of H
estimated by SEBAL was higher than 100 W m−2. Figure 5
also shows that overall SEBAL model resulted in a high
value of H as compared to METRIC model, especially in the
summer season. The study also resulted that the SEBAL
model over estimated H as compared to METRIC model,
that lead SEBAL to underestimate ETa in the summer sea-
sons. Figure 5 shows that in the winter season, METRIC and
SEBAL models were very close to each other in estimation
of H, but the difference between ETa values of both models
was high. One of the reasons might be the difference in the
extrapolation of 24-h daily values of ETa (Eqs. 5 and 6) as
METRIC and SEBAL models use different methods to
extrapolate ETa from hourly value to daily values.

Results from Fig. 6 show that SEBAL model was
underestimating ETa in summer season as compared to both
METRIC and PM with the lowest value of 4.753 mm d−1.
Figure 7 resulted that no strong correlation was found
between SEBAL and PM as the regression coefficient
resulted in a value of 0.17. On the other hand, METRIC
model shows good correlation with PM model as the

regression coefficient resulted in a value of 0.81. Statistical
analysis (Table 1) also shows that METRIC model resulted
in low value of root-mean-square error (RMSE) of 0.36 as
compared to 1.42 resulted by SEBAL model. Statistical
analysis also resulted that the mean absolute error (MAE) of
METRIC model was also lower (0.30 mm d−1) as compared
to SEBAL (2.67 mm d−1) model.

The study resulted that SEBAL model was overestimat-
ing ETa in the winter season with an average difference of
2.33 mm d−1 as compared to METRIC and 2.7 mm d−1 as
compared to PM model. SEBAL model was underestimating
ETa as the temperature went high while compared with PM
and METRIC. Based on statistical results, study concluded
that METRIC model outperformed SEBAL model for the
estimation of ETa in Al Hamra region, Oman.

4 Conclusions

SEBAL and METRIC models were applied in the Al Hamra
region of Oman to evaluate the performance of ETa esti-
mates in the region. Study explained the difference of
selection of extreme conditions in both the models. The
study resulted that even Rn and G were kept the same for
both the models, and the difference in the estimation of H
causes both the models to act differenty in the same condi-
tions. It was resulted that SEBAL model was overestimating
ETa with an average value of 2.3 mm d−1 as compared to
METRIC and PM models. It was also observed that SEBAL
model was underestimating ETa in the peak summer days as
compared with PM and METRIC. The study validated
against the PM model showed that the METRIC model
outperformed the SEBAL with MAE and RMSE value of
0.30 mm and 0.36 mm as compared to 2.67 mm and
1.42 mm, respectively. Although METRIC performed well
than SEBAL, the manual selection of hot and cold pixel in
METRIC was a difficult process and it creates vulnerability
of inaccurate estimates of ETa. However, from this study we

Fig. 5 Variation of H (W m−2) in SEBAL and METRIC for the study
area

Fig. 6 Trend of ETa estimates from SEBAL, METRIC and PM
models
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can conclude that METRIC model can be useful in providing
high spatial and temporal ETa estimates. Furthermore, the
approach used in this paper can be generalized and pave the
way for further developments of the studied models.
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Application of Dipole–Dipole, Schlumberger,
and Wenner–Schlumberger Arrays
in Groundwater Exploration in Karst Areas
Using Electrical Resistivity and IP Methods
in a Semi-arid Area, Southwest Iran

Leila Mirzaei, Mohammad Kazem Hafizi, and Mohammad Ali Riahi

Abstract

Cost-effective and efficient techniques of geoelectrics for
groundwater exploration, especially in karstic regions,
can be used to as an appropriate tool to recognition of
karst hydrogeological potential. This paper provides a
method based on the geoelectrical tomography to precise
determination of the water well drilling location in karstic
limestones of Izeh, southwest Iran. The geoelectrical
operation done in 98 VES of Schlumberger and two
profiles using dipole–dipole and Wenner–Shlumberger
arrays. The 1D interpretation of VES using IPI2win
followed by 2D electrical resistivity and induced polar-
ization (IP) tomography using Res2Dinv in two sites,
Naale Asbi syncline and the west of Izeh limestones, is
carried out in order to propose the best locations for
drilling of water wells. The results of the geoelectrical
study of Asmari limestone of Izeh show the high
electrical resistivity (between 200 and 1000 ohms-m)
and low IP (lower than 3 Mv%V) indicates dry limestone,
which decreases electrical resistivity (between 50 and
150 ohms-m) and stability in IP values, while the layers
become water bearing. The dry cavities are characterized
by very high electrical resistivity anomalies (ranging from
1500 to higher than 2000 ohms-m) with low IP values in
the matrix of limestone with medium high electrical
resistivity. The marl and marly limestone layers with low
permeability can be detected by very low electrical
resistivity (lover than 20 ohms-m) and high IP (higher
than 10 Mv%V). The tomography of electrical resistivity
and IP have strongly confirmed each other especially in
the dipole–dipole array, and however, in some cases of

Schlumberger array, the deviations are seen in the depth
that can arise due to the high sensitivity of the IP data in
high depths.

Keywords

Karst groundwater exploration � Electrical resistivity
tomography � Induced polarization � Southwest Iran

1 Introduction

Groundwater is the largest available freshwater resource in
the world. Groundwater resources can be expected to be
increasingly relied upon in the near future, as a consequence
of rapid population growth and global environmental
change, especially on arid regions. Cost-effective and effi-
cient geoelectrical methods for groundwater exploration,
especially in karstic regions, can be used to as an appropriate
tool to recognition of karst hydrogeological potential. Karst
is a type of landscape and also an aquifer type. Karst com-
prises terrain with distinctive hydrology and landforms that
arise from a combination of high rock solubility and
well-developed secondary (fracture) porosity.

The Zagros karst system is mainly comprised of the
limestone of Asmari and Ilam-Sarvak Formations. There are
no surface streams in the outcrops or in contact with lime-
stones in the study area. The karst aquifers in Izeh area,
southwest Iran, are the only source of drinking water supply
of the city. Hence, the exploration, production, and quanti-
tative and qualitative protection of karst aquifers are of
essential importance in these areas. During the last two
decades, 20 water wells have been drilled in different areas
of Izeh karstic area for the supply of Izeh drinking water.
Since 2015, the discharge of some drinking water wells in
Izeh area has decreased, due to continuous droughts, and the
drilling of new alternative water wells in the Asmari For-
mation has become more necessary. However, the lack of
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appropriate studies in recent years has led to the failure of
the drilling wells and wasting costs.

The fractured limestone of Asmari formation and cavities
serve as major resource for groundwater in the Izeh area.
A water-filled underground void of Asmari limestone has
lower resistivity than most of the surrounding rocks, in
principle it can be detect using the electrical resistivity
tomography. Electrical resistivity is based on the injection of
an electric current into the ground through electrodes. Bulk
electrical resistivities in the shallow subsurface are con-
trolled largely by electrolytic conduction in aqueous fluids
that are either distributed across grain boundaries or con-
tained in pores, fractures, and faults (Stummer et al., 2004).
Since each electrical resistivity image is limited to a few
meters in depth and length, here an approach based on an
integrated method of electrical resistivity and induced
polarization (IP) with three common array proposed for
tomography to characterize the karst aquifer and detection of
best location for drilling of new water wells. Conventional
geoelectric arrays used to explorations in karst environ-
ments, each with its own advantages and limitations. The
main purpose of this article is to determine which array and
by which method electrical resistivity or IP can be better
suited for detecting of water bearing karstic cavities, espe-
cially in the sloping carbonate layers.

In recent years, many advances have been made in
computer systems for data exploration and 2D and 3D
inverse modeling software. Imaging or electrical resistivity
tomography (ERT) and induction polarization are increas-
ingly used in the electrical exploration of karst zones with
subsurface cavities, water bearing limestones, and marly
limestones (Aizebeokhai and Oyeyemi, 2014; Dahlin, 1996;
Loke & Barker, 1995; Oldenberg & Li, 1999; Samanovac &
Alvanja, 2007). The electrical resistivity sections derived
from inverse modeling and their interpretation could be used
to identification of groundwater potential (Alile et al., 2010),
groundwater level (Ranjy Roodposhti et al., 2019), depth
bed rock and aquifer thickness (Gupta et al., 2015), sepa-
ration of water bearing and dry karstic structures and sink-
holes, and identification of faulted and fractured zones
(Saribudak & Hawkins, 2019), and karstic anomalies
(Bharti, 2016; Prins et al., 2018).

2 Material and Methods

2.1 Geological Setting

The study area is located in the surroundings of Izeh area, in
Khuzestan Province, southwest Iran (Fig. 1), within Zagros
Ranges. The area consists of a very gently dipping Oligo-
cene–Miocene age limestone and marly limestone, Asmari
Formation in Chal Khoshk Anticline and Naale Asbi

syncline (Fig. 2). The elevation of Asmari formation in
contact with alluvium ranges from 850 to 900 m absolute
sea level (ASL), and the depth of karst water table is 50–
100 m, respectively. The Asmari Formation in Izeh polje
consisting of limestone, dolomites, and marly limestone,
reaching thicknesses of greater than 250 m. Based on the
results obtained by time series analysis of karst aquifers in
Izeh area (Nassery et al., 2013), Asmari karst was identified
as an aquifer with high storage capacity as well as a domi-
nated baseflow and the karstification of Asmari Formation
bring about a dual porosity karst aquifer, where fracture and
conduit porosity coexist. Although the existence of cavities
in unsaturated zone of the Asmari limestone is evident, the
conduit network in the lower part of the karst aquifer is
poorly developed, and groundwater is stored in a matrix with
a high storage capacity (Nassery et al., 2013). The average
annual precipitation at Izeh area is 420 mm in the 30-years
period, which is considered as a semi-arid climate in the
Middle East.

In hydrogeological terms, the aquifer consists of a mature
karstic system with a low high hydraulic gradient, suggest-
ing very high permeabilities. Dissolution of the carbonate
rocks of the Asmari Formation has resulted in a presence of
unconfined aquifers. Over 20 boreholes have been drilled in
karstic aquifer of Izeh for supplying thee residence with
drinking water. Despite the common use of geology for
improving the siting of boreholes, some of the drilled holes
does not deliver enough water to be equipped.

2.2 Data Collection

In order to exact determination of the water well drilling
locations in high groundwater potential areas, the geoelec-
trical operation done in 98 VES of Schlumberger and two
profiles using dipole–dipole and Wenner–Shlumberger
arrays (Fig. 2). The arrays were chosen based on the pre-
vious works indicating good resolution of epikarstal fracture
and caves with these configurations. Although any available
electrode array can be applied in measurements, the most
frequently used are: the Wenner, Wenner–Schlumberger,
dipole–dipole, and pole–pole arrays. The Wenner array must
be used for the shallowest depth in a multielectrode system,
and the Schlumberger array is used for all other depths.
Therefore, the Schlumberger array is usually used in com-
bination with the Wenner array. In particular, the Schlum-
berger array and the dipole–dipole arrays, can achieve a
better lateral coverage for deeper targets, and they can
penetrate to greater depths in the same multielectrode sys-
tem. The Schlumberger array and the dipole–dipole array are
significantly more sensitive to noises and surface hetero-
geneities due to a short spacing between potential electrodes.
Resistivity data were gathered in two lines with different
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electrode spacing of dipole–dipole configuration 20 and
40 m for Jamushi and Tasisat sites (Fig. 2), respectively.

The data were collected using the IP-RS geoelectric
instrument of ARES mark, manufactured by GF Instruments
of Czech Republic, with a power of 850 W. In order to
obtain accurate induced polarization data, a costrel was used
which filled with CuSO4 solution containing an electrode. In
order to measure IP, the instrument setting was defined by
for 10 windows and increments of 0.02, 0.04, 0.08, 0.16, and
0.32 s (each interval for two windows). However, the
presence of industrial and telecommunication noises could
have a significant impact on IP. With increasing depth, IP
measurement is problematic due to its sensitivity.

2.3 Methodology

The interpretation result of a resistivity sounding dataset is
demonstrated in one-dimensional (1-D) using IPI2win, form
that includes resistivities and thicknesses of the subsurface
layers. To interpret the data from such a survey, it is nor-
mally assumed that the subsurface consists of horizontal
layers and it does not take into account lateral changes in the
layer resistivity (Fig. 3). The pattern of the curves changes
suddenly in terms of the karstification degrees which gen-
erally are associated with lithologic changes of limestones
and tectonic structures like fractures. VES apparent resis-
tivity data were inverted assuming layered earth models to

Fig. 1 Location of study area, southwest Iran
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Fig. 2 Geological map of study area

Fig. 3 Schematic model
explanation using
one-dimensional inverse
modeling of electrical resistivity
sounding for sloping carbonate
layers by expanding the electrode
array parallel to the direction of
bedding plane of limestone layers
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determine the thicknesses and true resistivities of the suc-
cessive strata below each VES site.

The ERT method is used to determine the electrical
resistivity distribution of the subsurface. Resistivity of the
limestone rocks is linked to several parameters including
type of limestone, cavity, water content, marl layers, elec-
trical conductivity of water, and thickness. Because of dif-
ferent respective electrical resistivities in karstic areas, the
ERT method provides useful results on the geometry of
bedrock and aquifer. In this ERT survey, after inversion of
the field data, the method provided a two-dimensional (2D)
resistivity model of a section of the underground. Field data
processing was performed with Res2DInv software. The
parameters used in the inversion were the same for both of
profiles, and topography was taken to normalize profile
elevations to the actual ground surface. A robust algorithm
was chosen for inversion, because it provides more net
changes in resistivity between different parts of the section.
However, care must be taken when studying the final sec-
tions, because the geometry and boundaries of the structures
are not always clearly identified and may be influenced by
changes in resistivity due to rocks outside the plane of the
section. The interpreted sections must be understood as an
indication of the approximate location of the lithological
boundaries, and not as its true geometry. The interpretation
of the resistivity sections for all the ERT profiles has been
drawn with the help of the correlation between the resistivity
and IP with the lithology along with the hydrogeologic data,
and taking into account the continuity of the resistivity
values at the crossing of the profiles. Overall, a very com-
plicated structure is interpreted with the presence of dry and
wet limestones, cavities, and marly layers interbedded with
carbonates. Finally, three locations were proposed for dril-
ling of water wells in the Izeh karst area.

3 Results

The VES surveys have been carried out in 98 resistivity
sounding using the Schlumberger array with the current
electrode separations of maximum 1000 m. In addition, the
resistivity profiling surveys were carried out along 2 lines
using dipole–dipole with 20 and 40 m electrode spacing and
maximum n = 12 for Jamushi and Tasisat sites, respectively,
and Schlumberger and Wenner–Schlumberger arrays with
horizontal distance between VES ranges from 40 to 80 m.

1D modeling and interpretation of the VES data were
made using IPI2win software. The depth of water table,
thickness of the layers, and the true resistivity of the dry and
water bearing limestones, marly limestones, and fractured
limestones were determined based on the VES curves and
the interpretation. Then the interpretation results of all
sounding points have been summarized to selection of best

sites for 2D profiling and determination of best location of
drilling of water wells. For example, the VES interpretation
of Abrak water well in the southeast Naale Asbi syncline
(Fig. 2) is compared with the gamma, SP, and resistivity
logs (Fig. 4). Interpretation and translation of the Logging of
Abrak water well has been carried out in order to distinguish
marly limestones from water bearing limestones, fractured
zones, and identify high-yield cavities. The videometery
operation from different depths of the open borehole has
been used to validate the interpretation of logs. An inter-
pretation of the Shlumberger VES adjacent to the Abrak well
is also provided alongside the various logs (Fig. 4f). The
electrical resistivity in the logs of Abrak borehole varies
from 73 to 283 ohms-m, while the apparent electrical
resistivity in the VES ranges from 50 to 227 ohms-m. The
water level is at a depth of 50 m in the Abrak well, while the
IPI2win interpretation indicates the depth of the water at
79 m. In the interpretation of the VES, the resistivity of dry
and water bearing limestone is 425 and 93 ohms-m,
respectively. Of course, during the drilling, the well
encounters the water at a depth of 72 m and then the water
table rises to a depth of 50 m after termination of drilling,
which indicates the karst aquifer is confined. According to
borehole videometery, there is a fully open karst cavity at
110–113 m in which a large volume of water flows, it is not
detectable in the logs and VES curve. Based on the well
logging, three zones with high yield were identified at depths
of 58–61 m, 90–93 m, and 98–105 m. The continuous
decrease in gamma and electrical resistivity indicates the
presence of fractured limestone zone and the increase in SP
indicates a rapid groundwater flow in the cavities and frac-
tures from 110 to 130 m depth of the Abrak water well,
which has an indicators of a high-yield well.

The inversion modeling results of the resistivity and IP
profiling data along two lines, Jamushi in Naale Asbi syn-
cline and Tasisat in Chal Khoshk anticline (Fig. 2), repre-
sented by tomography sections (Figs. 5 and 6), imply
various resistive and conductive zones in the subsurface. The
various lithological zones marked in the resistivity and IP
sections represent the subsurface complexity of the Izeh
karstic limestones. 2D resistivity and IP surveys clearly
show the dry voids in Asmari formation as well as resistivity
contrasts between the matrix limestones and the cavity. In
the resistivity images, cavities are represented as high
resistivity zones. As all of these cavities are above the water
table, the high resistivities may be due to the lack of infilling
sediments.

The results of the geoelectrical tomography of Asmari
limestone in Izeh study area show the dry limestones have
high electrical resistivity (between 200 and 1000 ohms-m)
and low IP (lower than 3 Mv%V), while the layers become
water bearing, the electrical resistivity decreases (between 50
and 150 ohms-m) and IP values reside in a stable condition.
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The dry cavities are characterized by very high electrical
resistivity anomalies (ranging from 1500 to higher than
2000 ohms-m) with low IP values in the matrix of limestone
with medium high electrical resistivity. The marl and marly
limestone layers with low permeability can be detected by
very low electrical resistivity (lower than 20 ohms-m) and
high IP (higher than 10 Mv%V).

The results show Asmari formation has a developed karst
with high yield. The results in the 2D geoelectrical tomog-
raphy using a dipole–dipole array delineate the karst voids
filled water to 70 m depth. The drilling of three high-yield
water well (discharge between 60 and 100 l/S) and the low
drawdown (0.5–1.5 m) in the karst of Izeh indicates the
effectiveness of the integration of the applied exploration
methods (Fig. 7).

4 Discussion

The tomography of electrical resistivity and IP have strongly
confirmed each other especially in the dipole–dipole array,
however, in some cases of Schlumberger array, the

deviations are seen in the depth that can arise due to the high
sensitivity of the IP data in high depths. The Schlumberger
and Wenner–Shlumberger tomography with high investiga-
tion depth (about 200 m) may be shows the different zones
of karst aquifer but because of 50 m of VES spacing has not
the detectability of cavities with lower than 10 m diameter.

According to Schrott and Sass (2008), geophysics
methods could provide a continuous cover of subsurface
information of the study area, the information which in turn
could connect the data obtained from the bores to the
neighboring areas in order to develop geological models.

ERT surveys may be performed applying different elec-
trode configurations (dipole–dipole, Schlumberger, Wenner,
etc.) depending on the subsoil, the depth of investigation, the
sensitivity to vertical and horizontal changes in the subsur-
face resistivity, the horizontal data coverage and the signal
strength (Loke and Barker, 1995). Resistivity data are usu-
ally interpreted assuming one-dimensional (1D) or
two-dimensional (2D) models.

As a usual difficulty of ERT, we often need to determine
which of the many existing electrode configurations would
respond best to the material changes in karst features. Each

Fig. 4 Comparison of well logging of a gamma, b resistivity, and c SP, d borehole videometery images, e VES curve of Schlumberger array, and
f 1D interpretation of VES using IPI2win of Abrak water well, southeast Naale Asbi syncline
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array has distinctive advantages and disadvantages in terms
of depth of investigation, sensitivity to horizontal or vertical
variations, and signal strength. Setting aside the effects of
“noise” (i.e., the effects of near surface local variations in

resistivity which in themselves may place a limit on the
detect ability and resolution of karst features), application of
an inappropriate array type will affect their recognition in the
pseudosections.

Fig. 5 2D modeling and interpretation results of the resistivity
profiling data along tomograms of a electrical resistivity and b IP of
dipole–dipole array; c electrical resistivity IP of Wenner–

Schlumberger; d electrical resistivity and e IP of array of Schlumberger
array in Asmari limestones of Chal Khoshk anticline (site of Tasisat)
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Fig. 6 2D modeling and interpretation results of the resistivity profiling data along tomograms of a electrical resistivity and b IP of dipole–dipole
array; c electrical resistivity of Schlumberger array in Asmari limestones of Naale Asbi syncline (site of Jamushi)

Fig. 7 Photograph of the pumping test of the new drilled water wells in Izeh areas at December 2019 (the sites were determined using the ERT of
dipole–dipole array)
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The dipole–dipole array is very sensitive to horizontal
changes in resistivity, but relatively insensitive to vertical
changes in the resistivity and IP. The dipole–dipole array is
convenient in detection vertical structures, e.g., shafts and
cavities, but relatively inefficient in depicting horizontal
structures, e.g., limestone and marly limestone layers. The
median depth of investigation of this array depends on both
the dipole spacing and the dipole separation factor that are
normally defined by “a” and “n” symbols, respectively. In
the study area due to the existence of bedding with a high
dip, the water table can be detected by performing VES
surveys using Schlumberger and Wenner–Schlumberger
arrays. Due to low sensitivity of the Schlumberger and
Wenner–Shlumberger arrays to lateral heterogeneities, and
also high efficiency of the dipole–dipole array, especially its
moderate depth of penetration, low EM coupling between
the current and potential circuits and high sensitivity to
horizontal changes in resistivity (Sharifi et al., 2014), the
combination of these arrays for VES and electrical resistivity
and IP profiling, respectively, can lead to an intelligence for
subsurface in the study area.

5 Conclusion

To achieve the desired results of groundwater explorations in
the karstic areas and determination of exact location for the
drilling of water wells, the geoelectrical field work using the
combination of the arrays and methods (especially electrical
resistivity and IP) can be used with low cost. IP method can
assist in complying with the electrical resistivity method in
the separation of water bearing limestone and marly lime-
stone layers, one of the reasons for ambiguity in the inter-
pretation of electrical resistivity tomography. The
methodology proposed in this study is potentially a very
powerful tool for investigating karst aquifers where con-
ventional hydrogeological methods (e.g., pumping tests and
groundwater potential mapping using RS/GIS) are not
available or difficult to perform. The combination of a
proved geoelectrical techniques (i.e., ERT and IP) to
investigate the underground geological structure, with
powerful arrays such as dipole–dipole and Wenner–Sch-
lumberger, allows us to detect best location for drilling of
water wells.

In the study area, we applied our proposed methodology
to the Izeh karst area where there were no reliable hydro-
geological information, such as information on the ground-
water table, and it provides us three sites for drilling of water

wells, which drilling results are in accordance with our
findings.
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A Comparative Study on Regional Drought
Characterization Using Estimated Drought
Indices in Conjunction with Trend Analysis
in Peninsular India

M. P. Akhtar , L. B. Roy, and Abhishek Sinha

Abstract

The objective of the present study is the characterization
of drought conditions in two important peninsular states
of India namely Tamil Nadu and Karnataka through
assessment of meteorological drought indices namely
drought index (DI), Palmer index (PI), and standardized
precipitation index (SPI). For this, monthly and yearly
data of precipitation and temperature have been consid-
ered for 110 years (1901–2010). Precipitation deficit
conditions have been estimated and compared for both
regions using annual rainfall classification thresholds. The
annual variability of rainfall and associated trend were
estimated using Mann-Kendall test and comparative
analysis was done to assess the regional variation during
the last 110 years. Comparative study on results implied
that drought characterization using SPI may amply
facilitate the standardization of threshold classification
for severity and frequency that was good agreement with
observed events. The application of trend detection
framework resulted in the identification of significant
trends in those districts which were reported to be drought
prone regions. Study amply suggested that drought
vulnerability in Tamil Nadu was relatively more than
that of Karnataka region depending upon the number of
dry and wet years in terms of SPI threshold values and
areal extend within 110 years of study period however in
terms of severity and number of occurrence, Karnataka
was more vulnerable. Analysis based on droughts indices
suggests that SPI is simple to evaluate and may relatively
more meaningful and conclusive in terms of decision

making for the study region if compared with other
indices.

Keywords

Trend analysis � Drought � Drought characterization �
Drought indices � Standard precipitation index �
Vulnerability map

1 Introduction

Drought may be defined as deficient precipitation for long
period inducing negative or adverse impact on socioeco-
nomic activities in a region (Warrick, 1975). Drought in
different regions may have classifications according to their
precipitation pattern. As per Indian Meteorological Depart-
ment (IMD), drought in region may be defined as the rainfall
shortfall greater than 26% of its long term normal in that
region. Furthermore, it can be classified as moderate drought
if the rainfall deficiency varies between 26 and 50% of long
term normal in that area. Similarly, 50% or less than long
term normal is considered as severe drought condition.
Drought may be considered one of the major reasons for
desertification. Rainfall is one of the most important climatic
indicators that primarily determines different drought con-
dition depending upon its long-term intensities, distribution,
and frequency. Any shortage of rainfall directly influences
the agriculture and running economy (Mooley & Partha-
sarathy, 1984).

Numerous studies have been carried out and reported for
analysis of rainfall trend and drought indices using different
methodologies for regions with distinct climatic variability.
De et al. (2005) presented a factual and a brief review of the
extreme weather events that occurred in India during the
100 years (1991–2004). Severe drought conditions were also
included under extreme condition for analyzing socioeco-
nomic impact on human society. Pai et al. (2011) compiled
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districtwide drought climatology of the southwest monsoon
season over India based on drought indicator estimation
namely standardized precipitation index (SPI). Yosuf et al.
(2013) attempted characterization of drought properties with
bivariate copula analysis. Shah et al. (2015) have reported
drought index computation using standard precipitation
index method for Surat District in Gujrat (India). Pathak and
Dodamani (2016) reported study on comparison of two
chosen hydrological drought indices namely stream flow
drought index (SDI) and standardized runoff index (SRI).
To obtain these indices, 36 years (1972–2007) of daily
discharge data measured in Ghataprabha river basin (a
sub-basin of Krishna river) were considered. Huang et al.
(2016) worked out on drought forecasting using SPI and
effective drought index (EDI) under Representative Con-
centration Pathway (RCP) −8.5 Climate Change Scenarios
for Langat River Basin, Malaysia. Langat et al. (2017)
investigated temporal variabilities and rainfall trend and
discharges of Tana River Basin in Kenya using
Mann-Kandell nonparametric tests. Numerous analytical
works related to trend analysis for climatic parameters of
regional hydrological time series were presented in past such
as Hirsch et al. (1982), Coles (2001), Yue et al. (2002), Yue
and Hashino (2003), Modarres and Da Silva (2007), Lon-
gobardi and Villani (2010), Ghanem (2011), Jain and Kumar
(2012), Duhan and Pandey (2013) Da Silva et al. (2015), and
Mohorji et al. (2017).

Similarly, drought assessment for arid and semi-arid
regions across the Globe has been carried out continuously to
develop efficient decision support systems for regional
ground and surface water management and planning. Palmer
(1965) evolved index to identify drought condition with a
statistical correlation with mean and standard deviation of
mean. Gibbs and Mehar (1967) worked out on rainfall decile
as drought indicator. Subsequently McKee et al. (1993)
devised more meaningful indicator namely standard precip-
itation indicator to analyze and prediction regional drought
conditions derived from meteorological data. Hammori and
El Naqa (2007) deployed remote sensing data and GIS tools
to assess drought condition in Amman-Zarqa Basin of Jor-
dan. Kumar et al. (2018) analyzed regional drought charac-
teristics namely frequency, severity, and occurrence of
meteorological droughts in arid and semi-arid regions of
northwestern India and identified region-specific event years
with extreme drought severity. Mallya et al. (2016) findings
amply facilitated insight, looking into detailed investigation
on drought severity and recurrence with estimated drought
indices with apparent drought vulnerability in peninsular
India. Such studies need to be considered to get more
meaningful results for planning regional drought mitigation
measures. Many works have been reported on drought
analysis for regions with distinct climatic variability. More
recently, numerous related works have been reported. Some

of them are Oguntunde et al. (2017a), (2017b), Musafa and
Rehaman (2018), Quenum et al. (2019), Al Bakri et al.
(2019), and Al adaileh et al. (2019). Al adaileh et al. (2019)
attempted evolvement of a drought adaption management
system for ground water resources based on combined
drought index and vulnerability analysis. Furhermore, several
studies have also been reported on comparative analysis of
drought indices with an objective to get better insight into
their suitability and accuracy of assessment for chosen study
areas, such as Gutmann (1998), Sims et al. (2002),
Dubrovsky et al. (2006), Bonsal and Regier (2007), Krysa-
nova et al. (2008), Paulo and Pereira (2006), Zhai et al.
(2009), Paulo et al. (2012), Hughes and Saunders (2002), Liu
et al. (2013), Jacobi et al. (2013), and Al adaileh et al. (2019).
These reported works were carried out exclusively for chosen
study areas. It can be inferred that performance and efficiency
of drought indicators depend on many factors such as cli-
matic variability, geography and initial soil moisture condi-
tions. It can further be inferred that a drought assessment or
quantification should not rely on a single drought indicator
rather it should preferably be done with multiple indicators to
get better insight and realistic drought assessment and suit-
ability. Bonsal and Regier (2009) and many others pointed
out that no universally accepted definition for drought exists.
Numerous indices have been deployed to quantify its sever-
ity. Meteorological approaches range from indices that only
consider precipitation e.g., SPI, (Mackee, 1993 ,
World Meteorological Organization, 2012) to more complex
methods that incorporate a water balance approach using
precipitation and potential evapotranspiration such as PDI
(Palmer, 1965).

Two most water stressed states of southern India are Tamil
Nadu and Karnataka. Tamil Nadu is the eleventh largest state
of India whereas Karnataka has the second largest rain-fed
area in India after state of Rajasthan. Only 35–45% of rain-
water is presently used to grow dryland crops in the Kar-
nataka. Hence, there is huge scope for improving rainwater
harvesting and efficient use of it for rain-fed crops to tackle
drought condition in such arid regions, provided an adequate
assessing severity and recurrence of drought condition with
spatial distribution is done through estimating and analyzing
appropriate metrological drought indicators in conjunction
with trend analysis of historical precipitation data.

Furthermore, both regions of Indian peninsula were
chosen for comparative analysis of drought situations
keeping in view of the prevailing water crisis between them.
Tamil Nadu is facing acute water shortage due to erratic
rainfall and depleting reservoir levels. The main source of
water is Cauvery River Basin which lies mostly in Karnataka
region. Both states have been locked—long dispute over
sharing of Cauvery Water. The conflict has continued since
long and impasse is persisted (Anand, 2007, Gebert, 1983;
Pani, 2009). A lack of multilevel, intersectoral, and
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participative approaches, on the one hand, has led to inad-
equate conditions in water management and water use in
both states (Ferdin et al., 2010). This study will facilitate a
better scientific insight into prevailing issue with respect to
meteorological drought situation and relative regional water
scarcity for comparison and help decisionmakers to arrive at
consensus solution that may lead to equitable share of
Kaveri Water among both states.

In view of the above, the objectives of the present work
are set as follows.

1. To investigate the monotonic trend of rainfall and com-
parison thereof for Tamil Nadu and Karnataka regions
with a period of 110 years using nonparametric methods
such as Mann-Kendall and Sen’s Slope tests.

2. To analyze the annual series of the available historical
climatic data and assessment of severity distribution with
comparison in both states using estimated drought indi-
ces namely drought index (DI), Palmer drought index
(PDI) and standard precipitation index (SPI) and devel-
opment of vulnerability map-based chosen drought
indicator.

To begin with, this paper first discusses indicators and
methodology those used and adopted for assessing severity
and trend analysis of climate parameters.

2 Material and Methodology

2.1 Trend Analysis of Annual Rainfall by Using
Mann-Kendall’s Test (Mann, 1945; Kendell,
1975)

The Mann-Kendall test is applied where the data values xi of
a time series can be assumed to obey the model as enu-
merated below (Eq. 1) (Alexander et al., 2006; Mann, 1945;
Kendell, 1975)

x ¼ f ðtÞþ ei ð1Þ
where f(t) is a continuous monotonic increasing or

decreasing function of time and the residuals ei is assumed to
be from the identical distribution with zero mean. Hence, it
is assumed that the variance of the distribution is temporally
constant. The Mann-Kendall test statistic S is computed
using the following formula (Eq. 2)

S ¼
Xn�1

k¼1

Xn
j¼kþ 1

sgn xi � xkð Þ ð2Þ

where xj and xk are the annual values in years j and k,
j > k, respectively, sgn(xi − xk) can be given as shown in
Eq. (3),

sgn xj � xk
� � ¼ 1 if xj � xk [ 0

0 if xj � xk ¼ 0
�1 if xj � xk\0

8<
: ð3Þ

If n � 9, the absolute value of S is compared directly to
the theoretical distribution of S derived by Mann and Ken-
dall (Gilbert 1987). A positive and negative value of S sug-
gests an upward and downward trend, respectively. The
minimum values of n with which these four significance
levels may be arrived at are obtained from the probability
Table 1 for S.

If n � 10, the normal approximation test is used.
However, if there are several equal values in the time series,
it may reduce the validity of the normal approximation when
the number of data values is close to 10. At first, the variance
of S is computed using Eq. (4) presented below, which takes
into consideration of equals,

VAR Sð Þ ¼ 1
18

n n� 1ð Þ 2nþ 5ð Þ �
Xq
p¼1

tp tp � 1
� �

2tp þ 5
� �" #

ð4Þ
Here, q is the number of groups with equal values and tp

is the number of data values in the pth group. The values of
S and VAR(S) are used to compute the test statistic Z as
shown in Eq. (5)

Z ¼
S�1ffiffiffiffiffiffiffiffiffiffiffi
VAR

p if S[ 1

0 if S ¼ 1
Sþ 1ffiffiffiffiffiffiffiffiffiffiffi
VAR

p if S\1

8><
>: ð5Þ

The presence of statistically significant trend is evaluated
using the Z value. A positive or negative value of Z indicates
an upward or downward trend, respectively. The statistic
Z has a normal distribution. To test for an upward or
downward monotone trend (a two-tailed test) at a level of
significance, H0 is rejected if the absolute value of Z is
greater than Z1−a/2, where Z1−a/2 is obtained from the stan-
dard normal cumulative distribution tables. Here, the tested
significance levels a are 0.001, 0.01, 0.05, and 0.1.

To estimate the true slope of an existing trend (as a
change per year), the Sen’s nonparametric method (Sen,
1968) is used. The Sen’s method can be used in cases where
the trend can be assumed to be linear.

A Comparative Study on Regional Drought Characterization Using … 93



2.2 Drought Index

Numerous methods are applied to compute the drought
events in terms of severity and occurrence drought. Drought
index can be defined as shown in the following equation
(IMD 1971 and NCA 1976)

DI ¼ P� X

SD
� 100 ð6Þ

where P is annual precipitation, X is long-term mean and
SD is standard deviation. The DI values may be categorized
into four conditions namely no drought, mild drought,
moderate drought, and severe drought conditions as shown
in Table 2.

2.3 Palmer Drought Index (Palmer, 1965)

One of the most common indicators to assess drought is
Palmer drought index (PDI) introduced by Palmer (1965) to
simulate moisture content month by month and to compare
its monthly anomalies at regions with different climatic
conditions and seasons. PDI indicates the severity of wet or
dry spell, the greater the absolute value more severe the dry
or wet period. In this paper, the methodology adopted is
based on Guttman (1998).

The PDI was designed to quantify metrological drought.
It is a prolonged and abnormal moisture deficiency rather
than an indicator of the affect of a prolonged weather
anomaly.

The index is computed by carrying out monthly hydro-
logical accounting for prolong time series. Then the coeffi-
cients depending upon the climatic condition of the study
area were obtained. The monthly departures from normal
conditions are converted to determine the amount of mois-
ture required for normal weather during each month.

Climatically appropriate precipitation Pc for individual
time scale (month) is,

Pc ¼ aPet þ bPr þ cPro � dPl ð7Þ
where
Pet = Potential evapotranspiration
Pr = Potential recharge
Pro = Potential runoff
Pl = Potential loss.
And coefficients a; b; c; d are ratios of long-term mean

quantities for evapotranspiration, recharge to potential
recharge, runoff to potential runoff, and loss to potential loss,
respectively.

The difference between the observed precipitation and Pc

is monthly moisture anomaly. It is then multiplied by stan-
dardizing factor at different size (can be designed to account
the variations in climate (using climatic parameters such as
long-term mean precipitation and temperature in this case)
and the product is called the moisture anomaly index Z.

Thus, Palmer drought index (PDI) for month t is then
computed by,

PDI ¼ 0:897PDIIt�1 þ 0:333Zt ð8Þ
The values of the coefficients show that a current month’s

PDI is comprised of only one-third of the current month’s
precipitation deficit and almost nine-tenth of the previous
month’s PDI. In other words, the PDI for a given month
contains a long-term memory of previous moisture content.
The PDI calculation requires both precipitation and tem-
peratures data as evapotranspiration estimation is also
involved. Separate indices are calculated for wet and dry
spells. The final PDI is either the wet or dry index.

The PDI has several advantages when compared with
other drought indices. It considers soil moisture content at a
monthly time interval along with meteorological data. It
allows also spatial and temporal representation of historical

Table 1 Significance level
verses required n

Significance level a Required n

0.1 � 4

0.05 � 5

0.01 � 6

0.001 � 7

Table 2 IMD classification of
drought

Intensity of meteorological drought % of departure from normal rainfall Code

No drought 0.0 or above M0

Mild drought 0.0 to −25.0 M1

Moderate drought −25.0 to −50.0 M2

Severe drought −50.0 or above M3

Source (IMD, 1971 and NCA 1976)
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droughts. There are some limitation also such that it:
(a) simplifies soil representation (b) uses the simplified
Thornthwaite method (Thornthwaite, 1978) for estimating
potential evapotranspiration, and (c) does not take into
account precipitation that falls as snow and snow cover
(Krysanova et al., 2008) (Table 3).

The SPI values may be classified into seven categories
namely extremely wet, very wet, moderately wet, near nor-
mal, moderately dry, severely dry, and extremely dry as
shown in Table 4

2.4 Standardized Precipitation Index (SPI)

Standardized precipitation index (SPI), a tool derived by
McKee et al. (1993), is a measure of meteorological drought.
It is computed from the available rainfall data for a given
duration. For transforming precipitation values to SPI val-
ues, following steps have been adopted (Guttman, 1999).

1. Transforming the mean of the precipitation values
adjusted to 0.

2. Standard deviation of the precipitation is adjusted to
1.0.

3. Skewness of the existing data readjusted to zero.
4. SPI values now may be interpreted with mean as 0 with

standard deviation 1.0.
5. Mean of precipitations can be computed as follows

MeanðXimÞ ¼
P

Xij

� �
N

ð9aÞ

where N = Number of precipitation observations, where Xij

is seasonal precipitation at the ith rain gauge station and the
jth observation, Xim is long-term seasonal mean and s is the
standard deviation for precipitation dataset is computed as,

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xij � Xim
� �

N

s
ð9bÞ

6. The skewness of the given dataset is computed as

Skew ¼ 1
N � 1ð Þ N � 2ð Þ

X Xij � Xim
� �3

s
ð9cÞ

7. The precipitation values are converted to lognormal
values in terms of statistical value U as

Long termmean ¼ ln Xim
� � ð9dÞ

U ¼ Xim �
P

ln Xim
� �
N

Shape parameter ¼ b ¼
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4U

3

q
4U

ð9eÞ

Scale parameter ¼ a ¼ Xim

b
ð9fÞ

10. Equations (9a)–(9f) are computed using built-in func-
tions in Excel software. The resulting parameters are
then used to find the cumulative probability of observed
precipitation events. The cumulative probability is
given by

G xð Þ ¼
Rx
0 x

a�1e�
x
b

baC að Þ ð10Þ

Table 3 Drought classification based on SPI values

Classification Extremely wet
(EW)

Very wet
(VW)

Moderately wet
(MW)

Near normal
(NN)

Moderately dry
(MD)

Severely dry
(SD)

Extremely dry
(ED)

SPI value � 2 1.5–1.99 1–1.49 −0.99 to
0.99

−1.0 to −1.49 −1.5 to
−1.99

�−2

Source (Shah et al., 2015; Zhai et al., 2009; Paulo Ana & Pereira, 2006)

Table 4 Drought classification based on PDI values

Classification Extremely
wet (EW)

Very
wet
(VW)

Moderately
wet (MW)

Slightly
wet
(SW)

Incipient
wet spell
(IWS)

Near
normal
(NN)

Incipient
dry spell
(IDS)

Mild
drought
(MiD)

Moderate
drought
(MoD)

Severe
drought
(SD)

Extreme
drought
(ED)

PDI value 4.0 or
more

3.0–
3.99

2.0–2.99 1.0–1.99 0.5–0.99 0.49 to
−0.49

−0.5 to
−0.99

−1.0 to
−1.99

−2.0 to
−2.99

−3.0 to
−3.99

−4.0 or
less

Source (Paulo and Pereira, 2006; Zhai et al., 2009)
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Since the gamma function is undefined for x = 0 and a
precipitation distribution may contain zeroes, the cumulative
probability may be considered as

H xð Þ ¼ qþ 1� qð ÞG xð Þ ð11Þ

The cumulative probability H(x) is then transformed to
standard normal random variable Z (mean = 0, standard
deviation: 1) values and considered the SPI values as
suggested by Edward and McKee (1997).
10. The approximate conversion as per Abromowitz and

Stegun (1965) is adopted as

Z ¼ SPI ¼ � t � C0 þC1tþC2t2

1þ d1tþ d2t2 þ d3t3

� �
ð12aÞ

for 0 < H(x) � 0.50 and

Z ¼ SPI ¼ þ t � C0 þC1tþC2t2

1þ d1tþ d2t2 þ d3t3

� �
ð12bÞ

for 0.5 < H(x) � 1.00 and
where,

t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

1

H xð Þ2
 !vuut for 0 \H(x) ð13aÞ

t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

1

H xð Þ2
 !vuut for 0 \H(x)� 1 ð13bÞ

where C0 = 2.515517, C1 = 0.802583, C2 = 0.010328,
D1 = 1.432788, D2 = 0.189269, D3 = 0.001308.

The SPI values may be classified into eleven categories
namely extremely wet (EW), very wet (VW), moderately wet,
slightly wet (SW), incipient wet spell (IWS), near normal
(NN), incipient dry spell (IDS), mild drought (MiD), mod-
erate dry (MoD), severely dr (SD)y, and extremely dry (ED)
as shown in Table 3.

3 Study Area and Data Used

Tamil Nadu in southeastern region of India and is the ele-
venth largest state of India with having geographical area of
130,058 km2 (https://www.walkthroughindia.com/offbeat/
top-15-largest-states-india-geographical-area/) extending its
length and breadth approximately between 8° N-14° N, 76°
E-81°E. Tamil Nadu is having the third largest costal line of
940 km after Gujarat and Andhra Pradesh (https://en.
wikipedia.org/wiki/Coastline_of_Tamil_Nadu). It is located

on the inward side of the Western Ghats resulting in rela-
tively low rainfall compared to outward coastline of Western
Ghats of Kerala state. Hence, drought-like situation is
prevalent on the part of Western Ghats which lies in western
Tamil Nadu, whereas Karnataka is a landlocked state situ-
ated in southern India. It is having longitudinal extent of
74˚E to 78°30´E and latitudinal extent of 11°30´N to 18°30′
N. It is the seventh largest state of India approximately
191,791 km2 (https://www.walkthroughindia.com/offbeat/
top-15-largest-states-india-geographical-area/).

The southernmost point of India (Indira Point) in
Kanyakumari is also located in Tamil Nadu. Figure 2 rep-
resenting mean annual rainfall and temperature suggests that
Karnataka has relative higher annual rainfall in comparison
of Tamil Nadu with respect to districtwide distribution
(Fig. 2) but temperature pattern for those districts is distinct.
The location map of study region that contains both states is
represented as Fig. 1.

Monthly precipitation and temperature data of all districts
covering a period of 110 years (1901–2010) for Tamil Nadu
and Karnataka were obtained from India Water Portal
(https://www.indiawaterportal.org/metdata/). A prewhiten-
ing procedure is done before applying these data for further
statistical analysis namely Mann-Kendall’s test.

4 Results and Discussion

4.1 Rainfall Trend Analysis

4.1.1 Annual Rainfall Classification
Data analysis was worked out in steps to get better insight
into drought conditions considering rainfall data for
110 year for both regions. Monthly rainfall gauge data for
each district or climatic division of both regions were
acquired and annual rainfall were computed for 110 years.
Rainfall dataset for 110 years for Tamil Nadu and Karnataka
was segregated according to regional rainfall classification
suggested by Subramanya (2013) and presented in Table 5 in
order to understand the relative wetness status of two study
regions. A number of years within study time of 110 years
for annual rainfall under low, medium, high, and very high
ranges for both states were counted, statistically analyzed
and presented in graphical form in Fig. 3a and correspond-
ing distribution shown in map represented in Fig. 3b.

It is readily inferred from Fig. 3a, b that relative wetness
in Karnataka region was higher if compared with Tamil
Nadu. In Karnataka region, three district stations were
exhibiting high annual rainfall status whereas Tamil Nadu
had majority of district having medium annual rainfall for
the last 110 years of time span. This is due to the fact that
Tamil Nadu lies in eastern zone of Western Ghats. The
Eastern Ghats lying in Tamil Nadu, is irregular, broken, and
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Fig. 1 Location map representing Karnataka and Tamil Nadu states of India
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smaller in heights compare to Western Ghats. However,
moisture laden winds reach on the eastern part leading to
moderately good rainfall condition in this region. Hence, one
can even find large variation in rainfall intensities between
eastern and western Tamil Nadu.

4.1.2 Rainfall Trend Analysis Using
Mann-Kendall’s Test

Rainfall data all district gauge stations for two states were
further analyzed using Mann-Kendall’s test and trend of
rainfall variation using linear regression techniques had been
worked out. All the district stations those registered
decreasing trends were identified and corresponding trends
with data points were graphically represented in Fig. 4a, b
for Karnataka and Tamil Nadu, respectively. The district
gauge stations with decreasing trends were segregated after
performing Mann-Kendall’s test and represented in tabular
form in Table 6 with all its indicators and parameters. Fur-
ther districts with decreasing trends are vividly depicted in

map showing two states in Fig. 5. From all the results
shown, it can be inferred that number of districts with
decreasing rainfall trend was 14 whereas in Tamil Nadu
districts with rainfall decrease is 8. In Karnataka, the trend
lines of districts with rainfall decrease were considerably
higher with respect to that of Tamil Nadu. This behavior is
natural as the average annual rainfall in Karnataka was rel-
atively higher side with respect to Tamil Nadu and may not
necessarily indicate meteorological drought condition in
Karnataka. However, insignificant or slight rainfall decrease
in regions with low annual rainfall may come under mete-
orological drought condition as region is already water
scarce in character.

From the obtained result, it may be inferred that Kar-
nataka as being rain-fed region may have decreased rainfall
trends in many districts, however, with respect to drought
conditions, Tamil Nadu has more vulnerability with areal
extends. It can be easily inferred from Fig. 4a, b that Tir-
unelveli, Dindigul, Madurai, Vidyut Nagar are reported to

Fig. 2 Districtwide mean annual rainfall and mean annual temperature for two states

Table 5 Ranges of rainfall distribution

Classification Range (in mm)

Low rainfall <750

Medium rainfall 750–1125

High rainfall 1125–2000

Very high rainfall >2000

Source (Subramanya, 2013)
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exhibit more water scarce situation than any of the districts
of Karnataka with decreasing rainfall trends. Situation could
be further analyzed in the subsequent section where decadal
percentage departures from the normal have been analyzed
for both states to get more vivid findings.

The nonparametric trend of annual rainfall of districts of
Karnataka with decreasing trends is also presented in
Table 6. Only Karur district in Tamil Nadu state lies under
the lowest decrease rainfall interval of less than 1.0 mm.
None of the districts are having decreasing rainfall less than
0.5 mm. Study also suggests that Ariyalur, Namakkal,
Ramanathapuram, Thoothukudi, Vellore are the districts
which lies under the lowest increase rainfall interval of less
than 0.5 mm while Cuddalore and Nagapattinam districts lie
under the highest rainfall increase interval between 2 and

3 mm. None of the districts are having rainfall increasing
value more than 3 mm. Similarly, Bellary and Koppal are
the districts in Karnataka which lie under the lowest decrease
rainfall interval of less than 0.5 mm while Dharwad,
Mysore, Hassan, and Chamarajanagar districts lie under the
highest rainfall decrease interval of above 5 mm. Trend
analysis also suggests that Bagalkot and Kolar are the dis-
tricts which lie under the lowest increase rainfall interval of
less than 0.5 mm while Bangalore, Bijapur, Gulbarga, and
Kodagu districts lie under the highest rainfall increase
interval between 1 and 2 mm. None of the districts were
having rainfall increase value more than 2 mm

Figure 5 shows a map of Karnataka and Tamil Nadu,
where all the districts are with decreasing rainfall trend and
increasing rainfall trend for the study period (1901–2010). It

Fig. 3 Rainfall distribution of study area based on annual rainfall classification. b Number of year verses rainfall classification for all districts
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Fig. 4 District with higher decreasing rainfall trends in Karnataka. b Districts with higher decreasing rainfall trends in Tamil Nadu
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is noticeable that slight decrease or insignificant increase in
rainfall in most districts of Tamil Nadu would have larger
impact on drought vulnerability with respect to that of
Karnataka and the mean annual rainfall in Tamil Nadu

region comparatively lower than that of Karnataka region. It
is pertinent to mention that, for the period of study (1901–
2010) based on annual rainfall classification, there were
either high rainfalls in 38 years or medium rainfalls in

Table 6 Consolidated Mann-Kendall test results (of decreasing rainfall trends) for study regions for 110 years

District Kendall's Tau Mann-Kendall statistics (S) P-district two value (two-tailed) Alpha Trend

Karnataka

Bangalore Rural 0.09 531 0.17 0.05 Decreasing

Belgaum −0.15 −911 0.02 0.05 Decreasing

Bellary −0.03 −191 0.62 0.05 Decreasing

Chamarajanagar −0.20 −1219 0.00 0.05 Decreasing

Chitradurga −0.08 −493 0.20 0.05 Decreasing

Devanagari −0.19 −1147 0.00 0.05 Decreasing

Dharwad −0.26 −1543 0.00 0.05 Decreasing

Gadag −0.21 −1231 0.00 0.05 Decreasing

Hassan −0.17 −1025 0.01 0.05 Decreasing

Haveri −0.20 −1181 0.00 0.05 Decreasing

Koppal 0.01 83 0.83 0.05 Decreasing

Mandya −0.10 −601 0.12 0.05 Decreasing

Mysore −0.14 −839 0.03 0.05 Decreasing

Shimoga −0.12 −725 0.06 0.05 Decreasing

Tumkur −0.05 −325 0.40 0.05 Decreasing

Tamil Nadu

Coimbatore −0.138 −825 0.033 0.05 Decreasing

Dindigul −0.090 −539 0.165 0.05 Decreasing

Karur −0.057 −339 0.383 0.05 Decreasing

Madurai −0.104 −621 0.109 0.05 Decreasing

Nilgiri −0.127 −761 0.050 0.05 Decreasing

Tirunelveli −0.118 −707 0.068 0.05 Decreasing

Virudhunagar −0.141 −847 0.029 0.05 Decreasing

Fig. 5 Districtwise annual rainfall trend for both states
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15 years. However, there were low rainfalls only for
15 years in some of the districts of Karnataka. Very high
rainfalls were recorded in 42 years for some districts of
Karnataka.

On the basis of annual rainfall classification, it was found
that four districts were having low rainfall (high risk of
drought), seven districts were having medium rainfall (high
risk of drought), five districts were having high rainfall (low
risk of drought), and six districts were having very high
rainfall (very low risk of drought), whereas in Tamil Nadu
region, for the period of study (1901–2010) in general, there
were either high rainfalls in 35 years or medium rainfalls in
45 years. However, in 16 years, there were low rainfalls in
some of the districts of Tamil Nadu. Very high rainfalls were
recorded in 14 years for the districts of Tamil Nadu. On the
basis of annual rainfall classification, it was found that one
district was having low rainfall (very high risk of drought),
18 districts were having medium rainfall (high risk of
drought), six districts were having high rainfall (low risk of
drought), and only three districts were having very high
rainfall (very low risk of drought). Precipitation data analysis
using annual rainfall classification in conjunction with trend
analysis can depict a qualitative indication of meteorological
processes however adequate metrological drought charac-
terization requires further in-depth analysis.

4.2 Drought Analysis

4.2.1 Drought Index (DI) Analysis
It can be readily inferred from the previous section, that
based on annual rainfall classification (Fig. 3a), there were
11–12 districts with high/very rainfall (low risk of drought)
for many of the years in Karnataka whereas almost 19 dis-
tricts of Tamil Nadu had medium or low rainfall in most of
the years (high risk of drought) of the study period of
110 years (1901–2010).

However, one can observe that a relatively qualitative
idea can possibly be established from this analysis. Districts
namely Dharwad, Mysore, Begaum, Devnagri, and Bagalkot
were representing considerable numbers of years under high
rainfall if one considers only the classification. Similarly,
Nilgiri and Vidyut Nagar in Tamil Nadu came under high
rainfall category. However, looking at the statistical trend
analysis as described in last section, rainfall was on
decreasing trend in these districts leading to meteorological
drought condition which supported realistic scenario of those
districts. Hence, it is apparent that annual rainfall classifi-
cation has limitation and cease to suggest concrete drought
situation in the study region. To get a deeper insight into
drought situation, one can appropriately choose a drought
indicator that possibly incorporate the cumulative impact of

rainfall decrease or increase for a longer span of time with
possible data analysis for further in-depth study.

Keeping in view of the fact, drought index (IMD, 1971)
was computed using Eq. (6) considering 110 years of
monthly rainfall data. It was found that out of 110 years and
out of 23 districts of Karnataka, 14 districts were found with
average 44 event years of mild drought, 10 event years of
moderate drought and 2 event years of severe drought con-
dition during the year 1901 to 2010 as per the threshold
values presented in Table 2. Similarly, in Tamil Nadu too,
average 46 times mild drought, 6 times moderate drought,
and 1 times severe drought in 28 districts were found during
the study period (1901 to 2010). The only difference that can
be readily inferred is that % areal extend of drought condi-
tion was more in Tamil Nadu than that of Karnataka due to
low-to-medium annual rainfall recorded in Tamil Nadu. The
areal extend of drought affected of Karnataka and Tamil
Nadu as per DI values is shown in Fig. 6.

The graphical comparison based on no drought, mild
drought, moderate drought, and severe drought based on DI
values for both states are vividly depicted in Fig. 7 for
illustration. It can be found that so far drought recurrence is
concerned (mostly mild drought cases), Tamil Nadu is pre-
dominating however in terms of severity (Moderate or sev-
ere drought situation) Karnataka is ahead of Tamil Nadu.
However, to get better insight another drought index namely
Palmer drought index as described in previous Sect. 2.3 was
evaluated for all meteorological district stations for both
study regions in subsequent section.

4.2.2 Palmer Drought Index (PDI) Analysis
Palmer index values were computed using climatic data, i.e.,
precipitation and temperature (Palmer, 1965) using the
relation presented in Eqs. (7) and (8) and methodology
presented in Sect. 2.3. The practical calculation illustrates
the complexity of the PDI (Gutmann, 1998). To reduce the
complexity, Eq. (7) was simplified with considering the
evapotranspiration term only. The simplified Thornthwaite
method (Thornthwaite, 1978) was used for estimating
potential evapotranspiration. Thus, PDI is calculated from
precipitation deficits for monitoring long-term drought
conditions with 12-month intervals to compare it with
twelve-month SPI values. Event years including different
intensities of meteorological drought, wet and near normal
(NN) condition (based on threshold values presented in
Table 3) based on computed PI values for precipitation for
both study regions are presented in graphical form in Fig. 8,
respectively.

It was found that incipient dry spell (IDS) condition was
predominant in all most all district gauge stations of Kar-
nataka for considerable number of years during the study
period. However, moderate-to-severe drought was observed
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Fig. 6 Drought-affected districts of study region as per DI values

A Comparative Study on Regional Drought Characterization Using … 103



Fig. 7 Drought intensity based on DI values

Fig. 8 Drought intensity based on PDI values
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in at least 5–10-year counts in several districts namely
Chamarajanagar, Dharwad, Belgaum, Haveri, and Mysore.
Similarly, Palmer index values were also computed for
temperature parameter. It was found that there was no cases
of extreme drought (ED) nor severe drought (SD) events in
any of 23 districts of study region. Apart from drought event
years, in an average 3 event years of moderately wet (MW),
31 events of near normal (NN), 14 events of slightly wet
(SW) and 12 events of incipient wet spell (IWS) climatic
situations could be identified in different districts. In three
districts, one event year with very wet climate was found
along with two event year of very wet condition (in Shimoga
district). None of the districts have indicative of extremely

wet (EW) climate condition as in case of Palmer drought
index values.

Similarly, in case of Tamil Nadu, incipient dry spell
(IDS) was prevalent in all most all districts of Tamil Nadu. At
least 15–17 event years ofmild drought-to-moderate droughts,
18 event years of incipient dry spell were inferred in Tamil
Nadu, mostly in districts of Nilgiri, Vidyut Nagar, Dindigul,
and Theni in past 110 years. It is pertinent to mention that for
both states almost identical event years (44 times) were under
near normal (NN) condition with 12–13 event years as slightly
wet and 3 event years as moderately wet conditions. Fur-
thermore, no extremely wet or very wet conditions were
observed during the period of study for all district of both

Table 7 Number of drought event years with respect to SPI values for districts of Tamil Nadu and Karnataka region

Sl.
no.

Tamil Nadu Karnataka

District MD (event
years)

SD (event
years)

ED ( event
years)

District MD (event
years)

SD (event
years)

ED (event
years)

1 Ariyalur 12 5 0 Bagalkot 14 4 0

2 Chennai 11 5 0 Bangalore rural 8 7 1

3 Coimbatore 2 3 5 Bangalore 9 9 0

4 Cuddalore 8 4 0 Belgaum 8 5 4

5 Dharmapuri 17 3 1 Bellary 18 4 1

6 Dindigul 12 6 3 Bidar 16 4 0

7 Erode 0 0 0 Bijapur 14 4 1

8 Kanchipuram 12 6 0 Chamarajanagar 1 2 6

9 Karur 11 5 3 Chitradurga 11 7 1

10 Madurai 10 7 1 Devanagari 12 3 4

11 Nagapattinam 16 2 0 Dharwad 4 2 7

12 Namakkal 13 5 0 Gadag 11 5 3

13 Nilgiri 10 2 0 Gulbarga 14 5 2

14 Perambalur 16 5 0 Hassan 4 3 5

15 Pudukkottai 9 5 2 Haveri 7 1 7

16 Ramanathapuram 11 8 1 Kodagu 12 2 0

17 Salem 16 3 1 Kolar 9 6 1

18 Sivaganga 11 7 2 Koppal 14 4 2

19 Thanjavur 16 3 1 Mandya 5 2 4

20 Theni 3 1 7 Mysore 0 0 0

21 Thiruvallur 5 6 0 Raichur 10 3 1

22 Tiruchirappalli 9 5 1 Shimoga 12 3 1

23 Tirunelveli 15 2 3 Tumkur 11 5 2

24 Tiruvannamalai 15 5 1

25 Thoothukudi 14 6 1

26 Vellore 9 5 1

27 Viluppuram 13 5 1

28 Virudhunagar 12 3 2

Mean 11 4.36 1.32 9.74 3.91 2.30

Standard deviation 4.28 1.87 1.63 4.54 2.04 2.21
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states. The finding suggests that mild-to-moderate drought
was predominating (with higher event years) in Tamil Nadu
whereas moderate-to-severe drought were existed but for
lesser number of years (10–11 years) in Karnataka.

4.2.3 Standardized Precipitation Index (SPI)
Analysis

Standardized precipitation index (SPI) as suggested by
McKee et al. (1993, 1995) incorporates the seasonal varia-
tion of rainfall and may be analyzed statistically through
fitting to gamma distribution function (Rahmat et al., 2015),
computed using methodology presented in Sect. 2.4 for
available precipitation data. Twelve-month SPI values were
chosen considering the suitability for water resources studies
(Bonaccorso et al., 2003; Raziei et al., 2009). A number of
event years were found to be under drought situation in
categories such as moderately dry, severely dry, and extre-
mely dry for all meteorological district stations of both
states. It is presented in Table 7 with statistical mean and
standard deviations and is graphically represented in Fig. 9.

One can observe that mean event years for moderately
dry and severely dry were considerably higher in case of
Tamil Nadu whereas for extremely dry condition, Karnataka
was registering higher value. Similarly, for statistical spread
of the distribution, Tamil Nadu landed up with lower values
than that of Karnataka. It means that higher numbers of
event years were nearer to peak events values. That is also
suggestive of relatively higher vulnerability of drought sit-
uations in Tamil Nadu. In conclusion, Tamil Nadu had more
vulnerability of moderate-to-severe drought situation with
larger areal extend whereas Karnataka had more localized
drought vulnerability with severity on higher side.

4.2.4 Comparison of Three Drought Indices
for Two Study Regions.

Districtwide computed drought indicators namely DI, PI
(precipitation), PI (temperature), and SPI for both states for
the study period were compared with percentage mean fre-
quency of occurrence with their indicatorwise threshold
values and presented in Fig. 10. Near normal (NN) condition
was prevailing more than 50 percent of the study period for
all considered indices. However, there were visible differ-
ence of estimated frequencies of occurrence for
mild-to-severe drought conditions for each index analysis of
two study regions. Noticeably, pattern is coherent in case of
DI, PDI, and SPI for the with small variations. Furthermore,
it is interesting to note that for extreme drought condition all
indicators are registering more vulnerability for Karnataka if
compared with that of Tamil Nadu. Corresponding standard
deviation (SD—r) values are also plotted in order to have
insight into the spread of the variation of severity for all
districts of each state (Fig. 10).

From the above analysis, it can be concluded that drought
characterization using three drought indicators namely DI,
PDI, and the SPI produced somehow coherent information,
but the use of PDI is limited and complex to assess with
respect to DI and SPI, as it requires huge additional data and
computations to perform an adequate and accurate soil water
balance while the DI and SPI need only precipitation data,
which are more easily available in numerous location of the
study areas. It is also concluded that using SPI is more
meaningful relative to DI as it incorporates seasonal varia-
tion also and better statistical information can be obtained
for further in-depth analysis.

4.2.5 Identification of Drought Events Using Log
Pearson Type—III Distribution Technique
for Karnataka

As the meteorological drought indicator values involves
precipitation and computed indicators were based on rainfall
data in this study, Log Pearson type III distribution pre-
sumed (Rahmat et al., 2015) to be fit nicely to get more
meaningful analysis. The statistical parameters for imple-
menting Pearson III are the obvious way using the mean,
standard deviation, and skewness of the sample. A popular
approach is to sort the sample and assign rough probability
estimates to each point according to its rank (Hovey and
DeFiore, 2003). The computed SPI data for Karnataka were
further analyzed to compute the probability of exceedance
for threshold values of SPI with respect to severity.

The Log Pearson Type III distribution on the modified
nonzero drought deficit in terms of SPI (namely ‘Scaled SPI’
using a nonzero drought deficit parameter = SPI threshold
value plus five as presented in Table 8) for 110 years (1901–
2010) were computed. Further, percentage exceedance of
drought deficit hence return period of all 23 districts of
Karnataka was computed using analytical method with
probability estimates using skewness functions as per
equations presented in Eqs. (14a)–(14c). The Microsoft
Excel spreadsheet has skewness functions (Hovey and
DeFiore, 2003) that return estimates of c1 as follows.

PIII xð Þ ¼ CD x� !; a; bð Þ; c1 [ 0 ð14aÞ

PIII xð Þ ¼ CD !� x; a; bð Þ; c1\0

One can write combining the above two expression as,

PIII xð Þ ¼ CD x� !ð Þ � c1
c1j j ; a; b

� �
ð14bÞ

where CD is the standard gamma distribution function
and ‘shape’a ¼ 4=c21; ‘scale’ b ¼ rc1=2j j (b ¼ r=

ffiffiffi
a

p
);

‘shift’ c ¼ l� 2r=c1 (c ¼ l� ab; depending upon the sign
of c1:
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Fig. 9 Drought intensity based on SPI values

Fig. 10 Yearly drought intensity for 110 years based on PI with respect to precipitation values

Table 8 Threshold values of Scaled SPI (drought deficit)

Classification EW VW MW NN MD SD ED

Scaled SPI value � 7 6.5–6.99 6–6.49 4.01–5.99 4.0–3.51 3.5 to −3.01 � 3

A Comparative Study on Regional Drought Characterization Using … 107



where l; r; andc1 are mean, standard deviation, and
skewness of the distribution.

The logarithmic transformation will be written as follows,

PIII xð Þ ¼ CD log x� !ð Þ � c1
c1j j ; a; b

� �
ð14cÞ

where a, b, ϒ and l, r, c1 are defined in terms of log
(x) instead of x (base is 10). The distribution is not defined
for x beyond the shift, which is the lower bound for the
positive skew case and the upper bound for the negative, if
c1 is exactly zero. The in-built functions are available in
Excel software. Accordingly, the Log Pearson Type III
distribution on the modified nonzero drought deficit in terms
of SPI (namely ‘Scaled SPI’ using a nonzero drought deficit
parameter = SPI threshold value plus five as presented in
Table 8) for 110 years (1901–2010) has been computed.

The derived dataset for all 23 districts of Karnataka
region in Indian Peninsula is graphically represented in
Fig. 11 for moderate, severe, and extreme drought events
based on the threshold values (presented in Table 8).

Analyzing Fig. 11, it is found that under moderate
drought condition, Dharwad district is having maximum
percentage probability of exceedance of drought, followed
by Belgaum district. On the other hand, Kodagu district is
having minimum percentage of probability of exceedance,
i.e., 2.3%. Similarly, for severe drought condition, again
Dharwad district is having maximum exceedance probability
followed by Mysore, while Bangalore and Bagalkot are
having least exceedance probabilities. In case of extreme
drought condition, again Dharwad district is found to be
having largest exceedance probability followed by Gulbarga
district. However, Mandya, Gadag, Devnagri, Tumkur,
Bangalore, Raichur, and Bider are found to be having least
exceedance probabilities.

5 Conclusion

1. The present study to predict meteorological drought
condition of classified thresholds namely moderate,
severe, and extreme drought conditions using standard
precipitation index with assessment of twelve-month SPI
along with other two indices namely Palmer index and
drought index for two southern Indian states and
compared.

2. Results from climatic divisions of two states under study
show that drought characterization using three drought
indicators namely DI, PDI, and the SPI produce some-
how coherent information, but the use of PDI is limited
and complex to assess with respect to DI and SPI, as it
requires huge additional data and computations to per-
form an adequate and accurate soil water balance while
the DI and SPI need only precipitation data, which are
more easily available in numerous location of the study
areas. It is also concluded that using SPI is more mean-
ingful relative to DI as it incorporates seasonal variation
also and better statistical information can be obtained for
further in-depth analysis.

3. Tamil Nadu was found to be more vulnerable to
moderate-to-severe drought situation with larger areal
extend whereas Karnataka had more localized drought
vulnerability with severity on higher side.

4. The monotonic trend of rainfall of the districts of Kar-
nataka and Tamil Nadu in the past 110 years using
nonparametric methods namely Mann-Kendall and Sen’s
Slope tests were investigated and six districts of each
state with decreasing rainfall trends have been critically
analyzed. It was found that decreasing trend in Karnataka
is more significant as compared to that of Tamil Nadu.

Fig. 11 Percentage exceedance probabilities for drought events using analytical LPIII technique for 110 years on with scaled SPI values for
Karnataka
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5. Log Pearson probability distribution technique using SPI
is attempted to assess exceedance probabilities of mete-
orological drought condition of classified thresholds for
Karnataka region. It was found that Dharwad district in
Karnataka is the most vulnerable among 23 districts, with
respect to severity and recurrence of drought conditions.
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An Investigation Standardized Precipitation
Index Trend in Arid and Semi-arid Region
of Pakistan Applying the Innovative Trend
Analysis (ITA) Technique

Kashif Hussain and Muhammad Shahab

Abstract

In the arid and Semi-arid regions of Pakistan uncertainties
in rainfall, projections are high due to the large fluctuation
of climate and lack of observed quality of rainfall data.
An extremely dry and wet event of rainfall directly
impacts water resources, soil, agricultural yields, and
human activities, especially in the arid region. In this
study, a short- and long-term wet and dry period in
the selected region of Pakistan was expressed using the
standardized precipitation index (SPI) based on the
35 years of monthly rainfall data collected from six
meteorological stations. In the first step, the short term
(SPI-3 and SPI-6) and the long term (SPI-12 and SPI-24)
were computed. Results of the study investigated that
extreme drought occurred 0–3%, a severe drought
occurred 2–7%, and moderate drought occurred 6–15%
for the period 3- to 24-month SPI within the study area.
Then SPI values trends were detected using a new
graphical approach innovative trend analysis (ITA). ITA
test shows that in five stations subject to wet conditions
trend decrease and severe drought at three stations
increase for the period 3-month SPI. Overall results show
that the drought trend especially in Lahore, Multan, and
Mianwali stations were detected negative (heavier
drought) under 3- to 24-month SPI. This study assessment
showing that policymaker is required to launch a
monitoring program to find out the local or national
drought impacts on wheat, rice, and cotton agriculture
land as well as on many other sectors, especially in this
study region of the country. The general reduction in SPI

values is at some stations that is, a propensity toward
heavier dry seasons. These investigated results would also
be significant and beneficial for rural agriculture zone
where no observed data information exists.

Keywords

Arid � Drought � ITA � Semi-arid � SPI � Pakistan

1 Introduction

The arid regions of the world are characterized by the limited
availability of water, the uncertainty of available quantities,
and the low natural replenishment of water resources. In
recent climate change, water shortage is a crucial problem in
arid or semi-arid regions especially that have extensive cash
crop agricultural areas and required a solid investigation for
prediction of future water demands and water utilization
(Shadeed, 2013). The increase in flood’s extreme event
threats, heat waves, drought, and forest fire due to the
influence of climate change has attracted the attention of the
international scientist (Caloiero, 2018; Estrela & Vargas,
2012; Kreibich et al., 2017) to work out the possible solution
for controlling or mitigation such disasters. Extreme flood
and drought are the most complex and least-understood
natural disasters (Güner Bacanli, 2017; Kvočka et al., 2016)
expected to occur even more frequently in the future as a
result of the influence of climate change. Moreover, under-
standing drought phenomena, especially in an arid and
semi-arid region, is essential for the appropriate planning,
policymaking and management of water resources (Caloiero,
2018). Agricultural drought in that region is directly con-
nected to crop failure as a consequence of decreases in soil
moisture and has no reference to stream flow (Shadeed,
2013). In many parts of the world, the most important
variable of climate is precipitation which can cause the
occurrence of drought or flood. To improve water
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management policy for agricultural production, certain
regions required important information about precipitation
intensities and drought yields (Gocic & Trajkovic, 2013;
Jemai et al., 2016). Drought researcher and planners usually
depend on some statistical indices, which vary in data
requirement and complexity, to decide when to execute
water preservation or relief measures against drought (Awchi
& Kalyana, 2017; Lloyd-Hughes, 2014) because the drought
is a fundamentals phenomenon which seriously affects the
majority of the world population in different ways such as
socially, economically, and environmentally (Cavus &
Aksoy, 2019). The evaluation of drought trends and future
scenarios is significant for some parts of the national econ-
omy including water management sectors, hydropower,
forestry, health, biodiversity, and agriculture (Jenkins &
Warren, 2015; Osuch et al., 2016). A well-known index, for
assessment of the meteorological drought trend in an arid
and semi-arid region of Pakistan, standardized precipitation
index (SPI) was selected due to its extensive applicability in
the world’s different climatic zones, e.g., South Africa
(Rouault & Richard, 2003), USA (Manatsa et al., 2008),
India (He et al., 2009), China (He et al., 2011), Greece
(Karavitis et al., 2011), Jordan (Al-Qinna et al., 2011; Saada
& Abu-Romman, 2017), Turkey (Karabulut, 2015), UK
(Barker et al., 2016), Australia (Halwatura et al., 2015;
Rahmat et al., 2012Rashid & Beecham, 2019) and SPI have
innate probabilistic nature and a perfect possibility for car-
rying out a drought risk assessment (Cancelliere et al.,
2007). A trend in the SPI time series was investigated based
on the nonparametric Mann-Kendall trend test and innova-
tive trend analysis (ITA). The ITA, a graphical trend eval-
uation technique, was proposed by Şen (2012) and widely
used to the trend detection of hydrometeorological variables.
Caloiero (2018) detected the trend in SPI data series
employing the ITA method, Wu and Qiana (2017) assessed
trends in annual and seasonal rainfall and extreme values by
means of the ITA. Zarei (2019) studied trend in spatial
and temporal pattern of drought based on Mann-Kendall
test. Lee et al. (2016) used the Mann-Kendall method to
identify drought trends under extreme climate change over
South Korea. Ali et al. (2019) studied long-term and sea-
sonality trends for the Yangtze River flows by means of the
ITA and the MK. Gedefaw et al. (2018) detected trend in
annual and seasonal rainfall variability by using ITA and
MK. The main objectives of this article to investigate the
drought in the arid and semi-arid region of Pakistan by
applying the SPI at various time scales (3, 6, 12, and
24 months) for rainfall series for the period 1981–2015. To
investigate drought trend with the innovative trend analysis
(ITA) method in the 3, 6, 12, and 24 monthly SPI.

2 Materials and Methods

2.1 Study Area

The study focused on six meteorological stations located in
the central, eastern, western, and southern parts of province
Punjab and one of them located in district D.I. Khan (Khyber
Pakhtunkhwa) illustrated in Fig. 1 and the salient charac-
teristics of the meteorological stations are shown in Table 1.
Geographically north part of the study area contains steep
mountains, the western part contains medium–high moun-
tains and massive deserts are located in the southern of a
region. The altitude ranges of selected meteorological sta-
tions vary between 122 and 216 m above sea level. The
landscape of this region mostly covered the largest part of
fertile alluvial plains due to the Indus basin and its four
major tributaries. Agriculture is one of the largest sectors of
the economy, and it is a principal occupation of the rural
population especially living in this region. The climate of the
study area is semi-arid to arid, characterized by moderately
dry, hot summers, and mild winters. The mean annual
minimum temperature changes from 16.3 to 18.2 °C and
mean annual maximum temperature varies from 29.3 to
31.3 °C (Abid et al., 2016). The rainfall data from the year
1981 to 2015 that were processed in this analysis were
collected from the Pakistan Meteorological Department
(PMD). Rainfall events normally occur in monsoon season
to account for 70% of the total annual Rainfall.

2.2 Standardized Precipitation Index (SPI)

The aim of study is to quantify the precipitation deficit using
SPI at different time scales (3, 6, 12, and 24 months) most
widely accepted technique based on probability concept and
not affected adversely by topography. The SPI versatility
allows the researcher to monitor soil moisture/short-term
water supplies which are essential for vegetation/agricultural
production and as well as to quantify long-term water
resources. The SPI index computation for a certain period in
any place is based on the long-term rainfall by fitting a
probability distribution function to the aggregated data and
then transformed to the standard normal distribution with a
mean of zero and a standard deviation equal to one (Barker
et al., 2016). The SPI is a dimensionless index, positive and
negative index values are indicator’s wet and drought con-
ditions. The SPI is a relatively simple statistical tool first
design by Mckee (1993) used to quantify drought. The
standardized precipitation index used in this study was cal-
culated by using R statistic software package precintcon,
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a detailed SPI index calculation description for different time
scale is available in user manual (Povoa & Teixeira, 2016).
A classification of the drought is considered in this study
according to the values of the SPI illustrate in Table 2.

2.3 Innovative Trend Analysis (ITA)

Innovative trend analysis method (ITAM), in recent, is
considered one of the most famous trends detection method,

was first proposed by Şen (2012), and has been used in many
research studies to assess the trend in the hydrometeoro-
logical observations and simulated results accuracy was
compared with the MK method (Gedefaw et al., 2018).
Drought trend assessment in proposed areas by the ITA
method is generally based on graphical representation, a
simulated time series before plotting was classified into two
equal parts and then arranged independently in ascending
order. The first half portion of the simulated results is
graphed on the X-axis and the second half portion of the

Fig. 1 Location of the study area showing selected six climate stations

Table 1 Salient characteristics of the meteorological station in the study area

Sr.# Station Elevation
(m)

Latitude Longitude Record
(year)

Period Max. annual
rainfall (mm)

Min. annual
rainfall (mm)

Annual
rainfall
(mm)

Annual
standard
deviation

1 Bahawalnagar 161.05 29° 20′ 73° 51′ 35 1981–2015 543.23 57.90 264.4 130.8

2 Faisalabad 185.60 31° 26′ 73° 08′ 35 1981–2015 807.30 155.80 387.3 137.4

3 Lahore 214.00 31° 33′ 74° 20′ 35 1981–2015 1231.70 372.20 680.5 205.4

4 Mianwali 203.00 32° 32′ 71° 32′ 35 1981–2015 1083.40 148.70 508.4 210.4

5 Multan 121.95 30° 12′ 71° 26′ 35 1981–2015 514.40 83.20 213.5 89.6

6 D. I. Khan 171.20 31° 49′ 70° 56′ 35 1981–2015 628.70 117.11 322.4 120.4
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simulated time series is graphed on Y-axis, respectively. If
the time series data plot shows a scatter of points along a 1:1
(45°) straight line, it indicates no trend in the time series.
However, if the scatter of points accumulates above the 1:1
line indicates the trend is increasing and if data points
accumulate below the 1:1 indicates the decreasing trend.
The ITA has some significant advantage, that it does not
require any sample length, serial relationship, and
non-normality, etc. ITA can easily detect the trend in the
lower, medium, or higher hydrological processes (Kişi et al.,
2018; Zekâi Şen; Kisi 2015).

