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Abstract

Thirty-four chemical elements, pH, total nitrogen, and total organic carbon were determined in 49 bottom sediment samples from
the whole High Dam Lake in order to improve our understanding of geochemical characteristics of these sediments and
geochemical patterns of trace elements and related feeding sources. The present study revealed that the lake were clearly
discriminated into three portions in accordance with the sediment geochemistry and geographic position. Likewise, the analyzed
elements in the entire lake sediments were classified into six geochemical association patterns that are indicative of the contrib-
uting geogenic and anthropogenic sources. As has been noted here, mineralogy, anthropogenic inputs, pH, and organic matter
had significant roles in controlling the behavior, concentration, dispersion, and geochemical patterns of the trace elements in the
lake sediments. Consequently, the elevated concentration of Bi, Cd, Co, Cr, Cu, Fe, Ga, Mn, Mo, Ni, Sc, V, Y, and Zn posed
moderate contamination level in the sediments. At the same time, the enhancement of Ag, Se, and Te levels caused contamination
up to very high levels. Admittedly, the contamination levels were generated by natural and human activities that are coming from
the Nile basin countries. Despite progressive deterioration of these sediments, they still have economic applications.
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Introduction data have been used to study the historical record of heavy

metal input to the lakes, evaluate background concentrations,

The lake sediments are considered as the secondary environ-
ment for trace elements dispersion, composed of transport ma-
terials derived from the watershed (Ng and King 2004), and
they undoubtedly are a representative of upstream lithology
(Ranasinghe et al. 2009). The composition of lake sediments
allows us to understand the fate of transportation of the terres-
trial materials into the basins and the factors that control both
the distribution and geochemistry of sediments (Hedges and
Keil 1995; Bianchi et al. 2002). In addition, the lake sediment

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12517-018-4127-9) contains supplementary
material, which is available to authorized users.

P4 Mohamed Abdallah Gad Darwish
mohamed.darwish26 @yahoo.com

Geology Department, Faculty of Science, Aswan University,
Aswan 81528, Egypt

Mineralogy and geochemistry department, Faculty of Science III,
Halle University, Wittenberg, Halle, Germany

and assess relative increases in concentrations because of large-
scale anthropogenic influences (Jin et al. 2006). Consequently,
these sediments play a significant role in exploration and envi-
ronmental geochemistry (Ranasinghe et al. 2009). In the present
study, large volumes of the sediments sunk and accumulated in
the intact High Dam Lake, which exists beyond the High Dam
body, as a result of the sudden decreasing in speed of feeding
water of the Sudanese Main Nile due to collision with a huge
water mass of this lake. In the entire lake, the amount of sedi-
ments was estimated at 125 million tons yearly (Entz 1974),
reached 518.2 million m® in a period between 1987 and 1992
(El Dardir 1994), increased to 6000.2 million m® in 2007, and
enhanced to reach 7 milliard m® in 2012 as estimated by the
Egyptian High Dam Authority. Since more than 70% of the
Nile flow sediments were deposited in the upstream part near
Wadi Halfa in Sudan (El-Shabrawy 2009), a new Nile delta (ca.
200-km long, mostly subaqueous) was generated between Dal
Cataract and Abu Simbel (Mancy and Hafez 1983; El Dardir
1994). Sedimentation processes and related problems and pat-
terns, the progress of the delta formation, and the effects of
drought period 1979/1987 in the whole High Dam Lake have
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been assessed by Entz (1980); El Dardir (1987, 1994); Makary
et al. (2004); the Nile Basin Initiative Transboundary
Environmental Action Project (2005); and Moussa (2013).

In the southern part of the High Dam Lake (north Sudan),
the mineralogy and the volume of the lake sediments, derived
from the Blue Nile, White Nile, and Atbara River, and trapped
by Sudanese lake, were estimated by Garzanti et al. (2006,
2015) and Padoan et al. (2011). The most sediments consisted
of silts and sands derived from basic and intermediate volcanic
rocks and are representative of the provenances of Ethiopia and
Sudan with minor contributions from the underlying and sur-
rounding rocks (Ibrahiem et al. 1995). On the other hand, in the
middle and northern parts of the High Dam Lake (south Egypt),
the mineralogy of their sediments was studied by Philip et al.
(1977); El Dardir et al. (1988); Gindy (1991, 2001, 2015); and
Ahmed et al. (1993). In fact, the mentioned sediments were a
mixture of the Nile sediments and sandstone assemblage and
became mostly clayey sediments (Philip et al. 1977; El Dardir
1984). The lake sediments of the study area composed of silt,
clay, and sand arranged in their decreasing order of abundance
(El Dardir et al. 1988). Other studies revealed that montmoril-
lonite, kaolinite, and illite (Hassan et al. 1977; Sadiek 1987,
Khalifa et al. 1994) and smectite (Gindy 2001) are the dominant
clay minerals in these sediments.

Many investigations of trace elements in the sediments of
the High Dam Lake (south Egypt) have been carried out by
Sherief et al. (1978); El Dardir (1984); El Dardir et al. (1988);
Zaghloul et al. (1987); Awadallah et al. (1994); Ismail et al.
(1994); Ibrahiem et al. (1995); Moalla et al. (1997); Khater
et al. (2005); Abou El Ella and El Samman (2010); Darwish
(2013); and Goher et al. (2014).

To the authors’ knowledge and assessment of the published
and none-published literatures of the High Dam Lake, no one
has previously carried out geochemical survey for trace ele-
ments in the bottom sediments of the entire High Dam Lake.
Consequently, the main goal of this manuscript is to (i) deter-
mine the baseline levels of the trace elements, (ii) explore the
spatial distribution pattern of trace element association and
their contribution sources, (iii) determine the mechanism of
elemental associations, and (iv) assess the factors controlling
their accumulation and dispersion for economic significance
and environmental evaluation.

Description of the site

The High Dam Lake exists in the south Aswan city, extending
from the High Dam building in the southern part of Egypt
until Dahl’s cataract in the northern part of Sudan (Fig. 1).
The lake trends NE-SW direction and stretches for 480-km
long; 300 km in the south Egypt “known as Lake Nasser” and
180 km long in the north Sudan “called Lake Nubia” as seen
in Fig. 1b. Only one inflow channel is the Sudanese Main
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River drains into this lake and the conspicuous outflow is
the High Dam body, which allows pouring the lake water into
the Egyptian River Nile.

The High Dam Lake is characterized by a surface area of
about 6216 km?, mean width equals 12.5 km, dendritic shore-
lines of 9250-km lengths, and a volume of 157 km® (Said
1990). It also contains more than 120 billion m® of fresh re-
newable water (Shaltout 1998) and possesses a storage capac-
ity of 164 billion m®> when water reach a maximum depth of
182 m (Strzepek et al. 2008). Under those circumstances, the
study lake is regarded as one of the greatest man-made renew-
able freshwater reservoirs and the second largest artificial lake
in the world (Shaltout 1998) because it was created during the
construction of the High Dam building in 1960 and filled with
fresh water over the period 1964—1970 (Elsawwaf et al. 2012).
Thus, it is essentially considered as the fresh water bank in
Egypt.

