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Metal concentrations in irrigation canals and the Nile River
in an intensively exploited agricultural area
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Abstract Concentrations of major and trace ele-
ments (Al, Fe, Mn, B, Cd, Co, Cr, Cu, Mo, Ni,
Pb, Sr, V, and Zn) were determined in water and
sediments from irrigation canals and the Nile River
in an agricultural area of 120 km” to evaluate the
impact of agricultural practices and the spatial
distribution and mobility of these elements. The
enrichment factors of cadmium indicate contamina-
tion in this area. Metal pollution indices are higher
at locations downstream of the irrigation canals,
possibly a consequence of waste discharges and
phosphate fertilizing. Comparisons with
consensus-based sediment quality guidelines re-
vealed that ~92 % (Cr), ~85 % (Cu), ~46 %
(Ni), and ~23 % (Zn) of the samples exceeded
the threshold effect concentrations, with 7.7 %
for Cr and Ni being above the probable effect
concentration. Contamination with many metals in
water was found in the secondary irrigation canals.
The partition coefficients of all determined metals
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were evaluated. The major elements Al, Fe, and
Mn were found to be very mobile while V was the
least mobile.
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Introduction

The Nile flows north of Cairo across the delta in
its two branches, the Rosetta and Damietta. The
Nile delta has an area of ~22,000 km? and ac-
counts for two thirds of Egypt’s agricultural sur-
face. Agriculture is fundamental to Egypt’s econo-
my. Land is entirely dependent on the Nile water.
The cultivated area has a dense irrigation and
drainage canal network. The agricultural drains
from which the water is lifted to the irrigation
canals receive effluents from sewage systems and
nearby industries. Low level of sanitation services,
especially in rural areas, makes nearby streams the
places for inhabitants to dispose of their sewage.
Many industrial establishments do not comply with
the law, dumping their wastewater and partially
treated water into surface water bodies. The exces-
sive use of fertilizers and pesticides is another
major source of water pollution. Continuous appli-
cation of fertilizers may lead to metal accumula-
tion in the agricultural areas.
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There is therefore an urgent need for monitoring and
evaluating water quality. Sediments can be sensitive
indicators of contamination of aquatic environments
(Harikumar et al. 2009), which might result in poten-
tially irreversible adverse effects to ecosystems. Metal
pollution not only affects the quantity and quality of
crops, but may also influence the quality of the atmo-
sphere and water bodies, and threatens the health and
life of animals and human beings (Kumar 2008).

Water and sediment quality may vary spatially ac-
cording to the distribution of the human activities and
the use of fertilizers over the past decades. The focus of
this study, therefore, was to determine the sediment and
water quality in the Nile River and irrigation canals in a
representative example of agricultural area of the delta.
The aims are to provide information that helps to iden-
tify main pollutants currently present, to characterize
their spatial patterns of distribution, and to understand
the practices that lead to the current environmental
status. It is of general interest to provide useful informa-
tion on the mobility of different elements in this com-
plicated environment.

Materials and methods
Study area

The study area is located on the western side of the
Rosetta branch in Al-Beheira governorate, one of the
largest governorates of Egypt (9122 km?). The study
area is about 120 km? and lies between 30° 40’ and 30°
47" E longitude and 30° 52" to 31° 0" N latitude, with a
total population of 450,000 in 17 main villages. The
irrigation system is charged from the main canal (El-
Henawy canal) streaming from south (at SO1) to north
(at S10) and feeds a secondary canal in east-west direc-
tion as shown in Fig. 1. The study area has two uncon-
nected drainage canals, one in the north—south direction
parallel to the main irrigation canal, and another starting
at the southern location S03 and extending west. When a
canal is close to a village, it receives the refuse and
sewage. For example, locations S11 and S12 on the
secondary irrigation canal are normally subject to such
disposal. On the other hand, locations CO1 and S06 on
the main irrigation canal are not subject to this

Fig. 1 Map of the study areas.
The locations of surface
sediments (circles) as well as
sediment cores (squares) are
shown
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contamination because of the closeness of the drainage
canal which is used for this purpose.

Sampling and sample preparation

Twenty water of 20 L each and surface sediment sam-
ples of about 4 kg each of the upper 15 cm were
collected from the study area (S01-S20 in Fig. 1).
Each sediment sample comprises material taken from
3 to 5 points over a distance of 5-10 m. In addition, 14
core samples to a depth of 75 cm (5 layers of 15 cm
each) were also taken (CO1-C14 in Fig. 1), but no water
samples were collected from these locations. Only 13
surface sediments and 12 water samples were selected
for analysis of the contents for major and trace elements.
Among the analyzed water and sediment samples, only
7 were taken from the same location. Sediment samples
were placed in polyethylene bags; water samples were
collected in clean plastic containers. Air-dried sediments
were further dried at 90 °C until constant weight.
Samples were then sieved to collect 100 g of grain size
of <2 mm for the analysis. Aliquots of 1 g for each
sediment sample were sequentially extracted as de-
scribed (USEPA 1996), to determine the concentrations
of Al, Fe, Mn, B, Cd, Co, Cr, Cu, Mo, Ni, Pb, Sr, V, and
Zn by inductively coupled plasma—emission spectrom-
etry (ICAP 6500, Thermo Scientific, UK). The concen-
trations of the same elements in the water samples were
determined without any pretreatment.