3 Results and Discussion

A six-climate station at the district scale of Pakistan has been
used in this study to analyze the drought and wet conditions
for the period 1981–2015. Before applying the trend method
such as MK and ITA, a percent of the month showing
extremely wet, severely wet, moderately wet, mild wet, mild
drought, moderately drought, severe drought, and extremely
drought was evaluated particularly based on the SPI method.
As a simulated result, different drought or wet conditions
have been detected for each meteorology station considering
the 3-, 6-, 12-, and 24-time scales and shown in Fig. 2. It is
noticed that severely drought is estimated at 6% by 3-month
SPI in Mianwali which is higher than in other regions. In
particular, in the Multan and Lahore areas, 37 and 36% mild
drought have been detected, while extremely drought con-
dition 3% was estimated in D.I. Khan. From (Fig. 2), a
simulated result for 6-month SPI showed comparatively
different behavior in some areas concerning the 3-month
SPI. In the Bahawalnagar region, mild drought 31%, mod-
erately drought 8%, and severely drought 6% were detected
while the percentage of mild wet condition was estimated
37% which is the highest relatively other regions. Consid-
ering the 12-month SPI showed that dry conditions of three
regions such as Multan, Lahore, and Faisalabad were
detected 51, 55, and 51% so the rate of the dry condition in
Lahore was found highest under this scenario, and therefore,

dry and wet conditions of Bahawalnagar were detected
equal. Conversely, Mianwali and D.I. Khan wet conditions
(51 & 52%) are higher than the one showing dry conditions.
Finally, the wet and dry conditions of six stations located in
the arid or semi-arid region were computed by 24-month SPI
that showed a clear difference. A dry condition in Multan
was estimated at 56% and the wet condition has been
detected 44%. Therefore, dry conditions in Mianwali and
Bahawalnagar have also been detected higher than other
regions while wet conditions at D.I. Khan were estimated at
54%. Overall the moderate, severe, and extreme drought
distribution for the six stations varies between 6–15%, 2–
7%, and 0–3% for the period 3–24 months.

The applications of ITA method were applied for possible
trend detections in the 3-, 6-, 12-, and 24-month SPI esti-
mated based on the fitted gamma distribution for six stations
located in arid and semi-arid region, because it is a vital
technique to evaluate climate changes impacts and propose
suitable water management policy for the future. As a result,
investigated trend by ITA method, for the 3-,6-,12-, and
24-month SPI, respectively, from 1981 to 2015, plotted with
the ArcGIS were shown in Figs. 3, 4, 5 and 6. To better
understanding the tendency of the severe dry and wet con-
ditions of each climate station two vertical line has been
added in each trend graph. A red vertical line represents the
limit of severe drought (SPI = −1.5), and blue vertical line
represents the severe wet limit (SPI = 1.5). The frequency of
severe droughts and severe wet condition in each station
under 3-SPI was evaluated based on ITA graphical repre-
sentations (Fig. 3). The decreasing tendency of the highest
values of the index has been detected in four out of 6 sta-
tions, which indicated the weaker wet periods in these
regions. In Mianwali station, a negative trend of the lowest
and positive trend of the highest values of the index have
been detected, which mean that extremely drought and
weaker wet periods. A positive trend in the lowest value of
the index has been detected in D.I. Khan station, thus evi-
dencing weaker droughts. Therefore, in Bahawalnagar and
Lahore trend of lowest value of index found positive and
trend of highest value of index detected negative, which

Table 2 Classification of
drought/wet according to SPI
values

SPI value Class

SPI � 2 Extremely wet

1.5 � SPI < 2 Severely wet

SPI < 1.5 Moderately wet

SPI < 1 Mildly wet

−1 � SPI < 0 Mild drought

−1.5 � SPI < −1 Moderate drought

−2 � SPI < −1.5 Severe drought

SPI < −2 Extreme drought
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indicated that in these regions both drought and wet period
were weaker. In Multan and Faisalabad, heavier droughts
and weaker wet period have been detected according to the
ITA method for 3-SPI.

The 6-month SPI results at Bahawalnagar station showed
similar trend as detected in 3-month SPI. In both cases, it
was investigated that the improvement of plant life and
farming in that area required specially strategies. In D.I.

Khan station, a different trend result is obtained for the 6-SPI
as comparatively 3-SPI. A Fig. 4, indicated that a trend of
lowest and highest value of index has been detected positive
at D.I. Khan stations, which are representing the weaker
drought and stronger wet period. In fact, trend results
obtained by ITA method in Lahore station for 6-SPI also
different to the 3-SPI. In this station, trend of lowest and
highest value of index has been detected negative under

Fig. 2 Percent of occurrence for SPI-3, -6, -12, and -24 classes for the considered stations through the study period
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6-SPI. In the Multan and Faisalabad stations, trend of lowest
and highest value of index has been detected negative.
Finally, the Mianwali station has negative trend in lowest
value of index and positive has been trend detected in
highest value of index.

The trends of 3-SPI and 6-SPI series of index value
computed to check drought or wet conditions impacts on
vegetation and crop farming practice, because agriculture in
these areas is one of the major sources of earning especially
population living in rural area. As trend detected results
based on these two time scales, a positive wet condition was
quantified in Mianwali, but majority of the station indicated
negative trend of the highest SPI value, which dominating
the weaker wet periods. These evaluations reflect a broader
change in climate change. The 12-month SPI estimated data

series for the six stations of this study is shown in Fig. 5.
The 12-SPI index is commonly used to define the excess of
rainfall or to identify hydrological extremes in the study
areas. Considering the medium time scales, the 12-month
SPI computed data series trend showed relatively similar
results than the 6-month SPI in most of the stations but with
an increase in the negative trend of both lower and highest
value of index. The Lahore and Multan stations' 12-SPI
lowest and highest index value trend detected negative,
while in D.I. Khan a positive trend was detected in both
lowest and highest index values.

A long-term water resources management used for agri-
culture production in arid and semi-arid region required
special policy and technique. The computation of 24-SPI
directly connected to describe the water resources condition

Fig. 3 Six rainfall station results of the innovative trend analysis (ITA) method for 3-SPI
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in the study area can be helpful for planning and manage-
ment strategy. The trend investigated by ITA graphical
technique for 24-month SPI within the study area was shown
in Fig. 6. The results of three rainfall station (Mianwali, D.I
Khan & Faisalabad) indicated the positive trend for highest
index value. The trend of lowest index value at Mianwali
and Faisalabad has been detected negative, while trend of
lowest index value at D. I. Khan has been detected positive
which showed the drought reduction. The trend of lowest
and highest index value at Lahore and Multan station was
investigated negative, which indicated the heavier drought
and weaker wet conditions. At Bahawalnagar station, trend
of lowest index value was also detected positive, while no
trend of highest index value has been detected.

4 Conclusions

Drought and extreme wet events are one of the most drastic
natural disasters that impact agriculture production, soil
quality, society’s environment, economy, and life of living
organisms throughout the world. The assessment of the
meteorological drought in six climate stations located in the
arid and semi-arid region of Pakistan during the years 1981–
2015 has been investigated by using the standardized pre-
cipitation index (SPI) for multiple timescales 3-, 6-, 12-, and
24-month. Results of the study show that extreme drought
occurred 0–3%, a severe drought occurred 2–7%, and
moderate drought occurred 6–15% for the period 3- to

Fig. 4 Six rainfall station results of the innovative trend analysis (ITA) method for 6-SPI
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24-month SPI within the study area. Consequently, rainfall
deficiency at Lahore station has been investigated higher and
42% mild drought detected for the period 12-month SPI.
A dry condition in Multan was estimated at 56%, and wet
conditions have been detected 44%. Innovative trend anal-
ysis (ITA), a graphical technique, was used to assess the
trend for the standardized precipitation index (SPI) values.
ITA test shows that in five stations (Multan, Lahore,

Faisalabad, Bahawalnagar, D.I. Khan) subject to wet con-
ditions, trend decreases and severe drought at three stations
increases for the period 3-month SPI. Overall results show
that drought trends especially in Lahore, Multan, and
Mianwali stations were detected negative (heavier drought)
under 3- to 24-month SPI. This spatial trend analysis of
drought might help policymakers to achieve better planning
for natural resources management.

Fig. 5 Six rainfall station results of the innovative trend analysis (ITA) method for 12-SPI
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The Impacts of Land-Use Change
on the Runoff Characteristics Using
HEC-HMS Model: A Case Study in Wadi
Al-Mulaikhy Sub-Watershed in Sana’a Basin,
Yemen
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Abstract

Runoff is affected by several parameters such as soil type,
and Land-use/cover changes, which include vegetation
cover and level of urbanization. The current study
assesses the impact of Land-use/cover change between
1994 and 2018, on the runoff characteristics of Wadi
Al-Mulaikhy Sub-watershed in the Sana'a basin, Yemen
by integrated GIS, HEC-GeoHMS extension, and
HEC-HMS model. Remote sensing data, land-use/cover,
soil type, and rainfall are the main input data. The study
results show that the agricultural area was reduced by
5.67%. Conversely, the surface runoff for the overall
study area has been increased by 1.65%. It was found that
there is no significant change in runoff volume relative to
Land-use/cover change due to some agricultural general
class changes to other classes (shrubs/brush), which have
similar runoff characteristics. The second change, agri-
cultural general class changes to urban classes (urban
high density, urban medium to low density and roads)
which occurred at the north of the study area near the
boundary of the city of Sana'a which has an urban
expansion. The changes in runoff parameters were found
in the sub-basin (W300, W310, and W320) which are
located in the north of the study area due to the changes of
agricultural general class to urban classes (urban high
density, urban medium to low density, and roads).

Keywords

Runoff � Land-use/cover � GIS � HEC-HMS �
Agriculture � Runoff � Sanaa basin � Yemen

1 Introduction

Water is the most essential natural resource for living spe-
cies. Since the available amount of water is limited, scarce,
and not spatially distributed in relation to the population
needs, proper management of water resources is essential to
satisfy the current demands as well as to maintain sustain-
ability (Geremew, 2013).

Water availability in Sana'a City, capital of Yemen, is one
of the scarcest in the world. The region has no perennial
surface water runoff, and is practically dependent on the use
of groundwater. Over-exploitation is causing the ground-
water table to deplete at an alarming rate and Sana'a Basin,
with a water table drawdown of about 3 m per annum, is
amongst the worst affected areas in the country (Al-Derwish,
2014).

Change in runoff characteristics that induced by urban-
ization, is important for understanding the effects of
Land-use/cover change on earth surface hydrological pro-
cesses. With urban land development, the impervious land
surfaces expand rapidly, and the capability of rainfall
detention declines sharply and runoff coefficient increases.
Usually, urbanized land leads to a decrease in surface
roughness; hard road and drainage system can greatly
shorten the time of runoff confluences (Shi et al., 2007).

Remote Sensing and Geographic Information System
(GIS) provide effective tools for Land-use/cover planning
and modeling. Land-use/cover change is an indicator of
human interaction with nature. Therefore, it is necessary to
discover and monitor Land-use/cover changes in order to
either protect the environment or ensure sustainable devel-
opment (Mousazadeh et al., 2015).
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Hydrological modeling is a commonly used tool to esti-
mate the basin’s hydrological response due to precipitation.
It allows to predict the hydrologic response to various
watershed management and to have a better understanding
of the impacts of these practices (Choudhari et al., 2014).

Several studies have been conducted using the
HEC-HMS model in different regions under different soil
and climatic conditions. The model was precisely obtained
in spatially and temporally predicting watershed response in
event-based and continuous simulation as well as simulating
various scenarios in flood forecasting and early warnings
(Choudhari et al., 2014). From regional perspective, there
have been abundant researches on the impact of land-use
change on runoff. Some of them used lumped models and
others used distributed and semi-distributed models to esti-
mate the runoff characteristics, and each of these models has
its own merits and demerits. (Mistry et al., 2017; Köylü &
Geymen, 2016; Nachshon et al., 2016; Ajmal et al., 2015;
Tiwari et al., 2014; Ramakrishnan et al., 2009; Shi et al.,
2007; Noman, 2016) calculated the surface runoff by using
SCS-CN method. Other studies calculated runoff volume by
using semi-distributed models (Maisa’a et al., 2017;
Sajikumar & Remya, 2015; Ngo et al., 2015; Maalim et al.,
2013; Hundecha & Bárdossy, 2004).

The objectives of this study can be summarized as
flowing: (1) Produce Land-use/cover maps of the Wadi Al
Mulaikhy sub-watershed in Sana’a basin, (2) Assess the
change in land-use between 1994 and 2018, (3) Assess the
change in surface runoff volume between 1994 and 2018 by
using HEC-HMS model.

2 Data and Methods

2.1 Study Area and Data Acquisition

The study area is located in Wadi Al Mulaikhy in the
southern part of the Sana’a Basin as showing in (Fig. 1). The
total area of Wadi is 63.2 km2 and located in the upstream of
Sana’a Basin and it has one major stream that extends from
south to north. Its coordinate is between (1,687,890 to
1,675,760 N) longitude and (407,908 to 418,001 E) latitude.
The average monthly temperature from National Water
Resource Authority (NWRA) records 1989–1997 ranges
between about 15 and 25. The annual rainfall is 249 mm
(JICA, 2007). The data analysis of the present study was
carried out using the available data:

• Aerial photo (1994) with spatial resolution one meter
which have been supplied by the General Authority of
Land, Survey and Urban Planning. The satellite image
(2018) with spatial resolution 60 cm which was obtained
from Google Earth.

• Digital Elevation Model (DEM) with a resolution of 20 m
which has been supplied by Yemen Remote Sensing and
GIS Center.

• Soil map with spatial resolution 30 s which was obtained
from Harmonized World Soil Database (HWSD).

• The processing of images was made by using ArcGIS
version 10.4.1 software and HEC-GeoHMS extension
which was used to create the basic model.

2.2 Land-Use/Cover Classification and Mapping

The geo-referencing operation of the aerial photo (1994) and
satellite image (2018) of the study area was performed based
on the digital map of the Republic of Yemen. The coordinate
system was set on Universal Transverse Mercator (UTM)
zone 38 north WGS84. Land-use classification was digitiz-
ing manually. The study area was classified into six
Land-use/cover classes including: Urban High Density,
Urban Medium to Low Density, Agriculture General,
Barren/Minimal Vegetation, Shrub/Scrub, and Roads. The
total area of Land-use/cover category for the years 1994 and
2018 were calculated.

2.3 Creation The Basin Model

The basin model was created by using HEC-GeoHMS GIS
extension in ArcMap. The first step was delineating the
stream network and watershed boundaries of the study area.
This process is commonly referred to as terrain preprocess-
ing and is entirely based on the input digital elevation model
(DEM). The GRID files were derived from the DEM are fill
sink grid, flow direction grid, flow accumulation grid, stream
definition grid, stream segmentation grid, and catchment
grid. The vector layers were created based on the previous
computational steps which divided Wadi Al-Mulaikhy into
seven sub-basins catchment polygons, drainage line, and
adjoint catchment (Fig. 2). The hydrologic modeling was
based on the SCS Curve Number Loss Model. This method
only requires the definition of a single input parameter curve
number (CN). The CN depends on the land-use, the
hydrologic soil group, and the hydrologic condition of the
top soil. The Land-use/cover classification, the semi-arid
climatic characteristics of the area, the CN table for arid and
semi-arid rangeland were used with hydrologic soil group
map for creating CN grid numbers. The basin model file
contains the hydrological data structure which includes the
hydrologic elements, their connectivity, and related param-
eters. HEC-GeoHMS can be exported some of the hydro-
logic parameters to HMS basin model file. Background map,
basin file, and meteorological model file were created by

122 I. Al-Samawi et al.



generate rainfall gage grid layers and import it to
HEC-GeoHMS geo-database.

2.4 Model Completion in HEC-HMS Model

The basin model was imported into a HEC-HMS project by
using the HEC-GeoHMS data export to HMS function. The
model consists of 7 basin, 8 junctions, 4 reaches, and the
basin outlet. In addition to the basin model and the meteo-
rological model, the simulation of runoff volume for the
years 1994 and 2018 was calculated in HEC-HMS by using
SCS-CN curve number losses method. The basic runoff
equation of the CN method is shown in Eq. (1).

Q ¼ ðP� IaÞ2
ðP� IaÞþ S

ð1Þ

where, Q = runoff (mm), P = rainfall (mm), S = potential
maximum retention after runoff begins (mm), Ia = initial
abstraction.

The initial abstraction includes all the losses that occur
before surface runoff begins. According to the NRCS
(2004), it contains water retained in surface depressions as
well as water intercepted by vegetation, evaporation, and
infiltration. In the CN model, Ia is assumed to be correlated
to S through Eq. (2).

Ia ¼ 0:2 S ð2Þ

Fig. 1 Location map of the Wadi
Al Mulaikhy sub-watershed in
Sana’a Basin, Yemen
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The maximum retention S is further related to the soil and
cover conditions of the analyzed watershed through the CN
by Eq. (3).

S ¼ 25;400
CN

� 254 ð3Þ

In the HEC-HMS modeling process, the incremental
excess rainfall for each computation time interval is calcu-
lated as the difference between the accumulated excess at the
end of and the beginning of the period. The cumulative
excess Pe is computed with Eq. (4).

Fig. 2 Model representation of
Wadi Al-Mulaikhy Watershed in
HEC-GeoHMS
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Pe ¼ ðP� 0:25 SÞ2
Pþ 0:8 S

ð4Þ

3 Results and Discussion

3.1 Land-Use/Cover Changes

Land-use/cover maps of the study area in 1994, and 2018
which were generated manually, include land-use categories
for agriculture general, barren/minimal vegetation, shrub/
scrub, roads, urban high density, and urban medium to low
density. The area of each Land-use/cover type of different
years and the changes procedures over 24 years are shown in
(Table 1). Most of the area of Wadi Al-Mulaikhy is covered
by barren/minimal vegetation distributed throughout the
basin for the two periods of time 1994 and 2018, also
agriculture general distributed throughout the study area.
Shrub/Scrub areas are covering a small area and spread in
the north and middle of the basin. The low, medium, and
high density of urban areas are located in the northeast of the
study area. The land-use/cover classification of 1994 (Fig. 3)
was compared to the Land-use/cover classification of 2018
(Fig. 4) to identify the area where the main changes between
1994 and 2018 occurred. The results of land-use changes
show a decrease in the agriculture general Land-use/cover
category. (Table 1) shows that the area of Wadi Al Mulaikhy
sub-watershed with the land-use classes Urban High Den-
sity, Urban Medium to Low Density, Barren/Minimal
Vegetation, Shrub/Scrub and roads increased (1.5%,
0.22%, 0.53%, 2.84%, 0.55%), respectively, with increasing
of total area 5.65 km2 about 8.96%. Whereas the agriculture
general has decreased by about 5.65% over 24 years period.
The major change in agriculture general class is the con-
version to Shrub/Scrub and urban with high and medium to
low-density classes (2.8% and 1.7%) respectively. The

major increase of the urban area occurred on the north at the
boundary of the study area due to urban expansion of Sana, a
city in addition to the simple conversion of agricultural
general class to roads, shrub/scrub, and Barren/Minimal
Vegetation.

3.2 Runoff Changes

As previously mentioned, the HEC-HMS model was used to
calculate runoff volume for the two Land-use/cover periods
(1994, 2018). The results of runoff changes are related to
Land-use/cover changes for the periods 1994, 2018 are
presented in (Table 2). Modeling results indicated that the
largest volume of runoff in 2018 (1291.9 � 103 m3/year),
and the volume of runoff in 1994 (1270.9 � 103 m3/year).
Thus, it increased by 2100 cubic meter about 1.652% over
24 years (Fig. 6). The results of land-use changes between
the two periods are indicating that the total change in
Land-use/cover categories increased by 5.66% in the cate-
gories (urban high density, urban medium to low density,
barren/minimal vegetation, shrub/scrub, and roads) by
(1.5%, 0.22%, 0.53%, 2.84%, and 0.55%) respectively, and
5.66% decreased from agriculture general. Since the increase
in urban high density and urban medium to low density
1.7%, the increasing in roads 0.5% and the increasing in
barren/minimal vegetation and shrub/scrub 3.6%. The
decrease in agriculture general 5.66% means an increase in
the volume of runoff 1.652% and peak discharge 1.27% due
to the increase in Urban High density and urban medium to
Low density 1.73.

3.3 CN Values

The average of the curve number (CN) values for
Land-use/cover in the years 1994, 2018 is (88.69, 89.46)

Table 1 Total estimated area of
land-use/cover classes in Wadi
Al-Mulaikhy sub-watershed in
1994 and 2018

No. Land-use classes Land-use
classes

Area
1994 (%)

Area 2018 in
(km2)

Area
2018 (%)

Change
percent (%)

1 Urban high density 0.62 0.98 1.57 2.49 1.51

2 Urban medium to
low density

0 0 0.13 0.22 0.22

3 Agriculture general 24.14 38.32 20.57 32.65 −5.67

4 Barren/minimal
vegetation

37.86 60.09 38.19 60.62 0.53

5 Shrub/scrub 0.32 0.50 2.11 3.35 2.84

6 Roads 0.05 0.089 0.40 0.63 0.55

Sum 63.00 100 63.00 100
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respectively as showing in (Table 3). The increase in CN
values from 88.69 in 1994 to 89.46 in 2018 lead to increase
in surface runoff values (Table 3). the comparison of CN
values for each sub-basin showed that there is an increase in
CN values in sub-basins W300, W310, and W320 which
were agricultural general area converted to the urban area
due to the urbanization of Sana'a city and its location at the
boundary of the study area.

3.4 S Values

This parameter describes the state of water-saturated soil
after runoff begins. Therefore, the factor S is related to soil
type and LU, which was reflected in the CN values. S values
near-zero indicate that the low potential for soil water
retention after the surface runoff, and increasing the surface
runoff (Table 4) shows that S values were decreased from

Fig. 3 Land use map of Wadi
Al-Mulaikhy sub-watershed in
1994
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32.5 in 1994 to 29.94 in 2018. The decrease in S values led
to a decrease in the water retention potential of soil after
surface runoff. When comparing the S values in the
sub-basins, a decrease in the S values was observed in the
sub-basin W300, W310, and W320, which were converted
from agriculture general to urbanization.

3.5 Ia Values

The initial abstraction (Ia) reflects the water loss by evapo-
ration, plants, and infiltration. The low value of initial
abstraction (Ia) which is close to zero indicates low water
losses before surface runoff, and leading to generate the

Fig. 4 Land-use/cover map of
Wadi Al-Mulaikhy sub-watershed
in 2018
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Table 2 Total runoff volume
Wadi Al-Mulaikhy sub-watershed
in 1994 and 2018

S.
No.

Sub-Basin Drainage
area (km2)

Runoff volume
(1000 m3) 1994

Volume
(mm)

Runoff volume
(1000 m3) 2018

Volume
(mm)

1 W300 7.9154 138.5 17.42 153.1 19.24

2 W310 12.6014 240.6 19.10 241.7 19.18

3 W320 6.9156 118.3 17.11 126.5 18.29

4 W330 6.9256 152.2 21.85 151.9 21.81

5 W340 8.4888 189.5 22.32 188.8 22.24

6 W350 8.5128 191.0 22.44 190.3 22.35

7 W360 11.6458 240.7 20.67 239.6 20.58

Outlet 1270.9 20.15 1291.9 20.48
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surface runoff quickly. Table 5 shows that the average value
of Ia decreased from 6.49 in 1994 to 5.98 in 2018, which
led to a decrease in water loss and an increase in surface
runoff.

4 Conclusions

local Land-use maps for Wadi Al Mulaikhy sub-watershed
in Sana’a basin were used to simulate surface runoff by
using HEC-HMS model to assess the impact of Land-use
changes on runoff characteristics, the runoff was simulated
with the Land-use maps of the years 1994, and 2018.

1. The major change in Land-use/cover classes was identi-
fied agricultural general class converted to other classes
(urban high density, urban medium to low density,
barren/minimal vegetation, shrub/scrub, and roads)

2. The impact of Land-use/cover change on runoff charac-
teristics only exists through the conversion of 5.65%
from agricultural general class to the classes (urban high
density, urban medium to low density, barren/minimal
vegetation, shrub/scrub, and roads) by (1.5%, 0.22%,
0.53%, 2.84%, and 0.55%), respectively.

3. The runoff volume increased from 1,270,900 cubic
meters of the year 1994 to 1,291,900 cubic meters in the
year 2018 about 1.625% over 24 years period

Table 3 Comparing of CN
values for Land-use/cover classes
in Wadi Al-Mulaikhy
Sub-watershed in 1994 and 2018

S. No Sub-basin Area (km2) CN (1994) CN (2018)

1 W300 7.9154 86.17 89.56

2 W310 12.6014 89.02 89.19

3 W320 6.9156 86.11 88.37

4 W330 6.9256 90.97 90.92

5 W340 8.4888 91.13 91.01

6 W350 8.5128 89.02 88.90

7 W360 11.6458 88.43 88.30

Average 88.69 89.46

Table 4 Comparing the
maximum retension (S) for
land-use/cover classes in Wadi
Al-Mulaikhy Sub-watershed in
1994 and 2018

S. No. Sub-Basin Area (km2) S (1994) S (2018)

1 W300 7.91 40.76 29.60

2 W310 12.60 31.32 30.78

3 W320 6.91 40.97 33.42

4 W330 6.92 25.21 25.36

5 W340 8.48 24.72 25.09

6 W350 8.51 31.32 31.71

7 W360 11.64 33.23 33.65

Average 32.50 29.94

Table 5 Comparing the Initial
Abstraction (Ia) for
Land-use/cover classes in Wadi
Al-Mulaikhy Sub-watershed in
1994 and 2018

S. No. Sub-Basin Area (km2) Ia (1994) Ia (2018)

1 W300 7.9154 8.15 5.92

2 W310 12.6014 6.26 6.15

3 W320 6.9156 8.19 6.68

4 W330 6.9256 5.04 5.07

5 W340 8.4888 4.94 5.01

6 W350 8.5128 6.26 6.34

7 W360 11.6458 6.64 6.73

Average 6.49 5.98
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4. It was found that there is no big change in runoff volume
comparing with the change in Land-use/cover due to
some of agricultural general class changes to other
classes (Shrub/Scrub), which has the similar runoff
characteristics. The second changes from agricultural
general class changes to urban classes (urban high den-
sity, urban medium to low density and roads) which
occurred in the north of the study area at the boundary of
Sana'a City which has urban expansion.

5. The average of CN values increased from 88.69 in the
year 1994 to 89.46 in the year 2018. The average of
S values decreased from 32.5 in the year 1994 to 29.94 in
the year 2018. While, the average of Ia values decreased
from 13 in the year 1994 to 11.97 in the year 2018.

6. The changes in runoff parameters were found in the sub
basin (W300, W310 and W320), which are located in the
north of the study area due to the changes of agricultural
general class changes to urban classes (urban high den-
sity, urban medium to low density and roads).
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Evaluation of Groundwater Quality
Variations Using Geographical Information
System (GIS) and Multivariate Statistical
Techniques: A Case Study from Qa’Jahran
Basin, Dhamar, Yemen

Nabil M. AL-Areeq, Hadi A. Quriaa, Ahmed M. AL-Areeq,
and Amer M. Al-Sabri

Abstract

The current study investigates the water quality of the
water resources in Qa’Jahran basin, Dhamar, Yemen.
Thirty water wells with a depth ranging from 100 to
600 m below ground level were used to collect water
samples. A total of seventeen water quality parameters
were measured during 2019, allowing investigation of
spatial variation and indication of potential pollution
sources. It is essential to have adequate understanding on
the interaction effect, trends, and the correlation structure
of these parameters to control water quality. Geographical
Information System (GIS) and multivariate statistics
techniques were used to understand the water resource
quality and generate a water quality index map of
Qa’Jahran basin. Based on multivariate statistical analy-
sis, strong correlations were observed between total
dissolved solids (TDS), conductivity, chloride, total
alkalinity, bicarbonate, sodium, and chloride. Sodium
has strong correlation with total alkalinity, chloride, and
bicarbonate, while it has moderate correlation with
fluoride. On the other side, principal component analysis
shows that 85.22% of the overall variances were
explained by four major principal components. Accord-
ingly, 52% of the data were required to explain 85.22% of
total variances as shown by the factor analysis indicating
significant data reduction was resulted in this study.
According to the water quality index (WQI), most of the
water samples were classified as excellent to good for
drinking purpose.

Keywords

Water quality parameters � Multivariate statistical
analysis�GIS�Water quality index�Qa’Jahran basin�
Yemen

1 Introduction

A great increase in the demand in Yemen for the freshwater
in the last few decades due to the rapid growth of the pop-
ulation leads to imbalance in available water resource and
demand. Hence, the gap between water supply and demand
is increasing with time. The groundwater resources are
considered as the main source of freshwater in Yemen. This
resource is depleted at high rates, and many of groundwater
basins in Yemen such as Sana’a are showing decline in the
groundwater levels and increase in the salinity which is a
strong sign of depletion. The expansions of urbanization,
irrigation activities, and industrialization have a significant
effect on the groundwater resources. Accordingly, conserv-
ing and monitoring this important resource is essential. The
aquifer in Qa’Jahran basin consists of two layers (sedimen-
tary unit and volcanic fractures unit), and as a result of this
weakness, the probability of water contamination by human
or nature is very high. There are many sources of water
contamination in the study area which disposed randomly
such as wastewater, oils, structures waste, and municipal
solid waste. Large quantities of human and industrial waste
disposals pose a serious threat to this valuable resource. The
sources of these contaminants are the study area itself. These
contamination sources will affect the quality of water
resources which are used by about 137,804 persons.
According to the report of WHO, water is the main reason
for 80% of all human diseases. Regular monitoring of the
groundwater is required to protect it where it is impossible in
most of the cases to stop the pollutants from the source
(Al-hadithi, 2012).
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Manual, tube wells, and springs constitute the main
resources for domestic, industrial, and irrigation uses in
many areas. But, few of them are maintained in their original
condition due to intensive human activities (Zhao et al.,
2011). Today, the shortage of freshwater sources in many
countries is a great concern (Alberto et al., 2001; Singh
et al., 2004; Qadir et al., 2008). A constant polluting source
due to municipal and industrial wastewater discharge and a
seasonal phenomenon due to surface runoff can be most
affected by climate (Singh et al., 2004). Decision-makers and
water quality specialists often face significant challenges to
control water contamination due to these complexities
(Elhatip et al., 2008). To keep water sources useable, pro-
tecting water quality is essential to minimize water treatment
cost and to satisfy regulatory limitations (Chowdhury et al.,
2007; WHO, 2017; Canada, 2017).

Statistical analyses of water chemistry data are widely
used in water analysis interpretation. Complex data matrices
of water quality can be better interpreted and understand by
applying different multivariate statistical techniques, such as
factor analysis (FA) and principal component analysis
(PCA). Rapid solution to pollution problems and the reliable
management of water resources can be done using such
statistical techniques which facilitate the identification of
possible factors that influence water quality (Lee et al., 2001;
Reghunath et al., 2002). Voza et al. (2015) proved the utility
of multivariate statistical methods, factor analysis (FA),
principal component analysis (PCA), and cluster analysis
(CA) for the analysis and interpretation of the complex water
quality data sets. Many studies demonstrated that multi-
variate statistical analysis is useful to assess the spatial water
quality variations (Simeonov et al., 2003; Zeilhoferet al.,
2006; Zhang et al., 2009a, 2009b; Olsen et al., 2012;
Marinović & Ruždjak, 2015; Phung et al., 2015; Muangth-
ong & Shrestha, 2015). Freshwater quality can be charac-
terized and evaluated using multivariate statistical
techniques which are also useful in verifying temporal and
spatial variations (Singh et al., 2005; Chowdhury &
Al-Zahrani, 2014).

Environmental data management is one of the important
applications of Geographic Information System (GIS). To
avoid possible environmental crisis, managers and scientists
can be provided with different scenarios using GIS for pre-
dicting future trends and spatial distribution of the data. GIS
is widely used in pollution and water resource management
due to its importance in playing a critical role in these fields
(Zeilhofer et al., 2007; Igboekwe & Akankpo, 2011; Yan
et al., 2015). Nasher and El-Sagheer (2012) studied bacte-
riological, chemical, and physical parameters of water
resources in Bura’a natural protected area, Hodeidah,
Yemen, to evaluate the water quality for agricultural and
drinking purpose. They found that the water is suitable for
irrigation purposes, but it is unsuitable for drinking. Saleh

et al. (2018) assessed the suitability of groundwater quality
of rural areas (Zabid, Hodeidah) for drinking purpose using
water quality index (WQI). They found that the groundwater
quality is generally good–poor water quality status. Aqeel
et al. (2017) used GIS to create a geospatial distribution map
of fluoride concentrations and identified three risky zones in
the Al-Howban Basin, Taiz-Yemen. Mohamed and Hassane
(2016) studied the impact of urbanization on groundwater
resources in Al Ain city, UAE, by performing hydrochem-
istry assessment of the quality of groundwater. Nasher et al.
(2013) identified and evaluated the hydrogeochemical pro-
cesses for the management of the groundwater resources of
the lower part of Wadi Siham, Tihama plain, Yemen. Nazzal
et al. (2015) investigated Saq aquifer, northwestern part of
KSA by conducting a combined hydrochemical–statistical
analysis to assess groundwater resources. Toumi et al.
(2015) studied the water quality and the hydrochemical
characteristics in Al-Ula Region, Saudi Arabia, and they
found that the lithological influences are the guide of water
chemistry. Gebrehiwot et al. (2011) evaluated the suitability
of groundwater quality in El Khairat aquifer, Enfidha,
Tunisia, for drinking purposes. They conclude that GIS is an
effective tool for creating maps showing the spatial distri-
bution of water quality parameters. Eslami et al. (2013) used
GIS interpolation techniques to evaluate the groundwater
quality of Mianab plain, Iran, and they found that ground-
water quality in their study area is not suitable for drink and
agricultural uses. They also confirm the importance of
selecting an appropriate interpolation technique and illus-
trated the effective of geostatistical technique in groundwater
management system. Al-Omran et al. (2018) used different
techniques such as water quality index (WQI) and Durov
diagrams to assess the groundwater quality of Al-Hasa
region, Saudi Arabia, for drinking and irrigation purposes,
and they found that the water is excellent for irrigation and
poor to unsuitable for drinking purposes.

The main objective of this study is for evaluation of
groundwater quality variations in Qa’Jahran basin in Yemen.
This study focuses on using the Geographical Information
System (GIS) and multivariate statistics to understand the
water resource quality and generate a water quality index
map for the first time in this area.

2 Study Area and Data Acquisition

The Qa’Jahran basin is located in the middle western part of
Yemen, at the Central Highland Plains in Jahran district. It
represents the main catchments of Jahran plain (Fig. 1). The
geographic extent of the basin area lies between longitudes
44° 12′ 20″ and 44° 22′ 30″ E and latitudes 14° 38′ 11″ and
14° 57′ 30″ N with total area extent 406 km2, and it is about
25 kma distance toward the north of Dhamar city. The
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Qa’Jahran basin is one of the largest and most completely
flat areas of its size in the Highland Plains of Yemen. The
catchment area of the basin is affected by soil erosion. The
intensive drilling activity for water quest in the catchment
and water scarcity related to human interface with water
storage has resulted in groundwater to sink down and the
basin threatened by drought due to groundwater depletion.
The manual and tube wells are the main resource of the
water in Qa’Jahran basin. The people in the area depend
mainly on these resources for their water requirements.
Thirty water wells were selected from Qa’Jahran basin from
different locations for the study taking into consideration the
hydrologic, social, and economic variation. All statistical
and mathematical computations were made using JMP,
MINITAB™, SPSS Statistics, XLSAT, and Microsoft Office
Excel 2016.

2.1 Scatterplots and Pairwise Correlations

The indication of linear or nonlinear relationships and pos-
sible correlations were represented by scatterplots and pair-
wise correlations. Scatterplots and pairwise correlations of

Qa’Jahran basin data were investigated by this study using
JMP and the MINITAB™ statistical package.

2.2 Principle Component Analysis (PCA)

PCA is designed to convert the original variables (correlated
variables) into new, linearly uncorrelated variables, called
principal components. The majority of the data set can be
described by the most meaningful parameter information
which is provided by PCA (Helena et al., 2000). As a
result of the reduction in the dimensionality of data by PCA,
a smaller number of transformed variables can be used to
represent the bulk of the variation in the data (Jackson &
John Wiley & Sons, 1991; Wold et al., 1987). The
following equation can represent the principal component
(PC):

Zji ¼ ai1x1j þ ai2x2j þ ai3x3j þ � � � þ aimxmj

where Z is the component score, i is the component
number, j is the sample number, a is the component loading,
x is the measured value of variable, and m is the total number
of variables.

Fig. 1 Location map of the groundwater samples from the Qa’Jahran basin, Dhamar, Yemen
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The transformed data coming from the PCA can be
simplified even more with the benefit of the factor analysis
(FA) which construct new variables, called varifactors
(VFs) by reducing the contribution of less significant vari-
ables. VF includes hypothetical, unobservable, latent vari-
ables, while PC is a linear combination of observed water
quality variables (Helena et al., 2000; Vega et al., 1998).
Normalized variables are used in PCA to extract PCs with
major significance and reduce that have minor significance
(Zhang et al., 2009a,2009b; Bu et al. 2010). As a result, the
amount of information obtained from a less number of
variables will be similar to that resulted from the much larger
set of original variables. The following equation can repre-
sent the factor analysis (FA):

Zji ¼ af1f1i þ af2f2i þ af3f3i þ � � � þ afmfmi þ efi

where Z is the measured variable, i is the sample number,
a is the factor loading, f is the factor score, m is the total
number of factors, and e is the residual term accounting for
errors or other source of variation. In this study, fifteen of
Qa’Jahran water quality data set was subjected to FA/PCA.

2.3 Water Quality Index (WQI)

It is a rating that can be used to reflect the composite
influence of different water quality parameters on the overall
water quality. The main objective of computing water
quality index (WQI) is to obtain usable and understandable
information from the complex water quality data. A param-
eter is selected based on its impact on health and the overall
quality of water. The WQI can be computed by the fol-
lowing three steps.

First step: Assign weight (wi) to the selected water
parameters (e.g., TDS, pH, TH, HCO3, SO4, Cl, NO3, Fe,
etc.) according to their relative importance in the overall
water quality for drinking purposes (weight may be from 1
to 5).

Second step: Compute a relative weight (Wi) of the
chemical parameter using the following equation:

Wi ¼ wi=
Xn

i¼1

wi

where Wi is the relative weight, ‘n’ is the number of
parameters, and wi is the weight of each parameter.

Third step: Assign a quality rating scale (qi) for each
parameter, as below:

qi ¼ Ci = Sið Þ � 100

where qi is the quality rating, Si is the guideline
value/desirable limit as given in Yemeni drinking water

standard, and Ci is the concentration of each chemical
parameter in mg/l. For the computation of WQI, firstly the
subindex (SI) is determined for each water quality parame-
ter, as given below:

SI ¼ Wi � qi

WQI ¼
X

SIi

where Wi is relative weight of the parameter, SIi is the
subindex of the parameter, and qi is the rating based on
concentration of the parameter.

2.4 Classification of Water

The water can be classified into five types based on com-
puted WQI, as given below:

Excellent water (<50); good water (50–100); poor water
(100–200); very poor water (200–300); and water unsuit-
able for drinking (>300).

3 Results and Discussion

The statistical analysis of water quality parameters (WQPs)
is calculated for 30 (WQP) in Qa’Jahran wells as shown in
Table 1. Distribution fitting was examined using maximum
likelihood as an estimation method and tested using Kol-
mogorov–Smirnov and chi-square method. The gamma
(2) distribution is the distribution that fits best the data as
shown in Table 2. The water quality data sets of Qa’Jahran
basin were subjected to multivariate statistical techniques:
FA and PCA.

3.1 Correlation and Scatterplots

The correlations between different water quality parameters
are carried out as shown in Table 3. The pH has strong
correlation with carbonate (r = 0.857) and negative strong
correlation with hardness (r = −0.632) and calcium
(−0.639). Total dissolved solids is perfectly correlated with
conductivity (r = 1). Total dissolved solids and conductivity
show strong correlation with chloride and bicarbonate
(r = 0.881), total alkalinity (r = 0.868), sodium (r = 0.803),
and sulfate (r = 0.743), and moderate correlations with
magnesium (r = 0.597) and potassium (r = 0.475). Sodium
has strong correlation with total alkalinity, bicarbonate, and
chloride (r = 0.845, 0.822, and 0.628, respectively), and
moderately correlated with fluoride (r = 0.484). The strong
positive correlation of sodium with chloride and between
them with conductivity reflects a common source of these
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ions. Potassium is moderately correlated with chloride
(r = 0.52). Hardness shows strong correlation with calcium
(r = 0.945) and magnesium (r = 0.76) and moderate corre-
lation with chloride, sulfate, and nitrate (r = 0.474, 0.533,
and 0.494, respectively), while it has negative moderate
correlation with carbonate (r = −0.534). Magnesium has
strong correlations with chloride (r = 0.705) and moderate
correlations with sulfate and calcium (r = 0.544 and 0.51,
respectively). Total alkalinity is strongly correlated with
bicarbonate (r = 0.996) and shows moderate correlation
with chloride (r = 0.598). Bicarbonate has strong correlation
with chloride (r = 0.624) and moderate correlation with
sulfate (r = 0.473). Carbonate shows moderate correlation
with calcium (r = 0.575) and same correlation between
calcium and nitrate (r = 0.503). Strong correlations were

shown between chloride and sulfate (r = 0.632) and between
nitrate and fluoride (r = 0.851).

3.2 Principal Component Analysis (PCA)

PCA was performed for Qa’Jahran basin data. Based on the
eigenvalue–one and scree plot (Fig. 2 andTable 4), the number
of significant principal components (PCs) was determined.
PCs are regarded as significant if eigenvalues are greater than
one. Four significant PCs with eigenvalues > 1 were extracted
in this study and explained 40.137%, 26.277%, 11.943%, and
6.863%of the variance, respectively. Thefindings indicate that
85.22% of total variance associated with WQP in Qa’Jahran
basin can be explained by the first four PCs.

Table 1 Statistical analysis of water quality parameters (WQPs) of Qa’Jahran wells

Statistic Minimum Maximum Median Mean Variance Standard deviation WHO G.Y.L

Turbidity 0.040 4.800 0.290 1.073 2.162 1.470

PH (9–6.5) 7.960 9.260 8.385 8.473 0.112 0.335 6.5–8.5 6.5–8.5

EC 117.800 1006.000 435.250 462.461 41,484.80 203.678 400–1500 450–2500

TDS 76.570 653.900 282.913 300.600 17,527.33 132.391 1000.00 650–1000

TH 0.000 192.200 72.300 77.737 3287.23 57.334 100–500 100–500

TA 38.800 272.570 146.470 148.238 3256.08 57.062

HCO3 42.600 332.500 178.100 177.038 4799.40 69.278 150–500 150–500

CO3 0.000 17.500 0.000 3.128 28.01 5.293

Cl 7.800 110.600 25.500 32.472 555.70 23.573 250.00 200–600

SO4 1.000 102.000 21.500 30.111 734.45 27.101 25–400 200–400

F 0.220 3.700 0.580 0.973 0.97 0.986 0.5–1.5 0.5–1.5

Ca 0.000 54.600 18.650 21.622 296.80 17.228 75–200 75–200

Mg 0.000 20.600 3.300 5.728 28.00 5.292 30–50 30–150

Na 7.500 190.600 71.500 82.200 2560.48 50.601 20–175 200–400

K 0.400 5.400 0.950 1.611 2.06 1.436 8–12 8–12

NO3 2.200 34.500 7.700 9.244 49.25 7.018 25–50 10–50

Fe 0.010 0.340 0.035 0.053 0.006 0.076 0.3–1 0.3–1

Table 2 Distribution fitting of the data analysis

Distribution p-value Distribution p-value Distribution p-value

Beta4 0.181 Gamma (1) 0.044 Normal 0.096

Chi-square 0.733 Gamma (2) 0.745 Normal (Standard) <0.0001

Erlang 0.002 GEV 0.014 Student <0.0001

Exponential 0.063 Gumbel 0.007 Weibull (1) 0.318

Fisher–Tippett (1) <0.0001 Log-normal 0.683 Weibull (2) 0.496

Fisher–Tippett (2) <0.0001 Logistic 0.147 Weibull (3) 0.366
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Scree plotFig. 2 Scree plot of water
samples in Qa’Jahran basin

Table 4 Total variance
explained of water samples in
Qa’Jahran wells

Component Initial eigenvalues Extraction sums of squared loadings

Total % of
variance

Cumulative
%

Total % of
variance

Cumulative
%

1 6.823 40.137 40.137 6.823 40.137 40.137

2 4.467 26.277 66.414 4.467 26.277 66.414

3 2.03 11.943 78.357 2.03 11.943 78.357

4 1.167 6.863 85.22 1.167 6.863 85.22

5 0.882 5.186 90.406

6 0.614 3.615 94.021

7 0.485 2.853 96.874

8 0.211 1.242 98.116

9 0.161 0.945 99.061

10 0.08 0.469 99.53

11 0.063 0.373 99.903

12 0.009 0.054 99.957

13 0.007 0.039 99.996

14 0.001 0.004 100

15 7.61E
−07

4.48E−06 100

16 2.96E
−08

1.74E−07 100

17 1.01E
−16

5.91E−16 100
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3.3 Loading and Scatterplots

Understanding the contribution of original WQP to the
major PCs is essential to decide which parameter is impor-
tant and which is not. Figures 3 and 4 show the scatterplots
and loading on the major PCs for Qa’Jahran basin. The
WQPs, EC, TDS, TA, HCO3, Cl, SO4, Mg, and Na exceeded
the threshold limit of 0.55 on PC1 (Fig. 3). Therefore, they
had significant loadings in PC1 and PC2 and have significant
loadings from turbidity, pH, TH, CO3, Ca, Na, NO3, and Fe.
In PC3, significant loadings were assigned from iron tur-
bidity, CO3, and Fe. The PC4 obtained significant loading
from fluoride (F) (Table 5). Figure 4 shows the scatterplots
of the loadings. The plot of PC1 � PC2 shows that nitrate
and iron were significantly associated with PC2 only, while
conductivity, TDS, alkalinity, chloride, bicarbonate, mag-
nesium, sulfate, and sodium were significantly associated
with PC1. To represent water quality, it may be required one
or two parameters from each cluster. In general, the four PCs
were mainly associated with conductivity, TDS, alkalinity,
chloride, bicarbonate, magnesium, sulfate, sodium, nitrate,
and iron.

The corresponding VFs were obtained for Qa’Jahran
basin (Table 5). The factor loadings were classified

according to absolute loading values as strong > 0.75,
moderate, 0.75–0.50, and weak 0.50–0.30 (Liu et al., 2003.
The percent (40.137%) of total variance was explained by
VF1 and had strong positive loadings from alkalinity,
bicarbonate, sulfate, chloride, total dissolved solids, and
conductivity, while hardness, sodium, manganese, and
potassium had a medium loading on VF1. The percent
(26.277%) of total variance was explained by VF2, had
strong positive loadings from nitrate, and had medium
loading from turbidity, hardness, and calcium. The percent
(11.943%) of total variance was explained by VF3 which
had medium loadings from iron, turbidity, and carbonate.
The VF4 explained 6.863% of the total variance and had
weak negative loading from sulfate.

3.4 Data Reduction

The original parameters on the major VFs were assessed to
investigate the possibility of reduction of data. It was
reported by the past studies that the original parameters have
the greatest contribution to temporal variation if they have
loadings greater than 0.7 or 0.75 in the major VFs (Liu et al.,
2003; Varol et al., 2012). The value (85.22%) of variance is
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Fig. 3 Scatterplots and loading on the major PCs for Qa’Jahran basin
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explained by the major four VFs which had strong loadings
from sulfate, sodium, chloride, manganese, calcium, total
dissolved solids, hardness, bicarbonate, conductivity, iron,
total alkalinity, and nitrate as shown in Table 7. As TDS,
conductivity, chloride, hardness, magnesium, sodium, and
sulfate are strongly correlated as shown in Table 5, TDS can
be selected to be significant. Accordingly, a total of twelve
parameters (sulfate, chloride, sodium, manganese, calcium,
hardness, total dissolved solids, conductivity, bicarbonate,
total alkalinity, nitrate, and iron) are needed (approximately
80% of the 15 parameters) to explain 85.22% of the data
variance (Table 5).

3.5 Water Quality Parameters

The minimum and maximum values of each parameter were
identified, and the spatial distributions for sixteen parameters
were determined for the study area. The value of iron
(Fe) varies from 0.01 to 1.08 mg/l, and the highest con-
centration is in the Al-ulaib well east part of the study area
(Fig. 5a). The spatial distribution of nitrate (NO3) is shown
in Fig. 5b which shows the concentration variation range
from 0.8 to 101 with highest concentration only in DJ2-W-9

well. The concentration of potassium is low in the whole
study area with values between 0.4 and 5.4 mg/l (Fig. 5c).
The spatial distribution of sodium varies from 7.5 to 190.6,
and the highest concentration is in the DJ1-W8 (Fig. 5d).
Figure 5e shows that spatial distribution of magnesium
which varies from 0.0 to 37 mg/l. The spatial distribution of
calcium varies from 0.0 to 150, and the highest concentra-
tion of calcium is in the DJ2-W-9 well. Fluoride varies from
0.2 to 3.7 with high concentration in the northern part and
low concentration only in the central part of the study area
(Fig. 5f). The value of sulfate (SO4) varies from 1 to
102 mg/l, and the low concentration is in the northern and
southern parts of the study area (Fig. 5g). The spatial dis-
tribution of chloride is shown in Fig. 5h which shows the
concentration variation is from 7.8 to 110.6. The concen-
tration of bicarbonate varies from 42.6 to 332.5 and is low in
the whole study area except DJ1-W33 within the permissible
range (Fig. 5i). The value of pH range between 7.9 and
9.2 mg/l is shown in Fig. 5k, which shows that the water is
alkaline in most of the study area. TDS varies from 76.5 to
653.9 mg/l which proved that the TDS in groundwater is
low (Fig. 5l). That spatial distribution of total hardness of
water varies from 0 to 192, and most of the study area has
low concentration of TH as shown in Fig. 5n. Figure 5o
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shows that spatial distribution of total alkalinity varies from
38 to 278. Figure 5p shows that spatial distribution of tur-
bidity which varies from 0.04 to 4.8.

3.6 Water Quality Index (WQI)

WQI is widely used tool to assess the water quality.
According to the relative importance of each water quality
parameter, the relative weight was determined as shown in
Table 6. Water quality index was calculated for each
parameter as shown in Table 7 and Fig. 6. It can be noticed
that 72% of the samples fall in excellent water category and
28% of the samples fall in good water category that reflect
good-quality water in Qa’Jahran basin.

4 Conclusions

Spatial variability of water quality parameter (WQP) in
Qa’Jahran basin was evaluated in this study. Several tech-
niques, including pairwise correlations, FA, and PCA, were
performed on the data collected in 2019. Data reduction was
also investigated based on assessing their loadings and
correlation structure on the major PCs and VFs. The possi-
bility of data reduction was investigated in this study. About
80% of data in Qa’Jahran basin can be reduced in expense of
20% of overall variance. This research points out that the
data reduction can be possible in the monitoring program.
Approximately 48% can be reduced in expense of 14.78% of
the overall variance. A total of nine parameters out of 17

Table 5 Factor loadings on the
major PCs for Qa’Jahran basin

Variable Factor Communalities

VF1 VF2 VF3 VF4

Turbidity −0.364 0.61 0.559 0.111 0.83

pH −0.369 −0.627 0.494 0.206 0.817

EC 0.982 −0.08 0.148 0.043 0.995

TDS 0.982 −0.08 0.148 0.043 0.995

TH 0.549 0.733 −0.156 −0.035 0.865

TA 0.842 −0.4 0.03 0.153 0.892

HCO3 0.867 −0.344 −0.023 0.143 0.89

CO3 −0.224 −0.614 0.575 0.119 0.772

CL 0.87 0.142 0.145 0.188 0.833

SO4 0.763 0.185 0.22 −0.479 0.895

F 0.329 −0.438 0.21 −0.777 0.948

Ca 0.403 0.733 −0.276 −0.151 0.799

Mg 0.649 0.479 0.135 0.206 0.711

Na 0.714 −0.58 0.298 0.085 0.941

K 0.52 −0.103 −0.429 0.272 0.539

NO3 0.02 0.812 0.359 0.172 0.819

Fe −0.049 0.69 0.68 −0.074 0.947

% variance 40.137 26.277 11.943 6.863

Cumulative (%) 40.137 66.414 78.357 85.22
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Fig. 5 Water quality parameters (spatial distribution maps) of Qa’Jahran basin
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(conductivity, TDS, hardness, total alkalinity, bicarbonate,
chloride, sulfate, calcium, nitrate) explained 85.22% of the
data variance.

According to WHO and G.Y.L., most of the chemical
elements in the study area fall in the permissible limits. WQI
and GIS approach were integrated to evaluate water quality

in the study area and identify the potential risky zones. This
water quality index map shows that the water in the study
area is mostly excellent to good water, and based on that,
this water is recommended for domestic use and human
drinking.

Table 6 Relative weight for
each water quality parameter
(Gebrehiwot et al., 2011)

Chemical parameters G.Y.L WHO (2011) Weight (wi) Relative weight Wi = wi/
P

n wi

Turbidity 5 2 0.03922

pH 6.5–8.5 8.5 4 0.07843

EC (lS/cm) 450–2500 500 4 0.07843

TDS (mg/L) 650–1000 500 5 0.09804

TH (mg/L) 100–500 – 3 0.05882

TA 100 2 0.03922

HCO3—(mg/L) 150–500 500 3 0.05882

Cl− (mg/L) 200–600 250 3 0.05882

SO4
2− (mg/L) 200–400 250 4 0.07843

F− (mg/L) 0.5–1.5 1 4 0.07843

Ca2+ (mg/L) 75–200 75 2 0.03922

Mg2+ (mg/L) 30–150 50 2 0.03922

Na+ (mg/L) 200–400 200 2 0.03922

K+ (mg/L) 8–12 12 2 0.03922

NO3
−N (mg/L) 10–50 45 5 0.09804

Fe2+ (mg/L) 0.3–1 0.3 4 0.07843

Table 7 Water quality index for
the Qa’Jahran wells

ID WQI Water classification

DJ1-W0005 38.243843 Excellent water

DJ1-W0015 64.904057 Good water

DJ1-W0002 39.601739 Excellent water

DJ1-W0008 73.76476 Good water

DJ1-W0014 43.2662 Excellent water

DJ1-W0034 35.64832 Excellent water

DJ1-W0010 43.719578 Excellent water

DJ2-W0051 64.260741 Good water

DJ3-W0020 42.006772 Excellent water

DJ2-W0002 34.78738 Excellent water

DJ3-W0005 61.615663 Good water

DJ3-W0083 41.377107 Excellent water

DJ2-W0014 37.560144 Excellent water

DJ2-W0067 45.272093 Excellent water

DJ2-W0008 58.925567 Good water

DJ1-W0009 34.209919 Excellent water

DJ1-W0033 23.970572 Excellent water

DJ3-W0015 19.979173 Excellent water
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Development and Calibration of Transient
Groundwater Flow Model for Al Kufrah
Region, Southeast Libya

Abdalraheem M. Huwaysh and Zuhair B. Hafi

Abstract

Al Kufrah basin, which is a part of the huge trans-
boundary Nubian Sandstone Aquifer System (NSAS)
shared by Libya, Egypt, Sudan and Chad, is a major water
resource in North Africa. The NSAS consists of a number
of aquifers laterally and /or vertically interconnected,
extending over more than 2 � 106 km2. In recent years,
the demand in some areas has resulted in withdrawals that
substantially exceed replenishment of the aquifers. A 3-D
groundwater flow model was constructed and calibrated
to simulate the subregional groundwater flow during the
pre- and post-development periods in response to stresses
within Al Kufrah Region. The developed model utilized
PMWIN® software, a fully integrated modeling platform
that uses the USGS Modular MODFLOW2000®. The
entire simulated thickness of 300 m was modeled as three
hydraulically connected horizontal layers; each layer
consists of 181 rows and 181 columns with grid spacing
of 500 m by 500 m to cover a total area of 8190 km2.
General head boundaries (GHBs) were assigned to the
southern and eastern nodes to simulate the groundwater
inflow and outflow. Evapotranspiration was assigned to
the upper model layer, with a maximum rate of
2750 mm/yr and an extinction depth of 2 m below the
ground surface. Groundwater flow parameters (princi-
pally hydraulic conductivities, boundary conditions and
recharge) were set during the steady-state calibration
process. Calibration proceeded by varying these input
parameters until the model results in most closely
matched field measurements. In addition, the simulated

hydraulic heads were consistent within the model domain
with the actual field measurements (before the year 1968).
Five stress periods—transient-state flow model, were
constructed and calibrated using all available data from
1968 to 2010. Specific storage values range from 10−5 to
10−2 for the middle and the lower layers, and specific
yield range between 2 � 10−3 and 2 � 10−1 for the upper
layer was initially assigned based on the previous
hydrogeological studies of Al Kufrah basin; these values
were repeatedly adjusted for the three layers during the
calibration of the first period until satisfactorily calibrated
hydraulic heads were reached. A value of about 10% of
the total applied water was assigned to layer 1 as a surface
recharge. Analysis of the residual statistics and spatial
distribution of residuals as well as the visual comparison
between simulated and observed hydrographs and poten-
tiometric surfaces were used to analyze the ability of the
calibrated model to simulate aquifer conditions within
acceptable error. The root of mean square errors ranges
from 0.8 m to 2.34 m for the 33 observation wells.
Calibrated model output includes a 43-year estimate of
the water budget by the end of each stress period at the
shallow and deep layers. The historical calibration of this
transient-state model indicated a very close matching
between the calculated and the observed drawdown
values that have exceeded 40 m during some periods.
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1 Introduction

Libya, in spite of its vast area, more than 90% of its terri-
tories receive an annual rainfall less than 100 mm, which
makes the country to be classified as a water-scarce country.
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Al Kufrah basin is one of the main groundwater resources in
Libya (Pallas, 1980). It covers the southeastern corner of the
country, with fast-growing Al Kufrah settlement cluster in its
center. The rest of the basin is deserted with some opera-
tional agricultural projects. To meet this growing water
demand, the development and calibration of computer-based
numerical models to simulate the movement of groundwater
in the shallow and deep aquifers under transient flow con-
ditions are vital for future modeling of groundwater
contamination.

2 Description and Location of the Modeled
Area

The targeted area is a part of Al Kufrah basin. It is also a part
of the huge Nubian Sandstone Aquifer System (NSAS)
which represents a huge trans-boundary groundwater system
consists of a number of aquifers laterally and/or vertically
interconnected, extending over more than 2.2 � 106 km2,
shared by Libya, Egypt, Sudan and Chad (CEDARE, 2001).
Several water well fields as well as hundreds of private water
wells have been drilled for the agricultural and domestic
purposes in the urbanized and rural areas. The piezometric
network was the main source of data about the periodical
water-level measurements recorded from several shallow
and deep piezometers (Fig. 1).

3 Model Development

A three-dimensional (3-D) steady-state groundwater flow
model of the Kufrah aquifers has been previously developed
and calibrated by the authors, and the results were published
in Water Resources of Libya (Hweesh & Hafi, 2015). This
paper deals with the results obtained from the model simu-
lation of groundwater under transient-state flow conditions
during the post-development period (1968–2010).

3.1 Conceptual Model

The conceptual groundwater model upon which this
transient-state flow model was based has been developed to
provide a description of the hydrogeologic conditions and
processes within the modeled area (Hweesh &Hafi, 2015).
The components of the conceptual model included (1) de-
scriptions of the hydrogeologic framework and hydraulic
properties of the media; (2) descriptions of the spatial and
temporal characteristics of the model boundaries; (3) esti-
mates of inflows, outflows and fluxes across model bound-
aries; (4) descriptions of the approaches used to estimate the

components of the steady-state water budget and the possi-
ble effects of transient influences on groundwater flow
directions; and (6) descriptions of the stratigraphic and
hydrologic controls on groundwater flow.

Because the existing pumping wells have been drilled
during different periods of time and penetrating the aquifer at
various depths (Eddib, 1973), the entire simulated thickness
of 300 m was modeled as three horizontal layers; layer 1,
layer 2 and layer 3 of thicknesses 70 m, 80 m and 150 m,
respectively, and with vertical upward and downward flow
between them (Fig. 2).

3.2 Transient-State Model Setup

The excessive use of groundwater in Al Kufrah region for
irrigation practices has disturbed the primordial equilibrium
in the aquifer system, ever since the net extraction of
groundwater exceeded the net natural recharge. Conse-
quently, the overall groundwater storage in the region is
under ongoing decrease (General Water Authority, 2014).
For a period of thirty years (from 1976 to 2006), the data
collected from the deep piezometer (Pz. 19), for example,
which is located at the center of the pumping area of Al
Kufrah Production Project (KPP), indicated that the mea-
sured water level in the deep aquifer declined as much as
23 m in average, with a rate of 0.76 m/y (Fig. 3).

The transient simulation phase of groundwater flow in the
targeted area is intended to represent temporal changes of
water levels in the shallow and deep aquifers for water
extraction period of 43 years (from 1968 to 2010). The
model input consists of two parts; the first part includes the
results (outputs) obtained during the steady-state calibration
phase which are hydraulic heads, hydraulic conductivity
values (horizontal and vertical), boundary conditions and the
evapotranspiration parameters. The second part of the input
package contains stress periods, length (time), groundwater
pumpage, recharge from irrigation return and the initial
estimate of aquifer storativities for the shallow and deep
layers.

3.2.1 Time Discretization
The model simulates total of 43 years (from 1968 up to
2010) of continuous pumping of variable rates and locations.
Consequently, the total modeled pumping duration was
divided into five stress periods as shown in Table 1, based on
the number of operated wells and the availability of histor-
ical hydraulic head measurements required for the model
calibration at each period. Time-dependent hydrogeological
variables, such as the field-measured hydraulic heads and the
quantities of the extracted and irrigation return water, were
assigned specifically to each period.
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3.2.2 Groundwater Withdrawal
Abstraction rates are rarely documented, especially for the
private farms, and the expansion of the irrigated areas with
increase of the number of wells led to discretize the total
simulation time into five pumping periods. Quantification of
the modeled abstraction rate for individual wells was esti-
mated according to the average daily irrigation hours and
pumping rates as reported by Kufrah Production Project
(KPP) and Kufrah Date Palms Project (KDP).

In Al Kufrah region, the major exploitation of ground-
water for agricultural purposes began in 1968 when the
KPP was started by the drilling of about 20 deep wells’
tapping layer 3. By the year of 1974, the total number of
drilled wells had been reached up to 100 wells. Data pre-
sented by General Water Authority (GWA) in Libya indi-
cate a rapid increase in the number of wells penetrating
both the shallow and deep aquifers through the past
40 years in and around Al Kufrah Town. This is evidently
recognized from the historical satellite images that cover
the study area.

3.2.3 Surface Recharge
Because of the aridity of the study area, the only direct
surface recharge is limited to irrigation return water at cul-
tivated fields. Based on the literature review and internal
reports, a value of about 10 percent of the total applied water

was assigned to layer 1 as a surface recharge. It is variable
from pumping period to another.

4 Transient-State Model Calibration

Transient-state model calibration has been carried out by
manual trial-and-error adjustments of the storativity param-
eters (specific yield and specific storage), while the
steady-state hydraulic conductivities (Kh and Kv) kept
unchanged. In order to achieve the reasonable match
between the field-measured and simulated hydraulic heads,
hundreds of computer runs was done.

The model was calibrated for transient conditions starting
from 1968 to 2010 (43 years) simulating five stress periods
of different lengths. A total of 315 hydraulic head mea-
surements recorded from 31 shallow piezometers’ monitor-
ing layer 1 and 32 deep piezometers’ monitoring layer 3
were used to validate the matching between the simulated
and the measured heads over the whole simulation time.

4.1 Storativity

Specific storage values range from 10−5 to 10−2 for the
middle and the lower layers, and specific yield range

Fig. 3 Sample of measured
water levels from one of the deep
piezometers (piezometer 19) at
the center of the pumping area

Table 1 Stress periods for the
model simulation

Stress period Years Length (year) Length (days) Accumulative time (days)

I 1968–1976 9 3285 3285

II 1977–1986 10 3650 6395

III 1987–1998 12 4380 11,315

IV 1999–2004 6 2190 13,505

V 2005–2010 6 2190 15,695
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between 2 � 10−3 and 2 � 10−1 for the upper layer was
initially assigned based on the previous hydrogeological
studies of Al Kufrah basin (Fisk & Pennigton, 1976). As
mentioned above, these values were repeatedly adjusted for
the three layers during the calibration of the first period until
satisfactorily calibrated hydraulic heads were reached
(Fig. 4).

4.2 Pumpage

The various time-related uses of the groundwater for irri-
gation induced significant transient changes in hydraulic

heads as noted in the field-measured heads. Therefore, the
hydrogeologic history of the aquifer was simulated by five
successive transient stress periods, based on the growing
water demand which led to dramatic increase of new drilled
wells as shown in Table 1 (General Water Authority, 2006).
During the calibration stage, pumping rates and the total
number of working wells from the deep and shallow layers
have been modified from one period to the next according to
the number of operated wells and their pumping rates during
each stress period. As shown in Table 2 and Fig. 5, the most
significant quantities of water were extracted from KPP
wells (layer 3). Even though the extracted quantities from
the private farm wells are much smaller than that of the KPP

Fig. 4 Specific yield and specific storage values used for calibration; a specific yield for layer 1, b specific storage for layer 2 and c specific
storage for layer 3
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wells, they played major effect on the calibration of the
upper layer.

5 Calibration Results and Statistical Analysis
of Residuals

The results of transient calibration phase are the spatial and
temporal hydraulic head distribution and the water balance
within the modeled area in response to the variable pumping
stresses. The reliability of these results has been verified at
the end of every simulation period using the following three
different approaches:

• Visual matching between the simulated and observed
hydraulic heads.

• Statistical analyses of residuals between the simulated
and observed hydraulic heads.

• Comparison between the simulated and observed hydro-
graphs at most of the deep and shallow piezometers.

5.1 Stress Period I

The simulated duration of this period had lasted for nine
consecutive years (1968–1976). The input data for this
period include the initial estimate of storativities and the
time-dependent variables which are surface recharge from
irrigation return, initial head distribution and the estimated
groundwater withdrawal rates. As previously indicated,
these parameters have been repeatedly revised until a satis-
factorily calibration was accomplished.

For the upper model layer (layer 1), 315 private farm
wells with average pumping rate of 18 m3/h and about 10%
of the pumped water were implemented to represent the
surface recharge from the irrigation water return. For the
lower model layer (layer 3), 95 deep production wells for the
KPP and 4 public wells with average pumping rate of 273
m3/h were applied. Model calibration can be assessed
qualitatively by visually comparing simulated hydraulic
heads with measured values. Figures 6 and 7 show a

reasonable match between the simulated heads at the end of
the period and the interpolated field observed heads in
December 1976 for the model layer 1 and model layer 3,
respectively. The slight discrepancy between simulated and
observed contours at the northeastern corner of the study
area can be attributed to the lack of piezometers.

The simulated head values of the thirty-two piezometers
were plotted against their standardized residuals for each layer
to check the degree of linearity between the simulated and the
observed hydraulic head values. The closer the points to the
zero line, the less the model bias, where a negative value
indicates the model tends to overprediction (simulated
hydraulic heads greater than observed) and a positive value
indicates underprediction (simulated hydraulic heads less than
observed). Out of 31 observations in layer 1, only 3 simulated
head points showed residuals greater than one (slightly under-
estimated) and 6 simulated head points showed residuals less
than one (slightly overestimated), and out of 32 observations in
layer 3, only 6 simulated head points are slightly underesti-
mated, whereas 5 simulated head points are slightly overesti-
mated (Fig. 8). Figure 8 shows also the linear correlation
between the simulated and the observed head points for both
shallow and deep layers with a confidence interval of 95%.

5.2 Stress Period II

The last (fifth) simulated period continued for 6 years (2005–
2010), where the total number of KPP production wells
reduced to 37 wells only because several difficulties encoun-
tered the project. On the other hand, new additional wells were
implemented; they include 100 production wells for the KDP, 2
public wells and 486 private farm wells. The simulated and
observed hydraulic head distributions are more or less matched
in the most of the study area with minor differences at close to
the center of the KPP well field (Figs. 9 and 10).

The standardized residuals versus simulated heads as well
as the linear regression plots with 95% confidence of
observed heads versus simulated heads for the layer 1 and
layer 3 are displayed in Fig. 11. Six simulated head points in
the layer 1 are slightly underestimated, and 5 simulated head
points are slightly overestimated; for the lower layer, the

Table 2 Simulated discharge and the number of wells for each stress period

Period Total discharge (m3) Number of wells

Public wells Private farms KPP KDP Public wells Private farms KPP KDP

I 6,898,500 43,299,585 360,190,395 0 4 315 100 0

II 52,100,100 78,734,150 798,828,050 66,685,500 13 393 95 9

III 104,143,260 94,853,280 1,112,169,600 107,222,400 13 456 86 9

IV 70,301,190 64,618,140 256,617,630 33,774,180 14 603 55 7

V 86,356,080 112,143,330 83,095,170 57,489,690 16 1089 37 106
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number of the overestimated and underestimated simulated
head points found to be 5 points.

RMSE’s for the model range from 1.15 to 2.34 m for all
time periods for layer 1 and from 0.81 to 2.34 m for the

layer 3, with slightly flat increasing trend throughout sim-
ulation time for both layers. The RMSE parameters pre-
sented in Table 3 confirm the ability of the model to
simulate observed hydraulic heads under different sets of
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Fig. 5 Total simulated
groundwater volumes pumped for
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Fig. 6 Contour maps of
observed (a) and simulated
(b) hydraulic heads of the layer 1
during the period I (m.a.s.l)

a b

Fig. 7 Contour maps of
observed (a) and simulated
(b) hydraulic heads of the layer 3
during the period I (m.a.s.l)
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pumping stress and strengthen the prediction confidence for
future pumping scenarios. These RMSE flat trends are
probably attributed to the implicit error in the estimated
pumping rates and number of private wells.

From the above presented standardized residuals versus
simulated head plots, it can be noticed that, for all stress
periods, the number of underestimated heads for layer 1
ranges from 3 to 6 and from 4 to 6 for layer 3.

Fig. 8 Standardized residuals and regression lines versus simulated heads for period I: a, b layer 1; c, d layer 3

a b

Fig. 9 Contour maps of
observed (a) and simulated
(b) hydraulic heads of the layer 1
during the period V (m.a.s.l)
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5.3 Simulated and Observed Hydrographs

As model calibration and parameter estimation are keyed to a
set of historical data, the confidence in and reliability of the
calibration process is proportional to the quality and compre-
hensiveness of the historical record (Konikow & Reilly, 1998).

Hydrograph is an important graphical representation of
periodic measurements of groundwater levels as displayed
versus time. In this study, the simulated and observed
hydraulic heads of both shallow and deep piezometers were
plotted against the five modeled stress periods in order to
validate the model calibration results. Deep piezometer

a b

Fig. 10 Contour maps of observed (a) and simulated (b) hydraulic heads of the layer 3 during the period V (m.a.s.l)

a

c

d

b

Fig. 11 Standardized residuals and regression lines versus simulated heads for period V: a, b layer 1; c, d layer 3
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hydrographs can be classified into three distinctive cate-
gories taking into account the general trends and matching of
the simulated and observed heads; these categories reflect
the location of the piezometer with respect to the KPP irri-
gation pivots. Even though the nearby piezometers show
good trends, little discrepancies between the two heads are
prominent for some periods which could be related to the
effect of pumping during the water-level measurements
(Fig. 12).

Those piezometers which are located in KPP well field
but not very close to certain irrigation pivot or a little bit
farther show excellent trend and minimal discrepancy
between the two hydrographs as well (Figs. 13 and 14).

In the far southern and northern parts of the study area,
where no discharge is taking place, the observed hydraulic
head fluctuations are minimal, varying by less than 1 m,
while the trend of the simulated head almost flats all over the
five simulated periods (Figs. 15 and 16).

6 Simulated Drawdown

The model has been used to simulate historical drawdown
effects from pumping for the three model layers. During the
development periods (1968–2010), a considerable draw-
down has occurred in the potentiometric surface forming
local cones of depression as water is removed from storage
by withdrawals. The maximum simulated drawdown that
to be mentioned in the following sections represents spot
value within the center of model active cell.

6.1 Stress Period I (1968–1976)

After 9 years of continuous pumping since the
post-development stage started, a remarkable drawdown in
the model layer 1 occurred at the center of the KPP well field
with a maximum value of 9 m. The effect of extraction of

groundwater from the private farms is evident at the north-
western part of the study area (Al Hawari village), where it
reached up to 6 m (Fig. 17). In layer 2, almost the same
pattern of drawdown distribution had occurred at the KPP
well field with a maximum value of 9 m; however, the
groundwater extraction from the private farms had no sig-
nificant effect in this layer. Due to the extensive pumping of
groundwater from layer 3 where the KPP wells are tapped,
two major spots of drawdown were resulted with maximum
values of 16 m at the center and 10 m at the southwestern
part of the well field (Fig. 17).

6.2 Stress Period II (1977–1986)

As the number of wells’ tapping layer 1 for irrigation use in
the private farms has expanded, the drawdown pattern had
widened toward the west. The maximum drawdown has
increased by 4 m compared to the period I at the KPP well
field. The drawdown pattern during this period in layer 2
covers wider area with values higher than period I, and these
can be attributed to the implementation of the KDP wells
tapping this layer as well as to the continuous pumping from
the KPP. In comparison with stress period I, the drawdown
in this layer had higher values and wider spread than the
previous stress period. In layer 3, maximum drawdown of
more than 29 m was located at the southwestern part of the
KPP well field and 15 m of drawdown was recorded at the
center of the field; these could be attributed to the redistri-
bution of the pumping rates as documented in the KPP
reports (Fig. 18).

6.3 Stress Period III (1987–1998)

The simulated drawdown at the layer 1 over 12 years from
the previous period had laterally expanded, and the three
distinctive separated cones of depression at the KPP and the

Table 3 Summery of the model
residual statistics

Period RMSE Minimum (m) Maximum (m) Range (m) SD/range (%)

I Layer 1 1.15 362.89 396.31 33.42 3.45

Layer 3 0.81 358.80 396.62 37.82 2.14

II Layer 1 1.43 362.75 396.19 33.44 4.27

Layer 3 1.08 355.94 396.19 40.25 2.69

III Layer 1 1.69 358.20 396.24 38.04 4.45

Layer 3 1.18 348.36 396.01 47.65 2.47

IV Layer 1 1.98 357.73 395.96 38.23 5.17

Layer 3 1.42 353.59 396.21 42.62 3.34

V Layer 1 2.34 358.84 395.83 36.99 6.33

Layer 3 2.34 355.01 396.10 41.09 5.70

RMSE = Root of mean square error (= SD), range = maximum observed head—minimum observed head
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KDP well fields as well as Al Hawari private farms were
combined which could be related to the length of the stress
period. The simulated drawdown at the center of the KPP
well field had reached up to 21 m whereas at Al Hawari
village did not exceed 15 m. Concerning the layer 2, the

simulated drawdown configuration behaves more or less
similar to that in layer 1, except at Al Hawari village where it
shows a lower value (Fig. 19). Because all the KPP wells
tapped the third layer with extensive pumping for longer
duration, the drawdown in this layer had reached its highest

Piezometer 11 

Fig. 12 Simulated and observed hydrographs for piezometers 11 and 14

Piezometer 13Piezometer 6

Fig. 13 Simulated and observed hydrographs for piezometers 6 and 13

Piezometer 16 Piezometer 21 

Fig. 14 Simulated and observed hydrographs for piezometers 16 and 21
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value from 40 to 45 m that covers an area of 235 hectare at
the center of the KPP well field (Fig. 19).

6.4 Stress Period IV (1999–2004)

After 37 years of continuous groundwater pumping, the
affected area by drawdown was expanded laterally wider
than that in the previous periods for the three simulated
layers. The most significant drawdown was recognized in
layer 3 (45 m) at the KDP well field, where previously
located at the center of the KPP well field. This shift is
evidently related to two reasons: the decline of the number
of pumping wells at the KPP well field and the resuming of
pumping from the KDP wells (Fig. 20).

6.5 Stress Period V (2005–2010)

The modeled area during the last pumping period is char-
acterized by decrease of the maximum simulated drawdown

compared to the last two stress periods (III and IV), where it
reached up to 27 m, even though the affected area due to
water extraction was continuously increased in the three
layers (Fig. 21). This can be attributed to the shutdown of
most of the KPP wells due to technical problems. On the
other hand, a noticeable increase in the drawdown values in
layer 2 can be recognized at the western part of the modeled
area as a result of the construction of new 100 production
wells (KDP Project expansion).

The simulated drawdowns over all the stress periods have
revealed a significant localized drawdown at the center of
KPP and KDP well-fields and the private farms. These cones
of depression became wider and wider progressively with
time covering larger area. Extraction of groundwater from
one layer affects the storage of the others, and this strongly
confirms that these layers are hydraulically connected and
behave as one system. By using Global Mapper software, V
15 and the drawdown Surfer grid files, the areas subjected to
drawdown value of 1 m or more have been calculated for the
three layers at every stress period as shown in Table 4 and
Fig. 22.

Piezometer 31 Piezometer 33 

Fig. 15 Simulated and observed hydrographs for piezometers 31 and 33

Piezometer 34 Piezometer 36

Fig. 16 Simulated and observed hydrographs for piezometers 34 and 36
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7 Groundwater Budget
of the Transient-State Model

The model is used to derive components of the groundwater
budget for each of the five stress periods for the 43-year
simulation. Since the whole model domain works as one
system, the water budget for each stress period will be dis-
cussed for the entire model domain regardless of detailed
model layers.

Negative rates indicate outflows from the groundwater
system, and positive rates indicate inflows to the ground-
water system. The net flow is computed by inflows minus
outflows (in cubic meters per day), where drawdown
reflected by negative difference and the buildup gives a
positive difference. Inflow components comprise surface

recharges (irrigation water return) and head-dependent
boundaries, and the outflow components consist of
groundwater extraction from the pumping wells, evapo-
transpiration and head-dependent boundaries. The vertical
exchange between the modeled layers whether it is inflow or
outflow is also considered by the model as one of the water
budget components. Flow into and out of storage is also
considered part of the overall budget in as much as accu-
mulation in storage effectively removes water from the flow
system and storage release effectively adds water to the flow,
even though neither process, in itself, involves the transfer of
water into or out of the groundwater regime (Harbaugh et al.,
2000). Following the convention, water entering storage is
treated as an outflow (i.e., as a loss of water from the flow
system), while water released from storage is treated as an
inflow (i.e., a source of water to the flow system).