Due to the situation of the lake in Sahara Desert, the lake is
located in a subtropical zone climate based on Koppen-Geiger
climatic classification system (McKnight and Hess 2000). The
surrounding area of the study lake is generally characterized
by an arid climate (hot desert climate), no annual rainfalls, a
very scanty shrub, and no land use.

The geology of the area around the High Dam Lake con-
sists of the Precambrian basement rocks of the Arabian-
Nubian Shield, which are overlain by Paleozoic, Mesozoic,
and Cenozoic sedimentary successions, respectively (Fig. 1b).
The Precambrian basement rocks consist mainly of high-grade
metamorphic rocks intruded by granite intrusions (El Gaby
1985; El Ramly and Hussein 1985; Khudeir 1983; El Gaby
etal. 1990; Garzanti et al. 2006). The sedimentary successions
have been investigated by Issawi (1982), Klitzsch et al.
(1987), Said (1990), Ibrahiem et al. (1995), Gindy (2001),
Garzanti et al. (2006), Sefelnasr (2007), Zaki (2009) ,and
Boshnaq (2012). They mentioned that the Paleozoic rocks
include Devonian and Carboniferous sandstones; Mesozoic
sedimentary successions consist mostly of Upper Jurassic
and Lower Cretaceous sandstones; Cenozoic successions are
represented by Tertiary rocks “Paleocene shales, limestones,
chalky and argillaceous limestones of Paleogene age” and
Quaternary deposits “fluvial deposits, piedmont gravels, grav-
el terraces, Tufas, fresh-water limestones, calcite, Playa de-
posits, Wadi filling materials, sand sheets and sand dunes of
Pleistocene and Holocene ages”; and finally these successions
were intruded by Tertiary basaltic rocks.

Methods
Sediment sampling

To achieve the aims of this paper, 49 samples had been col-
lected from the surface layer of the bottom sediment bed
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Fig. 1 a Sketch map showing the location of the High Dam Lake in south Egypt and north Sudan. b Schematic geological map of the High Dam Lake
digitized from maps of CONOCO (1987) and USGS (2004). Outlines of lithologies are explained in the text

covering the whole High Dam Lake: 27 samples from the 7
north and 20 middle parts (Lake Nasser) and 22 samples
from the south part (Lake Nubia) (Fig. 2). Sampling of the
sediment materials was performed using a grab sampler
and the sediments were taken with a plastic spoon to avoid
metal contamination. Afterwards, they were placed in PVC
bags, stored and frozen at minus 2 °C prior treatments and
chemical analyses.

Sediment preparation and analyses

In the laboratory, all samples were defrosted, wet screened to
minus 180 um grain size fraction that is suitable for the geo-
chemical survey, and air-dried at 20 + 3 °C. A hundred grams of
each homogenized and dried subsample obtained by cone and
the quarter method was re-dried again in the oven (<40 °C) to
constant weight. Subsequently, 20 g had been ground using the
agate mill in order to produce minus 63 pum grain size fraction
for chemical digestion. In order to achieve the geochemical

analysis, about 1 g of each produced subsample (minus
63 um) was used for the inductively coupled plasma mass
spectrometry (ICP-MS) determinations at the laboratories
of geochemistry of Martin Luther University, Halle-
Wittenberg, Germany. Consequently, 34 chemical elements
(Au, Ag, Ba, Bi, Cd, Co, Cr, Cu, Fe, Ga, Hf, Hg, Li, Mn,
Mo, Nb, Ni, Pb, Rb, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti, T1, U,
V, Y, Zn, and Zr) were analyzed following an HCI-HNO;—
H,O (7.2 mL:2.4 mL:1 mL) leaching in the microwave
apparatus using a multiple stage program: 6 min at
1000 W (160 °C), 9 min at 1000 W (195 °C), 20 min. at
700 W (195 °C), and 20 min for ventilation. The obtained
digested solutions were cooled to room temperature, fil-
tered, rinsed with deionized water for dilution to 50 mL,
and then used for chemical analysis.

For Fe determination, a further 1 g of the sub-sample (mi-
nus 63 um) was weighed into 100 mL Pyrex beakers to which
4 mL of (1:1) HNOs + 10 mL (1:4) HCI were added. The
contents were covered by watch glass and heated on a hot
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Fig. 2 High Dam Lake map
showing the sampling stations for
the bottom sediments (closed
circle)
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plate at 95 °C for 30 min. The produced digest was cooled,
washed with deionized water, filtered, and diluted to 100 mL
with the same water (Martin et al. 1994). The obtained clear
solutions were analyzed with flame atomic absorption spec-
trometry (AAS) at Aswan University, Egypt.

In order to measure pH value, 4 g of the sub-sample (minus
63 um) had been mixed with 80 mL Milli-Q-water, shaken
mechanically for 1 h and left for 20 h to settle down. The
produced clear solutions were measured for pH values using
SCHOTT pH-meter digital instrument at geochemistry labo-
ratories of Martin Luther University, Germany. The re-
calibration was carried out every 10th sample using standard
pH solutions (4 and 7) and measuring pH values for each
sample was recorded twice to an accuracy of 0.005 with the
mean value being reported.

Finally, for estimation of total organic carbon (TOC) and
total nitrogen (TN), inorganic carbonates were expelled by
heating the sub-samples (minus 63 pum) with HCI1 (10 vol.%)
on the hot plate at 70 °C to dryness (Gaebler 1997). After
cooling, TOC and TN contents were measured using a Vario
EL Hanau apparatus at the chemistry department of Martin
Luther University, Germany.

The quality control of the chemical analysis had been
achieved using international certified reference materials
(Buffalo river sediment). In the meantime, duplicate sam-
ples, the replicate analyses, and instrumental calibration
had been performed in each analytical set. The obtained data
were within the 95% confidence limits of the recommended
values for the mentioned standard substances. The determi-
nation of the chemical elements in THE Buffalo river sedi-
ment reference material and Merck multi-elements standard
solutions by using ICP-MS instrument gave good results
(Table 1).

Statistics

The processing of the obtained geochemical data of 49 lake
sediments samples was performed applying statistical treat-
ments, graphic representative plots, and mapping construc-
tion. Prior data processing, all analyzed elements notified as
being below the detection limit, including Au=96%, Hg =
77.6%, Sb="79.6%, and Nb =41% were removed from the
data because they could only give extremely restricted inter-
pretable information. Statistical techniques used here include
uni-, bi-, and multi-variate methods for making the geochem-
ical data sets possible to display the distribution of the single
element and elemental association, and identify their interre-
lations and groupings in order to simplify, compare, and
summarize these data for the purpose of subsequent
interpretation.

Descriptive statistics were calculated, and the normality of
the analyzed data was examined using a skewness, kurtosis,
and coefficient of variation. The populations of all variables

with highly skewed distributions cannot primarily be assumed
to be normally distributed. Then, the valid data were logarith-
mically transformed (base 10) prior applying bi- and multi-
variate methods. Non parametric statistical hypothesis test,
namely Wilcoxon signed-rank test, was used to assess whether
their population median ranks differ. To compare the means of
analyzed variables and assess the relationship of their concen-
trations in the sediments of the lake parts for recognizing
whether there is a significant difference, one-way ANOVA
for raw and log,, transformed data (at 95% confidence inter-
val) and Tukey’s (HDS) multiple range test were computed.
For validating the ability of the instrument to predict concen-
trating the elements in un-sampled stations near the High
Dam, linear regression analysis was used for this purpose.