Multielement standards at different concentrations
typical in water and sediment were prepared to obtain
the elemental concentrations of the samples. The certi-
fied reference materials RM-8704 (river sediment) and
SRM 1640a (natural water) were used at the beginning
and after analyzing each series of samples for sediments
and water analysis, respectively, in order to verify the
sensibility of the device and the reliability of the results.
Precision was estimated by replicate analyses of stan-
dard reference materials and actual samples. Standard
deviations of replicate measurements were below 10 %
and of chemical blanks were less than 2 %.

Physical and chemical characteristics of sediment
and water samples were determined. The pH value, total
organic matter (TOM), electrical conductivity (EC), and
calcium carbonate (CaCOs) were therefore determined.
TOM was determined as the loss on ignition at 550 °C
for 2.5 h (Rowell 1994), and the measurement of CaCO;
was based on the volumetric analysis of the carbon
dioxide which is liberated during the application of

hydrochloric acid solution in the sediment’s carbonates
in a sealed reaction cell (Allen 1989).

Results and discussion
Characteristics of sediments and water

The mean pH of sediments was slightly alkaline (8.2+
0.1) with a range from neutral to strongly alkaline (7.1—
9.1). TOM was below 17 % (6.0+0.7 %) in all samples.
The mean EC value was 527+47 uS cm ' (168—
1475 uS cm™ ). The sediments are CaCOs-poor with
contents of less than 1.6 % (0.6+0.1). Figure 2 shows
these measured values as a function of locations.
Comparison of the mean values of main canal, secondary
canals, and Nile locations indicate that both pH and EC
are relatively homogeneous. On the other hand, higher
means of TOM and CaCO; found in the secondary irri-
gation canals compared to those in the main canal and the
Nile. This is related to the significant refuse and sewage
input along the secondary canals in particular, as they are
shallower and their water moves more slowly. The pH of
water samples had a range of 7.1-7.9 and a mean of 7.7+
0.2. The mean value of the measured electrical conduc-
tivity was 508+221 uS ecm ™' (310-1000 puS cm ™). The
mean pH in irrigation canals (7.7) was slightly higher than
that in the Nile River (7.5). The mean EC in the secondary
canals (684 1S cm ") was close to that of the Nile water
(597 uS cm™ "), and the water in the main canal had EC
(375 uS cm ") lower than both.

Elemental concentrations in sediments

Table 1 presents the descriptive statistics of the con-
centrations of major and trace elements in the sedi-
ments collected from 13 locations. Generally, the dis-
tributions were quite narrow and restricted to £20 with
the exception of few cases. The cases in which the
concentrations were statistically outside the confidence
limits of the normal distribution (>|20]) are as follows:
the concentrations of Al, Fe, Cr, Cu, Mo, Ni, and Sr in
location C06 corresponded to 2.430 (p=0.74 %),
2960 (p=0.15 %), 2.860 (p=0.21 %), 2.680 (p=
0.37 %), 2.530 (p=0.57 %), 2.260 (p=1.18 %), and
2310 (p=1.054 %), respectively, and the concentra-
tion of Pb in location S12 was 2.730 (p=0.31 %).
These apparently higher concentrations do not neces-
sary distinguish these locations from the rest because
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Fig. 2 Measured characteristics
of sediment in each location.
Mean values of main canal,
secondary canals, and Nile
locations are indicated by solid

lines
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Table 1 Descriptive statistics of elemental concentrations for 13 sediment samples collected from the study area

Major elements (%)

Trace elements (mg kg ')

Al Fe Mn B Cd Co Cr Cu Mo Ni Pb Sr v Zn
Mean 306 253 0.081 456 027 127 72.4 574 063 29.1 112 964 87.9 94.5
Std. deviation 145 055 0035 293 0.53 3.56 31.6 236 152 139 638 259 220 273
Median 299 248 0.069 299 0.00 11.2 62.7 53.1 0.00 20.8 94 93.3 89.3 88.1
Geometric mean  2.77 249 0.075 359 a 12.3 67.4 53.6 a 265 99 93.2 85.1 91.0
Minimum 123 1.89 0.033 10.1 0.00 82 314 272 0.00 153 60 498 428 53.5
Maximum 6.60 4.15 0.140 86.1 143 20.1 163.0 120.7 449 605 298 156.0 128 141.0
Kurtosis® 182 697 -102 -196 141 -032 585 391 374 044 438 191 0.61 —-0.81
Skewness® 1.17 230 054 0.21 1.71  0.65 2.08 1.55 224 1.11 209 0.69 —0.13 0.59

#Data contains zero values
® Standard error £1.19
¢ Standard error +0.62
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the observed concentrations may be associated with
the variation in grain size and/or mineralogy of the
sediments. Therefore, no conclusions should be
reached at this point before addressing this issue
(The relative contents).