Layer 1 Layer 2

Layer 3

Fig. 17 Simulated drawdown in the three model layers during stress period I (m)
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Besides the drawdown calculations, the model also cal-
culated the volumetric rate of the above-mentioned inflow
and the outflow water budget components for the three
layers at every stress period, but because the layers behave
as one hydraulic system within the model domain, a sum-
mary of the total water budget for each stress period is
presented. By examining the water budget results shown in
Fig. 23, the following can be stated:

• Storage component is the dominant source of water to the
aquifer system, where it contributes about 70% of the
pumped water at the first period and slightly increases to
83% in period III as the water extraction increases. As the
pumping from the KPP well field had been reduced

during the last two periods, the storage contribution had
been significantly decreased to almost 80%.

• All the budget figures show that the surface recharge from
irrigation water return had insignificant part as a source in
the water budget where its share had reached 12% at
most.

• The inflow from the general head boundaries plays a very
minor role in the water budget of the whole domain, with
a maximum value less than 17% of the total inflow; this is
obviously related to their remote location from the stress
areas as well as to the existence of gentle gradient further
away from the well field.

• The outflow component of evapotranspiration had
reached up to 1.57% out of the total outflow in the first

Layer 2Layer 1

Layer 3

Fig. 18 Simulated drawdown in the three model layers during stress period II (m)
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period and gradually decreased to 0.67% by the end of the
third period as the area affected by drawdown had
widened. As the pumping had been reduced during the
fourth and the fifth periods, considerable recovery of
water level led to slight increase in evapotranspiration
value up to 1% of the total outflow.

The groundwater budgets for both pre-development and
post-development times were calculated of the whole model
domain and are summarized in Table 5. Total inflow rate
through the study area was about 25.6 � 103 m3/d before
development and about 232.8 � 103 m3/d by the end of

2010. In general, groundwater pumping is supplied by a
combination of two inflow sources: storage and the
head-dependent boundary inflow. The head-dependent
boundary inflow had been increased from 25.6 � 103 to
35.3 � 103 m3/d, while the head-dependent boundary out-
flow had been reduced from 22.98 � 103 to 18.060 � 103

m3/d during the simulation time. These differences in the
flow rates partially provide the supply of pumping. As
pumping started during the post-development time, the
dominant supply of groundwater was the aquifer storage,
where it reached up to 187.1 � 103 m3/d by the end of 2010
(Table 5).

Layer 1 Layer 2

Layer 3

Fig. 19 Simulated drawdown in the three model layers during stress period III (m)
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8 Conclusion

Based on the available data, a groundwater flow model was
calibrated to generate groundwater elevations and
steady-state flow in the model domain with no water budget
discrepancy. A satisfactory match between simulated and
observed hydraulic heads was successfully achieved. Model
parameterization in the transient-state model is the same as
used in the steady-state calibration, with the addition of
pumpage, irrigation water return and the storage coefficient
parameters that were mostly set up to follow the hydraulic
conductivity zonation scheme. Unlike hydraulic conductiv-
ities, storage coefficients were varied from one model layer
to the other. The transient-state model was also calibrated to

transient conditions using five stress periods (1968–2010) by
traditional trial-and-error method. Final storage coefficient
values are all within reasonable and expected ranges, and are
consistent with about 130 aquifer test results. Other model
parameters, such as boundary conditions and evapotranspi-
ration, are the same as for the steady-state calibration. The
transient model simulates fluctuations caused by ground-
water extraction for irrigation and domestic purposes. Sim-
ulated historical drawdowns reflect coalescing cones of
depression resulting from significant pumping from the three
model layers in the study area since the mid-seventies in last
century. Simulated historical variations in hydraulic heads
were evaluated by comparing the model-simulated and
field-measured values at 32 dual piezometers in 1976, 1986,
1998, 2004 and 2010. In general, simulations using the

Layer 1 Layer 2

Layer 3

Fig. 20 Simulated drawdown in the three model layers during stress period IV (m)
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Layer 1 Layer 2

Layer 3

Fig. 21 Simulated drawdown in the three model layers during stress period V (m)

Table 4 Calculated total areas
affected by drawdown in hectares

Stress period

Total area (ha) I II III IV V

Layer 1 55,884 109,108 148,345 162,348 175,308

Layer 2 51,111 103,430 143,550 158,711 171,530

Layer 3 49,172 108,686 157,922 174,076 189,073

Development and Calibration of Transient Groundwater Flow Model … 163



0
20
40
60
80

100
120
140
160
180
200

I II III IV V
Ar

ea
 ( 

x 
10

3
ha

)
Period

Layer 1 Layer 2 Layer 3
Fig. 22 Total areas affected by
one meter drawdown or more
during each simulation period (in
hectares)

c

b 

d

e 

a

Fig. 23 Water budget for the five stress periods; a period I, b period II, c period III, d period IV and e period V

164 A. M. Huwaysh and Z. B. Hafi



groundwater flow model developed for this study show that
drawdown in the deep layer (layer 3) is much greater than in
the shallow layers (layers 2 and 3), and this difference
attributable to the huge quantities of water extracted by the
KPP wells’ tapping layer 3, i.e., significant quantities of
pumped water, was derived (removed) from storage. Simi-
larly, the total areas affected by one meter drawdown or
more in layer 3 are more than those in layers 1 and 2 (it
reached about 190 � 103 ha in 2010).
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Table 5 Water budget outputs of
the three aquifer layers for the
whole transient-state model
domain

Inflow Pre-development
volumetric rate (m3/d)

2010 volumetric
rate (m3/d)

Component
difference

Head-dependent boundaries 25,611 35,282 −9671

Storage 0 187,077 −187,077

Irrigation return (recharge) 0 10,452 −10,452

Wells 0 0 0

Evapotranspiration 0 0 0

Total in 25,611 232,811 −207,200

Outflow

Head-dependent boundaries 22,976 18,060 4916

Storage 0 57,603 −57,603

Irrigation return (recharge) 0 0 0

Wells 0 154,833 −154,833

Evapotranspiration 2634 2324 310

Total out 25,610 232,820 −207,210
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A Multivariate Analysis of Groundwater
Chemistry Data

Ahmed Garba, Muhammad Mukhtar, and Aishatu Hussein Santuraki

Abstract

Groundwater serves as the main source of water for
drinking and other domestic purposes, and often it is over
exploited. Nowadays, it is facing threats due to anthro-
pogenic activities. In this study, a total of 20 groundwater
samples from boreholes used for drinking, and other
domestic purposes were collected from Hadejia town
northeastern Jigawa State, Nigeria, and analyzed for their
physicochemical characteristics and trace metal levels
using standard methods aimed at assessing the ground-
water quality. The well-founded techniques of principal
component analysis (PCA) and cluster analysis
(CA) were jointly used. PCA was used to investigate
the origin of each water quality parameters and yielded
five varimax factors/components with 78.69% total
variance in the groundwater quality data. First two factors
reveal that 47.69% of the total variance dominated by
total hardness, TDS, Cl−, NO3

−, Cu, EC, Fe, and Cr
indicating the major variations are related to anthro-
pogenic activities and natural processes. Cluster analysis
results grouped the 15 parameters and 20 sampling sites
into two and four statistically significant clusters, respec-
tively, based on their similarities. The results showed that
concentrations of Mn, Cr, and Pb are slightly higher
above the maximum permissible limit of Nigerian
standard for drinking water quality (NSDWQ, Nigerian
Industrial Standard. NIS 554, Nigerian Standard for

Drinking Water Quality (NSDWQ). (2007). Nigerian
Industrial Standard (NIS) 554:2007 ICs 13.060.20.)
and hence the need for the replacement of the affected
wells.

Index Terms

Groundwater � Multivariate analysis � Physicochemical

1 Introduction

Groundwater constitutes the largest readily available fresh
water reserve on earth. It is the most vital natural resource,
which forms the core of the ecological system. It has become
the major source of water supply for drinking, domestic,
household, agricultural, industrial, recreational, and envi-
ronmental activities, etc. The usefulness of water for par-
ticular purpose is determined by its quality. Groundwater
quality is mainly controlled by the range and type of human
influence as well as geochemical, physical, and biological
processes occurring in the ground.

Groundwater supply schemes consist typically of a large
number of hand-pumped boreholes, providing untreated,
unmonitored, and often unconnected supplies (Hiscock,
2009). A poor quality of water threatens human health and
plant growth (Olajire & Imeokparia, 2001), thereby
adversely affecting economic development and social pros-
perity (Milovanovic, 2007). It is therefore crucial to establish
the current status of groundwater quality in the study area
and thus its appropriateness for use in drinking and other
purposes.

The determination of groundwater quality for human
consumption is important for the well-being of the
ever-increasing population. Groundwater quality depends, to
some extent, on its chemical composition (Wadie &
Abduljalil, 2010) which may be affected by natural and
anthropogenic factors. Variation in groundwater quality in
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an area is a function of physical and chemical parameters
that are greatly influenced by natural processes such as
geological formations and anthropogenic activities.

Multivariate techniques such as factor analysis, principal
component analysis, and cluster analysis are powerful
techniques to identify the underlying processes that control
groundwater chemistry, grouping of samples of similar
composition and origin, and to predict the variables that
differentiate the sampling stations temporally and spatially.
These techniques have widely been used as unbiased
methods in the analysis of groundwater quality data to
characterize groundwater composition influenced by natural
and anthropogenic factors (Lambrakis et al., 2004; Dragon,
2006).

2 Study Area

This study is carried out in Hadejia Local Government Area,
and it lies in the northeastern corner of Jigawa State between
latitude 12° 13′–13° 60′ N and longitude 90° 22′–11′ 00E
(Orisakwe, 2013). The topography of the area is dominated by
the river Hadejia which it lies on its Northern bank which
drained into Lake Chad, which at some points is 1–2 m above
the surrounding plains including the town. The climate of the
area is semi-arid. It is characterized by a long dry season and a
short wet season from June to September. The total annual
rainfall ranges from 600 mm in the northern part to 762 mm
in the southern areas (Orisakwe, 2013). The regional vege-
tation falls within the Sudan Savannah type.
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3 Sample Collection and Analysis

Groundwater samples for the analysis were collected from
20 different sites monthly in February, March, and April,
2019 during the dry season. All the samples were collected
and treated in accordance with the (American Society for
Testing and Material, 2004; American public health associ-
ation [APHA], 2005). The boreholes were allowed to flow
for about 3 min before the water is collected. Temperature,
pH, electrical conductivity, and total dissolved solids were
measured in situ using Hanna pH 210 model microproces-
sor, EQ-660 digital conductivity meter, and Hatch 446,600
model TDS meter, respectively. T/H, Ca, and Mg were
determined using titrimetric method (American Society for
Testing and Material, 2004). NO3

−, Cl−, Fe, Cu, Zn, Mn, Cr,
and Pb were determined using CHEMetrics Vacu-Visual
self-filling ampoules water testing kits with CHEMetrics
Photometric Multi-Element Analyzer model V-2000. The
samples were chemically analyzed at the Center for Energy,
Research and Training, Ahmadu Bello Univeristy Zaria,
Nigeria.

4 Results and Discussion

The values for physicochemical variables were presented
in Table 1. Parameters values such as EC, pH, Temp.,
TDS, TH, Ca, Mg, Cl−, and NO3

− were found to be
below or within the permissible limit set by the (NSDWQ,
2007) in majority of the boreholes. The results similarly
showed that concentrations of Mn, Cr, and Pb are slightly
higher above the maximum permissible limit of Nigerian

standard for drinking water quality (NSDWQ, 2007) and
hence the need for the replacement of the affected wells
(Table 2).

The rotated factor loading, eigenvalues, percentages of
variance, and cumulative percentages of variance associated
with each factor for PCA are summarized in Table 3. The
results show that five (5) principal components were
extracted and rotated using the varimax normalization (Liu
et al., 2003) which accounts for more than 78% of the total
variance, which is quite good and can be relied upon to
identify the main source of variation in the hydrochemistry.
The factor loading was sorted according to the criteria of
(Bartram & Balance, 1996) by which strong, moderate, and
weak loadings corresponds to absolute loading values of
>0.75, 0.75–0.50, and 0.50–0.30, respectively.

In PCA, eigenvalues are normally used to determine the
number of components (PCs) that are retained for further
analysis. An eigenvalue gives a measure of the significance
of the factor. The factors with highest eigenvalue are the
most significant. Eigenvalues of 1.0 or greater are considered
significant (Shrestha & Kazama, 2007)). Number of com-
ponents is equal to the number of variables in PCA.

The first component loading accounted for 30.27% of the
total variance showed higher loading for TH, TDS, NO3

−,
Cu, and Cl−, with significant contribution from Ca and Mn.
It is reasonable to observe a strong positive loading of TH,
TDS, NO3

−, with Cl−, which may be probably due to lea-
chate from domestic waste discharge in some part of the
area. The higher Cl− and TDS is an indication that there is a
possibility that the groundwater is polluted by sewage or
waste from refuge dumping site (Amadi, 2010). This factor
can be labeled as the hardness and anthropogenic.

Table 1 Value of
physicochemical parameter in
groundwater of Hadejia

Parameter Results range NSDWQ (2007) WHO (2011)

pH (Range) 5.96–7.58 6.5–8.50 6.5–8.50

Temperature (°C) 27.60–28.00 Ambient Ambient

EC (µS/cm) 98.00–1306 1000 1000

TH (mg/L) 62.00–374 150 150

TDS (mg/L) 53.90–723 500 500

Fe (mg/L) 0.14–0.88 0.30 0.30

Cu (mg/L) 0.02–5.57 1.0 1.0

Zn (mg/L) 0.01–2.37 3.0 3.0

Mn (mg/L) 0.28–19.50 0.20 0.20

Cr (mg/L) 0.04–0.25 0.05 0.05

Pb (mg/L) 0.34–2.95 0.01 0.01

Ca (mg/L) 9.61–76.95 NS 75

Mg (mg/L) 6.32–56.42 50–150 50–150

Cl−(mg/L) 0.69–12.64 250 250

NO3
−(mg/L) 1.35–34.80 50 50
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Factor loading (VR2) accounted for 17.43% of total
variance represents higher loadings for Fe and higher neg-
ative loading for Cr and Electrical conductivity, with sig-
nificant contribution from Mg. These could be conceived to
mainly originate from the ionic dissolution in the course of
groundwater migration. This factor can be labeled as a nat-
ural process leading to heavy metal pollution. VR3 explains
13.16% of total variance and has a higher loading on Mn,
Mg, Cl, and moderate negative loading on Ca with signifi-
cance contribution from TDS and Cu. The major variables
constituting VR3 (Ca, Mg, Cl, and Mn) are related to the
hydrochemical variables originating from mineralization of
groundwater.

5 Cluster Analysis

Cluster analysis is applied to detect the similarity among the
different sampling sites. The clustering procedure generates
either cluster or groups on the basis of similarity or dis-
similarity of variables. Cluster analysis classifies a set of
observations into two or more unknown groups based on
combination of internal variables. Therefore, the cluster
analysis is to discover a system of organized observations
where a number of groups/variables share properties in
common, and it is cognitively easier to predict mutual
properties based on an overall group membership. This helps

Table 2 PCA rotated component matrix with Kaiser normalization

VR1 VR2 VR3 VR4 VR5

pH −0.103 −0.266 −0.153 −0.037 −0.58

Temp 0.066 −0.057 0.005 0.877 0.181

EC −0.292 −0.729 0.112 0.046 −0.176

TH 0.871 −0.187 −0.180 −0.234 0.153

TDS 0.869 0.169 0.341 0.237 0.034

Ca 0.362 0.201 −0.661 0.069 0.395

Mg −0.015 0.497 0.665 0.005 0.288

Cl− 0.549 −0.048 0.621 0.305 0.204

NO3 0.891 0.244 −0.003 0.063 −0.179

Fe −0.242 0.607 0.109 −0.483 −0.178

Cu 0.811 0.285 0.317 0.203 −0.045

Zn −0.144 −0.027 −0.08 −0.043 0.906

Mn 0.346 0.037 0.780 0.050 0.001

Cr −0.154 −0.859 −0.093 0.116 −0.127

Pb −0.03 0.168 −0.128 −0.782 0.289

Eigenvalues 4.54 2.615 1.974 1.624 1.051

% of variance 30.267 17.431 13.161 10.826 7.006

Cumulative % 30.267 47.698 60.858 71.684 78.690

Table 3 Mean values of geochemistry data

Cluster pH Temp EC
(µS/cm)

TH
(mg/L)

TDS
(mg/L)

Ca
(mg/L)

Mg
(mg/L)

Cl−

(mg/L)
NO3

−

(mg/L)
Fe
(mg/L)

Cu
(mg/L)

Zn
(mg/L)

Mn
(mg/L)

Cr
(mg/L)

Pb
(mg/L)

1
(n = 9

6.53 27.8 235 154 207 53.8 30.4 1.98 7.35 0.49 0.48 0.34 0.75 0.11 1.57

2
(n = 3

6.25 27.9 597 151 210 28 28 4.57 1.25 0.53 0.20 0.87 0.98 0.17 1.70

3
(n = 4

6.38 27.8 286 301 588 44.8 32.5 6.79 29.7 0.29 3.53 0.05 5.56 0.08 1.39

4
(n = 4

6.76 27.8 1116 145 91 19.7 20.1 0.28 2.78 0.26 0.01 0.03 0.93 0.18 0.99
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Fig. 1 Dendrogram of water
sampling sites

Fig. 2 Dendrogram of
hydrochemical parameters
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define source profiles of variables and their interpretation in
terms of possible sources. The clustering procedure gener-
ates either cluster or groups on the basis of similarity or
dissimilarity of variables. From Figs. 1 and 2, the cluster
analysis resulted in the grouping of 20 monitoring boreholes
15 parameters into four (4) and two (2) statistically signifi-
cant clusters, respectively, based on their similarities.

Cluster 1: This includes nine (9) boreholes no. 10, 12, 16,
3, 1, 4, 18, 19, and 2(45%)

Cluster 2: It consists of three (3) boreholes which include
no. 7, 17, and 20(15%)

Cluster 3: It consists of four (4) boreholes which include
no. 11, 13, 14, and 15(20%)

Cluster 4: It consists of four (4) boreholes which include
no. 5, 9, 6, and 8(20%).

Samples from cluster 1 are composed of nine (9) bore-
holes 1, 2, 3, 4, 10, 12, 16, 18, and 19, constituted 45% of
the water samples, and are characterized by high concen-
tration of Ca, and low concentration of Mn and EC in all
clusters. Sample from cluster 2 is composed of three
(3) boreholes 7, 17, and 20, constitutes 15% of the water
samples, and is characterized by high concentration of Fe,
Zn and Pb and low concentration of NO3

− in all clusters.
Samples from cluster 3 are composed of four (4) boreholes
11, 13, 14, and 15, constituted 20% of the water samples,
and are characterized by high concentration of T/Hardness,
TDS, Mg, Cl−, NO3

−, Cu, Mn, and low concentration of Cr
in all clusters. Samples from cluster 4 are composed of four
(4) boreholes 5, 6, 8, and 9, constituted of 20% of the water
samples, and are characterized by high concentration of EC
and Cr and low concentration of T/Hardness, TDS, Ca, Mg,
Cl−, Fe, Cu, Zn, and Pb in all clusters.

6 Conclusion

The quality evaluation of groundwater sources in Hadejia
Local Government Area of Jigawa State revealed that the
results showed that concentrations of Mn, Cr, and Pb are
slightly higher above the maximum permissible limit of
Nigerian standard for drinking water quality (NSDWQ,
2007). The values for physicochemical variables EC, pH,
Temp., TDS, TH, Ca, Mg, Cl−, and NO3

− were found to be
below or within the permissible limit set by the (NSDWQ,
2007) in majority of the boreholes. PCA was used to
investigate the origin of each water quality parameters and
yielded five varimax factors/components with 78.69% total

variance, indicating that the major variations are related to
anthropogenic activities and natural processes. Cluster
analysis results grouped the 20 sampling points and 15
parameters into four (4) and two (2) statistically significant
cluster based on their similarities.
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Successfully Mutual Cooperative Collective
Action: Principle of Institutional
Arrangement of the Aflaj Irrigation System
in Sultanate of Oman

Ahmed S. Al-Marshoudi, Suzyrman Bin Sibly,
and Hamoon Khelghat-Doost

Abstract

To investigate the present of the two most common
analytical tools; heterogeneity and homogeneity over a
mutual cooperative in an irrigation system, we considered
both of these in an attempt to find an existing mutual
cooperative over aflaj (singular falaj) in Oman. In an aflaj
community defined-boundary shareholders group, we
expect some sort of equal size distribution by which all
members interested in cooperative mutual collective action
with regard to system maintenance, extra water renting
right, and water flow reliability. We provided the necessary
demonstration of the existing institutional arrangement to
further prove the theory. Although fast body of literatures
discussed these rules and cooperative with the different
types of the common-pool resources, this study focus over
the cooperative collective action, in particular investigate
the presence of cooperative collective action within the
Omani ancient-aflaj system (singular falaj). In Oman, aflaj
water allocation and its institutional arrangement showed
relatively resilient against recent regional development.
Today, in many aflaj communities, common administrative
as well as allocative water delivery processes were found
over almost identical structural social hierarchy. While the
documented Omani measuring unit, known as ather, (based
on time) indicated the first condition of the present of
cooperative collective action, another associated water
auctioning which used to generate income, (known as
rub’ah (quarter)) has been found.

Keywords

Aflaj system � Collective action cooperative � Measure
unit � Water flow

1 Introduction

While many of the arid regional countries, even the tem-
perate climatic zone countries, are facing a multitude of
water problems, several analytical frameworks have been
proposed in an attempt to provide social accepted solution.
Substantial literatures discussion over these problems in
areas like well-defined property rights structures (Alchian &
Demsetz, 1973; Rosegrant & Binswanger, 1994), system
maintenance (Bardhan & Dayton-Johnson, 2002), equitable
distribution of water access (Baland & Platteau, 1999;
Trawick, 2001). It is worth noting that these problems have
been analyzed under general term ‘institutional arrange-
ments’ (Meinzen-Dick, 2000; Saleth & Dinar, 2005), model
of social organization (Coward, 1979) and model of the
common-pool resources and property rights (Demsetz, 2002,
Oakerson, 1986). Furthermore, recently economic instru-
ment such as introducing a water market (Bjornlund, 2003;
Eastert et al., 1998), establishment of cooperatives (Bardhan,
1993), and allowing more participation of the local com-
munities (Bruns et al., 2005) have been proposed and
introduced. However, since water problem is considered as a
complex and poses several areas of studies like externality,
wealth transfer, quality and fluctuation in water flows, sev-
eral water professional and researchers attempted first to
defined water problem using different perspectives. For
example, Brown et al. (1982) definition of the problem
reflected with two important measures (1) market bidding
process determines the allocation of the scarce resources
(2) the degree to which institution form preserve the natural
beauty of the region. Dales (1968) placed two main condi-
tions to solve the water ownership; a measurable unit (what
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is not owned cannot be priced) and to have a define
boundary. Other scholars in the past and recently placed
great deal of interest toward the most popular ancient irri-
gation systems in the purpose to explore their indigenous
knowledge.1 For instance, Trawick (2001) explored and
analyzed the indigenous irrigation principle in the Northern
Philippian. Wilkinson (1977) and Zekri and Al-Marshudi
(2008) identified several unique features of the old and
currently operated aflaj (singular falaj) system in Oman.

Since in Oman irrigated water collected and obtained
from groundwater, several techniques and technologies
(ranging from traditional simple ones to more complex and
advanced) have been used since millennia. For example, an
ancient and more primitive technique type known as al
Zaijrah2 type well (FAO, 2008; Wilkinson, 1977) used to lift
groundwater. A more complex technique uses gravity flow
to transport water from the top of an aquifer through a tunnel
to the field; the aflaj system. Although these systems initi-
ated to assist the provision of water (which its availability is
a crucial element for development permanent agricultural
settlement areas), historically people developed a unique
water collective techniques that are required for social
organization setting. It is important to note the collective
water techniques also found in other countries. Hama-
mouche et al. (2017) indicated the fact that groundwater
believed to be exploited only by farmers through individual
private wells and tube well. They attributed this to the fact
that farmers want to be independent from state or commu-
nity. Yet, they clearly indicated that many cases exist by
which collective organization developed around exploitation
of groundwater. While Trawick (2001) listed two main
features that generally been used in reference to the
indigenous system; small-scale, community based canal
systems and build by local people, aflaj (singular falaj) in
Oman were, and still currently operated by the local com-
munity within a boundary irrigated zone.

My own research with regard to the aflaj system in Oman
(Al-Marshoudi, 2018; Al-Marshudi, 2007) suggest that we
can now begin to move beyond the simple descriptive way
to rather more sophisticated analysis. Furthermore, since
several writers have acknowledged the system, in the past
(Sutton, 1984) and more recently (Nash & Agius, 2011;
Remmington, 2018), it is time now to analyze the system
within the context of the common property resources
framework in order to make policy recommendation for
resolving situation of tragedy. We believe this offers great

opportunities for research and to provide some sort of doc-
umentation researchable notes. The originality and the early
development of not only the engineering techniques for
these systems but also the socio-cultural factors associated
with its management have formed institutional arrange-
ments. The main purpose of these institutional arrangements
was, and still currently applied, (1) to share the benefits
derived from the water (2) to manage its water distribution to
minimize disputes (3) auction set aside water right to the
community shareholders. As Trawick (2001), pointed out
many years ago, the locally-derived rules that fostered
effective water management in specific cases are in urgent
need of study. He meant to exploration of the irrigation
system in Peruvian Andes (as he called it as the heartland of
the world’s great hydraulic civilization). Nowadays, these
studies are urgently required to contribute toward the
ever-increasing water demand problem linking some of the
ancient irrigation systems over history.

2 Background of the Study

While Mancur Olson’s publication of “the logic of collective
action” in 1965 laid out the required theoretical basis for the
collective action, later many scholars continued the discus-
sion in an attempt to find solution for the common natural
resources problems. In our view, the fast body of literatures
with regard to the theory of collective action must be sep-
arated into two main categories. This provides the required
focus over each category apart. The first ought to be placed
under main heading “the operation and rules of the collective
action”. Schlager and Ostrom (1992) introduced five
important user ‘rights’ to be applied with the common pool
resources. These are access, withdrawal, management,
exclusion, and alienation. They defined the withdrawal right
as gives the holder the right to extract part of the flow of
resource units (e.g., catch fish, appropriate water, etc.) and
the access right, is the right to enter a resource.

The second deals with the cooperation and the dilemma
game. Although in the literatures extensive theoretical
analysis of water cooperative (sometimes called water
association) within the game of “Prisoner’s Dilemma have
been conducted, few of the practical field cases studies and
the use of empirical real data were found. The theoretical
studies concentrated over the extent how collective action
interaction among users are controlled.3 For example, while,
Bardham (1993) argued prison’s dilemma game provides
one-shot interaction of whether a defect or no cooperate,
Taylor (1987) indicated that the constellation of costs and1Trawick (2001) indicated the fact that this term has generally been

used in reference to small-scale, community-based canal systems.
2FAO (2008) defined it as a system that extracts water from a dug well
through the use of animals. The reporter also pointed out that this
technique was the main traditional method till the introduction of
pumps in the 1950s.

3Readers are directed to Bradham (1993) and Taylor (1997) for further
details.
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benefits of collective action on common-pool resources more
favorable to the possibility of cooperation than the prisoner’s
dilemma game. This can be further explained as follows:
Since benefits obtained from common resources require cost
to acquire that benefit, individual farmer normally not cap-
able on providing this cost. In other words, individual farmer
cannot himself do the whole job, and the extra benefits from
the part of the work done by him do not fairly cover his cost,
as farmers tend to cooperate when others do, but defects
when the other defects (Bardhan, 1993).

While prisoner’s dilemma game failed in providing a
solution through the use of cooperative for the water prob-
lems, several scholars used another (more practical) theo-
retical analytical tools. Among these two different variables
used to investigate the existence of collective action. These
variables can be summarised under two main types: The first
type is known as ‘heterogeneity. Here Bardhan and
Dayton-Johnson (2002) whom argued cooperation for
maintenance is a public goods because one village’s action
provide benefits to most or all other members of the com-
munity. Hence they suggested that inequality in holding
sizes among community is considered a positive and can be
of successful common resources. Irrigator’s payoff from
canal cleaning is large, the larger holding of wealth.

The second variable are known as ‘the homogeneity
variable’. Jayaraman (1981), Easter and Palanisami (1986)
and Latorre et al. (2001) used the surface water irrigation to
investigate the uniform of farm size. For instance Jayaraman
(1981) and Easter and Palanisami (1986) studied the surface
water irrigation in India and Thailand have noted the
importance of a relatively what they called ‘egalitarian”
structure to farmers coming together to form a water user
association. They stated the following: “The smaller the
variation in farm size among the farmers, the more likely
they are to form water user organization and have an equal
benefits”. Further, they argued when the farms, all of which
under the boundary of the institutional are about the same
size, farmers will obtain approximately equal benefits and
have equal interest. Uniform distribution of benefits and this
can be measured through analyzing farm size. Other scholars
like Latorre et al. (2001) argued holding property rights
provides a strong incentive for maintenance. Their justifi-
cation of this statement based upon the fact that since indi-
vidual or groups have expectations that they will get benefits
from a system, they have an interest in its maintenance, but
if water is insecure because supplies are irregular or water
may be taken by others, then they are not interested in
maintaining the system.

Although a unique and rather distinctive way is required
in managing water under arid region a weak institutional
arrangements will inevitably lead to major water right dis-
putes. This is attributed to the fact that water over these
regions considered highly demanded commodity. Therefore,

in Oman many aflaj community systems exit with solid
institutional arrangement which was evolved over thousands
of years. I say this based upon my previous and more recent
studies (Al-Marshudi, 2007, 2008; Al-Marshoudi, 2018)
over the topic.

The fieldwork was conducted over a period of four years
in two different governing regions in the Northern part of
Oman over three main cities; Nizwa, Izki, and Rustaq. Here I
will limit myself to the measuring unit, locally known as
ather. There are great deal of structuring water rights and its
institutional arrangement which were derived through
fieldwork in the form of case studies. These can be further
viewed elsewhere (Al-Marshoudi, 2018) but I will not touch
upon here. Note that my view with regard to the aflaj
cooperative collective action in this study are based on
Jayaraman (1981) and Easter and Palanisami (1986) studies.
However, in case for the cooperative collective action found
within aflaj system in Oman ought to be viewed carefully
over existing prevailing social as well as legal context
around boundary drawer rural community. Therefore, the
argument for the presence of whether heterogenic or
homogenous cooperative collective action must in any case
rest primarily over the collected fieldwork data from the
studied system. If the overall goal of the use of water
brought by the system is to establish mutual cooperation,
then the incentive is to maximize the output by establishing
equal right. This eventually avoids conflict among share-
holders. The implication of this can be significantly impor-
tant not only for the theory but also can be profound for the
policy makers.

3 Aflaj Community System and Literature
Review

While the art of water exploitation was developed in Oman
thousands of years ago to establish human settlements, many
of those settlements are currently present incorporated with
modern infrastructure. Each of these settlements such as the
city of Nizwa, Rustage, Samail and district of Burkat Al-Muz
currently flourish with one or two aflaj systems. In addition,
these aflaj have assisted greatly on the formation of what
known as “settlements” or villages around legal known
boundary. Currently, a law has been passed over Oman
Ministerial Council to provide a protected area for the aflaj
systems known as ‘aflaj protected zone’ on a radius of
3.5 km. This clearly provided over the past four decades a
protected rule from the threat of the modern new land survey
especially from the practice of digging a well which is
normally owned by individual farmers.

Currently, in Oman water supply and associated crop
cultivation practices are found within two main farming
types, both of which use groundwater aquifer. The first and
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the most modernized type is the practice of digging a well
which is normally owned by individual farmers (earlier
indicated). The second is through natural flows by the use of
man-made tunnels and channels known as falaj (plural aflaj)
systems. This classification is crucially important to bear in
mind for the following reasons. While, the aflaj system
considered as an ancient system which currently threatened
by the newly developed modern system, it operates within a
community property structure because a farm with its own
private-owned individual well is called mazra literately
means a farm, while farms that receive water from a public
falaj are called amwal. This Arabic word, amwal, which is
literally means ‘public wealth’ in its plural form, indicate
community ownership.

Another factor closely related to the aflaj system is the
fact this system not only transports water from the top part of
the aquifer (as discussed earlier), but provides a fair water
distribution among all shareholders. Since aflaj water is
historically considered as community resource which is
managed through social organizational setting, it is signifi-
cantly important to view the concept of fairness from the
angle of how the falaj systems distribute water among dif-
ferent shareholders within a scarce environment. This
reflects the fact that disputes can be easily initiated in this
type of environment because water considered to be very
valuable particularly during period of drought. Although
substantial literatures found with regard to this relating social
organizational within arid region (Wilkinson, 1977; Costa,
1983; Speece, 1989), little studies attempted to incorporate
the theory of collective action to aflaj social setting. This
study as earlier indicated will investigate the presence of the
cooperative collective action among aflaj irrigators within
the aflaj community areas. In the past, many studies have
recognized and acknowledged its performance and long-
evity. For example, Sutton (1984) stated that in common
with many modern schemes, falaj systems use an imposed
technology which method of construction the present user
can neither understand nor copy. She went on to say that
“the communities that depend upon them have kept many of
these precarious water supply systems running for more than
a thousand years, and it may therefore be that the organi-
zational aspects of these long-lived cooperative water-based
systems may have some features which modern schemes
might consider”.

4 Method

The three selected aflaj for the study are located in separate
areas. The first is falaj daris, located in the ancient city of
Nizwa (the capital of the Dakhiliya) at coordinate of N22 59
56 E57 32:09.08). In addition, it is considered as one of the
ancient falaj constructed by the Yrubi Imamate in the

seventeenth Century (Sultan b. Sayf al-Yarubi was Imam
from 1650 to 1660) The second falaj al-malki, located in the
ancient city of Izki at coordinate of N22 43 60 E554 and the
third ayn al-khasfah falaj is located in other governing
regions, Souter Al Batinah, in the city of Rustaq (see Fig. 1).

Historically, these aflaj have assisted greatly on the for-
mation of what is known as “settlements” or villages around
legal known boundary. Hence the present government has
passed law of heritage protection including the aflaj culti-
vated zone, within a radius of 3.5 km. This consequently
protected aflaj settlement from the threat of the modern
infrastructure and the modern individual farming system (see
Fig. 5). Furthermore, these settlements was developed in
accordance with topography of the area by which has divi-
ded the waliyah (villages) into different parts. For example,
falaj daris was constructed in a total cultivated zone of
2,382,642 m2 (MRMWR, 2000), by which divided the town
of Nizwa into two main sections; the upstream, locally
referred to as the Al allayah, and the downstream, locally
referred to as the Asfayllah (see Fig. 2). Similarly, malki
falaj irrigate two different areas the Al-Nazar area (a total
demand cultivated zone of 1,132,372 m2, which is approx-
imately 72% of the total demand area of 1,572,739 m2

(MRMWR, 2000)., sometimes referred to as the right
channel, and the other to irrigate the Al-Yemen area, some-
times referred to as the left channel (see Fig. 3). Ayn
al-khasfah falaj is reflect different view as follow: Unlike
daris and malki, which drawing their water supply from
deeper aquifers through the use of long distance tunnel reach
to 3 km, ayn al-khasfah falaj originate their water supply
from solid rocky limestone areas. It is said to be a famous
hot spring and because of high temperature (reaching to 60 °

Fig. 1 The city of Nizwa and others which are the location all aflaj
areas in the Northern part of Oman

4In fact, falaj Daris and Malki was included on the UNESCO heritage
list in the year 2006 (MRMWM 2008).
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C), it contains healing properties and high mineral content,
especially sulphate (see Fig. 4).

Multiple visits to the study area have been conducted
over the period between 2014 until 2016. The reason for the
several visits has been carried out for two reasons. (1). to
develop cultural understanding and norms of conduct with
the Omani people whom will be interviewed for obtain
information fulfilling the study objective. (2). Able to
develop the research field work framework in terms sort of
question needed, type of recording instrument to be used,
number of important associated person to interview and any
of the official governmental bodies associated to aflaj to be
included.

5 Result

5.1 Local Measuring Unit

Before further elaboration of the finding, it is crucially
important first to show how water flow measured within the
context of the Omani institutional arrangements. While there
have been found many local terms which commonly used to

ease the water process delivery, these terms over time
became very known by most members of the community by
custom. It was revealed that there are three main local
delivery process mechanism used for water circulation
among shareholders. The first and largest unit called ‘raddah
(plural) raddat which simply means turn. They say today
raddat ‘bayt-al-mal’ which means the flow must be diverted
to farms belong to bayt-al-mal. The rest of the day the raddat
may diverted to the privately-owned right and so on. The
second is called ‘baddah’ which is a mechanism used to
divide the turn (raddah) into two, they say ‘day time bad-
dah’ and night baddah (these two equivalent to almost 12 h
each). The third unit is called ather which is the common
unit used for all shareholders, they say X farmer holds an
amount of water measured in ather (this is equivalent to half
an hour). Finally, the smallest unit is called qiyas, which is
used to measure ather which they say equal to 24 qiyas.
They say X farmer hold an amount of water flow (normally
expressed over time units) 2 ather and 20 qiyas equivalent to
2.83 ather (we divided the 20 qiyas by 24).

However, in an attempt to use the simple conversion
formula (discussed in the literature), difficulty in grasping a
thorough understanding of the revealed information arise.

Fig. 2 Location of falaj daris and the boundary of its cultivated area
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This is attributed to the fact that original measurement units
must remain and any conversion applied will reflect some
sort of misleading interpretation. For example, falaj the
service wakeel for Daris falaj orally stated its water must
be distributed among all shareholders over eight raddat
which is consist of ‘17 baddah’. The wakeel also revealed
that this falaj holds 408 athers that can be delivered over
the course of the eight raddat. Although this information
appeared simple at the first sight, at a later stage difficultly
experience in obtaining a thorough understanding of all
given units. This can be explained as follows: It was
assumed, based over the literatures conversation formula,
the eight raddat is equivalent to eight day which must be
divided into two baddah (12 h each). If we multiply the

eight by two (because each raddat hold two baddah) we
obtain 16 baddah. However, it was stated by the wakeel
this falaj measured over 17 baddah, why so the extra one
baddah? By co-incidence an answer was obtained from
another falaj administrative agent. The wakeel of Ayn
Al-Kasfah falaj indicated that summer ather is 26 min and
winter ather is 23 min. Therefore, we strongly recommend
that the conversion should not be applied over these mea-
surement units must be understood and traced to its origi-
nality. The extra baddah might be explained to the
difference between summer and winter. In fact, Wilkinson
(1974) have touch upon this issue under the discussion
regarding the length of the day and night during summer
and winter. He thinks that their length varies around the

Fig. 3 Location of falaj al-malki and the boundary of its cultivated area
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mean by some 9 or 10 min during the course of the year
based on the latitude of Oman.

5.2 Privately-Owned Right Distribution

Historically water rights were initiated through the applica-
tion of the raddat system which designated to suit the
independent of water rights from landholders not on the
basis who begin diversion first. Hence two types of water
rights prevailed by this study; private water right and com-
mon rights. The common water rights then sub-divided into
three main types; Bayt-al-mal, Waqf (endowment water
rights) and falaj own rights.

Table 1 shows the overall prevailed water rights for the
three studied aflaj; daris, malki and ayn al-kasfah. By far
majority of the water rights for the falaj malki and ayn
al-kasfah fall under the category of privately owned rights;
74% and 91% respectively while falaj daris characterized by
holding more of the common water rights 75%. Readers are
directed to our studies for further details of these rights
(Al-Marshoudi, 2018; Al Marshoudi, 2017). However,
below is a brief explanatory account with the regard to the
falaj water rights because it is most related to the study main
theme. It has been revealed that a whole day of water right
set aside for the falaj income generation. This is rented for
the potential farmers who seek extra water. During growing
seasons and over drought period farmers tend to require

extra water. Hence a tradition auctioning water market ini-
tiated to fulfil this purpose. These rights are shown in col-
umn three of Table 1 and are expressed in percentage of the
total falaj right. In general 12% and 11% for falaj daris and
al-malki respectively and interestingly no right found for
falaj ayn al-khasfah. This can be explained as follows: First,
the revenues collected from the rented falaj water rights are
considered as the primary source of income for maintenance.
Second, it was revealed that while the falaj daris and
al-malki are of daudi type,5 they generally require continu-
ous and regular maintenance; clean the accumulated rooting
in the channels, repair the damaged and blocked tunnels
rocks, cleaning the branches etc. In contrast ayn Al-khasfah
which is belong to the ayni type which are less complex
because its water supply close to the cultivated area and it
was attached with an open channel and hence require no or
simple maintenance.

Another finding with respect to the structural setting of
the private water rights owners is the documentation and
traditional registration of these rights, usually with each falaj
administrated agent (wakil). A full list of these holders was

Fig. 4 Location of the falaj of ayn al-khasfah and its main water source (the spring)

5The literature largely supports the idea that there are three types of
falaj in Oman: daudi, ghaili and ayni. The daudi falaj extracts water
from the upper part of the aquifer in the mountains, the ghaili falaj
extracts water from the surface of an oasis, while the ayni falaj extracts
its water from a spring which naturally comes to the surface, mainly in
limestone rocks (Stanger; 1986; Wilkinson, 1977; Costra, 1983).
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obtained from the wakil. It is important to note that these are
registered over the local measuring units; ather and qiyas6

which are placed as conditions for the privately-owned water
rights Although both are used as measuring units for the
prevailed water rights (private and the common) ather rep-
resent a higher unit than qiyas, which is considered is the
smallest. Hence, they say a particular irrigator hold one ather
and 24 qiyas which means he or she is entitled (or had the
right to the water flow) of water flow measured over this
registered unit.

Table 2 demonstrate the private water rights frequency
size holding through the use of the ather measuring units. By
far, the largest number of irrigator’s for the three studied
aflaj falls into the following categories; less than one ather
and less than two ather. The concentration of the smaller
size distribution varies slightly over the three aflaj. For
example, falaj daris and ayn al-kasfah fall under the cate-
gory less than one ather at a percentage of 64 and 29
respectively. In contrast, falaj malki fall under category less
than two ather at a percentage of 40. The weighted

arithmetic mean of the holder size for the daris 0.461, malki
1.048 and ayn al-kasfah 0.755 ather. It is obvious that small
size of irrigators is dominated the aflaj community members
over the three studied aflaj in Oman.

6 Discussion and Conclusion

The present study has found two important conditions which
enable aflaj irrigator cooperates collectively. First, when
farmers have same water amount sizes then they approxi-
mately tend to share equal benefit and at the same time hold
equal interest. This is usually crucial when water becomes a
scarce resource and hence if the sizes are not uniform then
competing toward water cannot be avoided. Second, present
of a competing water market within the boundary of all
irrigators assisted greatly the provision of extra water espe-
cially during the water scarcity. While the topography and
the physical engineer of any irrigating system reflect the
complexity and simplicity of its maintenance, development
of its institutional arrangements and water rights must be
online with this physical structural setting. This can be
explained as follows. First, over sites of arid climatic envi-
ronment, where precipitation rate is very low and evapora-
tion (due to high temperature) is very high, availability of
water considered is more valuable than land. Second, the
larger the amount of water initiated to an irrigator (whether
one or more of the ather) the larger the land can be devel-
oped. According to Daris wakeel, who orally explained the
fact that the distributed water amount (ather) are strictly
confined over three main factors: (1) the availability of fertile

Table 1 The three studied aflaj
water rights distribution (%)

Distribution of water rights (%)

Private Common water rights Total

Bayt_elmal (state) Waqf Falaj rights

Daris 25 24 39 12 100

Al Malki 74 None 15 11 100

Ayn Al Kasfah 91 3 6 None 100

Table 2 Frequency distribution
of the ather holding over the three
studied aflaj

Daris Lamki Ayn Al-Kasfah

Less than one 130 11 44

Less than two 51 59 35

Less than three 17 41 21

Less than four 2 17 16

Less than five 3 8 12

Less than six 0 6 7

More than 7 1 7 17

Total 204 149 152

6Originally, an ather unit was as follows: A three-meter high stick is
anchored at the center of a flat area where there is little shade to prevent
the sun from shining directly on the stick. Then the area to the west and
east of the stick is divided into 24 sections; these divisions are equal to
one ather. Now, each section is known as qiyas which is originally
derived from the process of measuring a thing so that it is used to reflect
a volume. In the past they tended to use a container made of copper
with unit lines marked on the inside. Qiyas is considered as the smallest
unit within the context of the falaj distributive system. Therefore, they
since one ather is divided into 24 qiyas, same saying an ather equal to
24 qiyas.
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soil which require continuous tillage practice (2) the
topography of the land which must hold a downhill sloping
to allow water naturally flow from the main source (known
as mother well) to the cultivated areas (3). Canal network
which recently applied cemented lining and ricked. There-
fore, currently we found almost a completed land formation
which are legally recognized and sometimes settlers lived on
it and modern roads network were established.

While many studies discussed the view of cooperative
collective action overirrigating water systems, several con-
ditions have been initiated. First the size of the farm ought to
be uniform. Second, presentan organization with a trusted
and honest leadership. However, this study revealed another
condition with regard to extra water which can be rented
through the aflaj administrative agents. This water right has
been initiated in the purpose to generate income for falaj
maintenance. The aflaj irrigated area currently are found
within a settlement village-base which are operated over a
recognized boundaries. This study clearly found two differ-
ent boundaries; external which was enforced by the present
government through the passing of what is known as ‘aflaj
protection zone (a radius of 3.5 km), and internal which is
represented by aflaj institutional arrangements. While the
former can be approved by strong resilience that demon-
strated by the aflaj commanded area against the accelerated
development in Oman, the later has been also approved by
this study. First the unique historical locally used water
measurement units, from the largest raddat to the most
commonly explicit unit ather, clearly reflect the presence of
cooperative collective action among irrigators. This is
attributed to the fact that these athers units found with
almost unformal distribution of ather sizes among all
shareholders. Second condition for cooperation was found
within the setting of the aflaj institutional arrangements.
Since several regions over the northern part of the country
rely heavily upon a single community-owned falaj for irri-
gating their date gardens and other annual crops, this
requires a high degree of social control and cooperation to
maintain the system and generate income. This was initiated
by setting a whole day of the water rights, we say set aside
(locally they say raddat) belong to the falaj itself for the
purpose of income generation.
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Monitoring and Counting E. coli Bacterial
Growth During Low-Pressure Events
in Drinking Water Distribution Networks

Ashraf Farahat

Abstract

Maintaining clean drinking water is a key factor in
maintaining sustainable development and a healthy
environment. In addition to monitoring water quality at
water tanks, it is important to monitor water distribution
network (WDN) and pipes where water is being trans-
ported. Intrusion in WDN can be triggered by transient
low-pressure events. This intrusion may result in the
contamination of drinking water supplied to consumers,
which may have major health impacts. This experimental
study was performed to monitor and count E. coli
bacterial intrusion into WDN. Two experiments were
performed to investigate (1) the effect of low and negative
pressure in WDN on bacterial intrusion; (2) the propa-
gation and growth of bulk bacterial intrusion in WDN;
(3) premeditated bacterial contamination of water sources
(tanks). It was found that the rate at which bacteria
reaches customers is very comparable however, higher
risks are found with premeditated bacterial intrusion. It
was also found that there is a small chance for E. coli
bacteria to be intruded into the system after sudden
low/negative pressure events. The experiment shows that
high pressure within water networks pumps out water of
the system then the mixture (water and contaminants) is
sucked back into the network. It was observed that
contaminants were not able to be significantly intruded
into the system if water pumps were shut down for a short
period of time. The minimum time required for contam-
inant to be intruded into the system was found to depend
on the water pressure prior water pumps which were
turned off.

Keywords

E. coli � Drinking water � Distribution networks �
Intrusion � Low pressure

1 Introduction

Providing clean drinking water is a key factor in maintaining
sustainable development and a healthy environment. While
increasing governmental investments in water supply and
sanitation can increase the net economic growth and reduce
the costs associated with public health care, maintaining
water quality in drinking water distribution networks (WDN)
requires a clear understanding of the interactions between
the WDN system and the environment surrounding it.

Many attempts (Kirmeyer et al., 2001; Abo-Munasar,
2014) have been reported to predict the performance of
water distribution systems against intentional and /or acci-
dental events. Risk assessment schemes have been proposed
to investigate the uncertainties associated with the perfor-
mance of an existing water distribution system but they
generally only take into account hydraulic criteria (Islam
et al., 2015). Although intrusion is considered to be a vital
mechanism for water quality contamination, not enough
effort has been made to evaluate the water quality while
traveling from the source to the customers. The evaluation of
the quality of the water supplied to consumers usually takes
part at the treatment plants, as the water at the source should
match the standards. However, only minor attention is given
to the water quality during the transportation stage
throughout the WDN (Isovitsch & Vanbriesen, 2008).

In many countries, the safety of drinking water is
expected to be facilitated and achieved in WDNs; however,
there is a lack of knowledge of the microbial ecology of
drinking water in WDNs as it not easy to predict the
microbial nature of the soil environment surrounding pipes
buried under the ground and the bacteria forming in the
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pipes’ inner walls (LeChevallier et al., 1987; Douterelo
et al., 2014). Recent developed molecular-based methods
(LeChevallier et al., 1987; Pirnie et al., 2000) indicate that
WDNs have a large number of bacterial and fungal colonies.

Many studies have tried to investigate microbial life
within WDNs without taking into consideration the lifestyle
of the microorganisms. Some of them investigate which
types of microorganisms are present in the WDNs (Hellard
et al., 2000; Somashekar et al., 2015), while others study the
quantity of these microorganisms in a quantitative and
qualitative ways (Admassu et al., 2005; Qu et al., 2013).
Additionally, some studies have been carried out to examine
the influence of the existence of the microorganisms in
WDNs on human health (Edberg et al., 2000; Hellard et al.,
2001; Murphy et al., 2016), while others have concentrated
on the source and the growth of the microorganisms in the
WDN (Admassu et al., 2005; Douterelo et al., 2014; Lin
et al., 2016; Prest et al., 2016).

Escherichia coli (E. coli) is considered as the standard
indicator for drinking water quality monitoring (Gorchev &
Ozolins, 2011) and is even considered a superior indicator in
determining potable water pollution (Edberg et al., 2000).
The E. coli bacteria and/or other microorganisms could be
introduced to the WDN through a replacement or repairing
of the infrastructure or during an installment of a new net-
work. Also intrusion could take place when there is
depressurisation measure or other dynamic event (Besner
et al., 2011). The presence of E. coli in water is a strong
indication of recent sewage or animal waste contamination.
E. coli contaminated drinking water can cause intestinal
infection. Symptoms of intestinal infection include diarrhea,
abdominal pain, and fever. Major correlation has been found
between distribution system failures and waterborne disease
outbreaks (Moe & Rheingans, 2006). In order to protect end
users from these bacterial infections, many researchers are
currently conducting studies that evaluate the effect of E. coli
bacteria on the WDN.

This study provides a risk analysis for bacterial intrusion
through water WDNs using selected hydraulic factors. The
first part of the paper investigates the minimum time
required for E. coli bacterial suspension to intrude into a
WDN system under low-pressure (<1 bar) conditions. The
second part evaluates the rate of bacterial propagation into
the system under different operating pressures and intrusion
methods. This paper also examines the theory that contam-
inants will be immediately intruded into the system through
cracks in pipes and loose joints after power shut down is
accompanied by low-pressure conditions within the WDN. It
is important to mention that E. coli does not broadly repre-
sent a threat itself as pathogenic strains are not picked up by
common methods. Only certain species and specific con-
centrations of E. coli will cause intestinal infection. It is the
other pathogens from human and animal waste that are the

real concern. Not detecting E. coli does not indicate the
absence of pathogens. In this study, E. coli is used as an
indicator for what might happen to microorganisms in the
environment under study and E. coli concentration mea-
surement is simply used as an indicator of possible bacterial
intrusion, growth, and transport through the WDN.

2 Material and Method

A full-scale experimental network has been constructed in
order to examine the bacterial intrusion into the WDN, and
the effect of various factors such as pressure magnitude and
feeding location.

The experimental network is intended to imitate a real
WDN, as it includes various pipe diameters, pipe materials,
and pipe junctions, rises, and inclinations. The schematic
diagram and photographs of the network are presented in
Figs. 1 and 2, respectively, for both the side and front
view. Another feature of this experimental network is its
ability to be used as an open pipe system (the system tries
to use the water from the source and discharge the whole
of it) and as a recirculating system (water cycled back to
the source).

The network system consists of two transparency loops
(A, and B), constructed using several 6-ft clear acrylic pipes,
with an internal diameter of 2.5 in. and an external diameter
of 3 in. These loops are interconnected with certain
U-shaped PVC joints and vertically installed using a steel
frame. The dimensions of the internal loop (A) are 143 cm
(height) � 140 cm (length), while the external loop (B) has
a dimension of 195 cm for both height and length. Loop A is
connected at the end with two discharge valves, one is used
to flush the system and the other is used to maintain a
specific pressure. They are also is used to cycle the water in
the system or discharge the water from the system. In con-
trast, loop B is connected to the source pipe on one side
while the other one is connected to the beginning of loop A.
Loop B contains an air release valve to sustain a full pipe
flow. It also contains a sampling outlet which is well rep-
resented in Fig. 1 (front view).

The network source of water is a 1000-L tank which lies
on the surface of the ground. The water is supplied to the
system through a 2-in. PVC pipe with a length of 120 cm.
The pressure head is maintained by using a water pump,
which pumps the water into the systems through a 2-in.,
236 cm PVC pipe. In addition, a non-return valve is used to
ensure that the water goes in one direction and keeps the
water pump safe. The last part of the network which lies on
the ground is a PVC pipe with a length of 105 cm. This pipe
has three interconnected parts: a pressure meter (gauge), a
two-liter measured glass tank (operated by a control valve),
and a dosing pump.
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The experimental setup, size, and design do not accurately
represent a real-life WDN; however, it should be enough for
proof of concept of the pilot study represented in this work.

3 Bacteria Preparation and Testing

3.1 Bacterial Culture Preparation

The liquid media (nutrient broth) to be used for bacterial
growth was formulated by dissolving 8 g of nutrient broth in
1L of distilled water (pH 7.5) which was then autoclaved at
121 °C at 2 bar pressure for 1800s. Escherichia coli K12
wild-type strain (MG 1655) was grown overnight in liquid
media at 37 °C on a rotary shaker incubator (Memert INB
500, ThermoScientific) at 160 rpm. One percent aliquots of
the broth medium containing E. coli were inoculated into a

fresh liquid medium and incubated under similar conditions.
E. coli cells were harvested from the liquid culture by cen-
trifugations (using a Labnet-0700 centrifuge from Hermle
Germany) at 4000 � g for 600 s at 4 °C, washing twice
with a sterile 0.9% NaCl solution at 4 °C and divided into
two groups: test and control. In the test group E. coli cells
were suspended in saline solution to a concentration of
1 � 108 colonies forming units per milliliter (CFU/ml) as a
start material in the tank.

3.2 Preparation of Nutrient Agar Plate

The nutrient agar plates (Fig. 3) were prepared after adding
15 g of agar to 1 L of the liquid medium, then autoclaved,
poured into Petri dishes and left to cool down and solidify at
room temperature.

Fig. 1 Schematic diagram of the
water network system used in the
study
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3.3 Spiking E. coli Culture into the Testing Tank

The test tank was flushed by 1000 L of 3% of chlorine as a
bacteria disinfector in order to kill any contaminants. This
step kills any existing bacteria on the tank walls or the
network pipes. The bacteria disinfector is left in the water for
at least 600 s, then water is flushed by turning on the water
pump until all of the water is flushed out. The tank is then

refilled up to 500 L, and the water is re-flushed. Next the
tank is then refilled with another 500 L of water.

After mixing the E. coli bacteria in the tank, 1 ml aliquots
are taken at different time intervals.

Serial dilutions were prepared with normal saline and
0.1 ml aliquots from each dilution were developed sepa-
rately, spread on the nutrient agar plates and then evolved at
37 °C. Colony forming units of both groups were counted

Fig. 2 Experimental setup for
the drinking water network
(DWN) laboratory facility
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using a colony counter (Stuart Scientific, Model number
3846). After incubation at 37 °C for 24 h, plate counts were
compared with each other.

4 Methodology

This experiment was conducted to produce the highest
number of possible scenarios for E. coli intrusion and
transport through a WDN. One of the most common reasons
for bacterial intrusion is that it flows through cracks that may
be found in water pipes or around connections. In the
experiment, a crack was introduced to the WDN by using a
valve that can control an orifice that allows E. coli bacteria to
flow from either outside to inside the system. In this study,
two main scenarios were conducted to evaluate the time
required for E. coli bacterial intrusion into the system under
negative pressure conditions (scenarios #1 and #2).

4.1 Scenario-1

In this stage of the experiment, low and negative pressure
conditions in the WDN were simulated by increasing the
water pressure within the network using a water pump and a
control valve and then suddenly reducing the pressure by
turning off the water pump while allowing 40 mL of E. coli
suspension to intrude into the system through a 0.1 in. ori-
fice (O), as shown in Fig. 1.

It was expected that, once the pressure was reduced, the
E. coli suspension would be immediately sucked into the
WDN. However, it was observed that water was pumped out
of the system diluting the bacterial suspension and then the
mixture was sucked slowly into the system. The time
required to start sucking the mixture out was calculated from
the moment the water pump was turned off.

Operating pressure is another parameter that was tested to
observe its effect on the E. coli suspension flow rate from

Fig. 3 E. coli bacterial plates used to count the growth of the bacteria colonies
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outside to inside the system. The water pressure was con-
trolled by a flow valve that was gradually increased, and on
each occasion, the time required to start intruding the bac-
teria into the system was calculated starting from the
moment at which the pump was turned off.

4.2 Scenario-2

It is very important to determine how long it takes for full
absorption of an E. coli bacterial suspension into the system
as this will help in estimating the bacterial volume intruded
into the WDN during a sudden pressure drop.

The size of the cracks in water pipes is considered to be
an important factor in determining the volume of bacteria
flowing into the system during a low/negative pressure
event. This is simulated by different orifice openings in our
experiment.

Two cases have been checked (a) E. coli suspension
directly added to the water source; (b) E. coli suspension
injected into the water network; (c) E. coli suspension
absorbed into the water network.

4.3 E. coli Suspension was Directly Added
to the WDN Source (Tank)

Before the bacteria was inserted the tank was flushed by
filling it to the top (1000 L) and adding a bacteria disinfector
to kill any residual bacteria that may have existed on the tank
walls or inside the network. The bacteria disinfector is left in
the water for at least 10 min, then the water is flushed by
turning on the water pump until all of the water is flushed
out. Then the tank is refilled up to 500 L, and the water is
then flushed again. The tank is then refilled with another
500 L of water. A specific volume (400 mL) of E. coli
suspension is directly added and mixed with the water in the
fiber glass tank. The pump is then turned on, and the pres-
sure in the water network is controlled using a valve. Water
is collected at the network outlet every minute to analyze the
bacteria counts in the water samples.

4.4 E. coli Suspension was Injected
into the Water Network

The exact same steps as described in Sect. 4.3 are followed
to flush the water network and a 10 bar dosing pump (Fig. 1)
is used to inject 400 mL of E. coli suspension into the water
network. The water pressure is controlled using a manual
valve attached to a pressure gauge, and water samples are
collected every 30 s to analyze the bacterial concentration in
the water.

4.5 E. coli Suspension was Absorbed
into the Water Network

In this case, E. coli bacteria is allowed to be absorbed into
the network due to low pressure (<1 bar) inside the network.
About 400 mL of E. coli suspension is inserted in the glass
tank in Fig. 1, the water pump is turned on and the pressure
is then manually adjusted until it reaches a certain value. The
pump is then turned off to allow the pressure to drop off
inside the network which allows the bacteria suspension to
be gradually absorbed into the system. Once the whole
bacteria suspension is absorbed, the water pump is turned on
again and samples are collected every 5 s.

5 Results and Discussion

5.1 Time Required for the System to Initially
Intrude the E. coli Bacteria

It was found that there is a strong correlation between the
operating pressure and the beginning of bacteria flowing into
the system as shown in Fig. 4. It is worth mentioning that
the accuracy of the results is significantly affected by the
operator response time required to immediately open the
orifice once the water pump is turned off. An automated
system to control the orifice opening could produce better
results than the manual process applied in this study. It was
found that the time required to start bacterial intrusion into
the system was not correlated with how long the water pump
is turned on, as long as the water pump is turned on long
enough to reach the desired pressure.

5.2 Time Required for the System to Fully
Intrude the E. coli Bacteria

It was found that there is a direct correlation between the
time required for full bacterial intrusion and the operating
pressure, regardless of the orifice size, as illustrated in
Table 1. This is attributed to the water pumped out of the
system into the bacterial container once the water pump is
turned off then sucked in again into the WDN, while the
pressure gradually drops inside the system. The time for full
E. coli absorption was found to decrease by 4 bars, contra-
dicting the direct relationship found at pressures of 1 and 3
bars (see Fig. 5). This could be related to the high-pressure
head produced in the vertical pipes in the WDN and in the
water tank when the water pump operates at high pressures.
This large pressure head could expedite the contaminant
absorption at larger orifice sizes.

The experiment shows that, as the system is running at its
capacity, E. coli bacterial suspension is less likely to be
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intruded in the system. Even if the water pump is turned off,
it takes a few seconds for the E. coli suspension to start
flowing into the system based on the orifice size and the
operating pressure. These results contradict the theory that
contaminant and bacteria will be immediately sucked into

the WDN once a power failure takes place. This is very
interesting as it is an indicator that E. coli bacterial growth
could take place by making thin biofilms inside the pipes
and that bacteria is not necessarily transported from the
outside to the inside.
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Fig. 4 Time required for the
E. coli bacterial suspension to be
intruded into the system

Table 1 Time required for full
E. coli suspension intrusion into
the WDN as a function of water
pressure and crack size

Crack size (in.) 0.10 0.25 0.5

Pressure (bar) Time (s)

1 24 26 30

2 33 30 35

3 37 41 46

4 42 34 41
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Fig. 5 Temporal E. coli
concentration at different
pressures when bacteria is
inserted in the water tank

Monitoring and Counting E. coli Bacterial Growth During Low-Pressure … 191



5.3 Time Required to Detect E. coli at the WDN
Outlet

5.3.1 Case-1: E. coli Suspension was Directly
Added to the WDN Source (Tank)

Figure 6 displays the E. coli suspension concentration at 1
and 3 bar. At 1 bar, bacteria was observed in water samples
at 1 min with a concentration of*106 cfu/mL. The bacteria
count directly increases with time until it becomes saturated
between 3 and 10 min at *108 cfu/mL, then the bacteria
count decreases with time after 10 min. At 3 bars, bacteria
starts to be observed in water samples after *2 min with
*107 cfu/mL, then it increases to 108 cfu/mL before satu-
ration and then the bacteria count starts to decrease after
10 min. Bacteria propagates faster in water at low pressures
due to higher flow rates and can be detected faster at the
consumer point.

5.3.2 Case-2: E. coli Suspension was Injected
into the Water Network

Figure 6 shows the temporal variation of E. coli within the
network. For a pressure of 1 bar, it takes 90 s for the bacteria
to start to be observed at the network outlet. The bacteria
count in the water sample starts to increase and then reaches
saturation at *106 cfu/mL. Increasing the pressure to 3 bars
shows exactly the same bacteria pattern, although bacteria is
observed at 60 s and saturates at 108 cfu/mL. It is interesting
to observe that direct dosing of bacteria into the system
makes the propagation process faster and bacteria reaches
the consumer at a higher rate than by simply placing it into
the tank.

6 Conclusions

Many governments around the world are trying to maintain
the quality of drinking water delivered to customers by
applying certain standards to the water that is pumped out
from water stations. However, the condition of the WDN
including material, age, cracks, etc., could also impact the
water quality through the intrusion of contaminants during
the delivery stage. The propagation of E. coli bacteria in
water distribution networks (WDN) was investigated using
an experimental method. The theory that a sudden drop in
water pressure within the WDN will result in immediate
contaminant (like E. coli bacteria) flow into the WDN
through cracks and loose joints within the pipes was
examined. Our results show that, once the water pump shuts
down, water is pumped out from the inside to the outside of
the water network which does not allow for immediate
bacterial intrusion into the network. After a certain amount
of time, which depends on the WDN operating pressure
before shutting down, the mixture of the pumped out water
and E. coli bacteria is sucked into the system. It takes
between 3.5 and 10.5 s for the contaminants to start flowing
into the system at a network operating pressure of 1–4 bar,
and it takes a minimum of 15 s (system operated at 1 bar)
and 20 s (system operated at 3 bar) to observe E. coli at the
system outlet. This contradicts the common theory that
contaminant intrusion will be immediately sucked into the
system after shutdown. In general, if the water pump shuts
down for only a few seconds there is a slim chance for
contaminants to be intruded into the system. This is an
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indication that minor cracks do not represent a major risk in
contaminant intrusion when the system shuts down for only
a few seconds. On the other hand, it was found that directly
injecting bacteria into the system represents a major risk as it
takes about 30–90 s for the bacteria to reach the customer at
an operating pressure of 1–3 bar. The contaminant water
source represents another major risk as it was found that it
takes only 5 s for the E. coli bacteria to reach the customer.
Although the time to reach the customers is relatively
comparable, direct E. coli bacterial dosing and contaminant
water sources are more dangerous than sucking in the bac-
teria into the system during low-pressure events. This is
because, in the two cases, municipalities will not notice the
contamination before it is reported by customers although in
the case of a sudden shutdown proper attention is usually
given to checking the water quality before pumping it to
customers.
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Use of Bio-fabricated Silver Nanocomposite
Capped with Mud Crab Shell (Scylla serrata)
Chitosan for Water Purifications
and Sustainable Management of Mosquito
Vectors at Stagnant Water System
in the Semiarid Zone of Tamil Nadu, India

Kadarkarai Murugan, Lan Wang, Jiang Shiou Hwang,
Jaganathan Anitha, Devakumar Dinesh, Pandiyan Amuthavalli,
Murugan Vasanthakumaran, Suresh Kumar, and Hans-Uwe Dahms

Abstract

Mosquitoes are the major vectors of many diseases such
as the malaria, filariasis, dengue, and Japanese encephali-
tis. Mosquitoes propagate quite successfully in a variety
of aquatic habitats such as drinking water system,
manmade water bodies, and sewage contaminated aquatic
system. Since, water is essential for all life, without
it, life won’t progress and at the same time, the quality of
the water also important. With the unique structural
features present in chitosan bio-polymer helps to bind
effectively with fine suspended particles, pollutants,

bacteria, heavy metals etc. The biocompatible and
biodegradable nature of chitosan makes it a potential
candidate for mosquito breeding water purification pur-
poses. In this regard, chitosan has been extracted from
freshwater crab shells Scylla serrata and reduced for
silver nanoparticle synthesis. It has been utilized as a
potent tool in control of young instars of Aedes aegypti
and its breeding water purification. Bio-synthesized
chitosan-reduced silver nanoparticles were characterized
by UV–Vis spectrum, Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM),
energy-dispersive X-ray analysis (E-DAX), and X-ray
diffraction (XRD). In laboratory condition, the chitosan
silver nanocomplex was found to possess toxicity against
young instars (I, II, III, and IV) of Aedes aegypti at the
concentrations of 2, 4, 6, 8, and 10 ppm followed by
chitosan treatment alone. The surface stagnant water from
dengue vector breeding site checked the water purifica-
tion parameters, such as water temperature (WT), pH,
salinity, dissolved oxygen (DO), total dissolved solids
(TDS), and electrical conductivity (EC) by using “lP
Based Water & Soil Analysis Kit” (Model 1160). Further,
from the results it is clearly postulated that the
biomolecules present in the chitosan not only showed
biopesticidal activity against mosquito larvae and pupae
but also nullified the contaminants in the water and made
human usage.
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1 Introduction

Mosquitoes transmit pathogens that cause death and disease
in humans and animals. It plays a significant role in
spreading vector-borne diseases such as malaria, dengue
fever, yellow fever, encephalitis and filariasis, and, very
recently, Zika virus (Benelli, 2016; Ward and Benelli, 2017).
Aedes aegypti mosquitoes mostly originated in Africa, and
the mosquito has been transported globally throughout the
tropical, subtropical, and parts of the temperate world.
Dengue is a mosquito-borne viral disease transmitted by
female mosquitoes, Aedes aegypti and Aedes albopictus.
Currently, the transmission of dengue has been strappingly
reached maximum in urban, semi-urban, and tropical areas
worldwide, which have turned out to be an important con-
cern in public health. Dengue infects about half a billion
individuals leading to half million hospitalizations with
24,000 deaths worldwide every year (WHO, 2017).

The development of reliable, eco-friendly processes for
the synthesis of nano-pesticides is an important aspect of
nanotechnology. In mosquito control science, significant
efforts have been carried out through investigating the effi-
cacy of botanical products as mosquitocides (Benelli, 2015;
Benelli et al., 2017a, 2017b, 2017c). Chitosan has many
attractive applications in the field of biotechnology, food and
pharmaceutical industry, cosmetics, environmental engi-
neering, agriculture, and aquaculture. Though chemical
procedures are widely used to extract chitin and chitosan by
utilizing shrimp waste as raw material, there is not much
research about how to improve the process for producing
chitosan with consistent quality, especially from stored
material sources (Hamidi et al., 2008).

Water is a life-sustaining drink and is essential for the
survival of all living organisms. However, there are toxic
contaminants present in water that cause many
life-threatening health risks. So, water should be protected
from contamination for public health reasons, and environ-
mental reasons may be due to industrial development,
organism breeding in stagnant water, etc. Hence, purification

of stagnant water from mosquito breeding sites has always
been a challenging task. Chitosan is a natural linear
biopolymer extracted from the exoskeleton of the sea crus-
taceans (crabs, prawns, lobsters, shrimps, etc.). It is a sea-
food waste which is produced in abundance in coastal areas.
However, this humble-looking material possesses outstand-
ing combination of properties required for water purification,
food industries, cosmetics, and biomedical applications
(Crini, 2005). In addition to this, chitosan is inexpensive,
biodegradable, and nontoxic for mammals (Qin et al., 2006).

Chitosan is natural water coagulant/flocculent and is able
to reduce turbidity, color, clay particles, etc., from water.
Additionally, considerable savings in chemicals and sludge
handling is achieved by using a natural coagulant like chi-
tosan (Diaz et al., 1999). Chitosan is also effective in
removal of organic pollutants, heavy metals, bacteria, etc.
The US Environment Protection Agency (EPA) has given an
official authorization to chitosan for drinking water purifi-
cation. Hence, in the present study it was aimed to investi-
gate the use of bio-fabricated silver nanomaterials capped
with crab shell (Scylla serrata) chitosan for water purifica-
tions and sustainable management of mosquito vectors at
stagnant water systems in Tamil Nadu, India.

2 Materials and Methods

2.1 Collection and Processing of Crab Shells

Following the method of Murugan et al. (2016), Scylla
serrata the crab were collected from Parangipettai village,
Chidambaram, Tamil Nadu, India. It is stored in ziplock
bags and refrigerated overnight. Using a meat tenderizer, the
exoskeletons of the crab were cut into smaller pieces. 20 g of
crushed exoskeletons was measured using a Mettler balance,
then labeled, and oven-dried at 65 °C for four consecutive
days to obtain constant weight. The dry weight of the
samples was determined, and the moisture content measured
was based on the differences between the wet and the dry

Chemical structures of chitin (a) and chitosan (b)
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weights. The average moisture content of the crab
exoskeletons was 14.33%.

2.2 Extraction and Purification of Chitosan
from Crab Shell

To dissolve proteins and sugars, the crushed crab
exoskeletons were boiled for 1 h with sodium hydroxide (2
and 4% w/v) and thus obtained chitin was removed from the
hot plate and allowed to cool for 30 min at room temperature
(Lertsutthiwong et al., 2002; Lamarque, 2005). The obtained
pure chitosan was demineralized using 1% HCl (v: v) and
2% NaOH according to the method of Huang (2004); 50%
NaOH was added to demineralized chitosan, boiled at 100 °
C for 2 h on a hot plate, and then cooled for 17–30 min at
room temperature. The process was repeated to deacetylate
the chitosan powder, and finally creamy-white form of chi-
tosan was obtained (Muzzarelli & Rochetti, 1985).

2.3 Synthesis and Characterization
of the Chitosan–Silver Nanoparticles

The AgNP was prepared by chemical reduction method, as a
reducer the trisodium citrate (1% w/v) was added into
AgNO3 solution, and the mixture was stirred for 2 h and
then treated with sonication at 1.5 kW for 30 min. The
prepared silver solution was added into the chitosan solution
(1% w/v in 1% acetic acid) and stirred for 4 h. The sus-
pension was subsequently centrifuged at 12,000 g for
10 min. A brown-yellow solution indicated the formation of
chitosan–Ag nanoparticles and then is used for characteri-
zation and biological assays.

The presence of chitosan–Ag nanocomplex was con-
firmed by sampling the reaction mixture at regular intervals,
and the absorption maxima were scanned by UV–Vis, at the
wavelength of 200–800 nm in a UV-3600 Shimadzu spec-
trophotometer at 1-nm resolution. The structure and mor-
phological features of bio-encapsulated nanocomplex were
analyzed under scanning electron microscopes (FEI
QUANTA-200 SEM). In addition, XRD and EDAX were
also analyzed for the presence of metals in the sample
(Anitha et al., 2016).

2.4 Aedes Aegypti Rearing

Aedes aegypti eggs were collected from local breeding
habitats at the freshwater tank in Kalveerampalayam,
Coimbatore (Tamil Nadu, India) and cultured in laboratory
for egg hatching in 27 °C and 75–85% RH; 14:10(L/D)
photoperiod. Newly emerged larvae and pupae were used for
toxicity experiments.

2.5 Bio-toxicity Assessment Against Aedes
Aegypti in Laboratory Condition

In laboratory, the larvae and pupae of Aedes aegypti (I, II,
III, or IV instars) were exposed for 24 h at the concentra-
tions of 20, 40, 60, 80, and 100 ppm of chitosan broth and 2,
4, 6, 8, and 10 ppm of chitosan silver NPs in triplicates.
Dechlorinated water without acetone served as control.
Using probit analysis (Finney 1971), LC50 and LC90 were
calculated as follows (Eq. 1):

Percentage mortality ¼ ðNumber of dead individuals

=Number of treated individualsÞ
� 100

ð1Þ

2.6 Stagnant Water Purification Property
of Chitosan

The surface stagnant water from dengue vector breeding site
was collected during the early morning hour (6.00 AM–

8.00 AM) and pooled to check water purification parame-
ters, such as water temperature (WT), pH, salinity, dissolved
oxygen (DO), total dissolved solids (TDS), and electrical
conductivity (EC) by using “lP Based Water and Soil
Analysis Kit” (Model 1160).

Preparation of treatment coagulants followed methods
reported by Schwarz (2000). Crab shell was powdered using
an electric grinder and mixed with a small amount of clean
water to form a paste. The paste was diluted to obtain the
following raw water turbidity: >50, 50–150, and >150 mg/L.
The final concentration was 50, 30–100, and >150 mg/L,
respectively. After filtering insoluble material with a
fine-mesh muslin cloth, the coagulant was added and quickly
mixed for 30 s. Then, the preparation was covered for at
least 1 h without disturbance.

2.7 Statistical Analysis

All data were subjected to analysis of variance (ANOVA).
LC50 and LC90 values and their 95% confidence limits were
estimated by getting a probit regression model to the
observed relationship between percentage mortality of larvae
and logarithmic 27 concentration of the substance. The
goodness of the fit test was tested using Chi-Square test AP
value of less than 0.05 was considered as a significant
departure of the model from the observations. In case of
significant departure, a heterogeneity factor was used to
calculate the 90% confidence limit for LC50 and LC90. All
analysis was carried out using SPSS Software version 16.0.
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3 Results and Discussion

The chitosan-mediated silver nanoparticles were character-
ized using UV–Vis spectrophotometer as shown in Fig. 1,
where 440 nm was the maximum absorption peak. Murugan
et al. (2017b) studied that the chitosan–silver nanoparticles
showed UV–Vis absorption at 300–800 nm. The surface
morphology of chitosan–AgNP showed spherical shape
when tested under FESEM (Fig. 2). The size ranges from 40
to 90 nm in diameter, but only the particles ranging from 1
to 100 nm in diameter are considered as nanoparticles
(Huang, 2004). Chitosan-fabricated AgNP-treated E. tarda
showed a gradual increase of structural damage on surface
and cell morphology with increasing concentrations of
AgNP at 12.5, 25, and 50 lg/ml during a 6-h incubation
period (Dananjaya et al., 2014). Alsabagh et al. (2015)
studied the microscopic images of chitosan/Ag NPs/Cu
NPs/CNTs multifunctional composite, and its individual
components were found to be spherical.

EDX spectrum of chitosan-fabricated AgNP showed a
strong Ag signal, confirming the presence of metallic silver
(Fig. 3). Furthermore, EDX also showed the presence of Ca,
Si, O, and Mg, suggesting that mixed precipitates were
present in the chitosan (Usha & Rachel, 2014). The crystal
structure and phase purity of the synthesized chitosan silver
nanomaterials were identified through the XRD pattern as
shown in Fig. 4. The diffractometer was operating at 40 kV
and 30 mA, with a step size of 0.02° (2h). XRD highlighted
that chitosan–AgNPs, formed by the reduction of AgNO3

mediated by chitosan extract, were crystalline in resonance,
consistent with previous reports (Murugan et al., 2017a).