Bivariate method named Pearson product-moment correla-
tion coefficient was applied to assess the relation between
variables’ concentrations and the lake parts. Nevertheless,
the multivariate statistical methods have been used for reduc-
ing the data sets into new homogenous groups according to
their geochemical properties and signatures. These methods
are represented by: (i) discriminant analysis, which was per-
formed to evaluate the efficacy of stream sediment geochem-
istry in distinguishing source areas (Rao 1963) and ensure the
homogeneity of variance where variables were combined to
form discriminant functions that maximized separating the
clusters. Here, the sediments of the three parts of the lake were
used as the grouping variable and served to validate and sup-
plement the cluster (Norusis 1988). (ii) Factor analysis was
used to ensure the homogeneity of variance and further nor-
malize the data (Reimann et al. 2002) as well as to characterize
different groups of chemical elements with approximately
similar geochemical patterns and gather the associated vari-
ables into a few factors (Harman 1970). Each factor can be
regarded as a single “type” of sediment produced by a unique
mode of formation (Ng and King 2004). Finally, the distribu-
tion of elemental association factor scores (produced by R-
mode factor analysis) is presented in the form of geochemical
maps.

Potential pollution assessment methods

For comprehensive and scientific assessment of potential pol-
lution generated by heavy elements of the lake sediments,
single pollution indices (geo-accumulation index (/4e,) and
contamination factor (C_if )) and integrated pollution indices
(contamination degree (C,) and pollution load index (PLI))
have been applied in the present study.

Geo-accumulation index

The geo-accumulation index was used to evaluate the quanti-
fication of pollution and related levels caused by the heavy
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Table 1
determined by ICP-MS instrument

Results of element concentrations in reference material of Buffalo river sediments (8704) and Merck multi-elements standard solutions

Buffalo river sediment

Merck multi-element standards

Element Certified value (mg/kg) Measured mean (mg/kg) Recovery %

Element Certified value (mg/l) Measured mean (mg/l) Recovery %

Ba 413 398 96.37
Cd 2.94 2.63 89.46
Co 13.57 10.41 76.71
Cr 121.9 114.69 94.09
Hf 8.4 7.18 85.48
Mn 544 429.81 79.01
Ni 429 39.94 93.10
Pb 150 133.27 88.85
Sb 3.07 292 95.11
Sc 11.26 8.92 79.22
Th 9.07 7.24 79.82
Ti 0.457 0.37 80.96
U 3.09 242 78.32
v 94.6 93.88 99.24
Zn 408 382.62 93.78

Au 1.00 1.045 104.5
Ag 1.00 1.041 104.1
Bi 10.00 8.798 87.98
Cu 1.00 1.013 101.3
Fe? 1.00 1.029 102.9
Ga 1.00 1.009 100.9
Hg 1.00 1.056 105.6
Li 1.00 0.971 97.1
Mo 5.00 4.808 96.16
Nb 1.00 1.119 111.9
Rb 5.00 5.400 108
Se 1.00 1.075 107.5
Sn 5.00 4.650 93

Sr 1.00 0.984 98.4
Ta 1.00 1.104 110.4
Te 5.00 4.945 98.9
Tl 1.00 0.940 94

Y 1.00 1.061 106.1
Zr 1.00 1.066 106.6

? Determined by AAS, recovery % = (average measured value/certified value) x 100

elements. The mathematical method proposed by Miiller
(1979) has been applied using the following equation:

Igeo = Log, {(15—%)} (1)

where C,, refers to the measured concentration of study ele-
ment in the sediment, B,, is the geochemical background of an
examined element (,,), and the factor 1.5 is used for the back-
ground matrix correction due to lithogenic influences. Seven
categories of /4., suggested by Miiller (1981) are identified in
Table 2.

Contamination factor

According to Hakanson (1980) and Liu et al. (2005), contam-
ination factor has been computed to describe and assess the
contamination of examining toxic elements in the sediments
applying the equation as follows:

T,
¢ == @

where C|,_, is the mean concentration of each element in the
sediment and C' refers to a baseline or background value.
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Four classes characterized by Hakanson (1980) and Pekey
et al. (2004) on the basis of contamination factor levels are
given in Table 2.

Contamination degree

Contamination degree can recognize and evaluate the toxic
element contamination in the sediments. Based on the method
of Hakanson (1980), the contamination degree of the environ-
ment can be calculated as the sum of the contamination factors
for all elements of interest using this formula:

mo

Ca= 2 C (3)
=

where Cj,- refers to the contamination factor, and m is the

number of the heavy metal species. As seen in Table 2, four
contamination degrees have been classified based on the sug-
gestion of Caciro et al. (2005) and Pekey et al. (2004).

Pollution load index

Cabrera et al. (1999) and Liu et al. (2005) suggested the meth-
od of pollution load index calculation in order to provide a
simple and comparative evaluation of heavy metal pollution
level at each sampling station. The pollution load index can be
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computed as the mth root of the product of the (m) contami-
nation factor (C? ) following equation proposed by both au-
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Table 3 Results of linear regression analysis of the High Dam Lake bottom sediments’ data and their predicted concentrations (49 samples)
Variable Fvalue R Adjusted R? pvalue Regression, y=a+ bx Predicted variables near high dam at distance of 25 km Unit
Ag 0.000 0.000 —0.021 0.996 y=376.147-0.002 x x 376.11 pg/kg
Ba 0.178 0.004 —0.017 0.675 y=155.083+0.021 xx 155.60 mg/kg
Bi 0.002 0.000 —0.021 0.965  y=90.729 +0.003 x x 90.81 ug/kg
Cd 1.936 0.040 0.019 0.171  y=138.676—0.066 x x 137.04 ug/kg
Co 54.686 0.538  0.528 <0.0001 y=—3384.838+76.720 x x —1466.85 ug/kg
Cr 28232 0375 0.362 <0.0001 y=22,468.736 + 139.805 x x 25,963.9 ug/kg
Cu 0418 0.009 —0.012 0.521 y=425+14.727 xx 42,840.7 ug/kg
Fe 30.340 0392 0.379 <0.0001 y=32,337.50+84.455xx 34,4489 mg/kg
Ga 0.768 0.016 —0.005 0.385  y=41,504.455—-25.943 xx 40,855.9 ng/kg
Hf 9262 0.165 0.147 0.004 y=1058.581-1.364 xx 1024.47 ug/kg
Li 16.194 0256  0.240 0.0002 y=20,526.965—-25.612 x x 19,886.7 ugkg
Mn 40.713 0464  0.453 <0.0001 y=—163.844+2.675xx —96.97 mg/kg
Mo 1.191 0.025 0.004 0.281 y=—1909.791+ 12.058 x x —1608.34 pg/kg
Ni 7.732 0.141  0.123 0.008 y=34,682.228 +74.387 x x 36,5419 pg/kg
Pb 2471 0.050 0.030 0.123  y=9580.130—6.166 x x 9426.0 ug/kg
Rb 0.579 0.012 —0.009 0.451 y=29,663.411—-10.336 xx 29,405.0 ug/kg
Sc 3.960 0.078  0.058 0.052 y=7705212+18.251 xx 8161.5 ugkg
Se 27.523 0369  0.356 <0.0001 z=4609.927—-9.684 x x 4367.8 ng/kg
Sn 0.018 0.000 —0.021 0.893  »=1982.447—-0.149 xx 1978.7 ugkg
Sr 23.908 0337  0.323 <0.0001 y=34,183.921+146.639 x x 37,849.9 ugkg
Ta 10.585 0.184  0.166 0.002 y=988.763 -1.258 xx 957.31 ug/kg
Te 0.810 0.017 —0.004 0373 y=125.227+0.093 xx 127.56 ug/kg
Th 0.003 0.000 —0.021 0.960 y=5376.213+0.188 xx 5380.9 ug/kg
Ti 45871 0494  0.483 <0.0001 y=—209.883 +3.650 x x —118.62 mg/kg
Tl 0.584 0.012 —0.009 0.448 y=239.976—0.091 xx 237.70 ugkg
U 14.808 0.240  0.240 0.0004 y=649.308+2.837 xx 720.23 ng/kg
A% 51.453 0.523  0.512 <0.0001 y=-30,358.051 +423.045 xx —19,781.9 ngkg
Y 5436 0.104 0.085 0.024 y=16,041.807 +27.303 xx 16,724.4 ugkg
Zn 20.009 0.299  0.284 <0.0001 y=34,834.648 +122.390 x x 37,894.4 ugkg
Zr 0.065 0.001 —0.020 0.800 y=25,160.180—3.658 x x 25,068.7 ugkg
pH 115.07 0.71 0.704 <0.0001 y=6.607+0.004 x x 6.71 Unity
TOC 85.823 0.646  0.639 <0.0001 y=2.207—-0.004 x x 2.11 wt%
TN 51.325 0522 0.512 <0.0001 y=1.120—0.002 x x 1.07 wt%

