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Abstract

Water security is a very important purpose facing the world in the last decay
as one of the main consequences related to the risks of climate change. Water
quality of Litani River’s at Quaraoun Lake station in Lebanon was evaluated
by measuring various physicochemical parameters between 2008 and 2018.
Samples were performed and analyzed the first of every month. Different
analytical methods were used to determine the values of 11 physico-chemical
parameters. Different statistical methods, such as Principal Component Analy-
sis and the Times Series Representation, were applied to the results to eva-
luate the water characteristics, determine the operation of the ecosystem and
study the correlation between the different parameters in the Quaraoun sta-
tion. Industrial, agricultural and sewage water pollution of the Litani River
were demonstrated by the high concentration of sulfate, phosphate and am-
monia. High bacterial activity was proved from the high decreasing of the
dissolved oxygen. Important correlations between the different parameters
and between the parameters of the ecosystem and the weather were proved.

Keywords

Litani River, Water Characteristics, Physico-Chemical Parameters, Statistical
Analysis

1. Introduction

Water is a natural resource essential for life in any ecosystem [1]. Maintaining its
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quality is a major concern for the society which must meet the growing needs for
water with the rapid development of the modern economy and the continuous
expansion of population [2]. In fact, natural factors and human activities such as
irrigation, industrial activities and sewage water introduce high amount of
chemical and biological pollutants, directly or by ruff, to the surface water. As a
result, the physico-chemical properties of rivers and other surface features are
affected [3] [4] [5]. These influences lead to many disruptions to the natural en-
vironment and to an unpleasant ecosystem [6]. Hence the importance of study-
ing the water quality by estimating the physicochemical quality of water which
cannot be measured in a single way, but, by a set of parameters of different
properties will be of our high interest Previous works focused on the water qual-
ity by measuring different parameters such as total dissolved solids, TDS and the
concentration of phosphate sulfate, ammonia and other nutrients. Other re-
searchers studied the effect of seasonal factors on the concentration of pollutants
in the surface water especially the runoff during the periods of flooding [7] [8]
[9] [10]. A relation between the nutrient loading to the rivers and the ecosystem
has been reported by the Millennium Ecosystem Assessment [11].

Litani River is the most important river in Lebanese. Due to its geographic
extension along the Bekaa Valey which constitutes the agricultural reservoir of
Lebanon, passing through southern Lebanon, Litani River is a vital lifeline for
the Lebanese community. The length of the river which is about 170 km has
numerous tributaries including 30 main sources and around 140 wells managed
by the administration and a very large number of small sources as well as more
than 1200 wells which are also exploited by farmers [12]. It is divided into two
parts, an upper part which begins from its multiple sources up to Qaraoun Lake
(upper basin). The second part goes from Lake Qaraoun to the Mediterranean
(lower basin) (Figure 1).

In recent decades, the water quality of the upper Litani basin has been deteri-
orated [13]. Unfortunately, this resource is subjected to a strong pollution ex-
erted by the urban, industrial and agricultural development concentrated in its
coastal zones. The study of the environmental problem which is linked to the
water pollution in this river, notably Quaraoun Lake is not new [13] [14] [15].
The origins of pollution, its effects on the natural environment, as well as the
consequences on water quality are now well documented. The importance of
Quaraoun Lake is in its contribution to the irrigation of agricultural land in
southern Lebanon and in the Bekaa region [16]. The interest of this article re-
turns to the study of a number of physicochemical properties in a large scale
(long duration arriving to 11 years), it is therefore possible to assess the evolu-
tion of the water quality at Quaraoun Lake of the Litani River. By measuring
various physico-chemical parameters in this long duration, we can study the de-
velopment of the pollution resources in the region and determine their types in
which the most important is to determine the correlation between the different

parameters and between the parameters and the climate impact. This article is
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Figure 1. A representative map shows the two main basins of the Litani River separated
by Quaraoun Lake.

divided into several sections: First, we present the sampling method used for
water withdrawals over different periods. Then we analyze the physicochemical
parameters in a global view of the functioning of the Litani river over the years.
In the following, the exploitation of the data which was only possible by using
statistical methods was adopted to calculate the correlation coefficients in order
to study the relationship between the physico-chemical parameters. The analysis
was carried out using annual averages of 11 parameters obtained during sam-

pling at the Qaraoun station.
2. Materials and Methods

2.1. Site Description

Qaraoun Lake (Middle of Litani River), situated at the coordinate: N33°33'309",
E35°42'024", with an elevation of 864 m above the sea level is the biggest lake in

Lebanon with a total capacity of 220 million m’.