In recent times, various routes have been anticipated for
the synthesis of nanomaterials toxic against insect pests.
According to the available literature, the bioactivities of the
genus chitosan-synthesized nanomaterials against human
pests have been scarcely studied. Hence in the present
findings, Table 1 postulates the mortality of larval and pupa
of A. aegypti (I–IV instars) when exposed to chitosan at the
concentrations of 100, 200, 300, 400, and 500 ppm with
LC50 239.165 (I), 269.825 (II), 323.823 (III), 390.86 (IV),
and 447.011% (pupae). Similarly, Table 2 provides the lar-
val and pupal toxicity of synthesized chitosan silver NPs.
The toxicity was found to be higher with the doses of 10, 20,
30, 40, and 50 ppm whose LC50 was found to be 18.450 (I),
23.303 (II), 31.020 (III), 39.905 (IV), and 50.589% (pupae).
The maximum efficacy of AgNPs was observed against the
larvae of A. aegypti, C. quinquefasciatus, and Rhipicephalus
microplus (LC50 = 13.90, 11.73, and 8.98 mg/L,
r2 = 0.411, 0.286, and 0.479), respectively (Marimuthu
et al., 2011). The comparative study of the larvicidal activity
of chitosan nanoparticles and silver was also studied which
shows chitosan nanoparticles started mortality at higher

concentrations, and it showed uniform rise in mortality of
mosquito larvae than silver nanoparticles (Rajesh & Maha-
dik, 2017).

In laboratory conditions, the water purification properties
were done by adding chitosan with stagnant water from
mosquito breeding sites and tested its cleaning efficiency.
This was achieved by analyzing the water purification
properties like pH, temperature, turbidity, salinity, TDS—
total dissolved solids, total hardness, alkalinity, chloride,
TSS—total suspended solids, and fluoride, respectively.
From Table 3, it is clear that the chitosan treatment neu-
tralized the water purification properties at 48 h itself. It also
coagulated the debris and dust present in the water as floc-
culation was naked before the analysis.

Recently, Pontius (2016) reported chitosan demonstrated
a much narrower pH range for acceptable turbidity removal
when compared to alum and ferric. Earlier, studies of
Murugan et al. (2016) demonstrated that the chitosan was
effective against human pathogens at lower doses.
Nareshkumar et al. (2011) reported mosquitocidal and water
purifying properties of different plant extracts (Cynodon
dactylon, Aloe vera, Hemidesmus indicus, and Coleus
amboinicus) on various mosquito vector (A. stephensi, C.
quinquefasciatus, and A. aegypti) breeding water samples.

Removal of fine suspended particles from water is the
preliminary step of the water filtration/purification process in
general. The poly-cationic nature of chitosan carries positive
charges along the polymer chain, which can coagulate nat-
ural particulates and colloidal materials in stagnant water,
which are negatively charged. Electrostatic interaction,
adsorption, charge neutralization, inter-particle bridging as
well as hydrophobic flocculation work here (Zeng et al.,
2008). Thus, chitosan helps in agglomeration/flocculation of
the particles and helps to settle down under water for

Fig. 1 UV–vis spectra of chitosan–silver nanoparticles at four hours
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filtration. The amine groups in chitosan present along the
polymer chain are strongly active with metal ions (Varma
et al., 2004) which help to neutralize the chlorine content in
water. However, carcinogenic chlorinated hydrocarbons
such as trichloromethane, dichlorobenzene, and chlorophe-
nol were also formed as by-products. Chitosan can effec-
tively eliminate trichloromethane from water as the amine
groups present along the chitosan chain integrate with the
halides in water.

Chitosan can also effectively adsorb organic matters such
as phenols, polychlorinated biphenyls, pesticides, and

surfactants. Chitosan (positively charged) can be used to
design reverse osmosis/ultrafiltration membranes to filter,
adsorb, and kill the microorganisms (negatively charged) in
a natural way. Antimicrobial effects of chitosan are attrib-
uted to its flocculation and bactericidal activities. Qin et al.
(2006) have reported a bridging mechanism for bacterial
coagulation by chitosan. Chitosan molecules bind on the
microbial cell surface and form an impervious layer around
it. Thus, they alter the cell permeability and cause leaking of
the intracellular constituents and ultimately death of the
microbial cell.

Fig. 2 Field-emission scanning electron microscopy (FE-SEM) micrograph showing the morphological characteristics of chitosan–silver
nanoparticles. a Higher magnification. b Lower magnification

Fig. 3 Energy-dispersive X-ray
(EDX) spectrum of chitosan–
silver nanoparticles
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Fig. 4 XRD pattern of chitosan–
silver nanoparticles

Table 1 Larval and pupal toxicity effect of chitosan nanoparticles against dengue vector, Aedes aegypti

Stages LC50 (LC90) 95% confidence limit LC50

(LC90)
Regression equation v2 (d.f. = 4) (ns)

Lower Upper

Larva I 239.165
(474.173)

213.981
(426.967)

263.513
(545.751)

y = −1.304 + 0.005x 0.218

Larva II 269.825
(516.694)

245.347
(475.725)

293.132
(572.850)

y = −1.401 + 0.005x 5.030

Larva III 323.823
(623.955)

296.299
(564.171)

353.031
(711.621)

y = −1.383 + 0.004x 2.951

Larva IV 390.86
(698.480)

360.240
(626.943)

426.841
(806.158)

y = −1.622 + 0.004x 2.041

Pupa 447.011
(739.883)

413.992
(663.562)

490.879
(855.967)

y = −1.956 + 0.004x 0.815

No mortality was observed in the control
LC50 = lethal concentration that kills 50% of the exposed organisms
LC90 = lethal concentration that kills 90% of the exposed organisms
v2 = chi-square value, d.f. = degrees of freedom, n.s. = not significant (a = 0.05)

Table 2 Larval and pupal toxicity effect of chitosan–silver nanoparticles against dengue vector, Aedes aegypti

Stages LC50 (LC90) 95% confidence limit LC50

(LC90)
Regression equation v2 (d.f. = 4) (ns)

Lower Upper

Larva I 18.450
(41.484)

15.508
(38.188)

20.902
(45.909)

y = −1.026 + 0.056x 2.136

Larva II 23.303
(49.690)

14.767
(41.066)

29.388
(70.298)

y = −1.132 + 0.049x 6.702

Larva III 31.020
(61.847)

28.184
(55.795)

33.943
(70.783)

y = −1.290 + 0.042x 3.327

(continued)
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4 Conclusion

The present investigation was aimed to determine the toxi-
city against dengue vector A. aegypti in laboratory and in
field conditions. The study of our interest shows a simple,
cost-effective method for the synthesis of silver nanoparti-
cles capped with chitosan isolated from mud crab shell S.
serrata. The low doses of biopolymer chitosan and
spherical-shaped nanoparticle exerted toxicity against young
instars of A. aegypti in laboratory condition. It also purified
the stagnant water from the mosquito breeding site with no
adverse effect. Hence, it can be used as a coagulant in
treatment of mosquito-bred water and as well instead using
chemicals (alum) for water treatment and reducing turbidity
in the water system.
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Sulphate Removal from Aqueous Solution
Using Modified Bentonite

Suaibu O. Badmus and Bassam Tawabini

Abstract

Sulphate ion is a naturally occurring substance present in
various mineral salts that are found in soil and various
water supplies. Sulphate ions are generally considered to
be non-toxic and therefore not strictly regulated, however,
the consumption of drinking water containing high
amounts of magnesium or sodium sulphates may result
in intestinal discomfort, diarrhoea and consequently
dehydration. Although there are numerous traditional
adsorbents for sulphate ions removal, it is imperative to
develop a cheap, easily accessible, and ecological-
friendly adsorbents for the treatment of sulphates in
water. This research investigated sulphate ions removal
by the synthesized modified bentonite (MB) and
acid-digested bentonite (ADB) as an alternative for
traditional adsorbents. The modified bentonite was pre-
pared through microwave acid digestion of raw bentonite
(RB) and was subsequently coated with cationic poly-
electrolytes polydiallyl dimethyl ammonium chloride
(poly-DADMAC). The RB, ADB and MB were charac-
terized using scanning electron microscopy/energy
dispersive X-ray (SEM/EDX), X-ray diffraction spec-
troscopy (XRD) and Fourier transform infrared ray
(FTIR) spectrometer. The effects of solution pH, contact
time, agitation speed, the dosage of the adsorbents and
initial concentration of sulphate ions on the removal from
synthesized wastewater were investigated in batch
adsorption studies. The characterization results showed
successful impregnation of poly-DADMAC and changes
in the chemical composition of the synthesized adsor-
bents. Results of the study showed that as high as 65% of
10 ppm sulphates were removed using 20 g/L MB dosage
at pH 6, agitation speed 50 rpm within 30 min of
treatment time. However, only 16% of sulphates were
removed with ADB under the same conditions. The

results also showed that the sulphates removal by
modified bentonite followed pseudo-first-order kinetics.
It can be concluded that the Poly-DADMAC-modified
bentonite has a very good removal capacity for sulphate
ions in aqueous solution.

Keywords

Sulphate � Bentonite � Poly-DADMAC � Adsorption

1 Introduction

The sulphate ion is one of the anionic, chemically inert,
non-volatile, and non-toxic contaminants commonly found in
the natural water systems in concentrations ranging from
hundreds to thousands mg/L (Sadik et al., 2015; Bortolini
et al., 2018). The maximum concentration level (MCL) of
sulphate ions in drinking water in world health organization
guidelines is 250 mg/L (Herschy, 2012). The concentration
of sulphate ions is usually high in industrial wastewater, acid
mine drainage and groundwater (Dong et al., 2011; Sepehr
et al., 2014; Tolonen et al., 2015; Kabdaşli et al., 2016; Pawar
et al., 2016; Meng et al., 2019). Moreover, the indiscriminate
release of such high sulphates containing wastewaters or
effluents and its subsequent accumulation in the environment
can adversely affect biodiversity and causes an imbalance in
the natural environment (Zuo et al., 2018). Similarly,
excessive ingestion of sulphates can endanger human health
(Silva et al., 2002). Recently, the negative health and eco-
logical implications of the presence of a high concentration of
sulphates in the water attracted the attention of water regu-
latory agencies (Sadik et al., 2015).

Generally, sulphates can result from different sources and
processes such as chemical weathering of minerals-
containing sulphur, residential dwelling discharge, volcanic
eruption, oxidation of sulphides and sulphur, anaerobic
digestion of sulphides, groundwater infiltration, mining
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drains and commercial, industrial, and agricultural discharges
(Dong et al., 2011; Sepehr et al., 2014; Tolonen et al., 2015).

The treatment of sulphates in water is a complicated
problem due to its strong stability and high solubility in
water (Silva et al., 2010). Traditionally, large numbers of
different water remediation technologies have been proposed
and adopted in the treatment of sulphates in aqueous solution
(Qian et al., 2015; Runtti et al., 2016; Kefeni & Mamba,
2020). Some of the conventional remediation technologies
of sulphates include biological treatment (such as fluidized
or packed bed reactors, anaerobic bed hybrid reactor and
continuously stirred tank reactor) and physico-chemical
treatment such as chemical precipitation, adsorption, ion
exchange, membrane filtration and reverse osmosis. (Arah-
man et al., 2017; Fang et al., 2017; Hong et al., 2017; Najib
et al., 2017). However, some of these methods are associated
with different challenges. For instance, biological treatment
encountering difficulties in the supply of carbon sources for
the subsurface treatment, maintaining the quality of treated
water, management of the treatment generated precipitates
and lastly, the rebound of sulphates upon the suspension of
the treatment (Zhang and Wang, 2016; Najib et al., 2017).
Moreover, the high operational cost, high energy con-
sumption and massive sludge generation are major chal-
lenges of physical and chemical treatment methods (Cao
et al., 2011; Arahman et al., 2017; Hong et al., 2017).
Although adsorption is adjudged the most reliable and
attractive approach because of its rapid, efficiency,
cost-effectiveness and high selectivity for sulphate ions
removal and recovery (Sang et al., 2013; Sadik et al., 2015).

Bentonite is cheap, eco-friendly, non-toxic, readily
available and accessible, and thus, commonly deployed in
the adsorption of sulphates (Randelović et al., 2012; Mor-
eroa and Ntuli, 2017; Meng et al., 2019). Also, bentonite had
shown an impressive adsorptive capacity for cationic con-
taminants due to its excellent cation exchange capacity, large
surface area and negative surface charges (Moreroa & Ntuli,
2017; Alexander et al., 2019). However, the hydrophilicity
nature of bentonite hindered its adsorptive capacity for
anionic contaminants (Koosha & Hamedi, 2019). Hence,
several approaches have been proposed to aid the capacity of
bentonite to remove anionic contaminants. Some of these
enhancement approaches include surface modification with
organic molecules, surfactants and polymers (Meng et al.,
2019).

Moreover, previous studies have shown that incorpora-
tion or impregnation of organic molecules to bentonite
increase its hydrophobicity (Dong et al., 2011; Sang et al.,
2013; Moreroa & Ntuli, 2017). Formation of the function-
alized bentonite offered better adsorption capacity due to the
possession of impressive physico-chemical properties such
as excellent mechanical properties, low density and tough-
ness of the hybrid adsorbents. (Rajak et al., 2019; Wahab

et al., 2019). Also, some cationic polymers have been used
to modify bentonite for the removal of anionic contaminants
such as dyes, BTEX and phosphate (Dong et al., 2011; Sang
et al., 2013; Moreroa & Ntuli, 2017). However, there is no
clear indication that bentonite coated with polydiallyl
dimethyl ammonium chloride has been used to remove
sulphate ions from contaminated water.

This study, therefore, investigated the sulphates removal
capacity of modified bentonite and acid-digested bentonite.
Similarly, the structural, compositional and functional chan-
ges of RB with acid digestion and the subsequent function-
alization of ADB with polycationic electrolyte (poly-
DADMAC) were studied using different characterization
techniques. The adsorption kinetics and the optimal treatment
conditions of ADB and MB were equally evaluated.

2 Materials and Methods

2.1 Reagents

A commercially available bentonite powder produced by
Loba Chemie Pvt Ltd., India was used for this study.
PDADMAC chemical of MW ranges between 200,000 and
350,000 kg/mol was purchased from the local market.
Deionized (DI) water was produced from the Milli-Q ultra-
pure water system (millipore). Also, the sulphates solution
was prepared from the sodium sulphates (Na2HSO4) pellet
according to the established standard. Here, 1.42 g of
Na2HSO4 was dissolved in 1000 mL DI water to prepare a
stock solution of sulphates (1000 mg/L). Then, 10 mg/L of
the working solution of sulphates was subsequently prepared
from the stock solution. The chemicals and reagents used in
this research were of analytical grade.

2.2 Preparation of Acid-Digested Bentonite

The acid-digested bentonite (ADB) was produced by mixing
3 g of raw bentonite (RB) in 20 mL of 65% concentrated
HNO3 in each of the microwave vent vessels. The mixtures
were subjected to microwave digestion at 200 °C, 400–
1800 W microwave radiation for 10 min in an open glass
cylinder reactor. The ADB was subsequently washed with
DI water and decanted until the materials (filtrate) was
neutral. Thereafter, the ADB was dried to a particle size at
103 °C in the oven for 24 h.

2.3 Preparation of Modified Bentonite

The modified bentonite (MB) was synthesized by mixing
5.968 g of ADB in 100 mL of polydiallyl dimethyl

204 S. O. Badmus and B. Tawabini



ammonium chloride (poly-DADMAC) solution. The mix-
ture of ADB and poly-DADMAC solution was sonicated for
30mins. Thereafter, the mixture was air-dried at 25–27 °C.
Then, the synthesized MB was weighed, characterized and
kept for the adsorption batch experiments.

2.4 Characterization of Adsorbent

The structural and chemical composition of raw bentonite
(RB), acid-digested bentonite (ADB) and modified bentonite
(MB) was investigated with field emission scanning electron
microscope (FESEM) attached with energy dispersion
X-ray. Also, the minerals composition of the RB, ADB and
MB surfaces were examined with XRD spectroscopy.
Additionally, the successful functionalization or coating of
poly-DADMAC on acid-digested bentonite was determined
with Fourier transform infrared (FTIR) spectroscopy.

2.5 Batch Adsorption Experiments

The batch adsorption studies were carried out at room
temperature in graded Erlenmeyer flasks and the flasks were
covered with foil to prevent interference of contaminants or
extraneous matter. This study was designed to evaluate the
effects of adsorbent dosage, contact time, pH and agitation
rate in the adsorption of sulphates from water by ADB and
MB. In each of the adsorption study, all operation parame-
ters were fixed except the parameter under the investigation.
The adsorbent dosage was varied between 2.5 to 20 g L−1

while the initial concentration of sulphates was 10 mg L−1.
The required pH of initial concentrations of sulphates was
maintained with dropwise addition of either 0.1 M HNO3 or
0.1 M NaOH solution. Analysis of initial and final concen-
tration of sulphate ions was determined using a dual column
Metrohm 850 Professional Ion Chromatograph (Metrohm,
Switzerland). The % residual sulphate ions in the water and
adsorption capacity Q (in mg g−1) were evaluated according
to the general formulae;

Residual Sulphates %ð Þ ¼ 1� Ci � Ce

Ci

� �� �
� 100%

and

Q ¼ Ci � Ce

@

where Ci and Ce are initial and final concentrations of sul-
phates in mg L−1 while @ and Q are adsorbent dosage and
adsorptive capacity in g L−1 and mg/g, respectively.

2.6 The Adsorption Kinetics

Kinetic models were used to estimate the sorption rate and
adsorption reaction mechanisms between the adsorbate and
adsorbent. For this purpose, pseudo-first-order (PFO),
pseudo-second-order (PSO) and intraparticle diffusion
(IPD) models were employed to investigate sorption rate and
the adsorption reaction mechanisms between sulphate ions
and modified bentonite (MB) or acid-digested bentonite
(ADB) under the optimal treatment conditions.

The linearized equation of the PFO can be written as;

ln qe � qtð Þ ¼ ln qe � K1t

where qt (mg g−1) is adsorption capacity of MB or ADB at a
contact time, t (mins) and K1 is PFO rate constant (in min−1);
qe is the adsorption capacity at equilibrium (mg g−1).

The slope and intercept of the curve of ln (qe – qt) against
t were used to determine rate constant of PFO, K1.

The PSO equation (Ho & McKay, 1999) is simplified as;

t

qt
¼ 1

K2q2e
þ t

qe

K2 is the PSO rate constant (g mg−1 min−1). A linearized
graph of t/qt against t produces a slope and intercept that can
be used to calculate the rate constant of PSO, K2, and the-
oretical qe.

Intraparticle diffusion (IPD)-modified equation (De Cas-
tro et al., 2019) can be expressed as;

qt ¼ K3t
1=2 þC

K3 is IPD rate constant (mg g−1 min−0.5). A linearized
graph of qt against t

1/2 produces a slope and intercept that
can be used to calculate the rate constant of IPD, K3. The
intercept C has a nonzero value when there are some other
surface phenomena contributing to the rate-determining step,
in addition to the IPD.

3 Results and Discussion

3.1 Materials Characterisation

3.1.1 Surface Morphology of Synthesized
Adsorbents

The surface morphological structures of RB, ADB and MB
were examined with the aid of FESEM attached with EDX
spectrometry. The surface structural morphologies of the
RB, ADB and MB are presented in Fig. 1a–c. Also, Fig. 2
showed the EDX spectra of RB, ADB and MB. The RB
particles were smooth, fine and large with limited porosity as

Sulphate Removal from Aqueous Solution Using Modified Bentonite 205



shown in Fig. 1a. However, the ADB particles were arran-
ged singly and dispersed. The size of ADB particles was
found to be sharply decreased compared with the RB. Also,
the ADB particle pores were more conspicuous. This con-
firms the successful treatment of raw bentonite with nitric
acid. The coating of ADB with poly-DADMAC agglom-
erate or compact the particles in MB. Hence, MB particles
were larger, fined and irregular in shape. The spectrum in
Fig. 2a shows that RB contained 22.6% of silicon (Si), 9.6%
of aluminium (Al) and the remaining elements which are
carbon, oxygen, iron, titanium, chlorine, sodium, magne-
sium and potassium were 6.6, 47.1, 7.7, 0.8, 0.8, 2.8, 1.3,
and 0.9%, respectively. Furthermore, Fig. 2b spectrum
reveals that ADB possessed 23.6% of silicon and 5.7% of
aluminium as the major components. Similarly, the 2b
spectrum showed the disappearance of chlorine and a sig-
nificant reduction in the cationic constituents of ADB.

However, Fig. 2c spectrum shows the reappearance of
chlorine and a slight increase of the cationic composition of
MB. This established the successful modification of the
ADB surface with poly-DADMAC.

3.1.2 Materials Mineral Composition.
In this section, Fig. 3 shown the results of mineral compo-
sitions of RB, ADB and MB using X-ray diffraction spec-
troscopy. Generally, the XRD spectra of quartz, Al2O3 and
SiO2 were found in all three materials. However, kaolinite
was well pronounced in both RB and ADB while it disap-
pears on MB. Moreover, the quartz was prominent in MB
compared with ADB. In summary, the acid treatment sharply
decreases the peak intensity of quartz in ADB and subse-
quent coating of ADB with poly-DADMAC enhanced the
intensity of the quartz on MB. The major quartz, kaolinite
peaks are shown on both RB and ADB correspond with

Fig. 1 Structural morphology
(a) Raw
bentonite, (b) Acid-digested
bentonite, (c) Modified bentonite

206 S. O. Badmus and B. Tawabini



previous studies (Naswir et al., 2013; Al-Essa, 2018; Moraes
et al., 2018).

3.1.3 FTIR Analysis of the Adsorbents
FTIR Specroscopy was used to confirm the presence of the
functional groups on the surface of RB, ADB and MB. FTIR
spectroscopy was carried out to verify the successful coating
of poly-DADMAC on ADB. The synthesized adsorbents
(RB, ADB and MB) were scanned from 400 to 4000 cm−1

and the intensity of peaks in the IR spectra was observed.
Figure 4 showed the spectra of both RB and ADB and
shares a similar fingerprint band and this corresponds with
previous studies on bentonite (Moreroa & Ntuli, 2017;
Al-Essa, 2018). This suggests that upon an acid treatment,
the basic structure of RB did not deteriorate.

The spectrum of the RB exhibits OH group’s absorption
bands that are associated with both water molecule and
octahedral Al3+ and these are assigned at 3440 and
1639 cm−1; 3620 cm−1, respectively. On ADB, there was an
observable decrease in the OH vibration band at 3632 cm−1

and a small decline in the intensity of the band at 792 cm−1,
and this process eventually creates free OH functional group
sites on its surface. Also, acid digestion facilitates the dis-
appearance of the stretching bands of sp3 C–H at 2920,
2840 cm−1 of RB.

The coating of ADB with polyelectrolytes (poly-
DADMAC) caused an increase in the intensity of the
C = C absorption peak at 1637 cm−1. The reappearance of
the stretching bands at 2920, 2840 cm − 1 and disappear-
ance of 2340, 2370 cm−1 showed effective coating of

Fig. 2 EDX spectrum of (a) raw bentonite, (b) acid-treated bentonite and (c) poly-DADMAC-modified bentonite
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poly-DADMAC in MB. The peaks observed at 3439 and
3445 cm−1 of the bentonite and ADB spectra, respectively,
were also observed at 3436 cm−1 in MB showing the
availability of carboxylic acid and hydroxyl groups.

3.2 Removal of Sulphates by ADB and MB

3.2.1 Effect of Initial Concentration pH
The optimum pH of the initial concentration of sulphates
was determined. Here, the pH of operating media was varied
between 4 and 8, and other treatment conditions (time,
dosage, agitation speed) were fixed as shown in Fig. 5a.
Also, Fig. 5a revealed that sulphate ions can be effectively
adsorbed by modified bentonite at pH 6. The efficiencies of
sulphates removal decline as the pH increases towards
alkalinity. This may be due to the competition that arise
between the sulphate ions and hydroxyl ions when the pH of
sulphates solution increased, thereby causing a decrease in
the vacant sorption sites on the modified bentonites. The
similar situation has been previously reported by Dong et al.
(2011).

3.2.2 Effect of Agitation Speed
The optimum agitation speeds for the adsorption of sul-
phates by the modified bentonite and acid-digested bentonite
were investigated. Here, the agitation speed was varied
between 50 rpm to 200 rpm while other treatment condi-
tions like contact time, dosage, and pH were fixed. As shown
in Fig. 5b, the efficiency of sulphates removal by modified
bentonite at agitation speed 50 rpm shown better perfor-
mance. Hence, the optimum agitation speed for the removal
of sulphates in aqueous solution was 50 rpm. The results
have shown that most of the vacant adsorptive binding sites
on MB were occupied at 50 rpm and any further increase in
agitation speed causes undesirable desorption. The maxi-
mum adsorption was attained at 50 rpm comparable with
other studies (Moreroa & Ntuli, 2017). Hence, the synthe-
sized modified bentonite can be upscale and deploy in
wastewater treatment industries. Although the ADB
adsorption efficiencies were poor, however, the highest
adsorption capacity of ADB was observed at 100 rpm.

3.2.3 Effect of Dosage
In this study, sulphates removal experiments were carried
out by applying varying the dosage of ADB and MB from
2.5 to 20 g L−1 at a pH value of 6, 10 mg L−1 sulphate ions
concentration, 50 rpm agitation rate, 30 min contact time.
As shown in Fig. 5d, sulphate ions adsorption steps up with
a rise in the dosage of the synthesized adsorbents, and this
followed a similar report (Dong et al., 2011). The highest
adsorption of sulphates with both MB and ADB was 65%
and 16%, respectively. This shown that modified bentonite
adsorbed better than ADB due to the polymer impregnation
as shown in characterization studies.
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3.2.4 Effect of Contact Time
To investigate the effects of contact time for the removal of
sulphate ions by modified bentonite and acid-digested
bentonite, 10 mL of 10 mg L−1 of sulphates was shaken
with 0.1 g of ADB and MB. Other treatment conditions, pH
and agitation speed, were fixed to examine the effect of
contact time. As shown in Fig. 5c, after 30 min of shaking
the solution, there was no significant increment in the
removal efficiencies of MB. Hence, the optimum contact
time for the removal of sulphates in aqueous solution was

30 min. These results have shown that most of the vacant
adsorptive binding sites on MB had been occupied within
30 min. In other similar studies, the maximum adsorption of
sulphates from aqueous solution usually takes between 4
and 24 h (Dong et al., 2011; Moreroa & Ntuli, 2017).
The ADB adsorption efficiencies were poor owing largely
to its hydrophilicity. Expectedly, the highest adsorption
capacity of ADB was observed at 15 min and desorption
started immediately and the binding sites were fully
occupied.

Fig. 5 (a) Effect of the pH of initial concentration of sulphates. (b) Effects of the agitation speed. (c) Effect of contact time. (d) Effect of adsorbent
dosage for the adsorption of sulphates

Table 1 Adsorption kinetic
models values for the sulphates
on MB and ADB

Pseudo-first order Pseudo-second order Intraparticle diffusion

MB ADB MB ADB MB ADB

R2 0.971 0.979 R2 0.9998 0.989 R2 0.990 0.848

K1 (1/min) 0.004 0.0118 K2 (g/mg min) 0.835 −1.160 K3 (mg/g min0.5) 0.0063 −0.0298

Qe (mg/g) 0.131 0.059 Qe (mg/g) 0.516 0.054 C 0.4404 0.353
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3.2.5 Adsorption Kinetics
The experimental results obtained from the effect of contact
time were fitted in PFO, PSO and IP diffusion kinetic
models. The rate of constants, correlation coefficients and
theoretical adsorption capacities at the equilibrium was
shown in Table 1. The values of correlation coefficients and
constant rate of the kinetic models for both ADB and MB
showed that experimental data fitted effectively with
pseudo-second order. Similarly, the values of estimated
theoretical adsorptive capacity at equilibrium revealed
clearly that modified bentonite significantly performed better
than acid-digested bentonite for the adsorption of sulphates
in aqueous solution. The results have shown that there was
an exchange of ionic reaction between the chloride ions of
the impregnated poly-DADMAC and sulphate ions, thus the
removal of sulphates was facilitated by chemical sorption.
Therefore, the impregnation of acid-digested bentonite with
poly-DADMAC adequately enhanced the adsorption of
sulphates in aqueous solution. The observable enhanced
adsorption capacity and chemosorption of modified ben-
tonite by effective polymer functionalization or modification
have been previously reported (Dong et al., 2011; Sang
et al., 2013). Also, the intraparticle models for both MB and
ADB were straight lines and the intercepts were nonzero.
Hence, the diffusion mechanisms occurred during the
adsorption process. However, the IPD was not the rate of
determining or controlling factors for adsorption of sulphate
ions by MB and ADB.

4 Conclusion

This investigation showed the effectively removal of sulphate
ions from aqueous solutions by the modified bentonite.
However, the adsorption capacity of acid-digested bentonite
(ADB) was not impressive and satisfactory for upscaling. The
surface of the modified bentonite was rendered organophilic
and hydrophobic after the coating of ADB with the polyca-
tionic electrolytes poly-DADMAC. The optimal adsorption
conditions pH, dosage, agitation speed and time of modified
bentonite (MB) were established. The adsorption kinetic
models showed that the adsorption of sulphates on the surface
of modified bentonite followed pseudo-second order. The IPD
model demonstrated diffusion occurred simultaneously with
the adsorption process. However, the IP diffusion model was
not the rate-controlling factor of the adsorption process. In
conclusion, the significant sulphate ions removal by the
modified bentonite can be achieved through appropriate
treatment conditions, and the process can be upscaled and
deployed in wastewater treatment industries.
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Aspects of Agricultural Drought in Syria
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Abstract

In the last decade, Syria has witnessed a dramatic change
in rainfall patterns. These changes have badly affected
vegetation cover and agricultural production. Thus, the
aim of this research is to track agricultural drought
changes over Syria and to highlight the most vulnerable
zones to them. To achieve the study aim, monthly
precipitation data observed at 36 metrological stations
uniformly distributed over Syria were collected. After
that, dataset was checked for homogeneity. The Stan-
dardized Precipitation Index (SPI) was then applied to
detect agricultural drought. In the final steps, the results
were driven to GIS and interpolated using the ‘Kriging’
method. The results showed that rainfall had decreased
across Syria from 1990 to 2010. However, the years
between 2006 and 2010 were the worst of the studied
periods. Similarly, the Mann–Kendall test showed a
negative trend for agricultural drought in almost all of the
studied stations. All in all, this research emphasizes the
negative trends of rainfall in Syria and the positive trend
of agricultural drought.
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1 Introduction

Drought is one of the natural disasters that has been accel-
erated lately by climate change and become more intense,
causing devastating damage in agricultural, environmental,
and economic sectors all over the world (Rashid & Beec-
ham, 2019). Generally, drought is a sudden climatic event
characterized by a reduction in the amount of precipitation
from the normal range over months to years. However,
drought definition can vary from sector to sector due to its
complexity and spatial variation from one place to another
(Quiring & Papakryiakou, 2003). Within this context,
drought can be categorized into four types: (1) meteorologi-
cal drought; (2) hydrological drought; (3) agricultural
drought; (4) socioeconomic drought; among them agricul-
tural drought has the most serious impacts on ecosystems
(Khanian et al., 2018; Alsafadi et al., 2020). Thus, many
drought indices have been developed for the assessment and
monitoring of drought which serve as a tool for many pur-
poses, such as tracking the severity of drought and its dis-
tribution, as well as calculating the probability of drought as
an early warning system. Even though many researchers
have documented the effects and repercussions of drought on
the agricultural sector, few studies can be found about the
Middle East, and especially about Syria.

Syria, located in the Middle East, has suffered from
drought episodes many times (Amini et al., 2016). But
recently, the drought cycle has become more severe,
leading to catastrophic sequences in many sectors such as
agricultural and economic sectors. Nonetheless, few studies
can be found about the drought in Syria with different time
scales (e.g., Selby et al., 2017; Mathbout et al., 2018).
Within this context, the main aim of this paper is to track
agricultural drought changes over Syria and to highlight the
zones most prone to drought, so that they can be addressed
by the decision-makers in the rehabilitation stage after the
conflict.
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2 Materials and Methods

2.1 Study Area and Data Collection

Syria is located in the Middle East, between latitude
34.8021° N and longitude 38.9968° E (Fig. 1). Syria’s cli-
mate is classified as continental and dry, especially in the
eastern parts of the country, with air temperatures reaching
42 °C in summers and with very cold nights (<0 °C) in
winter. Climate is generally moderate close to the Mediter-
ranean and in mountainous regions. The average annual
rainfall ranges between 750 and 1000 mm (the coast and the
western mountains) and 250 and 500 mm (inland regions).
In eastern and central Syria, rainfall decreases to less than
25 mm/year. Syria has an area of 18.5 million ha, of which
6.5 million are arable land (1.4 million ha are irrigated, and
3.3 million ha are rainfed), with the irrigated area concen-
trated in the eastern part of the country (Deir ez-Zor,
Al-Hasakah, and Raqqa). Generally, agriculture contributes
17.6–22% to GDP, and the common crops are wheat, barley,
cotton, and olives (Mohammed et al., 2020).

Monthly and yearly rainfall data were collected from 36
observed metrological stations for the period 1990–2010.
Data were provided by the Syrian Ministry of Agriculture
(MoA). All stations are free from any impact of temporal
inhomogeneity. As shown in Fig. 1, the stations are evenly
distributed over space, covering the main climatic regions in
Syria.

2.2 Trend Detection

Changes in rainfall amounts were assessed using calculated
moving average by grouping the time series (1990–2010) for
every station into four groups G1(1990–1995); G2 (1995–
2000); G3 (2000–2005); and G4 (2005–2010). In purpose to
track the changes in rainfall amount, the average rainfall was
calculated per each climatic station in each group of the
following G1; G2; G3; and G4, then subtracted from the
general average of each station over the entire time series
(1990–2010). In the final step, results were driven to GIS
and interpolated using ‘Kriging’ method.

Fig. 1 Study area
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2.3 Standardized Precipitation Index (SPI)

Among 50 different drought indicators and indices (Enenkel
et al., 2018), we chose the SPI (McKee et al., 1993) for
detecting drought vulnerability in Syria, because it only
needs monthly rainfall data which is available for us. On the
other hand, comparing with the other indicators and indices,

Table 1 SPI categories (McKee et al., 1993)

SPI value Drought category

0 to −0.99 Mild drought

−1.00 to −1.49 Moderate drought

−1.5 to −1.99 Severe drought

−2.00 or less Extreme drought

Fig. 2 Rainfall changes over Syria from 1990 to 2010
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the SPI index is less complicated and can be easily used to
identify rainfall deficit for multiple time scale which give an
accurate indicator of drought trend in any studied location
(Lana et al., 2001; Santos et al., 2010).

Statistically, SPI converts the gamma distribution prob-
ability into a series of linear data with natural distribution,
where the mean value is equal to zero and variance equal to
1 as follows:

g xð Þ ¼ 1

Ba�C að Þ x
a�1e�x=B

�C að Þ ¼ Z1

0

ya�1e�ydy

where

Ѓ(a): gamma distribution probability, x rainfall, a: shape
parameter, and B: scale parameter [for details see Yang et al.
(2018)]. SPI values range between (+2.00 or more) and
(−2.00 or less) for wet and drought conditions, respectively,
(Table 1).

In this study, the SPI was calculated for detecting agri-
cultural drought in Syria by using the SPI- software which
recommended by the World Meteorological Organization
(WMO) https://drought.unl.edu/droughtmonitoring/SPI/
SPIProgram.aspx (World Meteorological Organization
(WMO) 2012). The SPI was calculated for three variable
time scales: 1, 3, and 6 months, which reflecting drought
events affecting agricultural system (World Meteorological
Organization (WMO), 2012). In the next step, the
well-known principal component analysis (PCA) was cal-
culated for the SPI time series for defining the patterns of
drought co-variability (Raziei et al., 2009). The PCA is a
standard statistical method which consists in computing the
covariance matrix of the SPI data with the corresponding
eigenvalues and eigenvectors (World Meteorological Orga-
nization (WMO), 2012). In the next step, the varimax rota-
tion had been applied to the “loadings” (the correlation
between the SPI time series at single stations and the cor-
responding PCA) to identify the dominant spatial patterns of
variability.

In order to determine if the SPI series has a statistically
significant trend, the MK test was applied (H0: there is no
trend in the series; Ha: there is a trend in the series). The aim
was to detect the trends of drought within the study area. In
the final step, SPI results were keyed to GIS and interpolated
using ‘Kriging’ method.

3 Results and Discussion

3.1 Rainfall Changes (1990–2010)

Figure 2 shows that rainfall had decreased across Syria from
1990 to 2010. However, the period between 2006 and 2010
was disastrous years, where the moving average showed a
reduction ranging between −10 and −45% in eastern Syria.

3.2 Spatial and Temporal Patterns of Drought
in Syria

The PCA for various time sets of SPI produce three com-
ponents (PC1-, PC2-, and PC3) which identify three subre-
gions of drought variability in the study area. The three main
patterns—PC1, PC2, and PC3—were identified as a main
component of the total variance which explained 65.064,
62.786, and 60.404% for the SPI at 1, 3, and 6 scales time
series, respectively (Fig. 3).

As illustrated in Fig. 4, the drought pattern in Syria can
be divided into three regions according to PC components:
pattern-1 (PC1) in north-eastern Syria (i.e., Al Badia where
rainfall does not exceed 200 mm); pattern-2 (PC2) in
southern Syria (i.e., the Hauran plain where rainfall ranges
between 200 and 400 mm); and pattern-3 (PC3) in

Fig. 3 Variance% explained by the first three components (PC1-,
PC2-, and PC3)
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north-western Syria (i.e., the coastal area where rainfall
exceeds 800 mm). According to the SPI values, two severe
periods of drought have hit Syria, the first from 1999 to
2001, and the second from 2006 to 2009, with north-eastern
Syria (PC1) being the most affected by drought throughout
Syria.

The Mann–Kendall test showed a negative trend for SPI
at 1-,3-, and 6- months in almost of all the studied stations,
as can be seen in Fig. 5. Negative trends were detected more
clearly on longer time scales (6-months) where drought
becomes more vigorous. The significant negative changes at

different confidence levels (i.e., 0.001, 0.01, and 0.05) were
highlighted in 13 stations over a 6-months’ time scale. For
the 1- and 3-months’ time scale, there were no clear sig-
nificant trends (whether negative or positive), except for the
two stations in northern Syria.

In recent years, Syria has been hit by successive waves of
drought (Huang et al., 2015; Solh & van Ginkel, 2014),
particularly in the period from 2006 to 2009, with 2008
recorded as one of the driest years in recent history (Qatna,
2010; Skaf & Mathbout, 2010; Ide, 2018; Mohammed et al.,
1900), in conjunction with positive trends in temperature and

Fig. 4 Spatial patterns of drought variability in Syria (loading patterns vs 3-PCA) for the SPI in different time scales (1-, 3-, 6- month) from 1990
to 2010
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declines in precipitation (Tanarhte et al., 2012). However,
our results indicated that SPI reached an extreme value
between 2006 and 2009, and especially in 2008, resulting in
catastrophic impacts in the agricultural sector, where agri-
cultural activities are the main income source for more than
48% of the population. Syria, as well as the rest of the
Mediterranean regions, was subjected to drought, especially
in the Fertile Crescent which can be partly explained by
changes in the rainy storm tracks generated over the
Mediterranean Sea; these changes were responsible for a
decrease in the amount of rainfall, which may lead to
drought (Evans, 2009; Salah et al., 2018). Interestingly,

Mohammed and Fallah (2019) indicate a reduction in rainfall
associated with a significant drought trend in the coastal
region of Syria between 1960 and 2016, which emphasizes a
drought trend on a subregional scale.

As an outcome of this research, we can highlight that the
eastern part of Syria, which is mainly used for agricultural
purposes, was the most vulnerable area for agricultural
drought (PC1). In this area, decision-makers should track
drought and rainfall deficiency as a main obstacle to future
development plans. Otherwise, shifting toward an agricul-
tural rotation will be a good solution instead of planting
wheat or cotton each year.

Fig. 5 Mann–Kendall test for SPI trends at 1-, 3-, 6-months from 1990 to 2010
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4 Conclusion

In this research, the trend of both rainfall and agricultural
drought were analyzed for more than 30 stations covering all
Syrian land. Results showed a negative trend of rainfall
especially in the eastern and central part of Syria. Similarly,
statistical analysis for various time sets of SPI produce three
components (PC1-, PC2-, and PC3) which identify three
subregions of drought variability in the study area. Inter-
estingly, PC1 dominated in the eastern and central part of
Syria.

However, this work is a primary study for the assessment
and monitoring of drought episodes in Syria, where more
specific and detailed studies will be conducted in the future
to measure the impact of drought on the environment, taking
into consideration different ecosystem components.
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Rainwater Resources of India’s Desert Area
in the West Rajasthan

P. R. Rakhecha

Abstract

The western part of the Rajasthan state is the desert area
of India with low and erratic rainfall and sandy soils. The
real problem related to water in desert is from its
inter-annual variability in rainfall. The aim of this paper,
therefore, is to study the basic characteristics of rainwater
resources of India’s desert area in the west Rajasthan in
relation to the variability of rainfall, the frequency of
droughts and floods and the occurrence of maximum
point and areal rain water on the basis of their latest
rainfall data of 22 stations for the period from 1957 to
2012. It has been found that the annual variability in
rainwater is quite large leading to a deficit in water
supplies during low rainfall. When rainfall is only
186 mm or less drought conditions occur, which occurs
about once in every four years, floods are rare due to low
rainfall in the region but sometimes high rainfall results in
flash floods as seen in the region of Barmer district in
1973. In such cases, there is a potential to utilize this
flood water wisely for public consumption. The desert of
West Rajasthan and other deserts of the world provide
considerable hydrometeorological contrast.

Keywords

Desert � Monsoon � Rainstorm � Flood � Drought �
Season

1 Introduction

Rajasthan, the largest state of India, is situated in the
northwestern part of the country with an area of 3, 42,
239 km2 (Fig. 1). The western part of the state called ‘West
Rajasthan’ is climatically the desert area of India with low
and erratic rainfall and sandy soils. In fact the ‘West
Rajasthan’ desert comprises the four contiguous districts of
Barmer, Bikaner, Jaisalmer and Jodhpur as shown in Fig. 1
(Singh et al., 2014). This desert is a part of ‘Thar Desert’ or
the ‘Great Indian Desert’ and covers an area of about a third
of the total area of Rajasthan state. The name Thar is derived
from ‘thul’ the general term for the region with great sandy
ridges (Fig. 2). Although it is one of the world’s largest
deserts, its yearly rainwater is not as low as other deserts of
the world. Essentially, this is because of the influence of the
Indian southwest monsoon. This desert in West Rajasthan
receives considerable quantum of rainwater of the order of
200–300 mm a year, whereas the world’s other deserts such
as the Sahara, Kalahari, Namib Deserts in Africa, the great
sandy and Simpson Deserts in Australia and the Atacama
and Peruvian Deserts in South America have their yearly
rainfalls almost negligible or less than 50 mm. For example,
there is evidence that the hamlet of Dakhla in the Sahara
went without rain for a spell of eleven consecutive years.
Also flood producing rains does occur anywhere in the
desert area of West Rajasthan during the southwest monsoon
season from June to September in association with monsoon
depressions and cyclonic disturbances and produce millions
of cubic meters of rainwater (Dhar et al. 1974). Such
instances of occurring tremendous amounts of rain waters
are of great importance in the development of much more
surface and ground water resources to meet the water needs
in very near future.

At a time, there is considerable worldwide concern
about the possibility of climate change in desert regions
due to global warming being caused by land use change
and increasing carbon dioxide and other greenhouse gases.
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Several numerical experiments have been carried out
worldwide for climate change under double carbon dioxide
scenario. Since Rajasthan rainfall mostly depends on the
southwest monsoon of India, any change in its intensity
under climate change would affect Rajasthan rainfall and
water resources. Sikka and Pant (1992) showed that the

monsoon rainfall of northern India may increase by 5–10%
and the temperature may also increase by about 1 °C.
However, in the results of Lal et al. (1996) due to projected
enhancement of industrialization, the rainfall showed
decrease by about 5% and the temperature also showed
decrease by about 1 °C. According to Sikka (1997), these
scenarios are only suggestive, and the magnitude of
projected change is rather quite small, much smaller in
comparison with the inter-annual variability of the meteo-
rological parameters witnessed in the instrumental period.
Thus, there is hardly any cause for concern with regard to
climate change due to greenhouse global warming over
India or over Rajasthan desert. The real problem related to
water in desert is from its inter-annual variability in rain-
fall. The aim of this paper, therefore, is to study the basic
characteristics of rainwater resources of West Rajasthan
desert in relation to the variability of rainfall, the frequency
of droughts and floods and the occurrence of maximum
point and areal rain water on the basis of their latest rainfall
data of 22 stations for the period from 1957 to 2012 so that
the results are useful for future hydrological planning
wisely.

Fig. 1 Map of Rajasthan showing the desert districts of Bikaner, Barmer, Jaisalmer and Jodhpur

Fig. 2 Sandy ridges in West Rajasthan desert
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2 Location and Population of the Desert
of West Rajasthan

Climatically, the core desert area of Rajasthan consisting of
the four districts (Barmer, Bikaner, Jaisalmer and Jodhpur) is
located in the northwestern part between latitude 24.8° N and
28° N and longitude 69.7° E and 73° E with an area of
119,886 km2. It accounts nearly 34% of the total area of
Rajasthan state and forms a natural boundary running along
the border between India and Pakistan (see Fig. 1). Table 1
gives the area and population of each district. The total
population of the desert area is 9,329,887 of which 80% lives
in rural areas and depends on rain fed agriculture and animal
husbandry. The population density varies between 17 and
161 persons/km2 at the four districts. The Jaisalmer district
occupying 32% of the desert area has only 7% of population
which is a typical characteristic of the desert environment.
However, it is worth to mention that as compared to other
deserts, the population is fairly high in the desert of West
Rajasthan with a density of 80 people per km2. Vegetation
consists of thorny bushes, shrubs and xerophilous grass.
Various species of lizards and snakes are found here.

3 Data and Methods

Monthly and annual averages of rainwater and rainy days for
the period 1957–2012 for 22 stations in the West Rajasthan
desert area are obtained from the publication rainfall struc-
ture of Thar ‘The Great Indian Desert’ by Singh et al. (2014)
and climatic data from the climatic tables of observatories in
India published by the India Meteorological Department
(IMD, 1953). The commonly used statistical techniques
including moving average, Poisson's probability law and the
Gumbel probability distribution functions were applied.

4 Climate Over the Desert of West Rajasthan

The desert climate is described as BW by Koppen’s classi-
fication of climate system (Pettersen, 1995). In these regions,
mean annual rainfall is less than 250 mm, and surface

temperature is high. In the desert of West Rajasthan, the dry
cold winter and hot summer are the two most noticeable
seasons. Between these two seasons are the southwest
monsoon or rainy period and the post monsoon. Thus, the
desert of West Rajasthan has four distinct seasons, viz. cold
winter (December to February), hot weather or summer
(March to May), southwest monsoon or rainy (June to
September) and cool post monsoon (October to November).
The winter is a season of low-temperature averages around
10–15 °C. The winter is severe when at some places the
temperature falls below 0 °C. Jaisalmer recorded the lowest
temperature of −5.9 °C on January 12, 1967. The month of
March marks the beginning of summer, and the temperature
starts rising progressively from April through June averaging
around 35–40 °C. The heat during the summer is intense,
and scorching making the West Rajasthan desert the hottest
region in India. Bikaner recorded the highest temperature of
49.4 °C on May 28, 1914. During summer, severe dust
storms occur over most of the desert areas. The rainy season
is the period between the onset dates of monsoon to its
withdrawal dates. The monsoon rains begin in the West
Rajasthan by about July 10–15 and end by September 7
(Sikka, 1997). Normally, the rainy season lasts for about 50–
60 days. Occasionally, rain producing weather systems like
‘depressions’ and ‘lows’ during the monsoon season pene-
trate up to the parts of the desert and bring heavy rains and
floods in the desert area.

The actual climatic data, averaged over the 60 years for
Barmer (23° 45′ N, 71° 23′ E), is presented in Table 2. This
table shows the hottest month is May, which has an average
temperature of about 34.0 °C and the coldest is January with
a temperature of 16.8 °C. Due to lower morning tempera-
tures, relative humidity is higher in the morning than in the
afternoon. However, the mean monthly relative humidity
varies between 39% in November and 67% in August. The
humidity in the monsoon months of July and August is quite
high-mean monthly humidity of the order of 65–67%. The
wind speed is slightly lower during the winter than during
the summer monsoon. In monsoon, the average wind speed
is 11.0 km/h, and in winter the average wind speed amounts
to 7.3 km/h. There are three main wind regimes, typically,
11% of the days are calm, and 39% have a west/
northwesterly and 31% south/southwesterly wind.

Table 1 Area and population of
the desert districts of West
Rajasthan (Source MI & B, 2012)

District Area
(km2)

% of total
area

Population (2011
census)

% of total
population

Density
persons/km2

1 Barmer 28,387 24 2,604,453 28 92

2 Bikaner 30,248 25 2,367,745 25 87

3 Jaisalmer 38,401 32 672,008 7 17

4 Jodhpur 22,850 19 3,685,681 40 161

Total 4 119,886 100 9,329,887 100 80
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5 Rainwater in the Desert of West Rajasthan

The amount of rainwater received over various stations and
regions gives the quantity of water available naturally. The
mean seasonal and annual rain waters along with the coeffi-
cient of variability (CV), the number of rainy days and the
highest and lowest amounts of annual rain waters worked out
on the basis of data for the 56-year period (1957–2012) in the
desert of West Rajasthan as a whole as also for the stations in
the districts are given in Tables 3 and 4, respectively.

5.1 Rainwater in the Desert of West Rajasthan
as a Whole

Table 3 shows that the desert area as a whole receives on an
average about 250.9 mm equivalent to 30,100 million cubic

meters of rainwater every year with a CV of 38%. The
average seasonal rainwater amounts are 7.8, 17.6, 218.1 and
7.4 mm for winter, summer, southwest monsoon and post
monsoon contributing 3, 7, 87 and 3%, respectively, to the
annual rainwater amount. The monsoon season rainwater
figure of 218 mm is disappointingly lower than the country’s
normal of 887 mm for the June to September period. There
are two reasons. First, being farthest from the seas, West
Rajasthan is at the tail end of monsoon system which arrives
here. Second is the existence of an inversion in the lower
troposphere at about 1.5 km above sea level. This is
indicative of an extremely stable density gradient in the
atmosphere that tends to suppress large-scale ascent of air,
and the air is never able to rise to a point of saturation
despite its high humidity. That is why the mean monsoon
season rainfall is way lower than country’s monsoon season
rainfall (Das, 1995). It is estimated that about 78% of the
rainwater is lost to the atmosphere by direct evaporation and

Table 2 Climatic data for
Barmer (Source Climatic Tables
of Observatories in India, 1953)

Month Mean daily
temperature
(°C)

Highest
temperature
(°C)

Lowest
temperature
(°C)

Relative
humidity
(%)

Rainfall
(mm)

Rainy
days

Wind
speed
(km/h)

January 16.8 32.8 −1.7 41 6.1 0.4 7.5

February 20.3 38.9 4.4 45 5.6 0.6 7.8

March 25.1 40.0 8.9 44 4.1 0.6 9.3

April 30.7 45.0 13.3 41 3.3 0.3 9.3

May 34.0 48.9 16.7 48 9.7 0.6 11.0

June 33.2 45.5 18.4 57 21.8 1.2 13.1

July 30.9 44.4 19.4 65 90.7 5.2 11.5

August 29.3 40.0 20.6 67 148.8 5.8 10.3

September 29.9 41.1 16.7 59 20.3 1.4 9.1

October 28.7 40.6 13.9 44 1.3 0.2 7.5

November 23.9 37.2 8.3 39 0.3 0.1 5.8

December 19.3 32.7 3.3 42 2.0 0.2 6.6

Mean 26.9 – – 49 314 16.5 9.1

Table 3 Mean seasonal and
annual rainwater, coefficient of
variability (CV), rainy days and
the highest and lowest rain waters
in the Desert area (1957–2012)
(Source Singh et al., 2014)

Seasons Winter
(December–
February)

Summer
(March–May)

SW monsoon
(June–September)

Post monsoon
(Oct–November)

Annual

Rainfall
(mm)

7.8 17.6 218.1 7.4 250.9

% of annual 3 7 87 3 100

CV (%) 107 97 42 184 38

Rainy days 1.3 1.4 12.7 0.4 15.8

Highest
rainfall (mm)

36 (2006) 77 (1983) 425 (1975) 69 (1998) 461
(1975)

Lowest
rainfall (mm)

0 (1984) 1.1(1984) 50 (2002) 0 (1964) 73
(1968)
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12% result in surface runoff and the remaining enrich the
groundwater (Rakhecha, 1993).

5.2 Rainwater at Different Stations

It is important to know on an average in a year how much
rainwater at each station in the desert area is received. The
mean annual rainfall of different stations in the desert dis-
tricts along with their highest and lowest annual rain waters
and rainy days is given in Table 4. This table shows that the
annual rainwater amounts at the 22 stations varied from 200
to 360 mm, and the average ratio of the highest recorded
rainwater amount in a year to the mean annual was found to
be around 2.8.

6 Variability in Rainwater

We have said that being located in the westernmost part of
India, the desert area of West Rajasthan comes under the
sway of monsoon currents after the monsoon has advanced
over the rest of the country. The normal date of the advance
of the monsoon over this region is between July 10 and 15,
and the monsoon begins to withdraw by the end of first
week of September. There are, however, significant varia-
tions from its normal behavior, and the onset of monsoon
can be early or delayed by as much as two to three weeks.
Late commencement of monsoon may considerably influ-
ence the amount of rainwater received during the monsoon
season. To examine the variability in seasonal rain waters
over the desert area, their coefficient of variability
(CV) based on the data for the period 1957–2012 is given in
Table 3. This table shows that among the four seasons, the
lowest variability of rainwater, 42% was found in the
southwest monsoon season. The frequency distribution of
area average rainwater for the 56-year period (1957–2012)
is given in Table 5. This table shows that there is wide
variation in rainwater from year to year. In order to show
the variation of rainfall over the region as a whole, average
annual rain waters of West Rajasthan desert for the 56-year
period have been plotted in Fig. 3. This figure shows that
over the past 56 years annual rainwater amount has oscil-
lated between 73 mm in 1968 and 461 mm in 1975.
Oscillations in the annual rainwater were also subjected to a
moving average filter to suppress high-frequency oscilla-
tions. The filtered series shows that the fluctuations are
quite wide and the overlapping means range from 150 mm
to 400 mm. The pattern of moving averages reveals a weak
increasing trend in rainfall.

7 Abnormalities in the Monsoon Season
Rainwater

The years when the monsoon season rainwater exceeded the
mean monsoon rainwater by more than 50% are given in
Table 6. The largest excess was 95% in 1975. Table also
shows that rainwater over West Rajasthan desert was in
excess of mean monsoon by more than 50% on nine occa-
sions, giving an annual probability for this event of 16%.
The interval between successive years of excess rainfall is
random in nature. The probabilities of occurrence of this
event in a five-year period obtained on the basis of the
Poisson's probability law are given in Table 7.

8 Highest Point and Areal Rainfalls
in the Desert of West Rajasthan

Discussion on the highest point and areal rainfalls is of great
value in the design of the civil engineering water projects.
Heavy point and areal rainfalls in the desert of West
Rajasthan occur in association with the monsoon depres-
sions and low pressure areas which considerably stimulate
the monsoon currents. These disturbances form over the Bay
of Bengal and move in the northwesterly direction across the
country. After traversing Orissa and Madhya Pradesh
regions, they either move across Rajasthan or merge with the
seasonal trough over this region. Heavy rainfall occurs in the
regions which are exposed to these disturbances. Rainfall
caused by such depressions can range at a station from 400
to 800 mm in one day.

8.1 Highest Point Rainfalls

The daily rainfall records for stations in the desert of West
Rajasthan have been examined for occurrence of the highest
rainfalls of 1-day duration and the rainfalls from the severe
rainstorms. The highest recorded rainfall values of 1-day
duration for stations in the various districts are given in
Table 8.

The highest point rainfall values represent only small
areas around the recording points. The table shows that
rainfall of the order of 200–350 mm in one day has occurred
at individual station in the past. A glance at Table 8 conveys
the impression that there have been instances when a station
in this region received its mean annual rainfall in a single
day. For example, Chohtan, a station in the Barmer district,
recorded 356 mm on August 26, 1944, as against the annual
average rainfall of 288 mm. Similarly, Balotra in Barmer
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Table 4 Rainwater at different stations in the districts

No. Station District Location Mean
annual
rainfall
(mm)

CV
(%)

Rainy
days

Highest
annual
rainfall
mm)

Ratio of highest
to mean annual
rainfall

Lowest
annual
rainfall
(mm)

Ratio of lowest
to mean annual
rainfall

Lat. Long.

1 Barmer Barmer 25°
45′
N;

71°
23′ E

264 62 14 759 2.9 37 0.14

2 Chohtan 25°
29′
N;

71°
04′ E

288 66 15 875 3.0 36 0.12

3 Pachpadra 25°
56′
N;

72°
16′ E

246 55 15 590 2.4 37 0.15

4 Sheo 26°
11′
N;

71°
15′ E

221 50 13 525 2.7 31 0.14

5 Siwana 25°
39′
N;

72°
23′ E

350 58 17 1052 3.0 34 0.1

6 Bikaner Bikaner 28°
00′
N;

73°
18′ E

264 38 17 559 2.1 32 0.12

7 Lunkaransar 28°
30′
N;

73°
45′ E

296 53 18 783 2.6 64 0.22

8 Kolayat – 268 56 16 894 3.3 60 0.22

9 Nokha 27°
35′
N;

73°
29′ E

315 45 20 769 2.4 71 0.23

10 Dungargarh 28°
04′
N;

74°
00′ E

320 52 19 904 2.5 64 0.2

11 Jaisalmer Jaisalmer 26°
55′
N;

70°
55′ E

196 57 11 513 2.6 28 0.34

12 Fatehgarh 26°
30′
N;

71°
11′ E

176 73 9 527 3.0 16 0.09

13 Pokran – 203 60 13 540 2.7 29 0.14

14 Ramgarh – 134 66 8 386 2.9 2 0.02

15 Sam – 181 105 9 1304 7.2 8 0.04

16 Nokh 187 7 10 522 2.8 13 0.07

17 Jodhpur Jodhpur 26°
18′
N;

73°
01′ E

360 46 20 815 2.3 91 0.25

18 Phalodi 27°
08′
N;

72°
22′ E

216 45 14 486 2.3 14 0.06

19 Bilara – 416 47 22 1064 2.6 128 0.3

20 Shergarh 26°
20′
N;

72°
18′ E

243 3 16 677 2.8 42 0.17

21 Osian – 287 39 18 615 2.2 94 0.33

22 Jaswantsagar – 344 53 16 1088 3.2 80 0.23
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district and Nokh in Jaisalmer district have recorded 337 and
280 mm, respectively, in one day as against their annual
average rainfalls. Heavy fall of rain exceeding 300 mm in
one day is not, therefore, uncommon in the desert of West
Rajasthan.

8.2 Highest Areal Rainfalls from Severe
Rainstorms

High quantum of areal rainfalls from severe rainstorms
associated with the low or the cyclonic storms coming from
the Bay of Bengal can result flood water in West Rajasthan.
In the rainfall records of the West Rajasthan, three storms
predominate. These are the storm July 30–31, 1952, over the
Jodhpur district, the storm of August 17–19, 1973, over the
Barmer district and July 25–27, 1995, also over the Barmer
district. The storm of August 1973 brought very heavy
rainwater and floods to an area around Siwana in the Barmer
district, and therefore it was considered for analysis.

Table 5 Frequency of area
average annual rainwater in the
desert area of West Rajasthan

Rainwater range (mm) Frequency Rainwater range (mm) Frequency

70–90 2 271–290 2

91–110 1 291–310 3

111–130 3 311–330 2

131–150 2 331–350 3

151–170 2 351–370 4

171–190 7 371–390 4

191–210 5 391–410 2

211–230 4 411–430 0

231–250 4 431–450 1

251–270 4 451–470 1
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Fig. 3 Average annual rainwater
over the desert of west Rajasthan

Table 6 Years when rainwater over West Rajasthan desert was in
excess of mean Monsoon rain water by more than 50% (mean monsoon
rainwater = 218 mm)

Year Deviation from mean
monsoon rainwater (%)

Time interval between
excessive years

1961 64 –

1973 78 12

1975 95 2

1976 58 1

1990 63 14

1992 53 2

1994 57 2

2010 89 16

2011 57 1

Table 7 Probability of monsoon rainwater exceeding 50% of mean in
a 5-year period

Number of exceedance in a 5-year period Probability

0 0.45

1 0.36

2 0.14

3 0.02
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The 1973 storm was caused by the movement of a low
pressure area from the central Uttar Pradesh which stimu-
lated the activity of the monsoon and produced heavy rain-
water for a period of 7 days in the districts of Jaisalmer,
Barmer and Jodhpur. Large areas of these districts were
marooned for days continuously. Road and rail communi-
cations were disrupted for weeks together. The rainstorm
lashed the entire West Rajasthan area during August 13–19,
1973. Some stations in the desert area received one day
rainwater amounts exceeding their respective mean annual
rainwater. Jaisalmer recorded 200 mm of rainwater on
August 16 while its mean annual rainwater is about 180 mm.
Barmer recorded 170 and 230 mm of rainwater on August
17 and 18 . Figure 4 shows the isohyetal map of this rain-
storm for the period August 17–19 .

The depth-area-duration (DAD) values obtained during
this rainstorm are given in Table 9, and the rainwater
potential generated by the storm for each day of the rain
spell over the desert of West Rajasthan is given in Table 10.
Total volume of water generated over the desert of West
Rajasthan by the August 1973 rainstorm was estimated to be
about 32,293 million cubic meters during the period 13–19
August 19, 1973.

9 Droughts and Floods in the Desert of West
Rajasthan

Cities and villages in the desert of West Rajasthan obtain
their water from rainfall. Because of the inter-annual vari-
ability of rainfall, totals ranging from less than half of the
average rainwater in one year to twice the average amount in
another year as shown in Fig. 3, the desert of West

Rajasthan is highly susceptible to experience flooding or
severe droughts. As the dominant land use is farming and
animal husbandry, the occurrence of both droughts and
floods is a big problem. It is, therefore, important to assess
the probability of occurrence of droughts and floods in the
desert of West Rajasthan. In this section, we first focused on
the occurrence of the droughts in the desert area of West
Rajasthan.

9.1 Droughts

The drought occurs over a given area when its actual rainfall
received in a year significantly falls short of climatically
expected rainfall of the area. For India, the India Meteoro-
logical Department (IMD, 1971) has defined a drought as a
situation occurring in a region when its year’s rainwater is
less than 75% of the mean annual rainfall. The drought
is further classified as moderate when year’s rainwater is
between 75 and 50% of the mean value and less than 50% as
severe drought. On the basis of this criterion, the averaged
rainwater of each year in the desert of West Rajasthan was
classified as moderate or severe drought during the period of
1957–2012 which are listed in Table 11. This table shows
that in West Rajasthan desert 15 drought years have occur-
red during the 56-year period (1957–2012) of which three
were of severe nature. This reveals that after every 4 years of
good rainfall events, one moderate or severe drought year
occurs. The two contiguous severe droughts in 1968 and
1969 and one in 1987 were probably the most disastrous in
their effect on the economy. It is to be mentioned here that
the drought of 1987 in various parts of India was of
unprecedented in intensity (Sinha Ray & Shewale, 2001).

Table 8 Highest recorded 1-day rainfalls (mm) in the desert of West Rajasthan

District Station 1-day Highest
Rainfall (mm)

Date Annual
rainfall
(mm)

District Station 1-day Highest
Rainfall (mm)

Date Annual
rainfall
(mm)

Barmer Barmer 312 8.8.1990 264 Jodhpur Fatehgarh 180 19.7.1993 176

Chohtan 356 26.8.1944 288 Pokran 175 21.6.1996 203

Pachpadra 152 26.7.1995 246 Ramgarh 180 21.9.1998 134

Balotra 337 26.7.1995 270 Nokh 280 26.6.1996 187

Sheo 130 23.8.2007 221 Sam 240 17.8.1972 181

Siwana 205 18.8.1973 350 Jodhpur 157 31.7.1990 360

Bikaner Bikaner 127 17.7.1981 264 Shergarh 128 21.6.1996 243

Lunkaransar 233 24.7.2000 296 Phalodi 168 12.7.1964 216

Kolayat 138 6.8.1973 268 Bilara 300 31.7.1999 516

Kokha 134 23.6.96 315 Osian 125 10.6.1998 287

Dungargarh 262 26.7.83 320 Jaswantsagar 260 31.7.1999 344

Jaislamer Jaisalmer 204 16.8.1973 196 – –
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Fig. 4 Isohyets map of rainstorm
of August 1973 rainstorm

Table 9 DAD analysis of
August 1973 rainstorm over the
desert of West Rajasthan

Area (sq. miles) 1-day (mm) 2-day (mm) 3-day (mm)

10 275 307 376

500 236 262 300

1000 220 241 264

5000 170 210 228

10,000 146 186 203

15,000 128 174 179

20,000 114 164 172

30,000 99 140 160

40,000 89 134 150

50,000 80 118 143

Table 10 Volume of rainwater
generated by the August 1973
rainstorm over the desert area

Date 13 August 14 August 15 August 16 August 17 August 18 August 19 August

Average
rainwater
depth (mm)

50 54 55 32 32 54 41

Area covered
(km2)

79,901 164,651 123,102 109,749 73,072 74,721 67,081

Water
generated
(106 m3)

3995 8891 6774 3512 2336 4035 2750
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However, in West Rajasthan the drought years occur at
irregular intervals, and the probability of occurrence of
drought was found to be 27% in 56 years.

9.2 Floods

Floods are rare in the desert of West Rajasthan due to poor
rainwater, but unusually some rainstorms can result in
flooding as seen from the August 1973. In August 1973, the
usually drought prone Barmer and Jaisalmer districts were
hit by the flash floods and caused loss of life and damage to
property. At some stations, almost the average annual
amount was recorded in a single day. It is, therefore, more
important in the context of desert hydrology to study the
occurrence of flood rainwater. The IMD (1971) has defined
flood as a situation occurring in an area in a year when the
seasonal rainwater is more than 125% of mean. If the rain-
water is between 125 and 150% of mean, it is called mod-
erate flood year, and if the rainwater is more than 150% of
the mean, it is called a severe flood year. On the basis of this
criterion, rainfall of each year in West Rajasthan was clas-
sified as moderate or severe flood year during the period
1957–2012 and is listed in Table 11. This table shows that
15 flood rainfall years have occurred during the 56 years,
and during these years the annual rainfalls were in excess of
125–183% of the mean annual rainfall. As such, on an
average one flood rainfall year can be expected to occur in
4 years. It is worth to mention that one time 2 (1975, 1976)
and 3 (1996, 1997, 1998) contiguous flood years with high

amounts of rainwater have occurred. Flood rains, however,
occur at irregular intervals in 56 years, and the probability of
occurrence of flood was about 27%.

10 Maximum 1-Day Rainfall for Various
Return Periods

The design of minor civil engineering works such as irri-
gation tanks, culverts, highway bridges, urban drainage
works require estimates of maximum rainfalls for various
return periods. Considering the importance of the subject in
this section, we provide 1-day maximum rainwater values
for various return periods ranging from 2 to 100 years for
stations in different districts of the West Rajasthan desert.
Maximum rainfalls and floods are most commonly modeled
by EV 1 distribution. The distribution is essentially a
log-normal distribution with constant skewness (approxi-
mately 1.14).

Gumbel showed that the cumulative probability or the
return period that any extreme value of a variable X will be
equal to or greater than the given value x is given as follows:

1=T ¼ 1� exp ½� expf�aðx�bÞgg ð1Þ

XT ¼ b�1=a ln ln T=T � 1ð Þ ð2Þ
where a and b are scale and location parameters. The esti-
mates of these parameters using the method of moments are
the functions of the mean (�x) and standard deviation (r) of
extreme values as follows:

Table 11 Drought and flood
years

Drought
year

% of
annual
rainfall

Drought
classification

Time
interval
between
droughts

Flood
year

% of
annual
rainfall

Flood
classification

Time
interval
between
floods

1959 70 Moderate – 1961 149 Moderate –

1963 51 Moderate 4 1973 159 Severe 12

1965 74 Moderate 2 1975 183 Severe 2

1966 72 Moderate 1 1976 149 Moderate 1

1968 29 Severe 1 1983 156 Severe 7

1969 46 Severe 1 1990 153 Severe 7

1972 62 Moderate 3 1992 140 Moderate 2

1974 51 Moderate 2 1994 146 Moderate 2

1984 69 Moderate 10 1996 139 Moderate 2

1985 59 Moderate 1 1997 142 Moderate 1

1986 62 Moderate 1 1998 129 Moderate 1

1987 41 Severe 1 2003 125 – 5

1991 53 Moderate 4 2006 140 Moderate 3

2004 69 Moderate 13 2010 178 Severe 4

2009 68 Moderate 5 2012 139 Moderate 2
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1=a ¼
ffiffiffi

6
p

=p � r ¼ 0:78r

b ¼ �x� 0:45r

Substituting the parameters a and b in Eq. (2) yields

XT ¼ �x� 0:45þ 0:78 ln ln T=T � 1ð Þ½ �r ð3Þ

XT ¼ �xþK :r and K ¼ � 0:45þ 0:78 ln ln T=T � 1ð Þ½ �
ð4Þ

In this section, the annual maximum rainfall series for the
56 years period for 1-day duration was subjected to Gumbel
method, and the maximum 1-day rainfalls for different return
periods from 2 to 100 years for some stations in the desert of
West Rajasthan were determined using Eq. (3). The mag-
nitude of 1-day rainwater for different return periods (2–
100 years) is given in Table 12. This table shows that 1–day
rainwater of the order of 50–62 mm, 90–103 mm, 107–
132 mm, 130–170 mm, 146–200 mm and 163–227 mm can
occur on average once every 2, 5, 10, 25, 50 and 100 years,
respectively.

11 Conclusions

The paper provides interesting information on population
and rainwater resources of India’s desert area in the West
Rajasthan. The availability of water in the desert of West
Rajasthan is dependent on the rainwater received from the
Indian southwest monsoon. The mean annual rainwater of
the desert area based on records of their 56 years is 251 mm
equivalent to 30,100 million cubic meters with a coefficient
of variability of 38%. Thus, as compared to other desert
regions of the world West Rajasthan desert receives
tremendous amounts of rainwater. Also alongside, the desert
area is uniquely populated with a density of 80 persons/km2.
The areal average rainwater was in excess of the mean
monsoon rainwater by more than 50% on nine occasions in

56 years. The largest excess was 95% in the year 1975. As
also associated with the favorable meteorological situations
such as monsoon depressions/lows, this desert region
received heavy falls of rainwater of the order of 250–
350 mm in one day. The record rainstorm of August 1973
generated a water potential of the order of about 32,293
million cubic meters in the 7-day period August 13–19. The
high amount of rainwater and high density of population are
the most noticeable characteristics of the West Rajasthan
desert.
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Deficit Irrigation as a Strategy in Irrigating
Citrus Tree Plantings Under Water Scarcity
Conditions

Mohamed El-Otmani, Fatima Alahian, Charif Azrof, Chouaibi Anouar,
and Redouane Choukrallah

Abstract

Citrus is a major fruit crop produced (on 120,000 ha) and
exported from Morocco, consuming 10,000 m3 of irriga-
tion water per ha annually. Currently, irrigation water is
becoming very scarce, and drip irrigation is the water
supply system used in plantings because of its high water
use efficiency and productivity. Recent research indicates
that additional water saving and higher efficiency can be
obtained via adoption of deficit irrigation strategies such
as sustained deficit irrigation (SDI), regulated deficit
irrigation (RDI), and partial root zone drying (PRD).
These irrigation strategies were applied on citrus clemen-
tine (Citrus reticulata) plantings for two years at different
tree phonological stages. Four cultivars were included:
‘Sidi Aissa’ and ‘Orogrande’ in 2017 and ‘Bruno’, and
‘Esbal’ in 2018. Results indicate that water saving was in
the range of 6 to 31% compared to control fully irrigated
plantings depending on the strategy. However, deficit
irrigation reduced fruit size, yield, and vegetative growth
but enhanced fruit quality with PRD treatments having
more significant effect than SDI or RDI. The negative
effect of water deficit stress was more pronounced on total
yield than on fruit size, particularly in high vapor pressure
deficit (VPD) years and for PRD strategy. Under years of
mild VPD, this negative effect was significant but equal
for fruit size and yield. Water productivity decreased with
water amounts applied. However, since clementine fruit is
destined to fresh market which demands fruit of large
size, it can be safe to recommend use of RDI and avoid
PRD under semi-arid conditions.

Keywords

Clementine mandarin � Deficit irrigation � Partial root
zone drying � Yield � Fruit quality � Water saving �
Water productivity

1 Introduction

In general, Morocco has a semi-arid climate, and agriculture
is an important sector of the economy as it contributes 15% of
GDP. Because of climate change with increasing global
temperatures and decreasing annual precipitations, water is
becoming scarce in many areas of the world where the
resource used to be plentiful, particularly in arid and
semi-arid regions of the globe (Fourouzani & Karami, 2011).
With increasing urbanization and demand from industry,
agriculture, and tourism, the situation may worsen by 2050
(de Wit & Stankiewicz, 2006; Godfray et al., 2010). Agri-
culture uses close to 80% of available freshwater resources,
and this needs to be re-rationalized to satisfy the development
needs of both agriculture itself and the other sectors of the
economy for global and inclusive sustainable economic
growth. Besides conventional water resources, non-
conventional waters (such as treated wastewater, brackish
water, and drainage water) can be part of the solution but not
yet implemented in most countries (Allam & Allam, 2007)
including Morocco. Therefore, smart water saving techniques
should be developed to maintain efficient levels of crop
production in all sectors. In agriculture and particularly in the
fruit crop production sector, drip irrigation has been adopted
for several decades as an efficient irrigation technique
allowing for water saving per unit area and greater production
per unit crop produced (Carr, 2012), but new and more effi-
cient irrigation strategies have been or are being tested in
several countries and on various crops from around the world
to increase drought resistance and water productivity (Fer-
reres et al., 2003; Khanna-Chopra & Singh, 2011; Chai et al.,
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2016). These strategies include use of genotypes that have
high water use efficiency (Condon et al., 2004;
Khanna-Chopra & Singh, 2011) and irrigation management
using deficit irrigation strategies (Ferreres et al., 2003). These
strategies include regulated deficit irrigation (RDI) which
consists of imposing water deficit only at certain crop
development stages with little or no negative effect on crop
yield or quality (Chalmers et al., 1981). Ferreres et al. (2003)
indicated that several researchers have tried RDI on several
crops, but the results were not always encouraging, and thus,
adjustments are needed in relation to crop species, variety,
stage of development, soil type, and climate parameters and
evaporative demand. Another version of deficit irrigation is
sustained deficit irrigation (SDI) which imposes somewhat
mild stress on plants throughout the crop cycle by applying
80–85% of crop water needs with no or little effect on pro-
duction (Goldhamer & Viveros, 2000; Abriquesta & Ayars,
2018). Partial root zone drying (PRD) has also been devel-
oped where water deficit is applied by alternating irrigation
on each side of the plant (thus, half of the root zone is irri-
gated alternatively) in scheduled irrigation events although
with conflicting results (Sepaskhah & Ahmadi, 2010).

Citrus is major fruit crop produced (with 120,000 ha) and
exported from Morocco. It consumes about 10,000 m3/ha.
Under the Souss region of southwestern part of Morocco, a
major citrus producing region in the country with 40,000 ha,
clementine mandarins (Citrus reticulata) flower in the spring
(March-mid-April) and fruit set in mid-April to May,
whereas fruit enlargement occurs mainly during summer
months (June–September) coinciding with period of high
temperatures and low air humidity. Fruit maturation is
mainly in August-mid-October with some variation accord-
ing to the cultivar.

Under Spanish conditions, ‘Clementina de Nules’ man-
darin tree response to RDI was reported to vary according to
the phenological stage of application with reduced yield and
fruit size and increased juice sugar and acid content when
the water reduction was applied during the second half of
fruit growth and early fruit maturation (Gonzaloz-Altozano
& Castel, 1999, 2000). Garcia-Tejero et al. (2010) reported
that, under RDI, ‘Navelina’ orange (Citrus sinensis) had
reduced yield when the treatment was applied during flow-
ering and fruit growth but not when it was applied during
fruit maturation. Garcia-Tejero et al. (2011a) indicated that
cultivars respond differently to deficit irrigation programs
and that trees respond differently to the irrigation strategy
applied. In particular, they reported that water saving using
sustained deficit irrigation (deficit irrigation for a long period
of time) caused more stress and reduced yield more than use
of RDI (with much shorter period of water deficit) with
supply of the same water amount. In addition, RDI allowed
water saving but reduced crop yield over low frequency
deficit irrigation. This was also confirmed by Nagaz et al.

(2017) on ‘Meski Maltaise’ orange trees subjected to SDI
(applying 25 and 50% less water than crop needs)
throughout the crop cycle (May–December); reduced yield
and fruit size resulted in reduced net income to the grower.
However, fruit juice sugar content increased. Gasque et al.
(2016) indicated that RDI applied to ‘Navelina’ orange
during initial fruit enlargement phase had no effect on yield
or yield provided that stem water potential (a stress indica-
tor) did not surpass a threshold limit of −2.0 MPa.

PRD has been used with success on several fruit crops
including grapes, pear, peach, olive, and apple (see Consoli
et al., 2017 and the references therein). On citrus,
Romero-Conde et al. (2014) indicated that water saving can
be achieved with PRD if irrigation supply is properly
applied. They also indicated that when PRD is used in the
long term may result in severe water stress which can impair
growth and physiological parameters. Consoli et al. (2017)
reported that PRD supplying 50% of crop water needs to
young orange trees with alternating irrigation between
the two halves of the root zone at weekly interval increased
water use efficiency (calculated as yield/(irrigation
water + effective rainfall). This irrigation strategy reduced
vegetative growth and individual fruit weight but had no
effect on yield or fruit juice content. In an experiment using
PRD and SDI (applying 50% of crop needs during fruit
growth) on ‘Valencia’ orange trees, Mossad et al. (2020)
reported that yield was not affected by PRD but was reduced
by RDI. In addition, fruit juice sugar and acid content as well
as juice and sugar productivity per unit of irrigation water
were increased as a result of water restriction.

The objective of this paper is to report on the results of
experimental research done on four clementine mandarin
plantings using SDI, RDI, and PRD applied during the crop
cycle of clementine trees grown under the semi-arid climate
of the Souss valley of Morocco known for its water scarcity.

2 Materials and Methods

The experiments were done over two years with each year in
a different commercial orchard near the city of Taroudant,
Morocco. To characterize the climate of the crop season,
weather data was obtained from the closest weather station
to each of the two experimental fields.