pH alogarithmic measure of hydrogen ion concentration, 7OC total organic carbon, TN total nitrogen, a the y-intercept, b the slope, x the independent or
predictor variable (distance), y the dependent or response variable

the median values of Hf, Mo, and Ta display no significant
difference with those of Mn (raw data and log,, data), except
for Ta (p value > 0.05). As well, the median values of Cr and
Ni do not show a statistically significant difference with the
median of Fe (raw data) while Cr and Zn give the same result
with the logarithm data of Fe. Thus, it is more realistic to
accept the null hypothesis and this reflects that the elements:
Cr, Hf, Mo, Ni, Ta, and Zn have close relation with detritus Fe
and Mn minerals. On the contrary, other concerned elements
exhibit significant statistical differences of their medians with
those of distance, Fe, Mn, pH, TN, and TOC (p values < 0.05),
rejecting the null hypothesis.

@ Springer

One-way ANOVA

One-way ANOVA and mean comparisons calculation of the
examining variables expect that the variables’ contents in the
north, middle, and south parts of the lake should be different,
despite this contravenes with the null hypothesis adopted
here. Indeed, most variables reject the null hypothesis, but
the remaining elements, particularly Ag, Ba, Cd, Ga, Mo, Pb,
Rb, T1, and Zr accept it (Supplementary Table 3). Regarding
the results of log o data, they give the same results except Mo
because the latter acquires the F' value of about 12 times
exceeding that of the raw data. In Supplementary Table 3,
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Fig. 3 Histograms with their superimposed normal fitting curves of Ag and some selected elements in the bottom sediments of the High Dam Lake

based on the raw and log;q converted data, more than half of
elements possesses the p values below 0.05 and various F
values. Also pH, TN, and TOC possess the similar differ-
ence, although they have p values equal to zero, high F
values, and little variation in their mean + SE values within
the lake parts. In brief, these results support the significant
difference of the considered variables and geochemistry of
the sediments in the three parts of the High Dam Lake. This

reveals that the geographic and geological effects on levels
and dispersions of the mentioned variables are considerably
strong.

Linear regression analysis

The correlation relationships between the analyzed variables
and the downstream distance of the study lake were

@ Springer
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Fig. 4 Scatter plot showing the 320
relation between Fe/Mn ratios and
their corresponding distance in
the bottom sediments of the High
Dam Lake
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estimated using the linear regression analysis (Table 3). The
concentration of about half variables shows upstream de-
creasing trend; however, the remaining variables (Ag, Co,
Cr, Cu, Hf, Mn, Mo, pH, Se, Sr, Ti, TN, TOC, U, V, and
Zn) increase southward. Consequently, Fe, Mn, pH, TOC,
and Fe/Mn ratio (Figs. 3 and 4) could play an essential role in
controlling the concentrations and distributions of the con-
cerned elements, and geochemical nature of the sediments
within the lake parts. This finding is powered by (i) the pos-
itive correlation of Fe with Mn, Co, Cr, and Zn (+*=0.679,
0.513, 0.342, 0.278, respectively); (ii) Mn is positively cor-
related with Co, Fe, V, Ti, Zn, and Cr (r2 =0.786, 0.0.679,
0.510, 0.507, 0.478, 0.448, respectively); (iii) the total or-
ganic carbon is positively correlated with Mo, TN, Ti, V, Cr,
and Se (% = 0.475, 0.363, 0.308, 0.303, 0.243, 0.234, respec-
tively); and (iv) pH exhibit positive correlation with V, Ti,
TOC, TN, Mn, Co, Zn, Cr, and Sr (r2 =0.614, 0.598, 0.514,
0.577, 0.415, 0.360, 0.280, 0.272, 0.254, respectively). It is
important to mention that the present results are in agreement
with the suggestion of Reedman (1979) who revealed that
the role of organic matter in the secondary dispersion is ex-
tremely considerable to form element-organic complexes
and the role of pH at which the hydroxide of the mentioned
elements precipitated as known as the pH of hydrolysis. In
addition, these results are also in accordance with proposi-
tions of Holmstrém and Ohlander (2001), Land et al. (2002),
and Avila et al. (2005) who detected that co-precipitation or
adsorption of those elements were occurred by Fe and Mn
oxides, hydroxides, and oxyhydroxides.

The prediction for Bi, Sn, Th, and Zr values in the sedi-
ments is clearly the poorest among the group of remaining
elements (p value >0.8 and R*=0) as indicated by their
concentrations increase northward due to the presence of
fine-grained minerals, mud fraction, colloidal particles, and
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clay minerals. These materials control element concentra-
tions and their dispersions via adsorption on these particu-
lates that hold cations by virtue of unsatisfied electric
charges at crystal edges and within the lattice layers (Hirst
1962; Reedman 1979).