The normality of Mn, Co, V, and Zn distributions was
reflected by the small values of kurtosis and skewness.
The rest of the distributions, and in particular Fe, Cr, Cu,
Mo, and Pb, had positive values of kurtosis coefficient
indicating peaked distributions. These distributions had
tails toward higher values. For the three major elements
Al, Fe, and Mn, the mean concentrations in the secondary
irrigation canal were higher than those in the main canal,
which in turn had slightly higher concentrations than the
two locations on the Nile. Similarly, the mean concentra-
tions of B, Cr, Cu, Pb, Sr, V, and Zn in the secondary
irrigation canal were higher than the corresponding
means in the main irrigation canal and the Nile, while
the means of Cd, Co, Mo, and Ni were comparable.

The relative contents

Assessing the input of many elements resulting from
human activities is difficult to deconvolute. Metal vari-
ability may be caused by grain size and/or mineralogy of
the sediments. To reduce this variability and to identify
anomalous metal contributions, geochemical normaliza-
tion has been used with various degrees of success by
employing conservative elements. The most popular
methods include normalization techniques such as grain
size, particulate organic carbon, iron, and aluminum.
Among these, Al is the most widely used because it is
one of the most abundant elements on the earth, is
strongly correlated to the fine fraction, and does not
depend on anthropogenic inputs (Dai et al. 2007). Al-
normalization of the elemental concentrations was per-
formed to check whether or not the observed excesses
were related to variability of Al in these locations. After
Al-normalization (C,=C,/C;, where e refers to ele-
ment), the previously observed excesses of elements
Fe, Cr, Cu, Mo, Ni, and Sr in location C06 no longer
exist. This indicates that the observed higher concentra-
tions of these elements is mainly due to the higher
concentration of Al in this particular location. In con-
trary, the Al-normalized concentrations of Pb still show a
slightly significant concentration in location S12 (2.770
and P=0.29 %). The Al-normalized concentrations of Fe
in location SO1 (2.560 and P=0.53 %) and Cd (3.18¢
and P=0.07 %), Mo (3.190 and P=0.07 %), and Ni

(2.460 and P=0.70 %) in location CO8 have the highest
values among the studied locations. Fe is not likely
susceptible to enrichment from anthropogenic sources,
and its variations could be explained by particle grain
size differences. The statistically most significant excess
is that of Al-normalized concentrations of Cd and Mo in
C08. While Cd was detected in only locations S12, C06,
and C08, Mo was above the minimum detectable level in
three locations S01, C06, and COS8. Location S12 is
characterized by the highest values of TOM (17 %)
and Pb (29.8 mg kg "). Location C06 has the highest
measured values of pH, CaCOs, Al, Fe, Mn, Cd, K, Cr,
Cu, Mo, Ni, Sr, and V. Location C08 had relatively high
TOM content (~11 %) and EC (692 puS cm ") indicating
high salinity. Several studies pointed out that Cd in
sediment shows strong binding to organic matter.
Cadmium entering waterways is adsorbed to sediments
and associated with ferric or manganese oxy-hydrox-
ides, organic matter, and sulfides (DiToro et al. 1990;
Lion et al. 1982). Molybdenum is enriched in sediments
forming under anoxic conditions. In oxic sediments, Mo
is preferentially absorbed onto iron-oxyhydroxides, but
as sediments become suboxic, Mo is leached out of
sediments (Anbar and Rouxel 2007). The processes
associated with redox change in sediments result in Mo
accumulation include scavenging by manganese oxides,
coprecipitation with iron sulfides and adsorption by
organic matter (Malcolm 1985). Molybdenum can be
derived from a number of agricultural activities and is
present in fertilizers (NRC 2004). The abundance of Mo
in sediments should reflect the redox state of the envi-
ronment. The Cd and Mo enrichments in location C08
can be ascribed to diffusion of the dissolved metals from
overlying water into the organic-rich, anoxic sediments,
and their fixation in the solid phase.