First year experiment was performed during 2017 in a
commercial orchard where two mid-early clementine culti-
vars (Citrus reticulata Blanco) were used: ‘Sidi Aissa’
grafted on ‘Carrizo’ citrange [Citrus sinensis L.
(Osb.) � Poncirus trifoliata L. (Raf.)], and ‘Orogrande’
grafted on Citrus volkameriana. The trees were planted in
2011 on a sandy loam soil having a field capacity of 28%, a
humidity at the permanent wilting point of 14%, a pH of 7.1,
and an electric conductivity (EC) of 0.22 mmhos/cm.
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Trees were planted at a spacing of 6 m � 2 m (giving a
planting density of 833 trees/ha) and ferti-irrigated using
two lines of drippers for each tree row. Drippers were 60 cm
apart (i.e., 6.6 drippers/tree) with a flow rate of 4 l/h/dripper
leading a system rainfall of 2.2 mm/h. Irrigation water had a
pH of 6.9 and an EC of 0.22 mmhos/cm.

Irrigation regimes were based on growers’ experience
coupled with frequent observations of the general status of
the tree leaves and of the soil humidity level using capacitive
probes. After verifying the root depth of trees and lateral
extent of the root system, the net maximum water dose was
calculated giving a value of 3.2 mm, i.e., irrigation duration
of 1 h 30 min using the irrigation system described above.
This amount corresponds to the daily tree needs in the
summer period which also correspond to the supply by the
grower at that season. Water supply by the grower is based
on duration of irrigation. This estimation is shown to be
close to crop water needs (also known as crop evapotran-
spiration ETc) which was estimated using the formula:

ETc ¼ ETo� Kc ð1Þ
where ETo is the reference evapotranspiration and is esti-
mated using FAO Pennman–Monteith equation based on
weather data from the closest meteorological station (Allen
et al., 1998) and Kc is the crop cultural coefficient. Kc values
varied with the season from 0.3 in the winter to 0.6 in the
summer based on Doorenbos and Pruitt (1977). Water
dosage was applied once a day in mid-morning between 9
and 11 am. In addition, trees received cultural practices that
are optimal for the region.

Application of the irrigation strategies had begun on July
06, 2017, and lasted during the whole fruit growth and
maturation stages (up to October 5, 2017) according to the
specific characteristics described in Table 1.

Second year experiment used a commercial orchard
planted in 2013 at tree spacing of 6 m � 3 m (leading a tree
density of 555 trees/ha). ‘Bruno’ and ‘Esbal’ clementine
selections (Citrus reticulata), respectively, grafted on Citrus
volkameriana and Citrus macrophylla rootstocks were used.

Water and fertilizer application was by drip irrigation using
two drip lines per row of trees, one in each side of the row to
cover half of the root zone on each side of the tree. Each tree
has 15 drippers delivering 1 L/h each. The drippers are
40 cm apart on the line. The soil is sandy with 90% sand and
10% clay. Maximum active root concentration is in the
upper 40 cm for the ‘Bruno’/Citrus volkameriana and 50 cm
for ‘Esbal’/C. macrophylla (data not shown). Irrigation
supply was done according to grower’s strategy based on
irrigation duration according to leaf water visual evaluation,
soil humidity level, and water availability. To avoid water
loss by percolation, irrigation dose was divided in two
applications per day, one in mid-morning and one in early
afternoon. Soil pH in the root zone is 8.0 for ‘Bruno’ and 8.5
for ‘Esbal’ planting. Irrigation water has a pH = 8.3 and
salinity of 0.5 mmhos/cm. Trees received cultural practices
(fertigation, pruning, pest and disease management, etc.) that
are optimal for the region. Application of irrigation regimes
started on February 01, 2018, and lasted the whole crop
cycle. The specifications of each irrigation program are
given in Table 2. The experimental design was a complete
bloc with four replications (=blocs), and five
trees/experimental unit were considered in the test.

For 2017 and 2018 crop cycles, parameters observed
included:

• Crop yield: at harvest (on October 2 for 2017 and October
23 for 2018), total number of fruit per tree was obtained
for five trees per irrigation strategy.

• Fruit size and juice content: at maturation, composite
samples of ten fruit/tree/strategy were obtained for the
above five trees. These samples were weighed, and their
juice extracted and weighed.

• Fruit juice quality: for the above juice samples, total
soluble solids content (TSS) was obtained using a
temperature-adjusted laboratory refractometer. In addi-
tion, their total acidity (TA) was obtained using a 0.1 N
sodium hydroxide solution. Consequently, their maturity
index (MI) was calculated as the ratio TSS/TA.

Table 1 Irrigation regimes tested
in the year 2017

Irrigation
strategy

Specifications

T1 (control) Grower’s strategy: supply close to 100% ETc

T2 (RDI1) regulated deficit irrigation with supply of 75% ETc from July 06 to October 05, 2017
(fruit growth to maturation)

T3 (PRD4) Partial root zone drying (PRD) with 3–4 days alternating irrigation (supply of 50% ETc)
between the two tree root system halves from July 06 to October 05, 2017

T4 (PRD7) Partial root zone drying (PRD) with 7 days alternating irrigation (supply of 50% ETc)
between the two tree root system halves from July 06 to October 05, 2017

T5 (RDI2) Regulated deficit irrigation with supply of 50% crop water needs during fruit maturation
(Sept 11–Oct 05, 2017)
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For 2018 crop cycle, in addition of the above, irrigation
effect was also assessed on the following parameters:

• Flowering and fruit set: flower intensity and fruit set were
evaluated using tagged shoots of summer 2017. Four
shoots per tree and five trees per treatment were included
in the study. Their number of nodes per shoot was
counted (Table 3) and used as the base for estimating
intensity of flowering and intensity of fruiting. Flowering
was assessed by recording number of buds, number of
flowers open, number of flowers at petal fall stage, and
number of fruitlets set. Observations were recorded at
weekly intervals starting on March 23, 2018.

• Fruit set was calculated as the ratio: [maximum number of
fruits set/(maximum number of flower buds + open
flowers produced)]

• Vegetative growth: Changes in vegetative growth with
time were assessed using tagged 2018 spring shoots (born
on the tagged 2017 summer shoots) for which shoot length
was recorded at weekly intervals starting on May 09,
2018. Four tagged spring shoots per tree with five trees per
treatment were used. Because of the heavy load of flowers
on trees of ‘Bruno,’ this selection did not develop spring
shoots and was thus excluded from this evaluation.

• Besides that, number of newly born summer shoots was
also evaluated using the 2017 summer shoots as the base
for calculating shoot development intensity. This
parameter was evaluated on the ‘Bruno’ selection only
(Table 4).

3 Results and Discussion

3.1 Characterization of the Climate for the years
2017 and 2018

The year 2017 crop cycle was characterized by temperatures
in the range of 7–30 °C in the spring, 15–45 °C in the
summer, and 15–35 °C in the fall. Average air relative
humidity ranged between 30 and 70%. Thus, leaf vapor
pressure deficit (VPD) was in the range of 0.5–3.0 kPa with
peak readings of 3.5–5.2 kPa occurring in July and August
but with very short durations, coinciding with fruit
enlargement. In addition, rainfall was almost nil since there
were only about 6 mm total that fell between March and
May. However, reference evapotranspiration was in the
range of 1.8–5.6 mm/day. These data indicate that the 2017
clementine crop year was very dry and that, except for the
few days of heat in the summer, weather conditions were
generally acceptable for citrus tree growth and development.

For the 2018 year of study, air temperature was mostly in
the range of 4–25 °C in the winter, 10–30 °C in the spring,
18–36 °C in the summer, and these values lasted through the
fall (data not shown). Maximum temperature rarely excee-
ded 38 °C except for 5 days total between mid-July and
mid-August when it reached 43 °C. Temperatures in the
range of 12–36 °C are reported to be optimal for citrus tree
growth and development (INRA, 1968). In addition, mini-
mum air relative humidity was mostly in the range of 30 to

Table 2 Irrigation regimes
applied during the year 2018

Irrigation
strategy

Characteristics of the strategy

T1 (control) Supply of 100% grower’s irrigation capacity (full irrigation)

T2 (SDI) Sustained deficit irrigation with application of 73% of the full irrigation regime during
the whole crop cycle (February 1–October)

T3 (RDI1) Regulated deficit irrigation with application of 73% of the full irrigation regime during
flowering and fruit set (February 1–April 30)

T4 (RDI2) Regulated deficit irrigation with application of 73% of the full irrigation regime during
fruit enlargement-to-maturation (August–October)

T5 (PRD) Partial root zone drying applying 73% of full irrigation with one-day alternation between
each root zone half during the crop cycle (February 1–October)

Table 3 Characteristics of the
2017 summer shoots used in
evaluating flower intensity and
fruiting of trees in 2018

Irrigation
strategy

Variety

‘Bruno’ ‘Esbal’

Average shoot
length (cm)

Average number of
nodes/shoot

Average shoot
length (cm)

Average number of
nodes/shoot

T1 8.21 7.56 8.64 7.54

T2 8.68 7.67 7.55 7.60

T3 = T4 9.05 8.32 8.79 7.82
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60%. Rainfall was 80 mm in February and 55 mm in March
coinciding with flowering and 10 mm in September coin-
ciding with end of fruit growth and initial fruit maturation. In
addition, reference evapotranspiration rarely exceeded
7 mm/day (data not shown). These data gave leaf VPD
values below 2.5 kPa reported to be the maximum limit for
best growth and development conditions for citrus trees
(Kriedmann, 1968).

Furthermore, in 2018, the main period of tree vegetative
growth and that of flowering and fruit development was
relatively dry with rainfall of 80, 55, and 10 mm, respec-
tively, for the months of February, March, and September,
indicating that the only stage where tree benefited from it
was the flowering-early fruit set period (i.e., February–
March). The period of fruit enlargement (May–August) was
totally dry.

3.2 Flowering and Fruit Set

These parameters were evaluated in 2018 since irrigation
strategies commenced in February which included flowering
and fruit set, whereas in 2017, irrigation strategies begun
only in July coinciding with fruit enlargement. Both ‘Bruno’
and ‘Esbal’ clementine cultivars had similar flower intensity
with an average number of flower buds in the range of 163 to

180 flowers/100 nodes for ‘Bruno’ and 174–190 flowers/100
nodes for ‘Esbal’ (Table 4). Fruit set in numbers and in
percent relative to number of flowers produced were gener-
ally greater for ‘Esbal’ compared to ‘Bruno.’ Furthermore,
within cultivars, irrigation strategies, particularly SDI, RDI1,
and PRD which were applied before flowering, had no effect
on these parameters with greater numbers for ‘Esbal.’

3.3 Vegetative Growth

This parameter was evaluated during the 2018 crop year
since irrigation strategies that could affect it had begun prior
to flowering and spring growth flush. Length of spring
shoots was not statistically affected by irrigation strategies
applied that could have any influence on this parameter
(Table 4). However, influence on number of summer shoots
produced was significant with lower numbers for trees
receiving 73% of full irrigation whether water was supplied
as SDI (T2) or as PRD regime (T5) with alternating irrigation
supply between tree root zone halves at one-day interval
(Table 4). Reduced vegetative growth as a result of water
deficit application was reported by Consoli et al. (2017)
using PRD and by Gonzalo-Altozano and Castel (1999),
Perez-Perez et al. (2010) and Ballester et al. (2011) with RDI
strategy on citrus trees.

Table 4 Effect of irrigation
strategy on flowering, fruiting,
and vegetative growth of ‘Bruno’
and ‘Esbal’ clementine trees
(2018 year crop)

Variety Irrigation
strategy

Maximum
number of flower
buds + open
flowers/100 nodes
of summer 2017
shoots (March 21,
2018

Maximum number
of fruit set/100
nodes of
summer-2017
shoots (April 18
and 25,
respectively, for
‘Bruno’ and
‘Esbal’

Fruit set
(in %
relative
to total
flowers)

Spring
2018
shoot
length
(cm/shoot)

Number of
newly
formed
summer 2018
shoots/100
summer 2017
shoot nodes

‘Bruno’ T1 (control) 163.5 80.7 49.4 –
Z 11.0a

T2 (SDI) 164.0 91.8 55.5 – 7.6b

T3 (RDI1) 170.0 107.6 63.0 – 12.2a

T4 (RDI2) – – – – –

T5 (PRD) 180.5 86.4 47.9 – 5.5b

Significance
level

NS NS NS – 5%

‘Esbal’ T1 (control) 174.0 136.4 78.4 12.5 –

T2 (SDI) 190.0 133.4 70.2 12.1 –

T3 (RDI1) 177.0 118.5 66.9 11.9 –

T4 (RDI2) – – – – –

T5 (PRD) 174.5 144.3 82.7 11.4 –

Significance
level

NS NS NS NS –

zNot evaluated
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3.4 Water Saving, Fruit Size, Crop Yield,
and Water Use Efficiency

Although plantings used in 2017 were older (planted in 2011
vs. 2013) and had higher density (833 vs. 555 trees/ha)
compared to those used in 2018, irrigation water needs for
control trees were 6675 and 5555 m3/ha, respectively
(Tables 5 and 6). The difference is mainly due to the dif-
ference in the different agro-climatic conditions in the
experimental years since the climatic conditions of the year
2018 (air temperatures and leaf VPD which were milder)
were more adequate for good fruit set and growth than those
of the year 2017 (see above). In comparison with fully
irrigated trees, restricting water supply allowed water econ-
omy between 629 and 2054 m3/ha in 2017 (Table 5) and
between 338 and 1437 m3/ha in 2018 (Table 6) depending
on the strategy, with the lowest amounts for RDI and the
greatest for PRD, whereas SDI had intermediate amounts.

In addition, under full irrigation regime, cultivar effect on
yield is high (compare 19 tons/ha for ‘Orogrande’ to
15 tons/ha for ‘Sidi Aissa’ in 2017, and 22 tons/ha for
‘Bruno’ to 30 tons/ha for ‘Esbal’ in 2018). Year weather
conditions seem to have a greater effect over other agro-
nomic factors such as tree density (yield for ‘Sidi Aissa’ and
‘Orogrande’ planted at 833 trees/ha is less than that of
‘Bruno’ and ‘Esbal’ planted at 555 trees/ha).

Effect of deficit irrigation on fruit number, fruit size, total
yield, and water use efficiency was evaluated on 2017 crop
of ‘Sidi Aissa’ and ‘Orogrande’ (Table 5) and on 2018 crop
of ‘Bruno’ and ‘Esbal’ (Table 6) clementine trees. Fruit
number per tree was greater for ‘Esbal’ compared to ‘Bruno’

(Table 5) which is mainly due to the greater number of
flowers and fruit set (Table 4). Fruit number per tree was
statistically not affected by irrigation strategy except for
‘Sidi Aissa’ for which fruit number was lower for trees
stressed during fruit enlargement indicating that at this
phonological stage, this cultivar is sensitive to water short-
age which may have had a thinning effect. Ballester et al.
(2011) reported that under water shortage, fruit size is sig-
nificantly more affected by tree water status than tree fruit
number.

Fruit size was reduced for trees subjected to reduction in
irrigation water supply during fruit enlargement regardless
of the variety or whether or not the irrigation restriction was
applied at an earlier stage of fruit development (Tables 5 and
6). RDI during fruit maturation only had no effect on either
fruit size or yield.

Furthermore, correlations between water applied and fruit
size (by weight) showed positive trend. In addition, ‘Bruno’
had the lowest correlation coefficient (R2 = 0.451, indicating
that 45% only of the variability in individual fruit weight is
due to total water quantity applied) followed by ‘Esbal’
(with R2 = 0.758), whereas ‘Orogrande’ had the greatest
correlation coefficient (R2 = 0.971) followed by ‘Sidi Aissa’
(R2 = 0.845). This indicated that, overall, fruit size is more
dependent on and sensitive to water supply under high VPD
year (year 2017 with ‘Sidi Aissa’ and ‘Orogrande’).
Garcia-Tejero et al. (2012) reported that tree water status
below a certain threshold will have a significant negative
effect on fruit daily growth, thus on final fruit size.

Effect of water restriction on yield was more negative
with PRD than with SDI or RDI (Tables 5 and 6). In fact,

Table 5 Effect of irrigation strategy on total water applied, fruit size, yield, and water use efficiency (WUE) for ‘Sidi Aissa’ and ‘Orogrande’
clementine mandarin (year 2017 crop)

Irrigation
strategy

Quantity of
water applied
(m3/ha)

‘Sidi Aissa’ ‘Orogrande’

Average
fruit
number/tree

Average fruit
weight
(g/fruit)

Estimated
yield
(tons/ha)

WUE
(kg/m3)

Average
fruit
number/tree

Average fruit
weight
(g/fruit)

Estimated
yield
(tons/ha)

WUE
(kg/m3)

T1
(control)

6675 334aZ 55.4a 15.5a 2.31 356a 66.4a 19.7a 2.94

T2
(RDI1)

5641 (1034;
15%)Y

318b 53.6ab (−1.8;
−3%)X

14.2b (−1.3;
−8%)W

2.52 335a 64.3b (−2.1;
−3%)X

17.8a
(−1.6;
−8%)W

3.18

T3
(PRD4)

4621
(2054; 31%)

295b 51.4b (−4.0;
−7%)

12.7c (−2.8;
−18%)

2.74 320a 61.4c (5.0;
−7%)

16.4b (3.3;
−17%)

3.54

T4
(PRD7)

4621
(2054; 31%)

279b 52.6b (−2.8;
−5%)

12.2c (−3.3;
−21%)

2.64 325a 60.7c (5.7;
−8%)

16.4b (3.3;
−17%)

3.55

T5
(RDI2)

6046 (629;
10%)

348a 55.7a (−0.3;
0%)

16.2a
(+7.0; + 4%)

2.67 344a 65.5ab (9.0;
−1%)

18.7a (1.0;
−0.5%)

3.10

ZWithin columns, values followed by the same letters are not significantly different (Tukey’s test at 5% level)
YNumbers within brackets: first number indicates amount of water savings and second number indicates percent saving compared to control
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alternating irrigation between tree root zone sides had similar
negative effect, with a yield reduction of 17–21% compared
to full irrigation, regardless whether the alternation interval
was seven days or even one day. RDI had less effect on yield
(reduction between 0 and 11% with ‘the greatest reduction
for ‘Bruno’), whereas SDI had an intermediate effect (13–
15% reduction). Restricting water supply during fruit mat-
uration only (RDI-2 treatment) had no effect on yield across
the varieties, but water saving was very small (6–10%
compared to control full irrigation).

Although the cultivars used during the two years of
investigation are not the same from year-to-year, it is note-
worthy that: (1) during a dry and hot year (2017), fruit yield
seems to be more sensitive to water restrictions applied
during fruit growth (with yield reductions between 8 and
21% for ‘Sidi Aissa’ and 8 and 17% for ‘Orogrande) than
fruit size itself (with reductions between 3 and 8% only)
(Table 5); and (2) during a relatively mild year (2018), both
fruit size and yield seem to be affected by irrigation water
restrictions with the same degree (Table 6). This indicates
that fruit yield suffers significantly more under water
restrictions applied during fruit enlargement stage and high
VPD. Effect of water restriction on yield and fruit size was
reported to be dependent upon the phonological stage of
application (Gonzalo-Altozano & Castel, 1999), rootstock
genotype (Romero et al., 2006; Treeby et al., 2007), timing
and severity of the degree of water deficit stress applied
(Ferreres & Soriano, 2007; Ballester et al., 2011; Nagaz
et al., 2017), and the variety genotype (Garcia-Tejero et al.,
2011a; b).

Water productivity values for the 2018 crop were almost
double those for the 2017 crop with the lowest values
recorded for ‘Sidi Aissa’ regardless of the irrigation strategy.
This is certainly the result of the greater stress conditions in
2017 as well as differences in terms of variety tolerance to
stress with ‘Sidi Aissa’ being the most sensitive. Further-
more, correlation coefficients between the quantity of water
applied and yield were positive for all varieties tested with
correlation coefficients (R2) values in the range 0.63 and
0.99. Increased water productivity as a result of deficit irri-
gation was reported by others (Nagaz et al., 2017) and
Garcia-Tejero et al. (2011a, b) indicated that effect of water
deficit on yield was closely related to irrigation strategy
rather than to amount of irrigation water alone.

Furthermore, although no straight forward conclusion can
be made for water productivity as related to irrigation
strategy, it appears that it negatively correlates with water
quantities applied with some differences among varieties
(Table 7) which is in agreement with results of Consoli et al.
(2017). In addition, at least 48% of the variability observed
in water use efficiency (WUE) (R2 = 0.482) is explained by
water amounts applied.

3.5 Fruit Juice Content and Quality

Effect of irrigation treatments on fruit juice content and
quality was evaluated on ‘Sidi Aissa’ and ‘Orogrande’ for
the 2017 crop (Table 8) and on ‘Bruno’ and ‘Esbal’
clementine for the 2018 crop (Table 9).

Table 6 Effect of irrigation strategy on total water applied, fruit size, yield, and water use efficiency (WUE) for ‘Esbal’ and ‘Bruno’ clementine
mandarin (year 2018 crop)

Irrigation
strategy

Quantity of
water
applied (m3/
ha)

‘Bruno’ ‘Esbal’

Average
fruit
number/
tree

Average
fruit
weight
(g/fruit)

Estimated
yield
(tons/ha)

WUE
(kg/m3)

Average
fruit
number/tree

Average
fruit
weight
(g/fruit)

Estimated
yield
(tons/ha)

WUE
(kg/m3)

T1
(control)

5555 760az 52.7a 22.2a 4.0 887a 61.3a 30.2a 5.8

T2 (SDI) 4118 (1437;
26%)Y

785a 45.8b
(−6.9;
−13%)X

19.3bc
(−2.9;
−13%)W

4.7 876a 53.1c
(−8.2; −
13%)X

25.8b
(−4.4;
−15%)W

6.3

T3 (RDI
1)

4951 (604;
11%)

756a 52.5a
(−0.2;
−0.4%)

22.0a (0.2;
1%)

4.5 885a 61.2a
(−0.1;
−0.1%)

30.0a
(−0.2;
−0.7%)

6.1

T4
(RDI2)

5217 (338;
6%)

793a 45.0b
(−7.7;
−15%)

19.8b
(−2.4;
−11%)

3.8 904a 56.9b
(−4.4;
−7%)

28.6ab
(−1.6;
−5%)

5.5

T5
(PRD1)

4118 (1437;
26%)

756a 43.0b
(−9.7;
−18%)

18.0c
(−4.2;
−19%)

4.4 881a 50.8c
(−10.5;
−17%)

24.8b
(−5.4;
−18%)

6.0

ZWithin columns, values followed by the same letters are not significantly different (Tukey’s test at 5% level)
YNumbers within brackets: first number indicates amount of water savings and second number indicates percent saving compared to control
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Restricting water supply to clementine trees tended to
reduce fruit juice content, but the degree of this reduction was
cultivar and irrigation strategy dependent (Tables 8 and 9). In
fact, PRD strategy had the greatest reduction effect compared
to control full irrigation, and ‘Bruno’ and ‘Orogrande’ were
less sensitive than the other two selections. Mossad et al.
(2020) reported reduced fruit size and juice content for
‘Valencia’ orange fruit from trees under SDI (supplying 50%
ETc) but not under PRD (supplying 50% ETc).

However, deficit irrigation treatments all had a significant
increase effect on juice total soluble solids content which is
an indicator of sugar concentration in fruit juice (Tables 8
and 9). This increase was more evident in fruit of PRD trees
regardless of the irrigation alternation interval between tree
root zone halves. In addition, this increase had a significant
positive effect on fruit maturity index indicating an
enhancement of fruit maturation as a result of water stress
application. SDI and RDI treatments had an intermediate
effect between control trees receiving full irrigation and PRD
treatment. Increased fruit juice sugars as a result of deficit

irrigation were reported by Treeby et al. (2007) and Nagaz
et al. (2017). In addition, juice and sugar productivity per
unit of irrigation water was increased as a result of water
restriction (Nagaz et al., 2017). Mossad et al. (2020) reported
an increase in juice sugar content as well as fruit, juice, and
sugar productivity per unit irrigation water for PRD and SDI.

4 Conclusions

Taken together, the results indicate that: (1) there is a sig-
nificant cultivar and/or year effect of the response of trees to
deficit stress; (2) reduced water application reduced water
supply but reduced fruit size and yield with the latter being
more sensitive than the former particularly during the year of
high VPD year; (3) RDI had less of an effect (particularly if
applied during the fruit maturation stage only), SDI had a
more pronounced effect, and PRD had a severe effect;
(4) deficit irrigation increased fruit sugar content, thus
improving fruit quality; (5) retaining water effect on fruit

Table 7 Linear and quadratic
relationships between water
amounts used and water use
efficiency (with y in kg/m3 and x
in m3)

Variety Quadratic equation Linear equation

Equation R2 Equation R2

‘Bruno’ y ¼ �2� 10�7x2 þ 0:0013xþ 2:3292 0.612 y = −0.0004x + 6.3887 0.600

‘Esbal’ y ¼ 3� 10�8x2 � 0:0006xþ 8:1063 0.482 y = −0.0003x + 7.4975 0.482

‘Orogrande’ y ¼ 5� 10�8x2 � 0:0009xþ 6:4232 0.998 y = −0.0003x + 4.924 0.989

‘Sidi Aissa’ y ¼ �10�7x2 þ 0:0010xþ 0:1425 0.703 y = −0.0001x + 3.3756 0.598

Table 8 Effect of irrigation
strategy on fruit juice content,
total soluble solids (TSS), and
maturity index for ‘Sidi Aissa’
and ‘Orogrande’ clementine
mandarin (year 2017 crop; date of
observation: Oct 2, 2018)

Irrigation
strategy

‘Sidi Aissa’ ‘Orogrande’

Juice content
(%)

TSS
(%)

Maturity
index

Juice content
(%)

TSS
(%)

Maturity
index

T1 (control) 51.7az 10.5c 7.7c 49.7a 11.2b 9.8c

T2 (RDI1) 48.8ab 10.8ab 8.5ab 49.4a 11.6ab 10.3ab

T3 (PRD4) 46.7b 10.9ab 8.8a 45.9b 11.7a 10.4a

T4 (PRD7) 46.3b 11.0a 8.8a 46.8b 11.7a 10.5a

T5 (RDI2) 49.3ab 10.7bc 8.3b 48.8a 11.5b 10.0bc
ZWithin columns, values followed by the same letters are not significantly different (Tukey’s test at 5% level)

Table 9 Effect of irrigation
strategy on fruit juice content,
total soluble solids (TSS), and
maturity index for ‘Bruno’ and
‘Esbal’ clementine (year 2018
crop; Sept 28, 2018)

Irrigation
strategy

‘Bruno’ ‘Esbal’

Juice content
(%)

TSS
(%)

Maturity
index

Juice content
(%)

TSS
(%)

Maturity
index

T1 (control) 53.3az 10.2b 11.9b 53.0a 9.6b 10.7b

T2 (SDI) 51.1a 11.2a 12.1a 51.3ab 11.2a 12.2a

T3 (RDI 1) 52.5a 10.5b 11.5b 53.5a 9.8b 10.7b

T4 (RDI2) 53.3a 11.1a 11.8b 49.7b 11.0a 11.8ab

T5 (PRD1) 51.9a 11.4a 12.1a 50.4b 11.4a 12.2a
ZWithin columns, values followed by the same letters are not significantly different (Tukey’s test at 5% level)
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juiciness is cultivar- and irrigation strategy-dependent with
the general trend that PRD reduces fruit juice content;
(6) water restriction reduced vegetative growth which can be
an advantage in that it should reduce pruning costs.

Enhanced quality can also be considered an advantage in
that it can lead to earlier harvest time than usual which can
be a comparative advantage in the market place particularly
since clementine cultivars are the first citrus fruit in the
market in the beginning of the citrus fruit season, and thus,
earliness can bring better prices to the grower. Whether the
amount of water saved, the degree of earliness in fruit
maturation and potential reduction in pruning costs will
offset the cost of reduced fruit size and yield, particularly for
irrigation strategies with high amounts of water savings,
which remains to be elucidated.

It is noteworthy that fruit of the clementinemandarin grown
in theMediterranean ismainly geared toward fresh fruit export
and that fruit size matters as large fruit procures higher prices
in the market place. In addition, for arid and semi-arid regions,
under water scarcity conditions and very dry years, reducing
water supply may be the only alternative to the citrus growers
particularly under climate change and adverse climate events
to ensure sustainability of the production system. It can thus be
recommended to avoid using PRD strategy as it negatively
affects both fruit size and yield and that RDI can be a safer
strategy to adopt when water is scarce.
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Comparative Analysis on Adsorption
Properties and Mechanisms of Nitrate
and Phosphate Ions by a Zn Fe3O4/SiO2

MCM-48 Magnetic Composite: Kinetic
and Isotherm Studies

Mahmoud F. Mubarak and Rasha Hosny

Abstract

In our research, the magnetic nanocomposite adsorbent Zn
Fe3O4/SiO2 MCM-48 was prepared, and the ability of this
nanocomposite to remove phosphate and nitrate ions from
synthetic wastewater was investigated. Various batch
adsorption conditions, including different pH, temperature,
contact time, initial phosphate concentration and adsorbent
dosage conditions, were considered. Phosphate and nitrate
adsorption kinetics were well fitted by the pseudo-second-
order kinetic model for all studied adsorbents. The
adsorption process was represented by Langmuir iso-
therms. The thermodynamic parameters ΔG, ΔH and ΔS,
which were determined using the Van't Hoff equation,
indicated that the phosphate adsorption reactions on the Zn
Fe3O4/SiO2 MCM-48 nanocomposite were spontaneous
and endothermic in nature. The optimal conditions for the
adsorption of phosphate and nitrate ions onto Zn Fe3O4/
SiO2 MCM-48 were a pH of 2.0, temperature of 340 K
and contact time of 66 min. The results presented here
support the potential of using the Zn Fe3O4/SiO2

MCM-48magnetic nanocomposite as a material for the
treatment of phosphate and nitrate ions in wastewater.

Keywords

Adsorption � Mechanism � Wastewater � Electrostatic
attraction � Magnetite

1 Introduction

Water eutrophication is one of the main water pollution
concerns worldwide. Nitrate (NO3

−) and phosphate (PO4
3−)

are two main nutrients that arouse water eutrophication.
They are enriched in the water body because of the human
activities, resulting in the degradation of water quality and
even the ecological environment. Moreover, excess NO3

− in
water may cause infant methemoglobinemia and several
types of cancers (Zikos & Hagedorn, 2017). Several physi-
cal–chemical and biological methods have been developed
to manage the nitrate and phosphate in water, such as the
adsorption, chemical precipitation, ion exchange and bac-
terial assimilation methods (Zhao et al., 2017). However, the
application of the chemical and biological methods is
restricted by potential secondary pollution, strict reaction
conditions and high cost (Khedhri et al., 2017). Adsorption
is a promising method of purifying polluted water in situ,
with a relatively low cost and less potential of secondary
pollution (Mamba & Mishra, 2016). Therefore, developing
an economical and effective adsorbent for removing nitrate
and phosphate from water is a key factor in the large-scale
applications of the adsorption method.

Eutrophication is the term given to the enrichment of water
bodies with nutrients, such as nitrates and phosphates.
Eutrophication may occur when the concentration of phos-
phate is higher than 0.02 mg L−1. Adsorption is a popular
method to remove nutrients, especially phosphorus, from
effluent by using porous materials such as zeolites. Nitrate is
an emerging pollutant in agricultural, municipal, industrial
and mining wastewaters. Nitrate stimulates eutrophication,
and it has been linked to the outbreak of infectious diseases.
Excess nitrate in drinking water may cause methemoglobi-
naemia, also called a blue baby disease, in newborn infants.
Also nitrate can be removed in many ways such as by
adsorption (Kilpimaa et al., 2014). The rapid utilization of
NO3− and PO4

3−made vibration on the environmental scien-
tists to expand the modern techniques for removing them from
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water. The numerous NO3− and PO4
3− removal technologies

such as biological treatment, chemical precipitation, adsorp-
tion, ion exchange and membrane process were investigated
in which adsorption method seems to be cost-effective and
suitable at industrial level (Aswin Kumar & Viswanathan,
2019). Also there are many iron compounds like Purolite ion
exchange resin and hydrous ferric oxide columns in series also
removed almost all nitrate and phosphate from the wastewater
with initial concentrations 5.9 mg P/L (Gupta et al., 2012),

For these reasons, the objectives of this study are to
examine the feasibility of using Zn Fe3O4/SiO2 MCM-48 as
an adsorbent for the removal of phosphate and nitrate ions
from aqueous solutions by studying the effects of the pH,
temperature, contact time, initial phosphate and nitrate
concentration, and adsorbent dosage; assessing the potential
adsorption capacity and investigating the adsorption mech-
anism associated with these conditions.

2 Materials and Methods

All the reagents and starting materials used were of analyt-
ical grade, and distilled water was used to prepare all solu-
tions. The following chemical reagents were used in the

study: potassium dihydrophosphate, potassium nitrate III,
potassium nitrate V, 35–38% hydrochloric acid, sodium
hydroxide and 99.5–99.9% acetic acid. All the reagents were
analytically pure and were purchased from POCH S.A.
(Poland). HCl (35–38%), NH4VO3 (98.0%) and
(NH4)6Mo7O24 (� 99.0%) were acquired from Merck,
India. The typical PO4

3− and NO3− stock solutions were
prepared by dissolving of 1.4329 g of anhydrous KH2PO4

(� 98.0%) and 1.6305 g of anhydrous KNO3 (� 98.0%) in
1000 mL of double distilled (DD) water separately. AR
grade of all other reagents was utilized.

2.1 Synthesis of Mesoporous MCM-48

MCM-48 mesoporous was synthesized according to the
procedure described in the literature (Fathy et al., 2019;
Korzeniowska et al., 2019) using TEOS as a silicon source,
sodium aluminate, 50% NaOH, hexamethyleneimine and
aniline (AN, >99%, Sigma Aldrich) in the following molar
ratios: Si/Al = 11.5, OH/Si = 0.18, HMI/Si = 0.1,
H2O/Si = 45 and AN/Si = 0.2. The crystallization was
carried out for 6 and 2 h in a 200 ml Teflon-lined autoclave
at 143 °C. The products were activated as above.

Schema 1 Shows the nanocomposite for adsorption of phosphate and nitrate anions
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2.2 Preparation of Zn Fe3O4/SiO2 MCM-48
Nanocomposites

A 10 wt% of FeCl2, FeCl3 (1:2) and 1 wt% Zn(NO3)2
impregnated on MCM-48 catalysts were prepared by a wet
impregnation method. In a typical procedure, the calculated
quantity of FeCl3 and Zn(NO3)2 was dissolved in 40 mL of
methanol, which was stirred for 5 min, followed by the slow
addition of MCM-48 to the solution and kept for 6 h at room
temperature under stirring. Then, solvent was evaporated on
a rotavapour, and finally the catalysts were calcined at 373 K
for 1 h (Fathy et al., 2019; Sakate et al., 2018).

2.3 Adsorption Experiments

Standard nitrate and phosphate stock solution was prepared
by dissolving an appropriate amount of sodium nitrate
(NaNO3) and potassium dihydrogen phosphate (KH2PO4)
into water. The nitrate and phosphate solution was obtained
by stepwise dilution of the stock solutions with purified
water. The batch adsorption procedures were conducted to
reveal the adsorption isotherms by adding 0.1 g of Zn
Fe3O4/SiO2 mesoporous MCM-48 into a series of flasks with
the nitrate and phosphate solution (0.5–100 mg/L) for 6 h at
initial pH values (6.80) and different temperature (288, 298
and 308 K). The adsorption kinetics were investigated by
mixing 0.1 g of Zn Fe3O4/SiO2 mesoporous MCM-48 with
50 mL of nitrate solution (250 mg/L) and 50 mL of phos-
phate solution (500 mg/L) in each flask at initial pH values
(6.80) and temperature of 288, 298 and 308 K in an orbital
shaker at 120 rpm. The investigation was conducted in
triplicate. At certain time intervals, Zn Fe3O4/SiO2 meso-
porous MCM-48 was filtered off, and the concentrations of
nitrate (210 nm) and phosphate (700 nm) were measured
using a UV–visible spectrophotometer (UV2600, Unico,
USA) (Fathy et al., 2016).

3 Results and Discussion

3.1 Characterization of the Adsorbent
Nanocomposites

3.1.1 TEM Image
Figure 1 shows a TEM image of in Zn Fe3O4/SiO2MCM-48.
The core–shell structure of Zn Fe/Si MCM-48 is not as
clearly observable as that of previously reported
silica/magnetic nanoparticles. Zn Fe3O4/SiO2MCM-48
sample displayed a skeleton structure with different sizes
of nanorods, which is further confirmed by TEM observation

(Fig. 1) (Heba et al., 2017). The HR-TEM image (Fig. 1)
reveals that the lattice fringes with crystal plane distances of
0.334 and 0.318 nm, which corresponded to the spacing of
the (040) plane of Fe2O3 and the (101) plane of Zn(OH)2.

3.2 XRD Analysis

The XRD pattern of the A-MCM-48 is shown in (Fig. 2). It
demonstrated that the A-MCM-48 has the typical long-range
ordered hexagonal mesoporous structure. The structure can
be verified by the observation of four distinct diffraction
peaks indexed as (1 0 0), (1 1 0), (2 0 0) and (2 1 0) in the
low 2h region (Zhang et al., 2016d). In addition, the inter-
planar distance of the sample is 5.29 nm. The hexagonal unit
cell parameter a0 = 2d100/1.732 of the sample is 6.11 nm
(Liu et al., 2013). In addition, the XRD plot of the hexagonal
ZnO structure contains nine prominent peaks, which indi-
cates that the single phase is within the detection limit. The
diffraction peaks of the Zn Fe3O4/SiO2MCM-48 nanocom-
posite are sharp, and their 2h positions can be observed at
32° and 38°, indicating the presence of magnetite Fe3O4 or
maghemite c-Fe2O3 that were well indexed to Fe2O3

(JCPDS 02-0282). Due to the high diffractogram resolution,
only the mean crystallite size of the Zn Fe/Si MCM-48
sample could be inferred from the X-ray plot, with a value of
60 nm.

3.3 FT-IR Analysis

The functional groups of Zn Fe3O4/SiO2MCM-48
nanocomposite are shown in the FT-IR spectra (Fig. 3).
The spectra presented characteristics and adsorption peaks
indicated the complex nature of the sample compositions.
The strong and broad band around 3039–3710 cm−1 of Zn
Fe3O4/SiO2MCM-48 nanocomposite could be assigned to
the O–H groups, carboxylic groups stretching, correspond-
ing to the vibration of functional groups in Zn Fe3O4/
SiO2MCM-48 nanocomposite (Hosny et al., 2016). The
peak located at 1447.06 cm−1was attributed to the stretching
vibration of stretching vibrations of Si−O−Si and to the
stretching of silanol groups (�Si–OH). The decreased
adsorption peak in Zn Fe3O4/SiO2MCM-48 nanocomposite
at 734.7 and 1167 cm−1 was caused by the stretching
vibration of SiO in (Mahmoud Fathy et al., 2015). The band
around 1634 cm−1 is attributed to the characteristics of water
molecules inside the framework, and the bands around
3445 cm−1 correspond to OH− group from water molecules.
This illustrated that the sample is hydrophilic, and it adsorbs
some water when it is exposed to the air (Liu et al., 2013).
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The FT-IR spectra indicated that the modification reaction
resulted in the intensity variation and peak shift, and the
functional groups (amine groups) were successfully loaded
onto Zn Fe3O4/SiO2MCM-48 nanocomposite samples. Also
this result suggests that Si atoms are replaced by Zn ions on
the surface to form Si−O−Zn bonds.

3.4 Adsorption Studies

3.4.1 Effect of Dose
The effect of adsorbent dosage (Zn Fe3O4/SiO2MCM-48) on
simultaneous nitrate and phosphate removal is illustrated in
(Fig. 4). With increasing adsorbent dosage from 0.2 to

Fig. 1 TEM image of Zn Fe3O4/
SiO2MCM-48
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1.0 g/L, the removal rates of nitrate and phosphate increased
from 84 to 96.5%, 62 to 82%, respectively. However, the
removal rates of nitrate and phosphate decreased to 98.3 and
87.1% when adsorbent dosage was increased to 1.5 g/L. As
the adsorbent dosage was further increased to 2.0 g/L, the
removal rates of nitrate and phosphate continued to decrease.
This may be attributed to the decrease of available activated
sites due to the aggregation of adsorbent (Keränen et al.,
2015). That behaviour of increasing the amine cross-linked
tea wastes dosage from 1 to 8 g/L increased the nitrate
removal from 57.4 to 89.2%. Less amine cross-linked tea
wastes were needed to remove phosphate, as increasing the
amine cross-linked tea wastes dose from 0.4 to 2 g/L
increased the phosphate removal from 45.3 to 92.3%. There
was no critical increase in the removal rates for nitrate and
phosphate when the ACTW dosage was >8 and 2 g/L,
respectively (Qiao et al., 2019).

3.4.2 Effects of pH on Anions Adsorption
For anion pollutant adsorption, the pH value is a significant
factor. The adsorption of nitrate and phosphate ions on
adsorbents at different pH conditions is shown in Fig. 5.
Figure 5 shows that the removal rates of nitrate and phos-
phate on Zn Fe3O4/SiO2MCM-48 adsorbent increased with
increasing pH from 3.8 to 6.2, and it can be clearly found
that the nitrate removal rate at pH = 3.8 was higher than that
at pH of 4–6. It may be due to the high adsorption rate
(Kazemi et al., 2015). The nitrate removal rate began to
decrease when the pH value was higher than 6.2, which may
be ascribed to that the increasing hydroxide ions would
compete with nitrate for the adsorption sites of the Zn Fe3O4/
SiO2MCM-48 adsorbent. Therefore, the nitrate adsorption
was retarded. Usually, the form of phosphate compound,
such as H3PO

4, H2PO
4−, HPO4

2− and PO4
3−, depends on the

solution pH value (Zhang et al., 2016b). Figure 5 shows that

the average removal rate of phosphate reached 90.6% when
the pH was 3.2. Meanwhile, the mainly chemical form of
phosphorus is H2PO4—under acid condition and the surface
protonation of Zn Fe3O4/SiO2MCM-48 adsorbent enhanced
the adsorption of phosphate by electrostatic attraction
(Zhang et al., 2016a). The removal rate of phosphate was
greatly reduced as the pH value was increased to more than
7, which is ascribable to that the electrostatic attraction was
shifted to electrostatic repulsion because of the deprotona-
tion of Zn Fe3O4/SiO2MCM-48 adsorbent. Furthermore, the
competition between hydroxide ions and phosphate ions was
also responsible for the low adsorption efficiency (Zhang
et al., 2016f). We observe that results of high phosphate
removal efficiency were observed between pH 5 and 9,
whereas high nitrate removal was achieved at pH 7. 2. And
high nitrate removal was achieved at pH 7, whereas high
phosphate removal was observed in the range of pH 5–9.
The decrease in nitrate removal above pH 7 could be due to
stronger competition with hydroxide ions, while low
removal below pH 7 can be attributed to instability of oxides
of SWR at lower pH (Berkessa et al., 2019).

3.4.3 Different Initial Solution Concentrations
Initial contaminating ion concentration was also an impor-
tant parameter for nitrate and phosphate adsorption by Zn
Fe3O4/SiO2MCM-48 (Fig. 6). As the initial concentration of
either ion increased, the adsorption capacities of the Zn
Fe3O4/SiO2MCM-48 for those ions gradually reached
equilibrium and then their respective maximum adsorption
capacities, 232.26 and 222 mg/g. At low initial concentra-
tions, the low adsorption capacities might reflect the fact that
active sites on the surface of the adsorbent had not reached
fullness (Zhang et al., 2016e). The adsorption capacities
increased drastically with increased initial nitrate and phos-
phate concentration, possibly since higher initial nitrate or
phosphate ion concentration would increase the driving force
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to overcome the mass transfer resistance of nitrate or phos-
phate between the solid and aqueous phases and because of a
more intense interaction between nitrate/phosphate and the
adsorbent. The plateau occurs when the active sites on the
surface of the Zn Fe3O4/SiO2MCM-48 reach saturation. It is
worth noting that the adsorption capacity of the Zn Fe3O4/
SiO2MCM-48 for an applied nitrate solution of 250 mg/L
nitrate aqueous was 232.2 mg/g (Fig. 6), which is signifi-
cantly higher than the adsorption capacities of other reported
cross-linked agricultural by-products (Zhang et al., 2016d).
At low adsorption doses (10 mg), Zn Fe3O4/SiO2MCM-48
also showed high adsorption capacity (249 mg/g) for
removal of phosphates (Fig. 6), which is significantly higher
than the adsorption capacities of other reported cross-linked
agricultural by-products (Zhang et al., 2016g). Same results
and same behaviour were observed in Berkessa et al. (2019)
where the effect of adsorbate concentration on the adsorption
was investigated by varying the initial concentration of
phosphate between 0.2 and 260 mg/L and that of nitrate–
nitrogen between 3 and 19 mg/L. The decrease in nitrate
adsorption could suggest lack of available area required for
the high initial concentration of nitrate. This result is similar
with the observation made by Katal et al. where there is a
decrease in the percentage removal of nitrate from 94.5 to
46.3% with the increase in initial concentration from 50 to
300 mg/L.

3.4.4 Effect of Temperature
The adsorption equilibria of nitrate and phosphate on Zn
Fe3O4/SiO2MCM-48 at different temperatures are shown in
Fig. 7. As seen in the figure, the adsorption % increased
correspondingly with increasing temperature and that
because the mass transfer driving force increased as the
initial concentration increased, thereby increasing adsorption
capacity (Zhang et al., 2016c). The adsorption capacity of
nitrate and phosphate on Zn Fe3O4/SiO2MCM-48 was 12.42
and 20.13 mg/g at 100 mg/L and 288 K, respectively. The
decreased values of qe at the increased temperature revealed
that the adsorption process may be exothermic to a certain
extent (Zhang et al., 2016c).

3.4.5 Adsorption Isotherms
The dependences of phosphate adsorbed onto Zn Fe3O4/
SiO2MCM-48 at equilibrium concentrations and at a pH of
7.0 for both the Langmuir and Freundlich equations are
described in Figs. 8 (Zhang et al., 2016d).

Langmuir isotherm is used to describe single layer
adsorption. The linearized form of Langmuir isotherm model
is given as (Aljbour et al., 2016)

1=qe ¼ 1=qmþ 1=bqmce ð1Þ
where qe is the amount adsorbed per unit weight of adsor-
bate (mg/g), Ce is the equilibrium concentration of adsorbate
in the solution after sorption (mg/L), and qm and b are the
Langmuir constants. qm indicates the saturated monolayer
sorption capacity (mg/g), and b represents the sorption
equilibrium constant (L/mg). The Langmuir isotherm
parameters can be obtained by plotting 1/qe versus Ce as
shown in Fig. 8.

Freundlich Isotherm

The Freundlich isotherm is used for heterogenous surface
systems. The linearized form of Freundlich isotherm equa-
tion is given as (Aljbour et al., 2016)
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log qe ¼ logKþ 1=n logCe ð2Þ
where qe is the amount adsorbed per unit weight of adsorbate
(mg/g), Ce is the equilibrium concentration of adsorbate in
the solution after sorption (mg/L), and K and n are the
Freundlich constants. K indicates the sorption capacity, and
n represents the reaction energy. The Langmuir isotherm
parameters can be obtained by plotting logqe versus log as
shown in Fig. 9.

The isotherm equations and their linear plot details are
shown in Tables 1 and 2. The single layer type of adsorption
was governed by Langmuir which was plotted by Ce versus
Ce/qe. The multilayer type adsorption was governed by
Freundlich which was plotted by log qe versus log Ce, and
the best fit in these parameters is listed in Tables 1 and 2.
The 1/n and n values should be around 0 to 1 and 1 to 10 for
the adsorption to be feasible. In Freundlich isotherm, it was
detected that 1/n values were dropping between 0 and 1,
whereas n values falling between 1 and 10 denote the
favourable nature of NO3

− and PO4
3− adsorption onto Zn

Fe3O4/SiO2MCM-48 composite beads (Hydro).

3.4.6 Thermodynamic Study
The thermodynamic experiments were used to examine the
thermodynamic probability of the adsorption system and
calculating their parameters like standard entropy change
(DS°), standard enthalpy change (DH°), standard free energy
change (DG°) and activation energy (Ea) (Alagha et al.,
2020). These thermodynamic parameters can be calculated
from following Eq. (3–5)

DG ¼ �RT lnKd ð3Þ

lnK ¼ DS� DHRT ð4Þ
where T is the experimental temperature (Kelvin) and R is
the gas constant (8.314 J/(mol/K)). Moreover, the activation
energy (Ea) delivers the nature of sorption system which is
generally physisorption or chemisorption, and it was
examined using the following equation.

Ea ¼ DHadsþRT ð5Þ
The Gibbs free energy reflects the spontaneity degree of

the adsorption process, where more negative values suggest
an energetically favourable adsorption process. Commonly,
for physisorption, the change in free energy is between −20
and 0 kJ/mol, but the change in free energy in the case of
chemisorption ranges between −80 and 400 kJ/mol.

The free energy of the process at all temperatures was
negative and changed with the rise in temperature (Tables 3
and 4; Fig. 10). This indicates that the adsorption process
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Table 1 Phosphate ions adsorption by Zn Fe3O4/SiO2MCM-48

Isotherm equation Zn Fe3O4/SiO2MCM-48 X2

298 319 330 339 12

Langmuir

q0 (mg g−1) 22 18.327 17.2803 18.256

K (L mg−1) 0.001354 0.001383 0.001756 0.002078

R2 0.597509 0.512908 1 0.727058

RL 0.806452 0.373134 0.37037 0.42735

Freundlich 11

kf 0.841883 0.890105 0.880918 0.886283

n 0.640624 0.58855 0.59743 0.62917

R2 0.98084 0.99482 0.99664 0.99944

Table 2 Nitrate ions adsorption by Zn Fe3O4/SiO2MCM-48

Isotherm equation Zn Fe3O4/SiO2 MCM-48

298 319 330 339 14

Langmuir

q0 (mg g−1) 20 17.17573 16.1636 16.073

K (L mg−1) 0.004114 0.00068 0.00194 0.004817

R2 0.56896 0.11107 1 0.631983

RL 0.806452 0.373134 0.37037 0.42735

Freundlich 17

kf 0.629954 0.635777 0.579245 0.599785

n 0.131389 1.22648 1.34087 1.33288

R2 0.9854 0.9478 0.9554 0.9221

Table 3 linear kinetic data for the adsorption of phosphate onto Zn Fe/Si MCM-48

Order C0 K1 Qe R2

1st order model 20 mg/l −0.0104 0.1723 0.9664

50 mg/l −0.0072 0.2543 0.9492

100 mg/l −0.0035 0.3075 0.9931

250 mg/l −0.0012 0.3796 0.9853

2nd order model C0 K2 Qe R2

20 mg/l 58.707 0.017 0.8445

50 mg/l 101.689 0.0098 0.6940

100 mg/l 50 0.02 1

250 mg/l 220 0.004 1

Intraparticle diffusionmodel C0 a kd R2

20 mg/l 0.09491 32.747 0.8819

50 mg/l 0.09491 28.327 0.8819

100 mg/l 0.0813 29.714 0.8964

250 mg/l 0.0669 32.747 0.8039
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was spontaneous and thermodynamically favourable. The
more negative values of DG imply a greater driving force for
the adsorption process. As the temperature increased, the
DG value increased, indicating a higher driving force
resulting in a greater adsorption affinity at higher

temperatures (El-Naggar et al., 2019). The value of DH was
positive, indicating that the adsorption process was
endothermic in nature (Fathy et al., 2014). The positive
value of DS suggested increased randomness at the
solid/solution interface with some structural changes in the
adsorbate and the adsorbent and an affinity of the adsorbent
towards phosphate. Though the adsorption of dyes is cur-
rently described as an exothermic phenomenon (Afroze &
Sen, 2018), endothermic adsorption was also reported in the
literature: acid orange 7 dye in aqueous solutions using spent
brewery grains, methylene blue adsorption using wheat
shells and malachite green and basic red using activated
carbon and activated slag (Dong et al., 2019). However in
case of nitrate, the entropy increased like in the present work
and the same phenomenon was reported by Gupta et al.
(2003). These differences may be attributed to the physical
and chemical characteristics of the anions and adsorbents,
which play an important role in adsorption (Boopathy et al.,
2013). Many adsorbents show that the thermodynamics
parameters show the effect of temperature on adsorption
capacity, thus imply the spontaneity of the process. Standard
Gibbs free energy was all negative and decreased as tem-
perature increased, suggesting that the adsorption is spon-
taneous and favours high temperature. The positive standard
enthalpy indicates that the process is endothermal; therefore,
high temperature can promote adsorption (Gupta et al.,
2020).

3.4.7 Contact Time Effect
For successful application of Zn Fe3O4/SiO2MCM-48 for
nitrate removal, it is important to achieve high adsorption
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Fig. 10 Van’t Hoff plot of the adsorption of 100 mg/L (initial
concentration) of phosphate and nitrate by Zn Fe3O4/SiO2MCM-48

Table 4 Linear kinetic data for the adsorption of nitrate onto Zn Fe/Si MCM-48

Order C0 K1 Qe R2

1st order model 20 mg/l −0.0017 0.17445 0.96207

50 mg/l −0.00724 0.25432 0.949202

100 mg/l −0.00734 0.28834 0.982115

250 mg/l −0.0017 0.3746 0.928332

2nd order model C0 K2 Qe R2

20 mg/l 58.7 0.0170 0.9844

50 mg/l 91.26 0.0109 0.9407

100 mg/l 50 0.02 1

250 mg/l 240 0.004 1

Intraparticle diffusionmodel C0 a kd R2

20 mg/l 0.0883 21.242 0.8761

50 mg/l 0.0883 25.476 0.8761

100 mg/l 0.0419 13.239 0.7062

250 mg/l 0.0478 21.242 0.6806

Comparative Analysis on Adsorption … 255



capacity for nitrate in a short time. According to Fig. 11, the
rate of anion removal by the Zn Fe3O4/SiO2MCM-48 was
sharp at initial times followed by a long slow decline, as
reported by (Bavaresco et al., 2017). About 72, 54 and 58%
of adsorption occurred at the first 5 min for nitrate and
phosphate, respectively. The adsorption equilibrium was
fully established after 90 min for nitrate. For phosphate,
adsorption continued over 100 min (Fig. 11). The results
showed that adsorption of nitrate was higher and faster than
that of phosphate. Keränen et al. (2015) showed that about
40% of nitrate adsorption on Mg–Al–LDH (3:1) occurred
within the first 5 min. Keränen et al. (2015) reported that
about 93% of adsorption of phosphate by Mg–Al-LDH (2:1)
was obtained within 5 min. The percentage removal depends
on the type and initial concentration of anion as well as Zn
Fe3O4/SiO2MCM-48 characteristics such as Zn Fe3O4/
SiO2MCM-48 type, calcination, crystallization of Zn Fe3O4/
SiO2MCM-48, molar ratio of M2+/M3+ and method of syn-
thesis (Khalid et al., 2015). The percentage of removal
decreased with increasing initial phosphate concentration. In
these studies, besides the difference in the initial concentra-
tions, higher absorption rate of nitrate and phosphate within
the first 5 min could be due to the active site percentage with
respect to the concentrations of ions. Removal of nitrate
higher than phosphate ions may be due to the higher nitrate

adsorption capacity and selectivity of Zn Fe3O4/
SiO2MCM-48, obtained from preliminary experiments.

3.4.8 Kinetic Mechanism of Adsorption
The adsorption kinetics study describes the absorption
uptake capacity of the solute and the time required to reach
dense absorption at the solid solution interface, including the
effect of diffusion. The effect of the contact time on batch
adsorption at 20, 50, 100, 250 mg L−1 initial phosphate ion
concentrations, 303 K and pH 7.0 was investigated, and the
results are shown in Figs. 12 and 13.

The pseudo-first-order kinetic model, pseudo-second-
order kinetic model and intraparticle diffusion model
(Zhang et al., 2016f) were used to investigate the mechanism
of adsorption. The dynamic experimental data were obtained
at particle sizes of 200 nm. The adsorption mechanism
depends on the physical and chemical characteristics of the
adsorbent and the mass transfer process. Such kinetic models
can be expressed by the following Eqs. (6–8):

qt ¼ qe 1� e� k1tð Þ ð6Þ

qt ¼ k2q2et1þ k2qet ð7Þ

qt ¼ kpt1=2 ð8Þ
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where qe (mg/g) and qt (mg/g) are the quantities of
phosphate ions adsorbed at equilibrium and at time t,
respectively; the rate constants of the pseudo-first-order and
second-order reactionsare k1 (s−1) and k2 (g/mg/min),
respectively; and the constant of intraparticle diffusion is kp
(mg/g/half minute). In addition, all the correlation coeffi-
cients and other parameters were calculated from the models
given in Tables 5 and 6.

As evidenced by the higher R2 (3, 4), the experimental
data of nitrate and phosphate adsorption on the Zn Fe3O4/
SiO2MCM-48 were better fitted to the pseudo-second-order

model. In addition, for all three anions the calculated ion
adsorbed at equilibrium time (qe) from the
pseudo-second-order model was more close to the experi-
mental data. The experimental qe values for nitrate and
phosphate were obtained, 250 and 240 mg/l, respectively.
Among the kinetics models, pseudo-first order and
pseudo-second order have been widely used for oxyanion
adsorption by Zn Fe3O4/SiO2MCM-48 (Hoque et al., 2016).
These common models are used in order to determine the
rate constants of adsorption and to find out information
about the adsorption mechanisms.
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4 Conclusions

The novel Zn Fe3O4/SiO2MCM-48 adsorbent was prepared
and characterized, and the adsorption behaviours of nitrate
and phosphate on Zn Fe3O4/SiO2MCM-48 in binary systems
were investigated. The surface of Zn Fe3O4/SiO2MCM-48
was rougher, and the intensity variation of related functional

groups appeared in the FT-IR spectra. The adsorption pro-
cess could be described by the Langmuir isotherm and
pseudo-second-order equation, and the maximum adsorption
capacity, as calculated from the Langmuir equation at 298 K
of nitrate and phosphate on Zn Fe3O4/SiO2MCM-48, was
220 and 190 mg/g, respectively. The adsorption of nitrate
and phosphate on Zn Fe3O4/SiO2MCM-48 was spontaneous
and exothermic. Therefore, Zn Fe3O4/SiO2MCM-48 is
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appropriate for nitrate and phosphate removal from aqueous
solutions in binary systems.
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Effect of Treated Wastewater on the Growth
and Yield of Two Sweet Corn Varieties:
Impact of Doses and Systems of Irrigation
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Mohamed El Otmani, Bouchra Yaacoubi, and Redouane Choukr-Allah

Abstract

The limited availability of freshwater and succession of
drought years and climate change have put the pressor to
look for alternative water resources including treated
wastewater, in order to meet the demands of agriculture in
the Souss-Massa, Morocco. This study focuses on the use
of treated wastewater for growing sweet corn under
different systems and doses of irrigation. An open field
experiment was carried out in the Agadir region using two
sweet corn varieties: Prime-plus and SF681 and two
irrigation systems subsurface drippers (SSD) and surface
drippers (SD) also two irrigation doses regime 100 and
120% of the ETM determined using Lysimeters. The
growth and yield components of sweet corn were
improved by irrigation under surface dripper, using high
dose of irrigation. However, the high accumulation of
salts in the root zone under subsurface drip irrigation
reduced the growth and yield of corn. Adding a leaching
fraction of 20% of ETM, improve growth and yield of
both sweet corn varieties. The highest yield was achieved
by SF681 variety with 20 T/ha, under (SD) irrigated with

120% of ETM. Reducing water application by 20%
decreases yield production up to 24.4% under (SD) and
gave the same yield for both 100 and 120% of ETM
under (SSD). Despite that (SSD) saves water, it increased
soil salinity, even in sandy soil, due to the accumulation
of salts in the root zone. Under treated wastewater
irrigation, the sweet corn water consumption was
186 mm, allowing a saving of conventional water.
Furthermore, it generated an economic gain in terms of
fertilizers: 240 kg/ha of N and 60 kg/ha of CaO in
addition to 10.38 kg/ha of P2O5 and 65.12 kg/ha of K2O
in the case of 100% ETM and 12.45 kg/ha of P2O5 and
78.14 kg/ha of K2O in the case of 120% ETM.

Keywords

Treated wastewater � Sweet corn � Irrigation � Yield �
Water saving � Salts accumulation

1 Introduction

Morocco, as part of the Mediterranean countries located in
the North-West Africa, is suffering from water scarcity for
several decades (Fig. 1). Morocco’s water shortage has
important implications for the water management. This
explains the current Moroccan policy of seeking new alter-
native water resources (wastewater reuse and desalination of
brackish or marine). Moroccan water resources are unevenly
distributed over its regions and heavily dependent on cli-
matic variations. Souss-Massa region which is located in the
south-west of Morocco (Fig. 1) is among the regions that
suffers the most from water stress due to the arid climate. In
addition, the economy of the region is mainly based on
agriculture (ABHSM, 2006). So, the availability of water is a
major factor for the economic development of the region.
Increased demand for drinking water for tourism, industry
and above all agriculture has led to the over-exploitation of
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the groundwater resources, with major implications for the
country’s socioeconomic development.

The water master plan developed by the Souss-Massa
Hydraulic Basin Agency (ABHSM) responds to the frame-
work directive of the integrated water resource management
in Morocco. The driving forces are strong population growth
and urbanization; tourism and industrialization; globaliza-
tion; and climate variability and change leading to decreas-
ing precipitation and increasing the frequency of droughts.
This situation has increased the interest in recycling treated
wastewater in agriculture and the integration of
non-conventional water in planning and mobilization strat-
egy and water resources management within the river basin.

Reuse of treated wastewater is one of the key solutions to
solve durably the problems of water stress. The interest in
the reuse of treated wastewater in agriculture or for land-
scaping is growing, as additional water resources, and a
source of plant nutrients. It can generate a significant eco-
nomic gain up 1500 and 3500 MAD/ha for field crops
(Choukr-Allah, 1995). In addition to these benefits, treat-
ment and reuse of wastewater contribute to the protection of
the receiving environment.

Maize is the third worldwide cultivated crop after rice and
wheat (Eagles & Lothrop, 1994). It is one of the most
important cereals both for human and animal consumption
and is grown as fresh vegetable and forage crop. A signifi-
cant increase of 50% in global maize demand will occur
from 1995 to 2020 (Ekboir, 2002). By 2020, demand for
maize in developing countries will surpass the demand for
both wheat and rice. Usually, those crops require a high
amount of irrigation water, and they are relatively suscep-
tible to excessive concentration of salts. Increasing soil
salinity may induce various primary and secondary salt
stress effects in cultivated plants. Salt stress is one of the

most widespread abiotic constraints in food production. One
of the innovative alternatives to save water is the use of the
new irrigation technologies such as a subsurface drip irri-
gation system (SSD) which is considered more water effi-
cient compared to surface drip irrigation system (SD).

In addition, using treated wastewater for irrigation will
lead to increase soil salinity as it contains high level of
soluble salts. Therefore, there is a need to add a leaching
fraction reducing salt accumulation in the root zone. The
application of 120% ETM irrigation regime instead of 100%
ETM is one of the best strategies to reduce soil salt accu-
mulation. Consequently, installation of drainage system is
mandatory in order to control the salinity and the elements
percolation through the groundwater.

For this reason, it is important to implement a demon-
stration unit in Agadir city which is the capital of the
Souss-Massa region with the aims to establish an integrated
reuse of treated wastewater project for landscaping, orchards
and other crops. This will provide the municipality of Agadir
and farmers in the region with a good practice guide and
help them to improve the management of treated wastewater.
Agronomic and Veterinary Institute Hassan II (IAV) in
collaboration with different local institutions are providing to
this project all their research, facilities and their experience
and expertise, accumulated over recent years at regional,
national and international level.

2 Materials and Methods

This work was carried out to study the effect of irrigation
using treated wastewater on growth and yield of sweet corn
(Zea mays saccharata) and on physicochemical parameters
of the soil.

Fig. 1 Souss-Massa region map (Mansir et al., 2018) and Ocean Golf course situation

264 A. Belabhir et al.



The treated wastewater used comes from the L'Mzar
station which is located approximately 8.5 km south of the
city of Agadir on the coastal dunes L’Mzar. The western
boundary of the site is about 1500 m from the sea.
Wastewater at the L’Mzar station is treated up to the tertiary
level by U.V rays. Table 1 shows treated wastewater
characteristics.

This treated wastewater is characterized by high electrical
conductivity (EC) and is very rich in terms of nitrogen. The
high conductivity is mainly due to salt discharges from the
various fish canning factories. This source of salts, if not
controlled, may pose serious problems that can limit the use
of treated water for irrigation of salt-sensitive species. That is
why the Moroccan company in charge for MWW treatment
(RAMSA) has forced fish canneries to separate the internal
sanitation network. The separation of liquid discharges to
salt water and unsalted waters is necessary in order to not
disturb the progress of the urban water treatment process and
to avoid clogging. In addition, we will compare two irriga-
tion systems (surface drip irrigation and subsurface irriga-
tion) and two irrigation doses (100% of ETM and 120% of
ETM) on the behavior of two varieties of sweet corn. This
experiment was implemented in the experimental open field
of Ocean Golf in Agadir (Fig. 1). Some physical and
chemical properties of the experimental site soil are given in
Table 2.

The experimental plot has an area of 322 m2. In order to
investigate the performance of irrigation technologies and
irrigation doses using treated wastewater on the yield pro-
duction of two sweet corn varieties, a study was conducted
on a complete randomized blocks design and four replica-
tions. Table 3 and Fig. 2 show combinations and trial layout.

Each experimental unit contains one cultivated row bed
with two dripper lines. Two irrigation systems were instal-
led, SD and SSD, which were buried at depth of 15 cm from
soil surface at the root zone. Sowing two local sweet corn
varieties Prime-plus and SF681 at a density of 50,000
plant/ha took place in May 18, 2017; under two irrigation
regimes 100% of ETM and 120% of ETM. For the calcu-
lation of daily irrigation requirements, the lysimetric method
is used which is based on the drained water. In order to
follow up the drainage, four lysimeters were installed in the
field. Before the first irrigation, the quantity of water drained
from the previous day is measured to be taken into consid-
eration to calculate the irrigation requirement of the next
day. The daily irrigation requirement I(j) is determined from
the difference between the irrigation requirement of the
previous day I(j − 1) and the drained water of the previous
day D(j − 1):

I jð Þ ¼ I j� 1ð Þ�D j� 1ð Þ ð1Þ

Table 1 Quality of treated
wastewater used for irrigation and
the recommended limits

Parameters Measured values Recommended limits (FAO, 2011)

pH 7.02 6.5–8.4

Conductivity (25 °C) (µS/cm) 4.11 12

Chloride (mg/l) 795.2 350

Bicarbonate (mg/l) 549.00 518

Nitrate (mg/l) 430.99 30

Phosphorus (mg/l) 1.45 –

Calcium (mg/l) 203.95 –

Sodium (mg/l) 115.71 69

Magnesium (mg/l) 61.49 −

Potassium (mg/l) 31.86 −

Copper (mg/l) 0.008 2

Iron (mg/l) 0.06 5

Manganese (mg/l) 0.02 0.2

Table 2 Physical–chemical
characteristics of the soil before
sowing

Particle size distribution
(%)

Soil texture pH EC Elements (mg/kg)

Sand Silt Clay (µS/cm) N Na Cl

94.35 2.15 1.60 Sandy soil 8.42 206.0 12.8 260.36 532.5
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The water volumes of different irrigation treatments were
applied at the same irrigation time, by changing the dis-
charge of drippers. Therefore, we installed dripper lines with
different discharges of emitters (5 l/h or 6 l/h) depending on
the applied treatment (120% or 100% of ETM) in each plot.
In the case of 100% ETM, we installed two drippers with
different discharges, one of 2 l/h and the other of 3 l/h. To
obtain 120% of ETM at the same time of irrigation, we
installed two drippers with the same discharge 3 l/h. In
regard to fertilization, it consists on a mineral supplement of
potassium and phosphorus for plant growth due to their low

content in treated wastewater. As the trial progresses, and in
order to show possible differences between the different
treatments, agronomic and physiological measurements are
carried out to follow up on the growth and development of
the plants. Similarly, physicochemical analyzes were carried
out at a depth of 20 cm of the soil to determine the impact of
wastewater irrigation on physicochemical proprieties of the
soil.

Statistical analysis was carried out using the “Minitab
version 16” software. All statistical differences were signif-
icant at test used to reveal homogeneous groups.

Table 3 Different combinations
of the experimental trial

Symbol Irrigation system Dose as % of ETM Variety

T1 SD 120 Prime-plus

T2 SD 100 Prime-plus

T3 SD 120 SF681

T4 SD 100 SF681

T5 SSD 120 Prime-plus

T6 SSD 100 Prime-plus

T7 SSD 120 SF681

T8 SSD 100 SF681

Fig. 2 Experimental layout
adopted in the trial
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3 Results and Discussion

3.1 Climatic Conditions

It was important to record climatic data during the crop cycle
of sweet corn because of the high temperatures that hinder
the growth of plants (Birch et al., 2003).

According to Fig. 3, there are high-temperature peaks
exceeding 45 °C at the end of June and during the first week
of July. In addition to the absence of rain, this period is
marked by Chergui (hot and dry wind blowing from the
southeast). Fortunately, this climate has not lasted long and
has not affected the production of biomass.

3.2 Dry Shoot, Root Weight and Dry Root/Shoot
Ratio

Roots, stems and leaves are functionally interdependent, and
these three systems maintain a dynamic balance in biomass
which reflects relative abundance of above-ground resources
(light and CO2) compared with root zone resources (water
and nutrients) (Poorter et al., 2012).

According to the results shown in the two graphs in
Fig. 4, there is no significant difference between the two
varieties in terms of dry shoot production. For the
Prime-plus variety, at the end of vegetative stage, the sta-
tistical analysis showed that there is a high significant

Fig. 3 Temperature variation recorded during the crop cycle of sweet corn

Fig. 4 Impact of the different irrigation combinations on the total dry shoot of the sweet corn varieties Prime-plus (a) and SF681 (b) during the life
cycle. Means having different letters are significantly different at 5% level
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difference (p = 0.006) between the irrigation systems (SSD
and SD), where the plants under SSD developed more shoot
than that under SD system. Also, it revealed a high signifi-
cant difference (p = 0.003) between the irrigation doses (100
and 120% of ETM). However, no significant different was
found at the end of flowering stage also at the end of seed
filling stage. The water stress leads to 11.5% of biomass
reduction at the end of vegetative stage (under 120% ETM
regime, the biomass was 54.88 g against 41.58 g for 100%
ETM regime).

For the SF681 variety, at the end of vegetative stage there
is significant difference (p = 0.05) between the irrigation
doses in terms of the shoot dry weight. The maximum value
is recorded for the plants that received 20% supplement need
water which is 55.67 g against 42.83 g for plants irrigated
under 100% of ETM. Statistical analysis did not reveal any
significant difference between the irrigation systems.

At the end of flowering stage, the maximum value of dry
shoot weight is recorded by the plants irrigated under 120%
of ETMwith a value of 104.38 g against 73.63 g under 100%
of ETM. The statistical analysis revealed high significant
difference (p = 0.021) between the irrigation doses and no
significant difference between the irrigation systems in terms
of shoot dry weight. Same scenario is at the end of seeds
filling, and the plants under 120% of ETM have a shoot dry
value of 153.1 g against 104.4 g for 100% of ETM.

For dry root production and for both varieties, we register
significant difference (p = 0.036) between the irrigation
systems. The plants under the SD have developed more roots
than that under SSD and can led to 27.7% of reduction in
term root development throughout the life cycle.

At the other hand, the statistical analysis revealed a sig-
nificant difference (p = 0.019) between the two irrigation

doses 120 and 100% of ETM. As it is clearly shown in Fig. 5
for both varieties, the plants under the 100% of ETM have
reduced their root development of 30.22% compared to that
under 120% of ETM during the life cycle.

The statistical analysis did not reveal significant differ-
ence between the responses of the two varieties in terms of
dry root/shoot ratio.

Our data (Fig. 6) show that there is no impact of the
irrigation doses on the root/shoot ratio for the both varieties.
The statistical analysis revealed a significant difference
(p = 0.012) between the irrigation systems SSD and SD in
terms of dry ratio. The plants cultivated under the subsurface
drip irrigation system presented 24.4% reduction of the
root/shoot ratio with, indicating that they produce more
shoots than roots.

3.3 Yield Components and Fresh Yield
Production

The main goal of this experiment is to improve sweet corn
production under the irrigation using the treated wastewater
with different irrigation systems (SSD and SD) and different
doses (120 and 100% of ETM).

The presented data shown in Fig. 7 indicate that under the
SD irrigation system the ears number is higher for the 120%
of ETM irrigation dose than 100% of ETM. However, under
the SSD irrigation system, the two irrigation doses have
approximately the same ears number.

The statistical analysis revealed significant difference
(p = 0.042) between the irrigation doses, indicating that more
water is added, the higher ears number is obtained. For the
varieties under (SD) irrigation with 100% of ETM, it has

Fig. 5 Impact of the different irrigation doses and systems on the dry root weight for the two varieties Prime-plus (a) and SF681 (b) during the life
cycle
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reduced the ears number by 21 and 24.4% [respectively for
Prime-plus (a) and SF681 (b)] compared to that irrigated with
120%of the same variety. In case of the SSD irrigation system,
the reduction in terms of ears number is negligible at 100% of
ETM 2.1% (a) and 4.9% (b) compared to 120% of ETM.

Deep analysis of the data indicates that the irrigation
doses have a great influence on the fresh yield production.
There is a positive relationship between the water supply and
the fresh ears production. In the case of SD irrigation, the
higher is the irrigation dose, the higher is the yield produc-
tion (T/ha).

Figures 8 and 9 show that when the plants received
during the crop cycle a supplement of 20% of the plant water

needs corresponding 120% of ETM, they give the highest
yield production of an average of 18.09 T/ha with an
increase nearly of 21% more than that produced under the
100% of ETM. This is explained by the intake of excessive
water in the 120% of ETM regime, in fact Ayache (1995)
reported that the water intake with a slight excess favors the
growth consequently the production.

Regarding the SSD irrigation system, the variation in
terms of fresh yield production between the two doses was
not notable compared to SD irrigation. The statistical anal-
ysis of the data revealed a significant difference (p = 0.026)
between the irrigation doses (100 and 120% of ETM) and no
significant difference between the two irrigation systems (SD

Fig. 6 Impact of the different irrigation systems and irrigation doses on the dry root/shoot ratio evolution of the varieties Prime-plus (a) and SF681
(b) during the life cycle

Fig. 7 Impact of the investigated irrigation systems and doses on the ears number of both varieties of sweet corn Prime-plus (a) and SF681 (b).
Means having different letters are significantly different at 5% level
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and SSD). Therefore, under SSD irrigation, we do not need
to add 20% more water since we obtain the same yield.
Similarly, Douh and Boujelben (2012) recorded, in addition
to a water saving, there is an improvement in the yield of
irrigated maize in favor of SSD compared to SD.

3.4 Physiological Parameters

3.4.1 Proline Accumulation in the Sweet Corn
Leaves

The leaves proline concentration at the end of different sweet
corn stages under the two irrigation regime using the two
varieties treated wastewater is given in Figs. 10 and 11.

Our data show that the proline accumulated in leaves
of the two varieties is variable from one crop stage to
another (Fig. 10). Therefore, the behavior of the varieties
versus to investigated treatment is different during the
crop cycle.

At the end of vegetative stage, SF681 variety was more
stressed than Prime-plus variety as it accumulates
3.64 lmol g−1 of leaves fresh weight against 2.44 lmol g−1

of leaves fresh weight, statistically no significant difference
was found between the two varieties. Also at the end of
flowering stage, there is no significant difference between
Prime-plus and SF681, and they have nearly the same pro-
line concentration. But, at the end of seed filling, statistical
analysis revealed a significant difference (p = 0.044)
between the varieties. Prime-plus variety accumulated the
highest proline concentration value of 2.50 lmol g−1 of
fresh weight compared to 1.33 for SF681.

Statistical analysis revealed a significant difference
(p = 0.007) between irrigation doses 120 and 100% of
ETM. According to Fig. 11, the 120% of ETM which gave
20% of ETM as water supplement to the plants indicate the
lower proline accumulation under all investigated irrigation
system treatments. This holds true for both investigated
varieties.

Under the studied SSD irrigation system, proline con-
centrations recorded are very high than the one recorded
under the SD irrigation, which means that the SSD promote
stressed conditions for the plants more that the SD irrigation
system. Statistically, there is no significance between irri-
gation systems SSD and SD. The increase in proline content
occurs late and slowly in the excised foliage stem (Thellier
et al., 2000).

Fig. 8 Impact of the irrigation doses on the fresh yield of the sweet
corn irrigated using treated wastewater (Means having different letters
are significantly different at 5% level)

Fig. 9 Impact of the irrigation systems and doses on the fresh yield of the both varieties Prime-plus (a) and SF681 (b)
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3.4.2 Leaf Chlorophyll Content
The leaf chlorophyll (Chla and Chlb) content at the end of
the three crop stages under the different investigated treat-
ment is presented in Fig. 12.

The presented data indicate that for both investigated
varieties, there is a gradual reduction in chlorophyll com-
ponents (especially Chla) with a gradual life cycle progress.
The reduction was not equal for both studied chlorophyll
components; however, Chla was more affected presenting
the lowest values, whereas Chlb showed the highest value,
and this is clearly demonstrated in Fig. 12.

Statistical analysis did not reveal a significant difference
between the two varieties (Prime-plus and SF681) neither
between the two irrigation doses and also between the two
irrigation systems.

This reduction may be explained by the salts accumulation
in the soil due to the use of treated wastewater with high
electrical conductivity. This conclusion is confirmed by
Levitt, (1980); Megdiche et al., (2008) and Akram et al.,
(2011) showing that the interactive effect of maize and salinity
levels indicates that chlorophyll components decreased sig-
nificantly with the increase in irrigation salinity level.