Pearson’s correlation coefficient

Concerning the relationship between the variables’ levels
and the lake parts as obtained by the matrix of Pearson’s
correlation coefficients (Table 4). Firstly, the northern part
of the lake is positively correlated with TN, Se, TOC, Mo,
Ta, and Hf, indicating the important function of organic mat-
ter to accumulate and scavenge the associated elements
(Hirst 1962; Davis and Leckie 1978; Kaiser and Zech
2000; Pokrovsky and Schott 2002). Secondly, the middle
part of the lake is positively correlated with Th, Bi, Sn, and
Li, suggesting a presence of carbonates and detritus Sn-
bearing minerals (Ionov et al. 1993; Jiang et al. 2004;
Norra et al. 2006), K-feldspare (Garzanti et al. 2006) and
monazite. Thirdly, the southern part (Lake Nubia) has posi-
tive correlation with V, Mn, pH, Co, Ti, Sr, Zn, Cr, Te, Fe, Ni,
U, and Cu, reflecting that the considered elements were
trapped by detrital Fe-Mn minerals (Fe and Mn oxides, hy-
droxides, and oxyhydroxides) with significant roles of pH
values (Rovira et al. 2008). As well, these elements were
derived from Fe—Ti—Cr oxides (Garzanti et al. 2015), titanite
(Padoan et al. 2011), rutile, ferromagnesian minerals and
rock fragments, and grains represented by volcaniclastic
mud and metamorphiclastic sand (Padoan et al. 2011), and
fragments of volcanic and basement rocks (Garzanti et al.
2006) existed in the sediments of Atbra River, the Blue
Nile, and the main Nile.
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Table4  Pearson product moment correlation matrix between variables’
concentrations and three parts of the High Dam Lake (log;, data, 49
samples)

Variable North Middle South

Ag 0.129 -0.018 -0.074
Ba -0.115 0.049 0.032
Bi -0.302 0.494 -0.275
Cd 0.087 -0.021 —0.040
Co -0.367 —0.456 0.709
Cr -0.542 - 0.147 0.526
Cu 0.130 - 0.386 0.290
Fe - 0.648 0.024 0.432
Ga 0.206 - 0.296 0.147
Hf 0.379 0.051 -0317
Li 0.134 0.457 = 0.545
Mn —0.546 -0.326 0.706
Mo 0.453 -0.179 -0.142
Ni —0.158 - 0.288 0.395
Pb 0.144 0.191 = 0.290
Rb -0.014 0.114 -0.103
Sc - 0.625 0214 0.229
Se 0.608 - 0.349 -0.082
Sn - 0.489 0.480 -0.130
Sr 0.033 - 0.663 0.632
Ta 0.385 0.113 -0.383
Te 0.118 - 0.611 0.521
Th - 0.524 0.661 —0.284
Ti —0.425 - 0.381 0.675
Tl —0.051 0212 -0.173
U —0.189 - 0.220 0.351
A% -0.329 - 0519 0.744
Y - 0.686 0.244 0.241
Zn -0.128 -0517 0.600
Zr 0.051 -0.018 -0.018
pH -0.526 - 0333 0.699
TOC 0.538 0.053 - 0.431
N 0.638 0.108 - 0.556

Italic numbers are significant correlated at p <0.05

pH a logarithmic measure of hydrogen ion concentration, 7OC total or-
ganic carbon, 7N total nitrogen

Discriminant analysis

The classification matrix of the discriminant function
analysis (Table 5) exhibits the classification of the lake
sediment geochemistry and related sampling locations in-
to the three divisions with an overall accuracy of 95.9 (of
cross-validated grouped cases) and 100% (of original
grouped cases) with attention to most significant misclas-
sifications include assigning nearly 5% of the middle part
samples as the south part samples and vice versa.

Table 5 Classification table of discriminant function analysis of the
High Dam Lake bottom sediments’ data (log;o, 49 samples)

Lake parts Predicted group membership  Total
North  Middle  South
Original Count North 7 0 0 7
Middle 0 20 0 20
South 0 0 22 22
% North 100 0 0 100
Middle 0 100 0 100
South 0 0 100 100
Cross-validated® Count North 7 0 0 7
Middle 0 19 1 20
South 0 1 21 22
% North 100 0 0 100
Middle 0 95 5 100
South 0 4.5 95.5 100

100.0% of original grouped cases correctly classified. 95.9% of cross-
validated grouped cases correctly classified

#Cross validation is done only for those cases in the analysis. In cross
validation, each case is classified by the functions derived from all cases
other than that case

Therefore, the inspection of these specific cases shows
that fewer than 10% of the misclassified samples exist
on the uncertain and broad boundaries among the lake
parts.

Regarding to the structural matrix of the discriminant anal-
ysis, Table 6 displays two functions as follows: function (1) is
responsible for 77.07% of the variance and is high in Y, Sc, Fe,
Th, Sn, Cr, Mn, pH, and Ti, and low in Hf, Mo, TOC, TN, and
Se. It separates the elements complexed with organic matter
from those associated with the detrital heavy minerals, ferro-
magnesian minerals, and Fe and Mn materials. Where Y, Sc,
and Th are accommodated in monazite structure (Gramacciol
and Segalstad 1978; Park and Cha 1999) and Fe, Sn, Y, Sc,
and Th could be detected in cassiterite as substituting elements
(Masau et al. 2000; Jiang et al. 2004). In the same fashion, Fe
and Mn were recorded in the detritus mineral structure
(Gaspar and Wyllie 1984; Schroeder et al. 2002) when (i)
the diffusion of oxidized Fe and Mn from the ilmenite grain
structures had occurred (Gaspar and Wyllie 1984; Schroeder
et al. 2002) and (ii) ilmenite altered to leucoxene, rutile, ana-
tase, and hematite (Miicke and Bhadra Chaudhuri 1991;
Suresh Babu et al. 1994), and goethite and MnO, precipitated
(Schroeder et al. 2002). At this instant, the produced second-
ary Fe and Mn materials able to co-precipitate or adsorb the
associated elements with a function of pH (Holmstrém and
Ohlander 2001; Land et al. 2002; Avila et al. 2005; Rovira
et al. 2008). The element association in this function was
essentially derived from Fe-Ti—Cr oxides of Sudanese coun-
try (Garzanti et al. 2015), titanite, monazite, volcaniclastic
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Table 6  Structure matrix of discriminant function analysis of the High
Dam Lake bottom sediments’ data (log;o, 49 samples)

Structure matrix

Variable Function
1 2

Ag -0.124 0.049
Ba 0.115 —0.008
Bi 0.367 0.370
Cd —0.085 0.023
Co 0.266 = 0.681
Cr 0.482 — 0441
Cu -0.187 —0.345
Fe 0.610 -0314
Ga -0.243 —0.208
Hf - 0.346 0.254
Li —0.048 0.559
Mn 0.456 —0.635
Mo —0.454 0.046
Ni 0.099 —0.391
Pb -0.103 0.280
Rb 0.032 0.115
Sc 0.621 -0.099
Se - 0.628 —0.055
Sn 0.539 0.257
Sr —0.143 - 0.692
Ta —0.341 0.323
Te -0.214 -0.593
Th 0.602 0.432
Ti 0.333 —0.630
Tl 0.083 0.200
U 0.140 -0.335
\Y% 0.220 -0.728
Y 0.684 —0.098
Zn 0.032 —0.620
Zr —0.051 0.008
pH 0.436 -0.632
TOC —0.494 0.339
N - 0.579 0.450

Pooled within-groups correlations between discriminating variables and
standardized canonical discriminant functions. Largest absolute correla-
tion between each variable and any discriminant function are in italics

pH a logarithmic measure of hydrogen ion concentration, 7OC total or-
ganic carbon, TN total nitrogen

mud, and metamorphiclastic sand from the main Nile, Atbara
River, and the Blue Nile (Padoan et al. 2011). Additionally, it
was sourced by volcanic rock fragments, olivine, and pyrox-
ene of basaltic rocks from Atbara River, hornblende of base-
ment rocks from the Blue Nile, and Eolian sand (Garzanti
et al. 20006).
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Fig. 5 Plot of canonical discriminant functions 1 vs 2 from discriminant
function analysis of the geochemical data matrix of the High Dam Lake
bottom sediments