Correlations among characteristics and metal
concentrations in the sediments

To determine the controlling factors for the distributions
in sediment, Pearson correlation matrix analyses were
carried out for 16 items, including absolute and Al-
normalized concentrations (excluding Cd and Mo) and
characteristics of sediments assuming linear relation.
Throughout this work, the correlations will be described
as strong (#>0.95), moderate (0.85<r<0.95), or weak
(0.75<r<0.85). No obvious correlation between the
concentrations and the characteristics of the sediment
was found except that a possible correlation may exist

@ Springer



136 Page 6 of 13

Environ Monit Assess (2015) 187: 136

between Pb concentration and TOM (#=0.71). Table 2
lists the Pearson correlation coefficients for the absolute
concentration. Cr accounts for most of the variability of
many metals. It has moderate correlations with Al, Fe,
Mn, and Cu (»=0.85-0.88) and weak correlations with
Co, Ni, and V (r=0.75-0.77). Sr is also correlated with
most of the other elements (r=0.74-0.87) with the ex-
ception of B and Pb. Strong correlations exist between
different pairs of elements: Al and Cu (»=0.94), Co and
Ni (r=0.94), and Cr and Sr (#=0.95). The results suggest
that oxides of Al, Fe, and Mn have insignificant influ-
ence on scavenging of metal ions and that they may
have different anthropogenic and natural sources in
sediments of the investigated area and its vicinity.
Table 3 lists the Pearson correlation coefficients for
Al-normalized concentrations. The concentration of
Cr/Al continues to show correlations with different sig-
nificances with the normalized concentrations of Co, Ni,
and Sr (#=0.90-0.97) but not with Fe and Cu and
possibly correlates with Mn (#=0.79) and V (#=0.72).
The Al-normalized concentration of Sr has more or less
the same behavior with other elements. The two previ-
ously observed strong correlations between Co and Ni
and between Cr and Sr are also present when the Al-
normalized concentrations of these elements are used
but with somewhat lower significance.

Assessment of sediment pollution

A number of approaches have been used to assess the
health risks from conventional pollutants. The metal
enrichment factor (EF) is used as an index to assess

anthropogenic influences of heavy metals in sediments.
EF is commonly defined as the observed metal to Al
ratio in the sample of interest divided by the background
metal to Al ratio (Martin and Meybeck 1979; Sinex and
Wright 1988). EFs are calculated according to

_ C./Cy

EF =
Be/BAl

(1)

where C, and Cy; are the element and Al content in the
sample, respectively, and B, and By refer to the content
of the same element and Al in uncontaminated (preindus-
trial reference level) crust minerals, respectively. Due to
the lack of metal background values for our study area,
we used the reported background concentration of un-
contaminated shale (Martin and Meybeck 1979; Turekian
and Wedepohl 1961). The suggested scale of enrichment
factor includes five groups (Kumar and Edward 2009).
The means and ranges of EFs of all measured metals are
listed in Table 4. Strontium is minimal enriched in all
locations. Most of the locations have minimal enrichment
in Fe, B, Pb, and Zn and have moderate enrichment in 4,
3, 2, and 3 locations, respectively. Significant enrichment
exists only in locations C12 (EF=6.1) and C14 (EF=6.3)
on the Nile River for Cu. On the other hand, the mean EF
of Cd and Mo indicate moderate enrichment and minimal
enrichment, respectively. The EF values of Cd in the
sediment may be consistent with the use of phosphate
fertilizer particularly in the main irrigation canal. Similar
findings have also been found in other studies (Lambert
etal. 2007). The mean EF values suggest that only Sr and
possibility B, Ni, Pb, and Zn could be considered of
natural origin. On the other hand, Mn, Co, Cr, and V

Table 2 Person linear correlation matrix for the concentrations of major and trace elements in surface sediments

Al Fe Mn B Co Cr Cu Ni Pb Sr \'%
Al
Fe 0.72
Mn 0.76 0.68
B 0.35 -0.32 0.08
Co 0.32 0.67 0.61 —0.60
Cr 0.85 0.88 0.85 -0.10 0.75
Cu 0.94 0.77 0.64 0.14 0.45 0.86
Ni 0.33 0.68 0.60 —0.60 0.94 0.76 0.40
Pb 0.46 0.10 0.22 0.50 -0.32 0.16 0.34 -0.32
Sr 0.76 0.76 0.87 -0.10 0.77 0.95 0.78 0.74 0.25
\Y% 0.85 0.58 0.69 0.24 0.41 0.77 0.88 0.33 0.56 0.84
Zn 0.79 0.50 0.62 0.34 0.18 0.62 0.75 0.13 0.70 0.67 0.88
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Table 3 Person linear correlation matrix for Al-normalized concentrations of major and trace elements in surface sediments

Fe/Al Mn/Al B/Al Co/Al Cr/Al Cu/Al Ni/Al Pb/Al Sr/Al V/Al
Fe/Al
Mn/Al 0.36
B/Al -0.19 —0.38
Co/Al 0.79 0.62 —-0.45
Cr/Al 0.59 0.79 -0.59 0.90
Cu/Al 0.55 —0.03 -0.47 0.65 0.42
Ni/Al 0.64 0.72 —0.47 0.92 0.97 0.41
Pb/Al 0.18 -0.16 0.25 -0.03 -0.13 —-0.04 -0.07
Sr/Al 0.72 0.67 —0.40 0.96 0.92 0.58 0.93 0.09
V/Al 0.67 0.37 -0.28 0.88 0.72 0.75 0.77 0.22 091
Zn/Al 0.75 0.34 -0.15 0.77 0.59 0.60 0.66 0.46 0.81 0.89

showed higher mean EF values suggesting moderately to
strongly polluted sediments particularly at locations C06,
C07, and C11. However, the mean and range of EF for
Cu strongly indicate its anthropogenic origin.