The variation in photosynthetic pigments is not only a
function of waters EC values, but also to the applied nitro-
gen rate by the irrigation with treated wastewater that con-
tains enough nitrogen mostly in the form of nitrate (Table 1).
The increase in N application up to 240 kg/ha led to a highly
significant increase in Chlb and Chla under saline water of
8dS/m being 1.6 and 1.7 times, respectively, higher than the
value recorded under N application 120Kg/ha. According to
Akram et al. (2011), nitrogen is, therefore, very effective in
the formation of the chlorophyll components under saline
irrigation practices.

3.5 Water Consumption During the Crop Cycle
and Nutrient Requirements

Our data (Fig. 13) show the variation of water application
for both irrigation regimes (100 and 120% of ETM) and the
variation of water cumul consumption throughout the sweet
corn cycle.

At the beginning of the crop cycle, the water application
was low in the order of 0.1 L/plant/day. As biomass and leaf
area increased as well as increasing the photosynthesis
mechanism, these water intakes have increased to 1.40
L/plant /day. This increase is due to the increment in the
temperature during this period, when there was a significant
water deficit in the air, causing an increase in the evaporation
power of the climate. The decrease in water application after
this period corresponds to the end of the sweet corn cycle.
The total applied water amounted to 186 mm.

The data in Table 4 summarize the quantity of water
applied during the sweet corn life cycle, in addition the
quantity of major nutrient elements provided by the appli-
cation of the treated wastewater for irrigation.

As it is clearly shown in Table 3, the treated wastewater
used for irrigation during the sweet corn development sup-
plied twice the crop nitrogen requirements, and the same
goes for the quantity of calcium that is very high and
exceeds the plant needs in terms of calcium.

For the phosphorus and potassium, the quantity required
is completed by fertilizers supplement. The economic gain
generated in terms of fertilizer allowed to save: 240 kg/ha of
N and 60 kg/ha of CaO in addition to 10.4 kg/ha of P2O5

and 65.1 kg/ha of K2O in the case of 100% ETM and
12.5 kg/ha of P2O5 and 78.1 kg/ha of K2O in the case of
120% ETM.

Fig. 10 Impact of the irrigation
using treated wastewater on the
proline accumulation in leaves of
sweet corn varieties under the
investigated treatments (Means
having different letters are
significantly different at 5% level)
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Because of the excessive amount of elements leached under
treated wastewater irrigation, a drainage system to control
salts and prevent groundwater contamination is needed.

3.6 Effect of the Water Regime and Irrigation
System on the Soil EC with Irrigation Using
Treated Wastewater

Presenting data in Fig. 14 indicates clearly an increase in the
soil EC of the both systems and both doses of irrigation,
particularly under SSD irrigation system.

Statistical analysis revealed no significant difference
between irrigation doses (120 and 100% of ETM) unlike
irrigation systems (SD and SSD) where we found a very
high significant difference (p = 0.0003). The SSD irrigation
system caused an increment of soil EC up to 35% increment
compared to SD irrigation system. This increase can be
explained by the salts accumulations in the soil (at the root
zone) under the SSD system comparing, as in the SD system
the salts were leached to the drained water.

Fig. 11 Impact of the investigated irrigation systems and doses on the proline accumulation in sweet corn leaves for the two varieties Prime-plus
(a) and SF681 (b)
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4 Conclusions

Under water scarcity, the use of treated wastewater in irri-
gation is a necessity for a better water resources management
and economy to cope with the shortage of water in agri-
culture and urban landscaping. As the salinity of Agadir

treated wastewater is high, it will be important to modify the
current irrigation system as well as the applied water and
crop management practices to cope with the inevitable
damage due to an increase in soil salinity.

Our findings indicate that sweet corn irrigated with trea-
ted wastewater showed a high yield production. According
to Choukr-Allah and Hamdy (2004), irrigation using treated

Fig. 12 Effect of the different systems and doses of irrigation under the irrigation using wastewater on the photosynthetic pigments content in
leaves during the life cycle of two varieties Prime-plus (a) and SF681 (b) of sweet corn

Fig. 13 Variation of the daily water consumption during the sweet corn life cycle
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wastewater has given similar results and sometimes better
than freshwater irrigation in terms of yield, that equals or
exceeds to the one irrigated with freshwater and yielded
20 T/ha compared to 17–20 T/ha, of fresh yield. The supply
of 186 mm to satisfy the crop consumption needs allows us
to save on conventional water by using treated wastewater.
Furthermore, an important economic gain is generated in
term of the fertilizers use. We can save 240 kg/ha of N
and 60 kg/ha of CaO in addition to 10.38 kg/ha of P2O5 and
65.12 kg/ha of K2O in the case of 100% ETM and
12.45 kg/ha of P2O5 and 78.14 kg/ha of K2O in the case of
120% ETM.

The addition of a leaching fraction (20%) to the irrigation
requirements under saline conditions significantly improved
the growth and the yield production (up to 24.4% of yield
increment) of sweet corn varieties irrigated with treated
wastewater.

Under the SD irrigation system, we found that reducing
the applied water from 120 to 100% of ETM affects sig-
nificantly the yield production up to 24.4%, but under SSD
irrigation system we found nearly the same yield of both

100% of ETM and 120% of ETM. Therefore, we can save
the 20% of water under SSD system. Despite that SSD
allows to save water, we found significant increase in soil
salinity, even in sandy soil, due to the accumulation of salts
in the root zone.

Persistent management practices, such as applications of
soil amendments that provide calcium to replace sodium;
periodic leaching to reduce salt accumulation; frequent aer-
ifications to maintain infiltration, percolation and drainage;
regular soil and plant monitoring, and selection and use
salt-tolerant crops will be helpful in mitigating the negative
impact and ensuring continued success in using recycled
wastewater for irrigation (Qian & Mecham, 2005).
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Ecotoxicological Assessment of Three Types
of Wastewater Effluents: Catalase
as a Biomarker of Oxidative Stress
in Marine Bivalves

Abdellah Meknachi, Mustapha Djellali, and Abdelmalek Badis

Abstract

Catalase (CAT) is an important enzyme in the antioxidant
defense system in marine bivalves. This present work
consists first of all in studying the effect, of an acute
exposure (bioassays) of the mussels Mytilus galloprovin-
cialis to three types of real effluents [industrial wastewater
(IW), desalination station effluent (DSE) and harbor
effluents (HE)], on the enzymatic activities CAT. In situ,
the transplantation of mussels into natural environments
was carried out in the same context. The medium size
class of the Mytilus mussel has proven to be the most
resistant to contamination by the IW. Notwithstanding,
this same size class showed hypersensitivity to contam-
ination by the SDE, thus translating the high toxicity of
the latter which led to very high CAT inductions whatever
the concentration tested. Furthermore, under controlled
laboratory conditions, the HE demonstrated a certain
toxicity by inducing the CAT enzyme. On the other hand,
the Mytilus mussels transplanted to the khemesti port site
are found all dead after ten days of immersion. The
deoxygenation of the medium probably had an additional
and aggressive effect on our specimens of mussels. This
study makes it possible to qualify catalase as a relevant,
sensitive, rapid and effective defense biomarker in the
evaluation of the health state of the surrounding environ-
ment. However, more studies must be made on metabolic
activities and energy reserves while adopting the multi-
biomarker approach.

Keywords

Catalase � Oxidative stress � Effluents � Mytilus
galloprovincialis � Transplantation

1 Introduction

Surface and coastal waters are often contaminated by many
chemicals released by industry, agriculture and urban com-
munities. The estuarine and coastal zones, under strong
continental influence, are the most affected by this type of
contamination. The problems posed by the dispersion of
pollutants into the environment have attracted the interest of
the scientific community for many decades now. Awareness
of the need to preserve aquatic ecosystems has led to the
emergence of certain issues, including the fate of these
pollutants in the environment and their effects on animal and
plant communities (Bouzahouane et al., 2018; Cappello
et al., 2013; Flammarion et al., 2001; Jing et al., 2019;
Sillero-Rios et al., 2018; Vlahogianni et al., 2007).

In order to know and monitor the evolution of chemical
contamination of aquatic ecosystems, research and moni-
toring programs based on the measurement of contaminants
concentration in water and sediments have been imple-
mented. However, the chemical analysis of the pollutants
present in the various compartments of the aquatic ecosys-
tems is not always possible because of the multiplicity of the
molecules present, and this often at concentrations lower
than the limits of analytical detection, which makes sam-
pling and measurement techniques quite complex. The risks
of contamination at the time of sampling and analysis are
numerous, making measurements difficult. These problems
have been overcome by the use of “ultra-clean” techniques
in sampling. However, the direct measurement of contami-
nants in water uses sophisticated analytical techniques that
are difficult to apply in a perennial network for the routine
measurement of the quality and health of aquatic
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ecosystems. Moreover, the temporal variability of the littoral
and limnic environment confers little representativity to a
point measurement in the water column. Finally, such an
approach does not provide information on the risks faced by
animal or plant populations exposed to pollutants, and can-
not, on its own, predict the biological effects of contaminant
mixtures (synergies, etc.) or simply quantify the bioavail-
ability of contaminants for living organisms. As a result, the
manager lacks information on the urgency of taking action to
improve the health status of these ecosystems, or to protect
biodiversity and the integrity of these ecosystems (Aouini
et al., 2018; Barillet et al., 2011; Boukadida et al., 2017;
Brooks et al., 2015; Casas and Bacher, 2006; Mejdoub et al.,
2017).

With this in mind, Goldberg (1975) proposed monitoring
the concentrations of contaminants in living organisms to
monitor the surrounding environment. This is the principle
of “quantitative bioindicators” based on the fact that aquatic
organisms concentrate contaminants at concentrations higher
than those present in the environment (Aouini et al., 2018;
Arienzo et al., 2019; Benali et al., 2017; Casas and Bacher,
2006).

Current surveillance strategies are diverse, and the use of
fixed molluscs and relatively sedentary fish are most com-
monly developed in environmental monitoring programs.
Mytilus galloprovincialis mussels and other marine bivalves
have characteristics that make them good bioindicators of
coastal water contamination (Akaishi et al., 2007; Arienzo
et al., 2019; Aslan et al., 2018; Cappello et al., 2013; Casas
and Bacher, 2006; Forbes et al., 2006; Sparks et al., 2019).

Other tools, the biomarkers (reflecting an interaction
between a biological system and a potential hazard) can be
used to study the bioavailability of contaminants. They are
then studied more for their contribution to the mechanistic
understanding of the action of pollutants (Al-Fanharawi
et al., 2018; Aslan et al., 2018; Beiras, 2018; Peric et al.,
2017; Sparks et al., 2019).

In this context, the National Center for Research and
Development of Fisheries and Aquaculture
CNRDPA-BouIsmail is currently developing a program of
management of aquatic ecosystems and environmental
monitoring contributing to the research of pollution indica-
tors. Within this framework, we carried out our research on
the Mediterranean mussel “Mytilus galloprovincialis” as a
biological model in order to better define the ecotoxicology
research topics of real effluents, in laboratory and in situ,
whose main objective is the contribution looking for
biomarkers like an early response that can provide integrated
information on the state of the aquatic ecosystem as well as
on bioaccumulation phenomena.

2 Materials and Methods

2.1 Experimental Procedure

The different experiments were conducted and carried out at
the CNRDPA-BouIsmail pilot shellfish breeding center
(Fig. 1).

On the map below are indicated the sampling points of
the different liquid discharges used in this study, as well as
the collection points of the Mytilus mussels and the trans-
plant sites of artificial cages (mussels caging).

2.1.1 First Series of Ecotoxicity Tests
Mytilus galloprovincialis mussels, which are used as a bio-
logical model, are collected from the sea buoyage signals of
the Fouka marine seawater desalination plant (Fig. 1).
Sampling targeted the three size classes (22 mm; 28 mm),
(43 mm; 52 mm) and (71 mm; 86 mm). After the collection
of the mussels, the latter are sorted, cleaned, cleared of their
epibionts and measured using a Vernier caliper before their
adaptation. The set of mussels is maintained under identical
environmental conditions, and the use of air pumps ensures
the aeration of the water tanks. A daily renewal of the
rearing water is carried out during the adaptation period and
throughout the entire experimental cycle.

In order to minimize other factors that may constitute a
source of disturbance or interference of ours results, a
measurement of the physicochemical parameters (tempera-
ture, salinity, pH and dissolved oxygen) is carried out each
day during the whole experimental cycle before and after the
change of water using a YSI 556 multiparameter.

The strategy of the ecotoxicity tests is to contaminate the
Mytilus mussels, of different size classes (large, medium and
small), by the waters of an industrial wastewater (IW), dis-
charging directly at sea in BouIsmail Bay (Fig. 1), and this
at different concentrations by dilution in tanks of 70 L.

Thus, the mussels are exposed for four days at four
increasing concentrations (C1 = 0.01%; C2 = 0.15%;
C3 = 0.3% and C4 = 0.5% (v/v)) of the IW. The manipu-
lation is automatically compared to a control aquarium
(0 mg/L pollutant).

The four selected concentrations were tested to establish
dose–response relationships between the chemical pressure
represented by the pollutants of the release and the biological
responses observed in the mussels.

2.1.2 Second Series of Experience
In the second series of experiments, we chose to work on the
medium-sized class (juvenile mussels) judged to be the most
resistant. The experimental conditions are the same as the

278 A. Meknachi et al.



first series of tests. But this time, the mussel specimens are
exposed to two types of effluents, namely the water dis-
charge from the BouIsmail seawater desalination plant
(DSE) and the water from the site port of Khemisti
(HE) (Fig. 1). The concentrations chosen are the following:
C2 = 0.15%; C3 = 0.3% and C4 = 0.5% (v/v), and the
exposure time is always 96 h.

2.1.3 In Situ Study: Artificial Cage
Transplantation Technique

The mussels this time from an aquaculture farm (AF) located
at Ain-Tagouraite (Fig. 1) (Tipasa, Algeria) are put in plastic
nets (40 cm � 30 cm and mesh 20 mm) and divided into
four lots of 15 individuals in wool pockets. The nets are
stiffened by a 30 mm diameter PVC tube split in their width
and threaded on the upper part.

The artificial stations (mussels caging) were trans-
planted at two sites: Khemisti port site (PSK Fig. 1)
(contaminated environment) and in an open environment
(low contamination site) near the shellfish center
(SCS) (see map). The immersion time of the stations was
planned for one month with a periodic sampling of mussels
every ten days. However, we were limited to ten days
following the total mortality of transplanted individuals in
the port site.

2.2 Analytical Methods and Biochemical Assays

Total proteins are assayed by Lowry method using bovine
serum albumin (BSA) as standard. Catalase activity is
determined according to the method of Lartilot et al.
1988 described by Atli et al. (2006).

In ice-cold, tissues are homogenized (1/10 w/v) in Tris
(tris (hydroxylmethyl) aminomethane) buffer (20 mM, pH
7.8) for three minutes using a mixer. Centrifugation of the
homogenate is done at 10,000 g for 30 min at 4 °C. The
supernatant thus obtained (Fraction S9) is used to assay the
proteins and catalase.

In our practice, 2.5 ml of substrate solution (25 mM
H2O2 in 75 mM phosphate buffer at pH7) are placed in a
cuvette of the spectrophotometer already set in the kinetic
mode. 50 ll of the S9 fraction (enzyme source) are added to
the mixture; thus, the kinetic mode of the spectrophotometer
is triggered and the decomposition of hydrogen peroxide is
monitored in a time interval of 60 s.

2.3 Statistical Analyzes

Data are tested for normality and homoscedasticity using
Shapiro–Wilk and Levene tests, respectively. A statistical

Fig. 1 Map of BouIsmail Bay with points of discharge locations, mussels harvesting and mussels caging
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analysis is then performed using a bilateral analysis of
variance (ANOVA 2), followed by a post hoc analysis of
Tukey. The significance was set at p < 0.05. The results of
the in situ study are tested using ANOVA one way (STA-
TISTICA 6.0).

3 Results

3.1 First Series of Experiments

The results relating to the determination of catalase (CAT) in
mussels (Mytilus galloprovincialis) contaminated by indus-
trial rejection are shown in Fig. 2.

Concerning the medium-sized Mytilus mussel, the sta-
tistical analyzes did not show any significant effect of the
contamination, by industrial effluent, on the responses of the
defense enzyme catalase, and this compared to the controls
and to the gradient concentration examined. The four con-
centrations of pollutants tested did not seem to have a
remarkable effect on the induction of the antioxidant defense
mechanism where no significant effect was measured
between concentrations.

A significant effect of contamination by industrial dis-
charge is noted in Mytilus mussels of the large size class
exposed to concentrations C2 and C3. Also, compared to the
control individuals (CAT: 307.89 ± 23.86 U/mg Proteins/
min), a proportional increase in catalase activity is measured
in mussels exposed to the effluent xenobiotics for concen-
trations C1, C2 and C3. The activities achieved, respec-
tively, are 545.89 ± 106.65, 623.71 ± 81.48 and
688.09 ± 35.33 U/mg proteins/min. The C4 concentration
(CAT: 551.08 ± 90.46 U/mg Proteins/min) had an
insignificant and identical effect as that of the C1 concen-
tration on the induction of the antioxidant enzyme CAT.

In mussels of the small size class, individuals of the latter
have shown a hyperactivity in the induction of the antioxidant

mechanism translated by the CAT. Thus, compared to the
controls, the highest induction of catalase (253.25%) is
measured under the effect of the C4 concentration. Also, the
trend was almost proportional with the four concentrations
tested. This time, no significant effect was noted between the
concentration C1 (CAT: 737.59 ± 4.33 U/mg Protein/min)
and C3 (CAT: 760.33 ± 64.27 U/mg Proteins/min), while a
very significant effect of the concentration is marked com-
pared to controls (416.13 ± 65.25 U/mg Protein/min).

The study of the independent effect of each concentration
on the CAT response in the three size classes reveals sig-
nificant and non-significant effects depending on the case
considered. Thus, the measured values of the catalase
activity in the control individuals (no contaminant) did not
show any significant difference between the three classes
studied. Under the effect of the C2 concentration, the sta-
tistical difference is significant whatever the size class
studied. Also, compared to the small size class, the differ-
ence is always significant between the compared size clas-
ses. However, the statistical analysis reveals an insignificant
effect between the medium and large size class and this
under the effect of concentrations C1, C3 and C4.

In light of the results obtained, the statistical analysis of
the effects of the contaminant concentration and the inter-
action with the size class revealed that theMytilus mussels of
the medium size class (juveniles) are the most resistant to
contamination. Mytilus individuals of the large size class
showed medium sensitivity, while small Mytilus appeared
the most sensitive to concentration.

3.2 Second Series of Experiments

• Comparative study between the different types of
effluents (Mytillus mussel, medium size)

The results relating to the determination of catalase (CAT) in
the mussel (Mytilus galloprovincialis of medium size) con-
taminated by the different types of liquid discharges are
represented by Fig. 3.

Whatever the concentration tested for industrial liquid
discharge (IW), ANOVA-2 (P ˂ 0.05) did not highlight any
significant difference between the CAT activities measured
(Fig. 3). Also, for the harbor effluent (HE), compared to the
effect of the concentration C2, the statistical analysis did not
show any significant difference in the CAT activities.
However, the difference in the activity of the antioxidant
enzyme being significant (P ˂ 0.01) between the effect of
concentration C3 and that of concentration C4.

In addition, the discharge from the seawater desalination
station (DSE) led to very large CAT inductions proportional
to the concentrations tested. The highest induction
(573.22%) of the antioxidant enzyme is noted under the
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effect of the C4 concentration. The differences in CAT
activities were very significant (P ˂ 0.0001) regardless of
the concentration used for the rejection (DSE).

The study of the independent effect of the concentration
C2 (ANOVA-2; P ˂ 0.05) on the CAT responses did not
show any significant difference (P ˂ 0.05) between the port
discharge and that of the desalination plant. Notwithstand-
ing, the difference being significant between IW and HE but
still very significant between IW and DSE.

For the concentration C3, there was no significant dif-
ference of the effect of the nature of effluents between IW
and HE. However, the differences are clearly significant
between IW-DSE and HE-DSE.

Whatever the type of liquid effluent tested, the differences
in CAT activity measured under the effect of the concen-
tration C4 are significant (P ˂ 0.05) between IW-HE and
very significant (P ˂ 0.0001) between IW-DSE and
HE-DSE.

3.3 Mussels Caging

The results relating to the determination of catalase
(CAT) activity in the mussel (Mytilus galloprovincialis)
transplanted in the port of Khemisti (PSK) and in an open
environment (SCS) near the shellfish farming center of
CNRDPA-BouIsmail are represented in Fig. 4.

According to the graph in Fig. 4, it emerges that the
catalase activity in mussels transplanted in an open medium
(SCS) like that of origin of provenance (AF) is identical
examining ANOVA one way (P ˂ 0.05).

The conditions of the open transplant medium (for ten
days) were within the tolerance range for Mytilus individu-
als, which did not lead to a variation in the activity of the
antioxidant enzyme CAT. It is also likely that the two media
are not really affected by a source of contamination by the
different types of xenobiotic.

Furthermore, the mussels transplanted to the Khmesti port
site (PSK) were unable to survive, when they showed a total
mortality on the tenth day. It is likely that the environmental
conditions were not favorable for the mussel specimens to be
able to exercise their physiological activity of basic metabo-
lism (respiration, nutrition, etc.) in an optimal manner without
any external aggression due to environmental conditions.

4 Discussion

4.1 First and Second Series of Experiment

Since the development of the “Mussel Watch” program by
Goldberg in 1975, the use of bivalve molluscs has been
widespread in order to monitor the improvement or degra-
dation of the environment and to study its biological and
physiological impacts (Arienzo et al., 2019; Benali et al.,
2017; Dong et al., 2019; Pellerin and Amiard, 2009; Zorita
et al., 2008). By their filtration capacity of sea water, in order
to feed on suspended matter, bivalves can ingest a large
quantity of contaminants and therefore concentrate the trace
elements (chemical or biological) at concentrations higher
than those encountered in its environment (Aouini et al.,
2018; Arienzo et al., 2019; Box et al., 2007; Gorbi et al.,
2013; Maanan, 2008; Pellerin and Amiard, 2009; Perosevic
et al., 2018; Silva Dos Santos et al., 2018). In bivalves, the
accumulation of contaminants is mainly by passive diffusion
via gill respiration and by active transport resulting from the
filtration of water and the ingestion of the particles present
(Aasen et al., 2006; Casas and Bacher, 2006). Tissues
directly exposed to xenobiotics accumulate these according
to their bioavailability (e Silva et al., 2006). The accumu-
lation of chemicals in organisms is the cause of oxidative
stress (Aouini et al., 2018; Vlahogianni et al., 2007).
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Indeed, by their redox properties, many xenobiotics such
as hydrocarbons, metals, quinones or even certain pesticides
are known to exert their deleterious effects through the for-
mation of reactivated oxygen species (ROS) (Akcha et al.,
2000; Boukadida et al., 2017; Mejdoub et al., 2017; Peric
et al., 2017; Verlecar et al., 2008; Vlahogianni et al., 2007).
The reactivity of ROS can be the cause of harmful biological
effects (oxidation of components such as DNA, proteins,
lipids and general disturbance of the redox state) in inver-
tebrates (Barillet et al., 2011; Bouzahouane et al., 2018;
Sparks et al., 2019; Vernon and Jha, 2019; Yavasoglu et al.,
2016).

In fact, to cope with the production of ROS, aquatic
organisms have developed antioxidant defense systems
made up of enzymes (superoxide dismutase, catalase CAT,
glutathione peroxidase) and molecules which trap radical
species at the level of membranes (vitamin E, b-carotene) or
the aqueous phase (ascorbic acid, uric acid and glutathione).
The antioxidant defense enzyme CAT is known to be
induced to deal with oxidative stress (Al-Fanharawi et al.,
2018; Bao et al., 2018; Barillet et al., 2011; Boukadida et al.,
2017; Cappello et al., 2013; Damiens et al., 2004). Measured
in the Mytilus galloprovincialis mussel, the catalase activity
can tell us about the levels of pollution (Box et al., 2007;
Vlahogianni et al., 2007) and the degree of cell damage
(Akcha et al., 2000; da Silva Barreto et al., 2018; Di Giulio
et al., 1993; Teixeira et al., 2017).

In fact, the CAT activities noted in this study, under the
effect of the various liquid discharges, can clearly tell us
about the degree of toxicity of each effluent. Effluent from
the desalination plant is the most toxic regardless of the
concentration tested.

In situations of severe stress, defense enzymes are
induced very quickly and amply to cope with the endured
effects. Sometimes, the end result of such a situation is the
inhibition of the activity of the various defense mechanisms
(Aouini et al., 2018; Benali et al., 2017). In our study, we
noted remarkable mortalities at the end of the exposure of
the mussels to the different concentrations of rejection from
the desalination station, thus reflecting the total impairment
of the different physiological mechanisms of the Mytilus
mussels as a bioindicator of the level of contamination.
Under the effect of industrial discharge and that of port
effluent, no mortality was noted. Thus, it is easy to conclude
on the high toxicity of the discharge from the desalination
plant.

The bioaccumulation of xenobiotics varies according to
their chemical properties giving a good indication of their
bioavailability in the environment. Acquiring knowledge on
the type and rate of contamination will make it possible to
analyze the risks they represent at different physiological
levels (e Silva et al., 2006; Lemaire et al., 2006; Pellerin and
Amiard, 2009).

The introduction of different concentrations of industrial
(IW) and port effluents (HE) did not lead to any variation in
the physicochemical parameters of the water in aquariums
compared to the control groups. So, the deleterious effect on
our specimens can be attributed to the xenobiotics present in
the two effluents. On the other hand, the liquid discharge of
the desalination station (SDE) led to an increase in the
salinity and the conductivity of the water in the aquariums.
The effect of the xenobiotics present in the effluent therefore
combines and probably increases with the increase in salinity
leading to a multiplication of the stress signal (CAT).

As was the case in our study, industrial effluents are
generally discharged directly into receiving environments (in
our case coastal waters) without any pretreatment and are
often very loaded with suspended matter, dissolved salts,
trace chemical elements organic and/or inorganic. Reaching
the receiving environment, liquid effluents can have very
harmful effects on the biological component of the envi-
ronment as they can modify the physicochemical properties
of the water column and even sedimentary funds following
the accumulation and precipitation of xenobiotics trans-
ported by the continuous flow of liquid discharges.

Certain contaminants have the particularity of not being
eliminated by living organisms, thus generating a bioaccu-
mulation throughout the food chain with remarkable harmful
effects in particular: neurotoxicity, immunotoxicity, stress
and oxidative damage, behavior modification, growth inhi-
bition and impaired reproduction (Coppola et al., 2017;
Oliveira et al., 2018). The effects are very worrying if we
consider the direct short and long-term impact on the
receiving environment.

Also, the continuous flow rates of industrial liquid dis-
charges will certainly bring a significant load in xenobiotics
on the one hand, but also on the other hand, it can lead to a
slight reduction in the salinity of the coastal waters which
receive them. The sensitivity of aquatic organisms to the
decrease in salinity has been reported by several scientists.

(Hamer et al., 2008) showed an increased mortality of
mussels Mytilus galloprovincialis under lowest salinities
during two acclimation experiments at high/low seawater
temperature (27/13 °C), especially during the summer per-
iod. Their results revealed that the oxygen consumption rate
of mussels increase inversely with the salinity. Furthermore,
the DNA integrity from mussels sampled in the winter
period showed a significantly lower DNA integrity status
than those sampled during the summer season.

Under stressful environmental conditions, homeostasis of
organisms is compromised. The hypothesis is that this will
in turn increase the susceptibility of mussels to other stres-
ses. The hypothesis is that this will in turn increase the
susceptibility of mussels to other stresses.

According to Bussell et al. (2008), the reducing seawater
salinity to half that of normal caused a significant reduction
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in several measures of immune function, including the
concentration of hemocytes, percentage of eosinophilic
hemocytes and phagocytosis. Wang et al (2011) found that
clearance rate, absorption efficiency, respiration rate and
scope for growth of the mussel Perna viridis decreased with
decreasing salinity and dissolved oxygen concentration.
(Bakhmet et al., 2005) report that, when exposed to mod-
erate hyposalinity (15 g/L), the mussel Mytilus edulis
showed a significant decrease in the heart rate with respect to
the control salinity (25 g/L). The heart beat quickly accel-
erated in all organisms when they were returned to the
control salinity medium. In the mussel Mytilus gallo-
provincialis, Freitas et al. (2017) notice that, at low salinity,
despite an increase of antioxidant enzymes activity, lipids
peroxidation (LPO) increased, probably as a result of ROS
overproduction from higher electron transport system
activity.

On the other hand, discharges from desalination plants
can increase the salinity of the areas close to the outfalls. The
dispersion of brine can vary considerably depending on
site-specific characteristics, the volume of effluent, the
method of discharge and the existing hydrographic condi-
tions. However, salinity and temperature are higher than the
reference standards for discharge sites (Fernández-Torque-
mada et al., 2009).

The southern shore of the Mediterranean is considered to
be one of the world's poorest regions of water. As a result,
desalination efforts around the Mediterranean are concen-
trated mainly on its southern and eastern shores, as well as in
Spain. In 2013, more than 1532 seawater desalination plants
were set up around the Mediterranean Sea with a total
cumulative capacity of around 12 Mm3/day. Spain was the
main producer (31% of total capacity), while in third place
comes Algeria followed by Libya with 20 and 11%,
respectively (POL, 2015). Given the desalination effort thus
mentioned, the biodiversity of our coastal waters is therefore
compromised.

Salinity and temperature have long been perceived as
environmental factors that inhibit the survival and growth of
marine biota (Murray and Wingard, 2006; Wiltshire et al.,
2010).

Laboratory and mesocosm experiments have shown the
sensitivity of certain seagrass beds to hypersalinity with
tolerances which vary from one species to another. Gener-
ally, physiology, leaf growth and survival rate are affected
(Fernández-Torquemada and Sánchez-Lizaso, 2011; Fer-
nández-Torquemada et al., 2005; Koch et al., 2007; Mar-
ín-Guirao et al., 2013; Ruíz et al., 2009; Sandoval-Gil et al.,
2012).

In the field, it has been shown that a shallow Posidonia
oceanica meadow was affected after six years of exposure to
brine (Sanchez-Lizaso et al., 2008), while the benthic com-
munity was changed (de-la-Ossa-Carretero et al., 2016;

Del-Pilar-Ruso et al., 2008; Ruso et al., 2007) with disap-
pearance of certain echinoderm.

In the distant vicinity of the outlets of the liquid dis-
charges of the present study, we observed a disappearance of
the herbarium Posidonia oceanica, of the sea urchin Para-
centrotus lividus, while the spat of Mytilus mussels installed
on hard substrates did not find the opportunity to grow.

Several authors agree on the importance of salinity, and
their results show its influence as much as an abiotic factor
on metabolic activity and above all on enzyme responses
(Hamer et al., 2008).

Results found by Carregosa et al. (2014) showed that
clams under salinity associated stress can alter their bio-
chemical mechanisms, such as increasing their antioxidant
defenses, to cope with the higher oxidative stress resulting
from hypo and hypersaline conditions. Among the physio-
logical and biochemical parameters that they analyzed:
glycogen and protein content, lipid peroxidation levels,
antioxidant enzymes (Catalase and especially superoxide
dismutase), the latter proved to be sensitive biomarkers to
assess the impact of salinity in clams. Among the physio-
logical and biochemical parameters that they analyzed:
glycogen and protein content, lipid peroxidation levels,
antioxidant enzymes (Catalase and especially superoxide
dismutase), the latter proved to be sensitive biomarkers to
assess the impact of salinity in clams.

4.2 Mussels Caging Discussion

Several authors describe the transplantation of mussels from
a reference site that is not/or little polluted to more polluted
sites, as a very promising and very relevant technique and
strategy in order to assess the degree of contamination of
marine ecosystems (Box et al., 2007; Cappello et al., 2017,
2013; Gherras Touahri et al., 2016; Risso-de Faverney et al.,
2010; Schintu et al., 2008; Verlecar et al., 2008).

According to Box et al. (2007) and Sillero-Rios et al.
(2018), measuring the same biomarker simultaneously in
different localities provides information on the degree of
pollution of the latter and provides a better understanding of
the mechanisms of the mode of action of pollutants in the
environment on transplanted organisms. In fact, Box et al.
(2007) found that the degree of induction of CAT activity
was greater in mussels (Mytilus galloprovincialis) trans-
planted in estuaries most affected by urban discharges than
in specimens transplanted in estuaries little affected by
anthropogenic activity for which they measured a lesser
induction of the antioxidant enzyme CAT.

In agreement with Cappello et al. (2013), significantly
greater CAT activity was recorded in mussels caged at the
site influenced by anthropogenic activities compared to the
reference site. By applying passive biomonitoring of
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pollution in coastal areas from the Saronikos Gulf of Greece,
Vlahogianni et al. (2007) found that CAT activity was
increased 2–3 times at the polluted sites, with high activity in
the winter and spring time, compared to the control site.
Data for increases in CAT activity demonstrate a disturbance
from pollutants in the Elefsis Bay with seasonal variations
reflecting the intensity of pollution in the area.

In fact, it is easy to attribute the induction levels of the
antioxidant enzyme CAT, from the present study, to the
overall quality of the different mussels caging sites. In
addition to chemical analyzes of bioaccumulation, the
measurement of biomarkers provides information on the
nature and level of chemical contamination but also on the
health of living organisms and populations of aquatic
ecosystems (Aouini et al., 2018; Benali et al., 2017; Gorbi
et al., 2008; Kopecka et al., 2006; Verlecar et al., 2008;
Vlahogianni et al., 2007).

It is recognized that the biological responses of organisms
(growth, bioaccumulation and detoxification of chemical
pollutants, enzymatic responses of biomarkers, etc.) can be
affected not only by chemical pollutants but also by a certain
number of natural stressors such as temperature, salinity,
dissolved oxygen, food availability and the reproductive
state (Balbi et al., 2017; Blanco-Rayon et al., 2019; Cappello
et al., 2017; Chatel et al., 2010; Gonzalez-Fernandez et al.,
2017; Nardi et al., 2018; Richir and Gobert, 2014). Thus, to
exclude the effect of fluctuating temperatures and the
reproductive cycle on the signals of the CAT biomarker, the
immersion of artificial stations was carried out during the
period of sexual rest in the months of June and July.

In terms of volume, the port of Khemisti is small. The
discharges reaching the latter are of domestic, industrial
origin (two activities are located nearby) and those linked to
fishing activities, which leads to a significant concentration
of pollution in situ.

The dissolved oxygen contents, which are the result of
physical, chemical and biological factors (photosynthesis,
respiration, redox reaction, etc.) and which govern the
majority of chemical and biological processes, oscillate
between a minimum of 3.93 mg/L and a maximum of
4.41 mg/L in the port of Khemisti (PSK), while in SCS and
AF sites, the values often exceed 7 mg/L. In assessing the
degree of a given pollution, direct measurement of the dis-
solved oxygen level can tell us about the eutrophication of
aquatic ecosystems. Eutrophication can lead to water suffo-
cation (Mucci, 1997). Dissolved oxygen is therefore a sen-
sitive and practical indicator in a first assessment of an
environmental diagnosis. In fact, the lower content of dis-
solved oxygen in the port of Khemisti is the likely result of
the latter's eutrophication. Adding to this, the presence of
xenobiotics of different forms, the defense system of mussels
transplanted in the port site did not have the possibility of
coping with the stresses endured, ultimately leading to total

mortality of the transplanted individuals. Dellali et al. (2001)
reported that a decrease in the oxygen content is at the origin
of an increase in the activity of catalase in the mussels of the
lagoon of Bizerte (Tunisia).

Toxic molecules interact with biological molecules.
Consequently, the exposed organisms develop various
defense mechanisms: avoidance and/or isolation, active
elimination, neutralization by complexation with proteins,
etc. (Jean-Claude and Claude, 2008). Studies of metabolism
and biomass production in organisms exposed to toxins
(Ducrot, 2005) have shown that these defense mechanisms
are costly for the organism in terms of energy. These defense
costs are added to maintenance costs: there is therefore a
quantitative correlation between the organism's defense
capacity (survival) and its biomass production capacity
(growth and reproduction). In addition, energy allocation for
the defense, repair and regeneration of cells is favored over
growth and reproduction. In extreme situations, the survival
of the living is uncertain. According to Jean-Claude and
Claude (2008), defense biomarkers allow organisms to fight
and survive in the presence of pollutants at reasonable levels,
but this has an energy cost for the individual.

In mussels, since the avoidance or isolation strategy is not
possible, the use of antioxidant enzymes seems to be the best
strategy for dealing with xenobiotics. The excretion and
sequestration of xenobiotics in the tissues can also intervene.
However, it has been shown that the first responses to the
presence of contaminants are those linked to the antioxidant
system (Aouini et al., 2018; Box et al., 2007; Damiens et al.,
2004; Verlecar et al., 2008; Vlahogianni et al., 2007).

In addition, valve closure is a known behavior in bivalves
in response to environmental stress (Freitas et al., 2017;
Geffard et al., 2001). As a result, the decrease in the volume
of water filtered by the mussels will lead to a decrease in
food capture which will have a direct effect on energy intake.
Consequence: bad physiological activities. On the other
hand, damage to the digestive enzyme by port pollutants
either by trophic route or via water will probably have an
effect on the efficiency of food energy conversion. The
digestive gland is the main organ involved in food pro-
cessing, digestion and nutrient delivery, and these processes
could interfere with the processes of accumulation, detoxi-
fication and elimination of pollutants (Arrighetti et al., 2019;
Blanco-Rayon et al., 2019; Faggio et al., 2018).

The results obtained in this study have shown that the
Mytilus mussel has a number of characteristics which make
it an excellent bioindicator of the quality of the marine
environment, the importance of which has already been
emphasized in numerous research studies (Arienzo et al.,
2019; Benali et al., 2017; Boukadida et al., 2017; Chatel
et al., 2010). Also, the CAT as a stress biomarker demon-
strates its sensitivity, its precocity and its effectiveness in
predicting the deleterious effects of the real effluents of the
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present study. Also, the major interest of catalase as a bio-
marker resides in the non-specific character of its response,
which constitutes an advantage in the context of multiple
contamination of aquatic ecosystems. According to several
authors, the biomarkers of defense like CAT help maintain
the organism’s homeostasis. The latter depends on the dose,
duration/effect relationship (Al-Fanharawi et al., 2018;
Aouini et al., 2018; Bao et al., 2018; Benali et al., 2017).

Catalase can be influenced by intrinsic or extrinsic factors
beyond the control of the researcher. Thus, to compensate
for the variations in biomarker responses due to these fac-
tors, the multimarker approach seems to be a promising key
for a better interpretation of the results and thus a more
precise evaluation of the health state of the aquatic
environment.

5 Conclusion

In conclusion, the practice of biomarkers, in our present
study, has proven to be very interesting from the point of
view of precocity of rest of the measured signals and their
correlations with the levels of pollution. They can indeed
constitute an obvious complement to chemical monitoring
programs by translating a risk for organisms in aquatic
ecosystems. As a result, biomarkers can be used and are still
of great ecological relevance, particularly in the case of a
long-term monitoring program for the coastal and estuarine
environments.

Furthermore, the integration of these biological variables
into a long-term monitoring and measurement network will
provide managers of aquatic environments with better
information on the evolutionary trend of the monitored
environments (sign of good management or degradation)
and will allow scientists to better understand the functioning
of the systems studied.
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Preparation and Characterization
of Activated Carbon Derived from Sewage
Sludge for Pollutant Removal
from Wastewater

Abdulbari A. Ahmad and Marwan Alraggad

Abstract

The preparation of activated carbon derived from aerobic
biological treatment of the activated sludge (SSAC) is a
promising way to dispose of sewage sludge as well as to
produce a low-cost adsorbent for pollutant removal
methylene blue (MB). In this work, the activated carbon
was developed from aerobic biological treatment of the
activated sludge using KOH as a chemical activation
reagent. The SSAC was characterized by scanning
electron microscope (SEM) and Fourier transforms
infrared spectroscopy (FTIR) analysis. The SEM study
showed that the activated carbon was not large and
uniform porous. The main functional groups present in
the prepared activated carbon were quinone and aromatic
rings. The highest removal of methylene blue dye
obtained at prepared SSAC optimum conditions
(Temp. 500 °C, time 180 min, KOH 30 g) was 99.92%.
It is concluded that the activated carbon from sewage
sludge is promising for pollutant removal from wastew-
ater using adsorption process.

Keywords

Sewage sludge � Activated carbon � Production �
Characterization � Methylene blue � Adsorption

1 Introduction

In Yemen, the total number of wastewater treatment stations
in Yemen is nine stations in function; the total actual flow of
the treated wastewater is around 92,000 cubic meter per day
and around 33.5 million cubic meter per year (Abdul-Malik,

2002). Primary sewage sludge is containing in large quan-
tities soil contaminants, such as organic compounds, heavy
metals, pesticides and human pathogens. Most of the con-
ventional means of sewage sludge disposal like open
dumping, sanitary landfilling, aerobic and anaerobic diges-
tion and incineration have created more serious problems
like soil and plant toxicity, surface and ground water
contamination and air pollution. Furthermore, the ever-
increasing cost and unavailability of land near urban areas,
more stringent waste disposal regulations and public
awareness have made open dumping and landfilling
increasingly expensive and impractical.

Wastewater treatment plants produce a large quantity of
sludge which has to be disposed. Secondary sewage treat-
ment plants (Fig. 1) typically generate a primary sludge in
the primary sedimentation stage of treatment biological
treatment. Approximately, 70% of the main raw sewage
components is composed of proteins and urea (nitrogenous
compounds); sugars, cellulose and starches (carbon
hydrates); cooking oil, greases and soaps (fats). About 30%
of the solids consist of inorganic components such as
metallic salts, road grit and chloride where sewerage and
storm water are combined (Spellman, 1996). Typically, the
chemicals are used either to facilitate the precipitation of
hard to remove substances or to improve suspended solid
removal (Turovskiy and Mathai, 2006).

Wastewater contains large quantity undesirable compo-
nents, including organic, inorganic and toxic substances, as
well as pathogenic or disease-causing micro-organisms. In
the biological treatment phase, the coagulation and removal
of the non-settleable colloidal solids and the stabilization of
the organic matter are accomplished biologically using a
variety of micro-organisms, principally bacteria (Choba-
noglous, 1987). In the third treatment stage, the elimination
of phosphorous and nitrogen takes place. Nitrogen elimi-
nation may be achieved by a two-stage process: nitrification
and denitrification. Ammonia in the wastewater is first oxi-
dized to nitrate (nitrification), and thereafter, the nitrate is
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converted to free nitrogen (denitrification) before it is dis-
charged (Werther & Ogada, 1999). Phosphorous compounds
can be eliminated through chemical precipitation using
additives followed by the sedimentation of the sludge
formed, or through biological treatment, where phosphorous
compounds are incorporated in the cell tissues which are
thereafter removed through sedimentation (Werther &
Ogada, 1999).

A promising way for sewage sludge disposal that has
been widely studied is the thermal application such as
pyrolysis process (Thipkhunthod et al., 2006). Sewage
sludge is carbonaceous in nature and rich in organic mate-
rials. Hence, it has the potential to be converted into acti-
vated carbon if pyrolyzed under controlled conditions or
with some chemical treatment (Smith et al., 2009). Many
researchers have recognized sewage sludge as a resource
with much potential for beneficial reuse other than direct
disposal (Kim & Parker, 2008; Massanet-Nicolau et al.,
2008).

The fixed carbon contents are considered satisfactorily
high, indicating that precursors are suitable to be converted
into activated carbon. The fixed activated carbon content
increases steadily while volatile declines over temperatures.
At higher temperatures, organic substances become unstable
as the heat provides energy to the molecules to break their
bonding and linking, and once it is broken, the substances
will be discharged both as gas and liquid products. The
volatile matter content of the precursors decreases signifi-
cantly after undergoing the carbonization process, whereas
the fixed carbon content increases in the activated carbons
(Ahmad, 2010). It is seen that sewage sludge contains large
amounts of ash. Ash in activated carbon is undesirable and is
regarded as impurity.

Activated carbon production from sewage sludge can be
considered as an attractive method in reducing of the large
quantity sludge volume. There are two processes for the
production of activated carbon: chemical activation and
physical activation. Chemical activation method is known as
a single step of preparation of activated carbon using
chemical agents. Physical activation involves carbonization

of carbonaceous materials followed by the activation of the
resulting char in the presence of activating agents such as
carbon dioxide (CO2) or steam (Klijanienko et al., 2008).
The chemical activation temperature is lower than physical
activation. In addition, the chemical activation can improve
the pore development in the carbon structure because the
effect of chemical agents (Diao et al., 2002). The carbon
yields of chemical activation are higher than the physical one
(Sudaryanto et al., 2006). Therefore, in this work, activated
carbon was prepared from aerobic sewage sludge by potas-
sium hydroxide activation at different conditions.

The purpose of this study is to present the preparation and
characterization of activated carbon derived from aerobic
biological treatment of the activated sludge by chemical
activation method using KOH for wastewater treatment. The
effect of parameters on textural characterization of the
SSAC, such as surface morphology, surface chemistry and
adsorption uptake, was investigated.

2 Materials and Methods

2.1 Sample Preparation

The sewage sludge used in this study was collected from the
Sana’a Wastewater Treatment Plant (SWTP) located in Bani
Al-Hareth, in the north of Sana’a city. The sample’s col-
lecting method was in accordance with the standard method
(ASTM D346-90, 1999). The sample of sewage sludge was
first dried at 105 °C for 24 h, crushed and sieved into a
uniform size of 0.5–0.1 mm.s

2.2 Methylene Blue Dye

Methylene blue supplied by Sigma–Aldrich (M) Sdn Bhd
was used as an adsorbate. The characteristics of the dye are
listed in Table 1. The dye stock solution was prepared by
dissolving accurately weighed dye in distilled water to a
concentration of 1000 mg/L. The experimental solution was

Fig. 1 Activated sludge
wastewater treatment plant
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obtained by diluting the dye stock solution in accurate pro-
portions to different initial concentrations.

2.3 Preparation of Activated Carbon

The sludge sample was first dried at 105 °C at constant
weight and subsequently crushed and sieved into a uniform
size of less between 1 and 2 mm. The resulted granular
particles were then impregnated with a 40% (vol) potassium
hydroxide (KOH) solution at 25 °C at a ratio of 1:1, 1:2, 1:3,
1:4 (weight). The impregnation ratio (IR) is given by:

IR ¼ weight of KOH in solutionð Þ: weight of precursorð Þ
ð1Þ

After impregnation, the sample solution was filtered to
remove the residual KOH, and the sample was subjected to
dry at 105 °C.

2.4 Chemical Activation of Impregnate Samples

The activation of KOH impregnate raw material was carried
out by carbonizing under a purified nitrogen (99.995%) flow
(150 cm3/g) at a constant heating rate of 10 °C/min a hori-
zontal furnace with a temperature programming heating rate.
Experiments were conducted at different carbonization
temperatures (400–600 °C) and carbonization times (1–3 h).
After activation, the samples were cooled down under a
nitrogen flow and were washed sequentially several times
with hot distilled water (70 °C). The pH of the washing
solution was reached 6–7. Finally, samples were dried in an
oven at 110 °C for 24 h and then stored in plastic containers
before use.

2.5 Activated Carbon Yield

The activated carbon yield was calculated based on Eq. (2).

Yield %ð Þ ¼ wc

wo
� 100 ð2Þ

where wc (g) is the dry weight of final activated carbon,
and wo (g) is the dry weight of precursor.

2.6 Characterization of Activated Carbon

Scanning electron microscopy analysis was carried out on
the precursor, precursor impregnated with KOH and SSAC.
The sample was placed on the aluminum tub and coated with
gold for electron reflection. The sample was then vacuumed
for 5–10 min prior to analysis.

FTIR analyzer was used to investigate the presence of
active carbon surface functional group. A disk containing
fine carbon with 0.1 wt% potassium bromide (12.7 mm
internal diameter and 1 mm thickness) was prepared prior to
analysis. The disk was then placed inside the analysis
chamber and exposed to infrared light wavelength ranging
from 400 to 4000 cm−1.

2.7 Adsorption Studies

The experiments were conducted by adding a fixed amount
of adsorbent to a series of 250 mL glass stopper flasks filled
with 200 mL diluted MB solutions with an initial concen-
tration of 100 mg/L placed in each flask. The pH of the
solution was not adjusted. 0.30 g of each of the prepared
activated carbon, with particle size of 200–500 µm, was

Table 1 Properties and characteristics of methylene blue dye

Generic name Methylene blue

Chemical name (IUPAC) 3,7-bis (Dimethylamino)-phenazathionium chloride tetramethylthionine chloride

Chemical formula C16H18ClN3S�3H2O

Molecular weight (g/mol) 373.90

Molecular volume (cm3/mol) 241.9

Molecular diameter (nm) 0.80

ʎ max (nm) 668

Color index number 52,015

Chemical structure
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added to each flask. Aqueous samples were taken from the
solutions, and the concentrations were analyzed. The con-
centrations of MB in the supernatant solutions before and
after adsorption were determined using double beam UV–
VIS spectrophotometer (UV-1601 Shimadzu, Japan) at its
maximum wavelength of 668 nm. The dye percentage
removal can be calculated as follows:

Percentage removal ¼ 100� Co � Ceð Þ=Ce ð3Þ
where Co and Ce (mg/l) are the liquid-phase concentra-

tions of dye at initial and equilibrium, respectively.

3 Results and Discussion

The characterization of raw materials using the desorption
process is presented in Table 2, showing that the basic
quality parameters of the sewage sludge samples of heavy
metals such as Fe, Zn and Pb were analyzed according to the
methods prescribed in APHA (Clesceri & Eaton, 1992).

3.1 Characteristics of ACSS

3.1.1 Surface Morphology
The SEM of the sewage sludge and the prepared activated
carbon are illustrated in Fig. 2. As show in Fig. 2a, the
structure of raw sludge is dense, and there are almost no
pores. After the carbonization and activation process, the
structure became different. The surface of the carbonized
product was loose, and pores of different size and shapes are
appeared (Fig. 2b) due to the decomposition of organic
matter (KOH) during carbonization process. And the pores
on the surface of SSAC were different from that of car-
bonized product, contributing to the drilling and expansion
of steam to pores during the activation process. These tex-
tural structures may consist of well-developed graphite lay-
ers, and the spaces between the carbon layer planes and the
gaps between the stacks will form an interconnected network
of slit-shaped pores, ultimately accommodate the adsorbate
molecules during the adsorption process.

3.1.2 Surface Chemistry
The surface chemistry of activated carbons is basically
determined by the acidity and basicity of their surface. The
existence of functional groups such as carboxyls, phenols,

aldehydes, ketones, quinones, hydroquinones and anhy-
drides on activated carbon surfaces has been postulated
(Ahmad & Idris, 2014). These functional groups determine
the acid-base character of carbon materials. The acidic and
basic properties are caused by the oxygen-containing groups
(Ahmad & Idris, 2014). In Fig. 3, the FTIR spectrum
obtained for the prepared activated carbon displayed the
following bands; 3841 and 3736 cm−1 were attributed to
(O–H) vibrations in hydroxyl groups. The location of
hydrogen-bonded OH groups, usually in the range of 3394–
3841 cm−1 for alcohols and phenols, involved in hydrogen
bonding may be due to adsorbed water (Jindarom et al.,
2007); 2375 cm−1 denotes C=O stretching from ketones,
aldehydes or carboxylic groups, while 1622 cm−1 is C=C
stretching vibration of the aromatic rings. The major
absorption band of the SSAC is 1053 cm−1 assigned to
either Si–O–Si or Si–O–C structures, which is associated
with the silicon content in sewage sludge and SSAC whilst
the band at 617 cm−1 is C–O–H twist broad. However, if
one closely looks at the spectra, one might find an increas-
ingly upward drift in the baseline of the spectrum from low
to high wave numbers at the high pyrolysis temperature,
probably due to the increase in aromatics content of char
during pyrolysis process (Boehm, 2002).

3.2 Adsorption Study

Table 3 shows the removal on percentage of methylene blue.
It is found that the rate of removal was rapid during the
initial 60 min, and thereafter, no significant change in the
rate of removal was observed. MB removal was obtained at
optimum conditions (Temp. 500 °C, time 180 min, KOH
30 g) and (Temp. 600 °C, time 60 min, KOH 20 g) where
99.92% and 98.4%, respectively.

Table 3 lists the comparison of the maximum percentage
of MB removed by various conditions. Possibly, at the
beginning, the solute molecules were adsorbed by the
exterior surface of adsorbent particles, so the adsorption rate
was fast. When the adsorption of the exterior surface reached
saturation, the molecules will need to diffuse through the
pores of the adsorbent into the interior surface of the particle.
This phenomenon takes relatively long contact time. The
monolayer adsorption and surface mass transfer, whereas the
linear part at the later period of contact, show the effect of
intra-particle diffusion.

Table 2 Characterization of the
raw materials using desorption
process

Time (hour) Fe (mg/kg) Zn (mg/kg) Pb (mg/kg)

1 177 20.1 –

2 159 26.1 –

3 117 18 –

4 36 30 0.297
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Fig. 2 SEM images of a raw sludge, b carbonized product and c SSAC
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Fig. 3 FTIR spectrum of SSAC

Table 3 Comparison of the
maximum percentage of MB
removal by various conditions

Temp. (◦C) Time (min) KOH (g) AC yield (%) MB removal (%)

500 180 20 24.9 99.99

500 180 30 29.0 99.92

600 60 20 30.6 98.4

600 60 30 30.5 98.8
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The activated carbon prepared in this work showed rel-
atively large percentage of MB removed, as compared to
some previous works reported in the literature.

4 Conclusion

• The selected waste by-products were promising precur-
sors for the preparation of sewage sludge activated carbon
using the chemical activation method.

• Characterization of prepared activated carbon sewage
sludge activated carbon:
– The SEM study showed that the activated carbon was

not large and of uniform porosity.
– The main surface functional groups present in the

derived activated carbon were basic and acidic; these
functional groups are favorable for removal of pollu-
tants from wastewater.

• Methylene blue was found to adsorb good onto the sur-
face of the sewage sludge-based activated carbon as
determined through a batch adsorption test. The highest
removal was obtained at optimum conditions
(Temp. 500 °C, time 180 min, KOH 30 g).

• The activated carbon production from sewage sludge
could be an interesting alternative route for the inexpen-
sive and environmentally acceptable synthesis of
carbon-based adsorbents.
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Water Quality Investigation of Recent Wells
Which Were Randomly Dug at the Left Side
of Mosul City

Mohammed F. O. Khattab, Eman Sami Al-Sarraj, Hazim J. Mahmood,
and Oliver Wiche

Abstract

Groundwater is the second biggest source of freshwater of
our planet, and it is the only resource that can be access to
face the problem of stopping water supply during war and
disaster periods. However, there are several challenges
facing water quality, particularly in arid and semi-arid
regions where climate conditions, type of reservoir rock,
geological setting and anthropogenic activities have a
significant impact on the groundwater quality. In this
work, 13 groundwater samples were taken to evaluate the
water quality and investigate its suitability for various
uses, such as drinking water, irrigation and household
water supply at the left side of Mosul City. These samples
were collected from the wells that were dug during the
time of liberation the city from ISIS fighters. Attention
was given on the examination of EC, TDS, pH, Ca+2,
Mg+2, Na+, K+, SO4

−2, Cl−, NO3
− and other water quality

parameters, such as sodium adsorption ratio, sodium
percentage and magnesium adsorption ratio, as well as
heterotrophic bacteria and coliform bacteria. The results
of factor analysis proved that the geochemical composi-
tion of groundwater is mainly controlled by chemical
weathering of carbonate–sulfate minerals and the con-
tamination by municipal activities in the city. The results
of the assessment of groundwater proprieties for drinking

and irrigation purposes will give for both decision makers
and people good insights for managing the groundwater
during crises at this part of Mosul City.

Keywords

Water quality � Recent wells � Mosul � Groundwater

1 Introduction

Water is the basis of survival for human beings and all other
living things. Thus, clean potable water is the essential
human right demand no one can be prevent it to anyone
(Dev & Bali, 2018), where groundwater is a second biggest
source of freshwater of our planet and playing important role
to providing people with water for different uses in the arid
and semi-arid region (Srinivas et al., 2015). It is also the only
source can easily be developed to meet the demand of water
for during wars or damage to the water systems (Faour &
Fayad, 2014; Robins & Fergusson, 2014). Assessment of
chemical physical and biological characteristics for
groundwater quality is essential to development and suc-
cessful management of this source (Ndoye et al., 2018).
Especially in arid and semi-arid regions, where each of the
climate conditions, type of reservoir rock, geological setting
and anthropogenic activities have a significant impact on
groundwater quality (Zaki et al., 2019). Accordingly, 13
groundwater samples have been taken to analyze and dis-
cover the physical, chemical and biological characteristics
for the left side of Mosul City. Mosul is the second largest
city located in northwestern Iraq and constitutes the main
trading center of the northwestern portion of the country
(Augustyn et al., 2019). City of Mosul separated by the
Tigris River into two halves: the left bank and the right bank
with an estimated population about 1.5 million and more
than half of them settling at the left side of the city
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(Al-Sabawi, 2008; UNAMI, 2017). During control ISIS
fighters on the city and the military operations which took
10 months to liberation the city, people suffered from water
scarcity. To handle this situation, city inhabitants digged
wells at each district o draw underground water for different
uses without any studying.

The current study included collection 13 groundwater
samples from these wells which are located at the left side of
Mosul City and to analyze the groundwater quality, where
chemical and physical parameters such as EC, TDS, pH,
Ca+2, Mg+2, Na+, K+, SO4

−2, Cl− and NO3
− investigated as

well as heterotrophic bacteria and coliform bacteria. Also,
evaluated suitability the groundwater at this part of the city
for different uses according to WHO standards and Iraqi
references. This work aims to give for both decision makers
and people good insights for managing the groundwater
during crises at left bank of Mosul City.

2 Materials and Methods

2.1 Location of Study Area

Mosul city (Capital of Ninawa Governorate) is located
northwestern Iraq, about 465 km northwest of Baghdad
(Fig. 1). Geographically, It has location coordinates 36.34
latitude and 43.12 longitude with 228 m above sea level
(AtlasWorld, 2019). Mosul is split into two separate sides by
the Tigris River, with the left bank being Mosul’s north-
eastern side and the right being the city’s southwest. The
total area of the left side about 140 km2 is divided into 51
residential districts with inhabitants reach to more than
750.000 (UN-Habitat, 2016).

2.2 Geological and Hydrogeological Setting

The study area is a semi-arid region, where Mosul’s climate
is classified as warm and temperate where the summers are
sweltering, arid and sunny and the winters are cold and
partly cloudy (Climate-Data.Org, 2019; WeatherSpark,
2019). Average annual rainfall is about 370.4 mm, and the
highest temperatures are in July (32.9 °C), while the coldest
month is January (7.2 °C). Tigris River separates the city to
the two sides with mean annual discharge range 270–
1371 m3/s (Khattab & Merkel, 2012; Saleh, 2010).

Geologically, the study area is covered by the sedimen-
tary formations which range in age from late miocene to
recent (Fig. 2). These formations can order of the oldest as
follow, Fatha formation is the oldest sediments comprises at

the area of interest sandstone and claystone with lenses or
strata of anhydrite, gypsum, limestone and marl which are
mostly covered by recent sediments (Mahder-Bashi &
Khattab, 2009; Al-Naqib et al., 2018). Injana formation
comprises of sandstone, siltstone and claystone which
exposed at north of the study area. Quaternary deposits are
represented by terrace deposits which composed of con-
glomerate, gravel with lenses of sand and silt, residual soil
that covered most of the left bank of Mosul City included
sandy and loamy soil (Sissakian et al., 1995).

Finally, flood plain deposits that covered the areas which
are close from the Al-Khoser River (cross the study area
from the east to west) and Tigris River. Generally, the trend
of the groundwater movement is mainly from north and
northeast toward south and southwest to the east of Tigris
River, with local exceptions (Al-Jiburi & Al-Basrawi, 2015).

2.3 Sample Collection and Analysis

The current study included collected 13 groundwater sam-
ples were preselected to cover whole area of the left bank of
Mosul City (Fig. 1). These samples were taken during
November 2018, and the geographical location of each well
was fixed by handheld GPS device. The wells examined
have different depths ranging from 12 to 60 m. All samples
were captured after pumping until the electrical conductivity
(EC), pH and temperature reach to steady. The samples for
ICP-MS analysis were collected using polyethylene 50 ml
bottles after rapidly filtered on site by a 0.2 lm membrane
filter and acidified with HNO3 before storage.

Samples for analysis NO3 and Cl were 50 ml poly-
ethylene bottles after filtered and stored without acidified,
while 50 ml glass bottles were used for measuring bicar-
bonate. For analysis heterotrophic and fecal coliform bac-
teria, a 100 ml sterile glass bottle was used and stored inside
a cool box and shift directly to the laboratory. Temperature,
EC, pH and total dissolved soil (TDS) were measured at the
field by portable multi-probe Hanna devices. Heterotrophic
and F. coli bacteria have been analysed according to the
standard methods (APHA, 2005). Each of concentrations the
HCO3 and Cl was measured by titration. NO3 was measured
by UV spectrophotometer method. The concentrations of
Ca, Mg, Na, K and S were determined with an ICP-MS
(inductively coupled plasma mass spectrometry, Thermo
Scientific Element XSERIES 2 ICP-MS). An internal stan-
dard with three elements was added to each sample before
analysis to verify the accuracy of the analyses. Depending on
the element, the measurement was done either in direct,
reaction or collision mode.
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2.4 Water Quality Assessment

The current research includes assessment the propriety of
groundwater for using as potable water by correlate the
results of analysis with International standard of World
Health Organization for drinking water and Iraqi sandard
specification for drinking water (ICS, 2001; WHO,
2017). The present study selected 15 water quality

parameters which are overall the main key for most
water quality evaluation (He et al., 2018; Khattab &
Merkel, 2015). These parameters are TPC, F. coliform,
pH, TDS, Ca++, Mg++, Na+, Cl−, SO4

2−, HCO3
−and

NO3
−. Also, the validity of water for irrigation was

examined by computing the indicators of irrigation water,
where each of sodium adsorption ratio (SAR), sodium
percentage (Na %) and magnesium adsorption ratio

Fig. 1 Location map of study area showing samplings locations wells
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(MAR) were calculated as follows (He et al., 2018;
Jassas & Merkel, 2015)

SAR ¼ Naþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Caþ þ þMgþ þð Þ=2
p

Na% ¼ Naþ þKþ

Caþ þ þMgþ þ þNaþ þKþ � 100

MAR ¼ Mgþ þ

Caþ þ þMgþ þ � 100

2.5 Factor Analysis

Factor analysis is one of the statistical techniques widely
used in dealing with large sets of data to determine the
relationship between a number of variables at the same time
(Kumru, 2001), a statistical method that summarizes many
variables for a less known number of factors so that each set
of variables is strongly associated with one factor so that
reduce the dimensionality of the data matrix (Jolliffe, 2002;
Menció & Mas-Pla, 2008). In this study, factor analysis
using principal component analysis method with statistical
package SPSS 19 for windows was carried out in order to
determine the main factors affecting on the hydrochemistry
of the studied area.

3 Results and Discussion

3.1 Hydrogeochemical Characteristics

General information of the groundwater samples is presented in
Table 1. pH values do not show a significant change among the
samples; this behavior is in line with that of carbonate and
bicarbonate ions (Nasrabadi & Abbasimaedeh, 2013). Total
dissolved solid and electrical conductivity values ranged
between 834-3214 µs and 1008-3829 ppm, respectively. It is
known that variance in EC values depends mainly on the vari-
ation inTDSvalues. As for the variation inTDSvalues, it seems
that the difference in their values in the studied wells depends
mainly on the dissolution processes of sulfate minerals (mainly
Gypsum) (Fig. 3a), aswell as the contribution of Tigriswater in
reduction of TDS values in the near-river wells (Al-Nuaimy,
2010). Calcium is the dominant cation in the studied samples
(Table 1), and its concentration ranges from 110.4 to
597.6 ppm, while of Mg+2 is from 51.7 to 197.6 ppm. The
chemical weathering of carbonate and evaporate rocks is the
main source of these two ions in natural water (Bouwer, 1978).

Such rocks and rock fragments which belong to the
Al-fatha formation are widely spread in the study area. The
strong correlation and positive relationship between Ca2+

and SO4
2− (Table 2 and Fig. 3b) indicate that the main

source of calcium in the studied area is sulfate minerals, and

Fig. 2 Geological map of study
area ( modified from Sissakian
et al., 1995)
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that between Mg2+ and HCO3
− (Table 2 and Fig. 3c) refers

to the dolomite as the main source of Mg2+ in the study area,
while the positive correlation between Mg2+ and SO4

2−

(Table 2) may indicate to the Al-fatha formation as the main
source of carbonate and sulfate minerals in the studied area.
Sodium is characterized by its high mobility in the aquatic
environment and can be derived from multiple sources, and
the most important in the studied area is dissolution pro-
cesses of evaporite rocks (Dhannoun & Mahmood, 2014).
This is what the positive correlation (Table 2) between Na+,
and each of Cl−, TDS and SO4

2+ indicates. Potassium con-
centration ranged from 1.2 to 25.2 ppm K+ is derived from
dissolution of potassium bearing minerals and cation
exchange (Li et al., 2013). The main source of HCO3

− and
SO4

2− in the studied area is the Al-fatha formation rocks,
and this is why a positive correlation between sulfates and
bicarbonates is shown in Table 2. Cl− and NO3

− have high
solubility and rarely participate in precipitation processes
(Mason, 1966). These ions are naturally present at low
concentrations in continental water (Hem, 1985), and the
increase in their concentration may indicate a case of con-
tamination with sewage or agricultural land water (Heath,
1987; Yuan et al., 2007). In this study, Cl− and NO3

− con-
centrations ranged from 26 to 185.9 and 0.7 to 52.8 ppm,
respectively, and the positive correlation between Cl− and
Na+ refers to the halite mineral, as indicated previously.

3.2 Factor Analysis

Factor analysis revealed two main factors representing more
than 74% of the total variance. The first factor explains
52.28% of the variance, while the second factor explains
21.97% (Table 3). The first principal component constitutes
a large proportion of the total variance, a unipolar factor
which has positive loading of the following variables (Ca2+,
Mg2+, Na+, HCO3

−, SO4
2−, Cl− and TDS) (Fig. 4). This

factor represents the dissolution processes of the mineral
composition in the studied area, represented by the carbonate
and evaporate (Gypsum and Anhydrite) rocks of Al-fatha
formation which is located under the recent sediments and is
exposed in the highlands surrounding the study area
(Al-Naqib & Aghwan, 1993). The second principal com-
ponent constitutes (21.97%) of the total variance is less
effective than the first factor. It has positive loadings of
NO3

−, TCP and F. coli and is associated with the first factor
influencing chloride ion concentration (Fig. 4). It is clear
from the variables loaded on this factor that it represents the
contamination factor in the area, due to the leakage from the
septic tanks and sewage from the residential neighborhoods,
especially as the level of groundwater in the study area
ranges from 7 to 18 m.

Table 1 General information of samples

Sample pH EC TDS Cations (ppm) Anions (ppm) Bacteria

µs/cm ppm Ca2+ Mg2+ Na+ K+ HCO3
− SO4

2− Cl− NO3
− TPC F.coli

1 M 6.98 2922 2480 597.6 99.3 87.8 4.0 375.2 1648.7 70.0 20.5 6 * 103 0

2 M 7.14 2116 1756 226.3 133.7 108.1 11.5 402.5 976.1 46.0 4.8 4 * 103 1

3 M 7.37 1310 1097 136.5 66.2 80.4 23.0 345.3 429.2 56.0 9.4 4 * 103 0

4 M 7.19 1814 1505 226.2 107.2 78.7 9.0 362.1 814.2 66.0 7.7 4 * 103 3

5 M 7.04 2721 2312 468.5 165.0 46.1 25.2 512.4 1412.5 76.0 0.7 4 * 103 0

6 M 7.22 1612 1328 162.5 105.8 83.0 1.8 375.8 522.0 100.4 46.0 7 * 103 2

7 M 7.19 1814 1505 198.4 141.8 56.0 1.4 429.3 702.8 76.0 22.5 6 * 103 0

8 M 7.15 2015 1673 172.5 143.3 164.4 1.6 479.8 728.8 136.0 42.7 6 * 103 2

9 M 7.34 3829 3214 547.2 197.6 290.1 5.3 457.4 2154.7 185.9 10.2 9 * 103 1

10 M 7.19 1612 1330 191.0 100.5 88.9 1.4 387.2 556.9 66.0 35.2 7 * 103 0

11 M 7.1 1008 834 110.4 51.7 78.7 1.7 323.2 187.2 78.0 51.8 7 * 103 2

12 M 7.47 1310 1123 232.5 78.0 31.8 1.2 354.5 598.2 26.0 14.2 4 * 103 0

13 M 7.2 1914 1589 287.8 81.3 84.7 2.1 400.2 676.4 94.0 52.8 3 * 103 0

Min. 7.0 1008.0 834.0 110.4 51.7 31.8 1.2 323.2 187.2 26.0 0.7 3 * 103 0.0

Max. 7.5 3829.0 3214.0 597.6 197.6 290.1 25.2 512.4 2154.7 185.9 52.8 9 * 103 3.0
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Table 2 Correlation coefficient matrix of major parameters

Variables Ca+2 Mg+2 Na+ K+ HCO3
− SO4

−2 Cl− NO3
− TDS

Ca+2 1.000 0.532 0.370 0.167 0.440 0.934 0.343 −0.407 0.898

Mg+2 1.000 0.604 0.154 0.861 0.749 0.618 −0.427 0.801

Na+ 1.000 −0.146 0.370 0.601 0.872 −0.029 0.686

K+ 1.000 0.244 0.184 −0.205 −0.662 0.133

HCO3
− 1.000 0.556 0.525 −0.229 0.643

SO4
−2 1.000 0.510 −0.512 0.984

Cl− 1.000 0.228 0.638

NO3
− 1.000 −0.400

TDS 1.000

Bold indicates correlation is significant at the 0.01 level (2-tailed)
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4 Groundwater Quality Assessment

4.1 A: Drinking Water

Although Tigris River in Mosul City is the only freshwater
source for municipal purposes under the normal circum-
stances, groundwater was replaced this resource during time
of control ISIS fighters on the city and liberation processes.
Therefore, finding out the range of groundwater validity for

domestic purposes will evaluate the previous period and gave
a good understanding to manage the city during crisis. This
study included assess the suitability of groundwater at the left
bank of Mosul City for drinking according to standard
guidelines of World Health Organization for drinking water
and Iraqi standard specification for drinking water (Table 4).

When comparing the results of groundwater models
analysis with the WHO scale and the Iraqi drinking water
standard, it is clear that the groundwater is not suitable for

Table 3 Factor loadings,
variance, eigen values and
communalities of the main PC

Variables Component 1 Component 2 Communalities

Ca+2 0.783 −0.398 0.771

Mg+2 0.887 −0.049 0.789

Na+ 0.772 0.478 0.824

HCO3
− 0.723 −0.139 0.542

SO4
−2 0.928 −0.268 0.933

Cl− 0.751 0.595 0.917

NO3
− −0.347 0.699 0.609

TDS 0.972 −0.148 0.966

F. coli −0.046 0.655 0.431

TPC 0.469 0.651 0.644

Eigenvalues 5.23 2.20

Variance (%) 52.28 21.97

Cumulative (%) 52.28 74.25

Fig. 4 Graphical representation
of the first and second
components
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drinking because it exceeds the limits allowed for most
parameters.

4.2 B: Agricultural Purposes

There are several indicators used to discover the propriety of
water for irrigation. In this research, the assessing water
quality for irrigation is evaluated by the total concentration
of dissolved salts expressed by (EC), sodium percentage (Na
%), sodium adsorption ratio (SAR) and magnesium
adsorption ratio (MAR). According to EC, more than 60% of
the samples were categorized in permissible class, and 26%
were categorized in doubtful class while less than 14%
categorized in doubtful class unsuitable class (Table 5). The
(Na%) is a familiar parameters to evaluate the possible effect
of sodium by irrigation water (He et al., 2018), where the
higher concentration of Na % reducing the permeability of
soil (Todd & Mays, 2005). As shown in (Table 5), all

samples are classified as excellent or good for irrigation
purposes. MAR index is representing the ratio between Ca++

and Mg++ in groundwater. The higher value of magnesium
hazard lead to increasing the soil alkalinity and thus reducing
in crop production (Xu et al., 2019). 80% of groundwater
samples showed that the groundwater is suitable for irriga-
tion based on the MAR parameters (Table 5).

Also, SAR can be considered indicator for permeability
of soil, and higher value of it lead to reduce the water
absorption by crops (Xu et al., 2019). The values of SAR for
the samples are ranged between 0.4 and 2.6 which indicates
that the water can be classified as excellent based on SAR
indicator (Table 6).

This research included plotting the groundwater samples
on Wilcox diagram (Fig. 5) shows that most of the samples
that fell into C3-S1 class, which indicated a threat of alka-
lization of soils irrigated with such water (Belic et al., 2013).
According to FAO, this type of water characterized by each
of salinity and infiltration are slight to moderate.

Table 4 Standard guidelines for
drinking water of WHO (2017)
and ICS (2001)

Parameter WHO (2017) ICS (2001)

pH 6.5–9.2 6.5–8.5

TDS 1000 500 ppm

Na+ 200 ni

Ca++ 200 75 ppm

Mg++ 150 50 ppm

K+ 12 ni

Cl− 250 200 ppm

S ni 200 ppm

HCO3
− ni ni

NO3
− 50 15 ppm

TPC <100 <100

F. coli <50 0

Table 5 Classification of
groundwater quality for irrigation
purposes based on (EC), (Na %)
and (MAR)

Parameter Range Water class Numbers Numbers%

EC (µs/cm) 250< Excellent –

250–750 Good –

750–2000 Permissible 9 60

2000–3000 Doubtful 4 26.6

>3000 Unsuitable 2 13.3

Na % 20< Excellent 10 66.6

20–40 Good 5 33.3

40–60 Permissible –

60–80 Doubtful –

>80 Unsuitable

MAR 50< Suitable 12 80

>50 Unsuitable 3 20
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5 Conclusions

The present study reached to set of conclusions of which that
the groundwater of left side of Mosul City unsuitable for
drinking water according to WHO and Iraqi standard spec-
ification for drinking water, whereas these water for irriga-
tion purposes are good enough to use. Also chemical
weathering of carbonate and sulfate minerals is the most
important factor controlling the groundwater in the study
area. Finally, the municipal activities in the city are con-
taminating shallow groundwater with nitrates, chlorides and
bacteria in the study area. This is reinforced by the result of
factor analysis.
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Social Network Analysis of Collaborative
Management: Assessment of Human
Network Stability in Water Resources
Management of Iran

Iman Islami

Abstract

Human management and social communication networks
play an important role in water resources management,
especially in arid and semi-arid regions. Active actors and
a coherent network of individuals are very useful in
establishing an appropriate collaborative governance to
face the current constraints of water management, con-
servation, control, and optimal management. In this study,
special attention pay to the human role of local actors in
the context of a water management social network in
central part of Iran with severe water restrictions and
under the effects of repeated droughts. Due to the
challenges in water distribution as well as local conflicts,
it is evaluated based on social network analysis method.
The relationships of actors were tested based on indices of
density, reciprocity, and focus on local active networks
throughout Yazd province during the year 2018–2019.
The results show that lack of individuals as mediators
between two or more close groups makes it difficult to
transfer different information (social, environmental, and
economic) between different groups. The lack of
inter-group collaboration relationships has created struc-
tural holes (empty space) throughout the network that is
reduced the direct contact between the actors. The
absence of these people with appropriate distribution,
who are able to get different ideas from different sources
and share innovative ideas with others, has reduced
creativity and innovation necessary in dealing with
environmental problems especially drought. This study
has provided to achieve ideal governance plan by
introducing vital actors and presenting weaknesses at
the macro level of the human relations network.

Keywords

Governance � Social cohesion � Social network analysis
(SNA) � Network stability � Arid region

1 Introduction

Over the past decade, widespread use of the term social
capital in various social, economic, political, environmental
sciences and especially water resources management indi-
cates the key and important role of this type of capital in
achieving the development and sustainable use of natural
resources and its protection.

Social capital has come under the scrutiny of sociologists
because of its importance to the unique role of human beings
and human relationships. Social capital in many sociological
studies is a network of social interactions between individ-
uals who manage a community and can lead to social
cohesion, a desire to participate in social activities (e.g.,
Putnam, 1995; Veenstra, 2000). In this view, social capital is
a network of collaborative governance or participatory
management in a society that facilitates the solution of
problems requiring collective action (Brahm & Rahn, 1997;
Emerson & Gerlak, 2014; Fliervoet et al., 2016; Sen et al.,
2019).

Social capital in the area of environmental resources and
natural resources (such as water management) includes
resources or benefits from stakeholder relationships that
place them in formal or informal local networks. Stakeholder
engagement not only develops communication resources but
also provides collective benefits for stakeholders who are
active in the field. These benefits, which can be considered
as social capital, are the primary benefits such as the
development of collective cooperation in the face of natural
disasters (e.g., drought, floods), productivity growth, and the
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production of human and material capital in projects that
they have mutual and environmental benefits. The activities,
as well as the benefits that are ultimately created, resulting
from the strong relationships between the groups partici-
pating in and out of a local community (e.g., social capital
within the group, between the group and the interface) and to
social stability and sustainability helps the environment. The
debate over participatory management and the term gover-
nance and participatory governance have been added to the
literature for many years. Various studies have so far criti-
cized the purely governmental role in natural resource
management without regard to the role of different stake-
holders, and, given the various failures and low yields, the
new participatory management system based on the role of
different stakeholders has gradually replaced it (Lienert
et al., 2013; Fliervoet et al., 2016). It has also received
widespread popularity around the world. Local government
has relied on local forces for years, although in recent years
because of different reasons, it has not been as favorable as
in the past.

Network governance in the social network of local water
users in Yazd province, including stakeholders in livestock,
agriculture, and horticulture sectors, indicates their partici-
pation in these areas under difficult ecosystem conditions.