2.2. Sampling Test

All samplings were taken from the same points of Lake Qaraoun (N33°33'309",
E35°42'024"). The same sampling method was used for all samples, at a distance
of 2 m from the side and 20 cm deep from the free surface of the water. Each sam-
ple consists of 5 trials, while each measurement was performed 5 times and the

average was recorded. These samples were taken at the beginning of each month.

2.3. Measurement Method

In the following section, we present the parameters, the measurement location,
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the instrument used, the period, the date and the numbers of the samples.

3. Results and Discussions
3.1. Annual and Quarterly Variation of the Parameters

The study of the average annual values of each parameter was calculated and the
variations of the annual means of the parameters were plotted. Figure 2 shows
the variations of the average annual quantity of the physicochemical parameters
over the 11 years between 2008 and 2018 at the Quaraoun site of the Litani Riv-
er. These graphs were carried out to evaluate the evolution of the essential cha-
racteristics of the river, to determine the nature and sources of the pollution and
to study the mode of functioning of the ecosystem and its evolution and its fu-
ture on the Quaraoun station. The parameters are divided into four categories
according to the ranges of the variations of their values during the 11 years of
the study (Table 1).

Table 1. Description method of sampling of parameters.

Parameters Description  Testing Instruments Sampling Data Period Number
situation Period of
Samples
T (°C) Temperature In-Situ  Thermometer One Sample  Jan.-2008 to Dec.-2018 132
Every Month
pH Potential In-Situ+ pH meter, La Motte One Sample  Jan.-2008 to Dec.-2018 132
hydrogen In Lab Every Month
EC (uS/cm) Electrical In-Situ  Conductivity Meter, La Motte One Sample  Jan.-2008 to Dec.-2018 132
Conductivity Every Month
TDS (mg/l) Total Dissolved In-Situ  TDS Meter, La Motte One Sample  Jan.-2008 to Dec.-2018 132
Solids Every Month
DO (mg/1) Dissolved In-Situ DO Gauge, La Motte One Sample  Jan.-2008 to Dec.-2018 132
Oxygen Every Month
SO’ (mg/l) Sulfate In Lab Spectrophotometry. Method H3450-QNT. One Sample  Jan.-2008 to Dec.-2018 132
Powder pillows Hach 8051 Cat number 2106769 Every Month
NO* (mg/l) Nitrite In Lab Spectrophotometry. Method H2610. FXD One Sample  Jan.-2008 to Dec.-2018 132
Nitrite, low range, Diazotisation method, Every Month
powder pillows. Hach 8507. NitriVer 3
NO’" (mg/l) Nitrate In Lab Spectrophotometry. Method H2520. QNT One Sample  Jan.-2008 to Dec.-2018 132
Nitrate, Mid range, Cadmium reduction Every Month
method, powder pillows. Hach method 8171
Nitra Ver 5
PO? (mg/l) Phosphate In Lab Spectrophotometry. Method H3035-QNT, One Sample  Jan.-2008 to Dec.-2018 132
Phosphorous, reactive, PhosVer 3, Test N, tube Every Month
procedure. Hach 8048 Cat number 2106069
NH; (mg/1) Ammonia In Lab Ammonia Jonic strength adjuster, powder One Sample  Jan.-2008 to Dec.-2018 132
pillows. Cat 2980699. Ion selective electrode Every Month
Salinity (mg/l) Salinity In Lab Sal Portable meter, La Motte One Sample  Jan.-2008 to Dec.-2018 132
Every Month
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Figure 2. Evolution of the annual means between 2008 and 2018.