Function (2) describes 22.94% of the total variance and
contains high positive correlations among Li, TN, Th, and
Bi. In fact, Bi is a main constituent of bismutite while Li
accommodate in calcite (Mason 1987) and K-feldspar
existed in the Blue Nile sediments (Garzanti et al.
2006). Moreover, clay minerals and clay particles have
the ability to adsorb Li, Th and Bi (Hirst 1962; Sahu
and Mukherjii 1983; Rath et al. 2009), and TN (Prost
et al. 1998; Rozi¢ et al. 2000). For that reason, it is more
realistic to mention the importance of clay minerals, mud
fraction, and fine particles that trap the elements discrim-
inated in this function either by selective adsorption or
combined structurally in their lattices (Hirst 1962; Hall
et al. 1998; Reith et al. 2005; Rath et al. 2009). This
interpretation is more accepted since the bottom sedi-
ments of the lake under investigation are mostly clayey
sediments (Philip et al. 1977; El Dardir 1984) and contain
carbonate minerals as well.

Figure 5 presents that function 1 discriminates the sed-
iments of both the middle and south parts from the sedi-
ments deposited in the north part of the lake and function
2 helps in separating the sediments accumulated in both
the north and middle parts from those deposited in the
south part of the lake. The remarkable strong and clear
separation of three parts of the lake without overlapping
refers to the variation in the geochemistry of the lake
sediments that were sourced by various lithological inputs
besides anthropogenic contributions of the Nile basin
countries. Eventually, the performed discriminant analysis
succeeded to recognize the Lake Nasser from Lake Nubia
and this discrimination is compatible with the geographic
position of both Lakes.
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Table7 Rotated component matrix of factor analysis of the High Dam Lake bottom sediments’ data (log;o, 49 samples)
Variable Component Communality
1 2 3 4 5 6

Ag 0.034 -0.292 0.041 0.675 0.101 -0.419 0.729
Ba 0.355 0.790 0.076 -0.229 0.163 -0.077 0.840
Bi -0.228 0.313 0.384 —-0.129 0.650 —0.261 0.804
Cd 0.095 0.293 0.048 0.169 —0.064 0.648 0.550
Co 0.937 —0.161 0.107 0.118 0.124 —0.007 0.945
Cr 0.695 —0.042 0.398 —-0.225 0.123 0.097 0.719
Cu 0.800 0.369 —0.308 0.071 -0.179 0.122 0.922
Fe 0.729 0.266 0.535 —-0.186 0.145 0.006 0.944
Ga 0.613 0.426 —0.506 —0.204 -0.225 —0.046 0.906
Hf —-0.110 0.140 0.072 0.932 —0.134 0.032 0.924
Li —0.120 0.814 0.215 0.190 —0.397 0.094 0.925
Mn 0.840 —0.057 0.327 —0.099 0.214 0.100 0.881
Mo —0.054 0.351 —0.433 0.205 0.118 0.111 0.382
Ni 0.889 0.280 —0.051 -0.014 -0.134 0.046 0.892
Pb 0.141 0.529 0.052 0.281 —0.506 0.111 0.650
Rb 0.345 0.848 0.033 —0.039 —0.244 0.028 0.901
Sc 0.287 0.124 0.869 0.169 0.122 0.183 0.930
Se 0.010 0.396 —0.761 —0.296 —0.047 0.282 0.906
Sn 0.094 0.531 0.772 —0.066 —0.059 0.081 0.901
Sr 0.449 —0.339 -0.397 —-0.154 0.515 0.004 0.763
Ta —0.181 0.193 0.058 0.903 —0.078 0.033 0.896
Te 0.287 —0.067 —0.404 -0.319 0.305 0.501 0.697
Th —0.185 0.059 0.832 0.184 —0.132 -0.177 0.812
Ti 0.718 —-0.517 0.106 —0.032 —-0.019 0.094 0.805
Tl 0.085 0.869 0.244 0.001 0.214 0.181 0.901
U 0.139 —0.200 0.085 0.040 0.852 0.105 0.805
\% 0.668 —0.604 0.076 0.115 0.210 0.033 0.875
Y 0.179 0.020 0.881 0.135 0.265 0.111 0.909
Zn 0.935 0.013 —0.149 —0.020 —0.033 —0.006 0.898
Zr 0.153 0.027 0.232 0.768 —0.009 0.256 0.733
pH 0.440 -0.759 0.179 -0.171 0.214 —-0.109 0.889
TOC —0.206 0.757 -0.219 0.285 —0.100 0.269 0.827
TN —0.387 0.435 —0.408 0.177 —0.289 0.291 0.706

Extraction method: principal component analysis. Rotation method: varimax with Kaiser normalization. Rotation converged in eight iterations; factor

loadings exceeding the absolute value of 0.5 are written in italics

pH alogarithmic measure of hydrogen ion concentration, 7N total nitrogen, 7OC total organic carbon

Factor analysis

Six rotated factor loadings were successfully extracted from
33 variables (Table 7) with the criterion of an eigenvalue > 1
(Fig. 6) and explained 82.33% of the total variance as reported
in Table 8. The results of KMO (Kaiser-Maeyer-Olkin mea-
sure of sampling adequacy) and Bartlett’s test of sphericity in
the present research were 0.567 and 2281.226 (p <0.05), re-
spectively, indicating that the applied factor analysis is useful
for the dimensionality reductions. Therefore, the generated

factor scores’ associations were plotted in the form of geo-
chemical maps (Figs. 7a—c and 8a—c) with conspicuous
threshold values identified at 95th percentile. Factor scores
association F1 (Co—Zn—-Ni—-Mn—-Cu-Fe-Ti-Cr-V-Ga) ac-
counts for 22.75% of the total variance (Tables 7 and 8) and
is characterized by factor scores’ values exceeding unity as
observed in the sediments of the south part (Lake Nubia)
while the lower scores’ values move away toward the middle
and northern parts of the lake (Lake Nasser) (Fig. 7a). The
element association of factor scores F1 is possibly controlled
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Fig. 6 Scree plot for the factor
analysis (varimax rotation) with
all variables (33) of logo
transformed data of the bottom
sediments of the High Dam Lake

Eigenvalue

by detrital hematite, magnetite, ilmenite, pyroxene, tourma-
line, amphibole, epidote, zoisite, garnet, biotite, rutile, and
staurolite (Gindy 2001; Garzanti et al. 2006), Fe-Ti—Cr oxides
(Garzanti et al. 2015), titanite, monazite, volcaniclastic mud
and metamorphiclactic sand (Padoan et al. 2011), volcanic
rock fragments (Garzanti et al. 2006), and Eolian sands
(Garzanti et al. 2006; Boshnaq 2012). The mentioned geolog-
ic materials were recorded in the lake and considered as the
main sources of these elements. With respect to clay minerals,
fine-grained minerals and mud fraction, they should be taken
into account because they are considered to play a role in
scavenging the trace elements in the lake sediments.