Despite all the problems and severe natural constraints,
such as limited rainfall and drying up of water resources,
cooperation and collaboration between local residents
without government intervention have preserved the habitat
and nature. In recent years, the weakening of the human
relations network has a major impact on social order and the
environmental order. Increasing social conflicts in the
development and use of water resources, rather than the
social participation of stakeholders, has many natural dis-
asters. Unlawful digging of illegal wells, competition in the
exploitation of water resources, depletion of underground
water resources, failure to pay attention to the environmental
potential of rural areas, and encroachment on industries and
mines against water resources are examples of these natural
damages. In the meantime, the development of trust and
interactions among stakeholders is a key factor in partici-
patory management of water resources (Carlsson & Sand-
ström, 2008). Sociologists’ consensus on the index of trust in
measuring social capital may be due to the necessity and
importance of this component in the development of con-
tinuous social relationships. In many studies, including
collaborative management of natural resources management,
social network analysis based on modeling relationships
among actors has been the turning point (Van Eeten et al.,
2002). Network analysis helps sociologists gain access to
hidden dimensions and reveals the truth of human relations
interactions. Social network analysis is a well-used method
for evaluating relationships and understanding human

communication chats that understanding them is a great
achievement for managers to solve structural problems (Sen
et al., 2019; Wang et al., 2019).

The results show that network management is not the
same with different structures of relationship density, degree
of continuity, subgroup interconnections, and degree of
centrality (Bodin & Crona, 2009). Studies of water man-
agement show that given the different water consumption by
different stakeholders that are often at odds, and network
analysis can reflect a deep insight into the power relations
and limitations facing institutional management and social
relations (Hiwasaki & Arico, 2007).

Researchers have attempted to apply this approach and to
analyse the relationships of local communities in order to
provide suggestions and solutions to the problems of the
area. For example, Mandarano (2009) cites the impact of
social networking on achieving successful participatory
planning and shows that organizations, by overcoming dif-
ferences, are able to build new relationships and thus new
capital.

The present study emphasizes the importance of net-
work analysis and its combination with other aspects of
governance network analysis in further studies. How
stakeholders are linked to social relations is an important
factor in the sustainable forecasting, control, and manage-
ment of rural water resources in Yazd province. This
method has also been used in various studies. For example,
a study of density indices, degree of concentration, and
centrality by Prell et al. (2009) in the UK shows that actors
with a high centrality are crucial for developing mediator
communication and also using network analysis. Power
decided to choose the people (Prell et al. 2009). In general,
actors with a high degree of centrality and communication
have greater social power in society. Naturally, low-center
actors are less influential, so accurate understanding of
actors is an important factor in successful collaborative
management.

Investigating the trust and participatory network and
understanding the structure of relationships in this study can
be effective in solving the problem ahead. To this end, the
present study investigated the quantity and quality of par-
ticipatory management of local beneficiaries of Yazd pro-
vince. In this research, the challenges of structuring social
relationships of these stakeholders have been analyzed using
network analysis by examining the components of trust,
participation, and social cohesion in the local governance
network.

The goal of this research is network analysis of local
water consumers’ relationships in Yazd province in central
part of Iran as a highlighted arid region of Iran to identify
and show the vital roles of mediators in human cohesions
and stability of this network. All this is for one ultimate
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purpose and the effect that this human network sustainability
can have on the social and ecological sustainability of local
settlements.

2 Methodology

This part of study deals with introducing the study area, the
method of network analysis, and the examined indices.

2.1 The Study Area

The area under study is Yazd province located in 29° and
35 min to 35° and 7 min of north latitude and 52° and
50 min to 58° and 16 min of east longitude. In this eco-
logical border, local beneficiaries of water living in 50 vil-
lages of Yazd province in an area of 3.6 million hectares
having a grazing license (n = 44) were studied. The method
used in this research is complete network analysis. In this
method, census is conducted for population relations of
actors instead of sampling method. All the involved bene-
ficiaries were studied in order to correct politicizing which
was required by managers and planners. The individuals
under study were consumers of water resources, from the
department of natural resources organization. Figure 1
indicates the study area of this study (Yazd Province) in
central part of Iran. This figure shows the distribution of

local stakeholders of water consumption in the geographical
area of Yazd province.

2.2 Questionnaire of Network Analysis

Social network analysis studies the relations between certain
elements (individuals, groups, and organizations, etc.). Its
important feature is that it considers communicational and
network data in the analysis. Communicational data is the
special relationship between a pair of elements, and it is
possible that network generates from this pair of elements
and their relations. Using a questionnaire of network analy-
sis, the present study deals with studying the relations of trust
and participation in local beneficiaries’ network of water in
Yazd. To identify beneficiaries and receive communicational,
a list of all beneficiaries of Yazd was made, and respondents
were asked to choose those names in whom they trust and in
another list choose those names with whom they have par-
ticipated in managing water resources at rural, original, or
province level. This method can be performed more quickly
but requires skill and knowledge of researcher (Scott, 1987).
Necessary data was collected based on information obtained
from active rural development offices in rural areas that had
the most interactions with other stakeholders. In the final
step, after forming and entering data matrix, data was ana-
lyzed, and graphs were drawn using UCINET (version 6.611)
and NetDraw (version 2.159) softwares.

Fig. 1 Geographical location of study area in Iran and distribution of local water consumers
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2.3 The Indices of Network Analysis

In the present study, concepts of cut points and structural
hole were used to study the structure of the network, and
indices like density, size of the network, link reciprocity, and
network centralization were used to analyze the statuses of
trust and participation. Here, indices, concepts, and the
relationships between them are briefly introduced.

Density: It shows the ratio of all existing links to all
possible links. The number of possible links can be detected
based on the number of actors, and the number of existing
links is the very size of the network that represents the links
formed in the studied networks (Olsson et al., 2004). The
relationship between density and structural cohesion is built
on the same basis because structural cohesion index includes
links that lead to the most and basic communications and
eliminating them can cut the communication (Mody &
Douglas, 2003). The index shows the minimum number of
actors that if removed would disconnect the communications
in the network (Mody & Douglas, 2003).

In the case of disconnection of communications of several
links, fixed holes are developed that can be filled by con-
necting a few links. The concept of the structural hole that is
negation of the concept of density, links with the idea of
social capital, since actors who are mediators between dif-
ferent groups have a direct role in creating dense connections
between actors and groups of a network. The more these
links are dominant, the components of trust and participation
become stronger, and thus, different levels of social capital
rise, and participatory management is developed (Leahy &
Anderson, 2008). There are actors whose roles are more
critical than others so that eliminating them can divide the
network into two or more disconnected parts. To determine
these vulnerable points, elimination of which causes division
of the network, blocks, and cut points indices is used. Net-
works without such points have high densities in their
relationships.

Social researchers measure the role of an actor using
degrees. Degrees show the number of communication.
However, besides the quantity of communication, quality of
communication is also important in network analysis. For
this purpose, there are several indices studying this quality.
For example, in studies networks, the more the index of link
reciprocity is, the more trust and participation will be and
thus the more stable the network will be (Leahy & Ander-
son, 2008).

Another index, which is important at the whole network,
is centralization, representing key actors in a network.
Centralized networks have high-percentage links on the
basis of one or more actors. Decentralized networks are
those having low diversity in the number of actors’ links.

3 Results

3.1 Density Index, Reciprocity Index, Network
Size, Cohesion Status Analysis, and Social
Capital in the Network

The results of the density index analysis in the whole net-
work of Yazd consumers in trust link and participation link
are 38.2 and 34.4%, respectively, which indicates poor
confidence and participation of local beneficiaries in Yazd
Province. Low trust between beneficiaries has led to low
participation and thus poor social cohesion in the process of
participatory management of water resources. The results
show that the process of participatory management has low
cohesion and social capital. Low participation and trust are
two important factors indicating that. So basic and radical
measures, including identifying and solving barriers to par-
ticipation, strengthening social cohesion, and appropriate
promoting measures in order to increase the density index
are clearly required.

An important point understood from density index is that
because of its lowness, the resilience of beneficiaries against
environmental stresses (factors such as drought) has also
come down, and it can be expected that comprehensive
measures, which increase the density index, also increase the
resilience of the local community against environmental
changes. The reciprocity index, which also was analyzed in
this study, was 36% in participation link and 42% in trust
link that indicates the stability of networks is, respectively,
week and average. One reason for the success of project
management is the collective and mutual cooperation
between individuals, known as social trade-offs. Examples
are included in shared rangelands and collective participa-
tion in the supply and development of water resources,
which need to be strengthened. Increasing indices like the
density index, it is expected that social capital is strength-
ened, and social resilience to problems of water restrictions
that have affected beneficiaries is also increased. So through
pathology of the issue and working to remove barriers to
mutual cooperation, reciprocity index percentage can get
close to its optimal level (Table 1).

3.2 The Results of Network Centralization Index
in the Network of Local Beneficiaries
in Yazd Province

The centralization index, which has been shown in per-
centage in this study, as mentioned before, is the percentage
of the network, which is enclosed by a limited number of
central actors. The results obtained from this index, which is
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presented in Table 2, indicate higher percentage of central-
ization of external links than internal links.

This result makes clear a few points. First, an overall
comparing of internal and external centralization indicates
that receiving trust and participation (network centralization
in internal links) has a better status than spreading trust and
participation (network centralization in external links). And
also in both networks of participation and trust, given the
high levels of centralization in external link in proportion to
internal link, central actors have important roles at the net-
work level. Secondly, a high degree of centralization in the
network has decreased beneficiaries’ participation since in
the whole network high-percentage link has centralized only
on one or a few actors. However, participatory management
requires cooperation links to be spread in the whole network
until it is not limited only to a few actors.

3.3 Visual Analysis of Network Structure
of Participation and Trust of Beneficiaries
in Yazd Province

As mentioned in the previous section, outlining the networks
of participation and trust allows visual analysis. NetDraw was
used in this study organize the network and to make the
network presentation and visual analysis passible. Figure 2
presents the network of local communities of water consumer
of Yazd province. In Fig. 2, people have been distinguished
with blue points. These individuals have been identified basis
for social policy makers’ planning in the development of
participatory management of local communities in the areas of
natural resources of Yazd province. The role of these people
is of great importance especially in accessing information and
developing participatory management policies between ben-
eficiaries community. These people in the role of mediators
between different individuals often form weak links. This is in
line with the study of Granovetter (1973) in which he argued
that information could be received and flow provided that the
communicational bridges were weaker than strong links.
Given the more cohesion in the network (having integrity and

less discontinuity), it is hoped that participatory management
projects and governance network will be implemented
successfully.

In the field of access to information, despite the com-
munication intervals, Burt (1999) raised the term of “struc-
tural holes” between groups. These structural holes can be
seen due to the formation of separate clusters in the network
of beneficiaries in Yazd. Blue points represent the existing
structural holes and cut points. Eliminating these cut points,
shown in blue, many individuals are divided into two or
more small clusters. Figure 3 indicates the four clusters
created by the removal of cut points in the primary network.
In fact, the cohesion of the network has been eroded by the
elimination of these important actors that had the role of
connecting small networks. Due to the presence of small
number of these important mediators in the network of
beneficiaries, maintaining and developing communication
between various groups have been problematic and com-
plicated. On the other hand, lack of individuals as mediators
between two or more close groups makes it difficult to
transfer different information (social, environmental, and
economic) between different groups. An important advan-
tage of these people as Burt (1999) referred to is their
emphasis on discovering and developing great opportunities.
So individuals who can mediate between groups are so
valuable. For example, in the community under study here,
many conflicts overusing water take place due to the
misunderstanding and misinterpretation made by fellows in
other groups, and the presence of these key mediators, with
mentioned specifications, significantly prevent the occur-
rence of these events.

4 Discussion and Conclusion

The present research has studied and analyzed the status of
network governance of beneficiaries based on the SNA.
Therefore, it has analyzed participation and trust, which are
important components of social capital. Our first issue was to
evaluate the sustainability of the network structure of human

Table 1 Indices of density,
reciprocity, network size in the
network of trust and participation

Socio-ecological
border

Kind of link Number of individuals
(persons)

Density
(percent)

Reciprocity
(percent)

Yazd rural areas Participation 44 34.4 36

Trust 44 38.2 42

Table 2 Network centralization
based on external and internal
links

Socio-ecological
border

Kind of link Network centralization based
on external links (percent)

Network centralization based
on internal links (percent)

Yazd rural areas Participation 47 36

Trust 44 32
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consumers based on the relationship between density index
and social cohesion (Olsson et al., 2004). Analyzing rela-
tions based on indices of density, reciprocity, and network
size and visual analyzing based on the concepts of cut points

and structural holes helped to assess social structure of local
beneficiaries in Yazd province using mathematical elements
and to assess their social organization in participatory
management.

Fig. 2 Network of local
collaborative management of
water consumers in Yazd
province (Iran)

Fig. 3 Removing cut points and
fragmentation of the primary
network (discrete clusters)
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The results obtained in this study indicate that unfortu-
nately none of the indices has optimal status. Evaluation
shows that the density index in both network of participation
and trust was weak, indicating poor social cohesion and
reduced resilience of beneficiaries when facing with envi-
ronmental stresses. Lack of communication links between
beneficiary individuals and groups makes the size index be
much lower than expected. Reciprocity index, representing
mutual cooperation, is also weak in the participation network
which demonstrates low stability of this network in the
beneficiaries’ community in Yazd. These conditions are
slightly better, in the trust network, but not at an optimal
level. Analysis of motioned indices shows that the relations
structure of this community suffers from a social disorder.
As Lawson and Garrod (2001) state, poor trust and partici-
pation as supporter mechanisms creating a sense of security
in emergencies (such as situation that beneficiaries in Yazd
are now facing with) have failed to facilitate social actions
and solve the problem requiring collective actions. Coleman
(1990) and Brehm and Rahn (1997) referred to these items
as tasks of trust and participation. Weakness in these two
important components of social capital reduces social
cohesion of the community and the desire to participate in
collective cooperation. It can be understood from the net-
work of Yazd beneficiaries that social participation of indi-
viduals and accessing information is more homogenous
inside local groups than in between-group relationships.
There is lack of those individuals who are mediators between
groups. The prominent characteristic of these people is their
ability to access information and have necessary experience
for transferring it (Newig et al., 2010; Bodin & Prell, 2011;
Lienert et al., 2013; Koutsou et al., 2014), the case that is the
need of the participatory management of the area under
study.

The absence of these mediators or the presence of weak
links between groups has made various structural holes in
the networks of trust and participation. According to the
results obtained from the analysis, trust network, having
more links and density ratio higher than participation net-
work, has a relatively better social cohesion; however, this
structural weakness is obvious in both networks especially in
participation network. The present study is compatible with
the study of Burt (1999, 2000, 2002) in which he referred to
these individuals, with mentioned specifications, as social
capitals of network since the absence of these people pre-
vents creating an integrated and cohesion network. In the
beneficiaries’ network in Yazd, lack of these individuals,
with mentioned specifications, has declined communica-
tional social capital with such efficiency. Lack of these
mediators has reduced density at the whole network,
resulting in, as stated by various researchers including Oh
et al. (2004), Bodin and Norberg (2005), Bodin and Crona
(2009), Sandstro and Rova (2010), reduced strength of trust

and participation and decelerate developing participatory
management.

It can be clearly understood that beneficiaries in Yazd
focus on the activities inside their own groups that are often
based on family ties, lack of possible links has made holes in
the flow of information and between-group cooperation at
the macro-level of network of Yazd beneficiaries, and in
simpler terms, structural holes have been made. The reason
of lacking mediators and communicational bridges can be
traced in high centralization of network. Studying central-
ization index indicates that spreading participation and trust,
between beneficiaries, are weaker than receiving participa-
tion and trust, and this is the result of high centralization in
external links than in internal links. Lack of centralization in
external links in certain clusters has caused non-appropriate
distribution of cooperation links at the whole network, and in
general, it can be a barrier to establish ideal participatory
management. High centralization of central actors in internal
links rather than in external links is a factor preventing the
formation of intermediate relationships at the macrolevel of
Yazd consumers’ network. The results of the present study
are in line with those of the study by Prell et al. (2009) and
Scholz (2011) in which they confirmed the role of central
actors and their influence in communicational mediating and
establishing successful participatory management. This
study is compatible with the study of Watts (1999) in which
he approved that through small number of mediators but
with special features, communicational bridges can be built
in the social world. These small numbers of links, despite
large geographical distances, can produce bigger clusters.
The absence of these people with appropriate distribution,
who are able to get different ideas from different sources and
share innovative ideas with others, has reduced creativity
and innovation necessary in dealing with environmental
problems especially drought. As time passes and water
shortage shows its effects in social lives of beneficiaries
including livelihood, social cohesion and resilience neces-
sary in dealing with environmental stresses are reduced. It
can be concluded that the network of beneficiaries in Yazd
was weak. According to sociologists such as Coleman
(1990) and Putnam (1993) who define social capital with
regard to its function, it can be stated that due to the
weakness in the formation of an appropriate social capital,
there will be no facilitation for collective actions and solving
problems that require participation. Social network analysis
based on indices and concepts helped in analysis the net-
works of trust and participation at the macrolevel resulting in
solid understanding of the social structure of beneficiaries’
community in Yazd province.

What can be referred to at the end of this discussion is the
necessity of creating and strengthening ideal social spaces
based on social trade-offs, the case, which is needed in the
community of beneficiaries in Yazd province. It is hoped
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that realizing collective actions at an appropriate level help
the realization of successful participatory management based
on local communities.
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Techno-economic Analysis of Membrane
Distillation to Provide Potable Water
to the Hormuz Island

Ramin Haghighi Khoshkhoo, Ameneh Moumivand,
and Mohammad Namazizadeh

Abstract

This paper is aimed to study the technical and economical
supply of minimum potable water in the southern regions
of Iran (isolated areas with lack of access to national
water and electricity networks), especially on Hormuz
Island. In this regard, the technical-economic analysis of
solar membrane distillation and membrane distillation is
carried out as a package (mobile desalination). The cost of
thermal energy in each of these systems is zero. At
present, the minimum required potable water on Hormuz
Island is 30 m3/d. The cost of water generated from the
solar membrane distillation is 6 $/m3, and the cost of
water produced in the mobile desalination is 1 $/m3.
Furthermore, the problems of the potable water transfer in
a mobile desalination are also met.

Keywords

Techno-economic � Solar membrane and mobile
distillation � Potable water � Isolated areas of utilities

Nomenclature
AGMD Air gap membrane distillation
CC Initial investment cost
Cbrine The cost of disposing of salt water
Cfixed Fixed investment cost
CI&C Cost of instrumentation and control
Cinstallation Installation cost
Clabor Labor cost
CO&M Maintenance cost
Cp Seawater specific heat capacity

Ctotal Total production cost
DCMD Direct contact membrane distillation
dfib The diameter of each string of membranes
MD Membrane distillation
Emax Maximum sun exposure on sunny days
E(t) Radiation of the sun reached the collector

surface (W/m2)
f The amount of access to the unit
IRR Internal rate of return
Km Membrane permeability coefficient
Kmo Knudsen’s permeability
L Total collector length
M Unit capacity
mdist Flow rate distilled water
mo Flow rate in solar collector
MED Multi-effect distillation
MSF Multi-stage flash
N System life
NPV Net present value
nfib Number of strings
Ps Saturation vapor pressure
Pvacuum Vacuum pressure
VMD Vacuum membrane distillation
RO Reverse osmosis
Ti Internal membrane temperature (K)
Tref The initial temperature
Tz Temperature variations along the membrane

(K)
tsunset Sunset time (hour)
tsunrise Sunrise time (hour)
q The density of liquids used (kg/m3)
P

CAPEX Total investment cost
P

CPEC The current value of all purchased equipment
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1 Introduction

Demand for potable and fresh water has increased gradually
in the last two decades (Mohammad Namazizadeh & Joda,
2020). Utilizing desalination in islands and coastal areas is
an important method for overcoming water shortage (Guo
et al., 2016; Qi et al., 2017). Reverse osmosis (RO) in
membrane distillation (MD) and multi-effect distillation
(MED) in thermal desalination are mainly referred to
(Karagiannis & Soldatos, 2008; Sadri et al., 2017).

Using desalination, many attractive features, such as low
operating temperature and cost-effective process, have been
considered. MD is a technology that lies at the interface
between membrane and thermal desalination (Bamufleh
et al., 2017).

There are many ways that heat integrated within the
process and with the MD desalination and optimal design of
equipment should be provided due to the geographical
condition of the case study and the lack of access to fuel,
water, and power (Guo et al., 2016; Li et al., 2017).

This type of desalination can be built on small scales, and
it uses excess heat, such as thermal energy from sunlight
(because it requires less temperature) and is much more
energy efficient than other methods. Membrane and distil-
lation will be affordable. In this type of technology, mem-
branes with less price can also be used that can be effective
in the overall economy of the process. Since the size of the
cavities of MD is larger than RO, the membrane obstruction
will be less. Excretion of 100% (theoretically) ions, colloids,
macromolecules, and other non-volatile substances, operat-
ing temperature lower than distillation, less operating pres-
sure compared to pressure separation processes such as
reverse osmosis, reduction of required mechanical properties
for membrane stability, reduced spaces needed for steam, in
comparison with the distillation process are the advantage of
membrane distillation in comparison with other natural
separation operations (Camacho et al., 2013).

MD is less susceptible to membrane fouling than RO,
given the absence of a high hydraulic pressure and the dis-
continuity of the liquid phase. So, MD can be operated
without feed water pre-treatment, making it an ideal process
for standalone seawater desalination applications. Further-
more, MD systems can be made from inexpensive materials
to reduce process investment and operational costs. Finally,
MD can be operated at low feed temperature (Duong et al.,
2016; Ravisankar et al., 2016). Thus, low-grade heat sources
such as solar thermal energy can be utilized to meet MD
energy demands.

To supply water to certain areas, such as the countryside,
inland waters, in addition to electricity and water, and the
islands renewable energy sources such as the wind and solar
can be used as the source of power and energy. MD is one of

the desalination technologies that are commonly utilized in
these conditions. It is arguably the most suitable platform for
small-scale and off-the-grid seawater desalination applica-
tions (Mericq et al., 2011; Plattner et al., 2017). On Hormuz
Island, in addition to solar energy, the thermal energy from
the combustion products of the diesel engine for offshore
floating can also be exploited (the original idea of the
researcher). The use of sea vessels, while not requiring a grid
system and distribution of fuel, will eliminate the problems
of water transmission and environmental pollution.
Researchers have provided many studies on MD. Some
researchers have investigated the impact of membrane
properties and transport phenomena on the energetic per-
formance of MD desalination (Deshmukh & Elimelech,
2017). A. Khalifa et al. (2017) conducted experimental and
theoretical investigations on water desalination using direct
contact MD. Hung C. Duong assessed the performance of
solar thermal-driven MD for seawater desalination using
computer simulation (Duong et al., 2017).

Chafidz et al. (2014) designed and manufactured a pro-
totype of an MD system for an arid location in Saudi Arabia.
Escher et al. (2012) designed and modeled a prototype
porous solar MD system in remote areas and, then, investi-
gated and evaluated it. Alkhudhiri et al. (2012) reviewed the
process of MD. Al-Obaidani et al. (2008) studied the
potential of the direct contact MD process in energy sewage
sweetening. Chang et al. (2010) modeled and optimized the
air gap MD system and supplied the thermal energy and
electricity of this system through the solar system. Cipollina
et al. (2012) examined the development of solar MD (pho-
tovoltaic panel and solar collector). Numerical methods are
reliable and cost effective in modeling and optimizing the
engineering systems (Namazizadeh et al., 2020). Therefore,
in most of studies, modeling and optimization in the field of
one configuration of MD have been addressed. In this paper,
MD is a main technology for desalting highly saline waters
on Hormoz Island, and from among the MD configurations,
vacuum membrane distillation (VMD) is selected. Using
direct contact membrane distillation (DCMD) is economical,
and using air gap membrane distillation (AGMD) is energy
efficient. However, VMD is both economical and energy
efficient. VMD has once been used in the solar system and
once in the sea vessel body. The economic analysis of these
two systems is carried out and, ultimately, compared. The
innovation of this article lies in the package designed in the
sea vessel body and the use on a ship to transfer drinking
water to various parts of the island. It is possible to use any
kind of refrigeration in one area. However, the islands and
remote areas will be different. The sub-objectives of this
research are multi-fold and include: selecting desalination
suitable in terms of power and heat consumption for Hormoz
Island, solar MD desalination study and modeling study of
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the layout of a desalination package on the ship and eco-
nomic opportunity of selective technologies.

2 Membrane Configuration of MD

In desalination, different MD configurations that have been
used to separate the aqueous feed solution using a
micro-porous hydrophobic membrane will be examined.
In DCMD configuration, the hot solution is in direct con-
tact with the hot membrane side surface. Therefore, evap-
oration takes place at the feed-membrane surface. The
vapor is moved by the pressure difference across the
membrane to the permeate side and condenses inside the
MD module. Because of the hydrophobic characteristics,
the feed cannot penetrate into the membrane (only the gas
phase exists inside the membrane pores). DCMD is the
simplest MD shape and is widely employed in desalination
processes and acid manufacturing. The main drawback to
this design is the heat lost by conduction. In AGMD, the
feed is in direct contact with the hot side on the membrane
surface only. Stagnant air is introduced between the
membrane and the condensation surface. The vapor crosses
the air gap to condense over the cold surface inside the
membrane. The benefit from this design is the reduced heat
lost by conduction. However, additional resistance for mass
transfer is created, which is considered a disadvantage. This
shape is appropriate for desalinating and removing volatile
compounds from aqueous solutions. In VMD, a pump is
used to prepare a vacuum in the permeate membrane side.
The heat lost by conduction is negligible, which is con-
sidered a great advantage. This type of MD is used to
separate aqueous volatile solutions (Deshmukh & Elim-
elech, 2017; Plattner et al., 2017). In Fig. 1, MD configu-
rations are observed.

3 Solar MD Desalination

The solar collector, photovoltaic panel, membrane distilla-
tion module, and pump are the main components of this
system. Heat exchangers and heat storage devices are added
to the process loop, depending upon the project. In Fig. 2, a
schematic diagram of the solar MD system, which is ana-
lyzed for this paper, is technically feasible.

Solar energy can be used to convert saline water into
potable water with simple, low cost, and economical tech-
nology; thus, it is suitable for small communities, rural areas,
and areas where the income level is very low. Recent
developments have described that solar-powered desalina-
tion processes are better than the alternative MD technolo-
gies, like RO. Two types of solar MD are classified as direct
and indirect systems. The direct systems are those, in which
the heat gaining and desalination processes take place nat-
urally in the same device (solar still). In the indirect method,
the plant is separated into two subsystems, a solar collector
and a desalination unit. The solar collector can be a flat plate,
evacuated tube, solar PV cell, or solar concentrator; it can be
integrated with any of the distillation unit types, which use
the evaporation and condensation principle, such as MSF,
MED, and MD of possible combinations of thermal desali-
nation with solar energy. Systems that use PV panels tend to
produce power to operate MD in solar MD. The most
important advantage is that the operating temperature of the
MD process is in the range of 40–100 °C.

4 Innovation of Mobile Desalination

The mobile desalination system, introduced in this paper,
includes filtering, pre-treatment tank, heat exchanger,
membrane distillation, pump, and post-treatment. Seawater

Fig. 1 MD configurations
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is pumped to the heat exchanger. The pre-treatment system
and pump are installed on the sea vessel body. Seawater in
the heat exchanger increases its temperature by receiving
heat from the flue gas from the engine. Then, the seawater
enters the membrane module. Distilled water is produced,
and then, the final purge (post-treatment) in the tank is
collected.

Water is collected in the reservoir after passing through
the purification system and is converted into drinking water.
The overall schematic of this system, which is in the form of
a package in the corresponding float, is shown in Fig. 3.

5 Profile of Hormuz Island

Hormuz Island has population of 6000 people. According to
Hormozgan Meteorological Organization’s research on
Hormuz Island, there are 362 days of the 365 days in Hor-
mozgan, which shows there is a real potential for solar
energy. Hormuz Island has longitude of 28.56 and latitude of
27.4° north and is isolated from the electrical power (is away
from the electricity grid) and potable water. Per capita, water
consumption per person, is considered between 80 and

Fig. 2 Schematic diagram of the
solar MD system
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distillation
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Pump Diesel engine
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Distillate water
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Fig. 3 Form of a package in the
corresponding sea vessel
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120 L per day. This amount includes drinking, agricultural,
and industrial consumption. More than 95% of this amount
is for agricultural and industrial use. This article is about
drinking water and cooking. Therefore, at least 5 L per day
per person (30 m3/d) is considered (Moradi & Kabiri, 2012).

6 Modeling Solar MD

To model the entire system, each of the equipment must be
modeled. The inputs and outputs of every equipment are
determined. Step-by-step modeling of the MD process is
shown in Fig. 4.

The modeling of solar MD flowchart is illustrated in
Fig. 5. In the MD module, the membrane is sensitive to
temperatures above 80 °C. A temperature less than 30 °C
does not result in a two-phase mode.

7 Designing Mobile Desalination

To design the smallest land craft as a sea vessel, the elec-
tricity power from the diesel engine is taken into consider-
ation. Various types of floating vessels with capacities,
ranging from 200 kW to more than 10 MW, are designed
and built in Iran. Considering the dimensions of the package
of the system in question and the amount of drinking water
required by Hormuz Island, the types of sea vessel made,
landing craft and towels that have suitable space, are
selected. The design steps are such that depending on the
amount of water produced, the MD module is selected. The
next stage is to design a heat exchanger, a pump selection,
and a storage tank.

8 Results of Modeling

The results from the modeling of solar MD showed that the
highest amount of solar radiation was in the summer, and its
lowest was in the winter. Note that the solar radiation
reaching the surface was the input of modeling in the

Fig. 4 Step-by-step modeling of the solar MD process

Fig. 5 Modeling solar MD
flowchart
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collector sector. The final output of distilled water from the
production and the exhaust of the membrane wwas affected
by solar radiation, with the highest production during the
summer and the lowest in winter (Fig. 6). The results were
related to the four days of the year and had the lowest and
highest radiation for two days and the two days between
them. Using NASA’s meteorological information and having
geographical latitude and longitude of Hormuz Island, four
days were considered in June, December, September, and
March, respectively. The radiation of the sun varied
throughout the day and on different days of the year, and the
sinusoidal equation was considered for simplicity in mod-
eling. The output of the first stage was the hot fluid tem-
perature, the second stage was the output of the seawater

temperature at the output of the heat exchanger, and the final
output of the distilled water was obtained from the MD
module, as seen in Fig. 7.

The initial area considered in this calculation was
10,000 m2. The area of the collector was 7 m3 per day
during the winter and 25 m3 on average during summer to
produce the stems. Therefore, the area of collectors should
be increased (Fig. 7).

Therefore, it was decided to initially use the same area for
economical production of Hormuz Island drinking water by
using an MD system. If an economic justification is
achieved, the collector area will be increased to produce
more drinking water. The modeling results of mobile
desalination are generated in each package designed to be
8 m3 per day, which is required for the needs of the district’s
four packets.

An MD module that generates 1 m3 of water per day was
used, with eight of these modules packed in each package.
The design of the heat exchanger was based upon the flow
rate of combustion products.

9 Economic Evaluation

In general, to estimate the cost of water produced from
desalination, the three parameters of the initial investment
cost, fixed annual cost, and annual cost variables were used.
The initial investment cost included the purchase cost of the
equipment, the installation cost, and the cost of control and
measurement. The fixed and variable annual costs varied
depending on the selected system. The cost model is shown
in Fig. 8.

The initial investment cost included the cost of purchas-
ing equipment, the cost of installation, and the cost of con-
trol and instrumentation. The annual costs incurred after the
exploitation involve fixed and variable costs. The cost of the
MD module depended on the area used. For example, each
MD module cost four hundred times of its area. Economic

Fig. 6 Amount of solar radiation reaching the collector in Hormuz
Island for four days from different seasons of the year

Fig. 7 Flow rate of distilled
water in an MD system in four
days from four seasons
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evaluation was calculated both formally and using COM-
FAR software.

The price of each equipment was extracted from the
equipment available on the world market. Cost of equipment
purchase, installation cost, and cost of instrumentation was
the initial investment cost. Maintenance cost was variable
cost. Given the longevity of the equipment and the discount
rate in COMFAR software, these economic calculations
were performed in the paper.

The cost of producing water from the solar MD was 6 $/
m3 and was 1 $/m3 while produced from mobile desalina-
tion. In addition, the economic feasibility of the mobile
desalination was carried out (Fig. 9).

And the results from this feasibility study can be seen in
figure. The NPV was positive, and the IRR has gone up from
the discount rate. And payback period for this project was
two years.

10 Discussion

The issue of minimum potable water in areas that do not
have access to potable water and electricity is a very
important. In this paper, the goal is to provide an optimal
supply scheme for potable water from Hormuz Island. For
this purpose, different types of desalination were studied.
Solar MD and PV–RO systems were selected. Then,
MATLAB, ROSA, EES, and COMFAR (cost analysis)
software were employed. The economic evaluation of these
two systems was carried out using the existing relationships
in the engineering economics. The results showed that the
two systems were technical and energy-efficient. But eco-
nomically, due to the high cost of solar equipment, they were
not cost effective. Finally, the idea of using the existing
harbors in the area of Hormuz Island under the name of a

Fig. 8 Cost model desalination

Fig. 9 Dynamic payback period
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mobile water tank was studied. From the heat of combustion
products and output of the diesel engine, these sea vessels
were used to supply the heat and power required by the MD
system. The results of the mathematical modeling of the
designed system indicated that using this method not only
solves the problem of water transfer to different parts of the
island but also is a technically and economically suitable
method. The cost of producing potable water by moving
desalination is 1 $/m3, and time for invest return, using this
method and considering the discounting rate of 12%, is
2 years.

In this research, an innovation is proposed:

• Using electrical and thermal power of landing craft
motors to supply potable water required by MD method.

• Reducing economic problems and drinking water trans-
mission by landing craft to different islands and coasts.

• On Hormuz Island, in addition to solar energy, thermal
energy from the combustion products of the diesel engine
for the offshore floating can also be exploited (the original
idea of the researcher).

• The use of sea vessels, while not requiring a grid system
and distribution of fuel, will eliminate the problems of
water transmission and environmental pollution. This
innovation is mobile desalination.

• The mobile desalination system, introduced in this
research, includes filtering, pre-treatment tank, heat
exchanger, MD, pump, and post-treatment.

• Seawater is pumped to the heat exchanger.
• The pre-treatment system and pump are installed on the

sea vessel body.
• Seawater in the heat exchanger increases its temperature

by receiving heat from the flue gas from the engine.
• Then, the seawater enters the membrane module.
• Distilled water is produced, and then, the final purge

(post-treatment) in the tank is collected.

Comparison of the selected desalination on Hormoz
Island:

– Solar MD system.
Modeling by EES software.
Selecting two days a year with the lowest and highest
levels of solar radiation.
Initial guessing for solar collector area.
7 m3 per day in winter (minimum solar radiation) and
25 m3 per day in summer (highest solar radiation).
Preliminary economic evaluation before increasing col-
lector area (to increase the amount of water produced).
Production of 6$ per m3 of water and economical choice
of this system.

– Photovoltaic—reverse osmosis system (PV–RO).

Photovoltaic panel modeling using MATLAB software
and RO in ROSA software.
Modeling based on a day in the winter with the least
radiation.
Economic evaluation and production of $ 9.2 per m3 of
water and economical selection of this system.

– Introducing innovative portable water production system
on Hormuz Island using heat and electricity of diesel
engines in the Persian Gulf.
Selecting and designing the components of the package
according to the size, space, and number of the floating
diesel engine.
Using MD desiccant due to the use of low-temperature
heat and low power consumption.
Heat exchanger design using thermophysical properties
of diesel engine combustion products and the Persian
Gulf water features.
Pump selection, pre- and post-filtration system, etc.
Economic value and $ 1 per m3 of water production.

11 Conclusion

MD is a separation process, in which only vapor molecules
transfer through a membrane. This process has various
applications, such as desalination, wastewater treatment, and
in the food industry. Hormuz Island is isolated from water
and electricity; MD desalination was selected to produce
potable water on this island, because this process requires
less electricity and heat. Solar MD and mobile desalination
into the sea vessel design to produce potable water on the
island of Hormuz. Both desalination types are energy effi-
cient; however, mobile desalination is economical. Although
the use of solar systems in terms of energy consumption is
an appropriate option, it is not economically feasible due to
the high price of its equipment. If the cost of investment
decreases, the use of solar equipment will enter the eco-
nomic competition. It should be noted that due to lack of
electricity in this area, RO has been neglected.
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Groundwater Pollution in an Arid Region,
Southwest of Iran

Hassan Daneshian, Nasrollah Kalantari, and Farshad Alijani

Abstract

The sources of groundwater pollution in Behbahan plain,
southwest of Iran, as an urban aquifer in arid climate,
were determined using hydrogeochemistry. Groundwater
samples were collected from 40 water wells in both wet
and dry periods, June 2017 and April 2018. The water
samples were analyzed for determination of major ions,
nitrate, fluoride, and bromide. The quality of groundwater
pollution in the Behbahan plain was affected by natural
groundwater recharge (R) and discharge (D) areas, Marun
(M) and Bonehbasht (B) irrigation and drainage net-
works, contact with gypsum bedrock (G) of the Gach-
saran formation, and wastewater of Behbahan City (T).
The spatial variation of electrical conductivity, chloride,
ionic ratios, and nitrate concentrations was investigated to
determine anomalous groundwater zones associated with
urban sources of groundwater pollution. Cluster analysis
(CA) was also employed to evaluate the recharge sources,
where it was observed that both natural and anthro-
pogenic factors were affecting the groundwater quality.
Two major water types Ca-SO4 and Ca(Na)-SO4(Cl) were
present in the Behbahan groundwater plain. The high
concentrations of sulfate, calcium, and magnesium were
reflected in moderate-to-high TDS (about 3000 mg/l).
The dominant hydrogeochemical processes in the aquifer
were dissolution of gypsum and somewhat halite,
dedolomitization, scant normal and reverse cation
exchange, and mixing. The main sources of the nitrate
pollution of groundwater were leaching of organic
manure applied on cultivated areas as well as wastewater
of Behbahan City. The minimum and maximum

concentrations of nitrate in groundwater of the Behbahan
plain were 5–105 mg/L and 5–150 mg/L in dry and wet
periods, respectively. About one third of groundwater
samples in the Behbahan plain had nitrate concentrations
above drinking water standard (45 mg/L).

Keywords

Hydrochemistry � Pollution sources � Nitrate �
Groundwater � Iran

1 Introduction

Groundwater is the source of drinking water for many
people around the world, especially in arid regions. This has
become the most concerning issue for most countries in the
Middle East. In addition to being vital for drinking, agri-
culture, and industries, it can contribute to
socio-environmental problems. The population of Iran has
rapidly doubled in the past 40 years, and as a result, the use
of water for different purposes has increased enormously in
this country. Agriculture uses the major portion of available
freshwater where about 60% of this water is wasted due to
inefficient agriculture methods and leaky irrigation systems.
In addition to this, pesticides and fertilizers are also leached
into the aquifers.

Groundwater can become contaminated naturally or
because of numerous types of anthropogenic activities.
Urban, industrial, and agricultural activities can degrade
groundwater quality in different ways. Immethodical use of
fertilizers, irrigation activities, and infiltration of urban
wastewater can lead to elevated nitrate levels in the subsoils
which can leach into the aquifer, causing degradation of
groundwater quality, especially in the urban aquifers. The
sustainability of safe groundwater resources is the most
important challenge in the urban areas, as exacerbated by the
increasing water shortage in arid climates. The exploitation
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of groundwater is related to understanding groundwater
sources, groundwater quality, and anthropogenic activities.

The effect of human activities on groundwater chemistry
is probably greatest in vulnerable hydrogeologic settings,
such as karstic aquifers or shallow parts of sand and gravel
aquifers. The occurrence of high nitrate concentrations in
groundwater in response to the interaction of agricultural
activities, wastewater, and septic effluent infiltration in urban
areas has been reported in many previous studies (Burow
et al., 2010; Zhang et al., 2018).

Over the past few decades, many investigations have
dealt with application of hydrochemical methods (Monjerezi
et al., 2011; Nandimandalam 2012; Xiao et al., 2015;
Yidanaet al., 2017), multivariate statistical techniques
(Kshetrimayum 2015; Kshetrimayum and Laxmi 2017;
Bodrud-Doza et al., 2018; Khanoranga 2018), and so forth to
identify the origins and pollution sources of groundwater.
When it comes to urban aquifers, a great deal of ambiguity
arises in the interpretation of hydrogeochemistry caused by
the simultaneous effects of geogenic and anthropogenic
factors or mixing (Fukada et al., 2004; Choi et al., 2005;
Bottrell et al., 2008; Hosono et al., 2010; Salcedo Sánchez
et al., 2017). The anomalous hydrochemistry is complex,
especially with respect to groundwater flow. The hydro-
chemical studies in an urban aquifer should be done with
regards to the amounts and duration of infiltration and rising
of groundwater level. However, evaluating the impact of
recharge on groundwater resources in an urban environment
is different from assessing the effect on natural systems for
three reasons (Tam and Nga 2018): (1) recharge sources
being radically different; (2) lack of detailed information on
the sewerage system and water distribution system as well as
the position, duration, and volume of water leaked from
these systems; and (3) reduction of recharge and decline of
groundwater level due to urbanization. They are inter-related
as mentioned above, which cannot be independently quan-
tified by a single simulation. Multivariate statistics are useful
tools to conclude other findings and obtain significant
information from complex hydrochemical datasets in
aquifers.

This study aims to identify the pollution sources of the
Behbahan aquifer, as a typical aquifer in the arid region of
Iran, as well as main hydrogeochemical processes control-
ling groundwater quality in order to capture the effects of
water–rock interactions, recharge, and mixing. Despite the
reported pollution of the Behbahan alluvial aquifer, detailed
studies of the hydrogeochemistry and groundwater contam-
ination have not been conducted yet. In the Behbahan plain,
the southern part of the plain functions as an urban aquifer,
where nitrate contaminations of groundwater (more than
45 mg/L NO3) have also been reported over the last decades.
Irrigation water is mainly supplied from the Marun and

Bonehbasht irrigation as well as drainage networks across 80
km2 of the plain. The main objective of this paper is to
describe pollution plume of the groundwater in Behbahan
alluvial aquifer using graphical and multivariate statistical
methods in order to identify various sources of contamina-
tion, with emphasis on nitrate pollution of the aquifer.

2 Materials and Methods

2.1 Study Area, Geology, and Hydrogeology

The study area is a 430 km2 alluvium at 330 m A.S.L.,
located in the southwest of Iran, approximately 200 km
northeast of Ahvaz and 1100 km southwest of Tehran
(Fig. 1). The study area is located between the 30°30′ and
30°40′ and the 50°08′ and 50°23′ geographic latitude and
longitude, respectively.

The main river running through the Behbahan plain is the
Marun River. The study area includes the Behbahan City
plus the Marun and Bonehbasht irrigation and drainage
networks. In the surrounding environs, the primary land use
is agriculture in the networks with crops such as corn and
rice grown by farmers. In the study area, Behbahan City is
the main population center, with over 130,000 inhabitants.

The average annual rainfall is 310 mm, with the major
part of the precipitation resulting from late autumn and early
spring thunderstorms. The main annual temperature is 30 °
C, with a July high of 50 °C and a February low of 5 °C.
The average annual transpiration from free surface of water
is 2900 mm. The climate across the Behbahan requires
farmers to supplement precipitation with irrigation to sustain
their crops. Overall, 70% of all irrigations originate from
surface water of the Marun and Bonehbasht rivers, about 150
MCM in the year on the southern part of the plain. The
remaining cultivation areas are supplied by groundwater as
30 MCM per year.

The commonly used N and P fertilizers include urea,
ammonium sulfate, and super phosphate. The N fertilizers are
applied to the vast grain fields on the early February, with an
application rate of 100 kg/ha. The Marun River flows in the
middle of the plainwith an average discharge of 80m3/swhich
is considered as the northern boundary of the study area. The
drinking water for Behbahan City, 10 MCM per year, is
supplied from Kheirabad River, 10 km east of the plain.

Concerning regional geology, Behbahan region is located
in the folded Zagros. Geological formations from
Oligo-Miocene to recent age have outcrops in Behbahan
area (Fig. 1). Thick limestones of the Asmari formation are
overlaid by gypsum and marl beds of Gachsaran formation,
sandstone and marl of the Mishan and Aghajari formations,
conglomerate of the Bakhtiari formation, and alluvial
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sediments, respectively. Although Gachsaran formation have
some outcrops in the margin of the plain (Fig. 2), there are
residuals of this formation, including gypsum, halite, and
marl in the alluvium considerably deteriorating the ground-
water quality. Quaternary sediments include pebble, gravel,
sand, and some silt composed of alluvial fans in the border
of Behbahan plain. Fine sediments such as silt, clay, and fine
sand are deposited beneath the plain locally. The thickness
of unconfined Behbahan aquifer ranges from 40 m in the
marginal areas to over 150 m in the middle parts.

The Behbahan unconfined aquifer is composed of gravel
and silty sand deposits with hydraulic conductivity ranging
from 1 to 7 m/day. This lithological unit overlies fine sedi-
ments (silt and clay) with very low hydraulic conductivity in
the east of the plain. The main surface recharges to the
Behbahan alluvial aquifer include infiltration of rainfall,
irrigation water, as well as the Marun and Bonehbasht irri-
gation and drainage networks. The Khaviz karst aquifer, in
the north east of the Behbahan plain, is the main source for
subsurface recharge of the aquifer, though the underground
recharge from the Bakhtiari and Gachsaran formations also
occurs, with high and low quality of groundwater,
respectively.

Depth to the water table ranges from 3 m in the Behbahan
City to higher than 32 m in the northwest of the plain. The
iso-potential map (Fig. 2) provides a good description of the
alluvial aquifer. According to the iso-potential map of the
aquifer, it can be seen that the groundwater elevations range

from 335 m in the recharge areas in the southeast of the
plain to lower than 290 m in the discharge area in the west.
The highest groundwater elevations exist in the north of the
plain. The groundwater head distribution for the Behbahan
aquifer shows recharge zones, on the eastern and northern
sides of the plain through the Bakhtiari and Asmari forma-
tions, respectively. The groundwater flow lines are oriented
toward the discharge area in the west of the plain. Although
the main recharge sources of the aquifer are infiltration from
the irrigation networks and wastewater of Behbahan City,
the directions of flow lines are not affected significantly.

Groundwater has been exploited from the Behbahan
aquifer to supply agricultural activities. Surface water infil-
tration of the Behbahan aquifer from the irrigation water
(150 MCM annually) and the presence of fine layers in the
uppermost part of the aquifer cause rising groundwater
levels in the west of plain, despite the occurrence of drought
since 2008, causing serious problems for the Behbahan City.

3 Data Collection

The groundwater sampling (number of water samples,
periods of sampling, types of water sources, depth of sam-
pling, and selection of representative samples) is dependent
on the aim and type of the study, spatial changes in
groundwater quality, extent and type of the aquifer, and
economical considerations. Groundwater samples were

Fig. 1 Location map of the Behbahan plain in the southwest of Iran
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collected from 40 water wells in the Behbahan plain in both
wet and dry periods, June 2017 and April 2018. They are
named with respect to their probable origins as (1) natural
groundwater recharge (R) and (2) discharge (D) areas,
(3) the Marun (M) and (4) Bonehbasht (B) irrigation and
drainage networks, (5) in contact with gypsum bedrock
(G) of the Gachsaran formation, and (6) wastewater of
Behbahan City (T). The sampled wells were distributed
throughout the southern part of the Behbahan plain (Fig. 2).
Sampling procedures consisted of well purging, sample
collection, and sample preservation (when required). The
water samples were analyzed for determining major ions,
nitrate, fluoride, and bromide for both periods.

The pH, temperature, and EC were measured in the field
using a portable instrument model HACH. One sample was
placed in 250 ml polyethylene bottle (for analyses of major
ions, NO3, Br, and F). Samples were acidified to pH < 4
with concentrated HNO3 for cation analysis. Water samples
were filtered with 45 µm filter in the field and kept at

approximately 5 °C during transport and storage. Hydro-
chemical analyses were performed at Khuzestan Water and
Power Authority (KWPA) Laboratory, in Ahvaz, Iran.

Concentrations of Ca, Mg, HCO3, and Cl were analyzed
by volumetric titrations, while the concentration of sulfate
was measured by turbidimetric method. Also, those of Na
and K were determined using a flame photometer. The
analytical errors were determined to be lower than 5% based
on cation–anion concentrations balance for all samples. The
results of hydrochemical of groundwater samples in the
Behbahan plain have been obtained in both period of the
study which are given in Tables 1 and 2.

4 Methodology

After describing the hydrochemical data and determining the
types of water using Piper diagrams, the spatial variations of
electrical conductivity, chloride, sulfate, fluoride, bromide,

Fig. 2 Location of groundwater samples on hydrogeological map of the Behbahan plain
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Table 1 Results of hydrochemical analysis of groundwater samples in the Behbahan plain in June 2017 as dry season (EC as lS/cm, major ion
concentrations as meq/l, NO3, F, and Br as mg/l)

ID T EC pH Ca Mg Na K HCO3 Cl SO4 NO3 F Br

Ti1 26.5 4410 7 29.43 19.94 11.68 0.22 3.5 8.9 48.5 57.7 1.24 0.45

Ti2 26 4730 6.9 30.24 10.35 19.64 0.22 5.4 17.6 37.1 11.1 1.48 0.4

Ti3 26.5 3800 7.1 23.66 20.79 7.77 0.24 4.05 7.9 40.2 72.9 1.6 0.48

Ti4 26.2 4710 6.7 33.83 7.09 14 0.46 4.78 13.7 36.6 102.9 0.58 0.86

Tm1 27.2 5710 7.2 31.4 17.97 20.16 0.56 4.76 18.9 46.1 83.8 2.18 0.59

Tm2 29.2 3470 6.7 25.6 3.54 8.42 0.24 4.79 9.8 22.8 31.4 0.8 0.23

Tm3 26.5 2880 7 22.49 10.16 5.57 0.17 4.32 4.8 28.9 77.2 1.3 0.21

Tm4 28.7 2730 7.3 22 7.75 5.04 0.22 2.6 3.3 28.8 31.1 1.27 0.29

To1 27.5 3470 7.1 15.4 6.84 14.6 0.14 4.71 13.7 18.2 19.5 1.6 0.34

To2 27 5700 6.6 30.3 16.83 22.8 0.24 5.63 20.0 44.2 41.5 0.9 0.9

To3 28 3610 6.7 24.66 12.86 7.93 0.23 5.48 7.8 32.1 69.2 1.24 0.22

To4 27 3120 7 23.82 13.36 10.6 0.19 4 4.5 39.1 44.4 1.27 0.6

To5 29.5 3930 7.1 25.45 18.45 9.82 0.5 4.35 5.7 43.8 58.9 1.6 0.61

D1 24 6610 8 22.94 17.47 27.85 0.95 4.44 20.5 44.1 64.4 1.5 0.89

D2 23 5610 8 20.62 14.27 22.8 0.14 4.86 17.3 35.5 50.9 1.3 0.62

G1 26 4630 7 27.72 21.3 14 0.29 4.42 12.5 46.0 80.5 1.58 1.05

G2 25.7 4380 6.7 36.41 3.13 13.4 0.1 4.84 14.9 33.0 18.7 1.84 0.48

G3 25 4820 6.7 32.83 11.36 13.6 0.34 4.28 16.5 37.0 29.7 1.33 1.07

G4 28 4650 6.7 28.04 16.6 14.92 0.5 4.38 13.4 42.0 65.0 2.11 0.88

G5 26.9 4185 6.8 24.9 17.2 12.2 0.3 6.5 13.6 33.6 82.0 0.58 0.39

G6 27.4 4250 6.7 27.57 3.28 13.16 0.22 4.67 18.3 20.9 23.7 0.99 0.37

M1 27 4900 7 29.97 24.19 14.6 0.29 5 12.2 51.5 20.2 1.97 0.33

M2 27 3360 7.2 21.43 6.13 13.1 0.1 5.22 12.7 22.5 6.2 1.39 0.33

M3 22.5 2880 7.1 11.3 4.57 16.18 0.11 5.4 12.3 14.1 41.7 0.46 0.32

M4 24.5 3050 7.1 15.31 5.54 13.4 0.12 4.94 14.2 14.9 22.4 0.33 0.37

M5 26.5 1537 7.6 8.81 1.11 7.15 0.06 3.06 7.4 6.4 25.0 1.73 0.46

R1 27 1682 7.2 16.1 6.1 3.45 0.12 5 4.5 17.1 44.0 0.86 0.53

R9 24.5 2670 7 17.93 4.93 9.27 0.21 4 10.0 18.0 13.4 0.98 0.556

R2 29 1872 7 16.96 5.49 1.6 0.12 3.1 1.6 19.2 39.9 1.46 0.27

R3 27.8 2960 7.1 26.61 8.22 4.42 0.2 2.38 4.6 32.1 32.8 1.06 0.27

R4 26.5 1991 7 17.48 6.52 1.91 0.13 3.86 1.6 20.2 40.3 1.14 0.26

R5 26 2830 7 19.17 5.27 8.84 0.13 3.77 10.5 18.8 37.6 1.07 0.41

R6 25.5 2550 7.8 15.02 5.93 8.6 0.12 3.96 10.7 14.7 59.0 0.77 0.48

R7 25.4 2870 7.5 24.2 10.3 4.2 0.12 3.6 6.2 28.8 16.0 0.76 0.35

R8 27 2570 7.1 16.08 5.01 8.59 0.13 3.29 9.4 16.8 19.9 0.86 0.1

R10 28 2610 7.4 13.52 8.59 8.09 0.18 3.7 5.9 20.5 41.0 0.95 0.26

R11 26.5 3096 7 21.9 7.8 4.9 0.13 3.85 3.5 27.2 28.6 1.18 0.3

B1 26.8 2929 7.3 21.1 10.8 5.5 0.22 4.1 7.4 26.3 8.8 0.85 0.45

B2 27.1 3660 7 27.4 8.8 5.9 0.2 5.6 7.9 28.8 16.5 0.94 0.65

B3 27.5 3904 6.9 32.2 7.3 9.41 0.22 5.1 10.3 35.2 18.9 0.92 0.52

Natural groundwater recharge (R) and discharge (D) areas, Marun (M) and Bonehbasht (B) irrigation and drainage networks, contact with gypsum bedrock (G) of Gachsaran formation, and

wastewater of Behbahan City (T)
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Table 2 Results of hydrochemical analysis of groundwater samples in the Behbahan plain in April 2018 as the wet season (EC as lS/cm, major
ion concentrations as meq/l, NO3, F, and Br as mg/l)

ID T EC pH Ca Mg Na K HCO3 Cl SO4 NO3 F Br

Ti1 26 3660 6.9 27.23 8.18 13.70 0.15 3.1 13.3 32.5 53.4 1.13 0.42

Ti2 26.7 4350 7 28.80 9.91 14.92 0.11 4.9 14.7 33.8 16.8 1.37 0.45

Ti3 24.2 5180 7.1 33.13 12.99 18.16 0.37 4.2 19.9 40.2 66.1 1.68 0.48

Ti4 25.5 6190 6.9 36.46 13.30 26.80 0.56 4.5 24.8 47.5 98.2 0.72 0.95

Tm1 25.3 5840 7.3 30.59 21.14 23.36 0.56 5.6 19.2 50.4 80.6 1.85 0.55

Tm2 25.8 3390 7 23.61 8.20 8.14 0.21 4.3 9.7 25.9 32.2 0.95 0.28

Tm3 25.2 2592 7 22.10 8.10 4.30 0.15 3.9 4.3 26.0 76.0 0.34 0.22

Tm4 25.5 2800 7.4 20.50 9.38 6.12 0.24 2.5 3.3 30.1 31.4 1.40 0.32

To1 24.2 3620 7.2 16.75 7.59 17.20 0.16 4.9 14.0 22.4 17.0 1.69 0.27

To2 26.5 5125 6.9 30.21 15.80 19.80 0.19 5.6 18.1 42.1 41.5 2.11 1.12

To3 26.6 3540 6.8 28.30 14.74 8.26 0.21 4.2 7.2 39.8 61.3 1.32 0.29

To4 26 3040 6.6 24.70 14.22 5.98 0.24 4.5 4.4 35.9 46.4 1.45 0.67

To5 23 3760 7 28.61 16.52 9.58 0.50 3.8 5.2 45.8 56.0 1.53 0.58

D1 24.5 5260 6.6 25.88 16.36 25.64 0.88 4.7 20.1 43.5 65.1 1.33 0.92

D2 24 4550 6.8 23.54 10.51 21.72 0.56 5.5 17.2 33.3 50.9 1.45 0.86

G1 27 4300 6.9 27.42 18.74 14.30 0.28 3.8 11.5 45.1 76.4 1.69 1.12

G2 26 4470 6.8 30.85 20.69 14.00 0.37 4.5 11.6 49.5 17.1 1.34 0.35

G3 25 5830 6.9 37.68 25.94 21.72 0.27 3.4 16.9 64.9 28.7 1.56 0.95

G4 23.5 4670 7 31.01 27.41 12.82 0.22 6.1 8.5 56.6 154.0 1.98 0.83

G5 24 4550 6.8 29.07 11.79 19.64 0.30 4.5 17.7 38.2 72.2 0.74 0.37

G6 25.8 4450 7 26.68 9.81 15.36 0.24 4.3 19.5 28.0 25.9 0.81 0.39

M1 26 3870 6.9 34.33 10.18 9.97 0.18 3.6 9.7 41.1 16.3 1.57 0.34

M2 23.5 3380 7 21.43 5.96 12.82 0.10 4.9 12.0 23.1 4.7 1.34 0.35

M3 26.5 2800 6.6 11.96 5.42 17.50 0.14 4.8 12.1 17.8 41.0 0.65 0.39

M4 23.9 3420 6.6 19.68 5.94 16.28 0.10 4.7 16.1 20.9 23.2 0.43 0.34

M5 24.5 4510 6.9 29.07 10.83 15.80 0.30 4.3 16.9 34.4 27.4 1.38 0.48

R1 28 1682 7 14.80 6.13 2.33 0.10 4.3 3.4 15.3 37.4 0.95 0.55

R9 24.9 1705 7.7 13.66 5.40 1.45 0.11 2.6 1.5 16.1 15.2 0.89 0.52

R2 23.6 2760 7.3 23.83 7.96 3.48 0.18 2.4 4.2 28.9 34.9 1.55 0.32

R3 24.1 2120 7.1 17.41 7.56 2.07 0.14 3.6 1.5 21.8 30.4 1.21 0.24

R4 26 2180 7.4 16.44 8.33 4.30 0.13 3.0 4.9 20.9 36.9 1.26 0.25

R5 26 2420 6.8 16.40 4.54 8.60 0.12 3.3 10.4 15.7 40.6 1.13 0.37

R6 26.5 2870 6.9 25.27 10.35 3.95 0.15 3.5 5.2 30.7 56.6 0.79 0.45

R7 25.1 2490 7.4 13.37 4.24 9.58 0.13 3.1 11.1 12.8 13.6 0.67 0.33

R8 25.2 3560 7 26.31 6.57 10.08 0.23 4.1 11.7 27.0 27.3 1.02 0.15

R10 23.9 2090 7.4 14.98 5.83 7.00 0.15 3.3 3.8 20.5 38.4 1.03 0.24

R11 26.5 2580 7 19.08 7.42 8.59 0.15 3.8 4.0 27.2 23.9 0.96 0.32

B1 21.9 2462 7.3 17.80 9.10 4.80 0.18 3.4 6.2 22.1 11.2 0.57 0.37

B2 22.4 3050 7.1 22.80 8.50 5.76 0.20 4.0 7.2 26.1 18.1 0.74 0.42

B3 23.6 3200 7 24.90 7.70 6.70 0.21 4.2 7.6 27.5 12.8 1.02 0.49

Natural groundwater recharge (R) and discharge (D) areas, Marun (M) and Bonehbasht (B) irrigation and drainage networks, contact with gypsum bedrock (G) of Gachsaran formation, and

wastewater of Behbahan City (T)
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and nitrate concentrations, ionic ratios (Na/Cl, SO4/Cl,
Ca/Mg, and Br/Cl), were investigated to determine anoma-
lous groundwater zones with regards to the urban sources of
groundwater pollution. Hydrochemical maps are usually
compiled to display the regional distribution of water com-
position and quality with respect to recharge sources as well
as the water/rock interaction. Hydrochemical mapping has
been used by many researchers for the representation of
spatial variability of ion concentrations in the aquifer
(Ghesquière et al., 2015; Mauryaet al., 2018; Romero-Sierra
et al., 2018; Zereg et al., 2018).

To evaluate the analytical data, multivariate statistical
techniques, i.e., item analysis and cluster analysis (CA),
were used in this study using MINITAB (version 18.0)
software. Cluster analysis was applied to identify groups or
clusters of similar water wells based on similarities and
differences in hydrochemical specifications. Hierarchical
clustering is the most popular approach, which provides
intuitive similarity relationships between any sample and the
entire dataset, and can be illustrated by a dendrogram
(McKenna, 2003). The input hydrochemical data including
major ion, NO3, F, and Br concentrations, and EC values
were chosen for cluster analysis. After standardization, the
hydrochemical data were clustered using the Ward's linkage
method with squared Euclidean distances as the similarity
measurement between two samples.

5 Results and Discussion

5.1 General Hydrochemistry

The results of chemical analyses of water samples in dry and
wet periods were used for hydrogeochemical investigations
of the Behbahan alluvial aquifer. The solute chemistry of
major ions in the two periods is demonstrated in Piper dia-
grams (Fig. 3). The groundwater samples in Piper diagrams
show cluster and line patterns in cationic and anionic tri-
angles, respectively. There are two major water types
Ca-SO4 and Ca(Na)-SO4(Cl). The high concentrations of
sulfate, calcium, and magnesium are reflected in
moderate-to-high TDS (about 3000 mg/l). In the dry period,
the samples are more outspread than in wet periods because
of no mixing due to recharge from precipitation or irrigation.

According to the hydrochemical data in the Behbahan
aquifer, the groundwater has a Ca concentration ranging
from 11.2 to 37.7 meq/L and from 8.80 to 36.4 meq/L in
wet and dry periods, respectively, with the mean concen-
trations of 23.3 and 24.2 meq/L. The mean concentrations of
SO4 ranged from 12.84 to 64.91 meq/L and from 6.37 to
51.53 meq/L in wet and dry periods, respectively, with the
mean concentrations 32.0 and 29.8 meq/L, where dissolu-
tion of gypsum is the most probable source of SO4. On the

other hand, differences in Ca and SO4 concentrations are to
some extent involved in dedolomitization possibly causing
elevated Mg concentrations with the mean concentrations of
10.9 and 10.3 meq/L.

In addition, the mean concentrations of Cl have been 10.8
and 10.4 meq/L while those of Na have 11.8 and 11 meq/L.
The strong correlation between Cl and Na in the Behbahan
aquifer suggests that there is no evidence of cation exchange.

In the study area, the mean concentrations of HCO3 have
been 4.1 and 4.4 meq/L, respectively, indicating that the
carbonate dissolution is a minor hydrochemical process in
the aquifer. Nevertheless, this could be a result of saturation
with respect to calcite and dolomite in the formation
groundwater in the entrance of the alluvial aquifer as
recharge areas.

The occurrence of high-fluoride groundwater has been
reported in a few regions in Iran (Battaleb-Looie et al., 2013;
Akhavan et al., 2016; BaghalAsghari et al., 2017; Dehbandi
et al., 2018; Dehghani et al., 2018; Enalou et al., 2018;
Karimi et al., 2018;) as well as in other countries (Li et al.,
2017; Raj and Shaji 2017; Colombani et al., 2018; Emenike
et al., 2018; Gupta and Misra 2018; Wu et al., 2018) because
of its considerable effects on human health. Long-term
exposure to high-fluorine water can seriously affect the
health of the body, leading to chronic fluorosis (Wang &
Cheng, 2001). As an essential trace element in the human
body, the concentration of F in drinking water should not
exceed 0.7–2.1 mg/L in cold and hot months, respectively,
Biglari et al. (2016) depending on the concentration and
daily ingested dose.

According to the standard of drinking water, the optimum
concentration of fluoride in drinking water is 0.7 mg/L
during warm months, while it is 2.1 mg/L in the cold
months. The average fluoride concentration of groundwater
samples in the Behbahan aquifer ranged from 0.33 to
2.18 mg/L with a mean concentration of 1.19 mg/L in the
dry period (Table 1).

Bromide is commonly found in nature along with sodium
chloride, owing to the dissimilar physical and chemical
properties, though in smaller quantities. The natural source
of bromide is usually geothermal, seawater, and dissolution
of rocks (Bero et al., 2016; Nair et al., 2016; Hildenbrand
et al., 2017). In residential areas, due to treatment of water
for drinking by disinfection processes, bromide gets con-
verted into bromate which is a potential carcinogen. In
addition, agricultural fertilizers contribute to a significant
amount of bromide in groundwater as well. The concentra-
tions of bromide in groundwater samples in the study area
ranged from 0.1 to 1.07 mg/L (Table 1).

Nitrate is the major contaminant of groundwater resour-
ces in urban areas in Iran. In recent decades, the average
levels of nitrate have increased in groundwater resources due
to the urban, industrial, and agricultural sewage. The data
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reveal that the groundwater has a concentration of NO3

ranging from 4 to 154 mg/L and from 6 to 103 mg/L in wet
and dry periods, respectively, with the mean concentrations
of 41.2 and 41.9 mg/L. Among 40 samples of groundwater
in the Behbahan plain, 15 and 13 samples in wet and dry
period, respectively, had the concentration above World
Health Organization’s (WHO) permissible limit for nitrate in
drinking water which has been set at 45 mg/L. In the study
area, 27 samples were polluted samples whose nitrate con-
centration was above 25 mg/L; in comparison, only one
sample could be regarded as unpolluted with a nitrate con-
centration less than 10 mg/L.

5.2 Spatial Variations of Hydrochemistry

The chemical composition of groundwater is a result of
many hydrogeochemical factors including the composition
of initial water that infiltrates to the aquifer, its reactions with
minerals in the rock matrix, hydraulic properties of the
aquifer (residence time), evapotranspiration, mixing with
infiltration of wastewater resulting from residential, indus-
trial, and agricultural sources, and so forth. The major ion
analyses of groundwater seek to produce basic, yet valuable,
information concerning the water composition and quality.
The hydrochemical maps of both sampling periods in the
Behbahan plain were prepared and investigated preliminarily
with respect to each sampling period to capture the hydro-
chemical processes. According to these maps, it is observed
that the data of the wet period are slightly indeterminate
possibly due to mixing with infiltration of precipitation.

Then, the hydrochemical maps of the Behbahan plain in the
dry season (June 2017) have been presented as electrical
conductivity (EC), chloride, sulfate, fluoride, bromide, and
nitrate concentrations (Fig. 4), and ionic ratios (Na/Cl, SO4/
Cl, Ca/Mg, and Br/Cl) (Fig. 5) to determine anomalous
groundwater zones concerning demodulation of recharge
sources of groundwater in the urban aquifer.

The total dissolved solids concentrations, which could be
expressed by EC, are one of the most important factors
originating from the progress of hydrochemical processes
and infiltration of irrigation and sewage of urban areas,
especially in arid and semi-arid regions. In the Behbahan
plain, the EC map (Fig. 4a) shows elevated EC from the
upstream to the mid parts of the plain, homogenously, while
in the central area near the Behbahan City, the EC tends to
decrease. The infiltration of wastewater of Behbahan city
could be potentially characterized by low salinity. On the
other hand, the increase in EC is remarkable in the down-
stream area, which is probably related to the evapotranspi-
ration in the fine sediments of shallow groundwater depths in
the northwestern part of the plain. Further, the imperceptible
rise of the EC in the Marun irrigation network area is likely
due to significant groundwater recharges with lower dis-
solved solid concentrations than in the background aquifer.

The Cl concentrations range between 1.44 meq/L in
recharge areas and 20.41 meq/L in the discharge area
(Fig. 4b). The observed pattern of Cl values in the Behbahan
aquifer may arise from an array of factors including disso-
lution of evaporate minerals and the recharge from miscel-
laneous sources. The Cl concentrations of the Behbahan
alluvial aquifer are strongly affected by the residuals of the

Fig. 3 Piper diagram of groundwater samples in Behbahan plain (June 2017 and April 2018)
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Fig. 4 Hydrochemical maps of Behbahan aquifer in the dry season (June, 2017)
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Gachsaran formation in the plain. The maximum chloride
concentration was observed in separated points in the middle
and the northwest of the Behbahan plain. In these areas,
groundwater samples are probably in contact with halite
beds of the Gachsaran formation.

Sulfate appears to be the most dominant anion in the
aquifer (Fig. 4c) with the data suggesting that in much of the
area, SO4 and Cl concentrations are higher than the Iranian
recommended maximum permissible concentration for
drinking purposes. The high concentrations of SO4 in
groundwater of the plain are essentially due to the dissolu-
tion of weathered minerals such as gypsum and anhydrite in
the alluvium and recharge from gypsum karst aquifer of the
Gachsaran formation in the north and east of the plain as
well as the bedrock. Initially, through the dissolution process
in the aquifer, the concentrations of Ca and SO4 have been
elevated in the aquifer; however, eventually the concentra-
tion of Ca would be compensated by Mg, given the
dedolomitization in the study area. The Gachsaran formation
(the upstream eastern and northern boundaries of the plain)
constitutes a potential sulfate source, making it the pre-
dominant ion in the aquifer. The SO4 map shows a spatial
decline in the central parts of the plain in response to the
infiltration of municipal wastewater with low sulfate con-
centrations. In the Marun and Bonehbasht irrigation network
areas, the concentration of SO4 is lower than expected. This
implies that a groundwater recharge (due to irrigation) cau-
ses SO4 depletion. Nevertheless, the gypsum dissolution
proceeds continuously in the aquifer.

Among the two sampling periods, the maximum con-
centrations of nitrate in the groundwater occurred in April
2018. Oxidation of ammonium resulting from rapid leaching
of organic fertilizers applied on the irrigation networks and
wastewater of Behbahan City caused elevated NO3 in the
groundwater. According to the iso-nitrate map of the alluvial
aquifer in June 2017 (Fig. 4d), it is observed that the nitrate
concentration in the middle parts in neighborhood areas of
Behbahan City is greater than the maximum permissible
concentration for drinking water, 45 mg/L. In Behbahan
City, many aspects of the relationship between the details of
groundwater flow and geochemical processes that influence
the nitrogen discharge from shallow aquifers have not been
resolved yet. In particular, it has been suggested that geo-
chemical reactions, such as denitrification, may have the
capacity to substantially reduce nitrogen loads in the alluvial
aquifer. Denitrification is a process by which bacteria obtain
energy through the chemical reduction of nitrate and the
oxidation of organic matter or other reduced compounds in
the absence of oxygen. If proceeded completely, denitrifi-
cation transforms dissolved nitrate to nitrogen gas. Denitri-
fication and fall of NO3 concentrations of groundwater in the
urban areas resulted from the occurrence of reducing con-
ditions in the aquifer.

The distribution suggests a high degree of variability of
Br concentrations in the groundwater (Fig. 4f). This may
indicate a wide range of geogenic and anthropogenic sources
which vary in the study area. The F concentration map
(Fig. 4e) represents a relatively similar trend of spatial
variability with Br, though it is comparable with EC
map. The possible sources of variation in the concentrations
of the F are in accordance with SO4 in the terrain.

The representative ionic ratios for the study are shown in
Fig. 6. The values of SO4/Cl (Fig. 5a) have been mainly
greater than 1, given the dominant dissolution of gypsum in
the area. The highest ratios in two parts of the aquifer, in the
recharge areas, exclusively indicate the gypsum dissolution
with slight or no dissolution of halite. The inequality of Na
and Cl concentrations, Na/Cl ratio higher than 1.5 (Fig. 5b),
could be related to ion exchange processes in northwestern
parts of the aquifer. The higher sorption sites for the ions in
fine sediments in the aquifer contribute to a relatively higher
charge density in the alluvium. The Ca/Mg ratio higher than
5 (Fig. 5c) as coincidence with gypsum dissolution, espe-
cially in the southeast of the Behbahan City, could be
associated with the dedolomitization process, leading to the
relative high abundance of the Mg in relation to Ca in
groundwater. The ratio of Br/Cl (Fig. 5d) diminishes from
the border of the aquifer to the middle parts as a result of
mixing with infiltration of irrigation and municipal
wastewater originating from Marun River.

5.3 Composition Diagrams and Cluster Analysis

The composition bivariate diagram of NO3 versus Cl, as two
indicator conservative ions, bubbled with EC in the dry
season (Fig. 6) is used to display the anthropogenic and
natural hydrochemical effects on the groundwater quality of
Behbahan plain. The groundwater in recharge areas (mostly
R samples) has low Cl and moderate-to-high NO3 concen-
trations plus moderate EC values, lower than 2000
micromohs/cm. Although the urban samples (denoted by T)
show Cl concentrations and EC values slightly higher than
those of recharge samples, the nitrate concentrations have
been doubled. The highest EC values are related to
groundwater in contact with gypsum bedrock (G samples) in
accordance with high values of nitrate concentrations,
mainly above 60 mg/L. Some of G samples have high EC
and Cl values with minimum values of nitrate concentra-
tions. Groundwaters affected by irrigation water in Marun
(M samples) and Bonehbasht (B samples) networks have
low NO3 values and moderate EC and Cl values. However,
some deviation from the expected hydrochemical behavior is
inevitable possibly due to the mixing process.

A combination of graphs has been used to illustrate all of
the hydrochemical parameters together in one figure (Fig. 7),
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Fig. 5 Ionic ratio maps of the Behbahan aquifer in the dry season (June, 2017)

Fig. 6 Composition bivariate
diagram of NO3 versus Cl
bubbled with EC of Behbahan
aquifer in the dry season (June,
2017)
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so that their interactions with each other can be displayed. It
could be observed that the concentrations of major ions,
except for HCO3, F, and Br have been elevated with EC,
while NO3 values have had no obvious relationship with
dissolved solids. Among all diagrams in item analysis, the
correlations of Na with Cl; F, Mg, and SO4 with Ca; SO4

with Mg; Br with Cl; and F with Br are noticeable.
Cluster analysis was performed using hydrochemical

parameters illustrated by two dendrograms grouping all 40
groundwater samples of the Behbahan plain into five sta-
tistical clusters, according to the main recharge sources
(Fig. 8). Concerning the dendrogram in the dry season, by
considering improbability of mixing with precipitation
recharge, five clusters with similar hydrogeochemical com-
positions were distinguished with a high congruence with
the initial grouping of samples based on location and most
probable sources of water. The largest cluster is related to the
underground recharge samples (R) with two samples of B1
and Tm4 revealing similarities with them. The samples of
M2 to M4 as well as To1 composed a cluster which could be
attributed to Marun irrigation network. A strange cluster in
the middle of the dendrogram including a blend of waters B,
Tm, Ti, and G may be related to gypsum bedrock. The
discharge samples (D) have a greater similarity with Tm1
and To2. Although the municipal clusters are mainly

characterized by T samples, samples G1, G4, G5, and M1
are similar to these waters.

6 Conclusion

Although it is believed urbanization often results in the
deterioration of groundwater quality, in the Behbahan
aquifer, groundwater freshening could occur with reduction
of EC, SO4, Cl, and especially NO3 content. In the Behbahan
aquifer urbanization, the quality of underlying unconfined
aquifer is improved by making the recharge from urban
wastewater and irrigation return flow. However, the recharge
from urban wastewater leads to elevated levels of nitrate and
probably pathogens in the residential areas. The hydro-
chemical evolution revealed that diminished EC and other
dominant anion concentrations, as observed on their maps,
are strongly influenced by recharge events resulting from
urbanization.

The hydrochemical mappings illustrate their evolutions
on the spatial scale, basically controlled by gypsum, and to
some extent by halite dissolution, abnormal hydrochemical
behavior is apparent in the middle parts of the plain due to
the Marun irrigation network and urban areas of Behbahan
City.

Fig. 7 Conjugate diagram of hydrochemical parameters of Behbahan aquifer in the dry season (June, 2017)
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The nitrate remains the major pollutant in the ground-
water of the Behbahan plain, and high concentrations of this
ion are due to the use of wastewater to irrigation networks
and municipal wastewater. In the spatial scale, the main type
of the nitrate pollution of groundwater is non-point or diffuse
source, and it covers most parts of the plain, which is
probably due to recharge form irrigation networks and the
sewage from Behbahan City. The significant decreases of
nitrate seem to be due to the denitrification in the extremely
reduced environment beneath the Behbahan City.

Generally, the maximum concentrations of nitrate in the
groundwater of the Behbahan plain are presented in urban
areas and are higher than 45 mg/L. The fine-textured aquifer

materials, thin unsaturated zones, and direct infiltration of
highly polluted urban wastewater lead to lower nitrate con-
centrations due to denitrification occurrence. The dissolution
of gypsum was presented as the primary process of SO4 and
Ca enrichment with EC values higher than 3000 micromohs
/cm as this evaporate mineral is easily dissolved.

Cluster analysis based on both hydrochemical data
identified the sources responsible for water samples and
confirmed that in addition to geochemical process, the
anthropogenic effect is another major source responsible for
groundwater quality deterioration in Behbahan aquifer
causing reduced SO4 and elevated NO3 concentrations.

Fig. 8 Dendrogram based on
cluster analysis of hydrochemical
parameters of Behbahan aquifer
in the dry season (June, 2017)
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Aquifer Characteristics and Evidence
of Saltwater Intrusion in Coastal
Groundwater of Niger Delta (Nigeria)
Based on Historical and Recent Data

Aniekan Edet

Abstract

The economic expansion of Niger Delta region depends
on groundwater resource for various uses. Therefore,
there is need for an understanding of the hydrogeological
and hydrochemical characteristics as an integral for
management of the resource. Hence, this study was
aimed at delineating areas of saltwater intrusion in the
area. Geological and hydrogeological data were used to
delineate two aquifers: alluvial aquifer (upper designated
as A and lower designated as B) and a coastal plain
aquifer (designated as C). Groundwater in the area was
classified as fresh (<1500 lS/cm), brackish (1500–
3000 lS/cm), and saline (>3000 lS/cm). Among the
groundwater samples (n = 105), 95% from A, B, and C
were classified as fresh, while 2 and 3% of the samples
from A were classified as brackish and saline, respec-
tively. The main groundwater facies were Na–Cl, Mg–Cl,
and Na–HCO3 respectively, for A, B, and C aquifers. The
enrichment of Na+ and Cl−, freshwater–seawater mixing
ratio, cross plots, and classifications by means of different
schemes indicated that seawater intrusion was occurring
in the A aquifer. In terms of drinking and irrigation use,
the A aquifer water is of poor quality relative to the
groundwater from B and C aquifers. The study highlights
the potential danger of contaminated groundwater in the
coastal areas occupied by low income dwellers. Hence,
seawater intrusion should be continuously monitored for
sustainable development and management of groundwa-
ter in coastal areas.