The study of the evolution of the values of all the parameters shows an imbal-
ance which results in decreasing and increasing. But overall, on the slope of
evolution, we notice an increase in all parameters. This confirms the develop-
ment of the pollution sources in the vicinity of the river. According to the fig-
ures, three zones can be distinguished whose pollution rate is very high. The first
zone is between 2010 and 2013, in which a large increase in the concentration of
phosphate, nitrate and sulfate and an increase in the pH of the water were ob-
served. A peak was reached in 2011, then the values of these parameters gradu-
ally decrease until 2013. The origin of phosphate is usually from wastewater and
domestic water. This confirms a highly developed human activity related to a
huge population development next to the river in the same period of the Syrian
crisis. This demographic development is accompanied by an industrial and
agricultural development accompanied by the increase of the concentrations of
sulfate and nitrogen products respectively. In this zone, a slight increase in con-
ductivity, TDS and salinity was observed. The second zone is between 2013 and
2016, this zone is characterized by a large decrease in phosphate concentration

and a large increase in the concentrations of ammonia and sulfate. A slight in-
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crease in nitrate in 2015 and a slight increase in TDO in this year have been de-
tected. In the same year, a significant increase in conductivity, TDS and salinity
was observed. These results confirm the reduction of pollution by wastewater
and domestic water, but a significant development of agricultural and industrial
activity is estimated. The third zone is between 2016 and 2018. This zone is cha-
racterized by a significant increase in phosphate concentration in 2016, this
concentration is gradually decreasing. Ammonia concentration decreases pro-
gressively while nitrite and nitrate concentrations increase was observed. This
nitrogen cycle is accompanied by a slight increase in the rate of TDO in this
zone. An increase in sulfate concentration was detected. These increases are ac-
companied by increases in TDS, conductivity, and salinity. These results confirm
the development of agricultural and industrial activity and an increase in the rate

of wastewater and domestic waste discharged into the river without any treatment.

3.2. Statistical Study of Physicochemical Parameters

3.2.1. Annual Variation

Table 2 represents the statistical elements calculated on all the values obtained
on all physicochemical parameters during the period studied between 2008 and
2018. The results obtained are significant, representative and confirm the results
observed for the annual means that are studied in Figure 2. A large difference
between the minimum and maximum values has been observed for ammonia,
nitrite, nitrate, sulfate and phosphate accompanied by a smaller difference in
TDS, salinity and conductivity. These results are consistent with the sharp in-
creases in 2011 and 2016 (Figure 2). The coefficients of variation of these para-
meters, summarized in Table 2, confirm this interpretation. The first quartile
and the third quartile show that these high values are sustainable and not due to
immediate exposures. For phosphate, it is observed that the minimum value is
0.26 mg-L™" and the maximum value is 3.03 mg-L™" while more than 25% of the
values of the phosphate concentration are greater than 0.84 mg-L™". The same

observation is confirmed for ammonia and sulfate.

Table 2. Descriptive statistics for parameters.

Statistic Temperature pH DO  Conductivity TDS Salinity ammoniac Nitrite Nitrate (SO,) (PO,)
°C mg/l  microS/cm mg/l mg/l mg/l mg/l mg/l mg/l mg/l
Minimum 17.50 7.83 4.17 378.75 274.25 194.33 0.28 0.43 4.25 25.42 0.26
Maximum 21.09 8.63 7.91 496.57 357.14  258.71 1.64 1.42 19.67 44.83 3.03
1* Quartile 18.71 8.07 4.82 403.17 282.17  200.50 0.56 0.45 6.53 26.88 0.45
Median 19.33 8.19 5.94 413.00 288.18  208.92 0.69 0.55 10.00 32.42 0.53
3" Quartile 20.00 8.44 7.06 456.46 319.73 227.48 1.26 0.62 11.79 35.94 0.84
Mean 19.33 8.22 6.02 428.57 302.31 216.66 0.88 0.62 10.03 32.35 0.81
Standard deviation 0.98 0.28 1.32 43.93 30.82 23.66 0.47 0.29 4.70 6.37 0.79
Variation coefficient 0.05 0.03 0.21 0.10 0.10 0.10 0.51 0.45 0.45 0.19 0.93
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3.2.2. Seasonal Variation

The average values of the parameters are significant to understand the general
evolution of the physico-chemical parameters and to study the evolution of the
water quality of the river and the lake as well as the development of the sources of
the pollution and their natures. Other factors can influence the quality of water,
the most important of these factors is the amount of precipitation. A statistical
study was carried out to take into consideration the effect of the amount of preci-
pitation on the values of the physicochemical parameters of the water. The results
are summarized in Table 3 and are represented by the histograms of Figure 3 in

Table 3. Seasonal variation of the different physico-chemical parameters.