The geoaccumulation index (/ye,) Was proposed by
Miiller (1969) (see e.g., Farkas et al. 2007) as a criterion
to evaluate the intensity of heavy metal pollution and is
defined as

Ce
faw = oo 55 @)

The factor 1.5 is introduced to take into consideration
possible differences in the background values due to
lithological variation. /,, assesses the degree of metal
pollution defining seven classes of sediment quality
(Zheng et al. 2008). The mean values of /., are given
in Table 4. The quality of sediment is between unpol-
luted to moderately polluted with Cu depending on the
background concentration used for uncontaminated sed-
iment. On the other hand, the concentrations of all other
elements in sediments can be considered natural.

A convenient device for discussing geochemical
trends and making comparisons between total concen-
trations of metals at different sampling locations is the
metal pollution index (MPI) (Usero et al. 1996). The
MPI is calculated as the geometric mean of the concen-
tration of various major and trace elements measured in
the location according to the equation

MPI = {/C,C5Cs...C,, (3)

where Cy, C,, C;, ...C, are the content of elements
(ug g 1, 2, 3, ... n, respectively. Although MPI

gathers all of the metals into one value and provides
an easy way to compare one location from another, it has
the drawback of not having any threshold value to
denote the pollution level. The concentrations of Cd
and Mo were not included in the calculation of MPI.
MPI values varied between 87.2 and 249.1 mg kg .
Generally, MPI varies slightly depending on the location
of the sampling points. Sediments at the water’s entry in
the South of the study area have comparable MPI to that
in the nearby Nile’s sediments. As one moves to the
north or from the main to the secondary irrigation ca-
nals, the MPI increases presumably because of the in-
creasing load of contaminations. The highest level of
MPI is especially marked in location CO06 in the second-
ary canal followed by locations S14 and S10.

The degree of contamination was developed and
tested for rivers (Hakanson 1980) and has already been
successfully used for coastal areas (Kwon and Lee
1998). To determine an anthropogenic influence on the
ecosystems, the elemental contamination factor (CFy)
for each element was calculated as the ratio of the mean
concentrations from upper most sediment layer to the
average preindustrial background values.

| O

Q

CF, = (4)

where C, is the mean element content in the study area.
The following terminology is suggested for describing
the contamination factor; CF<1: low contamination
factor; 1<CF<3: moderate contamination factor; 3<
CF<6: considerable contamination factor; CF>6: very
high contamination factor. The calculated CFs for all
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Table 4 The background element concentrations B,, /g, EF, and CF

Shale (Martin and Meybeck 1979)

Shale (Turekian and Wedepohl 1961)

B, Lgeo EF mean (range) CF B, Lgeo EF mean (range) CF

Al 693 —1.90+0.67 - 044 8.0 —2.22+0.67 - 0.38

Fe 3.59 -1.11+£0.27 1.88+0.87 0.70 4.72 -1.50+0.27 1.65+0.76 0.54
(1.10-4.41) (0.9-3.5)

Mn 0.072 —0.54+0.63 2.75+0.93 1.13  0.085 —0.77+0.63 2.63+0.84 0.95
(1.70-4.50) (1.69-4.23)

B 65 —1.44+1.10 1.64+0.83 0.70 100 —2.06+1.10 1.23+0.63 0.46
(0.30-2.90) (0.26-2.20)

Cd 02 -1.33+3.17 3.38+8.77 1.30 03 0.30+0.61 2.77+£7.01 0.9
(ND-6.75) (0.0-25.09)

Co 13 -0.67+0.40 2.63+£1.25 098 19 -1.21+0.39 2.08+0.99 0.67
1.20-4.80 (0.97-3.79)

Cr 71 -0.66+0.55 2.44+0.69 1.02 90 —-1.00+0.55 2.23+0.61 0.8
(1.60-3.80) (1.50-3.46)

Cu 32 0.16+0.55 4.29+0.94 1.79 45 -0.33+0.56 3.50+0.77 1.28
(3.30-6.30) (2.68-5.12)

Mo 1.7 —1.86+2.70 0.95+2.6 035 2.6 —0.85+2.12 0.75+2.04 0.24
(ND-9.63) (0.0-7.26)