Keywords

Coastal aquifer � Contamination � Saltwater � Niger
Delta � Nigeria

1 Introduction

Niger Delta Region is one of the major petroleum-bearing
basins of the world. In this area, groundwater is the major
source of water for most drinking, domestic, agricultural,
and industrial uses. However, the quantity and quality of
groundwater have been affected by natural and human-
induced activities associated with rapid development in
terms of urbanization and industrialization. In coastal
regions like the Niger Delta, salinization is one of the major
problems due to over exploitation (Khaska et al., 2013;
Anders et al., 2014; Yolcubal et al., 2019). Besides over
pumping, other sources and processes which may contribute
to salinization of groundwater in coastal regions have been
documented in previous studies. Some of these include
leakage of saline water trapped in silty and clayey layers
(Walter et al., 2017), domestic and industrial effluents, pol-
luted surface water (Fakir et al., 2002; Sanchez-Martos et al.,
2002; Carwright et al., 2004; Ghabayen et al., 2006), and
discharge from oil and oil-related companies in the Niger
Delta Region (Edet, 2005, 2006, 2008, 2009). The Niger
Delta Region, which is one of the topmost wetlands in the
world, is located in the south most end of Nigeria, sharing a
boundary with the Atlantic Ocean in the south. Urban and
rural settlements and factories are widespread in the area
which host different oil and oil-related industrial facilities
mainly flow stations, oil terminals, gas plants, petrochemi-
cals, refineries, liquefied natural gas, fertilizers, etc. These
facilities require groundwater for their daily activities, and
this is achieved through pumping groundwater.
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Several methods have been used to elucidate seawater
intrusion into coastal aquifers, for example, parameters such
as electrical conductivity (EC), total dissolved solids (TDS),
sodium, chloride, and bromide are used as markers of sea-
water influence (Sukhija et al., 1996; Capaccioni et al., 2005,
de Montety et al., 1996). Also ionic ratios (Na/Cl, Cl/HCO3,
Ca/Na, Br/Cl, Ca/Cl, Mg/Cl, SO4/Cl, Ca/HCO3 + SO4),
seawater mixing ratios, trace elements, and isotopes have
been applied to evaluate the degree of saltwater intrusion
into freshwater aquifer (Edet & Okereke, 2001; Barbecot
et al., 2000; Vengosh et al., 2002; Cartwright et al., 2004;
Faye et al., 2005; Walraevens et al., 2005; El Moujabber
et al., 2006; Ghabayen et al., 2006; de Montety et al., 2008;
Park et al., 2012; Wang & Jiao, 2012; Khaska et al., 2013;
Giambastiani et al., 2013; Anders et al., 2014; Abdalla,
2016; Yolcubal et al., 2019). The existence of other pro-
cesses such as rock weathering, cation exchange, and human
activities tends to mask distinguishing salinization process
and requires other methods of assessment. Hence, this study
applies several tools to determine the degree of groundwater
pollution in coastal aquifers due mainly to natural sea water
intrusion process and anthropogenic activities.

Most of the available literature on the geology and
hydrogeology of the area are localized in scope. Such studies
include identification and characterization of the aquifers
(Etu-Efeotor and Akpokoje, 1990; Etu-Effeotor, 2000),
documentation of aquifer parameters from drilling records
(Offodile, 2014), water supply problem (Etu-Efeotor and

Odigi, 1983), quality status of groundwater (Etu-Effeotor,
1981; Edet, 1993; Ofoma et al., 2005; Udom & Amah, 2006;
Udom et al., 1998, 1999; Esu & Amah, 1999; Onwuka &
Omonona, 2017), and seawater intrusion (Amadi et al.,
1989; Amadi & Amadi, 1990; Edet & Okereke, 2001, Edet,
2008, 2017, 2018; Edet & Worden, 2009; Edet et al., 2003,
2012). This study is therefore a conglomeration of historical
and recent data to unravel and further contribute to the
current situation of groundwater for sustainable development
of the Niger Delta Basin. The objectives of the present study
are (i) to further delineate and characterize the different
aquifers in area, (ii) to determine the major ion chemistry of
groundwater and delineate areas of saltwater intrusion using
different approaches, and (iii) to assess the groundwater
suitability for drinking and agricultural use.

2 Study Area Description

The study area is located in southern parts of Nigeria and is
roughly bounded by latitudes 4o 20′–5° 20′ North and lon-
gitudes 5° 30′–8° 00′ East (Fig. 1). The area experiences
tropical climate with distinct wet and dry seasons. The basin
is characterized by high temperatures and rainfall. The
temperature range is 21–43°, and the average annual rainfall
is about 2500 mm. The average annual rainfall exceeds
3500 mm along the coast and decreases to about 2000 mm
inland (Akpokoje, 1987).

Fig. 1 Regional map of Niger Delta including sample locations (dashed lines A-A and B-B, show lines of hydrogeological profiles for Figs. 2a
and 2b)
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The geomorphology and geology of the Niger Delta have
been described in details by various authors (Allen, 1965a,
b; Akpokoje, 1987; Reyment, 1965; Short & Stauble, 1967;
Weber, 1971; Murat, 1972; Kogbe, 1976; Petters, 1982;
Whiteman, 1982; Wright, 1989). The formation of the pre-
sent Niger Delta started during Early Paleocene, and it
resulted from the buildup of fine grained sediments eroded
and transported by river Niger and its tributaries. The sub-
surface geology consists of three lithostratigraphic units:
Akata, Agbada, and Benin Formations. These formations are
overlain by Quaternary deposits. The Benin Formation
which underlies the study area is composed of sand of var-
ious varieties with intercalations of clay and silts (Allen,
1965a; b). The Quaternary deposits generally consist of
alternating sequences of gravel, sand, silt, and clay
(Etu-Efeotor & Akpokoje, 1990). Hydrogeology of the
Niger Delta Basin has been studied by several workers.
Etu-Effeotor and Akpokoje (1990) gave a detailed strati-
graphic analysis of the various geomorphological and geo-
logic units in order to delineate local and regional aquifers in
the basin, while Etu-Effeotor (2000) studied the hydraulic
properties of the subsurface materials in different wells and
identified four aquiferous horizons. Recent work in the area
is mainly localized on dynamics of static water level (Ngah
& Nwankwoala, 2013), estimation of porosity and hydraulic
conductivity (Okiongbo & Soronnadi-Ononiwu, 2015;
George et al., 2017), groundwater potential and aquifer
protective capacity (Rasaq, 2017), and groundwater quality
assessment (Ejiro et al., 2015; Nwankwoala & Ngah, 2014).

3 Materials, Methods, and Data Handling

3.1 Geological and Hydrogeological Data
Acquisition

Geological data were collected from existing records and
those acquired during the duration of this study. The data
were geological and hydrogeological information such as
lithology, depth of wells and boreholes, water levels, and
aquifer characteristics. Field surveys were conducted at vari-
ous times to study the surficial geology, measure groundwater
levels, and collect groundwater samples for chemical analy-
ses. Groundwater level monitoring was undertaken at some
locations within the study area across different seasons and
tidal changes using existing hand-dug wells.

Lithological logs were used to draw hydrogeological
cross sections and estimate the storage capacity of the
aquifers as area � depth � porosity. The porosity of the
aquifers was assumed to be 23% (George et al., 2017).

Recharge (R) to the aquifers was estimated from rainfall
data by means of chloride mass balance (CMB) method
(Wood & Sandford, 1995) as:

R ¼ rainfall amount� Clp=Clgw ð1Þ
where Clp and Clgw are chloride concentrations in precipi-
tation and groundwater, respectively.

3.2 Groundwater Sampling and Analysis

A total of 105 groundwater samples were collected between
1990 and 2018 from monitoring wells, hand-dug wells, and
boreholes for physicochemical parameters’ determinations
and assessment. The locations of the sampling points are
presented as Table 1. Temperature, pH, electrical conduc-
tivity (EC), total dissolved solids (TDS), and dissolved
oxygen (DO) were measured in the field using standard
equipment. Groundwater samples were collected in poly-
ethylene bottles, which were soaked in HNO3 for 24 hr and
rinsed several times prior to use. At the sampling sites, the
bottles were rinsed with the water to be sampled prior to
filling the bottles with the samples. The samples were fil-
tered through 0.45 lm membrane filters into sterilized
polyethylene bottles. Samples collected for major ions
analysis were preserved by acidifying with HNO3 to achieve
a pH of � 2. The samples were kept at 4 °C in laboratory
prior to analyses.

The samples were analyzed at various times for major
cations (Na, K, Ca, Mg) and anions (Cl, SO4, NO3) using ion
chromatograph (Dionex Dx-120) at the Institute of Geo-
sciences, University of Tuebingen (Germany) and Thermo
Scientific X Series 2 high-resolution ICP-MS, Ion Chro-
matography Metrohm 872 Extension Module, and Ion Chro-
matography Metrohm 881 Extension Module at the
Department of Hydrogeology, TU Bergakademie, Freiberg
(Germany). Bicarbonate was estimated by titration with
H2SO4 standard solution using methyl orange as indicator at
the Institute of Oceanography, University of Calabar (Nigeria).

3.3 Seawater Contamination Assessment

The Niger Delta Basin is in direct contact with the Atlantic
Ocean; hence, it was necessary to access the level of sea
water intrusion into the freshwater system. The sea water
fraction in groundwater was estimated using chloride con-
centration since chloride has been considered as a conser-
vative tracer, not affected by ion exchange (Custodio, 1987)
and calculated as follows (Appelo & Postma, 1999):

fsea ¼ Cclsample�Cclfresh=Clclsea � Clclfresh ð2Þ

where Cclsample is Cl
− concentration in sample, Cclfresh is Cl

−

concentration in freshwater, and Clclsea Cl
− concentration in

seawater.
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Table 1 Historical and recent groundwater sample locations in Niger delta

No Code North East Data type Sourcea No Code North East Data type Sourcea

1 1A 4o 50.00 5o 40.00 HD 1 54 54B 4o 32.10 7o 50.02 HD 1

2 2A 4o 18.00 6o 15.00 HD 1 55 55B 4o 31.85 7o 47.47 HD 1

3 3A 4o 32.00 5o 52.00 HD 1 56 56B 4o 31.38 7o 45.25 HD 1

4 4A 5o 40.00 5o 34.01 HD 1 57 57B 4° 50.00 7° 01.01 HD 1

5 5A 5o 34.01 5o 33.00 HD 1 58 58B 5o 28.01 6o43.00 HD 1

6 6A 5o 22.01 5o 13.00 HD 1 59 59C 5o 26.01 6o 37.00 HD 1

7 7A 4o 35.00 6o 14.00 HD 1 60 60C 5o 06.00 6o 30.00 HD 1

8 8A 4o 26.37 7o 22.00 HD 1 61 61C 4o 58.01 5o 51.00 HD 1

9 9A 4o 32.60 8o 02.00 HD 1 62 62C 5o 39.07 6o 30.00 HD 1

10 10A 4o 30.50 7o 55.00 HD 1 63 63C 5o 20.01 7o 05.09 HD 1

11 11A 4o 33.05 7o 59.00 HD 1 64 64C 5o 36.07 6o 40.00 HD 1

12 12A 4o 31.70 7o 51.69 HD 1 65 65C 5o 37.00 5o 47.00 HD 1

13 13A 4o 32.15 7o 51.19 HD 1 66 66C 5o 03.00 5o 45.00 HD 1

14 14A 4o 34.07 7o 58.31 HD 1 67 67C 5o 55.01 5o 38.89 HD 1

15 15A 4o 33.44 7o 56.49 HD 1 68 68C 5o 21.01 7o 06.00 HD 1

16 16A 4o 32.87 7o 59.09 HD 1 69 69C 4° 57.00 6° 59.00 HD 1

17 17A 4o 32.40 7o 59.10 HD 1 70 70C 4° 33.08 8° 00.86 HD 1

18 18A 4° 34.81 8° 11.32 HD 1 71 71C 5o 07.86 8o 20.32 HD 3

19 19A 4° 34.84 8° 12.20 HD 1 72 72C 4° 57.20 8° 18.77 HD 4

20 20A 4° 36.44 8° 11.02 HD 1 73 73C 4° 57.23 8° 18.73 HD 4

21 21A 4° 33.41 8° 16.96 HD 1 74 74C 4° 57.26 8° 18.79 HD 4

22 22A 4° 32.55 8° 17.12 HD 1 75 75C 4° 57.19 8° 18.75 HD 4

23 23A 4° 32.76 8° 17.02 HD 1 76 76C 4° 58.09 8° 22.09 HD 4

24 24A 4° 31.68 7° 14.65 HD 1 77 77C 4° 58.07 8° 22.04 HD 4

25 25A 4° 29.62 7° 16.22 HD 1 78 78C 4° 58.06 8° 22.06 HD 4

26 26A 4° 19.57 7° 17.21 HD 1 79 79C 4o 58.04 8° 22.01 HD 4

27 27A 40 53.56 70 08.27 HD 1 80 80C 5° 00.39 8° 21.66 HD 4

28 28A 40 32.11 80 16.16 HD 2 81 81C 5° 00.45 8° 21.65 HD 4

29 29A 40 32.17 70 58.35 HD 2 82 82C 5° 00.35 8° 21.61 HD 4

30 30A 4° 32.49 7° 59.53 HD 2 83 83C 5° 00.31 8° 21.60 HD 4

31 31A 40 34.21 70 32.52 HD 2 84 84C 5° 01.01 8° 19.54 HD 4

32 32A 40 34.04 70 58.40 HD 2 85 85C 5° 01.05 8° 19.51 HD 4

33 33A 40 32.25 70 59.55 HD 2 86 86C 5° 01.07 8° 19.53 HD 4

34 34A 40 32.17 70 58.35 HD 2 87 87C 5° 01.09 8° 19.58 HD 4

35 35A 40 34.21 70 32.52 HD 2 88 88C 4° 57 36 8° 19 15 RD 6

36 36A 40 32.50 80 01.01 HD 2 89 89C 5° 04 03 8° 21 18 RD 6

37 37A 40 32.07 80 00.48 HD 2 90 90C 5° 00 11 8° 20 04 RD 6

38 38A 4° 32.80 8° 01.07 HD 2 91 91C 4° 57 52 8° 21 14 RD 6

39 39A 4° 32.65 8° 08.69 HD 2 92 92C 4° 58 38 8° 21 34 RD 6

40 40A 4° 32.69 8° 04.94 HD 2 93 93C 5° 03 53 8° 21 51 RD 6

41 41A 4° 38.94 8° 18.65 HD 2 94 94C 5° 03 78 8° 21 45 RD 6

42 42A 4° 49.61 8° 13.89 HD 2 95 95C 5° 03 51 8° 21 33 RD 6

43 43A 4° 33.10 7° 58.30 HD 2 96 96C 5° 00.13 8° 20.94 RD 6

44 44A 4° 32.76 7o 59.04 HD 2 97 97C 4° 59.95 8° 20.92 RD 6

(continued)

348 A. Edet



The fsea is used to calculate the theoretical con-
centration of each cation resulting from conservative
mixing of seawater and freshwater using the following
formula:

Cimix ¼ fsea � Cisea þ 1� fseað Þ � Cifresh ð3Þ

where Ci mix is conservative mixing, Ci sea is concentration
of cation in seawater, and Ci fresh is concentration of cations
in freshwater. For each cation, the difference between the
concentration of conservative mixing (Ci mix) and measured
concentration of the cation simply represents the change in
concentration (delta, Δ), resulting from any chemical reac-
tion occurring with mixing (Fidelibus, 2003; Zghibi et al.,
2013):

DCi ¼ Cisample� Cimix ð4Þ

When ΔCi is positive, groundwater is enriched for that
particular ion i, whereas a negative value indicates depletion
compared to theoretical mixing (Appelo & Postma, 1999;
Anderson et al., 2005; Slama, 2010).

3.4 Geochemical Classification of Groundwater

3.4.1 Chloride and Bicarbonate
Revelle (1941) and Krishnakumar et al. (2014) used the ratio
of Cl−/HCO3

− to classify the effect of seawater on fresh
groundwater system. The classification is as follows: <0.5
(not affected by sea water); 0.5–6.6 (slightly/moderately
affected by sea water), and >6.6 (strongly affected by sea
water).

3.4.2 Chloride-Nitrate Classification
The groundwater samples were classified into four groups
using concentrations of chloride and nitrate which, respec-
tively, reflect the influences of sea water and human activities
(Cardona et al., 2004). This was done by obtaining threshold
values of Cl− and NO3

− from the inflection points of cumu-
lative frequency distribution plots (Sinclair, 1974, 1976).

3.4.3 Stuyfzand Classification
Groundwater classification by Stuyfzand (1986, 1993)
method involves four levels: primary, type, subtype, and
class (Table 2). The primary type is based on chloride
content; type is determined on the basis of hardness, while
classification into subtypes is based on dominant cations and
anions (facies). Lastly, the class is determined on the basis of
Na+ + K+ + Mg2+ (meq/l) corrected for sea water contribu-
tion according to the formula:

Naþ þKþ þMg2þcorrected ¼ Naþ þKþ þMg2þmeasured

� 1:061Cl� meq/lð Þ ð5Þ

The parameter is tested against √0.5Cl− as a margin of
error in order to arrive at a meaningful positive (marine cation
surplus, positive cation code), negative (marine cation deficit;
negative cation exchange code), or equilibrium value (cation
exchange code Ø). Mtoni et al. (2013), further added that, the
classification allows for the recognition of cation exchange.

4 Results and Discussion

4.1 Aquifer Framework, Characteristics
and Recharge

Groundwater occurs in the Niger Delta Basin in two main
aquifers, an upper unconfined shallow aquifer, designated as

Table 1 (continued)

No Code North East Data type Sourcea No Code North East Data type Sourcea

45 45A 4° 32.91 7o 33.11 HD 2 98 98C 5° 00.05 8° 21.23 RD 6

46 46A 4° 33.43 7° 56.43 HD 2 99 99C 5° 00.02 8° 21.59 RD 6

47 47A 4° 34.16 7° 58.65 HD 2 100 100C 4° 51.18 8° 30.69 RD 6

48 48A 4° 34.03 7° 58.26 HD 2 101 101C 4° 51.22 8° 30.65 RD 6

49 49A 4° 55.64 8° 18.99 HD 3 102 102C 4° 56.11 8° 30.02 RD 6

50 50A 4o 32.50 7o58.60 HD 1 103 103C 4° 51.14 8° 32.50 RD 6

51 51B 4o 33.50 7o 56.00 HD 1 104 104C 4° 58.04 8° 21.05 HD 5

52 52B 4o 33.10 7o 57.49 HD 1 105 105C 5° 12.52 8° 17.67 RD 6

53 53B 4o 32.09 7o 55.03 HD 1

Upper alluvial aquifer (code A, SCW), Lower alluvial aquifer (code B, DCW) and coastal plain aquifer (code C, DIW)
a1 Edet (2008), 2 Edet (2017), 3 Edet (2018), 4 Edet and Worden (2009), 5 Edet et al (2003), 6 Recent data Recent data (RD) and HD (Historical
data)
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alluvial aquifer, and a lower unconfined to semi-confined
deep aquifer, designated as coastal plain aquifer. The alluvial
aquifer dominates the coastal area, while the coastal plain
characterizes the inland area. Upper parts of the alluvial
aquifer are harnessed through hand-dug wells, (designated as
A) and the lower parts through shallow boreholes (desig-
nated as B), while the coastal aquifer is harnessed through
deep boreholes (designated as C).

The alluvial aquifer is at a depth of generally <30 m. It is
composed of clayey sand to sand with varying proportions of
silt and gravel. The aquifer is found within the alluvial
deposits, especially within the coastal areas and ranges in
thickness from < 0 to 30 m (Fig. 2a). Water levels vary
between 0.75 and 15.0 m with an average value of 4.28 m.
The aquifer is limited in lateral extent due to clay/shale
intercalations. The hydraulic conductivities of shallow
aquifer estimated from grain size distribution curve using
Hazen’s method (Fetters, 2001; Al-Shaibani, 2008) and
pumping test data, ranged between 0.001 and 68 m/day with
an average value of 11.02 m/day. The average transmissivity
value was 259.7 m2/day with range of 204.5–315 m2/day.
Specific yield values varied from 108 to 432 m3/hr/m (av-
erage 214.8 m3/hr/m). The estimated volume of storage for
the alluvial aquifer is about 29 M m3 based on data on

Table 3. Abstraction of water from this aquifer is through
hand-dug wells and shallow boreholes.

The coastal plain aquifer is the main aquifer within the
Niger Delta Basin. The aquifer serves as the main source of
water for the entire area, and abstraction is through shallow
and deep boreholes. The aquifer occurs at depth >30 m with
thickness reaching >150 m (Fig. 2b). The aquifer is char-
acterized by sand, gravelly sand, and gravel with intercala-
tions of clay/shale and silt. Static water level varies between
2.9 and 21.0 m with a mean 8.4 m below the ground surface.
For this aquifer, the specific yield is in the range 10.5–1404
m3/hr/m with average value of 216.8 m3/hr/m (Offodile,
2014). Transmissivities of the aquifer varied between 154.5
and 6500 m2/day with average of 1227.0 m2/day, and well
discharge ranged between 1392 and 7200 m3/day with an
average of 3345 m3/day. Hydraulic conductivities of the
coastal plain aquifer ranged between 1.4 and 75.0 m/day
averaging 16.2 m/day. The estimated volume of storage for
the coastal aquifer is about 1304 M m3 using data in Table 3.

The groundwater level contour map shown on Fig. 3
summarizes the distribution of piezometric head in the
aquifer system within the Niger Delta Basin. The general
groundwater flow is north–south with variations in north-
east–southwest and northwest–southeast directions under

Table 2 Stuyfzand
Classification parameters

Classification Parameter Description Code

Main type Cl- (mg/l) < 150 Fresh (F)

150–300 Fresh-Brackish
(Fb)

300–1,000 Brackish (B)

1,000–10,000 Brackish salt
(Bs)

> 10,000 Salt (S)

Type Total hardness (mmol/l) 0–0.5 Very soft (*)

0.5–1 Soft (0)

1–2 Moderately
hard (1)

2–4 Hard (2)

4–8 Very hard (3)

8–16 Extremely hard
(4)

16–32 Extremely hard
(5)

32–64 Extremely hard
(6)

64–128 Extremely hard
(7)

Class [Na++ K++ Mg2+] (meq/l) (Na++ K++ Mg2+)corrected > √1/2Cl–) +

corrected for seawater
contribution

(-√1/2Cl–) � (Na++K++Mg2+)corrected
� √1/2Cl–)

Ø

(Na++ K++ Mg2+)corrected < - √1/2Cl–) -
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hydraulic gradient of 0.00007–0.00104. Detailed ground-
water level measurements within the shallow aquifer at six
locations (8A, 31A, 42A, 49A, 63C, and 69C, Table 1)
indicate fall in static water level with respect to the ground
level (SWLwrtgl) by about 4.50 m on the average in dry
season and corresponding increase in wet season by an
average of 3.50 m. Change (DSWL) in water level between
wet (May–October) and dry (November–April) seasons
varied between 0.40 and 2.70 m (average 1.00). Also, local
monitoring at three locations (4A, 6A, and 7A, Table 1)

indicated SWLwrtgl at low tide varied from 0.25 to 2.00 m
with an average of 0.91 m, while at high tide, SWLwrtgl
varied from 0.14 to 1.75 m with an average of 0.74 m. The
change in water levels between low and high tides ranged
between 0.11 and 0.25 m with an average of 0.18 m. This is
due to shallow water level (<1.0 m) and porous alluvial
materials. These variations in water levels during different
seasons and tidal changes are the main form of recharge
mechanism in the basin.

Chloride mass balance (Eq. 1) was used to estimate the
recharge in the area. The input data for this estimation are
given in Table 3. In the area, chloride concentration in
groundwater increases toward the coast with average values
varying from 272.9 mg/l in A (coastal area) through
66.9 mg/l in B (between the coastal and inland area) to 21.9
for C (inland area). From CMB, the recharge estimate for the
area varied from 6 mm through 15–25 mm representing 0.2,
0.6, and 1.25% of precipitation, respectively, for areas A, B,
and C.

4.2 Groundwater Chemistry and Quality

Detailed and average values of the various physicochemical
constituents for all and the different aquifers are presented in
Table 4 and Online Resource 1.

4.2.1 General Physicochemical Composition
of Niger Delta Basin

The electrical conductivity (EC) of the groundwater ranged
from 16.28 to 21,583 µS/cm. Ten percent of all the
groundwater samples exceeds the WHO (2004, 2006)
maximum limit for drinking water for in respect of EC,
suggesting influence of sea water. According to electrical
conductivity (EC) levels (Rai, 2004; Mondal et al., 2010),
groundwater was classified as fresh (<1500 lS/cm), brackish
(1500–3000 lS/cm), and saline (>3000 lS/cm). Among the
groundwater samples (n = 105), 95% from A, B, and C were
classified as fresh, while 2 and 3% of the samples from A
were classified as brackish and saline, respectively. The
water is acidic to alkaline in nature, with pH values ranging
from 3.72 to 8.5. Sixty-five percent of all the groundwater
samples were not within the WHO (1993,2004) range of
6.5–8.5 for drinking water. Dissolved oxygen (DO) concen-
tration varied from 1.19 to 10.7 mg/l. Low DO value
(<5.0 mg/l) for 54% of the groundwater samples is attributed
to high organic matter. Na+ is the dominant cation. It ranged
from 0.06 mg/l in the coastal plain aquifer (sample 67C) to
1280.80 mg/l in the upper alluvial aquifer (sample 17A).
This represents an average of 52% of all the cations. Six out
of 105 samples representing about 6% of all the samples are
higher than the WHO (1993) maximum permissible of
200 mg/l for Na+ in drinking water. Ca2+ ranged between

Fig. 2 a Hydrogeological profile across alluvial aquifer, b Hydrogeo-
logical profile across coastal plain aquifer
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0.01 (82C & 83C) and 520.3 mg/l (25A), while Mg2+ varied
from 0.01 (86C) to 230.7 (17A) mg/l. These average values
represents 21.8 and 20.5% of the total cations for Ca2+ and
Mg2+, respectively, in the groundwater samples. However, 4
and 5% of Ca2+ and Mg2+ exceed the WHO (1993) maxi-
mum limit for drinking water. K+ concentrations represent
on the average 5.7% of the total cations in groundwater
samples. The concentration of K+ ranged from 0.01 (55B) to
159.6 (25A) mg/l. Concentration of Cl− varied from 0.32
(sample 80C) to 2670 (sample 17A) mg/l with 11% of the
groundwater samples exceeding the WHO maximum limit of

250 mg/l. Bicarbonate concentrations ranged from 0.2 (67C)
to 787.2 (25A) mg/l. 2% of the groundwater samples
exceeds the WHO limit (2004) of 600 mg/l. SO4

2− con-
centrations ranged from 0 (79C, 80C, 81C, 82C, 83C, 84C,
85C, 86C, 87C, 88C, 89C, 91C, 92C, 96C, 97C, 98C, and
99C) to 968.9 (24A) mg/l. Two samples of groundwater
analyzed had SO4

2− higher than WHO (2004) maximum
drinking water limit of 250 mg/l. The concentration of NO3

−

varied between 0 (80C) and 59.60 (73C) mg/l. The mean
concentrations of Na and Cl (Table 4) increased by *80 and
1000 times relative to those of freshwater (rainwater), while

Table 3 Details of Parameters used for computation of aquifer storage capacity and estimation of recharge through Chloride Mass Balance
Method

Area Aquifer Total area
km2

Area considered
for capacity km2

Average
thickness km

Average
porosity
%

Source of
groundwater

Designation P
mm

Clp
mg/l

Clgw
a

mg/l

Coastal Upper alluvial 7,000 4,200 0.03 23 Handug well A 3500 0.5 272.9

Lower alluvial Shallow borehole B 2750 0.4 66.9

Inland Coastal sand 63,000 37,800 0.15 23 Deep borehole C 2000 0.3 21.9
aSee Table 4

Fig. 3 Regional groundwater flow map of the Niger Delta (Updated and modified from Edet, 2008)
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those of K, Ca, Mg, and SO4 increased by *70, 20, 175,
and 55 times, respectively, suggesting influence of seawater.
However, the values of all the physicochemical parameters
are below that of typical sea water (Table 4).

4.2.2 Physicochemical Composition of Different
Aquifer Systems

Upper Alluvial Aquifer Harnessed Through Hand-Dug
Wells (A)

EC of the upper alluvial aquifer ranged from 100 to 21,538
µS/cm. Groundwater on the average is acidic with 48% of all
the samples not within the WHO limit for drinking and
domestic purposes. Dissolved oxygen (DO) concentration
varied from 1.30 to 8.79 mg/l. Low DO values (<5.0 mg/l)

was recorded for 48% of the samples. Na+ is the dominant
cation, ranging from 0.56 to 1280.8 mg/l. This represents an
average of 48% of all the cations. Ca2+ ranged between 0.02
and 520.30 mg/l, while Mg2+ varied from 0.47 to
230.7 mg/l. These values represent, respectively, 24.6 and
20.3% of Ca2+ and Mg2+ relative to the total cations. K+

represents on the average 5.7% of total cations in ground-
water samples of the basin. Concentration of K+ varied from
0.40 to 159.60 mg/l. Concentration of Cl− varied from 3.54
to 2670 mg/l. Bicarbonate concentration ranged from 1.0 to
787.20. SO4

2− concentration varied between 0.22 and
968.90 mg/l. Concentration of NO3

− varied from 0.08 to
51.62 mg/l. All the parameters showed varying exceedances
above WHO standard limits for drinking. Statistical evalu-
ation by means of Pearson´s correlation (Table 5) of the
groundwater analyses show that EC had significant positive

Table 5 Pearson correlation coefficients between physicochemical parameters for the different aquifers

Aquifer Parameter EC Na+ K+ Ca2+ Mg2+ Cl- HCO3
- SO4

2- NO3
-

Upper alluvial EC 1.000 0.790 0.794 0.969 0.513 0.747 0.915 0.711 -0.098

Na+ 1.000 0.615 0.682 0.807 0.977 0.603 0.496 -0.128

K+ 1.000 0.803 0.509 0.631 0.767 0.574 -0.055

Ca2+ 1.000 0.448 0.658 0.929 0.711 -0.114

Mg2+ 1.000 0.880 0.399 0.326 -0.144

Cl- 1.000 0.565 0.384 -0.143

HCO3
- 1.000 0.677 -0.097

SO4
2- 1.000 -0.077

NO3
- 1.000

Lower alluvial EC 1.000 0.615 0.485 0.266 0.015 0.141 0.359 0.060 0.726

Na+ 1.000 0.753 0.843 0.576 0.730 0.028 0.334 0.270

K+ 1.000 0.792 0.668 0.771 -0.225 0.417 0.010

Ca2+ 1.000 0.905 0.974 0.027 0.648 0.024

Mg2+ 1.000 0.974 0.133 0.853 -0.225

Cl- 1.000 0.038 0.752 -0.136

HCO3
- 1.000 0.539 0.474

SO4
2- 1.000 -0.161

NO3
- 1.000

Coastal Plain EC 1.000 0.324 -0.017 -0.199 -0.081 -0.062 0.274 0.131 0.716

Na+ 1.000 0.679 0.125 0.352 0.715 0.825 0.106 0.156

K+ 1.000 0.280 0.241 0.557 0.575 0.094 -0.036

Ca2+ 1.000 0.224 0.640 0.401 0.255 -0.167

Mg2+ 1.000 0.432 0.476 0.215 -0.183

Cl- 1.000 0.655 0.129 -0.279

HCO3
- 1.000 0.019 0.148

SO4
2- 1.000 0.218

NO3
- 1.000

Marked correlations in bold are significant at p < .05000
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correlation at p < 0.05 with Na+, K+, Ca2+, Mg2+, Cl−,
HCO3

−, and SO4
2−. All the parameters (Na+, K+, Ca2+, Mg2

+, Cl−, HCO3
−, and SO4

2−) showed significant positive
correlation with each other, except with NO3

−. Besides,
evaluation of the concentration of the major ions indicate
Na-Ca–Cl-HCO3 water type suggesting seawater intrusion
as the major process controlling water chemistry, while ion
exchange and silicate weathering as the minor processes.

Lower Alluvial Aquifer Harnessed Through Shallow Bore-
holes (B)

Groundwater samples from lower alluvial aquifer showed
that the pH varied from 4.08 to 6.40 indicating acid
groundwater. EC varied from 21 to 80 µS/cm. These values
of EC are within acceptable limit for drinking and domestic
purposes. DO concentration varied from 4.00 to 8.40 mg/l.
Among the cations, Na+ varied from 2.20 to 21.80 mg/l; K+

from 0.01 to 6.70 mg/l; Ca2+ from 1.10 to 46.10 mg/l and
Mg2+ from 0.10 to 60.20 mg/l. Among the anions, Cl−

varied between 10.20 and 307.40 mg/l; HCO3
− varied from

0.50 to 18.90 mg/l; SO4
2− from 1.24 to 10.70 mg/l, and

NO3
− from 0.09 to 0.82 mg/l. These values are within the

limits of WHO for drinking and domestic purposes, except
for DO and K+ in some samples. In lower alluvial aquifer as
presented in Table 5, EC is positively correlated with NO3

−,
while Na + is positively correlated with K+, Ca2+, and Cl−.
Also K+ positively correlated with Ca2+ and Cl−. Cl− cor-
relates positively with Ca2+ and Mg2+, while SO4

2− posi-
tively correlates with Mg2+ and Cl−. This pattern of
relationship is attributable to cation exchange due mainly to
significant positive correlation between Na+ and Ca2+ and
Ca2+ and Cl−. The main groundwater chemical facies are
Mg-Na-Cl. Significant positive correlation between EC with
NO3

− is attributable to anthropogenic pollution.

Coastal Plain Aquifer Harnessed Through Deep Boreholes
(C)

Groundwater pH values from coastal plain aquifer ranged
from 3.72 to 7.16. EC values ranged from 16.28 to 457.80
µS/cm. Based on EC values, all the samples analyzed are
classified as fresh (EC < 1500 µS/cm) according to Rai
(2004) and Mondal et al. (2010). DO concentration varied
from 1.19 to 10.7 mg/l. Concentration of Na+ varied from
0.06 to 64.60 mg/l, while K+ varied from 0.02 to
30.30 mg/l. Ca2+ and Mg2+ in the analyzed groundwater
samples from coastal plain aquifer ranged from 0.01 to
67.80 mg/l and 0.01 to 28.30 mg/l, respectively. Cl− con-
centration ranged from 0.32 to 116 mg/l. The concentration
of NO3

− in groundwater ranged from 0.00 to 59.60 mg/l.
The values of SO4

2− in the groundwater samples ranged
from 0.00 to 47.47 mg/l, while HCO3

− concentration ranged

from 0.20 to 117.50 mg/l. These values within the various
limits are specified by WHO for drinking and domestic
purposes, except for pH, DO, and NO3

− in some samples.
(Table 4). In the coastal plain aquifer, EC correlated posi-
tively with Na+ and NO3

−, while Na+ correlated positively
with K+, Mg2+, Cl−, and HCO3

−. In addition, Cl− correlated
positively with K+, Ca2+, and Mg2+, while HCO3

− is also
positively correlated with K+, Ca2+, Mg2+, and Cl−. It is
observed that Na+, K+, Ca2+, Mg2+, Cl−, and HCO3

− were
poorly correlated with SO4

2− and NO3
− due to contribution

from anthropogenic pollution. However, significant corre-
lation between Na+ and HCO3

− suggests contribution from
silicate weathering. Na-Ca-HCO3 constitutes the dominant
hydrochemical facies.

Average concentrations of all the parameters were higher
concentration in groundwater from A relative to ground-
water from B and C aquifers. However, the average values
of DO, Ca2+, Mg2+, and Cl− were higher in B relative to C.
Considering analytical results for the entire study area, the
standard deviation (SD) is high for EC, TDS Na+, K+,Ca2+,
Mg2+,Cl−, NO3

− SO4
2−, and HCO3

− suggesting dispersion
of ionic concentration from average value (Table 4). SD was
low for pH and DO suggesting their limited variability (Vasu
et al., 2017).

4.2.3 Seawater Contamination
The ratio of Na+/Cl− for analyzed groundwater samples
ranged from 0.01 to 15.64 for the entire groundwater with
an average of 1.73 ± 2.28. The average values for A, B,
and C were 0.95 ± 0.68, 0.44 ± 0.38, and 2.73 ± 3.01,
respectively. The deviation of these values relative to that
of seawater (0.86) is shown in Fig. 4a, b. Figure 4a, b
includes freshwater and seawater dilution line, which
shows simple mixing of both freshwater and seawater end
members (Mtoni et al., 2013). A deviation from the dilution
line is related to ion exchange, suggesting an excess or
depletion of Na+ relative to Cl− (Walraevens & Van Camp,
2005). Excess Na+ in groundwater plotting above mixing
line (1:1 line) in Fig. 4b indicates silicate weathering or
freshening. On the other hand, depletion of Na+ in
groundwater indicated by plotting below the mixing line
(Fig. 4b) suggests seawater intrusion. In addition, concen-
trations of EC and Cl− are good indicators of sea water
contamination (El Moujabber et al., 2006). Contamination
of seawater is represented by elevated concentration of
EC > 1500 µS/cm and Cl− (>250 mg/l). The concentra-
tions of EC and Cl− in the basin varied from 16 to 21, 538
µS/cm and from 0.32 to 2670 mg/l, respectively. Values of
EC (1992.5–21,538 µS/cm) at 1A, 5A, 17A, 24A, and 25A
(upper alluvial aquifer) and Cl− (307.4–2324.0 mg/l) at 1A,
2A, 3A, 5A, 17A, 24A, 25A, 27A, 35A, 38A (upper allu-
vial aquifer), and 53B (lower alluvial aquifer) (Appendix 1)
further support intrusion of seawater.
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To quantify the mixing ratios of seawater and freshwater
in the basin, the chloride mass balance (Eqs. 2–4) was
applied. The computed values of fraction of seawater in
freshwater (% F) are presented in Table 6. The delta values
varied from 0.0002 to 13.8% for the entire basin. The
average values for the different aquifers were 1.41 ± 2.83,
0.34 ± 0.51, and 0.11 ± 0.15 for A, B, and C, respec-
tively. The F values > 1% (range 1.13–13.8%) at 1A, 2A,
3A, 5A, 7A, 8A, 17A, 24A, 25A, 26A, 27A, 35A, and 38A
in upper alluvial aquifer and 53B in lower alluvial aquifer
also support evidence of seawater contamination. Fig-
ure 4b–e demonstrate that there is an enrichment of Cl−

with respect to cations (Na+, K+, Ca2+, and Mg2+) with
distinctive patterns that are lower than the theoretical
mixing line. This is confirmed by the computed ionic delta
and presented as Table 6 and Fig. 5. Most of the ground-
water samples display enrichment of Na+ compared to pure
mixing model, ranging between -3.35 and 3.13 with an
average value 1.83 ± 1.36, except in 1A, 2A, 3A, 5A, 8A,
17A, 24A, and 25A (A aquifer) which have negative val-
ues. The depletion of Na+ is accompanied by enrichment of
K + , Ca2+, and Mg2+. Enrichment of Ca2+ and Mg2+

suggest ion exchange process (Pulido-Leboeuf, 2004;
Trabelsi et al., 2012).

a

b

c

d

e

Fig. 4 a Plot of Na+/Cl− versus Cl− for upper alluvial (A), lower
alluvial (B) and coastal plain (C) aquifers, b Plot of Na+ versus Cl− for
upper alluvial (A), lower alluvial (B) and coastal plain (C) aquifers,
c Plot of K+ versus Cl− for upper alluvial (A), lower alluvial (B) and

coastal plain (C) aquifers, d Plot of Ca2+ versus Cl− for upper alluvial
(A), lower alluvial (B) and coastal plain (C) aquifers, e Plot of Mg2+

versus Cl− for upper alluvial (A), lower alluvial (B) and coastal plain
(C) aquifers
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The clayey sand layers in the aquifer could be the
required ion exchanger. This phenomenon may be respon-
sible for low Na+/Cl− ratios observed in some locations. The
plot of Cl−/HCO3

− vs Cl− (Fig. 6) indicates Cl−/HCO3
−

ratios ranging between 0.05 and 695.13 with an average
value of 16.88 ± 70.48 for all the groundwater samples. The
different aquifers displayed ratios in the following range:
0.12 to 695.13 (average 26.27 ± 99.25) for upper alluvial
aquifer; 1.29 to 120.63 (average 40.42 ± 48.15) for lower
alluvial aquifer, and 0.05 to 101.28 (average 3.36 ± 101.38)
for coastal plain aquifer.

4.2.4 Classification of Groundwater
Chloride and Bicarbonate

On the basis of Cl−/HCO3
− classification scheme, 47.6%

of the groundwater samples were not affected by sea water
intrusion, 6.7% are slightly/moderately affected by sea water
intrusion, while 45.7% are strongly affected by sea water
intrusion. The unaffected samples were obtained from
coastal plain aquifer. Twenty-five and 75% of the samples
from A aquifer were not affected and strongly affected by sea
water intrusion, respectively, while 54, 6, and 40% of
groundwater samples from B aquifer were not affected,

-5

0

5

10

15

20

25

1 8 15 22 29 36 43 50 57 64 71 78 85 92 99

Locations

ΔN
a,

 Δ
K,

 Δ
C

a,
 Δ

M
g

ΔNa A
ΔNa B
ΔNa C
ΔK  A
ΔK  B
ΔK  C
ΔCa  A
ΔCa  B
ΔCa  C
ΔMg  A
ΔMg  B
ΔMg  C

Fig. 5 Plot of ionic delta for the different groundwater in the study
area

Table 6 Summary of fraction of seawater in fresh water and computed ionic deltas and mixing expected according to a theoretical
freshwater/seawater mixing model

Aquifer Statistics %F ΔNa ΔK ΔCa ΔMg Namix Kmix Camix Mgmix

All Mean 0.73 1.83 0.59 1.06 0.71 0.67 0.29 0.37 0.30

Min 0.0002 −3.35 −0.03 −0.09 −0.28 0.07 0.01 0.08 0.01

Max 13.80 3.13 6.93 22.54 10.02 6.20 1.73 1.81 2.09

SD 2.03 1.36 1.06 2.95 1.56 0.95 0.47 0.47 0.50

Upper alluvial (A) Mean 1.41 0.82 0.69 1.61 1.22 0.49 0.01 0.10 0.01

Min 0.02 −3.35 −0.03 −0.09 −0.01 0.07 0.01 0.08 0.01

Max 13.80 2.31 6.93 22.54 10.02 4.29 0.04 0.27 0.06

SD 2.83 1.20 1.50 4.21 2.15 0.86 0.01 0.04 0.01

Lower alluvial (B) Mean 0.34 2.38 0.29 1.14 0.42 0.18 0.01 0.09 0.01

Min 0.05 1.95 0.01 0.09 0.15 0.08 0.01 0.08 0.01

Max 1.59 2.60 0.98 1.96 0.85 0.55 0.01 0.10 0.01

SD 0.51 0.20 0.33 0.67 0.25 0.15 0.00 0.01 0.00

Coastal plain (C) Mean 0.11 2.81 0.53 0.46 0.21 0.95 0.64 0.71 0.65

Min 0.0002 −1.43 0.03 −0.08 −0.28 0.08 0.01 0.08 0.01

Max 0.60 3.13 1.73 0.62 1.48 6.20 1.73 1.81 2.09

SD 0.15 0.69 0.26 0.16 0.21 1.05 0.54 0.54 0.57

Fig. 6 Plot of Ca2+/HCO3
− versus Cl− for upper alluvial (A), lower

alluvial (B) and coastal plain (C) aquifers
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slightly/moderately affected, and strongly affected by sea
water intrusion. For the groundwater samples from C aqui-
fer, 73.7% were not affected; 21.1% were slightly/
moderately affected, while 5.3% are strongly affected by
sea water intrusion (Table 7). Above show that samples from
the A aquifer were strongly affected by sea water relative to
the B and C aquifers.

Chloride and Nitrate Classification

Analytical results indicated that about 20 and 14% of the
groundwater samples from A and B aquifers exceeded the
WHO (1993) limit for chloride and 2% of same set of
groundwater samples show nitrate concentrations greater
than WHO (1993). The threshold values following method
of Sinclair (1974, 1976) were 35 and 2 mg/l for Cl− and
NO3

−, respectively. The classification of groundwater of the

study area is presented in Fig. 7. Group 1 account for 20,
37.5, and 29.55%, respectively, for A, B, and C aquifers and
are relatively low in chloride and nitrate (Cl− < 35 mg/l and
NO3

− < 2 mg/l). Sixty percent, 62.5, and 13.64% of the
groundwater, respectively, for A, B, and C aquifers were
classified as group 3, which is enriched in chloride and poor
in nitrate (Cl− > 35 mg/l and NO3

− < 2 mg/l). Group 2 with
low chloride and high nitrate (Cl− < 35 mg/l and NO3

− >
2 mg/l) contained 12% from A aquifer and 56.82% from C
aquifer, while Group 4 with high chloride and high nitrate
content (Cl− > 35 mg/l and NO3

− > 2 mg/l) has 8% of
samples from A aquifer. Majority of the groundwater sam-
ples in Groups 3 are from A and B aquifers suggesting
influence of seawater contamination, while the majority of
samples in Group 2 are from C aquifer suggesting input from
human activities (Table 7). The arithmetic plot for Cl− and
NO3

− shows two pathways (Fig. 8). One pathway shows an

Table 7 Classification of groundwater based on different criteria and schemes (including chloroalkaline indices for cation exchange and reverse
cation exchange process)

Classfication Criteria Remarks Aquifer

A B C A B C

No %

Revelle ratio < 0.5 not affected by seawater 9 27 14 25 54 74

0.5–6.6 slightly/moderately affected
by sea water

3 4 0 6 21

> 6.6 strongly affected by seawater 27 20 1 75 40 5

Chloride-nitrate
classification

Cl- < 35 mg/l, NO3
- < 2 mg/l Low chloride and low nitrate 10 3 13 20 37.5 29.5

Cl- < 35 mg/l, NO3
- > 2 mg/l Low chloride and high nitrate 6 25 12 56.8

Cl- > 35 mg/l, NO3
- < 2 mg/l High chloride and low nitrate 30 5 6 60 62.5 13.6

Cl- > 35 mg/l, NO3
- > 2 mg/l High chloride and high nitrate 4 8

A upper alluvial aquifer, B lower alluvial aquifer and C coastal plain aquifer
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Fig. 7 Groundwater classification basesd on Cl− and NO3
− (Group

1-row 1, column 1; Group 2 row 1, column 2; Group 3 row 2, column 1
and Group row 2, column 2) for upper alluvial (A), lower alluvial
(B) and coastal plain (C) aquifers

Fig. 8 Plot of Cl− versus NO3
− for upper alluvial (A), lower alluvial

(B) and coastal plain (C) aquifers
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Table 8 Stuyfzand Classificationa of groundwater of Niger Delta basin

Class A B C Class A B C

B3-NaCl- 1A, F4-NaCaHCO3+ 47A

B7-MgNaCl- 2A, 5A, F3-NaClHCO3+ 49A

B7-MgCl- 3A, 8A F4-NaCaCl- 50A

Fb5-NaKCl- 4A, F4-MgCl- 52B

F6-MgNaCl- 6A, F7-MgCl- 53B

Fb-5NaCl- 7A F5-MgCl- 54B

F4-NaCl- 13A, 19A 51B 60C F4-MgCl- 55B

F5-NaCl- 10A 59C F3-MgNaCl- 56B

F4-NaCaCl- 11A F6-MgCl- 58B

F6-CaNaCl- 12A F4-CaCl- 64C

F6-CaNaCl- 14A F0-NaCl- 65C

F6-CaCl- 15A, 31A 61C F4NaMgCl+ 66C

F6-MgCl- 16A F3-CaCl- 67C

Bs7-NaCl- 17A, 25A F6-MgClHCO3+ 68C

F3-NaCl- 18A, 20A, 22A,
41A, 45A

F2-NaCl- 69C,
70C

F4-CaNaCl- 21A F5-NaHCO3ClØ 71C

F5-CaNaCl- 23A F0-NaHCO3+ 72C,
87C

F4-NaCl+ 9A F2-NaHCO3Cl+ 73C

Bs7-NaCl+ 24A F2-NaHCO3Cl+ 74C

Fb6-NaCl- 26A F1-NaHCO3+ 75C

B7-NaCl- 27A F4-NaCaSO4+ 76C

F5-NaCl+ 28A, 29A F3-NaSO4Cl+ 77C

F5-MgHCO3+ 30A F3-NaSO4+ 78C

F6-CaCl+ 32A F*-NaHCO3+ 79C, 80C, 81C, 82C, 83C, 84C,
86C, 91C

F6-CaClHCO3+ 33A 63C F*-NaHCO3ClØ 85C

F5-CaNaCl+ 34A F3-NaHCO3+ 88C

B6-NaCl- 35A F2-NaHCO3Cl+ 89C

F5-NaCl+ 36A 62C F2-NaHCO3+ 90C

F5-NaCaHCO3+ 37A, 48A F*-NaHCO3ClØ 92C

Fb6-NaCl- 38A F5-MgHCO3Cl+ 93C

F1-NaHCO3+ 39A F5-MgSO4
2HCO3+ 94C

F4-NaCaHCO3- 40A F6-MgSO4HCO3+ 95C

F4-CaCl+ 42A F1-NaHCO3Cl- 96C

F4-KHCO3Cl- 43A F2-NaMgClHCO3- 97C

F2-NaCl- 44A 57B 100C,
103C

F3-MgNaClHCO3- 98C, 99C

F3-NaCl- 22A 101C,
102C

F2-NaHCO3+ 104C

F5-NaHCO3+ 46A F4-NaCl- 105C

A upper alluvial aquifer, B lower alluvial aquifer and C coastal plain aquifer
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increasing trend for chloride values along the y-axis. This
pathway reflects seawater contamination. The second path-
way is an increase in nitrate values along the x-axis and
suggests human activities. This is in line with the work of
Kim et al. (2004), Min et al. (2003), and Stumm and Morgen
(1996). From above, samples from upper and lower alluvial
aquifers are affected by high concentration of chloride,
suggesting influence of sea water, while samples from
coastal plain aquifer are affected by high nitrate due to
human activities.

Stuyfzand Classification

Majority of the groundwater samples are grouped as Fresh, F
(Table 8) accounting for 72, 88.5, and 100% for A, B, and C
aquifers, respectively. The second most important group is
Brackish (B) accounting for 14 and 12.5%, respectively, for A
and B aquifers. The third group is fresh-brackish (Fb) and
accounts for 8% of groundwater in A aquifer. Brackish-salt
(Bs) is the least account for 6% of samples from the A aquifer.

Total hardness varies from very soft (*) with value of
0.02 mmol/l for sample 86C from C aquifer to extremely
hard (7) with value of 646.7 mmol/l for groundwater
sample 25A from A aquifer. Most of the groundwater
samples are hard (11.4%) to very hard (15.2%) in C aquifer
and extremely hard (4, 5, 6) constituting 17.1, 17.1, and
15.2%, respectively, in coastal plain aquifer. On the basis
of dominant ions, most of the groundwater is classified as
Na-Cl representing 44, 25, and 23% in A, B, and C aqui-
fers. Mg-Cl is the major groundwater type in B aquifer,
while Na-HCO3 constitutes the main groundwater type in C
aquifer. Most of the groundwater samples analyzed from
the area have positive cation exchange code (+) for C
aquifer suggesting freshening or recharge water, while
negative cation exchange code (−) dominates groundwater
from A aquifer, suggesting salt water contamination. Again
this supports the fact that the upper alluvial aquifer is
affected by sea water relative to the lower alluvial and
coastal plain aquifers.

4.2.5 Impact of Human Activities
Human activities such as irrigation including application of
fertilizers and disposal of waste have been linked to varia-
tions of electrical conductivity, total dissolved solids,
cations, and nitrate in groundwater (Jalali, 2009; Marghade
et al., 2012). This is supported by the significant correlation
(r = > 0.50, p < 0.05) between TDS with Na+ (r = 0.80),
Cl− (r = 0.76), and SO4

2− (r = 0.72). However, correlation
between NO3

− with Cl− (r = 0.17); TDS with (NO3
− +

Cl−)/Na+ (r = 0.0022) and TDS with (NO3
− + Cl−)/HCO3

−

(r = 0.21) does not suggest human activities, rather more of

halite dissolution, sea water intrusion on one hand and
mineral dissolution on the other (Choi et al., 2005).

4.2.6 Analysis of Historical and Recent Data
An analysis of the historical and recent data was for the
coastal aquifer since data were only available for this aqui-
fer. Comparative assessment shows that the impact of sea-
water contamination cannot be deciphered between the two
hydrochemical data sets as given in Table 9. From Table 9,
the average seawater indicators (EC, TDS, Na+, and Cl−) for
historical period of study were 143.18 lS/cm, 130.59 mg/l,
16.77 mg/l, and 22.21 mg/l, respectively. For the recent
study period, the values for the same indicators were 129.86
lS/cm, 75.45 mg/l, 14.11 mg/l, and 17.70 mg/l, respec-
tively. This is attributable to limited number of data for the
recent time (n = 17) relative to historical time (30).

4.2.7 Assessment of Groundwater Quality
for Drinking and Irrigation Use

Groundwater in the study area is assessed for drinking and
irrigation purposes. Drinking water used for drinking is
compared with WHO (2006) standard, while for irrigation
use, assessment is based on electrical conductivity (EC),
sodium adsorption ratio (SAR), and percent sodium (%Na).

Drinking Purpose

Groundwater samples from upper alluvial aquifer show
elevated concentrations above WHO limits for drinking in
all parameters ranging between 2% for nitrate and 59% for
pH (Table 4). Groundwater samples show concentrations
higher than WHO limits in dissolved oxygen (DO), potas-
sium, and chloride representing 50, 25, and 13% of all the
samples from lower alluvial samples (B), while 77, 62, and
2% of groundwater samples from coastal plain aquifer
exceeded WHO limits in pH, DO, and nitrate (Table 4). The
groundwater samples with elevated concentrations are not
suitable for drinking purpose. Seawater contamination rep-
resented by high EC, TDS, Na+, and Cl− and improper waste
disposal represented by low DO and high NO3

− maybe
responsible for groundwater contamination.

In order to provide an overall water quality assessment,
the water quality index (WQI) approach was applied to the
analyzed data. Water quality approached has been used by
several workers to assess the quality of water. Such studies
include but not limited to Banoeng-Yakubo et al. (2009),
Bhutiani et al. (2016), Cude (2001), Edet et al. (2013),
Ewaid and Abed (2017), Kumar et al. (2015), Li et al.
(2010); Oni (2016), and Saeedi et al. (2009). The procedures
of using WQI to assess water quality are well documented in
the above studies and will not be introduced in this write
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up. The classification of water for overall assessment is as
follows: WQI < 25 (Excellent quality), 25 < WQI < 50
(Good quality), 50 < WQI < 100 (Medium quality)
100 < WQI < 150 (Poor quality), and WQI > 150 (Very
poor quality), and assessment is given in Table 9.

As given in Table 9, of all the samples, 58, 88, and 98%
from upper alluvial, lower alluvial, and coastal plain aqui-
fers, respectively, are of excellent quality, while 22, 13, and
2% are of good quality. In the samples from upper alluvial
aquifer, 8, 4, and 8%, respectively, are of medium, poor, and
very poor quality.

Irrigation Purpose

The United States Department of Agriculture (USDA, 1954)
was used to classify the groundwater for irrigation use with
respect to electrical conductivity (EC), sodium adsorption
ratio (SAR), and percent sodium (%Na). SAR and %Na are
computed as Eqs. 6and7 with units in meq/l:

SAR ¼ NaþðpCa2þ þMg2þ Þ=2 ð6Þ

%Na ¼ Naþ =Naþ þKþ þCa2þ þMg2þ
� � � 100 ð7Þ

The calculated SAR ranges from 0.02 to 17.51, 0.14 to
1.47, and 0.01 to 8.48 for upper alluvial, lower alluvial, and
coastal plain aquifers, respectively. Almost all the samples
are in the excellent (SAR < 10) and good (SAR 10–18)
irrigation water classes (Table 10). The USDA (1954) also
classified irrigation water on the basis of EC as presented in
Table 10. Most of the groundwater samples in lower alluvial
and coastal plain aquifers are in the low salinity class
(EC < 250 µS/cm), while most samples in upper alluvial
aquifer (46%) and 26% of samples in coastal plain aquifer

are in the medium salinity class (EC 250–750 µS/cm).
Thirty-six percent, 10%, and 8% of the samples from upper
alluvial aquifer are in low, high, and very high salinity
classes, respectively. Percent sodium (%Na) was also used to
evaluate sodium hazard and computed as given in Table 9.
According to Khodpanah et al. (2009), water with %Na >
60% may result in sodium accumulations that will result in
breakdown of physical properties of soil. The values of %Na
range from 0.80 to 82.92%, 6.41 to 60.97%, and 0.77 to
95.53%, respectively, for upper alluvial, lower alluvial, and
coastal plain aquifers. It is observed that 34% (upper alluvial
aquifer), 13% (lower alluvial aquifer), and 60% (coastal
plain aquifer) have very high %Na, suggesting very poor
quality for irrigation.

In addition, the USSL (1954) scheme was applied in this
study to further evaluate the quality of groundwater for
irrigation use. The scheme classifies water on the basis of
EC and SAR. EC is classified into four salinity zones (C1

[<250 µS/cm], C2 [250–750 µS/cm], C3 [750–2250
µS/cm], and C4 [>2550 µS/cm]) and SAR into four hazard
zones (S1 [<10], S2 [10–18], S3 [18–26], and S4 [>26]).
Classification of groundwater is presented in Table 9. The
data show that 36, 100, and 77% of groundwater from
upper alluvial, lower alluvial, and coastal plain aquifers,
respectively, are characterized as C1-S1 (low salinity-low
sodium hazard), which is very suitable for irrigation use,
while 46 and 23% of samples from upper alluvial and
coastal plain aquifers are in the class C2-S1 (medium
salinity-low sodium hazard), classed as suitable. 10, 6, and
2%, respectively, of groundwater samples from A are
classed as C3-S1 (medium salinity-low sodium hazard), C4-
S1 (very high salinity-low sodium hazard), and C4-S2 (very
high salinity-low sodium hazard).

Table 9 Comparison of
historical (n = 30) and recent data
(n = 17) for coastal aquifer (C).
Units in mg/l, except EC (µS/cm)
and pH (no unit) and error are
presented as ±SD (standard
deviation)

Data type Historical Recent

Statistics Mean Min Max SD Mean Min Max SD

EC 143.18 16.28 457.80 125.51 129.86 23.00 367.00 115.69

TDS 130.59 12.37 314.40 97.46 75.45 10.50 183.00 62.40

pH 6.14 5.20 7.16 0.49 5.34 3.72 7.03 1.12

DO 5.22 3.00 10.70 1.83 4.97 1.19 10.50 2.52

Na+ 16.77 0.06 60.10 15.00 14.11 0.60 64.60 15.87

K+ 3.71 0.02 30.30 6.94 1.16 0.40 3.22 1.02

Ca2+ 8.88 0.01 67.80 16.52 3.45 0.03 8.70 2.78

Mg2+ 2.21 0.01 24.30 4.70 3.64 0.08 25.30 6.34

Cl- 22.21 0.32 115.30 29.19 17.70 1.60 116.00 27.37

HCO3
- 39.21 0.20 117.50 34.57 27.91 6.24 83.30 24.44

SO4
2- 8.43 0.00 47.47 13.90 4.76 0.00 21.96 7.12

NO3
- 13.20 0.00 59.60 17.87 9.61 0.03 51.69 13.56
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5 Conclusions

Historical and recent geological, hydrogeological, and
hydrochemical data were used to study the aquifers of the
Niger Delta Region of Nigeria. Lithologic logs and aquifer
characteristics including water levels, well and boreholes
depths, hydraulic conductivity, and transmissivity were used
to delineate two aquifers: alluvial aquifer (upper and lower)
and coastal plain aquifers in the Niger Delta Region (Nigeria).
Many methods have been used to attempt to examine the
processes controlling groundwater chemistry. The methods
applied include enrichment of Na+, K+, Ca2+, Mg2+, Cl−,
HCO3

−, and SO4
2−, and seawater mixing ratio, cross plots,

and different classification schemes were used to confirm
seawater intrusion, anthropogenic pollution, and processes
controlling groundwater chemistry. The groundwater is

acidic, while most of the groundwater samples (95%) from A,
B, and C are fresh, while 2 and 3% of the samples from A are
brackish and saline, respectively. The main groundwater
facies are Na-Cl, Mg-Cl, and Na-HCO3, respectively, from A,
B, and C.

Cl− showed significant correlation with Na+, K+, Ca2+,
Mg2+, Cl−, HCO3

−, and SO4
2− in upper and lower alluvial

aquifer and Cl− with Na+, K+, Ca2+, Mg2+, Cl−, and HCO3
−

in coastal plain aquifer which demonstrated the mixing of
seawater and freshwater. However, correlation of EC and
NO3

− in lower alluvial and coastal plain aquifer indicate
anthropogenic pollution. The cross plots of Na+/Cl−, K+/Cl−,
Ca2+/Cl−, and Mg2+/Cl− with Cl−/HCO3

− and Cl−/NO3
− and

classification indicated seawater intrusion was occurring in
the upper alluvial aquifer and decreased inland through
lower alluvial aquifer to the coastal plain aquifer. In terms of
drinking and irrigation use, the upper alluvial aquifer water

Table 10 Classification of groundwater for human and irrigation use

Classfication Criteria Remarks Source of
water

A B C A B C

No %

Water quality index (WQI) < 25 Excellent 29 7 46 58 88 98

25–50 Good 11 1 1 22 13 2

50–100 Medium 4 8

100–150 Poor 2 4

>150 Very poor 4 8

Percent sodium (% Na) < 20 Excellent 5 5 6 10 62.5 13

20–40 Good 13 1 6 26 12.5 13

40–60 Permissible 15 1 7 30 12.5 15

60–80 Doubtful 16 1 10 32 12.5 21

> 80 Unsuitable 1 18 2 0 38

Electrical conductivity
(EC) (µS/cm)

100–250 Low salinity (C1) 18 8 35 36 100 74

250–750 Medium salinity (C2) 23 12 46 26

750–2250 High salinity (C3) 5 10

> 2250 Very high salinity (C4) 4 8

Sodium adsorption ratio (SAR) < 10 Excellent (low-S1) 49 8 47 99 98 100

10–18 Good (medium-S2) 1 1 2

18–26 Doubtful (high-S3)

> 26 Unsuitable (very high-S4)

C1-S1 Low salinity-low sodium hazard 18 8 36 36 100 77

C2-S1 Medium salinity-low sodium hazard 23 11 46 23

C3-S1 High salinity-low sodium hazard 5 10

C4-S1 Very high salinity-low sodium hazard 3 6

C4-S2 Very high salinity-medium sodium hazard 1 2

A upper alluvial aquifer, B lower alluvial aquifer and C coastal plain aquifer
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is of poor quality relative to the groundwater from lower
alluvial and coastal plain aquifers. The study has shown that
the upper alluvial aquifer had relatively higher salinity and is
due to sea water intrusion. This study highlights the potential
danger of contaminated groundwater in the coastal areas the
home of low income dwellers. Hence, seawater intrusion
should be continuously monitored for sustainable manage-
ment of coastal groundwater affected by seawater.
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Hydrogeophysical Investigation of Fractured
Shale Aquifers in Ikwo and Environs,
South-Eastern Nigeria

Amobi C. Ekwe, Georgebest Azuoko, Olufemi V. Omonona,
Obialo S. Onwuka, and Julius Onwuka

Abstract

Results obtained from the interpretation of vertical
electrical sounding (VES) were combined with geological
data to determine the groundwater potential of the study
area. The dominant lithology in the area is the shales of
the Asu River group of Albian age. The tectonic activities
that took place in Santonian times resulted in folding,
uplift, and intense fracturing of the shales of the study
area. The challenge lies on how to map the fracture zones
in the shales in order to optimally exploit the groundwater
resources in the area. Ten (10) vertical electrical sound-
ings (VESs) with maximum current electrode (AB) spread
of 300 m were acquired using the Schlumberger config-
uration. Four (4) of the soundings were carried out near
existing boreholes for comparative purposes between the
geological and geoelectric sections. Layer parameters
(aquifer thickness, depth to water, transverse resistance,
etc.) were obtained after data processing with the IP12
Win™ software. The derived layer parameters were
combined with borehole logs and pumping test data from
existing boreholes to estimate aquifer hydraulic parame-
ters in other locations without boreholes. Results show
that the depth to the fractured shale aquifer ranges from
22.1 to 54.9 m at Ekpelu (VES 9) and Ndufu Alike II
(VES 2), respectively, while aquifer thicknesses vary
from 19 m at Ndufu Alike I and II (VES 1 and VES 2) to
56.4 m at Amainyima (VES 10). Hydraulic conductivity
varies between 0.0047 m/day at Ndufu Alike I (VES I)
and 0.300 m/day at Onyikwa playground (VES 5), while

transmissivity varies between 0.0893 m2/day at Ndufu
Alike I (VES I) and 9.780 m2/day at Onyikwa Playground
(VES 5).

Keywords

Aquifer parameters � Vertical electrical sounding �
Fractures � Groundwater

1 Introduction

Shales are defined as non-aquifers on hydrogeology maps
and often overlooked as a source of sustainable source of
groundwater supply in poor communities not underlain by
conventional aquifer materials like sandstones (Struckmier
and Margarat 1995). MacDonald and Davies (2000) have
shown that approximately 70 million people in Sub-Saharan
Africa live in rural communities underlain by shales and
mudstones. Many of such communities are located within
Ikwo and environs, and the areas have continued to witness a
surge in population following the establishment of a Federal
University in the area. The entire area is underlain by con-
solidated shales of the Asu River group. It is a well-known
fact that shales are classified as low permeability formations
because of little or no interconnectivity between individual
pores within the rock matrix. The permeability of the shales
can be greatly enhanced when fractured. Fractured shale
aquifers can yield significant volumes of water because of
their enhanced porosity and permeability. Several workers
have used the electrical resistivity method to characterize
aquifer types and geometry (Onuoha & Mbazi, 1988; Ekwe
et al., 2006; Ekwe & Opara, 2012; Opara et al., 2012). Some
more recent works have been done by employing the elec-
trical resistivity to prospect for water in low permeability
formations (e.g., shales) and hard rock terrains (Ekwe et al.,
2010; Omeje et al., 2015; Loke et al., 2013; Okonkwo &
Ezeh, 2013; Okonkwo et al., 2017). MacDonald et al. (2001)
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applied geophysical techniques to locate groundwater in low
permeability sedimentary rocks in southeast Nigeria. The
present study would involve the integration of geophysics,
geology, and geographic information system (GIS) to map
and characterize the fractured shale aquifers of Ikwo and
environs to guide water resource planners and developers in
the area.

2 Location of the Study Area

The study area (Fig. 1) falls within Ikwo local government
area of Ebonyi state and has an elevation profile of about
100 m above the mean sea level. Some important towns
within the study area include Amegu, Nwakpu, Enyigba, and
Ndufu Alike. The area is situated within the tropical rain

forest of Nigeria. Two seasons are prominent in the area—
dry and rainy seasons. It has a humid tropical climate with
high temperature, with a mean daily maximum and mini-
mum annual temperatures of 32.2 and 23 °C, respectively.
The annual rainfall rate is about 1820 mm, while mean daily
temperature ranges from 30 °C during the rainy season to
about 34 °C in the dry season. The annual mean of the
relative humidity in the area is 71%, while the rate of
evaporation is about 3.4 mm/yr. Soil temperature measure-
ments at depths of 5, 10, 20, 30, 50, and 100 cm gave values
of 32, 31, 30, 30.5, 27, and 30 °C, respectively, while the
average monthly sunshine hours for the months of February–
June 2014 are about 6.6 h (Federal University Ndufu Alike
Ikwo Weather Station data, 2014). The study area is drained
by the Ebonyi River and its numerous tributaries. The pat-
tern is dendritic.
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3 Geology of the Study Area

The study area lies within the Lower Benue Trough. The
Benue Trough is a SW-NE trending elongate structure with a
sedimentary fill ranging from over 2000 m in the northern
limit to 7000 m in the southern region. The lithologic unit
underling the study area is mainly the shales of the Asu
River group (Fig. 2) and the Abakaliki shale formation
(Reyment, 1965). The shales are fissile, thinly laminated,
highly fractured, and weathered. The shales have been
classified based on their lithologic characteristics, structures,
and stratigraphic positions by Obarezi and Nwosu (2013)
into two units with colors ranging from dark to black to
grayish brown, reddish, and pinkish.

4 Methodology

A detailed literature review was carried out before actual
field work and subsequent acquisition of ten (10) vertical
soundings (VESs) with the Schlumberger configuration. The
method involves the injection of direct current (5 mA) from
a 12 V battery source into the ground through a pair of
current electrodes and measuring the resulting potentials
through another pair of potential electrodes. The geoelec-
trical data was acquired using ABEM SAS 1000, with a
maximum current electrode spacing (AB) of 300 m. Few of
the soundings were carried out near existing boreholes for
comparative purposes. The data obtained was plotted as a
graph of apparent resistivity against half current electrode
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spacing and the electrode spacing at which inflection occurs
on the graph provides an idea of the depth to the interface.
The apparent resistivity (qa) for the Schlumberger array is
given by Eq. 1.

qa ¼ pR
a2

b
� b

4

� �
Keller& Frischknecht; 1979; Ekwe etal:; 2006ð Þ

ð1Þ
where a = half current electrode spacing, b = potential

electrode spacing, R = resistance, while p a2

b � b
4

� �
is the

geometric factor. The geometric factor depends on the
electrode configuration in use. The apparent resistivity (qa)
is usually obtained by multiplying the measured resistance
with the geometric factor.

5 Determination of Aquifer Hydraulic
Parameters from Geoelectrical Data

Previous researchers have shown that in areas of similar
geology and water quality, the product of hydraulic con-
ductivity (K) and electrical conductivity (r) remains fairly
constant (Niwas & Singhal, 1981; Onuoha & Mbazi, 1988;
Ekwe et al. 2006; Okonkwo & Ezeh, 2013). An empirical
relation exists between aquifer transmissivity and transverse
resistance on the one hand, and aquifer transmissivity and
longitudinal conductance on the other hand (Niwas &
Singhal, 1981). It is given by:

T ¼ KrR ¼ KS=r ð2Þ
where T = aquifer transmissivity, h = aquifer thickness,
q = aquifer resistivity, K = hydraulic conductivity,
R = hq = transverse resistance of the aquifer, and
S = h

q = longitudinal conductance.

One of the problems we encountered in the study area
was the paucity of pumping test data at all the VES loca-
tions. The pumping test data can be used to generate aquifer
parameters at known borehole locations, but the cost is
usually high. To overcome this challenge, we applied the
empirical relation developed by Niwas and Singhal (1981) to
estimate various aquifer parameters at all the sounding
locations, including areas where no boreholes exist. In these
instances, we extracted K values from pumping tests at sites
with boreholes and used those values to estimate K for other
areas without boreholes.

6 Results and Interpretation

6.1 Comparison of Geoelectrical
Section with Lithology Log at Eke Ettem
Market Square, Ikwo

The first geoelectric layer (Fig. 3) with an apparent resis-
tivity of 135 Xm correlates well with a moist reddish clayey
overburden on the lithology log. The second geoelectric
layer has a resistivity of 265 Xm and corresponds to a hard
dark grayish shale. The third geoelectric layer has a resis-
tivity of 59.7 Xm and correlates with a semi-hard shale layer
on the lithology log. The fourth geoelectric layer with a
resistivity of 17.2 Xm correlates with a moist grayish shaley
layer on the lithology log. The fifth geoelectric layer with a
resistivity of 12.6 Xm correlates with a fractured shale
aquifer at a depth of 38.4 m. The aquiferous layer is
underlain by a hard shale layer with a resistivity of 797 Xm.
The processed curve is shown in Fig. 4.

6.2 Comparison of Geoelectrical
Section with Lithology Log at Ekpelu

The first geoelectric layer with an apparent resistivity of
733 Xm coincides with the reddish brown lateritic over-
burden. The second (340 Xm) and third (32.1 Xm) geo-
electric layers correlates with yellowish and moderately soft
shale layers, respectively. The forth geoelectric layer with an
apparent resistivity of 46.9 Xm correlates with the fractured
dark shale layer, which serves as the aquifer, while the last
geoelectric layer has an apparent resistivity value of 458 Xm
and corresponds with the hard grayish shale layer in the
lithology log (Fig. 5). The processed curve is shown in
Fig. 6.

6.3 Comparison of Geoelectrical
Section with Lithology Log at Elugu Ettem,
Ikwo

The first geoelectric layer has an apparent resistivity of value
of 875.9 Xm and correlates with a reddish brown lateritic
overburden on the lithologic log. The second and third layers
have resistivity values of 136.8 and 48.15 Xm, respectively.
These layers correspond to a light grayish hard shale and
mottled shale layers on the lithology log. The fractured shale

370 A. C. Ekwe et al.



Fig. 4 Processed vertical electrical sounding result at Eke Ettem market square, Ikwo
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Fig. 6 Processed vertical electrical sounding result at Ekpelu, Ikwo

5

10

15

20

25

30

35

40

45

50

55

60

65

102

0
Depth (m)

733
True Resistivity ( m)

340

32.1

46.9

458

GROUND SURFACE

Reddish brown Lateritic overburden

Yellowish clay

Fairly soft Shale

Hard greyish Shale

Fractured Shale

Lithology log at Ekpelu
Ω

Fig. 5 Comparison of geoelectrical section with lithology log at Ekpelu, Ikwo

372 A. C. Ekwe et al.



layer which serves as the aquifer has an apparent resistivity
value of 26.26 Xm. The aquiferous layer is underlain by a
dark hard shale layer of indeterminate thickness and a
resistivity of 300.9 Xm (Fig. 7). The processed curve is
shown in Fig. 8.

6.4 Comparison of Geoelectrical
Section with Lithology Log at Amainyima,
Ikwo

Five geoelectric layers (Fig. 9) were delineated with the first
two layers correlating with a reddish brown lateritic
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overburden with a resistivity of 430 Xm. The third geo-
electric layer with a resistivity of 429 Xm correlates with a
yellowish gray hard shale on the lithology log. The resis-
tivity value dropped to 115 Xm in the fourth layer which
corresponds to a soft grayish shale layer. The aquiferous
layer has a resistivity of 74.3 Xm with an upper layer cor-
responding to a hard dark shale with minor fractures which
is underlain by a dark shale layer with well-developed
fracture framework. The aquiferous layer is underlain by a
hard dark shale layer of undefined thickness and a resistivity
of 651 Xm. The processed curve is shown in Fig. 10.

7 Aquifer Parameters from Geosounding
Data

The depth to the fractured shale aquifer ranges from 22.1 to
54.9 m at Ekpelu and Ndufu Alike, respectively, while
aquifer thicknesses varies from 19 m at Ndufu Alike to
56.4 m at Amainyima. Hydraulic conductivity varies

between 0.0047 m/day at Ndufu Alike I and 0.3 m/day at
Onyikwa Playground, while transmissivity varies between
0.0893 m2/day at Ndufu Alike Ikwo and 9.78 m2/day at
Onyikwa Playground (Table 1).

8 Discussion and Conclusion

The results compare well with those obtained from pumping
tests and other statistical analysis methods from other
research works in Abakaliki area and environs (Ozoko,
2012; Ozoko, 2014; Onwe et al., 2020). The obtained
aquifer parameters are compared well with earlier results by
MacDonald et al. (2005). This shows that electrical resis-
tivity survey is a useful technique for understanding the
hydraulic characteristics of the aquifer system within the
study area. Computer-modeled interpretation techniques
were used to resolve the true thicknesses, resistivities, and
depths to the fractured shale aquifers. The depth to the
fractured shale aquifer ranges from 22.1 to 54.9 m at Ekpelu
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(VES 9) and Ndufu Alike II (VES 2), respectively, while
aquifer thicknesses vary from 19 m at Ndufu Alike I and II
(VES 1 and 2) to 56.4 m at Amainyima (VES 10). Hydraulic
conductivity varies between 0.0047 m/day at Ndufu Alike I
(VES 1) and 0.300 m/day at Onyikwa playground (VES 5),

while transmissivity varies between 0.0893 m2/day at Ndufu
Alike I (VES I) and 9.780 m2/day at Onyikwa playground
(VES 5). We recommend that a hydrochemical study be
carried out to determine the potability of the water for both
industrial and domestic uses.

Fig. 10 Comparison of geoelectrical section with lithology log at Elugu Ettem borehole, Ikwo

Table 1 Derived aquifer parameters of the study area

VES
No.

Location Depth
to water
(m)

Aquifer
thickness
b (m)

Aquifer
resistivity,
q (Xm)

Transverse
resistance, qb
(Xm2)

K from
wells
m/day

Kr Kr_AVE K from
geosounding
data_m/day

T/m2/day

1 Ndufu Alike 1 48.4 19.0 14.6 277.4 0.0032 0.0047 0.0893

2 Enyim Ogidiga
road (Ndufu
Alike II)

54.9 19.0 22.6 429.4 0.0032 0.0723 1.3737

3 Ekpa Omaka 34.8 23.7 13.4 317.58 0.0032 0.0429 1.0167

4 Comm. Prim.
school
Ohatekwe

38.8 27.5 10.3 283.25 0.0032 0.0330 0.9075

5 Onyikwa
playground

54.1 32.6 93.9 3061.14 0.0032 0.3000 9.7800

6 Comm. Pri.
school
Igweledoha

33.2 26.3 38.9 1023.07 0.0032 0.1245 3.2744

7 Eke Ettem
market square

38.4 28.2 12.6 355.32 0.0564 0.0045 0.0032 0.0403 1.1365

8 Elugu Ettem
playground

23.36 49.04 23.26 1140.67 0.0542 0.0023 0.0032 0.0744 3.6486

9 Ekpelu 22.1 23.8 32.1 763.98 0.1282 0.0040 0.0032 0.1027 2.4440

10 Amainyima 25.8 56.4 25.8 1795.68 0.0484 0.0019 0.0032 0.0826 4.6586
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