Season Temperature  pH DO  Conductivity ~TDS  Salinity ~Ammonia Nitrite Nitrate SO POy
Wet Mean 16.98 7.95 6.02 470.62 330.43 233.08 1.28 0.68 9.88 34.12 1.64
SD 2.46 0.44 1.23 72.82 50.30 38.38 0.84 0.42 7.20 35.63 4.42
Semi dry/wet Mean 19.42 8.21 6.14 423.37 298.56 21591 0.85 0.59 10.27 30.30 0.58
SD 1.97 0.54 1.92 80.94 58.00 43.13 0.71 0.89 6.05 6.99 0.68
Dry Mean 22.85 8.55 6.04 361.02 255.25 182.62 0.46 0.45 9.79 30.54 0.32
SD 291 0.60 191 52.65 38.26 28.90 0.42 0.19 5.84 7.79 0.46
Sig. 0.00 0.00 0.93 0.00 0.00 0.00 0.00 0.33 0.88 0.46 0.00
500 1.8
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Figure 3. Quarterly evolution of the means of the physico-chemical parameters.
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which the parameters are divided into four groups according to the ranges of
these average values. Each year has been divided into three seasons (dry, semi
dry/wet and wet). The dry months are the months of summer (6, 7 and 8). The
wet months are the months of winter (12, 1 and 2) while the semi dry/wet
months are the months of autumn and spring (3, 4, 5, 9, 10 and 11). A seasonal
average was calculated for each year, then a seasonal average over the 10 years of
the study was calculated. TDO and nitrate concentration are the least affected by
the variation of seasonal conditions (temperature and precipitation) with a sig-
nificance (sig. = 0.93) and (sig. = 0.88) respectively. Two other parameters have a
little more affected by these variations, these parameters are nitrite and sulfate
with a significance equal to 0.33 and 0.46 respectively. The other parameters are
very affected by seasonal variations with (sig. = 0). Conductivity, TDS, and salin-
ity are influenced by precipitation as the rate of erosions and sediments increases
to the river with runoff increasing the concentration of magnesium, sodium, and
potassium ions and other inorganic products like carbonate, bicarbonate, sulfate
and chloride and therefore increase the turbidity of the water. The resulting ru-
noff of the precipitation increases the amount of ammonia, sulfate and phos-
phate that reaches the river [17]. So, we observe an increase in the concentra-

tions of these anions in water.

3.3. Multivariate Statistical Analysis

3.3.1. Correlations between the Parameters

The exploitation of the data was only possible through the use of statistical me-
thods, by calculating the correlation coefficient in order to study the relationship
between the physicochemical parameters by using the Principal Component
Analysis (PCA) [18]. The contribution of the correlation between physicochem-
ical parameters allows giving an approach on the common origin of certain pa-

rameters. The results of this study are summarized in Table 4.

Table 4. Correlation matrix between the parameters.

Paamas G TP oy Codadly T sy e N i (80 (70
Temperature "C 1
DO mg/l 0.160 1
Conductivity microS/cm -0.389 —-0.355 1
TDS mg/1 —-0.452 —-0.456 0.980 1
Salinity mg/1 —-0.433 —-0.484 0.973 0.995 1
Ammonia mg/1 —-0.164 -0.880 0.325 0.381 0.419 1
Nitrite mg/1 -0.140 -0.025 0.607 0.655 0.645 -0.158 1
Nitrate mg/1 -0.139 0.613 -0.256 -0.330 -0.390 —-0.604 -0.103 1
(SOF ) mg/l -0.320 -0.457 0.627 0.593 0.567 0.338 0.152 0.143 1
(PO ) mg/l -0.030 -0.020 -0.102 -0.138 -0.186  —0.153 -0.127 0.679  0.634 1