Ni 49 —1.47+0.63 1.59+0.99 0.59 68 —1.95+0.63 1.32+0.80 043
(0.60-4.00) (0.49-3.30)

Pb 16 -1.27+0.69 1.67+0.73 0.70 20 1.60+0.69- 1.54+0.67 0.56
(0.70-3.70) (0.68-3.40)

Sr 278 —2.16+0.40 0.90+0.28 0.35 300 —2.27+0.40 0.94+0.31 0.32
(0.60-1.50) (0.59-1.56)

\% 97 —0.77+0.40 2.28+0.65 091 130 —1.20+0.40 1.96+0.56 0.68
(1.40-3.50) (1.94-2.98)

Zn 127 1.06+£0.41- 1.86+0.49 0.74 95 -0.65+0.41 2.86+0.75 0.99
(1.10-2.70) (1.68-4.18)

Concentrations are given in mg kg ', for Al, Fe, and Mn in %

data are listed in Table 4. For many elements, CFs of the
secondary irrigation canal are the highest while those of
the Nile River are the lowest. Obvious differences be-
tween the Nile and at least one of the irrigation canals
exist for B, Cd, Cr, Mo, and Pb. The elemental degree of
contamination (DC) for the study area is defined as the
sum of all contamination factors for the same element
divided by the number of locations.

n n El
DCZZ;’:ICF" :Zi:IE (5)

where 7 is the number of contaminants, and the adopted
terminology to describe the degree of contamination are
DC<n: low level of contamination; n<DC<2n: moder-
ate degree of contamination; 2n<DC<3n: considerable
degree of contamination; and DC>3n: very high degree
of contamination. To allow the comparison between the
Nile River and main and secondary irrigation canals, the
DC for all locations and those associated with only the
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Nile River, main canal, and secondary canals were
found to be 11.7, 8.3, 10.8, and 13.3, respectively.
Clearly, all values are less than the number of elements
(14), which categorizes the investigated area with low
level of contamination.

The pollution load index (PLI) (Tomlinson et al.
1980) of each location is calculated by obtaining
the nth root of the product of n-CFs according to
the equation.

PLI = {/CF,CF,CF;...CF, (6)

PLI provides a simple mean that exhibits the number
of times by which the heavy metal concentrations in
sediment exceed the background concentrations and
gives a summative suggestion of the overall level of
metal in a particular location. When PLI>1, it means
that pollution exists; otherwise, if it is <I, there is no
metal pollution. PLI was calculated using the concen-
trations of 12 elements not including Cd and Mo. The
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lowest concentration of metals was in location SO1
(0.28) and the highest was in location C06 (0.79). The
calculated PLI values in increasing order were the same
as MPI: S01, C12, C14, C08, S15, S04, C07, S13, C11,
S12, S10, S14, and C06.

Sediment quality guidelines

Data on the concentrations of contaminants in sediments
alone do not provide an effective basis for estimating the
potential for adverse effects to living resources.
Ecological risk indices compare the results for the con-
taminants with sediment quality guidelines (SQG)
(MacDonald et al. 1996; Long and MacDonald 1998;
MacDonald et al. 2000; Long et al. 2006). SQGs are
very useful to screen sediment contamination by com-
paring sediment contaminant concentration with the
corresponding quality guideline. These guidelines eval-
uate the degree to which the sediment-associated chem-
ical status might adversely affect aquatic organisms. The
mean sediment quality guideline quotient (SQG-Q)
mixes all contaminants in the same SQG. It evaluates
toxicity since it takes into account SQG comparison. It
is defined as

1 n

SQG—Q:;ZizlPEL—Qi (6)
C.

PEL -0, =57 (7)

where PEL-Q, is the probable effect level quotient for
element e; PEL, the probable effect level for each con-
taminant e (concentration above which adverse effects
frequently occur) (MacDonald et al. 1996). A value of
SOG-0<0.1 means lowest potential for observing

adverse biological effects; 0.1 <SOG-O<1: means mod-
erate impact potential for observing adverse biological
effects; and SOG-O>1 means highly impacted potential
for observing adverse biological effects. The range of
the calculated values of PEL-Q for Cr, Cu, Ni, Pb, and
Zn as well as the mean and range of SOG-Q are listed in
Table 5. All locations have moderate impact potential
(SOG-0=0.10-0.68). Among the various SQGs devel-
oped during the past decade, increasing importance is
given to the consensus-based threshold effect concen-
tration (TEC) and the probable effect concentration
(PEC) guidelines (MacDonald et al. 2000) for freshwa-
ter sediment assessment. The TECs were intended to
identify contaminant concentrations below which harm-
ful effects on sediment-dwelling organisms were not
expected to occur. The PECs were intended to identify
contaminant concentrations above which harmful ef-
fects on sediment-dwelling organisms were expected
to occur frequently. For marine sediments, TEC and
PEC for eight trace metals were identified (MacDonald
et al. 2000). Based on the results of this assessment, the
incidence of sediment toxicities due to Cu, Pb, and Zn
was generally low at contaminant concentrations below
the PECs, while about 15, 100, and 77 % of the samples
had very low contaminant concentrations below the
TEC for Cu, Pb, and Zn, respectively. Among the five
trace metals, 7.7 % of samples exceeding an individual
consensus-based PEC for both Cr and Ni resulted to be
toxic to sediment-dwelling organisms.