Factor scores association F2 (TI-Rb—Li-Ba—TOC-Sn—Pb)
explains 19.93% of the total variance (Tables 7 and 8) and
clearly appears in the sediments of the middle part of the lake
(Fig. 7b). It refers to a spatial correlation with carbonate ma-
terials, calcareous grains, K-feldspar, detrital mica, and organ-
ic matter because Ba, Pb, Li, and Rb are related to carbonate
materials (Mason 1987; Ionov et al. 1993) and K-feldspar
from the Blue Nile (Garzanti et al. 2006), and Sn is controlled
by calcareous detritus grains (Hirst 1962). Moreover, all ele-
ments associated in this factor can be influenced by organic
matter (Hirst 1962; Xiangping et al. 2012) because it has abil-
ity to form complexation with these elements by means of
adsorption processes (Davis and Leckie 1978; Pokrovsky
and Schott 2002). It found that the organic matter can be
adsorbed on clay minerals (Kaiser and Zech 2000), finer frac-
tions which have a good correlation with organic matter (Rath
etal. 2009), quartz grains (Gindy 2015), calcite, dolomite, and
magnesite of lithogenic sources (Thomas et al. 1993) and at-
mospheric relevant particles that added to the bottom lake
(Grassian 2001).
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Factor scores association F3 (Y-Sc—Th—Sn—Fe) interprets
16.50% of the total variance (Tables 7 and 8) and the highest
F3 factor scores (reach 1.4) scatter along the sediments of the
middle part of the lake (Fig. 7c). This association can be ex-
plained by the presence of resistant accessory minerals like
monazite, titanite, xenotime, and cassiterite that introduced
into the lake by geogenic factors. This is supported by (i) the
elemental association could be detected in cassiterite (Jiang
et al. 2004) in which Fe was dominant substituting element
(Masau et al. 2000); (ii) Fe, Y, and Sn are common impurities
in titanite from the sediments of Atbara River, the Blue Nile,
and the main Nile (Padoan et al. 2011); (iii) Y, Sc, and Th
accommodated in monazite structure (Gramacciol and
Segalstad 1978; Park and Cha 1999); and (iv) Th and Y
existed in xenotime structure (Asami et al. 2002).

Factor scores association F4 (Hf-Ta-Zr-Ag) clears
10.90% of the total variance (Tables 7 and 8). The related high
values are monitored in the sediments of the middle and the
north parts of the High Dam Lake (Fig. 8a) owing to geologic
and anthropogenic activities. For instance: (i) Hf, Ta, and Zr
are indicative of detritus zircon grains in which substitution
occurred in their structure either by simple or coupled substi-
tution mechanism (de Barros et al. 2010); (ii) Ag can be lib-
erated by rapid oxidation of galena and dispersed into the
secondary environment (Yilmaz 2003); and (iii) Ag might be
derived from anthropogenic particulate generated by human
activities such as medical wastes of hospital laboratories,
chiefly radiographic films (Rantitsch 2004), and industrial
radiography applications. In the latter two cases of Ag
produced by geogenic and anthropogenic factors, Ag can be
captured and transported by clay minerals and mud fractions
from the south part to reach the middle and north parts of the
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Table 8  Total variance explained in factor analysis of the High Dam Lake bottom sediments’ data (log;, 49 samples)

Component  Initial eigenvalues Extraction sums of squared loadings Rotation sums of squared loadings
Total % of Variance ~ Cumulative %  Total % of Variance ~ Cumulative %  Total % of Variance ~ Cumulative %
1 8.259  25.027 25.027 8.259  25.027 25.027 7506  22.747 22.747
2 7.048  21.357 46.384 7.048  21.357 46.384 6.576  19.927 42.674
3 5.665  17.166 63.550 5.665  17.166 63.550 5445  16.500 59.174
4 3.251 9.851 73.401 3.251 9.851 73.401 3.598  10.903 70.076
5 1.845 5.590 78.991 1.845 5.590 78.991 2.595 7.864 77.941
6 1.101 3.336 82.327 1.101 3.336 82.327 1.447 4.386 82.327
7 0.994 3.011 85.338
8 0.846 2.563 87.901
9 0.749 2.269 90.170
10 0.616 1.866 92.036
11 0.552 1.674 93.710
12 0.411 1.246 94.956
13 0.253 0.766 95.722
14 0.228 0.691 96.413
15 0.214 0.648 97.061
16 0.189 0.572 97.633
17 0.142 0.429 98.062
18 0.116 0.351 98.414
19 0.095 0.288 98.702
20 0.081 0.246 98.947
21 0.066 0.200 99.148
22 0.058 0.176 99.324
23 0.055 0.168 99.492
24 0.043 0.130 99.623
25 0.033 0.101 99.723
26 0.025 0.076 99.800
27 0.020 0.060 99.859
28 0.014 0.044 99.903
29 0.012 0.036 99.939
30 0.009 0.026 99.965
31 0.006 0.019 99.984
32 0.004 0.013 99.996
33 0.001 0.004 100.000

Extraction method: principal component analysis. Rotation method: varimax with Kaiser normalization

High Dam Lake. Also, Ag could combine with sulfide,
bicarbonate, or sulfate, as part of more complex ions or
adsorbed onto particulate matter (Eisler 1996).

Factor scores association F5 (U-Bi—Sr) demonstrates
7.86% of the total variance (Tables 7 and 8) and commonly
exists in the sediments of the Lake Nubia (Fig. 8b). This as-
sociation seems to be controlled by detrital carbonate minerals
and is a sign to support the lithologic source here in view of
the substitution of tetravalent uranium for divalent calcium
occurred in calcite structure, and subsequently tetravalent ura-
nium has a stable location in calcite (Sturchio et al. 1998). Just
like Bi and Sr are related to carbonate minerals (Ionov et al.

1993; Norra et al. 2006). Also, Sr concentrated in the sedi-
ments containing aragonite (Hirst 1962) and detected in cal-
cite (Mason 1987) and Lower Cretaceous dolomite crystals
(Wogelius et al. 1992).

Factor scores association F6 (Cd-Te) elucidates 4.39% of
the total variance (Tables 7 and 8) and the majority of the
higher positive scores are predominantly scattered in the sed-
iments of the Lake Nubia (Fig. 8c). The close association of
both elements refers to Cd—Te solid and liquid alloys (Amzil
et al. 1997) and their formation cannot be explained upon the
basis of current geological knowledge because they are syn-
thetics, most likely from anthropogenic activities in Sudan and

@ Springer
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Fig. 7 Factor scores association maps (a—c) for the factors 1-3, respectively, in the bottom sediments of the High Dam Lake

the upstream Nile basin countries. These alloys can be
adsorbed or trapped by clay minerals and mud fractions in
the sediments (Hall et al. 1998; Reith et al. 2005) and
transported northwards to few sites in the Lake Nasser.

It can be noticed that factors 2 and 5 are related to detritus
carbonates and calcareous materials, despite that there is no
correlation between both factors. A lack of correlation might
be referred to the carbonate materials derived from different
sources like Precambrian basement rocks, Tertiary limestones,
Quaternary tufas, limestones, calcite, probable anthropo-
genic activities, and photosynthetic precipitation of
CaCOs;. Although U and Th are distributed in both factors
3 and 5 and their concentrations exceed the average con-
centrations in the upper continental crust, the levels of
radioactivities in the sediments and water of the whole
lake are within the normal concentration ranges as men-
tioned by Ismail et al. (1994), Ibrahiem et al. (1995), and

@ Springer

Khater et al. (2005). In the scope of the findings of var-
ious statistical analyses and the spatial distributions of
elements’ associations, the water speed, gradient, and
amount of the sediments cannot be neglected because they
play more significant role in controlling the sediments
geochemistry and deposition of coarse-grained fractions
in the Lake Nubia and the finest in the Lake Nasser, es-
pecially in the north part.