Values in bold are different from 0 with a significance level alpha = 0.05.
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Referring to Table 4, we observe that temperature is an independent parame-
ter while a strong correlation exists between TDS, salinity and conductivity with
correlation factors greater than 0.9 (0.98 and 0.97). This is a normal result be-
cause the three parameters are influenced by the same conditions that are sum-
marized. Consequently, significant correlation factors are observed between
these parameters (TDS, salinity and conductivity) with the concentrations of
nitrite and sulfate (of the order of 0.6). The correlation between TDS, salinity
and conductivity is negative with temperature due to seasonal conditions espe-
cially the precipitation. In the rainy months, the temperature decreases and the
precipitation rate increases which lead to a significant runoff towards the water
currents, which increases the turbidity of the water and consequently of the
TDS, the salinity and the conductivity. The opposite phenomenon is detected in
dry months, when temperatures rise and the precipitation rate decreases. To ex-
plain the relationship between nitrogen products (ammonia, nitrite and nitrate)
it is necessary to rely on the nitrogen cycle. The main source of ammonia (and
ammonium) in water is the agriculture. These products exist in fertilizers, and
then it gets to surface water with runoff. The nitrogen cycle is important and it is
the origin of the balance between the different forms of nitrogen products (am-
monium, nitrate and nitrite). Ammonium is transformed into nitrite (bacterial
nitrification). The latter oxidizes to nitrate. Nitrate is the least toxic form, while
nitrite is the most toxic form. An increase in bacterial activity promotes the
transformation of ammonium into nitrite. A high level of oxygen promotes the
oxidation of the latter to nitrate. Then a decrease in the oxygen level in the water
leads to an increase in the concentration of ammonium (and an increase in the
pH of the medium) and nitrite because of the important bacterial activity and to
a decrease in the concentration of nitrate. This interpretation results in a positive
correlation of ammonia, pH, and nitrite and a negative correlation of ammonia
and nitrite with TDO and nitrate. There is a strong positive correlation between
TDO and nitrate because high levels of TDO increase the rate of oxidation of ni-
trite to nitrate. With regard to phosphate, the correlation with sulfate comes
from the fact that the development of industrial pollution and that of pollution
by wastewater and domestic water are simultaneous (2011 and 2016 in Figure 2
for example). Another very important correlation exists between phosphate,
TDO and nitrate which cannot be observed in Table 3. This relationship can be
detected in Figure 3, where the TDO and nitrate concentration decrease with
increasing phosphate concentration. Phosphate, with nitrogenous products (am-
monia and ammonium, etc.), is the cause of the eutrophication phenomenon.
This phenomenon is characterized by excessive growth of plants and algae due
to the high availability of nutrients. It is directly related to a decrease in the level
of oxygen in water. This slows the conversion of ammonium to nitrite and the
oxidation of the latter to nitrate, which is the least toxic. And as a result, it leads
to an increase in the pH of the middle. But this correlation is not shown in Table

4 because the TDO and the nitrate concentration continue to decrease after the
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re-decrease in phosphate concentration. This phenomenon is due to the fact that
the algae continue to develop for a few years during the decrease of the phos-
phate concentration The TDO is re-increasing with the decrease in phosphate
between 2017 and 2018. We also note that a strong correlation values mean that
over the 11 years of study, these parameters have varied in the same direction

and that the relationship between them is almost linear.

3.3.2. Principal Component Analysis PCA

The main component analysis aims to reduce the number of numerical variables
to be analyzed by grouping their information on a strictly lower number of new
variables called main components [19].

In our study, we have introduced 11 physico-chemical parameters that we
have available and will be studied over a period between 2008 and 2018. The ta-
ble below gives in the Extraction column, the percentage of information for each
of the 11 variables which are reproduced by the model. First, Kaiser’s criterion
leads us to select two axes, which retains 63.47% of the total inertia.

Then, we can deduce from Table 5, the variables “Temperature”, “DO”,
“Conductivity”, “TDS”, “Salinity”, “Ammonia” and “Nititre” contribute on axis 1.
Similarly, we notice that all the remaining variables are well represented on axis 2,
which gives 63.47% of the initial information, which is a completely satisfactory
level for this type of analysis.

Table 5. Total explained variance.

Initial Eigenvalues

Component
Total % of Variance Cumulative %
1 4.638 42.165 42.165
2 2.343 21.301 63.466
Table 6. Component matrix.
Component
1 2
Temperature "C —0.441 —-0.336
PH 0.088 -0.719
DO mg/1 —-0.658 -0.147
Conductivity microS/cm 0.924 —-0.004
TDS mg/1 0.966 —-0.044
Salinity mg/1 0.974 -0.069
Ammonia mg/1 0.584 0.134
Nitrite mg/1 0.553 —-0.348
Nitrate mg/1 -0.470 0.575
(SO,) mg/1 0.618 0.702
(PO,) mg/l -0.138 0.850

Extraction Method: Principal Component Analysis.
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Finally, to restore the physicochemical parameters we draw the correlation
circle using PCA and we obtain the following Figure 4.