Elemental concentrations in water

Table 6 gives the descriptive statistics of the concentra-
tion of dissolved metals in water. The highest concen-
trations of many metals were measured in location S14
close to the western end of the secondary irrigation

Table 5 Comparison of sediment quality guidelines (SQGs) with average values for the study area

Cr Cu Ni Pb Zn
TEC (ng gfl) (MacDonald et al. 2000) 43.4 31.6 22.7 35.8 121
PEC (ug g ") (MacDonald et al. 2000) 111 149 48.6 128 459
Mean values for the study area 72.4+31.6 57.4+23.6 29.1+13.9 11.2+6.8 94.5+27.3
Samples exceeded TEC (%) 923 84.6 46.2 0.0 23.1
Samples exceeded PEC (%) 7.7 0.0 7.7 0.0 0.0
PEL (MacDonald et al. 1996) 160 108 42.8 112 271
Range of PEL-Q (0.20-1.02) (0.25-1.12) (0.36-1.41) (0.05-0.27) (0.20-0.52)
SQG-Q 0.42+0.23 (0.10-0.68)
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Table 6 Descriptive statistics of elemental concentrations (mg L") for 12 water samples collected from the study area

Al Fe Mn B Cd Co Cr Cu Mo Ni Pb Sr A% Zn
Mean 6.1 7.8 032 024 0.003 0006 0.18 1.14 0.006 0.12 0.21 038 0.02 3.19
Std. deviation 9.1 100 048 027 0.004 0.006 0.08 0.78 0.003 0.06 0.24 021 0.02 2.08
Median 2.4 3.6 0.14 0.09 0.002 0005 0.17 115 0005 0.11 0.15 032 001 3.03
Geometric mean 3.3 49 0.18 0.15 0.002 a 0.17 0.78 0.006 0.11 0.15 034 a 2.16
Minimum 1.5 2.3 007 005 2E4 ND 0.12  0.06 0.004 005 0.03 0.2 0.0 0.18
Maximum 295 353 179 079 0015 0.023 042 3.17 0014 029 095 098 0.08 8.07
Skewness” 222 237 299 139 229 2.81 289 131 248 210 322 241 205 083
Kurtosis® 403 524 944 042 564 9.13 923 415 692 598 1082 6.68 330 222

# Data contains zero values
® Standard error +0.64
¢ Standard error +1.2

canal, where agriculture is the predominant activity. The
nearby location S15 has the highest concentrations of Al
and Cd and is the second highest in Fe, Mn, B, Pb, and
V. All distributions have positive values of skewness
(0.83-2.99) indicating distributions with tails extending
toward higher values. Similarly, all distributions with
the exception of B have high positive value of kurtosis
coefficient indicating peaked distribution. While the
mean concentrations of all dissolved elements in the
main irrigation canal is similar to that in the Nile
River, the mean concentrations of all elements are
higher in the secondary irrigation canals except three
elements, namely, Cu, Ni, and Zn. This is in general
agreement with the results obtained previously from the
concentrations of these elements in sediments.

The distribution of major and trace elements between
sediment and water can be quantified using the sediment
partition coefficients (K, also called distribution coeffi-
cients), which is defined as the ratio of the concentration
of an element in the solid phase (Csediment) toO its con-
centration in the liquid phase (Cyaer) in equilibrium
with this sediment and has units of L/kg. It is used to
understand and determine the eventual fate of elements
released into the aquatic environment. Figures 3 and 4
show the distributions of sediment partition coefficients
of major and trace elements, respectively, using the data
of seven locations for which both water and sediment
samples were analyzed. The mean K, for the major
elements Al, Fe, and Mn are 107, 63, and 51 L kg_l,
respectively. The solubility of Al decreases gradually
from south to north in the main irrigation canal and
increases from east to west in the secondary irrigation
canal. Similarly, the solubility of Fe and Mn seems to
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change in the secondary irrigation canal from low value
in the two locations S12 and S13 to high value in the two
locations S14 and S15. Among the trace elements, va-
nadium is the least mobile with a mean K, of 6.0x
10° L kg ', and zinc and lead are the most mobile with
a mean K, of 146 and 118 L kg ', respectively. The
overall trace metal mobility sequence, derived for the
study area, in increasing order, is V<Co<B<Cr<Cu<
Sr<Ni<Zn<Pb. The calculated sediment partition coef-
ficients are high and suggest that there is a large tenden-
cy for the metals to precipitate out from the water or that
the sediments have a large specific capacity to adsorb
the metals.