Pollution assessment

Based on the calculation of /,, values, the majority of chem-
ical elements is clearly to be un-contaminants and character-
ized either by negative or low values (/oo <1) as shown in
Table 9. Otherwise, the remaining elements, chiefly Ag, Ni,
Se, and Te are generally contaminants and then the entire lake
sediments can be assessed as moderate to heavily polluted
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F4: Hf-Ta-Zr-Ag
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Fig. 8 Factor scores association maps (a—c) for the factors 4-6, respectively, in the bottom sediments of the High Dam Lake

with Ag and Te. It is found that the heavy pollution caused by
Se was recorded in the sediments of the middle and south parts
of'the High Dam Lake and it enhanced, in particular, along the
sediments of the north part of the lake to reach extreme pol-
lution. Lastly, Ni yields only moderate pollution in the sedi-
ments of the Lake Nubia. According to the mean values of
Iyco, the contaminants of interest can be arranged as follows:
Se>Ag>Te>Ni.

The scale of the contamination factor and the computed
results (Tables 2, 9) demonstrate that 43.3% of analyzed ele-
ments causes low contamination (CF < 1) without dangerous
effect upon the sediment materials, but 56.7% of these ele-
ments enriched and turns to input various contamination
levels (CF > 1) in the whole High Dam Lake sediments.
Clearly, the contents of Ag, Se, and Te increased in the entire
lake sediments to reach very high contamination level except
Se in the middle part of the lake generate considerable

contamination. Other elements like Cd, Co, Cr, Cu, Fe, and
Ga contributed moderate contamination level in the entire
lake, similar to Mo and Ni in the north part; Bi, Ni, Sc, V,
and Y in the middle part; and Mn, Mo, Sc, V, Y, and Zn in the
south part in which Ni could reach a considerable level of
contamination.

As a consequence of contamination levels, the consid-
ered contaminants reach a considerable degree of contami-
nation in the sediments of the south and middle parts (av-
erage 58.6 and 54, respectively) and increase up to a very
high degree of contamination (average 117.4) in the sedi-
ments of the north part of the lake (Table 10). For confir-
mation of the generated pollution and contamination, the
calculated pollution load index verifies the significant pol-
lution that caused a progressive deterioration on the entire
sediments of the lake (Table 10), in spite of the surrounding
area of the Lake Nasser is not recognized by the major

@ Springer
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Table 10  Statistical results of the contamination degrees and pollution load indices of the heavy elements in the High Dam Lake bottom sediments (49 samples)

Pollution load indeices

Contamination degrees

Mean Meadian  Standard deviation  Pollution level

Maximum

Minimum

Contamination degree

Mean Meadian  Standard deviation

Maximum

Minimum

Polluted
Polluted
Polluted

0.3

1.8
1.8

2.3

1.8
1.8

2.3

22
2.5

1.4
0.8
1.8

Very high

117.7 314

117.4

148.6
126.1

533

North part

0.4
0.3

Considerable

25.9

46.5

54.0

30.2

Middle part

32

Considerable

9.8

58.0

90.1 58.6

454

South part

pollution sources (e.g., rural or urban communities, high-
ways, agricultural and industrial activities). Undoubtedly,
the produced pollution has come from south Egypt,
Sudan, and the upper Nile basin countries as a result of
natural enrichment of geogenic processes including
weathering of various rock units, soil erosion, and an atmo-
spheric deposition of aerosols containing metals. Also, it
has come from anthropogenic activities represented by
emissions, liquid and solid waste materials of industries,
mining activities, vehicles, locomotives, power stations,
ships and fishing boats, cultivations, and domestic sewage
systems of urbanization and unplanned rural activities in
the Sudan and the upper Nile basin countries (George and
Elmoghraby 1978; El Zorgani et al. 1979; Abdel Magid
et al. 1984; Ali 1999; Saeced 2004; Bastawy 2007;
Ministry of Environment and Physical Development 2007).

Overall, the investigated bottom lake sediments are low-
quality and not free of potential environmental hazards, and
may create a potential risk to the ecosystem and can not be
accepted as safe materials. Thus, the present evaluation is not
in agreement with suggestion of Goher et al. (2014) who re-
vealed that the Egyptian Lake Nasser sediments may be rep-
resented as a reference to a pre-industrial background of the
River Nile sediments. It is most important to conclude that the
remarkable geochemical record and distribution of sediments,
and behavior, levels, and dispersion patterns of the analyzed
elements in the intact High Dam Lake were influenced by the
geology, weathering processes, amount and composition of
the sediments, sorting during transportation and deposition
processes, volume and velocity of water, organic carbon,
pH, windblown sand, anthropogenic inputs, and geographic
factors. In addition, other important factors can not be ignored
like focusing processes during transportation, sedimentation,
and post-depositional reactions (Jin et al. 2006), fluvial
sedimentation-controlling trace elements distribution in the
sediments (Zaghloul et al. 1987), Eh of water influencing trace
elements deposition (El Dardir et al. 1988), environmental
parameters (temperature, salinity, hardness, dissolved oxygen,
etc.) affecting on their accumulation (Elewa et al. 1990), and
the flood and drought periods.

In the scope of the global price of the valuable elements
and modern technology for exploitation and extraction op-
erations, the prolific huge amounts of the investigated sed-
iments are fruitful and can be used as natural fertilizers
with/without remediation for improvement of quality of de-
sert soils around the High Dam Lake, raw materials for
building materials, bricks, ceramic and refractory indus-
tries, and a source the valuable elements and minerals.
The follow-up works using core sampling techniques are
recommended in order to perform further evaluation of
these sediments in the future. Also, the created new Nile
delta between north Sudan and south Egypt should be sub-
jected to further investigation.
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Conclusion

The prolific enormous amounts of the sediments in the whole
High Dam Lake act as good accumulators for trace elements
derived from natural origin and anthropogenic activities. The
geochemical evaluation of analyzed variables in these sedi-
ments gives a clear image and comprehensive understanding
of the geochemical record and spatial distribution of sedi-
ments, behavior, baseline levels, and dispersion patterns of
the considered elements and related contribution sources,
and their mechanism of concentrations, deposition, and asso-
ciation in the whole High Dam Lake. Generally, the statistical
techniques could successfully discriminate the elements caus-
ing enrichments, and element association, distinguished the
sediments of the lake parts, exhibited correlation of sediments
geochemistry with their composition in accordance with geol-
ogy of the study area, geogenic processes, environmental pa-
rameters, anthropogenic activities, and geographic positions
of the Nile basin countries. In brief, the present study carries
positive signatures and promises for economic significance
and environmental assessment. Since, it encourages the pri-
vate and governmental companies to extract valuable
elements/minerals and use these sediments in various indus-
tries and a new land reclamation. Environmentally, the men-
tioned sediments can not be accepted as a reference to a pre-
industrial background of the River Nile sediments because
they are actually polluted.
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