While the points constitute a cloud of which only 2 axes realize 63.46% of the
inertia (Table 5). The first, axis (component 1) is characterized by a percentage
of inertia of 42.165%. The parameters (DO, Conductivity, TDS, Salinity, Ammo-
nia, Nitrite) are the best correlated to the axis which shows a significant correla-
tion (£0.5 to £0.93) with axis 1 (Table 6).

From the figure above (correlation circle), we can see that the parameters
“conductivity”, “TDS” and “Salinity” are very close to the correlation circle and
therefore very well represented on the mapping. The rather closed-angle (start-
ing from the origin) formed by the 3 points indicates that these 3 variables are
fairly well correlated with each other. On the other hand, the almost right angle
formed by the three variables respectively by “PO,”, and “PH” indicates that
these three variables are independent of “PO,” and “PH”. The fact that these
three variables are close to axis 1 indicates that they are very well represented by
this axis. As they are very far from axis 2, we can conclude that they are little
represented by this axis. It can be deduced that a huge increase in the amount of
wastewater exposed in the river leads to a significant increase in the phosphate
concentration in the water. In addition, phosphate is directly linked to a decrease
in the level of oxygen (TDO) in water. This slows the conversion of ammonium
to nitrite and the oxidation of the latter to nitrate, which is the least toxic. And as

a result, it leads to an increase in the pH of the medium. This increase in pH

Variables (axes D1 and D2: 63.47%)
1
0.75
0.5
0.25 g‘? .
£ it
S’,_ N
a ° ammonia
N
0 025
-0.5
-0.75
<
-1 £
-1 -075 -05 -0.25 0 025 05 075 1
D1 (41.14 %)
@ Active variables
Figure 4. Correlation circle of the parameters.
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decreases the rate of dissociation of mineral salts and promotes this precipita-
tion, which leads to a decrease in TDS.

Axis 1 (D1) opposes the physicochemical parameters “conductivity, TDS, Sa-
linity, Ammonia, Nitrite” to the “DO” parameter. This axis is therefore the first
main component, measuring the distribution between the parameters. Note that
6 out of 11 parameters are well represented on axis 1 (table: the quality of repre-
sentation is equal to the squared coordinate, for example, the quality of repre-
sentation of the TDS parameter is equal to (0.966%) = 0.933.

Regarding axis 2, the parameters “PO,”, “PH” are very well correlated with the
axis. The parameters “Nitrate”, “Temperature” are also correlated but to a lesser
extent.

The main origin of sulfate in water is naturally the mullions which are used in
industry. So the origin of sulfate in water is industrial water exposed directly in
the river. Sulfite oxidizes to sulfate, so a decrease in the oxygen level in the water
slows this oxidation, which decreases the concentration of the sulfate and leads
to an increase in the concentration of the sulfite [20]. The decrease in phosphate
concentration is directly related to a decrease in the pH of the medium.

A high level of oxygen promotes the oxidation of the latter to nitrate. Then a
decrease in the oxygen level in the water due to eutrophication, decreases the
bacterial activity and then leads to an increase in the ammonium concentration
(increase in the pH of the medium) and a decrease in the concentrations nitrite

and nitrate.

4. Conclusion

Annual average values show that the sources of pollution of the Litani River and
the subsequent Quaraoun Lake are diverse. High concentrations of sulfate, am-
monia and phosphate were detected. These anions come from human activities,
wastewater and domestic waters are the origin of phosphate. Industrial activities
are the main source of sulfate and agricultural activities are the origin of nitro-
gen products. Other seasonal conditions influence the physicochemical parame-
ters, especially precipitation, which increases the rate of runoff and consequently
the organic and inorganic products that come to the river which increases the
turbidity of the water and the rate of pollution (sulfate, phosphate, ammonia,
TDS, salinity and conductivity). These pollutions are durable and not imme-
diate. Correlations between different parameters were shown by statistical stu-
dies reflecting strong positive relationships between TDS, salinity, conductivity,
nitrite, nitrate and sulfate. Negative correlations occur between ammonia and
nitrite with nitrate. The latter has a strong positive correlation with TDO. A sig-
nificant negative relationship has been shown between phosphate and TDO that

strongly affects the nitrogen cycle.
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