To determine the controlling factors for the distribu-
tions in water, the Pearson correlation matrix analyses
were carried out for 16 items, including metal concen-
trations and characteristics of water. No dependence of
the concentrations of the measured elements on the
water’s pH or EC was found. Al has obvious

Al
Fe

200
L Mn

100 -

-1
Kq(Lkg")

: | SR

S01 S04 $10 S12 S13 S14 S15

Fig. 3 Sediment partition coefficients of major elements (Al, Fe,
and Mn) in various locations in the study area
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Fig. 4 Sediment partition coefficients of trace elements in various locations in the study area

correlations with only few elements, namely, Fe, Cd,
and V (r=0.86-0.95). Mn is correlated strongly with Fe
and Pb (r=0.96-0.97), moderately with Cr, Sr, and V
(¥=0.90-0.94), and weekly with Co and Mo (»=0.84—
0.86). It seems that the previous seven elements exclud-
ing Mo are more or less related. The anthropogenic
pollution in the studied area does not only derive from
point sources, but also from diffuse input from human,
industrial, and agricultural activities. The solubility and
mobility of metals in water depend not only on their
concentrations, but also on their associations, chemical
properties, and environmental conditions. The results
may indicate the existence of two soluble Fe com-
pounds. This first one contains Al and Cd, and V is in
strong association to this compound. Moreover, another
Fe and Mn compound seems to exist to which Pb, Cr, Sr,
and V and possibly Co and Mo are associated. The
positive correlation among these elements may also
reflect similarity in their occurrences or geochemical
processes that contribute or control their behavior in
water. Another possibly related group of elements is
Ni, Cu, and Zn (r=0.92-0.97). The correlations among
these metals are probably indicating common influential
factors on their concentrations and could also be attrib-
uted to anthropogenic inputs of these metals. Since these
metals did not have significant correlations with Al, Fe,
or Mn, their existence in water may be associated with
carbonates. B is not correlated with any other element.
The highly soluble character of boron favors its release
into the aqueous environment (Chetelat and Gaillardet
2005; Marschall and Jiang 2011). B is a ubiquitous trace
element generally geogenic, but it can be due to

anthropogenic pollution sources from industries such
as ceramics, detergents, and fertilizers (Pennisi et al.
20006; Petelet-Giraud et al. 2009). It seems to be conser-
vative in rivers (Chetelat and Gaillardet 2005). B(OH);
and B(OH), are the two dominant aqueous species of
boron which seem to explain its lack of correlation with
other elements.

Pearson correlation matrices for the concentrations of
major and trace elements in both sediment and water
samples indicate the absence of strong or medium cor-
relation between the parameters. Weak correlations were
found between the concentration of Fe in sediment and
the concentration of Co, Cu, Ni, and Zn in water indi-
cating that the adsorption, and coprecipitation of these
metals on the iron oxides is not a major mechanism for
their accumulation in sediment. Possible correlations
exist between the concentrations of Mn in sediments
and the concentrations of Mn, Co, Cr, Ni, Pb, and Sr in
water. This may suggest that the deposition of these
metals is not related to the forms of Mn minerals in
sediment such as MnO,, MnCOs, and MnO(OH).

Conclusion

The trash and sewage inputs in the secondary canals are
responsible for the high TOM and CaCOj levels in the
sediments. The distributions of all measured elements in
sediments are uniform in the irrigation canals and the
Nile River. Slightly higher concentration of Fe, Cr, Cu,
Mo, Ni, and Sr in location C06 was observed which is
due to the higher concentration of the natural Al in this
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locations. Pb enrichment was found in location S12
when both absolute and Al-normalized concentrations
were considered. The EF values of Cd in the sediment
suggest moderate enrichment. The geoaccumulation in-
dices indicate that the sediments are unpolluted to mod-
erately polluted with respect to Cu. MPI values argue for
increasing load of contaminations in sediment as water
follows to the north and east of the study area. The
contamination factors are highest in the secondary irri-
gation canals and lowest in the Nile River. All locations
have moderate impact of ecological risk due to Cu, Pb,
and Zn. Among five trace metals, 7.7 % of samples
exceeding an individual consensus-based PEC for both
Cr and Ni resulted to be toxic to sediment-dwelling
organisms. The mean concentrations of many metals
in water are higher in the secondary irrigation canals.
The partition coefficients for all measured major and
trace metals are high, which leads to their accumulation
in the wetland. While zinc and lead and the three major
elements Al, Fe, and Mn are the most mobile elements
in the study area, vanadium is the least mobile.
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